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Photoracemization of Blestriarene C and Its Analogs
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ABSTRACT  Two analogs of blestriarene C (4,4-dimethoxy-1,1-biphenanthrene-2,2’,7,7"-
tetraol) bearing no 7,7-dihydroxy (3) and 4,4-dimethoxy groups 4 were prepared. Unlike
blestriarene C (1), compounds 3 and 4, as well as 1,1-biphenanthrene-2,2’-diol (5), do not race-
mize under fluorescent lamp illumination. Cyclic voltammetry analysis reveals that compound 1
has a lower half-wave potential (£;/2) than compounds 3-5, suggesting that a redox cycle is in-
volved in the racemization. Compound 1 racemizes by absorbing UV light corresponding to the
L, band. During the reaction, no side products are observed. The racemization is significantly
inhibited under nitrogen. Based on these observations, we propose a feasible mechanism for
the easy racemization of compound 1, which is mediated by a cation radical generated in situ
by a reversible photo-induced oxygen oxidation. Chirality 27:479-486, 2015. © 2015 Wiley

Periodicals, Inc.

KEY WORDS: biaryl synthesis; photoreaction; racemization; atropisomerism; photooxidation

Blestriarene C (1)1 is one of the naturally occurring 1,1
biphenanthrenes mainly isolated from orchids.* The com-
pound is active against Gram-positive bacteria, Staphylococcus
aureus and Streptococcus mutans.' Previously, we synthesized
compound 1 for the first time and determined the absolute
stereochemistry.® During the study, we found that the com-
pound, as well as its synthetic precursor 2, racemizes under
ambient light exposure. It is known that some atropisomeric
biaryls undergo photoracemization with different reaction
mechanisms.®*® For example, 1,1-binaphthalene racemizes
through the triplet state,” while 6H-dibenzo[b,d]pyrans
through biaryl quinone methides.®® Excited-state proton
transfer participates in the racemization of 1,1-
binaphthalene-2,2*-diol.'>~2 However, the extreme tendency
of compound 1 toward photoracemization cannot be ex-
plained by any of these reaction mechanisms. As compound
1 is susceptible to oxidation, we supposed that a cation radi-
cal generated in situ by photo-induced oxidation mediates
the racemization. On the basis of this assumption, we pre-
pared blestriarene C analogs 3 and 4, which are expected
to be less susceptible to oxidation, and investigated the rela-
tionship between the photoracemization activity and half-
wave potential of compounds 1-5. We also investigated the
photoracemization of compound 1 in detail.
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4 R'=H,R*=0OH

5 R'=H,R?=H
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MATERIALS AND METHODS

Melting points were taken using a Mitamura Riken MP-P apparatus. 'H
and "*C NMR spectra were recorded on a Bruker DPX-400 or DRX-500
spectrometer using tetramethylsilane as an internal standard. IR and
UV-Vis spectra were recorded on Shimadzu FTIR-8300 and UV-2500 spec-
trophotometers, respectively. Microanalyses were carried out in the
Microanalytical Laboratory of the Institute of Multidisciplinary Research
for Advanced Materials, Tohoku University. HRMS spectra were mea-
sured using a JEOL JMS-700 in the Technical Division, School of Engi-
neering, Tohoku University. Cyclic voltammograms were recorded on a
Hokuto Denko HSV-100 potentiostat. Photo-irradiation was conducted
using a Hitachi FL20SS N/18-B 18 W fluorescent lamp, an Ushio USH-
500SC ultrahigh-pressure mercury lamp, or a Hitachi F-4500 fluorescence
spectrophotometer. Merck silica gel 60 (63—-200 um) was used for column
chromatography. Dry THF and benzene were of commercial grade. Di-
chloromethane, DMF, HMPA, and triethylamine were distilled from
CaH,. Acetone and methanol were distilled from CaSO, and Mg turnings,
respectively. Compounds 1,° 2,° 5,16 6,°> and 87 were prepared as de-
scribed previously.

Synthesis of Compound 3

2-Bromo-5-isopropoxy-1-methoxy-3-methylbenzene (7). A mix-
ture of phenol 6 (3.00g, 13.8 mmol), dry acetone (150 ml), and KoCO3
(3.81 g, 27.6 mmol) was stirred at room temperature for 1h. To the mix-
ture was added 2-bromopropane (d 1.31; 7.77 ml, 82.8 mmol), and the mix-
ture was refluxed for 48 h. After cooling, the reaction was quenched with
water, and the mixture was extracted with diethyl ether. The extract was
washed with water, dried over MgSQOy,, and evaporated. The residue was
purified by column chromatography with hexane—ethyl acetate (7:1) as an
eluent to give ether 7 (3.40 g, 95%) as an oil, 'H NMR (400 MHz, CDCls,
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8): 1.30 [d, /= 6.0 Hz, 6H, OCH(CH)-], 2.36 (s, 3H, ArCH), 3.81 (s, 3H,
OCH), 4.49 [sept, J=6.0Hz, 1H, OCH(CHy),], 6.32 (d, J=2.7Hz, 1H,
ArH), 6.41 (d, J=2.7 Hz, 1H, ArH); ">*C NMR (100 MHz, CDCls, 5): 21.8,
23.3, 55.9, 69.8, 98.7, 104.5, 109.0, 139.4, 156.4, 157.3. Anal. calcd. for
Cy1H,5BrO.: € 50.98, H 5.83, Br 30.83; found: C 50.94, H 5.45, Br 30.68.

2,6-Di-tert-butyl-4-methoxyphenyl 4’-isopropoxy-2’-methoxy-6’-
methyl-1,1’-biphenyl-2-carboxylate (9). Magnesium turnings
(1.03 g, 42.4mmol) was activated with 1,2-dibromoethane (30 ul) in
dry THF (10ml) under ultrasonic irradiation (53 W, 41kHz) for
10 min. To the suspension was added dropwise a mixed solution of
compound 7 (5.50g, 21.2mmol) and 1,2-dibromoethane (50 pl) in
dry THF (40 ml) over a period of 1h, and the mixture was irradiated
for a further 1h. The solvent was evaporated under reduced pres-
sure to leave a residue, which was dried in vacuo for 2h and then
dissolved by the addition of dry benzene (50 ml) under ultrasonic ir-
radiation to give a Grignard solution of compound 7. The Grignard
solution was added dropwise to a solution of compound 8 (5.24 g,
14.2 mmol) in dry benzene (50 ml) over a period of 30 min, and the
mixture was refluxed for 2h. After cooling, the mixture was
quenched with saturated aqueous NH,Cl, and the resulting mixture
was extracted with diethyl ether. The extract was washed succes-
sively with water and saturated aqueous NH4Cl, dried over MgSQy,
and evaporated. The residue was purified by column chromatogra-
phy with hexane-ethyl acetate (20:1) as an eluent to give biphenyl
9 (7.25g, 99%) as a colorless powder, mp 154-155°C; 'H NMR
(400 MHz, CDCls, §): 1.28 [s, 9H, C(CHs)3), 1.29 [s, 9H, C(CHs)3],
1.31 [d, J=6.0Hz, 3H, OCH(CH;),]l, 132 [d, /=6.0Hz, 3H,
OCH(CHs3).l, 1.86 (s, 3H, ArCHs), 3.52 (s, 3H, OCHs), 3.75 (s, 3H,
OCH:), 4.50[(sept, J=6.0Hz, 1H, OCH(CHs),], 6.23 (d, J=2.0Hz,
1H, ArH), 6.30 (d, /=2.0Hz, 1H, ArH), 6.81 (d, /=3.0Hz, 1H,
ArH), 6.82 (d, J=3.0Hz, 1H, ArH), 7.23 (d, J=7.5Hz, 1H, ArH),
7.53 (t, J=7.5Hz, 1H, ArH), 7.65 (t, J=7.5Hz, 1H, ArH), 8.51 (d,
J=7.5Hz, 1H, ArH); *C NMR (100 MHz, CDCl;, §): 20.4, 22.3,
22.4, 31.4, 31.5, 35.6, 35.7, 55.3, 55.3, 69.4, 96.9, 107.2, 111.6,
111.7, 123.0, 127.5, 129.3, 131.6, 132.8, 133.0, 136.6, 141.8, 1424,
143.6, 143.9, 156.2, 157.3, 157.8, 165.1; IR (KBr): v=2946,
1745cm™ Y. Anal. calcd. for C33H4505: C 76.42, H 8.16; found: C
76.17, H 8.06.

2-Isopropoxy-4-methoxyphenanthren-9-ol (10). To an ice-cold solu-
tion of diethylamine (d 0.707; 6.37 ml, 61.6 mmol) in dry THF (40 ml) was
added dropwise butyllithium (1.59 M in hexane; 35.4 ml, 56.0 mmol), and
the solution was stirred for 1 h. The solution was added dropwise over a
period of 40 min to an ice-cold solution of biphenyl 9 (7.24 g, 14.0 mmol)
in THF-HMPA (2:1v/v; 60 ml). After stirring at 0 °C for 1h, the mixture
was quenched with water and acidified by the addition of 2M HCI. The
resulting mixture was extracted with diethyl ether, and the extract was
washed successively with water and brine, dried over MgSQOy,, and evap-
orated. The residue was purified by column chromatography with
hexane—ethyl acetate (4:1) as an eluent to give phenanthrol 10 as a foam
(3.29¢, 84%), 'H NMR (400 MHz, CDCl,, 5): 1.40 [d, J=6.0Hz, 6H,
OCH(CHj3)2l, 4.06 (s, 3H, OCHs), 4.69 [sept, J=6.0Hz, 1H, OCH(CH3)l,
5.86 (s, 1H, ArOH), 6.61 (d, /=2.4Hz, 1H, ArH), 6.67 (d, J=2.4Hz, 1H,
ArH), 6.85 (s, 1H, ArH), 7.52 (ddd, /=8.1, 6.9, 1.2Hz, 1H, ArH), 7.63
(ddd, /=8.6, 6.9, 1.6 Hz, 1H, ArH), 8.29 (dd, /=8.1, 1.6 Hz, 1H, ArH),
9.53 (dd, /=8.6, 1.2 Hz, 1H, ArH); *C NMR (100 MHz, CDClL, §): 22.2,
31.1, 55.7, 69.9, 98.5, 102.1, 106.5, 121.7, 124.7, 124.8, 127.2, 127.6, 131.9,
136.2, 150.4, 156.6, 160.1; IR (KBr): v=3371, 1596 cem L

2-Isopropoxy-4-methoxyphenanthren-9-yl trifluoromethanesulfonate
(11). To a mixed solution of phenanthrol 10 (3.29 g, 11.7 mmol) and dry
triethylamine (d 0.726; 4.87 ml, 35.1 mmol) in dry dichloromethane (50 ml)
was added dropwise trifluoromethanesulfonic anhydride (d=1.677;
2.94ml, 17.6 mmol) at -78 °C, and the mixture was stirred at this tempera-
ture for 3.5h. The mixture was quenched with water, and acidified by the
addition of 2 M HCL. The resulting mixture was extracted with diethyl ether,
and the extract was washed successively with water and brine, dried over
MgSO,, and evaporated. The residue was purified by column
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chromatography with hexane—ethyl acetate (7:1) as an eluent to give ester
11 (4.96g, 98%) as crystals, mp 84.8-86.5°C; 'H NMR (400 MHz, CDCIs,
8): 144 [d, /=6.0Hz, 6H, OCH(CH3)l, 4.10 (s, 3H, OCHy), 4.75 [sept, /=
6.0Hz, 1H, OCH(CHy).l, 6.81 (d, /=2.4Hz, 1H, ArH), 6.90 (d, /=2.4Hz,
1H, ArH), 7.60 (s, 1H, ArH), 7.63 (ddd, /=7.6, 7.1, 1.1Hz, 1H, ArH), 7.70
(ddd, /=83, 7.1, 1.5Hz, 1H, ArH), 8.10 (dd, /=83, 1.1 Hz, 1H, ArH), 9.60
(d, J=7.6Hz, 1H, ArH); *C NMR (100 MHz, CDCl, 5): 22.0, 55.8, 70.1,
101.8, 103.6, 114.7, 117.0, 117.7, 120.8, 124.4, 125.9, 127.9, 128.0, 132.2,
133.8, 145.1, 157.2, 159.9; IR (KBr): v=3651, 1610 cm L. Anal. caled. for
C19H17F3505S: C 55.07, H 4.13; found: C 55.04, H 4.04.

2-Isopropoxy-4-methoxyphenanthrene (12). A mixture of ester 11
(4.14g, 9.98mmol), palladium acetate (45.0mg, 0.20 mmol),
triphenylphosphine (130 mg, 0.50 mmol), dry triethylamine (d 0.726;
4.17 ml, 29.9 mmol), and dry DMF (35ml) was stirred at room tempera-
ture for 10 min. To it was added formic acid (d 1.22; 840 pl, 22.3 mmol),
and the mixture was stirred at 65 °C for 2 h. The mixture was quenched
with water and acidified by the addition of 2 M HCI. The resulting mixture
was extracted with ethyl acetate, and the extract was washed successively
with water and brine, dried over MgSOy, and evaporated. The residue
was purified by column chromatography with hexane-ethyl acetate
(20:1) as an eluent to give phenanthrene 12 (2.61g, 98%) as crystals,
mp 64.5-65.8°C; "H NMR (400 MHz, CD,Cl, §): 1.43 [d, J=6.0 Hz, 6H,
OCH(CHs)s), 4.09 (s, 3H, OCHz), 4.75 [sept, J=6.0 Hz, 1H, OCH(CHs).),
6.76 (d, J=2.4Hz, 1H, ArH), 6.89 (d, /=2.4Hz, 1H, ArH), 7.50 (ddd, J=
7.5, 7.4, 1.1Hz, 1H, ArH), 7.58 (ddd, /=8.0, 7.5, 1.5Hz, 1H, ArH), 7.58
(d, /=8.7Hz, 1H, ArH), 7.70 (d, /=8.7Hz, 1H, ArH), 7.83 (dd, /=8.0,
1.1Hz, 1H, ArH), 9.52 (dd, J=7.4Hz, 1H, ArH); *C NMR (100 MHz,
CDCls, 6): 22.1, 55.7, 69.8, 100.6, 103.4, 115.4, 124.8, 126.4, 126.8, 127.6,
128.2, 128.3, 130.5, 131.7, 135.5, 156.4, 160.1; IR (KBr): v=1589 em L
Anal. caled. for C1gH30,: C 81.17, H 6.81; found: C 81.15, H 6.91.

4-Methoxyphenanthren-2-ol (13). To an ice-cold solution of com-
pound 12 (120 mg, 0.45 mmol) in dry dichloromethane (5 ml) was added
dropwise BCl;z (1.0 M in heptane; 2.25ml, 2.25 mmol), and the mixture
was stirred at room temperature for 4.5h. The mixture was quenched
by slowly adding water in an ice-water bath and the resulting mixture
was extracted with ethyl acetate. The extract was washed successively
with water and brine, dried over MgSQ,, and evaporated. The residue
was purified by column chromatography with hexane-ethyl acetate
(2:1) as an eluent to give phenanthrol 13 (82.4 mg, 81%) as crystals, mp
123.9-125.8°C; "H NMR (400 MHz, CDCls, 5): 4.10 (s, 3H, OCHs), 5.03
(s, 1H, ArH), 6.75 (d, J=2.0Hz, 1H, ArH), 6.87 (d, J=2.0Hz, 1H, ArH),
7.51 (ddd, /=6.3, 5.6, 0.9 Hz, 1H, ArH), 7.54 (d, /=7.0Hz, 1H, ArH),
7.60 (ddd, J=6.9, 5.6, 1.3Hz, 1H, ArH), 7.69 (d, /J=7.0Hz, 1H, ArH),
7.83 (dd, /=63, 1.3Hz, 1H, ArH), 9.52 (d, J=6.9Hz, 1H, ArH); °C
NMR (100 MHz, CDCIs, §): 55.6, 98.8, 104.8, 115.3, 125.0, 126.3, 126.5,
127.5, 128.3, 128.6, 130.4, 131.6, 135.5, 154.0, 160.2; IR (KBr): v=3323,
1616 cm . Anal. caled. for Ci5H1204: C 80.34, H 5.39; found: C 80.14,
H 5.56.

4,4’-Dimethoxy-1,1’-biphenanthrene-2,2’-diol (3). A mixture of
Cu(NO3)5-3H,0 (620mg, 2.57mmol), 1-phenylethylamine (d 0.94;
1.19 ml, 9.23 mmol), and dry methanol (10 ml) was stirred at room temper-
ature for 1 h. To the mixture was added dropwise a solution of phenanthrol
13 (287 mg, 1.28 mmol) in dry methanol (10 ml) over a period of 30 min,
and the mixture was stirred for 4 h. After most of the methanol was evap-
orated under reduced pressure, the mixture was quenched with water in
an ice-water bath. The resulting mixture was extracted with ethyl acetate,
and the extract was washed successively with water and brine, dried over
MgSOy,, and evaporated. The residue was purified by column chromatog-
raphy with hexane-ethyl acetate (4:1) as an eluent to give biphenanthrol 3
(285mg, 99%) as crystals, a=2.06, R;=2.20 [Daicel CHIRALPAK AD
(250 mm x 4.6 mm i.d.), hexane-ethanol (1:1)]; mp 326.0-327.8°C; B
NMR (400 MHz, CDCls, 8): 4.23 (s, 6H, OCH>), 5.15 (s, 2H, ArOH), 7.07
(s, 2H, ArH), 7.12 (d, J=9.0Hz, 2H, ArH), 7.54 (ddd, /=9.3, 7.2, 1.1 Hz,
2H, ArH), 7.57 (d, J=9.0Hz, 2H, ArH), 7.66 (ddd, J=9.2, 7.2, 1.5Hz, 2H,
ArH), 7.80 (dd, J=9.2, 1.1 Hz, 2H, ArH), 9.45 (d, /= 9.3 Hz, 2H, ArH); °C
NMR (100 MHz, CDCls, §): 55.9, 98.4, 105.6, 116.4, 123.3, 125.4, 126.9,
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127.8, 128.4, 129.8, 130.6, 131.5, 134.9, 154.0, 161.3; IR (KBr): v=3471,
1585 cm ™Y, HRMS (ED) caled for CsoH2004 M 446.1518, found 446.1517.
Compound 3 was optically resolved by preparative HPLC on a Daicel
CHIRALPAK AD column (250 mm x 20 mm i.d.) with hexane-2-propanol
(5:4) as an eluent. The faster running enantiomer exhibited
dextrorotation, [a] 11)6 +147 (¢ 0.136, ethanol).

Synthesis of Compound 4

1-Bromo-4-methoxymethoxy-2-methylbenzene (15). A mixture of
phenol 14 (4.98 g, 26.6 mmol), K,CO3 (9.20 g, 66.6 mmol), and dry ace-
tone (40 ml) was stirred at room temperature for 10 min. To it was added
chloromethyl methyl ether (d 1.06; 4.05ml, 53.3 mmol), and the mixture
was refluxed for 5 h. After cooling, the reaction was quenched with water,
and the mixture was extracted with diethyl ether. The extract was washed
successively with water and brine, dried over MgSQy, and evaporated.
The residue was purified by column chromatography with hexane—ethyl
acetate (15:1) as an eluent to give ether 15 (5.66 g, 92%) as an oil, 'H
NMR (400 MHz, CDCls, §): 2.36 (s, 3H, ArCH3), 3.46 (s, 3H, OCH>),
5.13 (s, 2H, OCH,OCHs>), 6.75 (dd, J=8.7, 2.9 Hz, 1H, ArH), 6.93 (d, ] =
2.9Hz, 1H, ArH), 7.39 (d, /= 8.7 Hz, 1H, ArH); **C NMR (100 MHz, CDCl5,
8): 23.1, 56.0, 94.4, 115.3, 116.7, 118.6, 132.8, 138.9, 156.3. Anal. calcd. for
CoH1BrO,: C 46.78, H 4.80, Br 34.58; found: C 46.41, H 4.52, Br 34.51.

Methyl 2,5-dimethoxybenzoate (17). To an ice-cold solution of dihy-
droxy acid 16 (25.0 g, 162 mmol) in dry DMF (350 ml) was added NaH
(60% dispersion in mineral oil; 30.2 g, 754 mmol), and the mixture was
stirred at this temperature for 1h. To the cold mixture was added
dropwise iodomethane (d 2.28; 61.0 ml, 980 mmol) over a period of 1h,
and the resulting mixture was stirred at room temperature for 2 h. The re-
action was quenched by acidifying the mixture with 2M HCI, and the
resulting mixture was extracted with diethyl ether. The extract was
washed successively with water and brine, dried over MgSQO,, and evap-
orated. The residue was purified by column chromatography with
hexane-ethyl acetate (4:1) as an eluent to give dimethoxy ester 17
30.6g, 96%) as an oil, 'H NMR (400 MHz, CDCls, §8): 3.84 (s, 3H,
CO.CHs3), 3.86 (s, 3H, OCHs3), 3.89 (s, 3H, OCHj3), 6.91 (d, /=8.9Hz,
1H, ArH), 7.00 (dd, /=89, 3.2Hz, 1H, ArH), 7.33 (d, /J=3.2Hz, 1H,
ArH); 3¢ NMR (100 MHz, CDCls, 8): 51.7, 55.4, 56.3, 113.5, 115.6,
119.1, 120.1, 152.7, 153.1, 166.1. Anal. calcd. for C;(H;,04: C 61.22, H
6.16; found: C 60.84, H 6.07.

2,5-Dimethoxybenzoic acid (18). A mixture of ester 17 (28.1g,
143 mmol), KOH (28.4g, 436 mmol), ethanol (250ml), and water
(50 ml) was refluxed for 1 h. After cooling, most of the ethanol was evap-
orated and the mixture was acidified with 2 M HCI. The resulting mixture
was extracted with diethyl ether, and the extract was washed succes-
sively with water and brine, dried over MgSQy, and evaporated to give
acid 18 (22.2g, 85%). The product was spectrometrically pure enough
to use in the following step without purification, mp 76.0-79.7 °C; 'H
NMR (400 MHz, CDs0D, §): 3.78 (s, 3H, OCH3), 3.87 (s, 3H, OCHs),
7.06-7.12 (m, 2H, ArH), 7.37 (d, J=3.0Hz, 1H, ArH); C NMR
(100 MHz, CD30D, §): 56.2, 57.1, 114.9, 117.3, 120.8, 121.2, 154.6, 154.7,
169.2; IR (KBr): v=3161, 1730 cm™*. Anal. calcd. for CoH1904: C 59.34,
H 5.53; found: C 59.33, H 5.58.

2,6-Di-tertbutyl-4-methoxyphenyl 2,5-dimethoxybenzoate (19).

To a mixture of acid 18 (20.5g, 113mmol), 2,6-di-fert-butyl-4-
methoxyphenol (26.6 g, 113 mmol), and dry benzene (100 ml) was added
trifluoroacetic anhydride (d 1.487; 31.8 ml, 225 mmol), and the mixture
was stirred at room temperature. After 6 h, an additional trifluoroacetic
anhydride (15.9ml, 113 mmol) was added to the mixture, and the
resulting mixture was stirred for a further 1.5h. The reaction was
quenched by carefully adding 2M NaOH in an ice-water bath, and the
resulting mixture was extracted with diethyl ether. The extract was
washed successively with 2M NaOH, water, and brine, dried over
MgSOy,, and evaporated. The residue was crystallized from ethanol to
give ester 19 (35.6 g). The mother liquid was evaporated and the residue
was purified by column chromatography with hexane—ethyl acetate (9:1)
as an eluent to give an additional crop (5.95g) for a total yield of 41.6 g

(92%) as crystals, mp 93.7-94.8°C; 'H NMR (400 MHz, CDCls, §): 1.33
(s, 18H, C(CH>)), 3.82 (s, 3H, OCHs), 3.83 (s, 3H, OCHz), 3.87 (s, 3H,
OCHs), 6.90 (s, 2H, ArH), 6.99 (d, J=9.1Hz, 1H, ArH), 7.11 (dd, /=9.1,
3.2Hz, 1H, ArH), 7.66 (d, J=3.2Hz, 1H, ArH); C NMR (100 MHz,
CDCls, 8): 31.3, 35.6, 55.2, 55.8, 56.5, 111.5, 114.3, 117.2, 120.0, 120.4,
141.9, 143.6, 153.0, 154.6, 156.1, 166.1; IR (KBr): v=1710cm . Anal.
caled. for Co4H3,05: C 71.97, H 8.05; found: C 71.89, H 8.00.

2,6-Di-tert-butyl-4-methoxyphenyl 4-methoxy-4’-methoxymethoxy-
2’-methyl-1,1’-biphenyl-2-carboxylate (20). This compound was
prepared by essentially the same procedure as mentioned for the prepara-
tion of compound 9. Magnesium turnings (1.15g, 47.4 mmol) was acti-
vated with 1,2-dibromoethane (30 ul) in THF (35 ml). To the suspension
was added a solution of compound 15 (5.45g, 23.6 mmol) and 1,2-
dibromoethane (50 pl) in THF (10 ml) over a period of 1 h under ultrasonic
irradiation, and the mixture was irradiated for a further 2 h. After the sol-
vent was evaporated, the residue was dried in vacuo for 3 h and dissolved
with benzene (50 ml) to give a Grignard solution of compound 15, which
was added to a solution of compound 19 (6.33 g, 15.8 mmol) in benzene
(50 ml) over a period of 30 min, and the mixture was refluxed for 4 h. After
the workup, the residue was purified by column chromatography with
hexane-ethyl acetate (9:1) as an eluent to give biphenyl 20 (7.77 g, 95%)
as crystals, mp 114.2-117.5°C; 'H NMR (400 MHz CDCl3, §): 1.24 [s,
9H, C(CH3)sl, 1.32 [s, 9H, C(CH3)sl, 1.96 (s, 3H, ArCHs), 3.47 (s, 3H,
OCH3), 3.75 (s, 3H, OCHs3), 3.94 (s, 3H, OCH3), 5.11-5.15 (m, 2H,
OCH,0CHjy), 6.74 (dd, J=8.4, 2.7Hz, 1H, ArH), 6.79-6.84 (m, 4H, ArH),
7.17 (s, 2H, ArH), 7.96 (t,] = 2.7 Hz, 1H, ArH); °*C NMR (100 MHz, CDCl;,
5): 20.4, 31.5, 31.5, 35.6, 35.7, 55.3, 55.6, 56.0, 94.5, 111.6, 111.7, 112.4,
116.3, 116.9, 118.2, 129.4, 129.7, 133.2, 134.9, 137.6, 137.8, 141.6, 143.5,
143.7, 156.3, 158.6, 165.2; IR (KBr): v=2960, 1745 cm ™. Anal. caled. for
C3oH4006: C 73.82, H 7.74; found: C 73.77, H 7.95.

7-Methoxy-2-(methoxymethoxy)phenanthren-9-ol (21). This com-
pound was prepared by essentially the same procedure as mentioned
for the preparation of compound 10. A solution of lithium diethylamide,
which was prepared from diethylamine (d 0.707; 6.37 ml, 61.6 mmol)
and butyllithium (1.59 M in hexane; 35.4 ml, 56.2 mmol) in THF (35ml),
was added to an ice-cold solution of biphenyl 20 (7.28 g, 14.0 mmol) in
THF-HMPA (7:4v/v; 55ml) over a period of 90 min, and the mixture
was stirring at 0 °C for 3 h. After the workup, the residue was purified
by column chromatography with hexane-ethyl acetate (5:2) as an eluent
to give phenanthrol 21 (3.28 g, 83%) as crystals, mp 115-118 °C; 'H NMR
(400 MHz, CDCls, 8): 3.54 (s, 3H, OCHs), 3.96 (s, 3H, OCHs), 5.30 (s, 2H,
OCH,0OCHjy), 5.74 (s, 1H, ArOH), 6.92 (s, 1H, ArH), 7.19 (dd, J=8.9,
2.5Hz, 1H, ArH), 7.29 (d, /=8.9Hz, 1H, ArH), 7.30 (d, /=8.9Hz, 1H,
ArH), 7.65 (d, J=2.5Hz, 1H, ArH), 8.39 (d, /J=8.9Hz, 1H, ArH), 8.45 (d,
J=89Hz, 1H, ArH); °C NMR (100 MHz, CDCl, §): 55.4, 56.0, 94.2,
94.5, 102.6, 106.3, 110.5, 115.4, 118.0, 122.0, 123.6, 123.9, 125.9, 132.7,
149.7, 155.3, 157.7; IR (KBr): v=3315 em L

7-Methoxy-2-(methoxymethoxy)phenanthren-9-yl trifluorome-
thanesulfonate (22). This compound was prepared by the same
procedure as mentioned for the preparation of compound 11.
Treatment of phenanthrol 21 (2.99g, 10.5mmol) with
trifluoromethanesulfonic anhydride (d=1.677; 2.66 ml, 15.8 mmol) in
the presence of triethylamine (d 0.726; 4.40 ml, 31.6 mmol) in dichloro-
methane (50ml) gave, after chromatographic purification with
hexane—ethyl acetate (8:1) as an eluent, ester 22 (4.03 g, 92%) as crys-
tals, mp 77-79 °C; "H NMR (400 MHz, CDCls, 5): 3.54 (s, 3H, OCHs),
3.98 (s, 3H, OCHs3), 5.32 (s, 2H, OCH,OCHj3), 7.35 (dd, J=9.2, 2.4 Hz,
1H, ArH), 7.39 (dd, /=9.2, 2.4Hz, 1H, ArH), 7.45 (d, J=2.4Hz, 1H,
ArH), 7.49 (d, J=2.4Hz, 1H, ArH), 7.68 (s, 1H, ArH), 8.49 (d, J=
92Hz, 1H, ArH), 851 (d, /J=9.2Hz, 1H, ArH); *C NMR (100 MHz,
CDCl;, 8): 55.4, 56.1, 94.6, 101.6, 112.5, 118.1, 119.1, 119.4, 120.3,
123.8, 124.3, 124.8, 125.7, 126.2, 130.6, 144.4, 155.8, 158.5; IR (KBr):
v=2939, 1622cm™". Anal. calcd. for CigH15F506S: C 51.92, H 3.63;
found: C 51.90, H 3.77.

2-Methoxy-7-(methoxymethoxy)phenanthrene  (23). This com-
pound was prepared by essentially the same procedure as mentioned

Chirality DOI 10.1002/chir
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for the preparation of compound 12. Ester 22 (2.77 g, 6.65 mmol) was
treated with formic acid (d 1.22; 500 ul, 13.3 mmol) in DMF (35ml) in
the presence of palladium acetate (29.8mg, 0.133 mmol),
triphenylphosphine (87.2mg, 0.332 mmol), and triethylamine (d 0.726;
2.78 ml, 20.0 mmol) at 65°C for 4 h. The reaction mixture was worked
up, using diethyl ether as an extraction solvent, and purified by column
chromatography with hexane—ethyl acetate (9:1) as an eluent to give
phenanthrene 23 (1.78g, 99%) as crystals, mp 80-82°C; 'H NMR
(400 MHz, CD,Cl,, 8): 3.54 (s, 3H, OCHj3), 3.95 (s, 3H, OCHs3), 5.32 (s,
2H, OCH,0OCH3), 7.23-7.28 (m, 2H, ArH), 7.33 (dd, /=9.0, 2.6 Hz, 1H,
ArH), 7.46 (d, J=2.6Hz, 1H, ArH), 7.65 (s, 2H, ArH), 8.48 (d, J=9.0 Hz,
1H, ArH), 849 (d, J=9.0Hz, 1H, ArH); *C NMR (100 MHz, CDCls, ):
55.4, 56.1, 94.6, 108.5, 112.3, 117.2, 117.9, 123.7, 123.8, 124.7, 125.7,
127.1, 127.1, 132.2, 132.5, 155.1, 157.7; IR (KBr): v=1616 cm L. Anal.
caled. for Cy7H;404: C 76.10, H 6.01; found: C 76.01, H 6.12.

7-Methoxyphenanthren-2-ol (24). A mixture of compound 23
(1.65 g, 6.14 mmol), 2 M HCI (3.69 ml, 7.37 mmol), methanol (40 ml), and
THF (8 ml) was refluxed for 3 h. After cooling, most of the organic solvents
were evaporated and the residue was dissolved by the addition of water
and diethyl ether. The aqueous layer was extracted with diethyl ether,
and the combined organic layer was washed successively with water and
brine, dried over MgSQy, and evaporated. The residue was purified by col-
umn chromatography with hexane—ethyl acetate (3:1) as an eluent to give
phenanthrol 24 (1.37g, 99%) as crystals, mp 171-174°C; 'H NMR
(400 MHz, CD.Cls, 8): 3.95 (s, 3H, OCHs3), 4.97 (s, 1H, ArOH), 7.17-7.27
(m, 4H, ArH), 7.58-7.65 (m, 2H, ArH), 8.45-8.47 (m, 2H, ArH); "*C NMR
(100 MHz, CD,Cly, 3): 55.1, 109.1, 112.1, 117.4, 117.8, 124.2, 124.6, 125.2,
1253, 127.2, 127.8, 132.9, 133.0, 154.2, 158.3; IR (KBr): v=3386cm .
Anal. calcd. for C;5H;,04: C 80.34, H 5.39; found: C 80.29, H 5.54.

7,7’-Dimethoxy-1,1’-biphenanthrene-2,2’-diol  (25). This com-
pound was prepared by the same procedure as mentioned for the prep-
aration of compound 3. A mixture of Cu(NOj3),-3H,O (1.60g,
6.62 mmol), 1-phenylethylamine (d 0.94; 2.06 ml, 16.0 mmol), and dry
methanol (15ml) was stirred at room temperature for 1h. To the mix-
ture was added dropwise a solution of phenanthrol 24 (991 mg,
4.42 mmol) in dry methanol (35ml) over a period of 30 min, and the
mixture was stirred at room temperature. After 21h, additional
Cu(NO3)»-3H,O (1.07g, 4.43mmol), 1-phenylethylamine (1.37 ml,
10.6 mmol), and methanol (10ml) were added to the mixture, and the
resulting mixture was stirred for a further 16 h. After most of the metha-
nol was evaporated under reduced pressure, the mixture was acidified
by the addition of 2 M HCl in an ice-water bath, and the resulting mixture
was extracted with ethyl acetate. The extract was washed successively
with water and brine, dried over MgSO,, and evaporated. The residue
was purified by column chromatography with hexane-ethyl acetate
(3:2) as an eluent to give biphenanthrol 25 (776 mg, 79%) as crystals,
mp 290-291°C; 'H NMR (500MHz, (CD3),CO, &): 3.93 (s, 6H,
OCHs), 7.09 (d, /=9.1Hz, 2H, ArH), 7.30 (dd, /=9.0, 2.6 Hz, 2H, ArH),
7.33 (d, J=2.6Hz, 2H, ArH), 7.46 (d, /=9.0Hz, 2H, ArH), 7.51 d, J=
9.1Hz, 2H, ArH), 7.96 (s, 2H, ArOH), 8.71 (d, /=9.0 Hz, 2H, ArH), 8.75
(d, 7=9.0Hz, 2H, ArH); *C NMR (125 MHz, (CD5).CO, 8): 56.0, 109.4,
118.1, 118.5, 118.8, 125.0, 125.1, 125.9, 126.0, 126.5, 128.1, 133.3, 133.4,
155.0, 158.9; IR (KBr): v=3436cm71; HRMS (EI) caled for Cs3oHs004
M" 446.1518, found 446.1516.

1,1’-Biphenanthrene-2,2’,7,7’-tetraol (4). To an ice-cold solution of
biphenanthrol 25 (209 mg, 0.468 mmol) in dry dichloromethane (10 ml)
was added dropwise BBr; (1.0M in dichloromethane; 2.81ml,
2.81 mmol), and the mixture was stirred at this temperature for 2h. To
the mixture water was carefully added, and the resulting mixture was
allowed to warm to room temperature. The mixture was extracted with
ethyl acetate, and the extract was washed successively with water and
brine, dried over MgSQO,, and evaporated. The residue was purified by
column chromatography with hexane—ethyl acetate (1:1) as an eluent to
give tetraol 4 (141 mg, 72%), a=2.18, R;=1.96 [Daicel CHIRALPAK AD
(250 mm x 4.6 mm 1i.d.), hexane—ethanol (1:1)]; mp 338-340°C; 'H NMR
(400 MHz, CDs0D, §): 6.99 (d, /=9.2Hz, 2H, ArH), 7.08 (d, /=2.6 Hz,
Chirality DOI 10.1002/chir

2H, ArH), 7.17 (dd, /=9.0, 2.6 Hz, 2H, ArH), 7.32 (d, J=9.2Hz, 2H,
ArH), 7.37 (d, J=9.0Hz, 2H, ArH), 8.57 (d, J=9.0 Hz, 2H, ArH), 8.65 (d,
J=9.0Hz, 2H, ArH); *C NMR (100 MHz, CDCl;, §): 112.1, 118.0, 119.0,
124.4, 124.8, 125.8, 127.5, 133.1, 133.6, 154.2, 156.3, 166.4, 170.7, 171.5;
IR (KBr): v=23186, 1616, 1581 cmfl; HRMS (FAB) calcd for CogH; 504
M" 418.1205, found 418.1206. Compound 4 was optically resolved by pre-
parative HPLC on a Daicel CHIRALPAK AD (250 mm x 20 mm i.d.) with
hexane-2-propanol (5:4) as an eluent. The faster running enantiomer
exhibited dextrorotation, [a]]136+ 15.9 (¢ 0.506, ethyl acetate).

General Procedure for Photoracemization

A biphenanthrene (1.5 mg) was dissolved in ethanol (25 ml) and the so-
lution was poured into a quartz cuvette (10 x 10 mm). The cuvette was
placed 15 cm behind an 18 W fluorescent lamp or a 500 W mercury lamp,
and a decrease in enantiopurity was monitored by HPLC on a Daicel
CHIRALPAK AD column (250 mm x 4.6 mm 1i.d.), eluting with hexane-
ethanol (1:1) for compounds 1-4 or hexane-2-propanol (1:1) for com-
pound 5. The light of the mercury lamp was passed through a pinhole
plate (4 mm i.d.) and a glass filter (HOYA UV-36) in order to reduce the
intensity and remove UV light with wavelengths shorter than about
360 nm.

Cyclic Voltammetry Analysis
A 1mM solution of each biphenanthrene was prepared by dissolving
the compound in a 1:1 (v/v) mixture of ethanol and a 0.1 M aqueous solu-
tion of phosphoric acid. The cyclic voltammogram of the sample was re-
corded using a glassy carbon working electrode and a reference
electrode of Ag/AgCl with a platinum wire counter electrode at a scan
rate of 50mV's .

RESULTS AND DISCUSSION

It is not an easy task to regioselectively synthesize
multisubstituted fused aromatic compounds. We previously
succeeded in preparing the phenanthrene half of blestriarene
C by connecting the two terminal benzene rings bearing ap-
propriate substituents, followed by constructing the mid ring
by cyclization.” For the biaryl coupling, we employed an
ester-mediated nucleophilic aromatic substitution (SyAr) re-
action of a 2-methoxybenzoate ester with an aryl Grignard re-
agent, which was developed in our laboratory.'® The mid-ring
was constructed by modifying the Snieckus’ cyclization of N,
N-diethyl-2-methylbiphenyl-2-carboxamide to phenanthrene-
9-0l with LDA.'® These methods were successfully applied
to the synthesis of biphenanthrols 3 and 4. Thus, p-
bromophenol 6,° after protection of the hydroxy group as
an isopropyl ether (7), was converted into the Grignard
reagent by treating with magnesium turnings in THF
(Scheme 1). The Grignard reagent was allowed to react with
ester 8,17 the carboxy group of which was protected from the
nucleophilic attack of the Grignard reagent as a bulky 2,6-
di-tert-butyl-4-methoxyphenyl (BHA) ester,'® to give biphenyl
9 in almost quantitative yield; benzene was employed as a
solvent to facilitate the reaction as reported previously.’
Biphenyl 9 was treated with lithium diethylamide in THF-
HMPA gave phenanthrol 10 in an 84% yield. Reductive re-
moval of the 9-hydroxy group of phenanthrol 10,%° followed
by selective deprotection of the 2-isopropoxy group of the
resulting phenanthrene 12 with BCls, gave 2-phenanthrol
13. Oxidative coupling of phenanthrol 13, using a copper
(ID-1-phenylethylamine complex,?! furnished the desired
biphenanthrol 3 in a total yield of 64% starting from ester 8.
On the other hand, a Grignard reagent was prepared from
bromide 15, which had been prepared by etherification of
commercially available p-bromophenol 14 with chloromethyl
methyl ether MOMCI) (Scheme 2). The coupling partner 19
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was prepared by simultaneous etherification and esterifica-
tion of 2,5-dihydroxybenzoic acid (16) with iodomethane,
followed by alkaline hydrolysis of the resulting dimethoxy
ester 17, and subsequent esterification of acid 18 with
BHAOH. They were treated by the same procedure to that
employed for the preparation of biphenanthrol 3 to give
biphenanthrol 4 in a total yield of 30% starting from acid 16,
after deprotection of the 7,7-dimethoxy groups with BBrs.
Racemic biphenanthrols 3 and 4 were optically resolved by
HPLC using a cellulose-derived chiral column (see the exper-
imental section).

Racemization activities of biphenanthrols 1-5 were tested
using an 18 W fluorescent lamp. An ethanol solution of each

biphenanthrol was placed in a quartz cuvette and irradiated
for 4h with the fluorescent lamp installed 15cm behind the
sample. Figure 1 shows the time course of the change in
enantiopurity as monitored by HPLC analysis. Compound 1
completely racemized within 4 h, while compound 2 slightly
racemized, decreasing the enantiopurity by 3% (from 96% ee
to 93% ee). These results are in reasonable agreement with
those reported previously.” On the other hand, no racemiza-
tion was observed for compounds 3-5. A racemization exper-
iment of compounds 1-5 was then conducted using a 500 W
mercury lamp equipped with a pinhole plate (4 mm i.d.) and a
cut-off glass filter (1 >360nm) (Figure 2). On exposure to the
UV light for 4 h, compounds 2-5 racemized by 74% (from 97%

Chirality DOI 10.1002/chir
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Fig. 1. Racemization of compounds 1-5 under fluorescent lamp illumina-
tion. Conditions: concentration, 0.1-0.2 mM in ethanol; light source, 18 W fluo-
rescent lamp (A > 300 nm).
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Fig. 2. Racemization of compounds 2-5 under mercury lamp illumination.
Conditions: concentration, 0.1-0.2 mM in ethanol; light source, 500 W super-
pressure mercury lamp equipped with a pinhole plate (4 mm i.d.) and a cut-
off filter (A > 360 nm).
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Fig. 3. Cyclic voltammograms of compounds 1-5. Conditions: concentra-
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Fig. 4. Racemization of compound 1 under nitrogen and under air (data
from Figure 1). Conditions: concentration, 0.1 mM in ethanol, light source,
18 W fluorescent lamp (A > 300 nm).

ee to 23% ee), 14% (from 100% ee to 86% ee), 6% (100% ee to
94% ee), and 3% (100% ee to 97% ee), respectively; the racemi-
zation of compound 1 was too fast to follow the time course
by HPLC but a sample of 92% ee was completely racemized
within 30 min under the conditions. The extreme tendency
of compound 1 toward racemization strongly suggests that
a distinctive mechanism operates in its racemization. The
half-wave potentials (E;,) determined by cyclic voltammetry
(CV) increase in the order of 1 <2 <4 <3 <5, indicating
that compound 1 is easier to be oxidized than compounds
2-5 (Figure 3). This suggests that a redox cycle is involved
in the racemization of compound 1. We then investigated
the racemization of compound 1 in detail. Figure 4 shows
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Fig. 5. UV-Vis spectra of compound 1 before (blue) and after (red) irradi-
ation with a fluorescent lamp. Conditions: sample, a 0.1 mM solution of race-
mic compound 1 in ethanol; light source, 18 W fluorescent lamp;irradiation
time, 4 h.
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with monochromatic UV light of different wavelengths (light source, 150 W
xenon lamp; bandwidth, 10 nm) for 30 min.
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Scheme 4. Energy diagram for the photoracemization of compound 1.

the effect of oxygen on the racemization of compound 1; as
compound 1 is easily oxidized under atmospheric conditions,
it was purified by HPLC under nitrogen just before use to re-
move oxidized impurities. As can be seen in Figure 4, racemi-
zation was significantly inhibited under nitrogen, suggesting
the intermediary of oxygen. During the reaction using the
fluorescent lamp under air, no oxidized products were de-
tected, as shown by a comparison between the UV-Vis spectra
of compound 1 measured before and after irradiation
(Figure 5); on the contrary, substantial decomposition was
observed in the reaction using the mercury lamp. Figure 6
shows the enantiopurity of compound 1 measured before
and after the irradiation of monochromatic UV light with
different wave lengths. Compound 1 significantly racemized
at the wavelengths 344, 359, and 377 nm, which correspond
to the 'L, absorption (HOMO-LUMO transition) band.
Based on these observations, a feasible mechanism for the
photoracemization of compound 1 is depicted in Scheme 3.
First, a photoexcited biphenanthrene is oxidized with oxygen
to give a cation radical. The species easily racemizes due to
the partial double-bond character of the axis connecting the
two phenanthrene halves. The resulting cation radical
receives an electron from its counter ion, superoxide anion
radical, to give a racemized biphenanthrene. It is readily
conceivable that a biphenanthrene with a small E;/, value

HO OMe
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HO O OMe
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(R
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HO O OMe
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Scheme 3. Feasible mechanism for the photoracemization of compound 1.
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has a strong tendency toward racemization as it easily forms a
cation radical. Scheme 4 shows the energy diagram for the
proposed mechanism. The energy difference between the
ground and excited states at the zero vibrational levels (E)
was calculated to be 3.26eV from the UV and fluorescence
spectra of compound 1. On the other hand, the free-energy
change for the third step (AGs) was calculated to be
—1.04 eV from the E;,, value and the standard electrode po-
tential for 0,/05~ (-0.563V vs. SHE). The free-energy
change for the first step (AG;) was determined to be
—2.22 eV by using the Ey, and AG3 values. Scheme 4 shows
that once compound 1 is excited, the reaction proceeds spon-
taneously. However, it should be noted that this is not the
sole mechanism operating in the photoracemization of com-
pound 1, as compound 1 gradually racemized even under ni-
trogen (Figure 4).

CONCLUSION

We investigated the photoracemization of compounds 1-5,
from which a possible reaction mechanism mediated by a
cation radical was derived for compound 1. Although the re-
dox mechanism seems to be involved also in the racemization
of the other compounds, to a small or large extent depending
on the easiness of oxidation, further studies are necessary for
full understanding of the reaction mechanisms.
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