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Abstract

Objectives. To investigate the regularities of the process of joint production of epoxycyclohexane,
cyclohexanol, and cyclohexanone using the cyclohexene epoxidation reaction with cyclohexyl
hydroperoxide in the presence of an ammonium paramolybdate catalyst, representing an
alternative to the method of cyclohexanol and cyclohexanone synthesis by alkaline catalytic
decomposition of cyclohexyl hydroperoxide.

Methods. The qualitative and quantitative analysis of the obtained intermediate and target
compounds was determined using modern physicochemical research methods: gas-liquid
chromatography using the Chromatec-Crystal 5000.2 hardware and software complex with
a flame ionization detector and infrared spectroscopy on an RX-1 infrared Fourier
spectrometer. The content of hydroperoxide in the oxidation products was determined using
iodometric titration, while the carboxylic acid content was determined by the titrimetric
method based on the neutralization reaction.

Results. The presented method for obtaining cyclohexanol and cyclohexanone together
with epoxycyclohexane by the reaction of cyclohexene epoxidation with cyclohexyl
hydroperoxide containing cyclohexane in the products of high-temperature liquid-phase
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oxidation is experimentally substantiated. The influence of various technological parameters
on the process of liquid-phase oxidation of cyclohexane to hydroperoxide is described. The
conditions for carrying out this reaction are determined to ensure the achievement of a content
of cyclohexyl hydroperoxide of 1.5 wt % in the products of oxidation. The regularities of the
epoxidation reaction of the synthesized cyclohexyl hydroperoxide with cyclohexene in the
presence of an ammonium paramolybdate catalyst are analyzed.

Conclusions. Epoxidation of cyclohexene with cyclohexyl hydroperoxide produced
epoxycyclohexane at a yield of 80-90% and a conversion of cyclohexane hydroperoxide of 85%.

Keywords: cyclohexene, cyclohexane, cyclohexyl hydroperoxide, cyclohexanone, cyclohexanol,
liquid phase oxidation, epoxidation
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AHHOMAuuUs

Ienu. HccnedosaHue 3arxoHOMepHOCMel Npouecca COBMECMmHO020 NONYUEHUS. SNOKCUYUUKO-
2eKcaHa, UYUKNI02eKCAHONA, UUKI02eKCAHOHA peakyuell SNOKCUOUPOBAHUSL UUKI02eKCeHA
2u0poNepoKcUOOM UYUKNIOEKCUNA 8 npucymcmeuu kamanuzamopa — napamoauboama
ammorust. Paspabamobieaemslii npoyecc sieasiemest alemepHamueoli cnocoby cuHmesa yukio-
2eKCaHONA U UUKI02EKCAHOHA UWEeJI0UHO-KAMANUMUUECKUM PA3JI0KEHUeM 2udponepoxcuoa
UUKN02eKCUNA.

Memoobut. OnpedeneHue KauecmeeHH020 U KOAUUECMEEeHH020 AHANU3A NOJYUEHHBLX NPOMEIY-
MOUHBIX U UYesle8blX COeOUHEHUU OCYUWEeCmeisiioct C NpUMeHeHUem 20302KUOKOCMHOT
xpomamoepapuu HA ANNAPAMHO-NPOZPAMMHOM Komnaiekce «Xpomamer-Kpucmann 5000.2»
C NAAMEHHO-UOHU3AUUOHHbIM 0emeKmopom, UH@PPAKpacHoll cnekmpockonueil Ha npubope
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HK ®dypve RX-1. CodeprkaHue 2udponepokcuoa 8 npooyKmax OKUC/IEHUSL NPOBOOUOCH C UCNOJlb-
308aHUEM (LI00OMEMPUUECKO20 MUMPOBAHUSL, A COOEpPHAHUE KApPOOHOB8bIX KUCIOM — mumpume-
mpuUecKum memooom HA OCHO8E peaKyuu Helmpaiusayuu.

Pesynemamul. SKchepumeHmaibHO 060CHO8AH Memo0 NONYUEHUST YUIKI02eKCAHONA U YUUKIO-
2€IKCAHOHA COBMECMHO C 9NOKCUUUKIO2EKCAHOM peaKyuelli 9N0oKCUOUPOBAHUS YUKI02EKCEeHA
2U0pPONepoKCUOOM YUUKI02EKCUNA, COOEPIKAULUMCSL 8 NPOOYKMAX 8blCOKOMEMNEePaAmypHO20 HUO-
KOG A3HO020 OKUCTEHUS YUKI02eKCaHA. Fccnedo8aHOo 8MUsIHUE PA3TUUHBLX MEXHOI02UUECKUX Napa-
Mempo8 Ha NPoyecc KUOKOA3H020 OKUCAEHUS YUK02eKcaHa 00 eudponepokcuda. OnpedeneHbl
ycnosust npogedeHust OaHHOU peakyuu, obecneuusaroujue O00CMUIEHUE COOePIKAHUSL 2UOPO-
nepoxcuoa yurnoeexcuna 1.5 mac. % e npooykmax okucneHus. H3yueHbl 3aKOHOMepHOCMU
Ppeaxyuuu INOKCUOUPOBAHUSL CUHME3UPOBAHH020 2UOPONEPOKCUOA YUII02EKCUNA C YUKTI02eKCEHOM

8 npucymcmseuu napamwtu&)ama AMMOHUSL 8 Kauecmee Kamasiusamopa.

Buleoowl.

3noncudupoeauuem yurijioeexKceHa zudponepoxcudom uurslioeekcusia nojsiyuer

anoKcuyuriozekcaH ¢ 8blxooom 80-90% npu KoHgepcuu 2udponeporcuoa yuriozexcara 85%.

Knroueevle cnoe8a: yurki02eKCceH, YWUKL02eKCAH, 2UOPONepoKcUl YUKI02eKCUNA, UUKI02eKCAHOH,
UUKJI02EIKCAHO, KUOKODasHOoe oKuc/ieHUe, INOKCUOUposaHue

Jlna yumuposanus: Kypranosa E.A., ®ponos A.C., Kanaes C.A., Komens I'H., ITetyxoB A.A., Priduna I'B., [Inaxrunckuii B.B.,
Ka6anoBa B.C., CmypoBa A.A. DIOKCHAMPOBAHHME LUKJIOTEKCEHA T'MIPOIEPOKCHIIOM IUKIOTEKCHIA. JOHKUe Xumuueckue
mexnonoeuu. 2023;18(6):505-516. https://doi.org/10.32362/2410-6593-2023-18-6-505-516

INTRODUCTION

The selective oxidation of cyclohexane to
cyclohexanone and cyclohexanol is a key stage in
the process of producing nyolone-6 and nylon-6,6
polyamides, whose global production of which
reaches more than 6 min t/year.

Two main methods are implemented for
the industrial production of cyclohexanol and
cyclohexanone both in Russia and abroad. A one-step
method for the synthesis of these compounds is
based on the catalytic liquid-phase oxidation of
cyclohexane with air oxygen at 150-170°C to a
cyclohexane conversion of 5-7% and a selectivity
for cyclohexanone and cyclohexanol formation
of 70-75% in the presence of cobalt-containing
catalysts [1]. A two-stage method for the production
of cyclohexanone and cyclohexanol includes
autocatalytic liquid-phase oxidation of cyclohexane
to cyclohexyl hydroperoxide containing 3-5 wt %
and subsequent homogeneous catalytic decomposition
of cyclohexyl hydroperoxide to the target products
in an alkaline medium in the presence of cobalt

salts [2]. The scientific basis of the chemistry and
technology of the latter method for producing
cyclohexanone and cyclohexanol were developed
at the Research and Design Institute of Nitrogen
Industry and Products of Organic Synthesis
(GIAP, Russia) by V.V. Lipes and his colleagues
during the 1980s [3—4].

A distinctive feature of the two-stage process
is the higher selectivity of target product formation
(97-99%), achieving a 94-96% conversion of
cyclohexyl hydroperoxide. However, among the significant
disadvantages of this cyclohexane oxidation method
are included the formation of a large amount of
alkaline waste as a result of neutralization of acids
contained in the oxidation products, as well as the
irreversible loss of oxygen (up to 50%) contained
in the hydroperoxide fragment.

In order to improve the economic and technological
efficiency of this approach for cyclohexanol and
cyclohexanone production the alkali-catalytic cleavage
of cyclohexyl hydroperoxide can be replaced with
the use of hydroperoxide to epoxidate olefins, among
which cyclohexene is of greatest interest (Scheme).
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Epoxidation of cyclohexene with cyclohexyl hydroperoxide
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Scheme. Reaction of cyclohexene epoxidation with hydroperoxide.

Epoxycyclohexane formed along with cyclohexanol
and cyclohexanone as a result of the epoxidation
reaction is used in the production of epoxy resins
and photoreactive polymers, pesticide acaricides,
surfactants, and rubber additives [5—7]. A promising
use of cyclohexane epoxide lies in its enantioselective
transformation into chiral 1,2-aminocyclohexanol
or 1,2-diaminocyclohexane, representing chemical
building blocks for the preparation of natural and
synthetic biologically active molecules, including
amino acids [8, 9]. The epoxide can be used as
such or converted into cyclohexanol or cyclohexanone
for subsequent processing into adipic acid or
e-caprolactam  [10-12].  Unreacted cyclohexene
following hydrogenation can be sent for oxidation.

The aim of the present work is to study
the regularities of cyclohexene epoxidation with
cyclohexyl hydroperoxide.

MATERIALS AND METHODS

The following reagents were used in this study:
cyclohexanol (reagent grade, TU-2632-185-44493179-2017)
and cyclohexane (reagent grade, TU 2631-204-44493179-2016,
EKOS-1, Russia), sulfuric acid (reagent grade,
GOST 4204-77', Sigma Tek, Russia), ammonium
molybdate tetrahydrate (reagent grade, GOST 3765-78%,
Khimsintez, Russia), propylene glycol (TU 2632-146-44493179-11,
EKOS-1, Russia), acetic acid (reagent grade, GOST 61-75°)
and potassium oxide (reagent grade, GOST 4232-74%,

' GOST 4204-77. State Standard of the USSR. Reagents.
Sulphuric acid. Specifications. Moscow: Standartinform; 2006.

2 GOST 3765-78. State Standard of the USSR. Reagents.
Ammonium molybdate acid. Specifications. Moscow: IPK
Izdatelstvo standartov; 1998.

3 GOST 61-75. Interstate Standard. Reagents. Acetic
acid. Specifications. Moscow: Standartinform; 2006.

4 GOST 4232-74. Interstate Standard. Reagents.
Potassium iodide. Specifications. Moscow: Standartinform; 2006.

Spektr Khim, Russia), sodium hyposulfite (analytical
grade, GOST 27068-86°, Uralkhiminvest, Russia),
sodium hydroxide (analytical grade, GOST 4328-77¢,
Kaustik, Russia), phenolphthalein (analytical grade,
TU 6-09-5360-88, Spektr Khim, Russia).

The main method for analyzing the reaction
mass was gas-liquid chromatography (GLC) carried
out on a Chromatec-Crystal 5000.2 chromatograph
(Chromatec, Russia) with a flame ionization detector.
A 30-m capillary column SK-5 having a diameter
of 032 mm was filled with 5% phenyl/95%
dimethylpolysiloxane. Nitrogen was used as a carrier
gas at a flow rate 2 cm’/min. The programmed
temperature rise was from 80 to 200°C at a rate
of 8°C/min.

The identification of the obtained compounds
was carried out by infrared (IR) spectroscopy on a
Spectrum RX-1 Fourier transform IR spectrometer
(PerkinElmer, USA). Mathematical processing of
the spectra was carried out using the IBM Spectrum
Scale, v.5.0.1 program provided by PerkinElmer.
Spectra were recorded in the range of 4000400 cm™!
in the form of a microlayer between potassium
bromide glasses and in a potassium bromide cuvette
with a layer thickness ¢ = 0.0011.

The hydroperoxide content in the oxidation
products was determined by the iodometric titration
method [13] based on hydroperoxide reduction with
potassium iodide in an acidic medium. The amount
of iodine released as a result of the reaction was
titrated with a solution of sodium thiosulfate.

The content of carboxylic acids formed along
with hydroperoxide in the process of cyclohexane
oxidation was determined by the titrimetric method

5 GOST 27068-86. Interstate Standard. Reagents.
Sodium thiosulphate, 5-aqueous. Specifications. Moscow: IPK
Izdatelstvo standartov; 1998.

¢ GOST 4328-77. Interstate standard. Reagents.
Sodium hydroxide. Specifications. Moscow: IPK Izdatelstvo
standartov; 1978.
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based on the neutralization of an aqueous extract
obtained from a certain organic layer mass using
a solution of sodium hydroxide in the presence
of the indicator phenolphthalein according to the
method described by KuibyshevAzot. Russia.

EXPERIMENTAL

Cyclohexene was obtained by cyclohexanol
dehydration in the presence of concentrated sulfuric
acid at 110-120°C for 1.5 h. The process was
carried out in a Wurtz flask placed in a glycerol
bath and equipped with a Weigel-Liebig refrigerator.
Water and cyclohexene formed during the reaction
were evaporated, condensed in a direct refrigerator,
and collected in the receiver. The target product
was isolated from the reaction mass by vacuum
rectification at a temperature of 83—-85°C and a residual
pressure of 0.8-0.9 atm. The yield of cyclohexene
was about 80%; its structure was confirmed by GLC
and IR spectroscopy. The IR spectrum of the
synthesized cyclohexene displays the characteristic
bands of stretching vibrations of C-H bonds
with bands at 3022 and 2925 cm™. The presence of
a C=C bond in the structure is confirmed by the
band at 1652.93 cm'. Deformation vibrations
of the —-CH, bond are characterized by bands
at 1446.15 and 1437.73 cm ™.

Liquid-phase oxidation of cyclohexane to
hydroperoxide with air oxygen at a system pressure
of 25 atm was carried out at 160-170°C in a steel
reactor set up for the oxidation of liquefied
hydrocarbon gases (Fig. 1) according to the method
described in [14, 15] while simulating the conditions
of high-temperature oxidation of cyclohexane by
KuibyshevAzot.

The approximately 1.5 wt % cyclohexyl
hydroperoxide obtained in the oxidation products,
which was concentrated by vacuum rectification at
a temperature of 65-70°C and a residual pressure
of 0.15-0.2 atm to 5 wt %, was used for subsequent
research purposes.

Cyclohexene  epoxidation  with  cyclohexyl
hydroperoxide was carried out in a closed-flow
installation (Fig. 2) made available at the Department
of General and Physical Chemistry of Yaroslavl
State Technical University. A mixture containing
calculated amounts of fortified cyclohexane oxidate
with a hydroperoxide content of 5 wt % was loaded
into a glass reactor having a capacity of 10 cm?
along with cyclohexene and the catalyst. Air was
supplied at atmospheric pressure. The process was
carried out at a constant temperature and continuous
stirring [16].

Ammonium paramolybdate (NH,),Mo.0O,,-4H,0
dissolved in propylene glycol was used as a catalyst

; -

Fig. 1. Scheme of a setup for the oxidation of liquefied
hydrocarbon gases [14, 15]: (/) autoclave; (2) electric
furnace; (3) magnetic stirrer; (4) electromagnet; (5) fridge;
(6) rheometer; (7) reducer; (8) compressed air cylinder;
(9) air discharge; » <« adjusting valve.

for cyclohexene epoxidation with cyclohexyl
hydroperoxide. The process was carried out according
to the method described in [17] in an electrically-
heated, round-bottomed, four-neck 150-mL flask
equipped with a reflux condenser, a thermometer,
a stirrer, and a bubbler for purging the reaction
mixture with air.

RESULTS AND DISCUSSION

Although information concerning the regularities
of olefins epoxidation with hydroperoxides is
abundant, there is practically no data relating
to the process of cyclohexene epoxidation with
cyclohexyl hydroperoxide in the scientific and
technical literature. However, the synthesis of
cyclohexanol and cyclohexanone together with
epoxycyclohexane by epoxidizing cyclohexene with
cyclohexyl hydroperoxide is described at a conversion
of the latter of 60-65% on a heterogeneous Ti/Si
catalyst at 80°C [18, 19]. The limited number of
scientific studies and publications on the above
problem is primarily due to the difficulties of
obtaining cyclohexane hydroperoxide, as well as
its extremely low stability during storage and
transportation.

The study of the patterns of cyclohexene
epoxidation using cyclohexyl hydroperoxide was
preceded by a study of the conditions for high-
temperature oxidation of cyclohexane to cyclohexyl
hydroperoxide, as well as its concentration and
production in larger quantities. This problem was
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Fig. 2. Scheme of the setup for cyclohexene epoxidation with cyclohexyl hydroperoxide [16]:
(1) measuring cylinder; (2), (12), (15) valves; (3), (10) gas burettes; (4) connecting hose; (5) reactor holder;
(6) reactor; (7) connecting rod; (8) electric motor pulley; (9) fridge; (/1) calcium chloride tube; (/3) three-way cock;
(14) pressure bottle; (/6) thermostat; (/7) vacuum setup.

solved by carrying out liquid-phase oxidation
of cyclohexane under conditions as close as possible
to those used at KuibyshevAzot.

A study of the influence of temperature and
reaction duration on cyclohexyl hydroperoxide
formation (Table 1) showed that at a temperature
of 160°C, an increase in the process duration from
20 to 40 min increases the content of cyclohexyl
hydroperoxide slightly; in this case, the content
of carboxylic acids formed along with the target
products increases by a factor of six. A subsequent
increase in temperature leads to a significant decrease
in the process selectivity due to the formation
of a large quantity of carboxylic acids.

Thus, the possibility of achieving a hydroperoxide
content in the oxidate of 1.5 wt % with a minimum
content of carboxylic acids at a temperature of 160°C,
a pressure in the system of 25 atm and a reaction
duration of 20 min is demonstrated. This is consistent
with the indicators of the oxidation process at
KuibyshevAzot. After increasing the cyclohexyl
hydroperoxide content in the oxidate to 5 wt %

according to the method given in the Experimental
section, the product was used for cyclohexene
epoxidation. In [18], cyclohexene epoxidation was
carried out using cyclohexyl hydroperoxide isolated
from the products of cyclohexane catalytic oxidation
using a NaOH solution.

In order to determine the most favorable
conditions for carrying out the epoxidation reaction,
the influence of the molar ratio of reagents, catalyst
concentration, and temperature on the yield of target
products and hydroperoxide conversion was studied.
The results obtained are presented in Figs. 3 and 4
and in Tables 2 and 3.

One of the factors that significantly influences
both the yield of target products and the rate of
hydroperoxide conversion is the molar ratio of
cyclohexyl hydroperoxide and cyclohexene (Fig. 1).
Changing this ratio from 1:1 to 3:1 increases the yield
of epoxycyclohexane with respect to reacted
hydroperoxide from 30-35% to 75-80%. In this
case, the selectivity of cyclohexanol and
cyclohexanone formation increases to 99.5%.
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Table 1. Influence of various parameters on cyclohexane oxidation. Pressure is 25 atm

Concentration, wt %
Temperature, °C Reaction time, min
Cyclohexyl hydroperoxide Carboxylic acids
20 1.5 0.06
160 30 1.6 0.27
40 1.7 0.36
170 20 1.5 0.14
o 100 ¢ 100 From analyzing the influence of temperature
5 — E < and cyclohexene epoxidation duration (Table 2) it
=) sor 2 l 80 g’i was shown that complete conversion of cyclohexyl
> 60 L ¢ 2 &  hydroperoxide cannot be achieved at 80°C even
=] . .. .
g S8 after 3 h of reaction. In addition, a low yield of
s 40 r 140 < £ epoxycyclohexane is observed. By increasing the
5 1 % &  temperature to 90°C, the process was significantly
% 20 t 20 . . . .
g intensified due to the increased conversion of
i : : : : : 0 cyclohexyl hydroperoxide from 65% to 95%.
0 1 2 3 4 5 6

[Cyclohexene]:[Cyclohexyl hydroperoxide], mol/L

Fig. 3. Influence of the molar ratio of cyclohexyl
hydroperoxide and cyclohexene on cyclohexene
epoxidation with cyclohexyl hydroperoxide
at a temperature of 90°C and a catalyst concentration
0f 0.00013 g/atom of Mo per 1 g of hydroperoxide:
(1) yield of epoxycyclohexane;

(2) yield of cyclohexanol and cyclohexanone.

)
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Fig. 4. Influence of temperature on cyclohexene
epoxidation with cyclohexyl hydroperoxide. Cyclohexyl
hydroperoxide/cyclohexene ratio is 1:3, the catalyst
concentration is 0.0005 g/Mo atom
per 1 g of hydroperoxide: (/) 80°C; (2) 90°C.

Under these conditions, no boiling of the reaction
mass was observed. Conversely, lowering the
temperature to 70°C significantly reduces the
reaction rate. Thus, the most favorable temperature
is 90°C.

Reducing the catalyst concentration from 0.0005
to 0.00003 g/Mo atom per 1 g of hydroperoxide
results in a decrease in the conversion of cyclohexyl
hydroperoxide and in the yield of epoxycyclohexane
(Table 3). Thus, a yield of epoxycyclohexane of
about 82% is achieved with an ammonium
paramolybdate content of 0.00013 g/Mo atom
per 1 g of hydroperoxide. Further reduction of
the catalyst concentration is impractical due to a
decrease in the yield of epoxycyclohexane,
while increasing catalyst concentration above
0.0005 g/Mo atom per 1 g of hydroperoxide is not
economically feasible.

Based on the obtained experimental data,
the following conditions can be recommended
for cyclohexene epoxidation with cyclohexyl
hydroperoxide: temperature is 90°C; reaction
duration is 90 min; ammonium paramolybdate
content is 0.00013 g/Mo atom per 1 g of
hydroperoxide. Under these conditions, cyclohexyl
hydroperoxide conversion is 85%, while the
yield of epoxycyclohexane is about 82%, and the
yield of  cyclohexanol and  cyclohexanone
15 99.5%.
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Table 2. Influence of various parameters on cyclohexene epoxidation with cyclohexyl hydroperoxide. Cyclohexyl
hydroperoxide/cyclohexene ratio is 1:3. The catalyst concentration is 0.0005 g/Mo atom per 1 g hydroperoxide

120 55.3 96.0 35.0 4:1
80 150 65.0 99.0 38.0 3:1

180 68.0 99.2 45.0 5:1

60 33.0 98.0 75.0 4:1

90 94.5 99.1 80.0 4:1
90

120 95.5 99.3 78.0 4:1

150 96.0 99.4 75.0 2:1

Table 3. Influence of catalyst concentration on cyclohexene epoxidation with cyclohexyl hydroperoxide. Cyclohexyl
hydroperoxide/cyclohexene ratio is 1:3, temperature is 90°C, reaction time is 90 min

0.00003 77.0 76.2 65.0 1:1
0.00013 85.0 99.5 82.1 4:1
0.00025 87.0 99.4 99.5 4:1
0.00050 95.0 94.5 99.1 4:1
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CONCLUSIONS

The possibility of producing epoxycyclohexane
together with cyclohexanol and cyclohexanone
by epoxidizing cyclohexene with cyclohexyl
hydroperoxide contained in the products of high-
temperature, liquid-phase oxidation of cyclohexane
as an alternative to the process of producing
cyclohexanol and cyclohexanone by alkaline-catalytic
decomposition of cyclohexyl hydroperoxide is
experimentally substantiated.
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