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

Supporting Information for
Gold-Catalyzed Cascade Cycloisomerizations of 1,7-Diyn-3,6-bis(propargyl
carbonate)s: Stereoselective Synthesis of Naphtho[b]cyclobutenes

Ming Chen, Jun Liu, Lu Wang, Xiaobo Zhou and Yuanhong Liu*

State Key Laboratory of Organometallic Chemistry
Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences,
345 Lingling Lu, Shanghai 200032, People’s Republic of China
Fax: (+86) 021-64166128, E-mail: yhliu@mail.sioc.ac.cn

Contents:

General Methods

Synthesis and characterization of substrates 1
Synthesis and characterization of products 2 and 3
X-ray crystal structure of compounds 2f and 3

NMR spectra of all new compounds

General Methods. All reactions were carried out under argon. THF and toluene were
distilled from sodium and benzophenone. Unless noted, all commercial reagents were
used without further purification. PhsPAuCI' and PPhsAuNTf,® were prepared
according to the published methods.
(Acetonitrile)[(2-biphenyl)di-tert-butylphosphine]gold(l) hexafluoroantimonate was
purchased from Aldrich Chemical Company. AgSbFg was purchased from Stream or
Aldrich Chemical Company. AgOTf and AgBF, were purchased from Acros
Company. 1,2-Phenylenebis(3-phenylprop-2-yne-1,1-diyl) dimethyl dicarbonate 1a-1
was prepared according to published method.?

'H NMR spectra was recorded at 300 or 400 MHz, *C NMR spectra was
recorded at 75 or 100 MHz, in CDCl; (containing 0.03% TMS) solutions. *H NMR

spectra was recorded with tetramethylsilane (5= 0.00 ppm) as internal reference; *C
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NMR spectra was recorded with CDCl; (6 = 77.00 ppm) as internal reference.
High-resolution mass spectra was obtained by using Waters Micromass GCT, Bruker
Daltonics, Inc. APEXIIl 7.0 TESLA FTMS, lonSpec 4.7 Tesla FTMS or Agilent
Technologies 6224 TOF LC/MS mass spectrometer. Single crystal X-ray diffraction
data was collected on a Bruker SMART diffractometer at 293(2) K with
graphite-monochromated Mo-Ka. radiation (A=0.71073 A).

Synthesis of 1,7-diyn-3,6-bis(propargyl carbonate)s 1a-2, 1a-3, 1h, 1n and lo.

Typical procedure for the synthesis of
1,2-phenylenebis(3-phenylprop-2-yne-1,1-diyl) dibenzyl dicarbonate (1a-2).
OH 6 ety CICOLE OCO,Bn
—_— equiv n J—
@CHO 2.2 equiv Ar———1Li = A" 10 gquiv pyridizne = Ar
H 0,
CHO THF, -78 °C to rt — Ar in DCM, 0°Ctort — A
OH OCO,Bn
la-2, Ar=Ph

To a solution of ethynylbenzene (13.2 mL, 120.0 mmol) in THF (120.0 mL) was
added n-BuLi (44.0 mL, 110.0 mmol, 2.5 M in hexanes) at -78 °C. After stirring at the
same temperature for 0.5 h, dry-ice/ acetone bath was withdrawed, then after ca.
10-15 min, phthalaldehyde (6.71 g, 50.0 mmol) was added. The resulting solution was
stirred at room temperature for 1.5 h. Then the mixture was quenched with saturated
ammonium chloride solution. The reaction mixture was extracted with ethyl acetate,
and dried over anhydrous Na,SO,4. The solvent was evaporated and the residue was
purified by chromatography on silica gel (eluent: petroleum ether: acetone = 3:1) to
afford 1,1'-(1,2-phenylene)bis(3-phenylprop-2-yn-1-ol) as a sticky yellow oil.

To a solution of above alcohol (1.69 g, 5.0 mmol) in DCM (20 mL) was added
pyridine (4.0 mL, 50.0 mmol) at 0 °C. After stirring for several minutes, a DCM
solution of benzyl chloroformate (4.3 mL, 30.0 mmol) was added dropwise (in some
cases, the benzyl chloroformate was added directly, however, we found that the use of
a DCM solution of benzyl chloroformate afforded better yields). The resulting
solution was warmed up to room temperature and stirred for 4 h. Then the mixture

was quenched with saturated ammonium chloride solution. The reaction mixture was
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extracted with dichloromethane and dried over anhydrous Na,SO, (in some cases,
ethyl acetate was used to extract the recation mixture). The solvent was evaporated
and the residue was purified by chromatography on silica gel (eluent: petroleum ether
/ ethyl acetate = 10:1) to afford compound 1a-2 as a mixture of two diastereomers
with a ratio of 1 : 1.20 (2.75 g, 91% isolated yield) as a yellow oil. *H NMR (400
MHz, CDCl3) two isomers: 6 7.80 (dd, J = 5.8, 3.2 Hz), 7.76 (dd, J = 5.8, 3.2 Hz),
7.46-7.38 (M), 7.32-7.20 (m), 7.01 (s, 1H), 6.99 (s, 1H), 5.18 and 5.03 (ABg, J = 12.0
Hz, 2H), 5.16 and 5.01 (ABg, J = 12.0 Hz, 2H).**C NMR (100 MHz, CDCls) two
isomers: 6 153.83, 153.81, 134.78, 134.72, 134.67, 134.49, 131.82, 131.78, 129.67,
129.56, 129.38, 128.77, 128.70, 128.38, 128.36, 128.32, 128.15, 128.10, 128.07,
128.02, 121.66, 88.63, 88.20, 84.77, 84.69, 69.88, 67.50, 67.17. IR (film): 3064, 3034,
1750, 1490, 1455, 1443, 1382, 1239, 1030, 925, 906, 756, 691 cm™; HRMS (ESI)
caled for C4oH300sNa [M+Na]": 629.1935, found 629.1946.

OAlloc

OAlloc
1a-3

1,2-Phenylenebis(3-phenylprop-2-yne-1,1-diyl) diallyl dicarbonate (1a-3). To a
solution of 1,1'-(1,2-phenylene)bis(3-phenylprop-2-yn-1-ol) (1.0 g, 3.0 mmol) in
DCM (20 mL) were added pyridine (2.4 mL, 30.0 mmol) and DMAP (0.3 mmol, 36.6
mg) at 0 °C. After stirring for several minutes, allyl chloromate (1.9 mL, 18.0 mmol)
was added dropwise. The resulting solution was warmed up to room temperature and
stirred for 2 h. Then the mixture was quenched with saturated ammonium chloride
solution. The reaction mixture was extracted with dichloromethane and dried over
anhydrous Na,SO4. The solvent was evaporated and the residue was purified by
chromatography on silica gel (eluent: petroleum ether / ethyl acetate = 10:1) to afford
compound (1a-3) as a mixture of two diastereomers with a ratio of 1 : 1.18 (1.52 g,
100% isolated yield) as a yellow oil. *H NMR (400 MHz, CDCl3) two isomers: & 7.80
(dd, J =5.8, 3.6 Hz), 7.77 (dd, J = 5.6, 3.6 Hz), 7.46-7.40 (m), 7.32-7.22 (m), 7.00 (s),
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6.98 (s), 5.94-5.81 (m), 5.35-5.28 (m), 5.23-5.19 (m), 4.69-4.48 (m). *C NMR (100
MHz, CDCls) two isomers: & 153.74, 153.70, 134.74, 134.56, 131.89, 131.86, 131.28,
131.23, 129.72, 129.60, 129.44, 128.85, 128.81, 128.75, 128.13, 128.08, 121.77,
118.95, 118.89, 88.62, 88.17, 84.78, 84.70, 68.83, 67.45, 67.12. IR (film): 3082, 3063,
2985, 2950, 2229, 1751, 1644, 1593, 1491, 1455, 1444, 1384, 1369, 1318, 1233, 1071,
1031, 906, 787, 757, 691 cm™. HRMS (ESI) calcd for Ca;H260s [M+Na]": 529.1627,
found 529.1612.

OCOOBnN

OCOOBnN
1h

1,2-Phenylenebis(3-(p-tolyl)prop-2-yne-1,1-diyl)  dibenzyl dicarbonate (1h).
Column chromatography on silica gel (eluent: petroleum ether: ethyl acetate =5:1)
afforded the title product as a mixture of two diastereomers with a ratio of 1 : 1.27 in
ca. 57% yield over two steps as a yellow oil. *H NMR (400 MHz, CDCls) two
isomers: 6 7.79 (dd, J = 6.0, 3.2 Hz), 7.75 (dd, J = 5.8, 3.2 Hz), 7.43-7.40 (m),
7.32-7.26 (m), 7.05-7.00 (m), 5.16 and 5.01 (ABg, J = 12.0 Hz, 2H), 5.15 and 5.00
(ABg, J = 12.0 Hz, 2H), 2.30 (s), 2.29 (s). *C NMR (100 MHz, CDCls) two isomers:
o 153.90, 153.89, 138.96, 138.88, 134.90, 134.86, 134.83, 134.65, 131.83, 131.78,
129.64, 129.53, 129.40, 128.86, 128.82, 128.42, 128.41, 128.37, 128.34, 128.20,
128.17, 118.75, 118.73, 88.86, 88.45, 84.15, 84.07, 69.89, 67.64, 67.31, 21.42, 21.41.
IR (film): 3064, 3032, 2956, 1751, 1509, 1498, 1455, 1382, 1319, 1241, 1022, 1007,
924, 906, 817, 785, 754, 697 cm™. HRMS (ESI) calcd for CsHs4O6Na [M+Na]*:
657.22476, found 657.22694.
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OCOO0BN

OCOOBnN
1n

Dibenzyl ((4-methyl-1,2-phenylene)bis(3-phenylprop-2-yne-1,1-diyl))
dicarbonate (1n). Column chromatography on silica gel (eluent: petroleum ether:
ethyl acetate =10:1) afforded the title product as a mixture of two diastereomers with
a ratio of 1 : 1 in 34% yield over two steps as a yellow oil. *H NMR (400 MHz,
CDCl3) two isomers: & 7.67 (d, J = 8.0 Hz), 7.64 (d, J = 8.0 Hz), 7.58 (s), 7.55 (s),
7.42-7.37 (M), 7.29-7.19 (m), 7.01 (s), 7.00 (s), 6.96 (s), 5.17 and 5.02 (ABqg, J = 12.4
Hz), 5.16 and 5.01 (ABq, J = 12.4 Hz), 5.14 and 4.99 (ABq, J = 12.4 Hz), 2.36 (s).
3C NMR (100 MHz, CDCl5) two isomers: §153.91, 153.89, 153.88, 153.85, 139.85,
139.73, 134.89, 134.86, 134.82, 134.80, 134.58, 134.37, 131.87, 131.83, 131.82,
131.79, 131.58, 130.37, 130.28, 129.99, 129.50, 129.33, 128.96, 128.75, 128.74,
128.69, 128.42, 128.41, 128.40, 128.36, 128.33, 128.23, 128.20, 128.17, 128.15,
128.10, 128.05, 121.82, 121.80, 88.49, 88.47, 88.06, 88.02, 84.94, 84.90, 84.86, 69.90,
69.86, 69.85, 67.58, 67.52, 67.22, 21.16. IR (film): 3063, 3034, 2957, 1751, 1490,
1456, 1443, 1382, 1319, 1234, 1030, 923, 904, 787, 756, 692 cm™. HRMS (ESI)
calced for C41H3,06Na [M+Na]": 643.20911, found 643.20697.

OCOO0BN

OCOOBnN
1o

Dibenzyl (naphthalene-2,3-diylbis(3-phenylprop-2-yne-1,1-diyl)) dicarbonate
(10). Column chromatography on silica gel (eluent: petroleum ether: ethyl acetate
=20:1 to 10:1) afforded the title product as a mixture of two diastereomers with a ratio
of 1 : 1.4 in 53% vyield over two steps as a yellow oil. *H NMR (400 MHz, CDCl5)
two isomers: 6 8.27 (s), 8.24 (s), 7.82-7.79 (m), 7.47-7.38 (m), 7.29-7.15 (m), 5.17
and 5.00 (ABgq, J = 12.0 Hz, 2H), 5.15 and 4.98 (ABgq, J = 12.0 Hz, 2H). *C NMR
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(100 MHz, CDCIls) two isomers: ¢ 153.88, 153.84, 134.76, 134.68, 133.01, 132.99,
131.82, 131.79, 131.77, 131.76, 129.55, 128.81, 128.76, 128.68, 128.34, 128.32,
128.27, 128.11, 128.06, 128.05, 128.00, 127.99, 127.89, 127.85, 127.24, 127.15,
121.65, 88.78, 88.35, 84.91, 84.82, 69.86, 69.84, 67.92, 67.62. IR (film): 3062, 3034,
2958, 1755, 1598, 1491, 1456, 1443, 1383, 1226, 1180, 1098, 1071, 1030, 1008, 994,
895, 788, 755, 691 cm™*. HRMS (ESI) calcd for CH3,0sNa [M+Na]': 679.2091,
found 679.2063.

Synthesis of 1,7-diyn-3,6-bis(propargyl carbonate)s 1b-1g, 1i and 1j.

Typical procedure for the synthesis of
1,2-phenylenebis(3-(4-chlorophenyl)prop-2-yne-1,1-diyl) dibenzyl dicarbonate
(1b).

OCOOBn

2 mol% PdCl,(PPhs), 6 equiv CICOOBN

5 mol% Cul 10 equlv pyridine
+ 2.4 eqiv

Et3N, 50 °C , over nlght — DCM, 0 °C tort

OCOOBn

To a solutin of 1,1'-(1,2-phenylene)bis(prop-2-yn-1-ol) (558.6 mg, 3.0 mmol) in
triethylamine (20 mL) were added 1-chloro-4-iodobenzene (1.72 g, 7.2 mmol),
PdCIy(PPh3), (42.1 mg, 0.06 mmol) and Cul (28.6 mg, 0.15 mmol) at room
temperature, then the mixture was heated overnight at 50 °C. After the starting
material was consumed, the reaction mixture was quenched with saturated NH,Cl
solution, extracted with ethyl acetate, and dried over anhydrous Na,SO,4. The solvent
was evaporated and the residue was used directly for the next step.

To a solution of above diol in DCM (20 mL) were added pyridine (2.4 mL, 30
mmol) at 0 °C. After stirring for several minutes, a DCM solution of benzyl
chloroformate (2.6 mL, 18.0 mmol) was added dropwise. The resulting solution was
warmed up to room temperature and stirred for 2.5 h. Then the mixture was quenched
with saturated ammonium chloride solution. The reaction mixture was extracted with

dichloromethane and dried over anhydrous Na,SO,4. The solvent was evaporated and
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the residue was purified by chromatography on silica gel (eluent: petroleum ether /
ethyl acetate = 5:1) to afford compound (1b) as a mixture of two diastereomers with a
ratio of 1 : 1.58 in 80% isolated yield (1.62 g) over two steps as a yellow oil. *H NMR
(400 MHz, CDCl3) two isomers: 6 7.77 (dd, J = 5.8, 3.2 Hz), 7.72 (dd, J =5.8, 3.2 Hz),
7.41-7.37 (m), 7.25-7.23 (m), 7.16-7.11 (m), 7.043 (s), 7.037 (s), 5.15 and 5.01 (ABq,
J = 12.0 Hz, 2H), 5.13 and 5.00 (ABg, J = 12.0 Hz, 2H). *C NMR (100 MHz,
CDCIs) two isomers: 6 153.81, 153.80, 134.93, 134.84, 134.71, 134.63, 134.48,
134.34, 133.04, 129.80, 129.68, 129.32, 128.81, 128.47, 128.45, 128.42, 128.41,
128.21, 128.18, 120.12, 87.47, 87.00, 85.68, 85.60, 70.01, 70.00, 67.33, 67.15. IR
(film): 3036, 2950, 1751, 1489, 1382, 1242, 1091, 1016, 927, 907, 828, 755, 696
cm™.HRMS (ESI) calcd for C4oH,sCl,0sNa [M+Na]*: 697.1155, found 697.1162.

OCOO0BN

OCOO0OBn
1c

1,2-Phenylenebis(3-(4-bromophenyl)prop-2-yne-1,1-diyl) dibenzyl dicarbonate
(1c). Column chromatography on silica gel (eluent: petroleum ether: ethyl acetate
=10:1) afforded the title product as a mixture of two diastereomers with aratioof 1: 1
in 72% yield over two steps as a yellow oil. 'H NMR (400 MHz, CDCl3) two isomers:
§7.77 (dd, J = 5.6, 3.2 Hz), 7.72 (dd, J = 5.6, 3.2 Hz), 7.40-7.36 (m), 7.30-7.21 (m),
7.18-7.14 (m), 7.05 (), 7.04 (s), 5.14 and 5.00 (ABq, J = 12.0 Hz, 2H), 5.12 and 4.98
(ABgq, J = 12.0 Hz, 2H). **C NMR (100 MHz, CDCl3) two isomers: & 153.65, 153.62,
134.54, 134.45, 134.30, 134.17, 133.03, 133.01, 131.21, 131.15, 129.67, 129.56,
129.18, 128.73, 128.26, 128.24, 128.00, 127.97, 123.08, 123.00, 120.34, 120.31,
87.40, 86.92, 85.81, 85.73, 69.81, 69.79, 67.17, 67.03. IR (film): 3065, 3033, 2957,
1751, 1487, 1383, 1318, 1242, 1096, 1071, 1012, 927, 907, 825, 786, 754, 697 cm™.
HRMS (ESI) calcd for C4oH230sBroNa [M+Na]": 785.0145, found 785.0133.



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

OCOO0OBnN
Br
1d

1,2-Phenylenebis(3-(2-bromophenyl)prop-2-yne-1,1-diyl) dibenzyl dicarbonate
(1d). Column chromatography on silica gel (eluent: petroleum ether: ethyl acetate
=10:1) afforded the title product as a mixture of two diastereomers with a ratio of 1 :
1.63 in 63% vyield over two steps as a yellow oil. *H NMR (400 MHz, CDCls) two
isomers: & 7.90-7.85 (m), 7.52-7.38 (m), 7.33-7.26 (m), 7.18-7.08 (m), 7.07 (s), 7.03
(s), 5.18 and 5.03 (ABq, J = 12.0 Hz, 2H), 5.17 and 5.00 (ABgq, J = 12.4 Hz, 2H). °C
NMR (100 MHz, CDCI;) two isomers: & 153.83, 134.85, 134.77, 134.36, 134.02,
133.77, 133.65, 132.25, 132.23, 130.01, 129.95, 129.85, 129.71, 129.07, 128.44,
128.41, 128.37, 128.23, 128.18, 126.80, 126.77, 125.80, 125.77, 123.98, 123.93,
89.08, 89.05, 87.06, 86.79, 69.99, 69.94, 67.70, 66.95. IR (film): 3060, 3030, 2964,
1751, 1470, 1382, 1315, 1248, 1007, 907, 785, 754, 697 cm™. HRMS (ESI) calcd for
CaoH2806BroNa [M+Na]": 785.0145, found 785.0143.

OCOOBn

OCOO0OBn
le

1,2-Phenylenebis(3-(4-fluorophenyl)prop-2-yne-1,1-diyl) dibenzyl dicarbonate
(1e). Column chromatography on silica gel (eluent: petroleum ether: ethyl acetate
=10:1) afforded the title product as a mixture of two diastereomers with a ratio of 1 :
1.54 in 85% yield over two steps as a yellow oil. *"H NMR (400 MHz, CDCls) two
isomers: & 7.78 (dd, J = 5.8, 3.6 Hz), 7.73 (dd, J =5.4, 4.0 Hz), 7.44-7.41 (m),
7.38-7.26 (m), 7.01 (s), 7.00 (s), 6.94-6.86 (M), 5.17 and 5.03 (ABg, J = 12.0 Hz, 2H),
5.16 and 5.02 (ABg, J = 12.0 Hz, 2H). **C NMR (100 MHz, CDCls) two isomers: &
162.72 (d, Y.k = 250.5 Hz), 162.66 (d, 1Jcr = 250.5 Hz), 153.86, 153.84, 134.77,
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134.71, 134.60, 134.44, 133.84 (d, Jc.r = 8.3 Hz), 133.83 (d, *Jc.r = 8.6 Hz), 129.75,
129.63, 129.32, 128.77, 128.44, 128.41, 128.40, 128.19, 128.16, 117.77 (d, “Jc.r = 3.2
Hz), 115.44 (d, 2Jc.r = 22.0 Hz), 115.37 (d, “Jc.r = 22.1 Hz), 87.58, 87.12, 84.51 (d,
*Jor = 1.5 Hz), 84.45 (d, *Jc.r = 1.1 Hz), 69.97, 69.96, 67.41, 67.19. IR (film): 3066,
3034, 2958, 1751, 1600, 1507, 1455, 1382, 1319, 1236, 1156, 1093, 1014, 926, 907,
837, 755, 697 cm™. HRMS (ESI) calcd for CyoH2506F2Na [M+Na]": 665.1746, found
665.1740.

OCOOBn

OCOOBnN
1f

1,2-phenylenebis(3-(4-(trifluoromethyl)phenyl)prop-2-yne-1,1-diyl) dibenzyl
dicarbonate (1f). Column chromatography on silica gel (eluent: petroleum ether:
ethyl acetate =10:1) afforded the title product as a mixture of two diastereomers with
a ratio of 1 : 1.69 in 50% vyield over two steps as a yellow oil. *"H NMR (400 MHz,
CDCI3) two isomers: 6 7.78 (dd, J = 5.4, 3.2 Hz), 7.74 (dd, J =5.8, 3.2 Hz), 7.48-7.42
(m), 7.32-7.27 (m), 7.03 (s), 7.02 (s), 5.19 and 5.06 (ABq, J = 11.6 Hz, 2H), 5.16 and
5.03 (ABgq, J = 11.6 Hz, 2H). *C NMR (100 MHz, CDCl3) two isomers: & 153.87,
153.86, 134.72, 134.62, 134.39, 134.26, 132.11, 132.07, 130.57 (q, 2Jc.r = 32.8 Hz),
130.49 (q, 2Jer = 33.0 Hz), 129.98, 129.86, 129.37, 128.94, 128.60, 128.55, 128.53,
128.51, 128.27, 128.26, 125.48, 125.47, 125.14 (q, *Jcr = 3.7 Hz), 125.03 (q, *Jcr =
3.9 Hz), 123.70 (q, YJe.r = 272.2 Hz), 123.68 (q, Jc.r = 272.4 Hz), 87.21, 87.06,
86.98, 86.72, 70.18, 67.24, 67.13. IR (film): 3067, 3035, 2959, 1752, 1615, 1498,
1456, 1406, 1383, 1325, 1242, 1170, 1126, 1106, 1068, 1018, 929, 908, 843, 784, 754,
697 cm™. HRMS (ESI) calcd for C4oH2s06FsNa [M+Na]*: 765.1682, found 765.1673.
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OCOOBN

OCOOBN
1g

Diethyl 4,4'-(1,2-phenylenebis(3-(((benzyloxy)carbonyl)oxy)prop-1-yne-3,1-diyl))
-dibenzoate (1g). Column chromatography on silica gel (eluent: petroleum ether:
ethyl acetate =10:1) afforded the title product as a mixture of two diastereomers with
a ratio of 1 : 1.6 in 79% yield over two steps as a yellow oil. *H NMR (400 MHz,
CDCl3) two isomers: 6 7.93-7.88 (m), 7.80 (dd, J = 5.6, 3.6 Hz), 7.76 (dd, J =5.4, 3.6
Hz), 7.46-7.42 (m), 7.28-7.25 (m), 7.08 (s), 5.18 and 5.05 (ABg, J = 11.6 Hz, 2H),
5.15 and 5.02 (ABq, J = 12.0 Hz, 2H), 4.32 (g, J = 6.8, 4H), 1.34 (t, J = 6.8, 6H). **C
NMR (100 MHz, CDCIs) two isomers: 6 165.39, 165.38, 153.63, 153.61, 134.56,
134.47, 134.25, 134.11, 131.48, 130.23, 130.15, 129.72, 129.59, 129.22, 129.02,
128.97, 128.77, 128.26, 128.24, 128.22, 128.00, 127.96, 125.92, 125.89, 87.61, 87.35,
87.26, 87.13, 69.84, 67.11, 66.97, 60.84, 13.97. IR (film): 2981, 1752, 1717, 1606,
1456, 1405, 1272, 1243, 1176, 1106, 1021, 928, 908, 754, 769, 696 cm™. HRMS
(ESI) calcd for C46H33010Na [M+Na]*: 773.2357, found 773.2342.

OCOOBnN
&
'‘Bu
OCOOBnN
1
1,2-Phenylenebis(3-(4-(tert-butyl)phenyl)prop-2-yne-1,1-diyl) dibenzyl

dicarbonate (1i). Column chromatography on silica gel (eluent: petroleum ether:
ethyl acetate =5:1) afforded the title product as a mixture of two diastereomers with a
ratio of 1 : 1.52 in 29% yield over two steps as a yellow oil. 'H NMR (400 MHz,
CDCls) two isomers: & 7.79 (dd, J = 5.8, 3.2 Hz), 7.76 (dd, J =5.6, 3.2 Hz), 7.40-7.33
(m), 7.28-7.21 (m), 7.06 (), 7.04 (s), 5.15 and 5.01 (ABg, J = 12.0 Hz), 5.13 and 4.98
(ABq, J = 12.4 Hz, 2H), 1.25 (s), 1.24 (s). *C NMR (100 MHz, CDCls) two isomers:
0 153.83, 153.80, 151.94, 151.87, 134.79, 134.77, 134.74, 134.58, 131.61, 131.56,
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129.57, 129.46, 129.33, 128.78, 128.34, 128.33, 128.29, 128.26, 128.12, 128.09,
125.03, 124.99, 118.71, 88.77, 88.33, 84.20, 84.14, 69.78, 67.58, 67.26, 34.57, 34.56,
30.95. IR (film): 3033, 2962, 2863, 1751, 1505, 1456, 1383, 1243, 1021, 926, 907,
836, 696 cm™. HRMS (ESI) calcd for CusHisOsNa [M+Na]*: 741.3187, found
741.3178.

OCOOBn
1

o

1,2-Phenylenebis(3-(3-methoxyphenyl)prop-2-yne-1,1-diyl) dibenzyl dicarbonate

Me

(1j). Column chromatography on silica gel (eluent: petroleum ether: ethyl acetate
=5:1) afforded the title product as a mixture of two diastereomers with a ratio of 1 :
1.30 in 33% yield over two steps as a yellow oil. *H NMR (400 MHz, CDCl;) two
isomers: 6 7.79 (dd, J = 5.8, 3.6 Hz), 7.75 (dd, J = 5.8, 3.6 Hz), 7.42-7.39 (m),
7.28-7.23 (m), 7.14-6.93 (m), 6.83-6.79 (m), 5.15 and 5.00 (ABg, J = 12.0 Hz, 2H),
5.13 and 4.98 (ABq, J = 12.0 Hz, 2H), 3.62 (s). *C NMR (100 MHz, CDCls) two
isomers: 6 158.97, 158.94, 153.77, 153.75, 134.68, 134.61, 134.58, 134.39, 129.66,
129.56, 129.30, 129.13, 129.09, 128.80, 128.32, 128.31, 128.28, 128.08, 128.04,
124.26, 124.22, 122.52, 116.35, 116.31, 115.50, 115.44, 88.49, 88.05, 84.48, 84.39,
69.83, 67.38, 67.09, 54.92. IR (film): 3066, 3033, 2959, 2835, 1751, 1596, 1574,
1489, 1456, 1382, 1320, 1249, 1206, 1175, 1165, 1045, 928, 908, 785, 755, 698, 687
cm™®. HRMS (ESI) calcd for C4,H340sNa [M+Na]*: 689.2146, found 689.2174.

Synthesis of 1,7-diyn-3,6-bis(propargyl carbonate)s 1k, 1l and 1m. Typical
procedure for the synthesis of ethyl
4-(3-(((benzyloxy)carbonyl)oxy)-3-(2-(1-(((benzyloxy)carbonyl)oxy)-3-phenylpro
p-2-yn-1-yl)phenyl)prop-1-yn-1-yl)benzoate (1l).

11



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

@[CHO 13eq Li—=—TMS  1leq L _30%K,CO5 _
cHo THF,-78°C, 20 min THF, -78°C, 25 h — Mg CHsOH. 11, 1h

64% 92%

OH OCOOBN
2% PdCly(PPhy), — ph 6 equiv CICOOBN Ph
. 5% cul - _ 10 equiv pyridine O -
+ eq

"EN, 50 °C, OWN — O coogt DOM.0°Clort 0 Ct° rt O COOEt

COOEt OH OCOO0Bn

64%
s-3 1l

A THF solution of ethynyltrimethylsilane (1.84 mL, 13.0 mmol in 20 mL THF)
and phenylacetylene (1.1 mL, 10 mmol in 20 mL THF) were placed in two 100 mL
round bottom flasks respectively. n-BuLi (2.5 M in hexane, 5.2 mL, 13.0 mmol) was
added to the ethynyltrimethylsilane solution, and n-BuLi (2.5 M in hexane, 4.0 mL,
10.0 mmol) was added to the phenylacetylene solution at -78 °C. This deprotonation
reaction was stirred for 10 min. (deprotonation of phenylacetylene was also
accomplished accordingly). To the solution of lithium trimethylsilylacetylide was then
added a THF solution of phthaldehyde (1.34 g, 10.0 mmol in 20 mL). The mixture
was stirred for 10 minuets at -78 °C before a solution of lithium phenylacetylide was
added. The reaction mixture was warmed up to room temperature and stirred for 2.5 h.
Then the mixture was quenched with saturated ammonium chloride solution. The
reaction mixture was extracted with ethyl acetate and dried over anhydrous Na,SO,.
The solvent was evaporated and the residue was purified by chromatography on silica
gel (eluent: petroleum ether / ethyl acetate = 3:1) to afford the diol s-1 as a colorless
oil .

To a solution of above diol s-1 (2.96 g, 8.8 mmol) were added MeOH (30 mL)
and K,COj3 (364 mg, 2.64 mmol), after stirring for 1 h at room temperature. The
mixture was quenched with H,O, extracted with ethyl acetate and dried over
anhydrous Na,SO,4. The solvent was evaporated and the residue was purified by
chromatography on silica gel (eluent: petroleum ether: acetone = 3:1) to afford diol
s-2 as a mixture of two diastereomers with a ratio of 1 : 4.8 in 92% isolated yield
(2.12 g) as a colorless oil. '"H NMR (400 MHz, CDCls) two isomers: & 7.91-7.82 (m),
7.69-7.60 (m), 7.50-7.45 (m), 7.40-7.27 (m), 6.16 (s), 6.04 (s), 5.98 (s), 5.85 (d), 4.38
(s), 4.27 (s), 3.93 (s), 3.86 (s), 2.70-2.67 (m). *C NMR (100 MHz, CDCls) two
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isomers: 6 137.98, 137.72, 137.56, 137.22, 131.72, 129.13, 129.10, 128.64, 128.60,
128.26, 128.25, 127.98, 127.89, 122.18, 122.15, 87.75, 87.65, 87.47, 82.69, 82.34,
75.90, 75.56, 63.75, 62.92, 62.16, 61.43. IR (film): 3360, 3289, 1597, 1489, 1453,
1442, 1323, 1300, 1199, 1176, 1098, 1046, 1027, 1014, 997, 965, 939, 811, 773, 758,
736, 694, 664 cm™. HRMS (MALDI/DHB) calcd for C1gH1,0,Na [M+Na]*: 285.0886,
found 285.0883.

To a solutin of diol s-2 (524.6 mg, 2.0 mmol) in triethylamine (20 mL) were
added ethyl 4-iodobenzoate (662.57 mg, 2.4 mmol), PdCI,(PPh3), (28.0 mg, 0.04
mmol) and Cul (19.0 mg, 0.10 mmol) at room temperature, then the mixture was
heated overnight at 50 °C. After the starting material was consumed, the mixture was
quenched with saturated ammonium chloride solution, extracted with ethyl acetate,
and dried over anhydrous Na,SO,4. The solvent was evaporated, and the residue was
purified by chromatography on silica gel (petroleum: acetone = 3:1) to afford diol s-3
as a yellow oil.

To a solution of above diol s-3 (646.8 mg, 1.57 mmol) in DCM (20 mL) was
added pyridine (1.3 mL, 15.7 mmol) at 0 °C. After stirring for several minutes, benzyl
chloroformate (1.3 mL, 9.4 mmol) was added. The resulting solution was warmed up
to room temperature and stirred for 1 h. Then the mixture was quenched with
saturated ammonium chloride solution. The reaction mixture was extracted with
dichloromethane and dried over anhydrous Na,SO,4. The solvent was evaporated and
the residue was purified by chromatography on silica gel (eluent: petroleum ether /
ethyl acetate = 10:1) to afford the title product (11) as a mixture of two diastereomers
(dr = ca. 4.5:1) in 64% yield (0.87 g) over two steps as a yellow oil. *H NMR (400
MHz, CDCl;) two isomers: 6 7.92-7.88 (m), 7.76-7.74 (m), 7.46-7.38 (m), 7.31-7.20
(m), 7.05 (s), 7.03 (s), 6.98 (s), 5.18-5.15 (m), 5.05-4.99 (m), 4.35 (q, J = 7.2 Hz),
1.38 (t, J = 7.2, 3H). *C NMR (100 MHz, CDCl3) major isomer: & 165.84, 153.89,
153.83, 134.74, 134.58, 134.26, 131.87, 131.73, 130.30, 129.72, 129.67, 129.22,
129.18, 128.88, 128.83, 128.48, 128.28, 128.25, 128.11, 126.28, 121.72, 88.34, 87.59,
87.28, 84.67, 84.59, 70.06, 70.03, 67.33, 67.01, 61.11, 14.23. Minor isomer: 134.82,
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134.80, 134.78, 131.76, 130.38, 129.81, 128.20, 128.16, 88.41, 87.50, 84.59, 67.64,
67.10, 61.22. Other peaks are overlapped with the signal of the major isomer. IR
(film): 3024, 2964, 1747, 1715, 1490, 1455, 1382, 1231, 1176, 1105, 1020, 924, 905,
785, 769, 754, 736, 692 cm™. HRMS (ESI) calcd for C43H340gNa [M+Na]": 701.2146,
found 701.2120.

OCOO0BN

OCOOBnN
1k

(1k). Column chromatography on silica gel (eluent: petroleum ether: ethyl acetate
=10:1) afforded the title product as a mixture of two diastereomers ( dr = ca. 1:7.1) in
78% vyield over two steps from s-2 as a yellow oil. *H NMR (400 MHz, CDCls) two
isomers: & 7.77-7.71 (m), 7.44-7.36 (m), 7.29-7.14 (m), 7.01(s), 7.00 (s), 5.16 and
5.02 (ABq, J = 12.4 Hz), 5.15 and 5.02 (ABq, J = 11.6 Hz), 5.14 and 4.99 (ABq, J =
12.0 Hz). ®C NMR (100 MHz, CDCls) major isomer: & 153.86, 153.81, 134.79,
134.72, 134.53, 134.36, 133.06, 131.82, 129.64, 129.61, 128.84, 128.77, 128.70,
128.43, 128.40, 128.23, 128.18, 128.07, 121.68, 120.20, 88.25, 86.99, 85.79, 84.72,
69.97, 67.24, 67.06. Minor isomer: 134.86, 134.69, 134.56, 133.08, 129.76, 129.74,
129.44, 129.31, 128.15, 128.13, 88.72, 87.44, 85.72, 84.66, 67.53, 67.38. Other peaks
are overlapped with the signal of the major isomer. IR (film): 3057, 3028, 1746, 1489,
1455, 1381, 1317, 1232, 1180, 1090, 1015, 996, 924, 905, 828, 785, 754, 736, 692
cm™. HRMS (ESI) calcd for C4oH2906CINa [M+Na]*: 663.1545, found 663.1530.

OCOOBnN

OCOOBnN L

Im
(2m). Column chromatography on silica gel (eluent: petroleum ether: ethyl acetate

=10:1) afforded the title product as a mixture of two diastereomers (dr = ca. 1:4.14) in
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70% yield over two steps from s-2 as a brown oil. *H NMR (400 MHz, CDCl3) two
isomers: 6 7.75-7.72 (m), 7.44-7.37 (m), 7.32-7.16 (m), 7.08 (s), 7.02 (s), 6.97 (5s),
6.95 (s), 6.89-6.86 (m), 5.17 and 5.05 (ABq, J = 12.0 Hz), 5.14 and 4.98 (ABq, J =
12.0 Hz). Some peaks of minor isomer are overlapped with the signal of the major
isomer. *C NMR (100 MHz, CDCls) major isomers: & 153.85, 153.81, 134.81,
134.74, 134.53, 134.24, 133.24, 131.83, 129.66, 129.63, 128.93, 128.74, 128.44,
128.43, 128.42, 128.25, 128.22, 128.07, 127.98, 126.86, 126.82, 121.72, 121.55,
88.56, 88.32, 84.67, 81.64, 69.99, 69.97, 67.25, 67.18. Minor isomer: 134.84, 134.67,
134.46, 133.31, 131.91, 129.78, 129.76, 129.49, 129.41, 128.83, 128.38, 128.18,
128.17, 128.13, 128.02, 126.86, 88.79, 84.59, 67.64, 67.45. Other peaks are
overlapped with the signal of the major isomer. IR (film): 3073, 3028, 1745, 1490,
1455, 1381, 1314, 1231, 1192, 1178, 923, 904, 784, 754, 692 cm™. HRMS (ESI)
calced for CagH2s0sSNa [M+Na]™: 635.1499, found 635.1489.

Typical procedure for the synthesis of cis-dihydrocyclobuta[b]naphthalene 2a.

(All reactions were carried out on 0.2 mmol scale).
Condition A:

OCOO0BN

Ph 5 mol% PPhzAuCl

Ph
5 mol% AgSbFg O/\__o
THF, 1t, 2 h ~0
Ph Ph

OCOOBnN
la-2 2a, 87%

Condition A: In a glovebox, to a Schlenk tube was added AgSbFs (3.4 mg, 0.01

mmol). Then the Schlenk tube was removed from the glovebox, PPh;AuCl (5 mg,
0.01 mmol) and THF (0.5 mL) were successively added and the mixture was stirred at
room temperature for 15-20 min. Then a THF solution of 1a-2 (121.3 mg, 0.2 mmol
in 1.5 mL THF) was added. After the reaction mixture was stirred at room
temperature for 2 h, the solvent was evaporated under the reduced pressure and the
residue was purified by chromatography on silica gel (petroleum: ethyl acetate = 20:1)
to afford 2a (63.4 mg, 87%) as a white solid. In a separate experiment, we also

isolated a byproduct of benzyl alcohol in 23% vyield. It is noted that under condition A,
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the reaction mixture became viscous as the reaction progressed. It was found that
partial polymerization of THF solvent occurred under the conditions as evidenced by

the NMR spectra of the crude reaction mixture.

Condition B:

OCOOBnN

Ph Ph
5 mol% catalyst A O/E
@]
pnh  toluene,rt, 3 h ~0
Ph

OCOOBnN
la-2 ey 7 s 2a, 86%
Bu~p— Au—NCMe
catalyst A:

-

Condition B: To a solution of 1,2-phenylenebis(3-phenylprop-2-yne-1,1-diyl)
dibenzyl dicarbonate 1a-2 (121.3 mg, 0.2 mmol) in toulene (2 mL) was added
[Johnphos(MeCN)Au]SbFg (7.7 mg, 0.01 mmol). After the reaction mixture was
stirred at room temperature for 3 h, the solvent was evaporated under the reduced
pressure and the residue was purified by chromatography on silica gel (petroleum:

ethyl acetate = 20:1) to afford 2a (62.7 mg, 86%) as a white solid.

Ph

a0
o

~~0

Ph

2a

(3aR*,9bS*)-3a,9b-Diphenyl-3a,9b-dihydronaphtho[2',3':3,4]cyclobuta[1,2-d][1,3
]dioxol-2-one (2a). M.p. 206-207 °C. *H NMR (400 MHz, CDCls) & 8.04 (s, 2H),
7.98 (dd, J = 6.0, 3.6 Hz, 2H), 7.59 (dd, J = 6.4, 3.2 Hz, 2H), 7.23-7.21 (m, 4H),
7.16-7.15 (m, 6H). *C NMR (100 MHz, CDCls) & 154.51, 141.54, 135.74, 132.39,
129.15, 129.04, 128.12, 127.19, 126.78, 123.95, 95.24. IR (film): 3064, 1803, 1594,
1499, 1450, 1268, 1221, 1207, 1139, 1039, 1029, 1006, 881, 753, 729, 696 cm™.
HRMS (EI) calcd for CasH1603: 364.1099, found 364.1101.
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Cl

:
O
O

cl

(3aR*,9bS*)-3a,9b-Bis(4-chlorophenyl)-3a,9b-dihydronaphtho[2*,3":3,4]cyclobut
a[1,2-d][1,3]dioxol-2-one (2b). Condition A was used. Column chromatography on
silica gel (petroleum ether: ethyl acetate =20:1) afforded the title product in 76% (65.6
mg) yield as a white solid. M.p. 239-240 °C. *"H NMR (400 MHz, CDCls) & 8.07 (s,
2H), 8.01 (dd, J = 6.2, 3.2 Hz, 2H), 7.64 (dd, J = 6.4, 3.2 Hz, 2H), 7.21-7.14 (m, 8H).
3¢ NMR (100 MHz, CDCl3) & 154.02, 140.94, 135.88, 135.48, 130.88, 129.25,
128.69, 128.14, 127.52, 124.09, 94.67. IR (film): 3060, 2920, 2849, 1799, 1597, 1505,
1494, 1410, 1399, 1310, 1228, 1206, 1149, 1138, 1094, 1036, 1018, 1004, 885, 839,
797, 767, 754 cm™. HRMS (ESI) calcd for Cp5H14Cl,0sNa [M+Na]*: 455.0214, found
455.0212.

Br

.
CL L
¥

Br
(3aR*,9bS*)-3a,9b-Bis(4-bromophenyl)-3a,9b-dihydronaphtho[2*,3":3,4]cyclobut
a[1,2-d][1,3]dioxol-2-one (2c). Condition A: Column chromatography on silica gel
(petroleum ether: ethyl acetate =20:1) and recrystallization afforded the title product
in 75% vyield (77.5 mg) as a white solid. Condition B: Column chromatography on
silica gel (petroleum ether: ethyl acetate =20:1) afforded the title product in 62% yield
(65.2 mg) as a white solid. M.p. 238-240 °C. *H NMR (400 MHz, CDCls) & 8.07 (s,
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2H), 8.01 (dd, J = 6.2, 3.2 Hz, 2H), 7.65 (dd, J = 6.0, 3.2 Hz, 2H), 7.37-7.34 (m, 4H),
7.11-7.08 (m, 4H). *C NMR (100 MHz, CDCls) § 153.96, 140.85, 135.84, 131.63,
131.36, 129.23, 128.39, 127.51, 124.06, 123.81, 94.63. IR (film): 3060, 2920, 2846,
1809, 1755, 1597, 1505, 1489, 1410, 1396, 1265, 1220, 1206, 1150, 1140, 1074, 1039,
1012, 920, 882, 841, 820, 765, 753, 737, 699 cm™. HRMS (ESI) calcd for
CasHwBr,0sNa [M+Na]*: 542.9202, found 542.9208.

:: Br

o)
(L

Y0

Br ~
e

(3aR*,9bS*)-3a,9b-Bis(2-bromophenyl)-3a,9b-dihydronaphtho[2*,3':3,4]cyclobut
a[1,2-d][1,3]dioxol-2-one (2d). Condition A was used. Column chromatography on
silica gel (petroleum ether: ethyl acetate =20:1) afforded the title product in 72% yield
(74.9 mg) as a white solid. M.p. 229-230 °C. *H NMR (400 MHz, CDCl5) & 8.12 (dd,
J=8.0, 1.2 Hz, 2H), 8.05 (s, 2H), 7.98 (dd, J = 6.2, 3.2 Hz, 2H), 7.61 (dd, J = 6.4, 3.2
Hz, 2H), 7.38-7.35 (m, 4H), 7.21-7.17 (m, 2H). *C NMR (100 MHz, CDCl5) &
153.53, 141.65, 135.42, 134.52, 132.25, 131.60, 131.00, 129.26, 127.19, 126.83,
123.37, 121.73, 95.39. IR (film): 3054, 1809, 1590, 1563, 1506, 1471, 1436, 1296,

1282, 1222, 1061, 1032, 1021, 882, 756, 743, 695 cm™. HRMS (EI) calcd for
C25H1403Br»:519.9310, found 519.9314.

=

Q)
O
O

F
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(3aR*,9bS*)-3a,9b-Bis(4-fluorophenyl)-3a,9b-dihydronaphtho[2*,3":3,4]cyclobut
a[1,2-d][1,3]dioxol-2-one (2e). Condition A was used. Column chromatography on
silica gel (petroleum ether: ethyl acetate =20:1) afforded the title product in 85% yield
(68.5 mg) as a white solid. M.p. 203-204 °C. 'H NMR (400 MHz, CDCls) & 8.08 (s,
2H), 8.00 (dd, J = 6.2, 3.6 Hz, 2H), 7.63 (dd, J = 6.4, 3.6 Hz, 2H), 7.22-7.18 (m, 4H),
6.91-6.86 (m, 4H). *C NMR (100 MHz, CDCl3) § 162.97 (d, “Jc.r = 249.9 Hz),
154.12, 141.11, 135.83, 129.20, 128.75 (d, *Jc.r = 8.6 Hz), 128.31 (d, *Jcr = 3.2 H2),
127.41, 124.06, 115.43 (d, 2Jc.r = 21.6 Hz), 94.72 (d, %Jc.e = 1.0 Hz). IR (film): 3057,
2923, 1805, 1603, 1511, 1415, 1304, 1270, 1226, 1161, 1139, 1038, 1015, 883, 846,
766, 756 cm™. HRMS (EI) calcd for CasH1403F,: 400.0911, found 400.0918.

CFS CF3

O )

= |/
=0, - OCOOBN
CIlUCe = oo

=

S g

CF3 CF3
2f 3

(3aR*,9bS*)-3a,9b-Bis(4-(trifluoromethyl)phenyl)-3a,9b-dihydronaphtho[2’,3":3,

4]cyclobuta[1,2-d][1,3]dioxol-2-one (2f). Condition A was used. In this case, column
chromatography on silica gel (petroleum ether: ethyl acetate =20:1) afforded the
product 2f in 74% yield (73.8 mg) as a white solid (M.p. 185-186 °C), and the product
3 in 12% vyield (17.3 mg) as a mixture of two diastereomers in a ratio of 1:1.25
(determined by HPLC).

Characterization data for 2f:

'H NMR (400 MHz, CDCls): & 8.11 (s, 2H), 8.04 (dd, J = 6.2, 3.2 Hz, 2H), 7.68 (dd, J
= 6.4, 3.2 Hz, 2H), 7.48 (m, 4H), 7.38-7.35 (m, 4H). *C NMR (100 MHz, CDCls): 5
153.80, 140.57, 136.13 (q, *Jc.r = 1.6 Hz), 135.99, 131.52 (q, 2Jc.r = 32.8 Hz), 129.32,
127.74, 127.20, 125.46 (q, *Jcr = 4.0 Hz), 124.24, 123.47 (g, “Jc.r = 272.8 Hz), 94.55.
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IR (film): 3069, 2926, 2849, 1816, 1620, 1504, 1416, 1328, 1220, 1205, 1169, 1127,
1070, 1041, 1018, 853, 754 cm™. HRMS (El) calcd for C,7H1403F6: 500.0847, found
500.0848.

Characterization data for 3: *H NMR (400 MHz, CDCls) two isomers: & 8.26 (s, 2H),
8.01 (dd, J = 5.8, 2.8, 2H), 7.63-7.61 (m, 6H), 7.46-7.44 (m, 4H), 7.27-7.26 (m, 6H),
7.12-7.11 (m, 4H), 4.96 and 4.87 (ABg, J =12.0 Hz, 4H). *C NMR (100 MHz, CDCls)
two isomers: & 152.78, 141.22, 139.37, 135.88, 134.64, 130.50 (q, 2Jc.r = 32.8 Hz),
129.24, 128.54, 128.49, 128.08, 127.96, 127.59, 127.02, 126.82, 125.30 (q, 3cr=37
Hz), 124.01 (q, YJcr = 271.7 Hz), 91.92, 69.68. IR (film): 3063, 3030, 2950, 2923,
1751, 1620, 1505, 1456, 1413, 1377, 1326, 1242, 1166, 1114, 1066, 1030, 1018, 946,
889, 850, 802, 787, 752, 706, 696 cm™. HRMS (ESI) calcd for CsHosFsOsNa
[M+Na]*: 765.1713, found 765.1682.

COOEt

(g

Bale

29

COOEt
Diethyl 4,4'-((3aR*,9bS*)-2-0x0-3a,9b-dihydronaphtho[2',3":3,4]cyclobuta-
[1,2-d][1,3]dioxole-3a,9b-diyl)dibenzoate (2g). Condition A was used. Column
chromatography on silica gel (petroleum ether: ethyl acetate =20:1) afforded the title
product in 74% yield (75.2 mg) as a white solid. M.p. 157-159 °C. 'H NMR (400
MHz, CDCls) & 8.11 (s, 2H), 8.04 (dd, J = 6.0, 3.6 Hz, 2H), 7.88-7.86 (m, 4H), 7.66
(dd, J = 6.2, 3.6 Hz, 2H), 7.31-7.29 (m, 4H), 4.32 (q, J = 7.2, 4H), 1.35 (t, J = 7.2,
6H). *C NMR (100 MHz, CDCls) § 165.68, 154.01, 140.80, 136.80, 135.90, 131.22,
129.51, 129.27, 127.56, 126.71, 124.17, 94.81, 61.21, 14.15. IR (film): 3057, 2982,
2959, 2926, 1813, 1718, 1413, 1367, 1276, 1219, 1205, 1108, 1041, 1020, 854, 763,
737 cm™. HRMS (ESI) calcd for C3H2407Na [M+Na]*: 531.1414, found 531.1438,
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Me

g
pale
2h @

Me
(3aR*,9bS*)-3a,9b-Di-p-tolyl-3a,9b-dihydronaphtho[2*,3":3,4]cyclobuta[1,2-d][1,
3]dioxol-2-one (2h). Condition A was used. Column chromatography on silica gel
(petroleum ether: ethyl acetate =10:1) afforded the title product in 82% yield (64.3 mQ)
as a white solid. M.p. 199-201 °C. *H NMR (400 MHz, CDCls) & 8.04 (s, 2H), 7.98
(dd, J = 6.4, 3.2 Hz, 2H), 7.60 (dd, J = 6.4, 3.2 Hz, 2H), 7.13-7.11 (m, 4H), 7.00-6.98
(m, 4H), 2.22 (s, 6H). °C NMR (100 MHz, CDCl5) & 154.65, 142.01, 138.95, 135.76,
129.57, 129.18, 128.91, 127.12, 126.83, 123.85, 95.38, 21.09. IR (film): 3051, 3024,
2917, 2858, 1801, 1506, 1453, 1415, 1270, 1223, 1186, 1148, 1139, 1038, 1022, 882,

836, 795, 767, 753, 737 cm™. HRMS (El) calcd for Cy7Hp00s: 392.1412, found
392.1406.

Bu

(g
fale
2 @

'Bu
(3aR*,9bS*)-3a,9b-Bis(4-tert-butylphenyl)-3a,9b-dihydronaphtho[2*,3":3,4]cyclob
uta[1,2-d][1,3]dioxol-2-one (2i). Condition A was used. Column chromatography on
silica gel (petroleum ether: ethyl acetate =20:1) afforded the title product in 70% yield
(66.7 mg) as a white solid. M.p. 179-180 °C. *H NMR (400 MHz, CDCls) & 8.08 (s,
2H), 8.01 (dd, J = 6.2, 3.2 Hz, 2H), 7.63 (dd, J = 6.6, 3.2 Hz, 2H), 7.17-7.15 (m, 4H),
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7.11-7.09 (m, 4H), 1.18 (s, 18H). *C NMR (100 MHz, CDCls) § 154.85, 152.09,
141.87, 135.76, 129.54, 129.20, 127.10, 126.57, 124.89, 123.97, 95.33, 34.43, 31.02.
IR (film): 3057, 2962, 2868, 1812, 1617, 1590, 1510, 1459, 1413, 1272, 1221, 1040,
1020, 1005, 881, 845, 767, 748 cm™. HRMS (EI) calcd for Ca3sHs,0s: 476.2351,
found 476.2348.

©/0Me
o)
(LI o
pale
»e
2j
(3aR*,9bS*)-3a,9b-Bis(3-methoxyphenyl)-3a,9b-dihydronaphtho[2',3":3,4]cyclob
uta[1,2-d][1,3]dioxol-2-one (2j). Condition B was used. Column chromatography on
silica gel (petroleum ether: ethyl acetate =10:1) afforded the title product in 45% yield
(38.2 mg) as a white solid. M.p. 208-210 °C. *H NMR (400 MHz, CDCls) & 8.08 (s,
2H), 8.01 (dd, J = 6.2, 3.6 Hz, 2H), 7.63 (dd, J = 6.4, 3.2 Hz, 2H), 7.13-7.09 (m, 2H),
6.83-6.81 (m, 2H), 6.76-6.75 (m, 4H), 3.65 (s, 6H). *C NMR (100 MHz, CDCls) &
159.32, 154.51, 141.65, 135.82, 133.99, 129.29, 129.25, 127.25, 123.94, 119.42,
114.81, 112.42, 95.18, 55.24. IR (film): 3072, 3000, 2959, 2911, 2840, 1794, 1748,
1600, 1491, 1465, 1432, 1291, 1226, 1161, 1147, 1136, 1032, 1013, 951, 889, 873,

832, 809, 756, 696 cm™. HRMS (MALDI/DHB) calcd for CyHz;Os [M+H]":
425.1384, found 425.1383.

»
UL
” @

Cl
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(3aR*,9bS*)-3a-(4-Chlorophenyl)-9b-phenyl-3a,9b-dihydronaphtho[2’,3":3,4]cycl
obuta[1,2-d][1,3]dioxol-2-one (2k). Condition A was used. Column chromatography
on silica gel (petroleum ether: ethyl acetate =20:1) afforded the title product in 76%
yield (61.2 mg) as a white solid. M.p. 181-183 °C. *H NMR (400 MHz, CDCl5) § 8.09
(s, 1H), 8.06 (s, 1H), 8.02-8.00 (m, 2H), 7.64 (dd, J = 6.2, 3.2 Hz, 2H), 7.22 (s, 5H),
7.15 (s, 4H). 3C NMR (100 MHz, CDCl3) 6 154.29, 141.39, 141.24, 135.88, 135.84,
135.21, 132.19, 131.20, 129.36, 129.25, 129.24, 128.47, 128.39, 128.21, 127.40,
127.38, 126.80, 124.18, 123.94, 95.30, 94.68. IR (film): 1797, 1595, 1507, 1495,
1452, 1404, 1268, 1230, 1198, 1089, 1043, 1033, 1005, 886, 836, 811, 757, 734, 693,
678 cm™. HRMS (ESI) calcd for CsH1505CINa [M+Na]*: 421.0602, found 421.0598.

©
CUL

COOEt
Ethyl 4-((3aR*,9bS*)-2-Ox0-9b-phenyl-3a,9b-dihydronaphtho[2’,3":3,4]-

cyclobuta[1,2-d][1,3]dioxol-3a-yl)benzoate (21). Condition A was used. Column
chromatography on silica gel (petroleum ether: ethyl acetate =20:1) afforded the title
product in 82% yield (71.9 mg) as a white solid. M.p. 199-200 °C. *H NMR (400
MHz, CDCls) & 8.11 (s, 1H), 8.07 (s, 1H), 8.03-8.00 (m, 2H), 7.87-7.85 (m, 2H),
7.65-7.62 (m, 2H), 7.31-7.28 (m, 2H), 7.25-7.18 (m, 5H), 4.30 (q, J = 7.2 Hz, 2H),
1.34 (t, J = 7.2 Hz, 3H). *C NMR (100 MHz, CDCl3) § 165.78, 154.26, 141.30,
141.12, 137.28, 135.84, 132.00, 130.97, 129.35, 129.33, 129.23, 128.35, 127.40,
127.37, 126.80, 126.73, 124.18, 123.96, 95.39, 94.70, 61.12, 14.15. IR (film): 3063,
2956, 2925, 2852, 1811, 1716, 1614, 1593, 1450, 1411, 1277, 1221, 1206, 1140, 1108,
1040, 883, 761, 732, 696 cm™. HRMS (MALDI/DHB) calcd for CpgH2105 [M+H]':
437.1384, found 437.1383.
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0
fo

2m

(3aR*,9bS*)-3a-Phenyl-9b-(thien-2-yl)-3a,9b-dihydronaphtho[2’,3":3,4]cyclobuta
[1,2-d][1,3]dioxol-2-one (2m). Condition B was used. Column chromatography on
silica gel (petroleum ether: ethyl acetate =20:1) afforded the title product in 55% yield
(40.5 mg) as a little yellow solid. M.p. 191-192 °C. *H NMR (400 MHz, CDCls) &
8.15 (s, 1H), 8.05 (s, 1H), 8.03 -7.99 (m, 2H), 7.64 (dd, J = 6.2, 3.6 Hz, 2H),
7.30-7.20 (m, 6H), 6.91-6.90 (m, 1H), 6.84-6.82 (m, 1H). *C NMR (100 MHz,
CDCI3) 6 153.88, 141.91, 141.17, 136.05, 135.79, 135.43, 132.30, 129.32, 129.26,
128.36, 128.21, 128.03, 127.40, 127.32, 126.98, 126.73, 124.02, 123.74, 95.45, 92.84.
IR (film): 3101, 3069, 2917, 1805, 1593, 1510, 1451, 1358, 1262, 1240, 1206, 1136,
1028, 875, 848, 764, 738, 711, 698 cm™. HRMS (MALDI/DHB) calcd for Cy3H1505S
[M+H]*: 371.0736, found 371.0731.

Ph
Me ¥e)
(L
~~O0
on Ph
(3aR*,9bS*)-6-Methyl-3a,9b-diphenyl-3a,9b-dihydronaphtho[2,3":3,4]cyclobuta[
1,2-d][1,3]dioxol-2-one (2n). Condition B was used. Column chromatography on
silica gel (petroleum ether: ethyl acetate =20:1) afforded the title product in 79% yield
(60.0 mg) as a white solid. M.p. 213-214 °C. *H NMR (400 MHz, CDCls) & 8.02 (s,
1H), 7.98 (s, 1H), 7.89 (d, J = 8.4, 1H), 7.76 (s, 1H), 7.46 (dd, J = 8.8, 2.0 Hz, 1H),
7.24-7.15 (m, 10H), 2.57 (s, 3H). **C NMR (100 MHz, CDCls) & 154.68, 141.63,
140.70, 137.24, 136.08, 134.09, 132.57, 132.56, 129.59, 129.03, 128.93, 128.14,

128.12, 126.86, 126.84, 123.71, 123.17, 95.33, 95.27, 21.73. IR (film): 3064, 2922,
1805, 1620, 1593, 1499, 1450, 1319, 1304, 1269, 1226, 1197, 1139, 1041, 1030, 1007,
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891, 809, 784, 767, 730, 696, 676 cm™. HRMS (MALDI/DHB) calcd for CpsH1903
[M+H]": 379.1329, found 379.1328.

Ph

0
L

~~O0

2% Ph

(3aR*,11bS*)-3a,11b-Diphenyl-3a,11b-dihydroanthra[2',3":3,4]cyclobuta[1,2-d][
1,3]dioxol-2-one (20). Condition A: Column chromatography on silica gel (petroleum
ether: ethyl acetate =20:1) afforded the title product in 44% vyield (36.5 mg) as a little
yellow solid. Condition B: Column chromatography on silica gel (petroleum ether:
ethyl acetate =20:1) afforded the title product in 77% yield (63.9 mg) as a little yellow
solid. M.p. 236-237 °C. *H NMR (400 MHz, CDCls) & 8.54 (s, 2H), 8.18 (s, 2H), 8.02
(dd, J = 6.4, 3.2 Hz, 2H), 7.53 (dd, J = 6.4, 3.2 Hz, 2H), 7.27-7.25 (m, 4H), 7.19-7.16
(m, 6H). **C NMR (100 MHz, CDCls) § 154.67, 140.76, 133.05, 132.46, 132.04,
129.10, 128.18, 128.08, 128.06, 126.85, 126.44, 124.31, 95.48. IR (film): 3059, 1813,
1580, 1498, 1450, 1421, 1301, 1220, 1149, 1041, 1005, 901, 781, 740, 718, 696 cm™.
HRMS (ESI) calcd for CygH1g0sNa [M+Na]™: 437.1148, found 437.1131.

Reference:

(1) P. Braunstein, H. Lehner and D. Matt, Inorg. Synth. 1990, 27, 218.
(2) N. Mezailles, L. Ricard and F. Gagosz, Org. Lett. 2005, 7, 4133.
(3) M. Chen, Y. Chenand Y. Liu, Chem. Commun., 2012, 48, 12189.
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X-ray crystal structure of the trans-isomer of 3 (fluoro atoms on one of the CF;
groups are disordered)

26



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

a
a
0000~ — to
AN
29T°29 \
96v°L9 \
64T 22869
66y [ sgo0L——F
9T0'S 00022
v2o's 0zELL
ov0's F< 889'v8 \
orT'S 69.v8 \
E9T'S S6T°88
9LT'S 829'88
vetT's [ T199°12T
v66'9 20821
oL - 10821
ToTL oo F zotr'8zT
soz'L 2 M 28T'82T
ceeL L1E°82T
9zz'L 65€°82T
ove'L [ 9.£'82T
LveL 00.°82T
6scL 01,821
2922 o 928621 ——S=
99Z'L 655621 \
gLzl zL9°62T
6L2°L L 9LLTET
€seL 0z8'1eT
16zL L8V VET
L62L vL9VET
coe'L F STLVET
Log'L 6LLYET
6TEL
vzes L
€8eL
18€°L
z6EL )
L0V L Lo HHW.MWH
v, £EQ'EST
9Tt'L
vev'L
8zv'L <
CEV'L B
8EV'L (@]
ovy'L = o r O
Ly [n] o O
SSvL @) @)
svLL o) o« L (@)
€5L2 O O =
6SL°L —
8922 (e} (e}
8L L S
26L'L
86.'2
2082 [

27

OCOOBn
la-2




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000 \

9ISV
TESY
209
509
PALRY
6T
9g9'v
6£9'
1590
vSov
S6T'S
66T'S
T0Z'S
v0Z'S
12T'S
szz's
222's
0€T'S
282's
162°S
zog's
soe's
TEE'S
vEE'S
Sve's
8YeE'S
228'S
res
€58'S
558'S
298'S
o8's
188'S
968'S
9.6'9
€00°L
zzT L
€ETL
6£2L
ovzL
SYTL
8vz L
osz'L
vsTL
2522
09z,
9922
8922
oLzL
vizL
1822
8T L
882'L
862 L
€0v'L
L0¥°2
ozv'L
vev' L
22v°L
zZEV L
8EV'L
ovv'L
VYL
Lyv L
LT
SSPL
09v'L
95272
5922
oLLL
6222
€622
1082
2082
9182

OAlloc

OAlloc

1a-3

4z

. L87

X

0 PP}

LTT29
25v°'29
928'89
089'9L
00022
oTELL
86978
8LL78
89188
L1988
988'8TT
¥S6'8TT
zLLTET
080°'8ZT
0eT'82T
52821
£T8'82T
vS8'82T
6EV'6ZT
T09°62T
STL62T
EETTET
€8T TET
6S8'TET
068 TET
8SSVET
8ELVET

AN

N N

669°€EST
9EL'EST

OAlloc

OAlloc

1a-3

PP

T
100

T
150

T
200

28



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

0867
866’
oto's
820'S
TIT'S
TET'S
wT's
19T'S
LEO'L
V0L
zTTL
EET'L
eYTL
€9T°L
Lz2L
vz L
€522
viEL
18872
96€°L
80v'L
TTLL
ozLL
9zL L
YELL
65272
89L°L
vILL
z8LL

B R i

PRI

2%

OCOO0Bn
1b

SYTL9——F
TEEL9
666'69
vT0'0L
28992
00022
STELL
86558
£29'g8
50028
11v18
0ZT'021T
241821
902'82T
90v'82T
T2r'8eT
ovy'8CT
0/t'82T
vTe'8zT
0zg'62T
929'62T /
S6L°62T
9EO'EET
SEEVET
28 vET
ZE9VET
LOLVET
6E8'VET
826'VET

\

SN

‘

L6L°€ST
vI8'EST

0OCO0Bn

1b

PPI

50

100

29

150

200




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

PPI

0

30

a
ra
o
0000
Fo
£€0°29
LT Lo
26269 ———
[ 208'69
1899L —
0002 —F
[ 6TELL ==
Terse—
soEs8 ————
006 S s26°'98 \
aset 66€°28
Pl YIE0ZT
aore Leg02T
vers [ S66'22T
Tore 9,0°€2T
vora = 896'L2T
voos gl t T00°'82T
oe0s N M 880°'82T
= 8ET'8ZT
e 9ez'82T
o [ 8s2'82T
bl zeL'8etT
vors HmdmmﬁV
Gt o SS9°62T ————
b, £L9°62T \
S 9VTTIET
rot 80ZTET
i [ YTO'EET
Hidn 120°€ET
Cres 69TVET
fot r 00EVET
pridy BYYYET
ores BESVET
ozL
viTL L
v8Z'L _ .
882, 5 5
soc e 229'€ST
g — —
sors & & cesest
TEL
9sEL L
S8E'L
06€E°L nm
66€°L L O
T c c 9
6TLL I D o S
szLL o) o« | g
€ELL o o)
0oL s) s}
89272 le) o)
viLL Lg
28L°L

1lc




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000~
z86't
€T0'S
9T0'S
9v0's
SST'S
L9T'S
98T'S
L6T'S
62072
0L0°L
660°L
vOT L
8TT'L
vers
SET'L
8ET'L
orTL
8YT'L
LSTL
£9T'L
99TL
€122
L8272
vozT'L
8L2°L
S8Z'L
z62°L
8622
€0€°L
80€°L
£TEL
6TE L
6282
€8E°L
98e°L
oov'L
90%'L
60%°L
vIvL
82Z¥'L
EEV'L
L
32
L5V°L
E9V'L
£8Y°L
18v°L
2052
9052
8TSL
0zs'L
2582
T98°2
9982
Si8'L
€882
0682
868'L

OCOOBn

200

PP

v56'99
66920 — >
886'69 ———
v66'69

€899 —

000 2L ——2
e1E 2L ==
16298

Le0 s >
0s0e8 ———
9L0'68

vEE'ETT
o86'€2T
L9521
oos'szT
992'92T
vo8'9zT
8T'82T
ozz'geT
99e'82T
zivezT
Tryeet
290°62T

902°62T
158°62T
0S6°6ZT
800°0ET
2ZETZET
1S2TZET
OV9'EET
99L°EET
YZOVPET
B6SEVET
69L°VET
8Y8 VET

I

Br.

OCOOBnN

2Z8°EST

PPI

T
100

T
150

T
200

31



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

600'S
910'S
6£0'S
9v0'S
orT's
2sT'S
[AR:]
281's
098'9
2889
£68'9
6689
06'9
2169
8€6'9
866'9
900°L
z6T'L
65Z°L
692Z°L
8Lz,
182,
£62°L
oteL
TZEL
See’L
EVEL
ovE'L
1882
SSE'L
65€°L
69€°L
9LE°L
z8e°L
L0t7°L
JA
zzvL
9zv'L
TEV'L
ovyL
6TL L
6zL L
veL L
L
YL L
zLLrL
8LLL
28L°L

OCOOBn

89

OCOOBn

le

L0

PPI

68T L9

90v°29
656'69 /
r £26'69 /

289'92
000722,

L oTELL — N\ __
Lyv've
8sv'v8
905'v8

r 125'v8

€z128 \
28528
092'STT
ZEE'STT
08Y'STT
TSS'STT
2SLLTT
v8LLTT
291’82t
L 681'82T
66€'82T
60v'82T
6EY'82T

eLr82T —\\__

STE6ZT
629'62T

L vSL62T \
vBLEET
vO8'EET
0/8°€EET

[ 288'EET
TrrveT
€09'VET

r 90LVET
€LLVET

6TH 9T
606'€9T

L Y8 EST
9S8°'EST

OCOO0Bn
0OCOO0Bn

le

PPI

32



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

33

a
o
0000 ———— o
Fe
92T1'L9
18229
L S8T0L
08992
000722
oze'LL
r ST298
S.6'98
¥90°28
L otz/8
svezetr
£L6'V2T
zro'set
< ¥E0'SZTT
150's2T
890°'S2T
L 980°'S2T
soT'sZT
vrTseT
§ - 89Y°'SZT
b ——— gs  —= T esy'sct
6v0'S \ S —_— 1sT'82T
8L0'S v92'82T
6vT'S L £22'82T
SLT'S 182821
8LT'S Log'8zT
voc's 184821
czoL o z6t'82T
8z0'L 205'82T
ooz'L 1e5°'82T
eLeL zss'82T
v8c'L [ 285821
96z, 865'82T
STEL 0 8E6'8ZT
vyl 2 -t 29€'62T
MMNHM o _J 158621
AL 086'62T
MMW.M 8 > L SZE0ET
- £59°0ET
S8v'L = Zy M 990'2ET
velL ! OTT'ZET
2eLL b oo T9ZVET I g
8ELL ™ o L8EVET (8] O
YAZR LL TN 8T9VET
[ O O SZobET
£8LL [ 9TLVET
882
9622
I @ &
nnD m 298'eST w m =
o) o= r EL8°EST 3 3
o o o o
(] O
o o Lg




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

6TE'T
LEET
YSE'T

L6z
14304
zeey
eve
v00'S
veo's ——
090's
6ET'S
eoT's
69T'S
z6T's

N

N

e N

O COOEt

€80°L
ST L
L2772
ver'L
SEV'L
6EV'L
vovL
SSY'L
vrLL
eSLL
8SL°L
99L°L
T6LL
008°L
S08°L
vI8L
€88°L
S06°L
826°L

395

199

20

19

OCOO0BNn
OCOOBn

EL6ET

©v¥8'09
696'99
ETT'L9
2v8'69
089'9Z
000° 2L
oTELL
8218
L5218
6vEL8
90928
068'SZT
6T6'SZT
096'22T
666L2T
160°82T
v2Z'82T
9€Z'82T
852'82T
192°82T
v26'82T
LT062T
STZ'62T
£65°62T
STL 62T
LPTOET
0EZ0ET
€8V TET
ZTTYET
TSTYET
LOVYET
€95 VET

AARN

ZT9EST
ZEQ'EST

8LE'G9T
T6€°59T

PRI

100

34

150

0OCOO0BN
1g

200




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

o a
o a
Fo
000'0- — lo E |
—
— otr'tz E |
Sev'ie
S iy 5PN
5 -8
20829 ———
1£9°29 x
[ v68'69
v89'92 ————=
S8z 00022 x L
662'C < ozeLL
986y 29078 \
866'Y 6YT' V8 —
910'S £5v°88 \ [
820'S r vog'ss
EET'S zEL'BTT
8YT'S % oL 8TT = m
€9T'S L L TLT'82T
8LTS — N\ H 86T'82T =
566'9 £vE'82T [
v00'L Log'get
9002 r 80t'82T
9T0'L 8TY'8eT
9zoL 618'82T o
1202 Lo sog'8zT
6v0°L L6€°62T
0022 625621 =
cozL 6£9'62T [
sseL r SLLTET
292, £E8'TET
s9TL 9YIVET
2LTL 9 £EBVET

1121 — [ 8S8'VET
v8T'L T 006'vET

682, s sLe°8eT
662'L \ N t 096'8ET
voeL =3
oze'L S

(] [}
9gg'esT
oTv'L = = v06'EST

OCOOBn
1h
1h

35



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

9€2'T
52T

296'%
266V
6TO'S
2TT'S
9ET'S
erT'S
99T'S
oroL
65072
82TL
eTZL
0gZL
veZTL
osz'L
vSZTL
v9z'L
6922
822
ez L
282
6veL
zLEL
z8€L
68e°L
L6872
oy L
ovLL
vSLL
0922
89272
28L7L
T6L°L
16172
S08°2

72

I

00BN

b 05

OCOO0Bn

ocC

1i

208

200

PPI

V608
SSS'vE
0L5vE

85Z°L9
18529
EEVACE)
18992
000°LL
6TELL
SET'V8
66T v8
oge'88
69,88
20L°8TT
986'v2T
820'S2T
880°82T
9TT'82T
09z'82T
062'82T
9ze'8zT
EVE8ZT
8,821
0£€°62T
€9Y'62T
695'62T
655 TET
IO TET
S8SVET
9EL'VET
0LLvET
68LVET

€28°TST
LEG'TST
v08'EST
828'€ST

VS

W

NN

OCOO0Bn

1i

36



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000
v2Z9'e
096't
066t
LT0°S
LTT'S
YET'S
LYT'S
voT'S
v6.'9
962°9
0089
€08'9
vI8'9
918'9
T28'9
€28'9
zeg'9
€€8'9
0€6'9
2€6'9
S€6'9
6£6'9
Sv6'9
6v6'9
S26'9
v66'9
166'9
6TOL
ovo'L
v90°L
8L0°L
860°L
LTITL
9ET'L
SYT'L
0eZ'L
9gz'L
LETL
vy L
osz'L
09Z°L
£9Z'L
912,
S8z,
06€°L
66€°L
90v'L
€TV L
zzvL
eVvLL
2zsLL
8sL'L
9922
08,
88L°L
6L L
€08,

OCOO0Bn

1

am

2.06

PPI

10

mﬂm.wm\

060°29
SlE Lo —
vE8'69

osooL

00022 — N
sreLL
veeve

elvbe S
6vo88 ——
ver'es ——
ovy'STT
S6V°STT
ZTe'oTT
TSEOTT
sTgzeT
seevet
s9zveT
Tv0'82T
s80°82T
osz'8eT
soe'8zT
oTe8eT
96821
060°62T
TET'6CT
£0e°62T
£95°62T
599°62T
z6£vET
9.5 vET
OT9VET
v8OvET

9VL'EST
B89L°EST
ov6'8ST
696'8ST

N

OCHs

0OCOO0BN
1

PRI

T
100

T
150

37



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

816V
¥00'S
800'S
vEO'S
o's
62T'S
9ET'S
LYT'S
6ST'S
S9T'S
8.T'S
566'9
1102
8ET'L
erT L
SST'Z
65T 'L
99T'L
S8T'L
z0z'L
90Z'L
T2TL
zve L
Svz'L
6vZ L
15272
€9Z°L
6L2°L
v8Z'L
68Z°L
v9E'L
29872
v8EL
28872
zov'L
2L
LTVL
9zv'L
SEV'L
ZTLL
TeLL
szLL
SELL
L
vrLL
8vLL
9SL'L

203

OCOO0Bn
OCOOBn

1k

PPI

¥90'29
£vZ' 29
89669
¥89'92
00022
TeELL
0zL Y8 ————
€64'58 —
186'98
1v2'88
£02°02T
629T2T
T20'82T
8cT'8ctT
8yT'82T
08T'82T
622'82T
86€'82T
62v'82T
zoL'82T
v.L82T

AN

{

i

8€8'82T

oto'62T \
SE96CT \
TZ8TET
650°€€T

S80'EET
€9EVET
925 VET
0ZLVET

S8LYET H\
608'EST 3
SS8'EST o

\

1k

OCOOBn
OCOOBn

PRI

50

38



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

8SET
9LET
6T

PRI

208

209

JRoo_

1l

OCOO0Bn

622 VT

ort9—

80029 —
9zEL9—

T€0'0L

290°0L \
2899, ————
00022 \
8TELL

£L9V8 —
11218 —
68528 N|
ove'ss

stLTeT

S82'92T

ETT'82T

S9T'82T

s0z'8zT

zsz8et

£82'82T

8Lv'82T

928'82T

8.8'82T

8LT62T

£22'62T —
£49°62T
T2L62T
SOE'0ET
2ELTET
6SLTET
T/8TET
S9ZTYET
11SVET
TrLvET

\

I——

O COOEt

12Z8'EST
888'€ST

SE8'SOT

PPI

50

39

00BN
OCOO0BnN
1l

ocC




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

£96'%
£66'%
8€0'S
690'S
12T'S
zsT'S
9ST'S
98T'S
£98'9
€28'9
9,89
588'9
0269
2oL
6ST'L
T9TL
89T'L
TLTL
z8TL
T6T'L
€6T°L
S6T'L
€0Z'L
90Z°L
zzTL
zeTL
6£2T°L
Yrz L
T
0sz'L
zsTL
29z'L
S9Z°L
28z
86Z°L
66Z°L
otEL
vIEL
zzeL
oLeL
VIEL
T6EL
0¥
9TV'L
TevL
0EV L
BEV'L
veLL
zeLL
L1822
oL L

209

OCOOBn

OCOO0BNn

im

PPI

10

08T 29
25z L9

69660 — N
886'69
989°9L
00022
e
S£9°T8
TL9v8
8188
65588
0ssTET
8TLTET
TZ89ctT
086°22T
890°82T
szT8eT
oLT'82T
8T'8CT
sTz'8eT
0sz'82T
188°82T
STr'8zT
£EV'82T —
Trv8eT
ev282T
sz6'82T
z89°'62T
959°'62T
628 TET
PI6TET
TrzEeT
vz vET
EESVET
8ELVET
z18vET

Vi

BT e

908'€ST
LY8'EST

OOBn

oC

OCOOBn

im

SN [ | —

PPI

40



| is © The Royal Society of Chemistry 2013

is journa

Electronic Supplementary Material (ESI) for Chemical Communications

Th

0000- ——— — Fo

—= SST'TIZ

61229
F 61529
- 62529
6v8'69
S98'69
¥06'69
S89'9L
000°2L
oze'LL
65878
€06'v8
6 v8
zzo'88
090'88
T.v'88
r T6v°'88

e

PPI

100

41

0OCOO0BNn

65e'Z \\\ so8'TZ
L6 8T8'TZT
966t Le zs0'82T
v00'S 560°'82T
9z0's 6vT'82T
SE0'S €LT'82T
12T's r zoz'8zT
PrT'S 8zz'8eT
1sT'S o £62'82T
8sT'S S L 6ze'82T
TS 8 s9e'82T
28T's r6€'82T
2969 TIY'8eT
1669 r zzy'seT
900 069'82T
68T, evL8eT
g0z Lo €52°82T
ozzL 096'82T
6c2L 6z€'62T
e 667621
1522 r 266'62T
1522 T820ET
1972 o 89€°0€T
2L = L S8S'TET
S1zL 3 88L'TET
6121 3 €28'TET
88z L — TESTET
2LeL 83 M [ TL8'TET
o i 69EVET
T8E° L 8LSVET
968, Lo L6LVET
Tovs 0Z8'vET
govL €98'VET
£TrL 988'¥ET
1T r 82L°6ET
T2vs 6v8'6ET c
9vSL Q
085L c c L 8v8'EST o]
5292 [n) [ 288'€EST Q
SvoL (e} (e} 068'EST Q
£99°2 (@] Q TT6'EST o
€892 O O [
o @]

150

in

200




| is © The Royal Society of Chemistry 2013

is journa

Electronic Supplementary Material (ESI) for Chemical Communications

Th

PRI

0000 —
996'%
886'%
966'%
8T0°S
ZeT'S
1ST'S
29T’
18T
oTTL
LvTL
2STL
69T°L
E22
8LTL
S8T'L
18T°L
veT L
00z'2
vozZ'L
L0Z°L
£TTL
STT'L
9TTL
12TL
122l

PP

100

42

T€TL
9ETL

6822
vl
6vZL
0sz'L
€9T°L
ssTL
09Z'L
€92°L
vizL
LTL
08z'L
98Z°L
0622
€8€°L
18€°L
£6€°L
oov'L
YOV L
80v°L
LT7°L
zzvL
zvL
9EY'L
TrrL
TSY°L
09v'L
99v°L
€6L°L
T08°L
808°L
9182
€28°L

OCOOBN
OCOO0Bn
1o
OCOOBN
OCOO0Bn

T
10

150

1o

200




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

[a
o
0000 o
] b
L 189'92
000'2Z Wl
6TELL
F<
F Z's6
F £56'€2T
182921
261221
Lo €2T'8eT /
9€0'62T —
SET'L TST'62T
SYTL 98€ZET
svT'L r SEL'SET
9ST'L
Tors 6ESTYT
soz'L
TITL
yiZL
vez'L \
62z'L 805'vST
185,
6852
1662
S09°2
156'L
996°L O
2L6'L t \=/
186'L
6€0'8 o o °
< <
\—ﬁ L o . O
o o
< <
[ il
& L
O Lo O
O )

PP

50

100

43

150

2a

200




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000~

SPTL
0ST'Z
2972
8T L
68T L
T0Z'L

9022
oszL —
2e9'L
ov9'L
8v9'L
959'2
L66°L
900'8
£T0'8
120'8

€208

PPI

9899L—
00022 ——>=
6TELL

899'v6

060 vZT

025 22T /

SyT'8zT /‘
689'82T 1/\
8vz'62T =

088°0ST ——

6.1'SET
11858 T—

Tr6ovT

9TO¥ST

PPI

T
100

T
150

S

44



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

65T

6202
S80°L
6802
T0TZ
920TZ
2TTL
vST L
oveL
oveL
TS€L
€982
2982
vIEL
8E9°L
9L
€592
1992
6992
€662
0008
600'8
9TO'8
20’8
108

) e

PP

989'92
000°22 v
ozE' 2L

0E9'V6

TI8ET

£90°v2T

905221 /
98€'82T /
zez62T %

1SETET —
vEOTET —

TYe'SeT

9vg'orT

096°EST

PP

T
100

T
150

45



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

TLTL
SLT'L
06T 2
€6T'L
S6T'Z
6022
e1Z'L
8vZ L
1S€°L
z9eL
voEL
69€°L
882
S8e’L
V65 L
2092
0192
8T9°L
696°L
1262
v86°L
£66'L
€508
sor'e
oTT'8
9zT'8
621’8

PPI

2890l —
00022 ——>=—
81ELL

V6ES6

8zL 12T
£LE°€2T
628'92T
v6T 22T
£92'62T
00 TET

V0O TET —\—
1szeET ——
8IS VET w
ozy'SET

0S9'TVT

-

TESEST

PP

46

200




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

858'9
5989
6989
9889
€069
8069
ST6'9
8LTL
S8TL
06T L
86T L
€022
2022
stTL
0zz'L
222,
weL
209°L
vI9'L
€292
0£9°L
6€9°L
LY9°L
286°L
686°L
866°L
5008
€108
0z0'8
6208

PP

10

089°9L
000722
6TELL

8TL V6
8276

AR

6TESTT
YES'STT
650'v2T
€TV 22T
062'82T
zze'8eT
TTL 82T
962'82T
T0Z'62T
£€8'SET

W

60T THT

22T YST

S2LTOT
602 ¥9T

PPI

100

47

150

0
=0
o




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

osz'L
vSEL

sieL

69v°L

T6VL 1/‘
£99°L

TL92
6292
1892
rzo'8
seo's
zZro's
1508
TIT8

Y

PPI

€89'9L
000°2L
8TELL

SYS'v6

Z0v'6TT
SsTT'ZZT
ovz vzl
228'v2T
sor'szT
ovi'seT
08v'SZT
ST5'G2ZT
26T°22T
L€5°22T
6ELL2T
vZE6ZT
620 TET
SSETET
T89'TET

4850kt
v66'GET
EZT9ET
B6ET9ET
Y0O8'EST

Nk

PP

T
100

T
150

48



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

PPI

0000 o
r £STVT
vee'T 5
Tee T > S 3
!
698 T —— t
25T —
J bk
90z'19
L T89°0L
00022 — >
otess —
<

a0t

gecy i 608'v6
TIEY r

8zEY

SYEY

TLTVET

802'9ZT /

¥95'22T 1/‘
Lo zlrz'62T /H

TTeeeT — S

vZZTET —

TO6'SET ———
r L6L9ET —

TOo8'0vT
9922
682°L
oteL r
£59°L
299'2 = L
699°2
2L9°L

SS8L —
9182
szo'g

veo'8
ovo'e
6v0'8

ETT'8

L00'vST

8L9'G9T

PPI

100

49

150

COOEt

200




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000 ———

§1¢e ———

9L6'9 —
1169 —
966'9 —
166'9 —
80TL —

VUL —
82TL ——
t€eL —
1852 —
652 —
£09°L —
192 —
5962 —

€162 —
186'L —
686'L —
0v0'8 —

HY

3foo

PPI

180°TC

LL90L—_
00022 ——>=
ETELL

v8E'S6

6v8'EZT
628921 %

LTT°L2T
606'82T v

18T'62T —
695°62T
€9L°GET
¥S6'8ET
9200'2ZvT

vS9vST

PP}

50



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

PPI

a
a
0000 P
. 5} J [
61T = 020'TE
TEVVE
o
62992
r 00022 W
6TELL
[
t 92€'56
026'€2T
v68'v2T /
Lo TL5°92T %
860'22T
£02'62T ————>—
seeert——
980°2 r €92°SET
£0T'2
iy 998'TYT
EST L - = .
vIT L W 4
8sz'L
0z9°2 260'25T
629°L 5 r 1¥8'YST
LE9L o~
Sv9'L -
t00'8 g2 o
6008 o~
9t0'8
S20'8 L
¥80'8
g |
=3 o o 3
O =
S
S

100

51

150




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

[ &
o
0000 4 ke
e
8ET'SS
61900 —
s r 000°2L
¥S9E - ¢ LteLs——
<
8LT'S6
6TY eIl —
208 YTT—
9TY'6TT
oreesT —
8vZ 2T —
i
Lo z6z'621T
186'EET
or8'seET —
1929 |
£92'9 / L 0859 THT
218'9
€89 I/W +
260°2 i
[4292 % r B80S VST
VETL ——
G5z, ——— zze6sT
T29°L
1€9°2
Svo'L -
e e
— )
0’8 = )
6108 o) #
180'8
o O
e}
[0}
O & =
re

PP

100

52

150

©/OM6




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

a
a
0000 {1 Fe
1t
AN
08992
000'2L
r~ ozeLL
6,906 ————
L 20€'56 -
vre'EZT
9.T'v2T
562921
r ose'L2T
96€£2T
L0z'82T
zoe'set
r £6£'82T
69v'82T
9gz'62T
Lo 252621 W
soE'62T
20z’ TET
£6T'ZET
F TICTSET
. YY8'SET
vST'L
e
sree r 88ETHT
€22L % L 8
vZ9'L B =
2E9'L
ov9'L < r
1992 S 262'vST
9662
8662 =
0008 83« re
800'8 -
sT0'8
810'8 L
£90'8 o
260'8 \F
(e e]
O x
O X
Lo
S

PPI

50

100

53

150




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

LTET
SEE'T
€5E'T

8.2V
962
YIEY
TEEY
8LT L
8TL
€8TL
z6T'L
96TZ
€022
20z2
A T
vez L
6222
9€TL
vz L
822
6822
zogL
90€'2
5292
2€9°L
YEY'L
ovo'L
8v9°L
Lv8L
1582
v98'L
8982
9662
v00'8
0T0'8
zt0'8
1208
6208
9908
TTT8

e N e

208

PPI

10

TSTYT

9TT' 19

089°9L
000°2L
6TELL

S0Lv6
68€'56
956°'€2T
8T vZT
222921
208'92T
€L822T
oY 22T
LvE'8ZT
LzT62T
eee62T
£5€°62T
0.6'0ET
v00ZET
6€8'GET
€82 LET
€T TVT
662 TYT

85T YST

NN

N

S22°59T

=0

Qo
o

2l

COOEt

S -

PP

T
100

T
150

54



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

818'9
828'9
1€8'9
ovg'9
S06'9
206’9
806'9
v16'9
s0Z'L
L122L
9T L
weL
8ve L
85T L
99ZL
oLzL
2622
9622
SZ9L
E€E9L
ov9L
6v9°L
0662
6662
6008
vio'8
szo's
€e0'8
€508
osT'8

PPI

100
100

210
14

105
105
212

B

18992
000722
oTELL

NN

9e8'26
€5V'S6
ZrLETT
£20'veT
222°92T
626921
fordpkan
S6E°L2T
TE0'82T
v1Z'82T
65e'82T
952'62T
Tze62T
962°2ZET
EEV'SET
T6L'SET
L0 9ET
oLT TYT
vI6 YT

DR

v88'EST

PPI

50

100

55

150

(o}
o

o
e




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

a
o
0000 — Fo
12r72
e
s L
8952 =
<
[ £89'92 K
00022
9TELL
r 22’56 x
62’56
YT L €LT'ECT
esTL Lo otsezt
6ST'L 8e8'92T
SoT L §68'92T
£LTL 9TT'8ZT
8LTL 8 8ET'82T
S8T'L 2€e6'82T
88TL Lzoéet %I
66TL 065'62T —— —
soz'L r 295281 —
sy > V.SCET NH
STz T60'7ET \‘
vezL | L S80'9ET
622L EVTLET
9eZ'L i 169'0tT
Svv'L 22 829'THT
6vt L : oo
L9V L
TV L @)
wwm.w \—ﬁ t 289'vST
206°L O (@)
SL6'L
810'8 _:...,.,_, L
O c [
O X
Lo
S

PP}

50

100

56

150

200




Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

0000

0LT L
ELT L
28T,
8T L
ove L
SS2'L
S92,
0Lz,
LIS,
SesL
€ESL
vsL
zto's
0zo'8
5358
9€0'8
SES'8

Wy

PP}

TBOOL—

00072,

stei—

281'S6

TTE VST
vy 9ZT
158'92T
§S50°82T
T80°'82T
281°82T
€0T°62T
SY0CeET
SSY'ZET
LVYO'EET
SSLovT

I

\

2L9PST

57



Electronic Supplementary Material (ESI) for Chemical Communications

This journal is © The Royal Society of Chemistry 2013

000°0-

9s8'y —=
1887 —

8v6'y K
8L6'V

°0TL
YITL

verL

8gzL

goz'L /
fros — N\

8EVL ——
8svL —

8092 ——>—
629°L

S66°L

co0s ——F—
oto's %
2108 \
voz's

PPI

Mﬂg

200

OCOOBn
OCOO0Bn

62969
62992
000'2L
L1822

NS

LT6'T6
v99'2ZT
282°S2T
vZe' ST
£28'92T
6TOLZT
985°L2T
656'22T
080'8ZT
981'82T
2Zrs8zT
6€Z2°62T —— —
20 0ET
ZVE0ET
899'0ET
166 0ET
ZYOvET
©v88'GET
89E'6ET
S2TIVT

i

SN

2z8.°2ST

58

OCOO0Bn
OCOOBn

CF3

CF3

3




