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ABSTRACT

An efficient synthesis of substituted benzenes via a base-catalyzed [3 þ 3] aerobic oxidative aromatization of R,β-unsaturated carbonyl
compounds with dimethyl glutaconate was reported. All the reactions were carried out under mild, metal-free conditions to afford the products
in high to excellent yields with molecular oxygen as the sole oxidant and water as the sole byproduct. Furthermore, a more convenient tandem
[3 þ 2 þ 1] aerobic oxidative aromatization reaction was developed through the in situ generation of the R,β-unsaturated carbonyl compounds
from aldehydes and ketones.

Substituted arenes are important building blocks in
organic synthesis and key constituents of many pharma-
ceuticals and electronic materials.1 The utility of these
molecules directly reflects the identity and pattern of
substituents on the benzene ring,2 and the regiospecific
construction of polysubstituted benzene derivatives with
flexible substituent patterns are highly desirable.1�3 As an
efficient alternative to the routes established for the mod-
ification of given arenes relying on directed aromatic
functionalization (including electrophilic or nucleophilic

substitutions, catalyzed coupling, metalation functionali-
zation reactions, etc.),3 many methods have been devel-
oped to construct polysubstituted benzenes from acyclic
precursors.4�11 Although these approaches have each
contributed to the development of the synthetic pathway
for the synthesis of various substituted benzenes, to our
knowledge, there has been no report on the synthesis of
polysubstituted benzenes from commercially available
starting materials in a single step under mild conditions
with the advantage of environmentally benign, atom- and

(1) Modern Arene Chemistry; Astruc, D., Ed.; Wiley-VCH: Weinheim,
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energy-efficient processes that do not rely on toxic/pre-
cious metals.
During the course of our research, we have investigated

the base-mediated [5 þ 1] benzannulation9a of alkenoyl
ketene dithioacetals or analogues with nitro alkanes9b or
aryl methyl ketones,9c [4 þ 2] benzannulation of cyclobu-
tenones and active methylene ketones,10 and [4 þ 1 þ 1]
oxidative benzannulation of acetyl ketene dithioacetals,
aromatic aldehydes, and aryl methyl ketones in aerobic
conditions.11 In a recent study, it was found that a series of
polysubstituted benzenes can be easily prepared through a
base-catalyzed [3þ 3] aerobic oxidative benzannulation of
R,β-unsaturated carbonyl compounds with dimethyl glu-
taconate. The process proceeded under the catalysis of
sodium hydroxide at room temperature with the use of
aerial oxygen as the oxidant and afforded the products in
high to excellent yields. Furthermore, a more convenient
tandem [3 þ 2 þ 1] aerobic oxidative benzannulation
reaction was developed through the in situ generation of
the R,β-unsaturated carbonyl compounds from aldehydes
and ketones.We report here these new results, which allow
quick and atom-economical assembly of substituted ben-
zene derivatives from inexpensive and readily available
materials and tolerate a broad range of functional groups.
R,β-Unsaturated carbonyl compounds are readily avail-

able precursors. However, to the best of our knowledge,
the direct formation of multisubstituted benzenes via [3 þ
3] benzannulation with R,β-unsaturated carbonyl com-
pounds as 1,3-dielectrophiles has rarely been reported
and R,β-unsaturated aldehydes are less effective precur-
sors.5,6 In addition, an equivalent oxidant (for example
Cu(OAc)2) and harsh reaction conditions are generally

required.6b In the present study, initially, the model reac-
tion of (E)-4-phenylbut-3-en-2-one 1a (1.0 mmol) with
dimethyl glutaconate 2 (1.2 mmol) was examined carefully
to optimize the reaction conditions (Table 1). Indeed, the
[3 þ 3] benzannulation reaction of 1a with 2 could easily
proceed togive the polysubstitutedbenzene 3a in 93%yield
in the presence of NaOH (0.5 equiv) in CH3CN (5.0 mL)
within 15 min in open air (Table 1, entry 2). Interestingly,
either decreasing or increasing the amount of NaOH
led to lower yields of 3a (Table 1, entries 1 and 3). In
comparison, other bases such as DBU (1,8-diazabicyclo-
[5.4.0]undec-7-ene) and K2CO3 were less (Table 1, entry 4)
or not effective (Table 1, entry 5). Among the solvents
tested, acetonitrile seemed to be the best choice (Table 1,
entry 2).Other solvents, such as THF,DMF,DMSO, and
1,4-dioxane, gave lower product yields (Table 1, entries
6�9). In comparison, no desired product 3a could be
detected when the reaction was carried out in dichloro-
methane (DCE, Table 1, entry 10).

Next, under the optimal conditions (Table 1, entry 2),
the scope of the reactionwas investigatedby the reaction of
dimethyl glutaconate 2 with selected R,β-unsaturated car-
bonyl compounds 1, and the results are summarized in
Table 2. It is obvious that the tandem reaction showed
broad tolerance for various R,β-unsaturated carbonyl
substrates 1. All of selected substrates 1a�k, bearing
phenyl (entry 1), electron-deficient (entries 2�5), elec-
tron-rich aryl (entries 6�8), heteroaryl (entry 9), phenylvi-
nyl (entry 10), and alkyl (entry 11) R groups at the β-
position of the enone moiety, reacted smoothly with
dimethyl glutaconate 2 to give the corresponding polysub-
stituted benzenes 3a�k in high to excellent yields under
very mild conditions within 10 to 90 min. Similarly, the
desired substituted benzenes 3l and 3m were prepared in
80% and 88% yields via the [3 þ 3] benzannulation of 1l

Table 1. Optimization of Reaction Conditions

entry

base

(equiv) solvent

time

(min)

yielda

(%)

1 NaOH (0.4) CH3CN 15 73

2 NaOH (0.5) CH3CN 15 93

3 NaOH (0.6) CH3CN 15 70

4 K2CO3 (0.5) CH3CN 35 85

5 DBU (0.5) CH3CN 180 0

6 NaOH (0.5) THF 30 70

7 NaOH (0.5) DMF 60 58

8 NaOH (0.5) DMSO 60 68

9 NaOH (0.5) 1,4dioxane 60 66

10 NaOH (0.5) DCE 180 0

a Isolated yields.
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(R1 = Et, entry 12) and 1m (R1 = Ph, entry 13) with 2,
respectively. Moreover, the reaction of R,β-unsaturated
aldehyde 1n (R1 = H) could also give the desired product
3n in 70% yield in the presence of stoichiometric amounts
ofNaOHat 50 �C in 120min (entry 14). In addition, in the
cases of substrates 1o and 1p bearing an acetyl or ethox-
ycarbonyl group, the reaction could work well, yield-
ing the desired polysubstituted benzenes 3o and 3p in
70% and 92% yields, respectively (entries 15 and 16).
Clearly, the above-mentioned [3 þ 3] benzannula-
tion reaction provides a remarkably simple and effi-
cient access to polysubstituted benzenes, and all the
R,β-unsaturated carbonyl compounds 1 including
R,β-unsaturated aldehyde (entry 14), chalcones (entry 13),
and R,β-unsaturated ketones (entries 1�12, 15, and 16)
are effective precursors.

On the basis of the above experimental results together
with the related reports,6b,9�13 a possible mechanism for

the based-catalyzed [3 þ 3] oxidative benzannulation
reaction between R,β-unsaturated carbonyl compounds 1
withdimethyl glutaconate 2 is proposed inScheme1. In the
presence of NaOH, the reaction starts from the intermo-
lecular Michael addition of 2 to 1 to give the intermediate
I.9 Subsequently, the intermediate II, generated via CdC
double bond isomerization of intermediate I under basic
conditions, undergoes an intramolecular aldol cyclization
to afford the six-membered alcohol intermediate III.12

Finally the benzannulation product 3 is formed via a
sequential dehydration (IIIfIV) and oxidative aromatiza-
tion with molecular oxygen (from air) process (IVf3,
Scheme 1).6e,11,13

Multicomponent reactions (MCRs), the reactions in
which several components are combined in sequence,
and without isolation of intermediates, are greatly sought
because of the inherentmolecular diversity, efficiency, and
atom economy.8,11,14,15 In contrast to the rapid develop-
ment of benzannulation reactions,1�13 only limited exam-
ples of [3þ 2þ 1] benzannulationhave been reported7 and,
to date, [3 þ 2 þ 1] benzannulations using three different
precursors have rarely been reported except for the case
limited to the combination of chalcone, malononitrile, and
nitroethane.8a Prompted by the success of the remarkably
simple and efficient [3 þ 3] benzannulation reaction
(Table 1 and Scheme 1) and combined with the considera-
tion of the significant advantages of multicomponent
reactions (MCRs),14 a three-component reaction ([3 þ 2
þ 1] benzannulation) combined with the in situ generation
of a Michael acceptor under basic conditions was exam-
ined. To our delight, after optimization of the reaction
conditions, itwas found that the three-component reaction
of aldehydes 4, ketones 5, and dimethyl glutaconate 2 can
proceed smoothly in the presence of 1.5 equiv of NaOH in
CH3OH within 65�180 min to give the corresponding
polysubstituted benzenes 3b, 3m, and 3q�s in high to
excellent yields (Table 3, entries 1�5).

Table 2. NaOH-Catalyzed [3 þ 3] Benzannulation Reaction of
R,β-Unsaturated Carbonyl Compounds 1 with Dimethyl Glu-
taconate 2a

entry 1 R R1 R2

time

(min) product

yieldb

(%)

1 1a C6H5 Me H 15 3a 93

2 1b 4-ClC6H4 Me H 30 3b 93

3 1c 4-BrC6H4 Me H 10 3c 94

4 1d 4-FC6H4 Me H 45 3d 93

5 1e 4-NO2C6H4 Me H 15 3e 88

6 1f 4-MeC6H4 Me H 30 3f 90

7 1g 4-MeOC6H4 Me H 60 3g 90

8 1h 3,4-

CH2O2C6H3

Me H 60 3h 94

9 1i 2-furyl Me H 60 3i 92

10 1j PhCHdCH Me H 30 3j 92

11c 1k C6H11 Me H 90 3k 80

12 1l C6H5 Et H 90 3l 80

13d 1m C6H5 C6H5 H 60 3m 88

14e 1n C6H5 H H 120 3n 70

15f 1o C6H5 Me COMe 120 3o 70

16g 1p C6H5 Me CO2Et 150 3p 92

aReaction conditions: 1 (1.0 mmol), 2 (1.2 mmol), NaOH (0.5 mmol),
CH3CN (5.0 mL), room temperature. b Isolated yields. cThe reaction
was performed at 50 �C. dThe reaction was performed at 30 �C. eThe
reaction was performed in the presence of NaOH (1.0 equiv) at 50 �C.
fThe reaction was performed at 60 �C. gThe reaction was performed at
70 �C.

Scheme 1. Proposed Mechanism for Formation of Benzenes 3
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In summary, we have developed a novel base-catalyzed
[3þ 3] aerobic oxidative aromatization ofR,β-unsaturated

carbonyl compounds with dimethyl glutaconate, which
provides a highly facile and efficient method for the rapid
construction of polysubstituted benzenes fromeasily avail-
able startingmaterials inhigh to excellent yields undermild
and metal-free conditions. Most attractively, a more con-
venient tandem [3þ 2þ 1] aerobic oxidative aromatization
reactionwas also carried out through the in situ generation
of the R,β-unsaturated carbonyl compounds from alde-
hydes and ketones, thereby greatly improving the reaction
efficiency. Further studies are in progress.
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Table 3. Three-Component [3 þ 2 þ 1] Benzannulation Reac-
tion of Aldehydes 4, Ketones 5, and Dimethyl Glutaconate 2a

entry R R1

time

(min) product

yieldb

(%)

1c C6H5 C6H5 65 3m 88

2 4-ClC6H4 C6H5 120 3q 94

3 4-MeC6H4 C6H5 120 3r 90

4 2-furyl C6H5 180 3s 93

5d 4-ClC6H4 CH3 80 3b 92

aReaction conditions: 2 (1.2 mmol), 4 (1.0 mmol), 5 (1.0 mmol),
NaOH (1.5 mmol), CH3OH (5.0 mL), 65�180 min, room temperature.
b Isolated yields. cThe reaction was performed at 30 �C. dThe reaction
was performed at 50 �C.
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