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Abstract

The effect of microwave irradiation on the intermolecular and intramolecular
Friedel-Crafts acylation of aromatic compounds was investigated. Microwave
irradiation had no effect on the intermolecular reaction but had an accelerat-
ing effect on the intramolecular reaction. This enhanced intramolecular reac-
tivity that was attributed to the high probability of close proximity between
the reaction sites.
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1. Introduction

The Friedel-Crafts acylation of an aromatic compound introduces an acyl group
into the aromatic ring to form a new carbon-carbon bond [1] [2] [3]. The acyla-
renes produced by this reaction are important as reaction intermediates and can
be converted into various derivatives. In general, for Friedel-Crafts acylation
reactions, acyl chloride is used as the acylating agent and aluminum chloride is
used as the catalyst.

In recent years, many studies have examined the reaction accelerating effect of
microwave irradiation [4]. Microwaves, which have lower energy than ultravio-
let and infrared light, do not directly affect the electronic state of bonding. Nev-
ertheless, under microwave irradiation, reactions can be accelerated because mi-
crowaves act directly on polar substances to provide rapid heating. The organic
synthesis by microwave irradiation is characterized in that the reaction proceeds
at a very high rate and in a high yield.
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In this study, we investigated the effect of microwave irradiation on the acyla-
tion of naphthalenes. The rate constants were compared for reactions performed
under microwave irradiation conditions and under conventional heating condi-
tions. Similarly, the effect of microwave irradiation on the intramolecular Frie-

del-Crafts cyclization of benzene derivatives was examined.

2. Experimental
2.1. Substrates

Substituted naphthalenes and 3-phenylpropanoyl chloride were purchased

commercially.

Synthesis of 4-Phenylbutyloyl Chloride

To a round-bottom flask, 4-phenylbutanoic acid (25.0 g, 152 mmol) and thionyl
chloride (90.4 g, 760 mmol) were added and then refluxed for 3 h. After comple-
tion of the reaction, thionyl chloride was removed by distillation to obtain the
desired product. Yield: 26.9 g (96.7%). 'H NMR (400 MHz, CDCl;) ¢ 7.24 (d,
2H), 7.15 (t, 2H), 7.08 (t, 1H), 2.84 (t, 2H), 2.56 (t, 2H), 1.94 (quin, 2H).

2.2. Friedel-Crafts Reaction

2.2.1. Intermolecular Friedel-Crafts Reaction
To a 200 mL three-necked flask, 1-methylnaphthalene (3.45 mmol), aluminum
chloride (692 mg, 5.18 mmol), acetyl chloride (271 mg, 3.45 mmol) or benzoyl
chloride (485 mg, 3.45 mmol) as an acylating reagent, and 5 mL of
1,2-dichloroethane were added. The mixture was refluxed under microwave ir-
radiation and stirred while sampling at regular intervals. Microwave irradiation
was performed using a single-mode microwave reactor (u-reactor: Shikoku Kei-
soku Ltd.). The power was 500 W operated at 2.45 GHz, and the temperature
was measured using an optical fiber thermometer. After washing the sample
with sodium bicarbonate, the ratio of substrate to product was measured using
HPLC. The experiments using 2-methylnaphthalene, 2-chloronaphthalene, and
1-nitronaphthalene as reaction substrates were performed in the same manner.

Each experiment under conventional heating conditions was conducted using
the same reaction mixture in the same flask. The reaction was performed under
reflux conditions.

1-Acetyl-4-methylnaphthalene: '"H NMR (400 MHz, CDCl,) & 8.70 (d, 1H),
7.77 (d, 1H), 7.56 (d, 2H), 7.40 (t, 1H), 7.33 (t, 1H), 7.06 (d, 1H), 2.65 (s, 3H),
2.54 (s, 3H).

1-Benzoyl-4-methylnaphthalene: 'H NMR (400 MHz, CDCl,) 6 9.15 (d, 1H),
7.85 (d, 1H), 7.70 (d, 2H), 7.65 (d, 1H), 7.54 (t, 1H), 7.48 (t, 1H), 7.77 (t, 1H),
7.32 (t, 2H), 7.22 (d, 1H), 2.64 (s, 3H).

2-Acetyl-6-methylnaphthalene: 'H NMR (400 MHz, CDCL;) & 8.22 (s, 1H),
7.82 (d, 1H), 7.71 (d, 1H), 7.53 (d, 1H), 7.46 (s, 1H), 7.37 (d, 1H), 2.53 (s, 3H),
2.45 (s, 3H).

2-Benzoyl-6-methylnaphthalene: "H NMR (400 MHz, CDCL;) & 8.03 (s, 1H),
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7.72 (d, 2H), 7.70 (d, 1H), 7.61 (d, 1H), 7.55 (d, 1H), 7.49 (s, 1H), 7.38 (t, 2H),
7.33 (t, 1H), 7.30 (d, 1H), 2.45 (s, 3H).

2.2.2. Intramolecular Friedel-Crafts Reaction
To a 200 mL three-necked flask, 4-phenylbutanoyl chloride (3.45 mmol), alu-
minum chloride (692 mg, 5.18 mmol), and 5 mL of 1,2-dichloroethane were
added. During reflux by microwave irradiation, sampling was performed at reg-
ular intervals. Subsequently, the sample was washed with sodium bicarbonate
and analyzed by HPLC. The microwave irradiation and temperature measure-
ments were performed in a manner similar to that described for the intermole-
cular reactions. The experiment using 3-phenylpropanoyl chloride as the reac-
tion substrate was performed in the same manner.

Under conventional heating conditions, the same reaction mixture and flask
were used. The reaction was performed under reflux conditions.

3,4-Dihydro-1(2H)-naphthalenone: 'H NMR (400 MHz, CDCL,) & 7.86 (d,
1H), 7.40 (t, 1H), 7.21 (d, 1H), 7.15 (t, 1H), 2.56 (t, 2H), 2.55 (t, 2H), 1.84 (m,
2H).

1-Indanone: 'H NMR (400 MHz, CDCl,) 67.82 (d, 1H), 7.37 (t, 1H), 7.18 (d,
1H), 7.14 (t, 1H), 2.86 (t, 2H), 2.72 (t, 2H).

2.3. Instruments

The instrumentation and methods used for 'TH NMR and HPLC characterization

were the same as described in a previous paper [5].

3. Results and Discussion

To compare the results under microwave irradiation conditions and conven-
tional heating conditions, the reactions were performed under the same condi-
tions as much as possible. To achieve the same reaction temperature, all reac-

tions were carried out under reflux conditions.

3.1. Intermolecular Friedel-Crafts Reaction

The Friedel-Crafts acetylation and benzoylation of naphthalenes were investi-
gated. 1-Acyl-4-methylnaphthalene was obtained as the main product from
1-methylnaphthalene, and 2-acetyl-6-methylnaphthalene was obtained from
2-methylnaphthalene [6]. The acetylation of 2-chloronaphthalene produced sev-
eral isomers, which were confirmed to be monosubstituted products based on
the area ratio of the acetyl hydrogen to the naphthalene ring hydrogen in the 'H
NMR spectrum. Table 1 shows the rate constants of these reactions under con-
ventional heating conditions and microwave irradiation conditions. The reaction
rate constants were calculated considering second-order reactions between the
naphthalenes and the acid chlorides.

As shown in Table 1, for both the Friedel-Crafts acetylation and benzoylation
of 1-methylnaphthalene, there was no remarkable difference in reactivity be-

tween conventional heating and microwave irradiation. A comparison of the
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Table 1. The measured rate constants of A(MW) and k&(CH) of the intermolecular
Friedel-Crafts acylation reactions.

Substrate Acylation KM W{ X }03 K( CH),X {03

reagent (L-molts7!) (L-mol™ts71)
1-methylnaphthalene acetyl chloride 42 45
1-methylnaphthalene benzoyl chloride 4.4 3.9
2-methylnaphthalene acetyl chloride 32 29
2-methylnaphthalene benzoyl chloride 0.8 0.7
2-chloronaphthalene acetyl chloride 4.3 4.3
1-nitronaphthalene acetyl chloride 0 0
1-nitoronaphthalene benzoyl chloride 0 0

acetylation and benzoylation reactions showed that the acetylation reaction pro-
ceeded more easily, as is generally known. Similarly, no significant differences
were observed between conventional heating and microwave irradiation for the
reactions of 2-methylnaphthalene.

Similarly, with 2-chloronaphthalene, which is slightly less reactive, no micro-
wave accelerating effect was observed for the acetylation reaction. With
1-nitronaphthalene, which is known to be less reactive than the other reaction
substrates, the reaction did not proceed under either acetylation or benzoylation

conditions.

3.2. Intramolecular Friedel-Crafts Reaction

The intramolecular Friedel-Crafts reactions of 4-phenylbutanoyl chloride and
3-phenylpropanoyl chloride gave 3,4-dihydro-1(2H)-naphthalenone and
1-indanone, respectively. Table 2 shows the rate constants for these reactions, as
calculated considering first-order reactions for these substrates.

As shown in Table 1, the reaction to form the six-membered ring in
3,4-dihydro-1(2H)-naphthalenone proceeded more easily than that to form the
five-membered ring in 1-indanone. Further, for each reaction, the reaction rate
constant under microwave irradiation conditions was larger, and this enhance-
ment was particularly remarkable for the reaction in which the six-membered

ring was formed.

3.3. The Comparison between Intermolecular and Intramolecular
Reactions

In the intermolecular Friedel-Crafts reactions investigated in this study, no reac-
tion accelerating effect was observed. In contrast, a reaction accelerating effect
was observed for the intramolecular Friedel-Crafts reactions.

In general, the major difference between an intermolecular reaction and an
intramolecular reaction is the magnitude of the entropy change, as an intermo-
lecular reaction in which two molecules react has a more negative activation en-

tropy [7]. As the absolute value of the activation entropy is smaller in an
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Table 2. The measured rate constants of X\(MW) and k(CH) of the intramolecular
Friedel-Crafts acylation reactions.

Substrate K(MW) x 10* (s7) K(CH) x 10* (s7)
3,4-dihydro-1(2 H)-naphthalenone 28 21
1-hydroindone 7.3 4.2

intramolecular reaction, there is a high probability that the reaction sites will
approach each other. In other words, in an intramolecular reaction, an accele-
rating effect was observed because the microwave energy could be absorbed by

the state in which the reaction sites were close to each other.

4. Conclusion

The effect of microwave irradiation on intermolecular and intramolecular Frie-
del-Crafts acylation reactions was examined. The acylation of naphthalenes was
used as a model intermolecular reaction, whereas the cyclization on benzene de-
rivatives was used as a model intramolecular reaction. In comparison with con-
ventional heating conditions, microwave irradiation was found to have no acce-
lerating effect on the intermolecular Friedel-Crafts reaction, whereas an accele-
rating effect was observed for the intramolecular Friedel-Crafts reaction. This
effect was attributed to microwave irradiation increasing the probability that the
reaction sites were in close proximity to each other in the transition state for the

intramolecular reaction.
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