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The first example of the cobalt-porphyrin-catalyzed aerobic
oxidative coupling of phenols through oxidative C-H func-
tionalization has been developed. In the presence of
T(p-OMe)PPCo and Na,COg, the oxidative coupling of phen-
ols with different substituents proceeded smoothly with O,

as a terminal oxidant to give the corresponding biaryl com-
pounds in satisfactory yields. The biaryl derivatives are im-
portant in the area of pharmaceuticals and as ligands in
metal catalysis. Preliminary mechanistic studies of this oxi-
dative coupling reaction are also reported.

Introduction

The selective and efficient construction of C-C bonds
is considered one of the most challenging goals in organic
synthesis. Traditionally, coupling reactions for C-C bond
formation has depended primarily on preactivated sub-
strates for both reactivity and selectivity.l'l Although these
reactions have found extensive use in the laboratory and in
industry, the prefunctionalization of each coupling partner
generally requires tedious procedures and causes environ-
mental problems. For this reason, the transition-metal-cata-
lyzed direct functionalization of C-H bonds has emerged
as a powerful method for the construction of value-added
molecules through C-C bond formation or carbon-hetero-
atom bond formation.”) Among the efficient reactions
available for the functionalization of C-H bonds, the oxi-
dative coupling of phenols has received considerable atten-
tion,B! because the resultant biaryl compounds are ubiqui-
tous in natural and synthetic bioactive molecules, in func-
tional materials as structural motifs,[®! and in various ligand
families.) Although various kinds of stoichiometric meth-
ods involving the use of Fe, Cu, Mn, and Ti salts as oxidat-
ive coupling reagents have been reported,l’”! the reactions
are often stoichiometric and require the use of hazardous
and expensive materials and the products are difficult to
remove from the reaction solution. Recently, some efficient
catalytic methods involving the use of molecular oxygen as
the sole oxidant for the above reaction have been devel-
oped.B19 However, these strategies suffer from one or
more limitations, including complex preparations of the cat-
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alyst, high catalyst loading, or the need to employ harsh
reaction conditions. Although significant progress has been
made in this field, it is still highly desirable to develop novel
approaches for the construction of biaryl compounds.

It is well known that metalloporphyrins are a class of
versatile catalysts with the capability to catalytically convert
hydrocarbons into value-added functional molecules
through C-O, C-N, and C-C bond formation.!''l However,
to the best of our knowledge, the metalloporphyrin-medi-
ated aerobic oxidative C—H coupling of phenols has not
been established. Herein, we report the first examples of the
cobalt(IT)-porphyrin-catalyzed aerobic oxidative C—H cou-
pling of phenols to synthesize biphenols. This method uses
non-noble metals and proceeds under mild reaction condi-
tions with operational simplicity, which thus allows the ex-
pedient and atom-economical assembly of biphenols from
readily available phenols. Furthermore, we provide prelimi-
nary mechanistic investigations of this oxidative coupling
reaction.

Results and Discussion

During our investigations on the metalloporphyrin-cata-
lyzed aerobic oxidation of 4-methylguaiacol (1a) to synthe-
size vanillin (4a), unexpected C-C coupling product 2a was
observed (Scheme 1).

il metallo- o MeO HO OH OMe
OMe . MeO
porphyrin
——> . O O + other
O, products
CHO
1a 4a 2a

Scheme 1. Aerobic oxidation of 1a catalyzed by metalloporphyrins.
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This result prompted us to envisage that a metallo-
porphyrin-based strategy could be applied to construct
C-C bonds from phenolic C-H bonds. To test our hypo-
thesis, the oxidative coupling of 4-methylguaiacol (1a) was
chosen as the model reaction (Table 1). To our delight, the
oxidative coupling reaction gave desired product 2a in 98 %
yield in the presence of meso-tetra(4-methoxyphenyl)por-
phyrincobalt(Il) {T(p-OMe)PPCo} and Na,CO; in
CH;O0H at 60 °C under an atmosphere of O, (Table 1, en-
try 1). Notably, only trace amounts of desired product 2a
were observed when the reaction was carried out in the ab-
sence of either base or catalyst (Table 1, entries 2 and 3).
Very little product was obtained when the procedure was
preformed under a nitrogen atmosphere (Table 1, entry 4).
Among the bases screened, KOH, NaHCO;, K,COs;, and
NaOH were found to be as effective as Na,COj3 (Table 1,
entries 5-8). The use of an excess amount of Na,COj
(2.0 equiv.) decreased the yield slightly, and the use of
0.2 equiv. of Na,COj; led to an 82% yield of 2a (Table 1,
entries 9 and 10). Among the solvents examined, including
methanol, ethanol, water, acetonitrile, acetonitrile/water
(1:1), and methanol/water(4:1), the methanol/water (4:1)
mixture was also found to be a suitable solvent system
(Table 1, entries 11-15). Other cobalt(Il)-porphyrin cata-
lysts, including T(p-Cl)PPCo, T(p-Me)PPCo, and TPPCo,
were also tested, and the results demonstrated that

Table 1. Optimization of the reaction conditions.[#l

OH MeQ HO OH OMe
MeO cat.
solvent, base
60 °C, O, (1 atm)
1a 2a
Entry  Catalyst Base Solvent Conv. Yield
[%][b] [%][b]

1 T(p-OMe)PPCo Na,CO; CH;O0H >99 98

2 T(p-OMe)PPCo none CH;0H <5 <5

3 none Na,CO; CH;0H <5 <5

4l T(p-OMe)PPCo Na,CO; CH;0H <5 <5

5 T(p-OMe)PPCo KOH CH;0H 98 94

6 T(p-OMe)PPCo NaHCO; CH;OH >99 95

7 T(p-OMe)PPCo NaOH CH;O0H 98 95

8 T(p-OMe)PPCo K,CO; CH;0H >99 96
oudl T(p-OMe)PPCo Na,CO; CH;0H 98 94
10 T(p-OMe)PPCo Na,CO; CH;0H 85 82

11 T(p-OMe)PPCo Na,CO; CH;CH,OH 46 30

12 T(p-OMe)PPCo Na,CO; H,O 90 52

13 T(p-OMe)PPCo Na,CO; CH;CN <5 <1

14 T(p-OMe)PPCo Na,CO; CH;CN/H,O 52 27

15 T(p-OMe)PPCo Na,CO; CH;O0H/H,O >99 97

16 TPPCo Na,CO; CH;0H 85 82

17 T(p-Me)PPCo  Na,CO; CH;0H 89 87

18 T(p-C)PPCo Na,CO; CH;0H 83 80

1910 T(p-OMe)PPCo Na,CO; CH;0H 34 12
[a] Unless otherwise noted, the reaction was carried out with 1a
(1.0 mmol), catalyst (0.2mol-%), solvent (5.0mL), base

(1.0 equiv.), 60 °C, 15 h, O, (1 atm). [b] Determined by HPLC with
1,4-dichlorobenzene as an internal standard and calculated on the
basis of the amount of 1a. [c] Under N, atmosphere. [d] 2 equiv. of
Na,CO; were used. [e] 0.2 equiv. of Na,CO3 was used. [f] At room
temperature.
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T(p-OMe)PPCo was the best choice (Table 1, entries 16—
18). To achieve a reasonable reaction rate, heating was re-
quired (Table 1, entry 19). When distilled methanol was
used as the solvent, the oxidative coupling was considerably
less efficient (<10% yield), which indicates that water is es-
sential for the reaction to proceed efficiently. Consequently,
the optimal conditions were a combination of T(p-OMe)-
PPCo (0.2 mol-%), Na,CO; (1 equiv.), and O, in methanol/
water (4:1).

With the optimized conditions in hand, we then set out
to explore the scope and limitations of the above method
(Table 2). Phenols with various substituents were tested.
The reaction efficiency depended on the nature of the sub-
stituents on the aromatic ring (Table 2, entries 1-9). Sub-
strates bearing an alkoxy group furnished the product
smoothly in 71-93% yield (Table 2, entries 1-5), whereas
alkyl- and acetamido-substituted phenols provided lower
yields of the products (46-56%; Table 2, entries 6-9). The
para—para coupling product of 2j was obtained in 73 % yield
when the oxidative C-C coupling reaction of 2,6-dimeth-
oxyphenol (1j) was carried out under the same reaction
conditions (Table 2, entry 10). The present methodology
can be further extended to naphthols. Under the optimized
reaction conditions, the oxidative coupling reaction of 1k
and 11 furnished 2k and 2l in 41 and 42 % yield, respectively
(Table 2, entries 11 and 12).

Unlike phenols bearing electron-donating substituents,
phenols with electron-withdrawing substituents failed to
give any desired products under the above experimental
conditions, and all of the starting material was recovered
in each case. For example, no reaction occurred when 2,4-
dichlorophenol and 4-hydroxy-3-methoxyacetophenone
were subjected to the same reaction conditions (Table 2, en-
tries 13 and 14).

Though the exact mechanism remains unclear, some in-
formation has been gathered. We found that an aromatic
OH group was essential for the reaction, as no reaction oc-
curred in its absence [Equations (1-3)]. When the oxidative
coupling of 1a was carried out in the presence of 1.5 equiv.
of a radical inhibitor hydroquinone, desired product 2a was
not detected in an appreciable amount, which indicates the
possible involvement of radical species in the reaction. To
see whether radical insertion of an aryl into the C—H bond
of another aryl molecule (X" + Y) was involved in the reac-
tion, a competitive reaction of 1a and 3a'?! was conducted
[Equation (4)]. This result demonstrated that the present
oxidative coupling reaction proceeds through the homolytic
coupling of two radical species. To understand the role of
Na,COs; in the reaction system, UV/Vis spectroscopy was
performed. The UV/Vis spectra of a solution of T(p-OMe)-
PPCo and Na,CO; in aqueous methanol in the presence of
O, at room temperature are shown in Figure 1. It can also
be seen from analysis of the spectra that the position of the
peak is shifted to lower frequencies with the lapse of time.
The redshift of the peak (Soret band: 414—429 nm, Q
band: 531—543 nm)!'3! indicated the formation of
T(p-OMe)PPCo(OH) species A (Scheme 2, for more details
see the Supporting Information). Similar results were also

Eur. J. Org. Chem. 0000, 0-0
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Table 2. Substrate scope in the cobalt(Il)-porphyrin-catalyzed aer-
obic oxidative coupling of phenols.[l
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Table 2. (Continued)

OMe
OMe OO OH

1 OH
e
1k OMe 2k

OEt
w OO
12 OH 54 63 42
S 10
B OEt 2!

OMe

1n
COCH3

[a] Reaction conditions: 1 (1.0 mmol), Na,CO; (1 equiv.), T(p-
OMe)PPCo (0.2 mol-%), methanol/water (4:1 mL), 60 °C, O,
(1 atm). [b] Determined by HPLC analyses of the crude reaction
mixture and calculated on the basis of the amount of 1. [c] Isolated
yield calculated on the basis of the amount of 1.

reported by Avlasevich in the study of the TPPCo/air/
NaHCO; system.l'¥ According to the literature,['>! under
the conditions used in this work, T(p-OMe)PPCo'! (noted
for its instability)!'! is oxidized to T(p-OMe)PPCo'!. The
nature of the axial ligand is determined by the reaction con-
ditions and related reports.'314 After T(p-OMe)PPCo(OH)
species A was generated in situ from T(p-OMe)PPCo, 4-
methylguaiacol was added to the mixture under a nitrogen
atmosphere. The reaction mixture was followed by UV/Vis
spectroscopy (Figure 2). It was found that the position of
the peak shifted to higher frequencies with a lapse of time

OMe MeO OMe
T(p-OMe)PPCo (0.2 mol-%) - O O 1)
CH30H/H,0 (4:1)
Na,CO3 (1 equiv.)
60 °C, Oy, 24 h not observed
NH; HoN NH,
T(p-OMe)PPCo (0.2 mol-%) %
CH30H/H,0 (4:1)
OMe Na,CO3 (1 equiv.) MeO OMe
60 °C, Oy, 24 h not observed
OMe MeO OMe
T(p-OMe)PPCo (0.2 mol-%) O O @)
CH30H/H,0 (4:1)
OMe Na,CO3 (1 equiv.) MeO OMe

60 °C Oy, 24 h not observed
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(Soret band: 429—415 nm, Q band: 543—532 nm). These
results also support the present reaction mechanism

(Scheme 2).
OH OH
MeR OMe 1(p-0Me)PPCo (0.2 mol-%)
+ .

CH3OH/H,0 (4:1)

COCH3 Na,CO3 (1 equiv.)
0.5 mmol 0.5 mmol 60 °C, O,, 13 h
1a (76% conv.) 3a(0)

MeO HO OH OMe

o IR

2a (72% yield)

MeO HO OH OMe

it |

COCH3
not observed

MeQ HO OH OMe

H3COC COCHg3;
not observed

(4)

224

0.0

T T 1
450 550 600

A [nm]

T T
300 350 400

Figure 1. UV/Vis spectra of an aqueous methanol solution of
T(p-OMe)PPCo (dashed curve) and that of a mixture of T(p-OMe)-
PPCo/Na,COj; in aqueous methanol in the presence of O, at room
temperature collected within 8.0 h (solid curve).

On the basis of these mechanistic insights and related re-
ports, 810171 3 possible mechanism employing 1a as the
substrate is proposed to account for the present catalytic
reaction (Scheme 2). Under the reaction conditions, active
catalytic species A is generated insitu from T(p-OMe)-
PPCo. Active species A then reacts with 1a by ligand ex-
change to form intermediate B, followed by a single-elec-
tron transfer process to afford intermediate C, which con-
certedly induces the regioselective intermolecular radical—
radical coupling to give corresponding carbon—carbon cou-
pling product 2a.l'81 The dissociated cobalt species is oxid-
ized by oxygen to regenerate active species A.
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Figure 2. UV/Vis spectra of a mixture of T(p-OMe)PPCo(OH)/4-
methylguaiacol/Na,CO; in aqueous methanol in the presence of
N, at room temperature collected within 12 h.
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OH
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2% © = T(p-OMe)PP dianion

Scheme 2. Proposed reaction mechanism.

Conclusions

In summary, we have developed a mild cobalt(IT)-por-
phyrin-catalyzed oxidative coupling of phenols. The reac-
tion makes use of inexpensive cobalt as the catalyst and
molecular oxygen as the oxidant and affords satisfactory
yields of the products. This is a convenient protocol for the
preparation of biphenols of interest in pharmaceuticals and
in metal catalysis as ligands. More detailed mechanistic
studies are presently being performed in our laboratory.

Experimental Section

General Procedure for the Aerobic Oxidative Coupling of Phenols
Catalyzed by T(p-OMe)PPCo: T(p-OMe)PPCo (0.2 mol-%), phen-
ol (1.0 mmol), Na,COj3 (1.0 mmol), methanol (4.0 mL), and water

Eur. J. Org. Chem. 0000, 0-0
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(1.0 mL) were added to a 25 mL flame-dried Schlenk tube in air.
The air was removed by vacuum, and O, (1 atm) was introduced.
The Schlenk tube was then sealed, and the resulting mixture was
stirred at 60 °C under an atmosphere of oxygen (1 atm). After stir-
ring for the time indicated, the mixture was cooled to room tem-
perature, carefully acidified with dilute aqueous HCI, diluted with
ethyl acetate (10 mL), filtered through a plug of silica gel, and
washed with ethyl acetate (20-30 mL). The combined organic ex-
tract was dried with anhydrous MgSQ,, filtered, and concentrated
under reduced pressure. The resulting residue was purified by col-
umn chromatography on silica gel to afford the desired product.

Supporting Information (see footnote on the first page of this arti-
cle): Experiment details, characterization data, and copies of the
NMR spectra of products 2a-2l.
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Cobalt(IT)-Porphyrin-Catalyzed Aerobic Oxidation
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2 CH3OH/H,0 (4:1)

60 °C, O, (1 atm)

The T(p-OMe)PPCo-catalyzed oxidative
coupling of phenols was developed for the
synthesis of biphenols. This reaction
features low catalyst loadings, mild reac-
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up to 93% yield
tion conditions, and operational simplicity.
Preliminary mechanistic studies were con-
ducted.
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