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ABSTRACT: We present a blueprint for aromatic C−H
functionalization via a combination of photocatalysis and
cobalt catalysis and describe the utility of this strategy for
benzene amination and hydroxylation. Without any
sacrificial oxidant, we could use the dual catalyst system
to produce aniline directly from benzene and ammonia,
and phenol from benzene and water, both with evolution
of hydrogen gas under unusually mild conditions in
excellent yields and selectivities.

Aniline, phenol, and their derivatives are widely used
intermediates in the manufacture of agrochemicals,

pharmaceuticals, polymers, dyes and pigments, and optoelec-
tronic materials. Aniline is produced in industry by hydro-
genation of nitrobenzene, which is prepared by nitration of
benzene with concentrated mixed acid.1 Reducing the nitro
group uses either Bećhamp (with Fe/HCl as a reducing
system)2 or sulfide reduction (with H2S or NaHS as a reducing
agent)3 technology. These processes use stoichiometric
reducing agents and create large amounts of environmentally
toxic waste. Currently, phenol is produced in industry by the
cumene process that involves three steps: propylation of
benzene, autoxidation to cumene hydroperoxide, and Hock
rearrangement.4 These reactions are carried out under high
temperature, high pressure, and very acidic conditions. The
overall yield of phenol from benzene is <5%. In recent years,
one-step amination of benzene with ammonia, producing
aniline,5 and one-step oxygenation of benzene to phenol6,7 by
using various kinds of catalysts have been extensively studied.
However, such processes are often carried out under severe
conditions and afford very low yields and poor selectivities of
aniline and phenol. Clearly, it is highly desirable to develop
methods for amination and hydroxylation of benzene into
aniline and phenol, respectively, that are economically feasible
without toxic waste production and are performed with high
chemoselectivity under mild conditions.
Herein we report two dream chemical reactions: one-step

amination of benzene to aniline and one-step hydroxylation of
benzene to phenol. As shown in Scheme 1, aniline was
produced from the reaction of benzene with ammonia (reaction
1) and phenol from the reaction of benzene with water
(reaction 2). An equivalent amount of hydrogen gas was the

sole byproduct in both reactions. These reactions were carried
out under unusually mild conditions, and aniline and phenol
were produced in excellent yields.
The above synthetic reactions show significant atom

economy and step economy. These reactions can be regarded
as improved dehydrogenative cross-coupling reactions with
benzene as one partner and ammonia or water as another
partner. During the past decade, the catalytic dehydrogenative
cross-couplings between two C−H bonds and between one C−
H bond and one heteroatom−hydrogen (X−H) bond, that
build a C−C and a carbon−heteroatom (C−X) linkage,
respectively, have become a potential synthetic strategy to
synthesize various kinds of functional arenes.8 Compared with
the conventional cross-couplings where aryl halides are usually
used as one partner, such coupling reactions allow use of less
functionalized reagents, thus reduce the number of steps to the
target molecule and minimize waste production.9 However,
although these reactions are termed as “dehydrogenative cross-
coupling”, hydrogen gas is not usually the byproduct. Such
reactions often involve the use of stoichiometric amounts of
sacrificial oxidants such as peroxides, high-valent metals (Cu
salts, Ag salts), and iodine(III) oxidants.9 This leads to low
atom economy and possible generation of toxic wastes. Our
approach, namely hydrogen-evolution cross-couplings, combines a
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Scheme 1. Photocatalytic Benzene C−H Amination and
Hydroxylation with Hydrogen Evolution
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photocatalyst with a metal cocatalyst to create a dual catalyst
system.10 The former catalyst uses light energy as the driving
force for the cross-coupling, while the later catalyst may capture
electrons from the substrates and/or reaction intermediates to
reduce the protons eliminated from the C−H and X−H bonds
into molecular hydrogen.11 Thus, without use of any sacrificial
oxidant, the dual catalyst system may afford cross-coupling
products and an equivalent amount of H2 as sole byproduct.
This kind of cross-coupling is particularly useful for the
reactions that involve species sensitive to oxidation.
Our design is outlined in Scheme 2. Here, an onium is used

as the photocatalyst (PC+). Upon excitation, the generated

excited state(s) of photocatalyst (PC+*) may undergo single
electron transfer from benzene to produce benzene radical
cation and photocatalyst radical (PC•). The later species may
give an electron to the metal cocatalyst (for example, CoIII) to
produce CoII and ground state photocatalyst (PC+), thus
completing the photocatalysis cycle. The former species reacts
with an anionic nucleophile (X−) to give a dienyl radical. This
adduct may transfer an electron to CoII producing CoI and
dienyl cation, which upon deprotonating affords the desired
substituted benzene. The CoI may use the received two
electrons in each catalyst turnover to reduce the two protons
eliminated from X−H and benzene C−H into a molecule of H2
and returns to CoIII, thus completing the cobalt catalysis cycle.
The synergistic combination of photocatalysis and metal
catalysis enables the direct installment of a functional group
(X) in the place of a C−H bond of benzene and production of
equivalent amount of H2.
The crucial step for the initiation of the hydrogen-evolution

cross-couplings is the electron transfer oxidation of benzene.
The one-electron oxidation potential of benzene is high (Eox =
2.48 V vs SCE in acetonitrile);12 thus, the photocatalyst must
have extremely strong oxidizing ability upon excitation. Several
photocatalysts able to oxidize benzene have been reported, and
we found that among them commercial available 1-methyl-
quinolinum ion (QuH+) and 3-cyano-1-methylquinolinum ion
(QuCN+) (Ered = 2.46 and 2.72 V vs SCE at excited state,
respectively;7a Scheme 1) performed well. On the other hand,
Co(dmgBF2)2(CH3CN)2 (dmg = dimethylglyoximate, Scheme
1) was established to be an efficient catalyst for reduction of
protons to H2.

13 Thus, in this work we select QuH+ClO4
− or

QuCN+C lO 4
− a s t h e p h o t o c a t a l y s t a n d Co -

(dmgBF2)2(CH3CN)2 as the metal cocatalyst for the amination
and hydroxylation of benzene.
We began our investigation with the amination of benzene by

using a Boc-protected ammonia (Boc-NH2, 2a, Boc = t-
butoxycarbonyl), an activated ammonia, as the amination
reagent (Scheme 3a). The reaction conditions were optimized

by irradiating the solution of benzene (1a, 40 mM), 2a (2
equiv), QuCN+ClO4

− (5 mol%), and Co(dmgBF2)2(CH3CN)2
(3 mol%) in dry and degassed acetonitrile with a light of
wavelength >300 nm at room temperature. The progress of the
reaction was followed by 1H NMR spectroscopy (Figure S1),
and the reaction time profiles are shown in Figure S2. The
amount of produced hydrogen was measured by GC analysis.
Generally, after 5 h irradiation the conversion of benzene was
∼80%. The yield of both Boc-protected aniline (3a) and
hydrogen gas based on the consumption of benzene was close
to 100%. Control experiments confirmed that the photo-
catalyst, cobalt catalyst, and light irradiation are necessary for
the amination to occur. It was noted that solvent is critical for
the amination reaction (Table S1). Use of methanol or N,N-
dimethylformamide (DMF) as solvent resulted in no product
formation. In contrast, use of the mixture of acetonitrile and
dichloromethane as solvent gave comparable product yields as
in acetonitrile in the same irradiation time. We suggest that in
the solvents able to coordinate to the cobalt catalyst, the
acetonitrile molecule(s) in Co(dmgBF2)2(CH3CN)2 complex
might be replaced by the solvents (Figure S3), and the
generated complexes are inactive for the catalysis of the proton
reduction. Another possibility for the inhibition of the
amination in methanol or DMF is that the excited state of
the photocatalyst is quenched by the large amount of such
solvents. The substrate scope of the amination with 2a was also
examined. Carbonyl-substituted benzenes and phenyl halides
could be smoothly aminated with high selectivities under the
above conditions (Figure S4).
In the above photocatalytic reaction 3a is the sole amination

product. Even at high conversion no further amination
products (multiaminobenzene) were detected. When 3a
instead of benzene was used as the starting material the
photocatalytic reaction under the identical conditions could not
occur after prolonged irradiation. One can expect that the
photoinduced electron transfer from 3a to QuCN+ excited state
should occur, because the oxidation peak potential of 3a is
smaller than that of benzene (Figure S5). Indeed, 3a can
quench the luminescence of QuCN+. Possibly, the pair of 3a
cation radical and QuCN• generated by the photoinduced
electron transfer undergoes rapid back electron transfer to

Scheme 2. Proposed Pathway for Functionalization of
Benzene

Scheme 3. Photocatalytic Amination of Benzenea

aλ > 300 nm, in CH3CN, ambinent conditions. Selectivity = yield/
conversion.
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return the starting material. Such a mechanism is well
precedented.7

Boc-NH2 serves as the amination reagent in the above
reaction. Accordingly, an additional synthetic step was required
to liberate the desired aniline, although such deprotection of
the amine group can be easily pursued. Subsequently we carried
out the amination of benzene directly using either ammonia or
an ammonium salt as the amination reagents. We found that
under the above optimized conditions direct use of ammonia as
the amination reagent does not lead to the production of
aniline. It has been well established that coordination of
ammonia to a transition metal ion14 or to BF3

15 would decrease
the strength of the N−H bonds of ammonia and cause a higher
acidity of the protons. Therefore, such ammine−metal or
ammine−BF3 complexes might be able to aminate benzene.
Thus, we first use hexaamminecobalt(III) chloride (2b) as an
amination reagent (Scheme 3b, Table S2). Irradiation of the
solution of benzene (10 mM), 2b (0.2 equiv), QuH+ClO4

− (10
mol%), and Co(dmgBF2)2(CH3CN)2 (3 mol%) in 10 mL of
acetonitrile for 10 h resulted in ∼16% conversion of benzene,
and the yield of aniline was ∼89% based on the consumption of
benzene. The unreacted benzene could be quantitatively
recovered. We then explored whether a catalytic amount of
cobaltous acetate can activate ammonia (2c) for the amination
reaction (Scheme 3c). We prepared the solution of benzene
(10 mM), ammonia (0.6 equiv), QuH+ (10 mol%), Co(AcO)2
(10 mol%), dmgH2 (5 mol%), and BF3·Et2O (5 mol%) in 10
mL of dry acetonitrile. We believe that the latter three
components can produce Co(dmgBF2)2(CH3CN)2 with the
solvent (see Supporting Information), and the excess of
Co(AcO)2 can form a complex with ammonia. The as-
generated Co(dmgBF2)2(CH3CN)2 and the cobalt−ammonia
complex14 can serve as the cocatalyst and amination reagent,
respectively (Table S3). Irradiation of the above-prepared
solution for 10 h led to 30% conversion of benzene. The yield
of aniline was ∼90%, and that of hydrogen was quantitative. We
found that use of excess of ammonia led to low conversion,
possibly due to the quenching of the excited QuH+ by
ammonia. Indeed, addition of ammonia to the solution with six
portions each of 0.2 equiv could improve the conversion of
benzene to over 40% under identical conditions, and the
selectivity of aniline and hydrogen remained unchanged.
Subsequently, we use catalytic amount of BF3 to activate
ammonia (Scheme 3d). Irradiation of the solution of benzene
(10 mM), ammonia (0.6 equiv), QuH+ (10 mol%), Co-
(dmgBF2)2(CH3CN)2 (3 mol%), and BF3·Et2O (5 mol%) in 10
mL of acetonitrile for 5 h led to ∼20% conversion of benzene,
and the yield of aniline based on the consumption of benzene
was ∼80%. The unreacted benzene was quantitatively
recovered. Evidently, BF3·Et2O with ammonia formed complex
BF3·NH3, thus ammonia was activated.
The dual catalyst system was successfully extended to the

hydroxylation of benzene. Irradiation of the degassed solution
of benzene (40 mM) and water (10 equiv) in acetonitrile with
5 mol% QuCN+ClO4

− as photocatalyst and 3 mol% Co-
(dmgBF2)2(CH3CN)2 as proton reduction catalyst for 5 h gave
∼90% conversion of benzene, and the yields of phenol (5a) and
hydrogen were >95% based on the consumption of benzene
(Figure S6). To evaluate whether this catalyst system could be
applied to large scale production of phenol, a preparative gram-
scale photocatalytic reaction was also performed (see
Supporting Information). After irradiation for 26 h, the isolated
yield of phenol was 41%, and an equivalent amount of H2 was

obtained. The remainder of the mass balance was attributed to
unreacted benzene.
The origin of the hydroxyl group in phenol and molecular

hydrogen was confirmed by the experiments using benzene-d6
and D2O or H2

18O as the starting materials (Figure S7). The
solution of benzene-d6, water, QuCN

+ClO4
−, and the cobalt

catalyst in acetonitrile was irradiated. After the irradiation was
completed, the sample was analyzed by GC-MS. A mass peak
was observed at m/z = 99 (phenol-d5) in the crude solution,
and H2/DH/D2 in the gas phase was detected by GC. Similarly,
H2/DH/D2 was also detected in the reaction of benzene and
D2O. On the other hand, after irradiation of the solution
containing benzene, H2

18O, and the catalysts, the produced
phenol showed a mass peak at m/z = 96 (Ph18OH). These
observations unambiguously indicate that water serves as the
source of O-atom in the produced phenol, and one proton in
the hydrogen molecule comes from benzene the other proton
from water. Fukuzumi and co-workers reported their excellent
results on photocatalytic oxygenation of benzene to phenol in
the presence of an oxidant.7 The O-atom in the product
originates from the oxidant. Use water as the source of O-atom
to oxidize alcohols to carboxylate salts and amines to amides by
employing Ru pincer complexes as catalyst has also been
recently reported.16 However, these reactions do not concern
arene hydroxylation and amination and are not photocatalytic
reactions. To our knowledge, our above work is the first report
for the reaction of benzene with water producing phenol and
hydrogen gas under mild conditions.
As in the photocatalytic amination, the produced phenol

cannot undergo further photocatalytic reaction to yield
dihydroxybenzene even at high conversion. This is in contrast
to the cases of one-step oxygenation of benzene to phenol,
where over-oxygenation occurs and the selectivity of phenol
production is low. To confirm this observation we carried out
the photocatalytic hydroxylation of phenol under the same
conditions. Indeed, after prolonged irradiation the starting
material was quantitatively recovered. Again, this selectivity
might originate from the fact that the photoinduced pair of 5a
cation radical and QuCN• undergoes fast recombination to
return to the starting material.7

Since 2-hydroxy aromatic ketones and halides are useful
synthetic intermediates for the preparation of various oxygen-
containing and halogen-containing heterocycles and key
building blocks for certain drugs,17 we subsequently studied
the photocatalytic hydroxylation of several carbonyl-substituted
benzenes and phenyl halides by use of the above optimized
reaction conditions. A variety of substituted benzenes such as
phenyl ketones, benzoic acid, benzoate, benzamide, and halides
(1b−1i) were transformed into the corresponding phenol
products (Table 1). Generally after 5 h irradiation the
conversion of substituted benzenes could reach to ∼60%, and
the yields of the substituted phenols and molecular hydrogen
were excellent based on the consumption of the starting
material. The hydroxylation products involve ortho, meta, and
para isomers, and among them the o-hydroxylation products
are dominated (55−65%) for phenyl ketones, benzoic acid,
benzoate and benzamide, while for phenyl halides the p-
hydroxylation products are preferably formed. For benzamide
(1f), in addition to hydroxylation product 5f, the amidation
product (5f′, 14% selectivity; see Supporting Information) was
also isolated. We have prepared the above samples but without
photocatalyst QuCN+. Irradiation of such samples led to no
conversion of the starting materials. This expelled the
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possibility that the above reactions are initiated by direct
excitation of the substrates. As aromatic ketones, acids, esters,
amides, and halides are common scaffolds in drugs and natural
products, this photocatalytic reaction can potentially open a
facile route to rapid access of hydroxylated analogues of a broad
range of substrates.
To summarize, we have developed a new type of reactions,

namely hydrogen-evolution cross-coupling reactions, that
combine a photocatalyst with a metal cocatalyst. By this
strategy, in the absence of any oxidant, we successfully
accomplished the amination and hydroxylation of benzene
with ammonia (or Boc-protected amine) and water as a partner
of the cross-couplings, respectively. These reactions were
accompanied by liberation of hydrogen gas. The yields and
selectivities of anilines and phenols were excellent, and the
reactions were carried out under unusually mild conditions. We
hope that this general method for combining activation of arene
C−H bonds with proton reduction will result in the
development of additional transformations.
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