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ABSTRACT

A straightforward palladium-catalyzed oxidative C-3 arylation of quinoxalin-2(1H)-ones with arylboronic acids is reported. This protocol is
compatible with a wide range of functional groups and allows construction of various biologically important quinoxalin-2(1H)-one backbones.

The transition-metal-catalyzed functionalization of
nitrogenheterocycles1 has emerged as anatom-economical
alternative to the traditional processes for constructing
heterocycle�aryl linkages, which constitute an important
class of structures in natural and non-natural products.

In contrast to themuchmoredeveloped catalytic protocols
for the arylation of electron-rich heteroarenes or those
bearing a relatively acidic C�Hbond, arylation of electron-
deficient heterocycles has received much less attention.2

In connection with our ongoing program directed to-
ward antagonists of the N-methyl-D-aspartate (NMDA)
receptor,3 we required the synthesis of 3-arylquinoxalin-
2(1H)-ones 3 (Scheme 1). Traditional strategies to prepare
such molecules involve the construction of the heterocycle
rings by nontrivial and nonconvergent multistep reaction
sequences4 (Scheme 1, path a).
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Since the pioneering work of Suzuki and Miyaura,5 the
use of organoboron reagents as nucleophilic coupling
partners with various organic electrophiles provides a
powerful and general methodology for the formation of
carbon�carbon2,6 and carbon�heteroatom6 bonds. As
part of our continuing effort on the development of
methods to functionalize heterocycles via transition-
metal catalysis,7 we report herein the C-3 arylation of
quinoxalin-2(1H)-ones 1 with arylboronic acids using a
catalytic amount of Pd(II) under oxygen atmosphere
(Scheme 1, path b).
In our initial study, 1-N-methylquinoxalin-2(1H)-one 1a

and phenylboronic acid 2a were chosen as model sub-
strates for theC-3 arylation process (Table 1). The reaction
was first investigated under Pd(II)-catalyzed conditions in
the presence of phenanthroline as a ligand (7.5mol%) and
oxygen as an oxidant in DMF at 100 �C for 24 h. As
summarized in Table 1, the screening conditions revealed
that the source of palladium used has an important
influence on the outcome of the present reaction. Thus,
the use of PdCl2 or PdBr2 (5 mol %) did not promote the
arylation reaction (entries 1 and 2), while in the presence of
Pd(OAc)2, the reaction led to a concomitant formation of
the expected 3-phenyl quinoxalin-2(1H)-one 3a, together
with byproduct 4a derived from the addition of phenyl-
boronic acid to 1a under Pd catalysis.8 After a tedious
separation, 3awas isolated in amoderate 50%yield (entry 3).
Attempts to avoid the formation of 4a and increase the
yield of 3a have failed under various other palladium
catalysts (entries 4 and 5). However, performing the
reaction by bubbling oxygen for few a minutes (3 min)
and leaving theO2 balloon during the whole reaction time
under otherwise identical conditions of entry 3 dramati-
cally suppresses the formation of 4a and increases the

yield of 3a up to 85% (entry 6). Evaluation of other
ligands such as 5-nitrophenanthroline or 2,20-bipyridine
did not improve the conversion in 3a (entries 7 and 8).
Only 50% conversion was observed when the amount of
the catalytic system was split in two (entry 9). In sum-
mary, the best selected conditions were found to require 1
(0.5 mmol), 2 (0.75 mmol), Pd(OAc)2 (5 mol %), and
phenanthroline (7.5 mol %) under a balloon of O2 in
DMF at 100 �C for 20 h. For control experiments, no
conversion was observed in the absence of Pd(OAc)2 or
Phen and in the absence of Pd(OAc)2 and Phen.9

Prompted by these results, we subsequently investigated
the substrate scope for the Pd-catalyzedC-3 arylation of 1a
with a broad range of arylboronic acids. As illustrated in
Scheme 2, electron-rich and electron-deficient, para- and
meta-substituted arylboronic acids all underwent C-3 ar-
ylation of 1a efficiently from moderate to good yields
(products 3a�h and 3k). In the case of 3l, the yield was
moderate (40%) due to incomplete coupling reaction. The
sterically demanding ortho-substitution pattern was toler-
ated toward coupling reaction of 1a, leading to 3-aryl-
quinoxalin-2(1H)-one derivatives including compound 3j

having a pyrene moiety. Interestingly, the presence of a

Scheme 1 Table 1. Optimization of 1a Coupling with Phenylboronic
Acid 2aa

entry [Pd] L ratio 1a/3a/4ab yield (%)c

1 PdCl2 Phen 100/0/0

2 PdBr2 Phen 100/0/0

3 Pd(OAc)2 Phen 10/60/30 50

4 Pd(TFA)2 Phen 35/5/60

5 Pd(OPiv)2 Phen 20/60/25

6d Pd(OAc)2 Phen 10/90/0 85f

7d Pd(OAc)2 5-NO2Phen 20/80/0

8d Pd(OAc)2 Bipy 15/85/0

9d,e Pd(OAc)2 Phen 50/50/0

aConditions: 1a (0.5 mmol), 2a (1.5 equiv), Pd (5 mol%), ligand (7.5
mol %), DMF (2 mL) were heated in a sealed tube at 100 �C for 20 h
under oxygen atmosphere. bThe ratio was determined by 1H NMR in
the crude reaction mixture based on the chemical shift of the proton
signal of�CH3 (ppm) at the N1 position (1a: δ=3.70, 3a: δ=3.76, 4a:
δ = 3.42). cYield of isolated 4a. dUnder O2 balloon pressure for 20 h.
e 2.5 mol % of Pd(OAc)2 and 4 mol % of Phen were used. fNo product
could be formed in the absence of Pd(OAc)2 and/or Phen.
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hydroxyl and free amino groups on the arylboronic acid
partner did not interfere with the outcome of the present
reaction (compounds 3d and 3h).
To expand the scope of our method further, a series of

quinoxalin-2(1H)-ones as well as related heterocycles (e.g.,
pyrazin-2(1H)-one and benzo[g]quinoxalin-2(1H)-one)
were subjected to the coupling protocol with various
arylboronic acids (Scheme 3). We were pleased to observe
that N-alkyl- and N-benzylquinoxalin-2(1H)-ones having
electron-withdrawing or electron-donating groups on the
aromatic nucleus led to the corresponding compounds
3m�s in good yields. Interestingly, the reaction is not
effective with tautomerizable10 quinoxalin-2(1H)-one in
which the nitrogen atom is unsubstituted, probably due to
the very poor solubility of the substrate. Compounds 3q�s

bearing electrophilic functional groups are of particular
interest, as they contain reactive handles and, as such,
could be used as a foundation for the synthesis of more
complex molecules. Finally, the use of this protocol to
5,6-disubstituted pyrazin-2(1H)-one as well as benzo-
[g]quinoxalin-2(1H)-one was successful and provided the
arylated compounds 3t,u in 91 and 80%yields, respectively.
With substantial amounts of 3a and 3b in hand

(Scheme 2), we focused our attention on demonstrating
whether our method could be employed as a platform for

molecular diversity. We have been particularly interested
in the regioselective C�H functionalization of substrates
of type 3 using the nitrogen atom (N4) of the quinoxalin-
2(1H)-one nucleus as the Lewis basic directing group. In
this context, transition-metal-catalyzed chelation-assisted
C�H functionalization has emerged as a powerful tool for
the regioselective construction of carbon�carbon and
carbon�heteroatom bonds.11 Notably, 3-arylquinoxalin-
2(1H)-ones 3v�x bearing an acetate group11d or a bromine
atom11i,j could easily be prepared via a regioselective
Pd-catalyzed chelation-assisted C�H functionalization
(Scheme 4).
A possible mechanism for the C-3 arylation of quinox-

alin-2(1H)-ones is depicted in Scheme 5. Arylpalladium
complex I, which is formed in situ by the transmetalation
of an aryl group from boron to palladium,12 is envisioned

Scheme 2. Scope of Boronic Acid Coupling with Quinoxalin-
2(1H)-one 1aa

aConditions: quinoxalinone 1a (0.5 mmol), boronic acid 2 (1.5
equiv), Pd(OAc)2 (5 mol %), Phen (7.5 mol %), and DMF (2 mL)
under O2 (balloon pressure) at 100 �C for 20 h. b 2 equiv of arylboronic
acid was used. c 52% of starting material 1a was recovered unchanged.

Scheme 3. Scope of Quinoxalin-2(1H)-one 1 Coupling with
Boronic Acidsa

aConditions: quinoxalinone 1 (0.5 mmol), boronic acid 2 (1.5 or 2
equiv), Pd(OAc)2 (5 mol %), Phen (7.5 mol %), DMF (2 mL) under O2

(balloon pressure) at 100 �C for 20 h. b 2 equiv of boronic acid was used.
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to take place as an initial step. This later evolves through
themigratory insertionmechanism into quinoxalin-2(1H)-
one 1a to give a palladium(II) complex II.9,13 Subsequent
β-hydrogen elimination from II produces a Heck-type
product 3a and hydridopalladium(II) acetate III (path a).
Compound 3a could also be formed through oxygen-
promoted oxidation of 4a which arises from protonolysis
of II (path b).

To gain insight into this reaction, we conducted the
following experiments (Scheme 6). First, we studied the
transformation in the absence of O2. If the reaction
involves a β-hydride elimination step from II (path a),
theoretically the C-3 arylation of 1a to furnish 3a is
expected to be difficult because the Pd(II) species cannot
be regenerated from Pd(0). It was observed that the
reaction of 1a with 2a under optimal conditions of entry
6 (Table 1) but using an argon atmosphere instead of

oxygen furnished a mixture of 3a and 4a in a 8/92 ratio
(Scheme 6). This result clearly suggests that 4a is the
reaction product which is oxidized into 3a off the catalytic
cycle. To further strengthen the above hypothesis, submit-
ting the isolated compound 4a to aerobic conditions
(DMF, O2, 100 �C) furnished the oxidized product 3a

quantitatively within only 2.5 h. Summarizing all the
information, we assume that pathway b involving a pro-
tonolysis followed by oxidation of 4amight be considered
more likely, while the β-hydrogen elimination (path a)
cannot be discarded.
In conclusion,we successfully developed an efficient and

practical Pd(OAc)2/phenanthroline-catalyzed system for
C�H arylation of various quinoxalin-2(1H)-ones with
arylboronic acids. The protocol exhibited a broad sub-
strate scope with respect to both the coupling partners,
thus providing an attractive alternative to the existing
methods for the synthesis of 3-arylquinoxalin-2(1H)-ones
3 of biological interest. Moreover, we have demonstrated
that the nitrogen atomof the quinoxalinone nucleus can be
used in a regioselective Pd-catalyzed chelation-assisted
C�H functionalization of 3-arylquinoxalin-2(1H)-ones 3.
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