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ABSTRACT In situ Fourier transform IR spectroscopy was a useful tool in

monitoring the pH-dependent and two-step oximation of methyl ethyl

ketone and benzaldehyde in a liquid–liquid two-phase system, one phase

of which was water. Carrying out the oximations at pH 8, the oximation

was complete within 45 min and the corresponding carbonyl compound–

hydroxylamine adduct (2) could be detected as an intermediate, but at

pH 10, the corresponding oxime (3) was formed faster, practically without

the appearance of the intermediate. At pH� 2.5 using methyl ethyl ketone,

the protonated form of the corresponding oxime (3’a) developed gradually

without the transient appearance of the intermediate (2). pH dependence

of the 3a!3’a and 3’a!3a interconversions were studied in separate

experiments.

KEYWORDS Heterogeneous phase reaction, in situ Fourier transform IR,

intermediate, monitoring, oximation, pH dependence

INTRODUCTION

In situ Fourier transform IR spectroscopy is a suitable method for

monitoring different organic chemical reactions.[1–6] The time-dependent

IR spectra reveal the concentration profile of the components, which allows

formal kinetic measurements, determination of equilibrium constants, and

optimization of the reaction studied. This latter is important from the point

of view of green chemistry. It is also possible to identify intermediates in the

mixture and hence evaluate reaction mechanisms. In situ Fourier transform

IR spectroscopy is a suitable tool to study organic chemical reactions over a

wide range of temperatures (–80�C to 250�C), and even under pressure. The

spectrometer is supplied with an attenuated total reflection (ATR) probe that

is in contact with the reaction mixture. In situ Fourier transform IR currently
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is becoming a routine method in the fine chemical,

pharmaceutical, and even plastics industries. It is a

question, however, if heterogeneous phase reactions

can also be monitored by in situ Fourier transform IR

spectroscopy. The signal–noise ratio may depend on

the given situation. In this article, we study the oxi-

mation of selected carbonyl compounds by an in situ

Fourier transform IR spectrometer in aqueous–

organic two-phase system under different condi-

tions. In the current study, our primary purpose

was to investigate if heterogeneous oximations can

be monitored by the in situ Fourier transform IR

and under what conditions the intermediates can

be seen. The calculation of rate constants was not

the goal in the given stage. In earlier cases, the oxi-

mation of oxo-compounds was followed by spectro-

photometry using a cuvette, which is not so practical

and is less informative as only a single reaction com-

ponent can be monitored at the same time.[7]

Although the oximation of acetone is a basic exam-

ple in organic chemistry textbooks, only a limited

number of data can be found in the literature on

the course of the reaction under discussion.[7–10]

Cocivera et al. made considerable progress by study-

ing the oximation of acetone by flow 1H nuclear

magnetic resonance (NMR) spectroscopy.[11,12] Rate

constants for the addition and dehydration steps

were determined, and the appearance of the amino-

carbinol intermediate was investigated as a function

of the pH value. The oximation of acetoaldehyde

was also monitored by flow NMR spectroscopy.[13]

It is worth mentioning that the oximation of the keto

carbonyl of ethyl acetoacetate is followed by a spon-

taneous cyclization to 3-methylisoxazole-5-one.[14]

In the analogous reaction of acetylacetone, no

oxime intermediate could, however, be pointed out

by flow NMR spectroscopy.[15,16] In another study,

secondary isotope effects were used in the evalua-

tion of the mechanism for the formation of imines.[17]

We have contributed to this field recently and

studied the pH dependence of the two-step oxima-

tion of acetone by in situ Fourier transform IR in

aqueous solutions. It was found that by carrying

out the oximation at 5�C, the intermediate carbonyl

adduct could be observed only at pH 8.5. pH

adjustment affected strongly the reaction times; at

pH 10, 8.5, and�2.5, completion of the oximation

required<1, 60, and 30 min, respectively. At low

pH, the oxime was formed in its protonated form.

The pH-dependent interconversions were also

explored.[18] Our findings were in accord with

earlier experiences that around pH 7, the dehydration

of the acetone–hydroxylamine adduct is the rate-

determining step, where as at low pH, the formation

of the carbinolamine itself is the slower step.[7]

MATERIALS AND METHODS

The oxime of ethyl methyl ketone 3a was prepared

on the basis of analogies.[12] According to this, 6.0 g

(0.150 mol) sodium hydroxide in 30 mL water was

added to 10.0 g (0.144 mol) hydroxylamine hydro-

chloride in 30 mL water. Then, 12.9 mL (0.144 mol)

ethyl methyl ketone was added at 26�C, and the mix-

ture was stirred for 5 h. After completion of the reac-

tion, the two phases were separated, and the organic

phase was dried (Na2SO4) and distilled in vacuum to

afford 7.5 g (60%) of the oxime (3a) as an oil. Boiling

point (BP) 54–6�C=20 mmHg; IR (neat) (from data

base) 930 (935), 976 (980), 1073 (1075), 1096

(1100), 1219 (1220), 1241 (1245), 1272 (1273), 1328

(1328), 1370 (1370), 1457 (1460), 1665 (1664), 2883

(2880), 2919 (2919), 2939 (2939), 2973 (2973) cm�1.

Benzaldehyde oxime 3b was prepared in a simi-

lar way, but hydroxylamine hydrochloride was

added to a mixture of aqueous sodium hydroxide

and benzaldehyde. Distillation of the organic phase

led after drying to a single (presumably syn) isomer

of the benzaldoxyme (BP: 100–102�C=11 mmHg,

BP[19]: 122–124�C=12 mmHg for the syn oxime) in

59% yield. 13C NMR (CDCl3) d 127.3 (C3), 129.0

(C4), 130.3 (C4), 131.9 (C1), 150.6 (>C¼N); On

standing, the product solidified. IR (neat) (from data

base) 946 (950), 1027 (1020), 1073 (1075), 1123

(1098), 1177 (1180), 1212 (1210), 1289, 1319*

(1320), 1451 (1445), 1498 (1495), 1583, 1602 (1590),

2987 (2970), 3030 (3040), 3064 (3080) cm�1

(*a shoulder).

In situ measurements were carried out using

ReactIR 1000 equipment (Mettler–Toledo Auto-

chem, Inc, Columbia, USA) working on the princi-

ple of attenuated total reflection (ATR) Fourier

transform infrared spectroscopy. The DiComp

(diamond) measuring head was placed in a

250-mL 4-necked flask equipped with a dropping

funnel, a condenser, a thermometer, and a magnetic

stirrer. The temperature was maintained by using an

appropriately adjusted water bath.
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Experiment 1: Oximation of Ethyl
Methyl Ketone at pH 8

To 10.0 g (0.144 mol) hydroxylamine hydrochlor-

ide in 20 mL water was slowly added 5.8 g (0.144

mol) sodium hydroxide in 20 mL water. A pH of 8

was obtained with some drops of 0.1 M aqueous

sodium hydroxide. Adjusting the temperature to

5�C, 12.9 mL (0.144 mol) ethyl methyl ketone was

added over a 4-min period, and the two-phase mix-

ture was stirred further (Fig. 1).

Experiment 2: Oximation of Ethyl
Methyl Ketone at pH 10

The reaction was carried out as above, but only

on one-third scale, and 2.1 g (0.053 mol) sodium

hydroxide was used (Fig. 2).

Experiment 3: Oximation of Ethyl
Methyl Ketone at pH�2.5

To 10.0 g (0.144 mol) hydroxylamine hydrochlor-

ide in 40 mL water was added 12.9 mL (0.144 mol)

ethyl methyl ketone at 5�C within 4 min. In the mean-

time, the pH was changed from 3.5 to 1.5 (Fig. 3). At

the end of reaction, the mixture became almost

homogeneous.

Experiment 4: Oximation of Ethyl

Methyl Ketone at pH 8 Followed by
Change in the pH

An additional variation was based on Experiment

1 by changing the pH according to an 8! 2.5! 8

FIGURE 1 A segment of the time-dependent IR spectrum (a)

and the concentration profile (b) for the 1a! 2a!3a transforma-

tion at pH 8 and 5�C.

FIGURE 2 A segment of the time-dependent IR spectrum for

the formation of 3a from 1a at pH 10 and 5�C.

FIGURE 3 A segment of the time-dependent IR spectrum (a)

and the concentration profile (b) for the formation of 3’a from 1a at

pH 2.5 and 5�C.
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sequence by adding 12.4 g 37% hydrochloric acid

after 47 min and 5.8 g sodium hydroxide in 10 mL

water after 65 min, respectively (Fig. 4).

Experiment 5: Oximation of

Benzaldehyde at pH 8

To 10.0 g (0.144 mol) hydroxylamine hydro-

chloride in 30 mL water was slowly added 5.9 g

(0.148 mol) sodium hydroxide in 30 mL water.

Adjusting the pH to 8 and the temperature to 20�C,

14.6 mL (0.144 mol) benzaldehyde was added over

a 1-min period, and the two-phase mixture was stir-

red further (Fig. 5).

Experiment 6: Oximation of
Benzaldehyde at pH 10

The reaction was carried out as above, but 6.3 g

(0.157 mol) sodium hydroxide was used (Fig. 6).

RESULTS AND DISCUSSION

The oximation of ethyl methyl ketone (1a) and of

benzaldehyde (1b) were chosen as the model reac-

tions. The reaction sequence involving the adduct

of the carbonyl compound and hydroxylamine (2)

as an intermediate is shown in Scheme 1.

Before the in situ Fourier transform measure-

ments, the IR spectra of the reaction components

and the products (3a and 3b) prepared in separate

experiments were studied. The data are summarized

in Table 1.

The range of 900–1300 cm�1 seemed to be the

most appropriate for monitoring the oximation of

ethyl methyl ketone and benzaldehyde. The range

of 1650–1700 cm�1 would be informative mainly for

the carbonyl group. In water solution, decrease of

the relative quantity of the oxo-components 1a and

FIGURE 4 A segment of the time-dependent IR spectrum for

the 1a! 2a! 3a!3’a and 3’a!3a transformations achieved by

the change of pH.

FIGURE 5 A segment of the time-dependent IR spectrum (a)

and the concentration profile (b) for the 1b!2b! 3b transforma-

tion at pH 8 and 20�C.

FIGURE 6 A segment of the time-dependent IR spectrum for

the formation of 3b from 1b at pH 10 and 20�C.

SCHEME 1 The oximation of carbonyl compounds.
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1b may be followed on the basis of the absorption at

1185 and 1166=1204 cm�1, respectively. Increase of

the proportion of oxime 3a may be shown by the

bands at 923, 977, 1073, 1096, 1220, 1243, and

1270 cm�1, and the similar numbers for oxime 3b

are 950, 1027, 1077, 1123, 1177 and 1212 cm�1. The

absorptions at 923 (3a) and 950 (3b) are due to the

nN–O vibration, and that at 1073 and 1077 (for 3a

and 3b) corresponds with the nN–O–H vibration.[18]

The signal at 1212 cm�1 for 3b is the consequence

of the dO–H vibration. On the basis of analogies,

absorption bands for the oxo-compound–hydroxyl-

amine adducts (aminocarbinols) (2) can be expected

at around 1200 and 1070 cm�1 due to the dC–O–H and

nC–N vibrations, respectively.[18]

In the first experiment, hydroxylamine (HA) was

liberated from HA �HCl by an equivalent amount of

sodium hydroxide in aqueous solution and then

reacted with methyl ethyl ketone at pH 8 at 5�C.

The ketone was added dropwise in 4 min. At the

adjusted pH, the ethyl methyl ketone–HA adduct

(2a) was formed as an intermediate with a maximum

concentration at around 3 min. A characteristic

band of adduct 2a appeared at 1175 cm�1. Species

2a was converted fast to oxime 3a by dehydration.

Product 3a revealed absorptions at 930, 977, 1073,

and 1096 cm�1. The latter two signals suppressed

an absorption of the intermediate (2b) expected in a

similar region. The reaction was complete after 40min

(Scheme 1; Fig. 1). The rate of the reaction is also

effected by the transfer between the two liquid

phases. This is the second case[18] where the relative

concentration of all three reaction components (1–3)

was simultaneously monitored.

The reaction under discussion was also carried

out using some excess of sodium hydroxide at pH

10. In this case, the formation of the oxime (3a)

was faster than that in the previous case (tr¼ 4 vs.

40 min), and intermediate 2a could not be detected

(Fig. 2). The rate was somewhat limited by the trans-

fer between the phases of the liquid–liquid system.

The rate dependence of the oximation observed

above was in agreement with results of earlier

reports,[9,10] according to which the rate of the

oximation of the simplest analogue, acetone, is

minimum at pH 8–9 and the reaction becomes faster

at pH 10–12.

In the next experiment, HA �HCl was reacted with

ethyl methyl ketone at pH 3.5! 1.5 and at 5 �C. The

aqueous solution of HA �HCl had a pH of 3.5. After

adding the ketone (1a) to the mixture in 4 min, the

pH was decreased gradually to pH 1.5 due to the lib-

eration of hydrochloric acid formed along with the

oxime. The average pH was�2.5. Neither the inter-

mediate (2a) nor the expected form of the oxime

(3a) could be detected. Rather, a species with an

1131 cm�1 band appeared gradually. After 30 min,

the conversion was complete. In accordance with

our earlier experiences,[18] the new species formed

was assigned as the protonated form of the oxime

(3’a) (Scheme 2; Fig. 3). It is obvious that 3’a may

be formed both from adduct 2a (by protonation

followed by dehydration) and from oxime 3a (by

TABLE 1 IR Absorptions of the Oxo-components (1a, 1b) and Oximes (3a, 3b) in the Range 900–1300 cm–1 Determined by ReactIR 1000

Ethyl methyl ketone (1a) Benzaldehyde (1b)

Neat In water mixture Neat In water mixture Neat In water mixture Neat In water mixture

945 924 930 923

998 1000 (weak) 1003 1004 976 977 946 950

1023 1023 1027 1027

1086 1089 1071 1073 1073 1073 1073 1077

1110 1116 1096 1096 1123 1123

1171 1185 1165 1166 1177 1177

1206 1216 (shoulder) 1204 1204 1219 1220 1212 1212

1288 1241 1243

1272 1270

SCHEME 2 Formation of the protonated form of oxime 3a
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protonation). The compound 3’a was isolated from

the reaction mixture, and the IR spectrum of the pro-

duct revealed an absorption at 1127 cm�1 in the

solid phase and 1131 cm�1 in water that is due to

the nN–O vibration.

It can be concluded that appearance of the ethyl

methyl ketone–hydroxylamine adduct (2a) at 5�C is

pH dependent; the intermediate (2a) could be

detected only at pH 8. The reaction time also

depended on the pH; carrying out the oximation at

pH 10, 8, and 2.5, the completion required 4, 40,

and 30 min, respectively. In the third case, the oxime

was formed in the protonated form.

To realize the 3a!3’a conversion, a reaction was

set at pH 8, and the mixture was acidified after 47 min

by the addition of hydrochloric acid to pH 2.5. The

relative quantity of 3a decreased and at the same time

that of 3’a increased. To prove that the interconver-

sion is reversible, the pH was set to 8. Compound

3’a was instantly converted back to 3a (Fig. 4).

In the second part of our study, the oximation of

benzaldehyde (Scheme 1) was investigated at pH 8,

10, and�2.5. At pH 8 at 20�C, the hydroxylamine–

carbonyl adduct (2b) appeared again as an inter-

mediate with a short lifetime at 1027 and 1042 cm�1

(Fig. 5). Completion of the reaction required 45 min.

We could not differentiate the theoretically possi-

ble two (syn and anti) isomers of the oxime of

methyl ethyl ketone and benzaldehyde. Instead,

overall signals were detected characteristic for both

geometric isomers.

At the same time, the oximation was again faster at

pH 10 than at pH 8 (Fig. 6). In this instance, the reac-

tion time was 6 min.

In summary, in situ Fourier transform IR spectro-

scopy was found to be a useful tool for the monitor-

ing of the liquid–liquid two-phase (heterogeneous

phase) oximation of methyl ethyl ketone and benzal-

dehyde and to find the optimum reaction times. The

oximations were found to be pH dependent. The rate

of the reaction was the slowest at pH 8, but in this

case the carbonyl adduct could be detected as an

intermediate. At pH 10 or at pH� 2.5, the oximations

were much faster.
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