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Abstract

Microwave-assisted reactions are an environmentally friendly approach for
synthesizing organic compounds. In this study, oximation of acetylferrocene
and acetophenone was conducted under both microwave irradiation and
conventional heating conditions. Acetylferrocene and acetophenone were
subjected to oximation under the two conditions in various solvent mixtures,
and the extent of conversion was determined by "H nuclear magnetic reson-
ance spectroscopy. Microwave irradiation was found to accelerate the rate of
oximation of both acetylferrocene and acetophenone. Acceleration of the
reaction under microwave irradiation was attributed to the efficient absorp-
tion of microwaves by the ferrocene nucleus.
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1. Introduction

Environmentally friendly synthesis is a major concern in synthetic organic che-
mistry today [1] [2] [3] [4]. To conduct an environmentally friendly synthesis,
the use of clean reagents and clean solvents such as water or supercritical fluids
is essential. It is also important to use clean sources to drive the reactions. These
sources include light, electricity, and catalysts.

Organic reactions initiated by microwave irradiation proceed extremely fast,
giving products in high yields and high selectivities [5]. The use of microwaves is
an environmentally friendly approach as it does not generate by-products.
Moreover, the reaction is completed in a short time, because of which this is an
energy-saving approach too. Organic synthesis using microwave irradiation was

first reported in 1986 [6]. The reaction time was significantly shorter than that
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required using conventional heat sources such as an oil bath. Unlike conven-
tional heating, heating by microwaves generates heat from the interior of the
molecule. Therefore, in a solvent with a large dielectric loss, the energy generat-
ed by microwaves becomes larger than the energy dissipated, and a phenomenon
called superheating occurs, in which the solvent is heated above its boiling point.
The formation of a local spot, also known as a hot spot, is considered to be one
of the factors accelerating the reaction. Other factors such as an increased fre-
quency factor and decreased activation energy, as suggested by the reaction rate
equation, have been proposed.

In addition, selective absorption of microwaves by protic solvents, polar sub-
strates, and polar reaction intermediates is considered to be a major factor con-
tributing to the increased reaction rates under microwave irradiation [7].

Oximes are an industrially useful compound and are employed as a starting
material for the Beckmann rearrangement [8], which involves the conversion to
nitrile via a dehydration reaction [9]. Thus, it is indispensable to develop a me-
thod for conducting the oximation in a short time and obtain the products in
high yields.

The purpose of this study was to synthesize acetylferrocene oxime under con-
ventional heating conditions and microwave irradiation (Scheme 1) and com-
pare their yields. The effect of microwave absorption by the solvent was also
examined. We also investigated the effect of microwave irradiation on the ferro-
cene nucleus by performing the same reaction using acetophenone. The mechan-

isms of the microwave irradiation-assisted chemical reactions were investigated.

2. Experimental

2.1. Substrates

Acetophenone was purchased from Nacalai Tesque, LTD.

Synthesis of Acetylferrocene [10]

In a 1000 mL three-necked flask attached with a condenser, 37.2 g (0.20 mol) of
ferrocene, 108.6 g (1.06 mol) of acetic anhydride, and 8.0 mL (1.6 mol) of phos-
phoric acid were added. The mixture was placed in an oil bath at 100°C for 10
min and stirred for the reaction to proceed. Following this, the mixture was
cooled with ice water and neutralized with 500 mL of a 1 N aqueous sodium

carbonate solution. The precipitate formed was filtered under suction using a
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Scheme 1. Oximation of acetylferrocene and acetophenone.
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Nutche filter, washed with water until there was no odor of acetic acid, and dried
overnight in a desiccator. The reaction was dissolved in a small amount of tolu-
ene, and impurities were removed by column chromatography using a column
packed with 400 g of activated alumina (200 mesh). Toluene was used as the de-

veloping solution, and it was distilled off from the solution to obtain the product.

2.2. Oximation

2.2.1. Conventional Heating Conditions

Acetylferrocene (0.7 mmol, 0.16 g) and hydroxylamine hydrochloride (0.7
mmol, 0.054 g) were dissolved in 20 mL of various solvents. The solution was
placed in a 50 mL three-necked flask and heated and stirred in an oil bath (1).
The temperature was set to the maximum temperature possible under micro-
wave irradiation. After the reaction, the mixture was cooled to room tempera-
ture, extracted with diethyl ether, and washed with water three times. Then,
magnesium sulfate was added to the organic layer and dried. Following this,
pleated filtration was performed to evaporate the filtrate. The desired product
was isolated by column chromatography using hexane-methyl acetate mixed

solvent. The same method was used for the oximation of acetophenone.

2.2.2, Microwave Irradiation Conditions

A 20 mL solution of 0.7 mmol (0.16 g) of acetylferrocene and 0.7 mmol (0.054 g)
of hydroxylamine hydrochloride in various solvents was placed in a 50 mL
three-necked flask. The solutions were subjected to microwave irradiation at 100
W for any time for the reaction to proceed. After completion of the reaction, the
mixture was cooled to room temperature, extracted with diethyl ether, and
washed with water three times. Then, magnesium sulfate was added to the or-
ganic layer and dried. Following this, pleated filtration was performed to evapo-
rate the filtrate. The desired product was isolated by column chromatography
using a hexane-ethyl acetate mixed solvent. The same method was used for the

oximation of acetophenone.

2.3. The Measuring Equipment

The 'H nuclear magnetic resonance was measured in chloroform-d at room
temperature using a JEOL ECS-400 spectrometer.

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. Extent of Conversion under Conventional Heating Conditions
and Microwave Irradiation

The reaction was conducted in a pyridine:ethanol (1:1) mixed solvent. Figure 1

DOI: 10.4236/gsc.2021.111001

3 Green and Sustainable Chemistry


https://doi.org/10.4236/gsc.2021.111001

Y. Okada, R. Maeda

and Figure 2 show the yield of acetylferrocene oxime and acetophenone oxime,
respectively. The yields for both acetylferrocene oxime and acetophenone oxime
were higher under microwave irradiation, suggesting that microwaves could ac-

celerate the reaction.

3.2. Effect of Microwave Irradiation on Ferrocene Nucleus

We investigated the effect of microwave irradiation on the ferrocene nucleus.
Pyridine:1-octanol mixed solvents (1:1, 1:3, and 1:20) were used for the reaction.
When a higher alcohol, ie, octanol, was used in the solvent mixture, the
low-polarity solvent did not absorb microwaves to a considerable extent [7].
Consequently, microwaves were selectively absorbed by the substrate. As a typi-
cal example, the yields in 1:3 pyridine-1-octanol mixture are shown in Figure 3
and Figure 4. The yield of oxime obtained from acetylferrocene was slightly
higher under microwave irradiation. On the other hand, there was no significant
difference in the yields obtained through conventional heating and microwave

irradiation when acetophenone was used as the starting compound.
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Figure 1. Yield of acetylferrocene oxime as a function of time (pyridine:ethanol = 1:1).
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Figure 2. Yield of acetophenone oxime as a function of time (pyridine:ethanol = 1:1).
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Figure 3. Yield of acetylferrocene oxime as a function of time (pyridine:1-octanol = 3:1).
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Figure 4. Yield of acetophenone oxime as a function of time (pyridine:1-octanol = 3:1).

Therefore, we investigated the effect of microwaves under mild conditions by
reducing the amount of hydroxylamine hydrochloride. Table 1 and Table 2
show the results with acetylferrocene and acetophenone, respectively. Under
microwave irradiation, the yield decreased by only a few percent when the
amount of hydroxylamine hydrochloride was decreased (Entry 1 and 2, Table
1). However, under conventional heating conditions, the yields decreased signif-
icantly when the amount of hydroxylamine hydrochloride was decreased (Entry
6 and 5). Noticeably, the yield under conventional heating conditions was higher
than that under microwave irradiation (Entry 2 and 6). However, when the
amount of hydroxylamine hydrochloride was halved, the yield under microwave
irradiation was slightly higher than that under conventional heating conditions,
despite the unfavorable temperature (Entry 1 and 5). A remarkably higher yield
was obtained even when the microwave output was increased to 300 W (Entry 2
and 4).
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Table 1. Yields from the oximation of acetylferrocene.

. Reaction = Temperature H,NOH Conversion
Entry Condition* . . b
time (s) Q) (mmol) (%)
.. 16
1 Irradiation of MW (100 W) 240 68 0.35 i
sym:anti = 0:100
s 19
2 Irradiation of MW (100 W) 240 68 0.70 i
symanti=11:89
L. 55
3 Irradiation of MW (100 W) 240 68 1.40 .
symanti = 13:87
- 92
4 Irradiation of MW (300 W) 120 113 0.70 K
symanti = 5:95
. . 14
5 Conventional heating 240 68 0.35 .
sym:anti = 0:100
. . 34
6 Conventional heating 240 68 0.70 .
symanti = 21:79
. . 51
7 Conventional heating 240 68 1.40 .
sym:anti = 8:92
. . 91
8 Conventional heating 120 113 0.70

syn:anti = 10:90

*Solvent is pyridine:1-octanol = 1:20; *Conversion determined by 1H-NMR integrated value.

Table 2. Yields from the oximation of acetophenone.

Ent Condition® Reaction  Temperature H,NOH Conversion
ntr ondition
Y time (s) (°C) (mmol) (%)°
- 45
1 Irradiation of MW (100 W) 240 68 0.35 i
sym:anti = 20:80
. 65
2 Irradiation of MW (100 W) 240 68 0.70 i
symanti = 23:77
L 97
3 Irradiation of MW (100 W) 240 68 1.40 X
symanti = 11:89
L 61
4 Irradiation of MW (300 W) 120 113 0.70 i
sym:anti = 20:80
. . 38
5 Conventional heating 240 68 0.35 .
symanti = 16:84
. . 74
6 Conventional heating 240 68 0.70 .
symanti = 22:78
. . 97
7 Conventional heating 240 68 1.40 .
sym:anti = 9:191
. . 58
8 Conventional heating 120 113 0.70

sym:anti = 14:86

*Solvent is pyridine:1-octanol = 1:20; *Conversion determined by 1H-NMR integrated value.
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When acetophenone was used as the starting compound, the yield of oxime
decreased significantly when the amount of hydroxylamine hydrochloride was
reduced under conventional heating conditions. This was in contrast to that ob-
served for acetyl ferrocene under microwave irradiation, indicating that acetyl-
ferrocene is susceptible to the microwave effect even under mild conditions.

It is evident from both the tables that conventional heating of acetylferrocene
and acetophenone gave higher yields at a higher concentration of hydroxylamine
hydrochloride (Entry 2 and 6, Table 1 and Table 2). However, when the amount
of hydroxylamine hydrochloride was halved, the yield under microwave irradia-
tion was (Entry 1) slightly higher than that under conventional heating condi-
tions (Entry 5), regardless of the unfavorable microwave irradiation conditions.
The difference in yield of acetylferrocene oxime was 15% when a high concen-
tration of hydroxylamine hydrochloride was used (Entry 2 and 6). The differ-
ence was only 2% when a low concentration of hydroxylamine hydrochloride
was used (Entry 1 and 5). Therefore, there was a microwave effect with a differ-
ence of 15% — 2% = 13%. On the other hand, with acetophenone, the difference
in yield was 9% (Entry 2 and 6) and 7% (Entry 1 and 5) at higher and lower
concentrations of hydroxylamine hydrochloride, respectively. Therefore, there
was a microwave effect with a difference of 9% — 7% = 2%.

Under mild conditions, that is, low concentration of hydroxylamine hydroch-
loride, acetylferrocene showed a more prominent microwave effect. This is be-
cause the ferrocene nucleus in the molecule effectively absorbs microwaves [11]
[12]. In addition, the yield of acetylferrocene oxime increased dramatically when
the microwave output was set to 300 W (Entry 2 and 4), suggesting that acetyl-

ferrocene was easily affected by microwaves.

3.3. Regioselectivity of Oximation

Both syn and anti oximes were formed. The ratio of syn and anti forms is given
in Table 1 and Table 2. There was no significant change in the ratio of syn and

anti forms when the heating conditions or solvent polarity were changed.

4. Conclusion

In the oximation reaction of acetylferrocene, when the amount of hydroxyla-
mine hydrochloride was halved, the yield decreased only slightly under micro-
wave irradiation. However, the yield decreased by 20% under conventional
heating conditions. On the other hand, in the oximation reaction of acetophe-
none, the yield decreased significantly under both microwave irradiation and
normal heating conditions. From these facts, it can be seen that the ferrocene
nucleus affects the microwave irradiation effect under mild conditions that are
susceptible to the effect of microwaves. The efficient absorption of microwaves
by the ferrocene nucleus was considered to accelerate the reaction. This there-
fore allows the oximation of ferrocene derivatives could be carried out at milder

conditions at lower temperatures. Such a system could be useful as environmen-
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tally friendly synthesis.
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