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Abstract Polyaromatic organic compounds have attracted significant attention
because of their wide application in various functional materials. Recently,
transition-metal-catalyzed C-H activation and the subsequent oxidative
cyclization with unsaturated compounds has emerged as a promising synthetic
method for multi-ring systems. We herein report two-step synthesis of
binaphthyl-fused chiral bibenzo[g]lcoumarin derivatives by Rh-catalyzed
annulative coupling reaction of BINOL-based thiocarbamate with alkynes.
Optical properties of the coupling products were evaluated.

Key words coumarin, rhodium; C—H activation; BINOL; circular dichroism

Poly(hetero)aromatic compounds have attracted considerable
research interest because of their substantial importance for
functional organic materials such as light-emitting materials,
semiconductors, solar cells, etc. To meet the increasing demand,
development of new efficient synthetic methods has been a hot
topic in organic chemistry field. The last few decades witnessed a
significant progress in transition-metal-catalyzed C-H activation
chemistry, and the subsequent oxidative cyclization of
metallacycle species with unsaturated compounds has been
extensively studied.! In 2007, Satoh and Miura first utilized a
Cp*Rh(IlI) complex [Cp*RhCl:]. as the catalyst for direct
oxidative annulation of benzoic acid derivatives with internal
alkynes to produce the corresponding isocoumarins (Scheme
1a).2 Afterward, Jones reported isoquinoline salt synthesis with
stoichiometric Cp*Rh(III) complex,® and Fagnou developed
catalytic reaction systems for synthesizing indoles and
isoquinolines (Scheme 1b and 1c).* These initial reports and
many excellent works by other leading practitioners have
positioned the Cp*Rh(III) as well as relevant Co and Ir catalysts
as one of the most promising synthetic tools for the direct C-H
functionalization.
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Scheme 1 Catalytic Synthesis of Benzo-Fused Heterocycles

Recently, pure organic functional materials bearing chiroptical
characteristics have attracted widespread attention.> BINOL
(1,1’-bi-2-naphthol) has been commonly utilized as the chiral
scaffold because of its availability and the possibility of site-
selective functionalization. Our group previously achieved the
synthesis of BINOL-based bibenzofuro[2,3-b:3',2"-e]pyridine
(BBZFPy), and bibenzo[b]carbazole (BBCz) derivatives adopting
metal-catalyzed direct C-H functionalization as the key reaction
(Scheme 1c).6 Meanwhile, coumarin (1-benzopyran-2-one)
derivatives have been among the most important O-heterocyclic
compounds which have been applied in chemosensors, light-
emitting devices, and laser dyes.” In this manuscript, we report
the synthesis of new binaphthyl-fused chiral bibenzo[g]coumarin
(BBCm) derivatives.8 The coumarin ring formation was achieved
by the Rh-catalyzed oxidative annulation of aryl thiocarbamate
with alkynes, which was independently developed by Xia and
Satoh/Miura groups.10 Both enantiomers were obtained as
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optically pure forms from commercially available BINOL in two
steps, and their optical properties were evaluated.

The target axially chiral coumarin derivatives were synthesized
from the commercially available (R)-BINOL in two steps:
directing group installation and the Rh-catalyzed oxidative
annulation with alkynes (Scheme 2). The hydroxyl groups of (R)-
BINOL were protected as thiocarbamate upon treatment with
NaH and diethylthiocarbamoyl chloride to give (R)-1 in 45%
yield. A relatively long reaction time was required because the
BINOL functionalization should be conducted below 80 °C in
order to avoid racemization of binaphthyl scaffold.l? This
compound was subsequently coupled with diphenylacetylene 2a
in the presence of [Cp*RhClz]2 catalyst, AgSbFs additive, and Cu
oxidant in heating dioxane/diglyme solvent (see the Supporting
Information for optimization study). To our delight, the target
coupling product (R)-3a was obtained in 55% yield as optically
pure form. Several diarylacetylenes were also applicable to the
reaction and gave the corresponding BBCm derivatives (R)-3a-
3f in moderate to good yields (25~70%). Alkynes bearing
electron donating group (2b, 2c) were relatively productive than
electron deficient ones (2d, 2e). We also synthesized the
corresponding S-isomers similarly to the R-isomers.
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Scheme 2 Synthesis of Bibenzo[g]coumarin Derivatives 3.

We then evaluated optical properties of the obtained coumarin
derivatives, and the results were summarized in Figure 1 and
Table 1. The benchmark compound 3a exhibited blue-green
fluorescence at around 450 nm with a quantum efficiency @ =
0.13 as the CHCIs solution. In the solid state, the absorption band
was considerably red-shifted whereas the emission spectral
shape did not change significantly as compared to those of the
CHCI3 solution. These results suggested that 3a undergoes
significant conformational change upon excitation in solution
state. In fact, the binaphthyl dihedral angle within 3a calculated
by DFT is 79.4 ° in the ground state, whereas 60.9 ° in the excited
state S1. The simulated fluorescence spectrum agrees well with
the measured spectrum of 3a, indicating that the emission is of
unimolecular rather than of an aggregated state (see the
Supporting Information). We assume that the conformation of 3a
in the solid state would be similar to that of the excited state,
thereby exhibiting similar fluorescence character. Unfortunately,

3a as well as 3b-3f were amorphous compounds, and thus their
packing structures have not been obtained by the X-ray
crystallographic analysis. A similar trend was observed in the
absorption/fluorescence spectra of 3b-3f whereas their
quantum efficiencies were somewhat lower than 3a.
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Figure 1 Absorption (dotted lines) and fluorescence (solid lines) spectra of 3
measured as CHCl3 solutions (1.0x10~> M, blue) and in solid states (red).

Table 1 Summary of Optical Properties.

solution solid state

Amax/abs Amawfiu [ Amax/abs Amax/flu Dqy
3a 337 nm 448 nm 0.13 300 nm 464 nm 0.10
3b 341 nm 446 nm 0.04 316 nm 483 nm 0.06
3c 354 nm 467 nm 0.08 337 nm 478 nm 0.21
3d 339 nm 465 nm 0.03 321 nm 470 nm 0.01
3e 338 nm 469 nm 0.04 315nm 476 nm 0.03
3f 336 nm 468 nm 0.05 332 nm 480 nm 0.04

2 Measured as CHCls solutions (1.0 x 107> M).
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Figure 2 CD spectra measured as CHClz solutions (1.0x10- M).

Next, chiroptical properties of the coupling products were
examined. The circular dichroism (CD) spectra of 3a-3f as
diluted CHCIs solutions (1.0 x 10-5> M) are reported in Figure 2.
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All compounds showed similar spectral shape, and each pair of
(8)- and (R)-enantiomers apparently draws mirror image,
affording relatively large anisotropy factors gabs on the order of
10-3. Characteristic Cotton signals at the wavelength range from
250 to 300 nm were typical of axially chiral binaphthyl
compounds.12

We also measured the circularly polarized luminescence (CPL)
spectra of compounds 3; however, obvious mirror images were
not obtained both in solution and solid states (see the Supporting
Information). The spectrum of 3c as CHCl3 solution was relatively
discernible but a promising anisotropy factor value gium was not

determined.
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Figure 3 CPL spectra measured as CHCl3 solutions (1.0x105 M).

In summary, we synthesized new binaphthyl-fused chiral BBCm
derivatives by Rh-catalyzed annulative coupling of
thiocarbamate with alkynes. Both enantiomers were obtained as
optically pure forms from commercially available BINOL in two
steps. The products 3 gave clear mirror images in CD spectra,
whereas their CPL activity was insufficient. Further study on the
synthesis and chiroptical characteristics of binaphthyl-fused
polyaromatic compounds is currently underway in our group.
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Experimental procedures and characterization data

Preparation of 1: To a 50 mL two-necked round-bottom flask equipped
with an Nz balloon were added (S)- or (R)-BINOL (804 mg, 3.0 mmol), NaH
(540 mg, 9.0 mmol), diethylthiocarbamoyl chloride (1.37 g, 9.0 mmol),
and DMF (12.0 mL). The mixture was stirred at 60 °C for 48 h with an oil
bath. The resulting mixture was poured into water and extracted with
EtOAc three times. The combined organic layer was washed with brine,
dried over NazS0O4, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (hexane/EtOAc = 4/1) and GPC
(CHCI3) to give the title compound as white solid; (R)-1 (700 mg, 45%
yield), (5)-1 (622 mg, 40% yield).

Melting point: 106-108 °C; 'H NMR (400 MHz, CDCl3) § 7.94 (d, ] = 8.84
Hz, 2H), 7.87 (d, ] = 8.16 Hz, 2H), 7.57 (d, ] = 8.92 Hz, 2H), 7.51 (d,] = 8.44
Hz, 2H), 7.43 (td, J= 7.5, 1.16, 2H), 7.29 (td, /= 7.5, 1.18, 2H), 3.65-3.40 (m,
4H), 3.11-2.80 (m, 4H), 0.89 (t, J = 7.08 Hz, 6H), 0.57 (t,J = 7.08 Hz, 6H);
13C NMR (100 MHz, CDCl3) & 185.15, 149.48, 133.36, 131.50, 128.21,
127.62,126.97,126.32,125.68,124.09,123.73,47.44,43.40,12.65,11.26;
HRMS (APCI) m/z: [M+H]* Calcd for C30H33N20:S2 517.1977; Found
517.1948; CHIRAL ART Amylose-SA column, n-hexane/chloroform =
90/10, 0.5 mL/min, 25 °C, (R)-1: tr = 29.66 min, (5)-1: tr = 43.35 min, UV
detection at 250.0 nm.

General Procedure for the Rh-catalyzed Oxidative Annulation: To an
oven-dried 10 mL screw-top tube were added (R)-1 (51.7 mg, 0.1 mmol),
alkyne 2 (0.25 mmol), [CpRhClz]2 (6.2 mg, 0.01 mmol), AgSbFs (13.7 mg,
0.04 mmol), Cu(OAc)z (40 mg, 0.22 mmol), and Cu(OAc)2-H20 (40 mg, 0.20
mmol). The tube was filled with N2. Diglyme (2.0 mL) and 1,4-dioxane (2.0
mL) were added via syringe, and the mixture was heated at 140 °C with
an oil bath for 18 h. The resulting mixture was filtered through a pad of
Celite eluting with EtOAc. The filtrate was concentrated in vacuo, and the
residue was purified by silica gel column chromatography (hexane/EtOAc
=4/1) and GPC (CHCIs) to give (R)-3. The corresponding S-isomers were
synthesized similarly in small batches for analyses.
(R)-3,3",4,4'-tetraphenyl-2H,2'H-[10,10"-bibenzo[g]chromene]-2,2'-dione
((R)-3a)

White solid (38 mg, 55% yield), melting point > 300 °C; 'H NMR (400 MHz,
CDCl3) § 7.14-7.20 (m, 10H), 7.22-7.24 (m, 2H), 7.28-7.30 (m, 2H), 7.35-
7.46 (m, 12H), 7.87 (d, J = 8.2 Hz, 2H), 7.92 (s, 2H); 13C NMR (100 MHz,
CDCl3) 6117.2, 121.0, 125.46, 125.58, 127.65, 127.72, 128.31, 128.47,
128.61, 129.31, 129.53, 129.62, 129.79, 130.59, 134.14, 134.26, 134.77,
148.15, 151.56, 161.01; HRMS (APCI) m/z: [M+H]* Calcd for CsoH3104
695.2217; Found 695.2211; [a]?°p = +92.9 (S-isomer), -94.4 (R-isomer) as
CHCl; solution (¢ = 0.1). CHIRAL ART Amylose-SA column, n-
hexane/chloroform = 70/30, 0.2 mL/min, 25 °C, (5)-3a: tr = 27.17 min,
(R)-3a: tr = 23.14 min, UV detection at 250.0 nm.

(R)-3,3',4,4'-tetrakis(4-(tert-butyl)phenyl)-2H,2'H-[10,10'-
bibenzo[g]chromene]-2,2"-dione ((R)-3b)

White solid (52 mg, 57% yield), melting point > 300 °C; 'H NMR (400 MHz,
CDCls) 6 8.04 (s, 1H), 7.90 (d, J = 8.0 Hz, 1H), 7.34-7.44 (m, 4H), 7.13-7.29
(m, 6H), 7.02-7.05 (m, 2H), 1.35 (s, 9H), 1.22 (s, 9H); 3C NMR (100 MHz,
CDCls) & 161.2, 151.7, 151.4, 150.2, 148.2, 134.2, 132.0, 131.3, 130.3,
130.1,129.7,129.5,129.4,129.3, 128.4, 127.7,125.5, 125.4, 125.2, 124.9,
124.4,121.2,117.2,34.7, 34.5, 31.3, 31.2; HRMS (APCI) m/z: [M+H]* Calcd
for CesHe304 919.4721; Found 919.4751; CHIRAL ART Amylose-SA
column, n-hexane/chloroform = 70/30, 0.2 mL/min, 25 °C, (S)-3b: tr =
31.89 min, (R)-3b: tr = 29.39 min, UV detection at 250.0 nm.

(R)-3,3',4,4'-tetrakis(4-methoxyphenyl)-2H,2'H-[10,10'"-
bibenzo[g]chromene]-2,2'-dione ((R)-3c)

White solid (57 mg, 70% yield), melting point 221-224 °C; 'H NMR (400
MHz, CDCl3) 6 7.97 (s, 1H), 7.86 (d,J = 8.0 Hz, 1H), 7.37-7.40 (m, 1H), 7.29-
7.36 (m, 2H), 7.17-7.23 (m, 2H), 7.07 (dt, ] = 8.8, 2.8 Hz, 2H), 6.90-6.99 (m,
2H), 6.73 (dt, ] = 8.8, 2.8 Hz, 2H), 3.84 (s, 3H), 3.72 (s, 3H); 13C NMR (100
MHz, CDCl3) § 161.4,159.5,158.8,150.9, 148.1, 134.2,131.9, 131.3, 131.0,
130.1,129.4,129.3,128.5,127.1,126.6,125.5,125.46,121.4,117.1,114.1,
113.9, 113.3, 55.3, 55.1; HRMS (APCI) m/z [M+H]* Calcd for CsoH27BrsO4
1006.8637; Found 1010.8631; CHIRAL ART Amylose-SA column, n-
hexane/chloroform = 70/30, 0.5 mL/min, 25 °C, (5)-3a: tr = 11.46 min,
(R)-3b: tr = 9.75 min, UV detection at 250.0 nm.
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(R)-3,3',4,4'-tetrakis(4-bromophenyl)-2H,2'H-[10,10'-
bibenzo[g]chromene]-2,2'-dione ((R)-3d)

Pale yellow solid (45 mg, 45% yield), melting point = 172-174 °C; 'H NMR
(400 MHz, CDCls) § 7.85-7.90 (m, 2H), 7.54-7.63 (m, 2H), 7.31-7.48 (m,
4H), 7.12-7.27 (m, 3H), 7.01 (d, ] = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCls)
56 160.5, 150.6, 147.9, 134.4, 133.3, 132.7, 132.2, 132.0, 131.33, 131.27,
131.1,130.2,129.6,129.4, 129.1, 126.8, 126.0, 125.4, 123.2, 122.4, 120.4,
117.2; HRMS (APCI) m/z: [M+H]* Calcd for CsoH27Br404 1006.8637; Found
1010.8631; CHIRAL ART Amylose-SA column, n-hexane/chloroform =
70/30, 0.5 mL/min, 25 °C, (S)-3d: tr = 11.46 min, (R)-3d: tr = 9.75 min, UV
detection at 250.0 nm.

(R)-3,3',4,4'-tetrakis(4-(trifluoromethyl)phenyl)-2H,2'H-[10,10'-
bibenzo[g]chromene]-2,2'-dione ((R)-3e)

Pale yellow solid (24 mg, 25% yield), melting point = 215-219 °C; "H NMR
(400 MHz, CDCl3) 8 7.92 (d, ] = 8.1 Hz, 1H), 7.83 (s, 1H), 7.70-7.79 (m, 2H),
7.38-7.56 (m, 6H), 7.21-7.31 (m, 3H); 13C NMR (100 MHz, CDCls) § 160.2,
150.8,147.9,137.9,137.2,134.5, 131.3, 131.0, 130.9, 130.3, 130.2, 130.1,
130.0,129.9,129.7,129.5,129.3,126.9,126.1,126.0,125.97,125.8, 125.7,
125.4,125.2,125.1, 125.0, 123.7 (q, Je-r = 30 Hz), 123.8 (g, Jer = 30 Hz),
118.0,117.3,117.3; '"FNMR (376 MHz, CDCl3) § -62.7,-62.8, HRMS (APCI)
m/z: [M+H]* Calcd for Cs4H27F1204 967.1712; Found 967.1734; CHIRAL
ART Amylose-SA column, n-hexane/chloroform = 70/30, 0.2 mL/min,
25°C, (S)-3e: tr = 46.38 min, (R)-3e: tr = 43.74 min, UV detection at 250.0
nm.

(R)-3,3',4,4'-tetra(naphthalen-2-yl)-2H,2'H-[10,10'-
bibenzo[g]chromene]-2,2'-dione ((R)-3f)

White solid (47 mg, 52% yield), melting point > 300 °C; '"H NMR (400 MHz,
CDCls) & 8.04 (bs, 1H), 7.82-7.98 (m, 4H), 7.53-7.75 (m, 4H), 7.35-7.52 (m,
5H); 13C NMR (100 MHz, CDCl3) 6 161.2, 151.8, 148.3, 134.4, 133.0, 132.9,
132.8, 132.6, 132.4, 132.2, 131.6, 130.4, 130.3, 129.9, 129.43, 129.38,
129.0, 128.8, 128.6, 128.5, 128.4, 128.3, 128.1, 128.02, 128.0, 127.90,
127.86,127.6,127.4,127.3,127.1,127.0,126.8,126.7,126.3,125.9,125.7,
125.5, 121.4, 117.3; HRMS (APCI) m/z: [M+H]* Calcd for CesH3904
895.2843; Found 895.2854. CHIRAL ART Amylose-SA column, n-
hexane/chloroform=70/30, 0.2 mL/min, 25 °C, (5)-3f: tr=27.22 min, (R)-
3f: tr = 23.77 min, UV detection at 250.0 nm.
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