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Activation of Molecular Oxygen Induced by Polyphenols
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Table 1. Oxidation of cinnamyl acohol by
1or 2/ M™ system.

Entry lor2 M Yield of 4"

100 mol% 100 mol% (%)
1 1 FeCl,*6H,0 7
2 1 FeCl;+4H,0 5
3 1 Cucl 19
4 1 CuCl, 5
5 2 FeCl,*6H,0 5
6 2 FeCl;*4H,0 1
7 2 cucl 64
8 2 CuCl, 19

Y NMR yield
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Table 2. Oxidation of cinnamyl alcohol by
catechol - M™ system.

Entry M™ Yield of 4"

(100 mol%) (%)
1 FeCl,-6H,0 5
2 FeCl;-4H,0 1
3 FeSO,*7H,0 1
4 CucCl 64
5 CuCl, 19
6 Cul 1
7 Cu(OAc), 4
8 Cu(OH), 3

Y NMR vyield
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Table 3. Oxidation of cinnamyl acohol by
catechol-CuCl system.

Entry catechol CuCl Yield of 4"

(mol%) ( mol%) (%)
1 - — 0
2 - 100 0
3 100 — 1
4 100 100 64
5 50 50 46
6 30 30 19
7 100 50 43
8 100 30 19

Y NMR yield
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Table 4. Oxidation of cinnamyl alcohol
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Entry catechol Yield of 4%
(100 mol%) (%)
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Figure 1. Oxidation potential of various polyphenoals.
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General. 'H NMR and *C NMR spectra were measured on a "M INOVA
VARIAN (400 MHZz) with anisole as an internal standard in CDCl3, and chemical shifts
are reported in parts per million (ppm) downfield from (CH3),Si. Analytica GLC
evaluations of product mixtures were performed on a Shimadzu GC-17A flame
ionization chromatography by using a 30mx 0.53mm chemical bonded glass capillary
column DB-1 (1.5 um, dimethyl polysiloxane, J&W Scientific) under the conditions of
injection temperature (200 O ), N, gas pressure (0.5 O /cm?), and column temperature
60-250 0 (10 O /min). Mass spectra were obtained on a Shimadzu GCM S-QP5050 by
using a 30 m x 0.53 mm chemical bonded glass capillary column DB-1 (J&W
Scientific).

Materials. Cinnamyl alcohol was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Catechol and pyrogallol were purchased from Nacalai
Tesque Inc. (Kyoto, Japan). FeCl,17H,0 was obtained from Nacalai Tesque Inc. (Kyoto,
Japan). FeCl306H,0 was obtained from Aldrich Chemical Co. (Milwaukee, WI).
Copper (1) chloride was commercially available and purified © prior to use. Copper (11)
chloride was commercialy available and used as received. 4-nitorocinnamy! alcohol
was purchased from Aldrich Chemical Co. (Milwaukee, WI). Anisole was purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). CH3CN was purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Benzhydrol and N-hydroxy
phthalimide (NHPI) was purchased from Nacalai Tesque Inc. (Kyoto, Japan). Hydrogen
peroxide (30 %, w/v) was obtained from Santoku Chemical Industries Co., Ltd. (Tokyo,

Japan).

Aerobic Oxidation of Cinnamyl Alcohol by Using Pyrogallol-FeCl, Complexes.

A mixture of FeCl,04H,0 (0.50 mmol, 99.41 mg) and pyrogallol (0.50 mmol, 63.06
mg) in CH3CN (0.75 mL) was stirred in a 25 mL side-necked round bottom flask
equipped with magnetic stirr bar and a balloon filled with Ar at 25 °C for 30 min. A
solution of cinnamyl acohol (0.50 mmol, 67.09 mg) in CH3CN (0.50 mL) was added to
the flask under O,, and the reaction was monitored by GLC. After the mixture was
stirred under O, atmosphere (balloon) at 25 “C for 70 h, the solution was decanted using
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ether / n-hexane (1/1). Filtration, washing with ether, and evaporation of the solvent
gave cinnamaldehyde. The yield of cinnamaldehyde was determined by NMR analysis
with anisole as an internal standard.

O,-Uptake in the Oxidation of Cinnamyl Alcohol by Using Catechol-CuCl
Complex.

A mixture of CuCl (0.50 mmol, 49.50 mg) and catechol (0.50 mmol, 55.06 mg) in
CH3CN (0.50 mL) was stirred in a 25 mL side-necked round bottom flask equipped
with magnetic stirr bar and a balloon filled with Ar at 25 C for 30 min. Then, a
solution of cinnamy! alcohol (0.50 mmol, 67.09 mg) in CH3CN (0.5 mL) was added to
the flask. O,-uptake was measured by using gas bullet. The time-profile for the
O,-uptakeisgivenin Figure 2.

Oxidation of Cinnamyl Alcohol by Hydrogen Peroxide in the Presence of CuCl.

In a 25 mL side-necked round bottom flask equipped with magnetic stirr bar and a
balloon filled with Ar was placed CuCl (0.5 mmol, 49.5 mg) and CH3CN (0.25 mL).
The mixture was stirred at 250 for 10 min. After gas in the flask was substituted Ar
for O,, a mixture of hydrogen peroxide and benzophenone (1.3 mL), which is prepared
by N-hydroxyphtalimide (NHPI)-catalyzed oxidation of benzhydrol ® and a solution of
cinnamyl alcohol (0.5 mmol, 67.09 mg) in CH3CN (0.5 mL). The reaction was
monitored by GLC. The yield of cinnamaldehyde was determined by NMR analysis
using anisole as an internal standard.

Oxidation of Cinnamyl Alcohol by Hydrogen Peroxide (30 %, w/v) in the Presence
of CuCl.

In a 25 mL side-necked round bottom flask equipped with magnetic stirr bar and a
balloon filled with Ar was placed CuCl (0.5 mmol, 49.5 mg) and CH3CN (0.25 mL).
The mixture was stirred at 25 0 for 10 min. Then, argon in the flask was substituted by
O,. To this was added 30 % hydrogen peroxide (0.5 mL) and a solution of cinnamyl
alcohol (0.5 mmol, 67.09 mg) in CH3CN (0.5 mL). The reaction was monitored by GLC.
The yield of cinnamaldehyde was determined by NMR analysis using anisole as an
internal standard.
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Figure 4. O, uptake measurement in the
reaction of catechol with CuCl.
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Figure 10-a. ESR spectrum by using DMPO: Oxidation
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Figure 10-b. ESR spectra by using DMPO: Oxidation
of cinnnamyl alcohol induced by catechol-CuCl under
O, atmosphere at 10 min after the initiation.
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General. Infrared spectra were measured on a JASCO FT/IR-610 spectrometer
using KBr; *H NMR and *C NMR spectra were measured on a "™ INOVA VARIAN
(400 MH2z) in CDCl3, and chemical shifts are reported in parts per million (ppm)
downfield from (CH3),Si. HPLC analyses were performed on an Inertsil ODS-3 (5 um,
4.6 1.D.x 150 mm) column using HPLC system composed of a LC 6A pump
(Shimadzu) and a TOSOH UV 8020 detector. Separate conditions. sample, 300 pL,
eluting solution; acetonitrile / water (15/ 7), flow rate; 1.0 mL/min, temperature; 300 .
Solvents for HPL C were degassed previously. The products were detected at 254 nm. A
0.1 mL sample was transferred to a flat quartz ESR cuvette and its ESR spectra were
measured with JEOL JES-FA100 ESR spectrometer (Tokyo, Japan). The ESR analytical
conditions were as follows: magnetic field, 330+ 100 mT; power, 16 mW, response, 1
sec; modulation, 1 mT; temperature, room temperature; sweep time, 8 min.

Materials. Catechol and pyrogallol were purchased from Nacalai Tesque Inc.
(Kyoto, Japan). Copper (1) chloride was commercially available and purified ° prior to
use. CHzCN and CH.Cl, were obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Cinnamyl alcohol was purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). Dimethyl sulfoxide (DMSO) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
was obtained from Aldrich Chemical Co. (Milwaukee, WI). HPLC grade CH3;CN was
purchased from Nacalai Tesque Inc. (Kyoto, Japan). Deionized water was used
throughout and was prepared with a Milli-Q water purification system (Millipore-Wat-
ers).

O,-Uptakein the Reaction of Catechol with CuCl.

A mixture of CuCl (0.50 mmol, 49.50 mg) and catechol (0.50 mmol, 55.06 mg) in
CH3CN (0.50 mL) was stirred in a 25 mL side-necked round bottom flask equipped
with magnetic stirr bar and a balloon filled with Ar at 25 C for 30 min. O,-uptake was
measured by gas bullet method. The time-profile for the O,-uptake is given in Figure 4.
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Reaction of Catechol with CuCl in the Presence of M olecular Oxygen.

A mixture of CuCl (2.0 mmol, 198.0 mg) and catechol (2.0 mmol, 220.22 mg) in
CH3CN (2 mL) was stirred in a 25 mL side-necked round bottom flask equipped with
magnetic stirr bar and a balloon filled with Ar at 25°C for 30 min. After the mixture
was stirred at 25°C for 1 h under O, atmosphere (balloon), filtration, washing with
CH.Cl, (100 mL) and evaporation of the solvent gave black or blown products. The
products were analyzed by NMR. The black solid on the filter paper was vacuum dried
at 650 overnight. IR-spectrum of the solid is given in Figure 6.

HPLC Analysis in the Reaction of Catechol with CuCl in the Presence of
Molecular Oxygen.

A mixture of catechol (1.0 mmol, 110.11 mg) and CuCl (1.0 mmol, 99.00 mg) in
HPLC grade CH3CN (1.0 mL) was stirred in a 25 mL side-necked round bottom flask
equipped with magnetic stirr bar and a balloon filled with Ar at 25 “C for 30 min. Then,
the mixture was stirred at 25 “Cunder O, atmosphere (balloon). Aliquot samples were
analyzed by HPLC. Preparation of samples: 0.05 mL of the reaction solution was
collected, and a HPLC grade of CH3CN (2 mL) was added to the solution, and the
solution was filtrated using membrane filter.

ESR Analysis of Copper Valency Variation in the Reaction of Catechol with CuCl
under Argon Atmosphere.

A mixture of CuCl (0.50 mmol, 49.50 mg) and catechol (0.50 mmol, 55.06 mg) in
CH3CN (0.50 mL) was stirred in 25 mL side-necked round bottom flask equipped with
magnetic stirr bar and a balloon filled with argon at 25 °C for 30 min. Aliquot samples
were analyzed by ESR. The ESR spectra for the reaction of catechol-CuCl under argon
or oxygen atmosphere are given in Figure 7, 8-a, and 8-b.

ESR Analysis by Using DM PO as a Spin Trapping Reagent: Reaction of Catechol
with CuCl under Argon Atmosphere.

A mixture of CuCl (0.50 mmol, 49.50 mg) and catechol (0.50 mmol, 55.06 mg) in
CH3CN (0.50 mL) in the presence of DMPO (100 pL) and DM SO (100 pL ) was stirred
in 25 mL side-necked round bottom flask equipped with magnetic stirr bar and a
balloon filled with argon at 25 °C for 30 min. Aliguot samples were analyzed by ESR.
The ESR spectraare given in Figure 9.
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ESR Analysis by Usng DMPO as a Spin Trapping Reagent: Oxidation of
Cinnamyl Alcohol Induced by Catechol and CuCl under Oxygen Atmosphere.

A mixture of CuCl (0.50 mmol, 49.50 mg) and catechol (0.50 mmol, 55.06 mg) in
CH3CN (0.50 mL) was stirred in 25 mL side-necked round bottom flask equipped with
magnetic stirr bar and a balloon filled with argon at 25 °C for 30 min. Then, gas in the
flask was substituted Ar for O,. A solution of cinnamyl acohol (0.50 mmol, 67.09
mg) in CH3CN (0.50 mL) was added to the flask at 25 °C under O,. Aliquot samples
were analyzed by ESR. The ESR spectraare given in Figure 10-a and 10-b.

Attempt of Formation of Catechol-L-CuCl complex.

A mixture of CuCl (2.0 mmol, 198.0 mg) and catechol (2.0 mmol, 220.22 mg) in
CH3CN (2 mL) was stirred in a 25 mL side-necked round bottom flask equipped with
magnetic stirr bar and a balloon filled with Ar at 25°C for 30 min. After that, ligand
(2.0 mmol or 2.0 mmol) was added to the flask and stirred for more 1 h. The
precipitated products were taken out from the flask, and then the products were
recrystallized by using the combination of CH,Cl, and n-hexane.
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Figure 12. Contour map of PIO-1 of catechol-CuCl-O, complex.
(O, end-on-top coordination)
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Figure 13. Contour map of PIO-1 of catechol-CuCl-O, complex.
(O, side-on coordination)
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Figure 14. Contour map of PIO-1 of catechol-CuCl-O, complex.
(O end-on-top coordination)
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Figure 15. Contour map of PIO-1 of catechol-CuCl-O, complex.
(O, end-on-top coordination)
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Table 6. Extended Hiickel energy and Z OP in the interaction between
catechol- CuCl complex and molecular oxygen.
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Figure 16 Contour map of PIO-1 of catechol-CuCl-O, complex.
(O, side-on coordination)
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Figure 17. Contour map of PIO-1 of catechol-CuCl-O, complex.
(Cu-OOH interaction (Cu-OOH: 2.0 0))
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Figure 18. Contour map of PIO-1 of catechol-CuCl-O, complex.
(Cu-OOH interaction (Cu-OOH: 2.0 0))
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Figure 19. Contour map of PIO-1 of catechol-CuCl-O, complex.
(Cu-OOH interaction (Cu-OOH: 2.0 0))
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(HO-« elimination)
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Figure 21. Contour map of PIO-1 of catechol-CuCl-O, complex.
(HOOH elimination)
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