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ABSTRACT

Catalytic carbonylativeC�Hcyclization of 2-arylphenols can be achieved in the presence of a ruthenium-based catalytic system. The process proceeds
efficiently under balloon pressure of CO and produces variously substituted 6H-dibenzo[b,d]pyran-6-one compounds, typically in good to high yields.
Functional groups such as the alkoxycarbonyl and acetyl groups as well as halogen atoms (F, Cl, and Br) are well tolerated during the reaction.

Since the pioneering work of Heck and co-workers in
1974,1 transition-metal-catalyzed carbonylation of aryl/
vinyl halides with carbonmonoxide (CO), especially using
a palladium (Pd)-based catalytic system, has witnessed
tremendous improvements in the synthesis of carbonyl-
group-containing molecules.2 On the other hand, despite
recent significant progress in transition-metal-catalyzed
C�H functionalization, there have only been limited ex-
amples utilizing CO for catalytic C�H carbonylation, in
which palladium has also played a pivotal role.3 C(sp2)�H

carbonylation of simple arenes was first developed by
Fujiwara et al. using a Pd catalyst.4,5 In 2004, Orito
reported on alkylamine-directed, Pd-catalyzed ortho
C(sp2)�H carbonylation, which provided facile access to
five- or six-membered benzolactams.6a Thereafter, several
procedures for directing group-assisted C�H carbonyla-
tion were established, providing efficient routes to carbox-
ylic acids and their derivatives regioselectively.6b�j,7 In our
research on the construction of heterocyclic compounds
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using Pd-catalyzed C�H cyclization,8 it was found that a
ruthenium (Ru)-based catalyst is highly active for carbonyl-
ative cyclization of 2-arylphenols via C�H functionaliza-
tion. This caused a novel access to 6H-dibenzo[b,d]pyran-6-
ones, which constitute an important class of heterocycles
with various biological activities.9,10 Although Ru catalysts
have recently attracted increased attention in catalyticC�H
functionalization because of their remarkable reactivity and
inexpensiveness compared with Pd and Rh,11 only one
catalytic system based on Ru, developed by Chatani et al.,
for carbonylative C�H cyclization has appeared in litera-
ture.12�14 This catalytic system successfully induces cycliza-
tion, involving the functionalization of both C(sp2)�H and
C(sp3)�Hbonds, with the aid of a 2-pyridinylmethylamino
moiety as a chelating N,N-bidentate ligand; however, the
requirement of high pressure CO (10 bar) and ethylene
(7 bar) as well as harsh reaction conditions (160 �C in
toluene) may be certain drawbacks to its applicability.
Our procedure employs a catalytic combination of Ru/
N-heterocyclic carbene (NHC)15 with a balloon pressure
of CO and O2 and successfully promotes the carbonylative
C�H cyclization under relatively mild conditions (100 �C
in mesitylene). Yields are generally good to high, and good
functional group compatibility (e.g., the alkoxycarbonyl
and acetyl groups, halogen atoms) is observed during the
process. Herein, the details of this procedure are described.

At the beginning of the study on carbonylative C�H
cyclization of 2-phenylphenol 1a (Table 1),16 the catalytic
activities of several transition metals were evaluated, and
the conclusionwas that theRucatalyst is superior toothers.
It was determined that the combination of [RuCl2(p-
cymene)]2/IPr along with PivOH17 serves as an effective
catalyst for cyclization. Using the catalytic system, the
reaction of 1a in mesitylene solvent, in the presence of
Cs2CO3 as a base under 1 atm of CO and O2 pressure,
smoothly proceeded, providing the desired product 2a

in fairly good yield (entry 1). Other metals, including Pd,
are less active in the process (entry 2). In the absence of
[RuCl2(p-cymene)]2, IPr, or PivOH, little or no carbonyla-
tiveC�Hcyclizationoccurred (entries 3�5).Moreover, the
reaction without O2 resulted in the quantitative recovery of
1a, suggesting thatO2 effectively functions as a reoxidant in
the dibenzopyranone synthesis (entry 6). Phosphine ligands
were completely inactive (entry 7), and the use of NHC
ligands, except IPr, led to lower yields (entry 8). Among the
bases tested, Cs2CO3 was optimal (entry 9); from solvent
screening, mesitylene proved to be the best (entry 10).
Subsequent examination revealed that the utilization of
balloon pressure of both CO and O2 increased the yield of
2a (entry 11).Ultimately, fine-tuning of the catalyst loading
led to the determination of the optimal conditions
for catalyzation, 4% [RuCl2(p-cymene)]2 and 12% IPr.

Table 1. Effect of Reaction Parameters

entry variation from standard conditions yield (%)a,b

1 none 45

2c “Pd,” “Rh,” or “Cu,” instead of “Ru” (0�25)

3 without [RuCl2(p-cymene)]2 0

4 without IPr 0

5 without PivOH 30

6c without O2 0

7 PPh3, P(o-tol)3, or dppf, instead of IPr 0

8 IMes-HCl, SIPr-HCl, SIMes-HCl, IAd-HCl, or

ItBu-HCl, instead of IPr-HCl

(7�43)

9 K2CO3, NaOAc, KOMe, KF, LiHMDS,

instead of Cs2CO3

(0�18)

10 toluene, DMSO, NMP, 2-PrOH, or AcOH,

instead of mesitylene

(0�32)

11 with CO and O2 balloons 68

12d 4% [RuCl2(p-cymene)]2 and 12% IPr

with CO and O2 balloons

88

a Isolated yields. bYields determined by GC analysis versus a cali-
brated internal standard in parentheses. c 5% transitionmetal, 10% IPr,
and 50% PivOH were used. d 3 equiv of Cs2CO3 was used.
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Under these conditions, dibenzopyranone 2awasproduced
in high yields (88%, entry 12).18

Once an efficient catalytic system was developed, the
substrate scope of the method was investigated (Table 2).
The process generally tolerates various substituents on the
benzene ring, suchas the electron-donatingmethoxygroup

(entries 1, 2, 14, and 15) and the electron-withdrawing
alkoxycarbonyl, acetyl, and trifluoromethyl groups
(entries 9�11). It is also noteworthy that halogen atoms
(F, Br, and Cl) were compatible during the process (entries
6�8 and 15). The reactions of substrates which possess
a substituent at the meta position on Ar1 (1c and 1e)
occurred regioselectively at the less sterically hindered
6-position; the corresponding dibenzopyranones (2c and
2e) were obtained exclusively, and no regioisomers were
observed (entries 2 and 4).On the other hand, the reactions
of 1d, bearing the methyl group at the ortho position on
Ar1, and 1k and 1l, possessing the electron-withdrawing
cyano group, were rather sluggish, resulting in a large
recovery of the starting materials (entries 5, 12, and 13).
Although the precise reaction mechanism of the process

remainsunclear, severalpreliminarymechanistic studieshave
been performed. An intermolecular competition experiment
using 1b and 1l suggested that electron-rich substrates
are more reactive (2b:2l ≈ 1.7:1, Scheme 1). In addition,
the catalytic C�H cyclization of the isotopically labeled
1a-d5 revealed that the C�H metalation step is reversible
(Scheme 2). A similar H/D exchange has previously been
reported in Ru-catalyzed C�H arylation and aroylation.19

In summary,we have developed a newRu-based catalytic
system that successfully effects carbonylative C�H cycliza-
tion of 2-arylphenols to produce 6H-dibenzo[b,d]pyran-
6-one compounds in good to high yields. The protocol

Table 2. Substrate Scope of 6H-Dibenzo[b,d]pyran-6-ones
Synthesis

aYields of isolated products. bWith 8% [RuCl2(p-cymene)]2 and
24% IPr-HCl.

Scheme 1. Intermolecular Competition Experiment

Scheme 2. C�H Cyclization of Labeled 1a-d5

(18) For details on the optimization studies, see Supporting Information.
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allows the use of balloon pressure CO and O2 under
relatively mild reaction conditions, making the method
highly applicable.Further studies to broaden the substrate
scope and to unveil the precise reaction mechanism of
the process are underway. We are also applying this
approach to the construction of other classes of hetero-
cyclic compounds.
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