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Abstract: In the process of gas-phase coherently synchronized oxidation of cyclohexane by
hydrogen peroxide in the presence of a heterogeneous biomimetic catalyst per-
FTPhPFe®* OH/Al O3, the reaction products were cyclohexanol, cyclohexanone and cyclohexene.
An experimental study aimed at clarifying the routes of cyclohexane conversion into cyclohexanone
and cyclohexene made it possible to determine mechanisms for producing cyclohexanone and
cyclohexene. The study went to show that the conversion of cyclohexane into cyclohexanone takes
no place through the formation of cyclohexanol, and the formation of cyclohexene occurs by
dehydration of cyclohexanol. The mechanism of cyclohexanone formation is manifest through the
formation of an intermediate biomimetic - substrate complex Imt-O-C¢H;; which is formed as a
result of intermediate (ImtOOH) interaction with cyclohexane.
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Introduction

Earlier we explored the gas phase
oxidation of cyclohexane by hydrogen
peroxide in the presence of a heterogeneous
biomimetic catalyst synthesized based on the
iron-porphyrin complex, where the reaction
products were cyclohexanol, cyclohexanone
and cyclohexene [1]. It was established that
the biomimetic oxidation of cyclohexane by
hydrogen peroxide is a complex and
coherently synchronized reaction. Coherently
synchronized nature of the process is due to
the inducing ability of hydrogen peroxide
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It follows from the scheme that two
interrelated reactions occur in the system of
biomimetic oxidation of cyclohexane by
hydrogen peroxide: 1) catalase and 2)
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which contributes to the formation of highly
active intermediate complex similar to the
enzyme-substrate complex. Hydrogen
peroxide is an affordable and cheap “green
oxidizer” according to principles of the “Green
Chemistry” concept and is increasingly used in
hydrocarbon oxidation processes [2, 3].

The generalized scheme of coherently
synchronized  biomimetic  oxidation  of
cyclohexane by hydrogen peroxide is shown as
follows [1, 4-6]:
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oxidation of cyclohexane. The relationship
between these reactions is formed through the
use of highly active complex (ImtOOH) which
is formed by interaction of H,O, with
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bioimitator (ImtOH). The interaction of this
active intermediate with the second H,O;
molecule in the primary (1) and with
cyclohexane in  the secondary  (2-
monooxygenase) reactions leads to the
formation of final reaction products.

This study was carried out to determine
the routes for the conversion of cyclohexane to
reaction products and to examine in detail the
mechanisms of formation of the main reaction
products, such as cyclohexanol,
cyclohexanone and cyclohexene.

Experimental part

Experimental  research  into  the
biomimetic oxidation of cyclohexane was
carried out in the gas phase in a flowing quartz
reactor with reaction zone volume at 3.0 cm®
at the temperature range of 130-230°C and
atmospheric pressure in the presence of
biomimetic catalyst with the active part of
perfluorinated  iron  tetraphenylporphyrin
backed on a solid Al,Os; support. As an
oxidizing agent there were used aqueous
solutions of hydrogen peroxide of various
concentrations (20-40%).

In contrast to the well-known studies on
biomimetic oxidation of cyclohexane carried
out mainly in the liquid phase, the gas-phase

oxidation of cyclohexane on heterogeneous
bioimitator, as was shown in [7, 8], has
significant advantages: the process is carried
out in a flow system with a fixed catalyst layer
through more simplified technology where
reaction products are not mixed with the
catalyst and after the reaction their separation
IS not required and no additional costs are
required.

Analysis of reaction products was
carried out on chromium-mass spectrometer
5975 MSD + 7820 GC System and gas-liquid
chromatograph 7820A GC System from
Agilent Technology and on the chromatograph
JIXM-80.

Results and discussion
Proceeding from experimental study data, it was found that the conversion of cyclohexane
into reaction products (cyclohexanol, cyclohexanone, cyclohexene) occurs in parallel and
parallel-sequential reactions. The results of these experiments are presented in Fig. 1 and 2.
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Fig.1. Temperature dependence of the yields of
cyclohexane oxidative conversion by hydrogen
peroxide in a mixture with 6.25% of CsH;;OH
and 2.53% of CH;CgHyq on per-
FTPhPFe(111)/Al,O; biomimetic:

Chro, =25%, Cy o, = 141 MIM,
VC6H12 = 0.9 ml/h, C¢Hyp: H,O,=1:1.5

1 - conversion of CgHj,; 2 - cyclohexanol; 3 -
cyclohexanone; 4 - cyclohexene; 5 -
cyclohexadiene; 6 - O,
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Fig.2. Dependence of the yields of cyclohexane
oxidation on per-FTPhPFe(I11)/Al,O; bioimitator
on the concentration of H,O, in aqueous
solution:

t=200°C, Vy,0, =141 ml/h,

Ve, = 0.9 ml/h

1 - conversion; 2 -
cyclohexanone; 4 -
cyclohexadiene; 6 - O,

cyclohexanol; 3 -
cyclohexene; 5 -
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As shown in the Fig. 1, oxidation of
cyclohexane to cyclohexanol and
cyclohexanone proceeds at the highest rate at
a temperature range of 150-180°C. As
temperature rises, the yield of cyclohexene
sharply increases and traces of cyclohexadiene
(200-230°C) are detected. At this time the
yield of cyclohexanol decreases as temperature
rises, and the yield of cyclohexanone at 180° C
pass through maximum (10.34% at 180°C).
The nature of Kkinetic curves cannot fully
explain mechanisms of reaction products
formation. The temperature dependence of the
Kinetic curves (curves 1 and 6) goes to show
that starting from 200°C, the H,0;
decomposition into molecular oxygen is
stabilized which indicates that hydrogen
peroxide in the system is completely
consumed for running two interrelated
reactions (catalase and monooxygenase). It is
shown in [9] that this reaction system is
effectively realized in a coherently
synchronized regime. The obtained Kinetic
data (Fig. 1) are in good agreement with the
theory and practice of coherently synchronized
reactions [5].

The results of the effect of hydrogen
peroxide concentration in aqueous solution on
monooxidation of cyclohexane show that an
increase in the H,O, concentration leads to
significant decrease in the yield of
cyclohexene and significant increase in the
yield of cyclohexanone while the yield of
cyclohexanol passes through a maximum
(7.6%) (Fig.2).

In order to clarify the routes for the
conversion of cyclohexane to reaction
products, such as cyclohexanone, cyclohexene
and the mechanisms of their formation, was
required additional research.

Initial experiments were conducted to
explore the conversion of cyclohexanol on
biomimetics without the use of H;0,. To
maintain the same contact time under identical
conditions for cyclohexane oxidation reaction
by hydrogen peroxide, water was supplied to
the system in the amount of an aqueous
solution of H,0O,. At the lowest temperatures
(150-180° C), no cyclohexanol conversion was
observed, and as temperature rises above 250°
C the formation of cyclohexene began.

Thus, experimental studies  of
cyclohexane oxidation reaction at the highest
temperatures with low concentrations of
hydrogen peroxide, obtaining of high yields of
cyclohexene is explained as being due to the
fact that not all active centers (acidic or basic)
that exist on the surface of the Al,O3; support
are coated with the iron-porphyrin complex to
play an important role in the dehydration
process.

This is also confirmed by the fact that
rise in dehydration rate of cyclohexanol with
temperatures above 250° C without the use of
H,0, corresponds to the known data of the
dehydration of cyclohexanol over Al,O3; at
temperatures of 350-400°C [10].

In order to answer the key question: if
cyclohexanone is formed out of cyclohexanol
or not, the oxidation reaction of cyclohexanol
(97.52% CgH1:0H in the feed) by hydrogen
peroxide was studied under identical
conditions. Kinetic curves in Fig. 3 show that
the peroxidase oxidation reaction of
cyclohexanol, that is, the formation of
cyclohexanone, is practically not observed.
Basically, the dehydration of cyclohexanol
into cyclohexene proceeds here.

Experiments with the reaction of
biomimetic oxidation of cyclohexane by
hydrogen peroxide at high temperatures using
H20, with low concentrations and obtaining of
high yields of cyclohexene correspond to the
results of dehydration of cyclohexanol without
the use of H,O,. Therefore, under these
conditions, dehydration exceeds the oxidative
dehydrogenation reaction.

According to the research results (Fig.
3), we can say that the conversion of
cyclohexane into cyclohexanone takes no
place through the formation of cyclohexanol.
The mechanism of cyclohexanone formation is
expressed through the formation of an
intermediate biomimetic — substrate complex
Imt — O — CgH11 which is formed as a result of
intermediate  (IMtOOH) interaction  with
cyclohexane [11]. The interaction of this
complex with another H,O, molecule leads to
oxidation-reduction transformation of the
complex into cyclohexanone, water, and the
original biomimic.
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Fig. 3. The yield of cyclohexanol conversion on per-
FTPhPFe(111)/Al,O; biomimetic by hydrogen peroxide

depending on the temperature:
Cyy,0, = 20%, VHzoz =1.41ml/h,

Ve, myon =09mi/h,

1 - conversion of C¢Hy;OH; 2 — cyclohexene; 3 - 1, 2
cyclohexanediol; 4 - 1,3 cyclohexadiene; 5 - other

oxygen-containing compounds; 6 - O,
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This mechanism is in good agreement
with the fact that cyclohexanone is formed
precisely through the use of the most
concentrated hydrogen peroxide (30% or
more) and at a lower temperature (150-180°C)

(Fig. 2).

BiolmtivdH

The

conclusions above give us
opportunity to present a scheme for conversion
of cyclohexane on biomimetics with H,O; into
cyclohexanol, cyclohexanone and
cyclohexene.
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TSIKLOHEKSANIN per-FTPhPFe**OH/ALO; UZORIND® “YASIL OKSIDLASDIRICI”
HIDROGEN PEROKSIDLO OKSIDLOSMASI MEXANIZMININ XUSUSIYYOTLORI

S.9. Agamammadova

AMEA-nin akad. M.Nagyev ad:na Kataliz va Qeyri-iizvi Kimya Institutu,
H. Cavid pr.113, AZ 1143, Bak:, Azorbaycan
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per-FTPhPFe**OH/AlLO; heterogen biomimetik katalizatoru lizarinda tsikloheksan:n hidrogen peroksidla
gaz fazada koherent-sinxronlasdirilmag oksidlagmasi prosesinin mahsullar: tsikloheksanol, tsikloheksanon
va tsikloheksendan ibaratdir. Tsikloheksan:n tsikloheksanona va tsikloheksena cevrilma yollarinin
aydinlasdirilmasina  yonalmis  tocriibi  tadqigatlar tsikloheksanon va  tsikloheksenin —al:nmas:
mexanizmlarini muayyanlasdirmaya imkan verdi, belo ki, tsikloheksan:n tsikloheksanona gevrilmasi
tsikloheksanolun amalo galmasi ila getmir, tsikloheksen isa tsikloheksanolun dehidratlasmas: ilo amala
galir. Tsikloheksanonun amala galmasi mexanizmi intermediat:n (ImtOOH) tsikloheksanla gars:/iql: tasiri
naticasinda yarananaral:q biomimetik-substrat kompleksin Imt-O-C¢H;; yaranmas: ila ifada edilir.

Acar sozlar: hidrogen peroksid, tsikloheksan, oksidlasma, biomimetik katalizatorlar, tsikloheksanon,
tsikloheksanol.
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OCOFEHHOCTH MEXAHH3MA OKHCJIEHHUS IIHKTOTEKCAHA “3EJIEHBIM
OKUC/JIHTEJAEM” IEPOKCH/OM BOJOPO/A HA per-FTPhPFe** OH/AILO,

C.A. Azamameodosa

Hucmumym Kamanuza u Heopeanuueckoti Xumuu umenu axao. M.Hazuesa
Hayuonanvnoii AH Azepbaiioocana,
np. I'/[casuoa 113, AZ1143, Baxy, Azepbaiiosican
e-mail: aghamammadova@yahoo.com

B npoyecce cazopasnoeo xoeepeHmHO-CUHXPOHUBUPOBAHHOZO OKUCLEHUS YUKIO2SEKCAHA NEPOKCUOOM
68000p00A 8  NPUCYMCMBUU  2eMEPOSEHHO20  OUOMUMEMUYECKO20  Kamaiusamopa per-
FTPhPFe**OH/AILO; NPOOYKMAMU PeaKyuu sIAIUC, YUKTO2EKCAHO, YUKIO2EKCAHOH U YUKIOSEKCEH.
Oxcnepumenmanvhoe ucciedosanue, NPOBEOCHHOE C UYeIbl) YMOYHEHUS MAPupPymos npespaujeHus
YUKTO2EKCAHA 8 YUKTIO2EKCAHOH U YUKIO2EKCEH OaI0 B03MONCHOCHIb ONPEOeiumb MeXaHU3Mbl NOIYYeHUs
YUKTO2EKCAHOHA U YUKIIO2EKCEeHd, 6 KOMOPbIX MNOKA3AHO, WMO Npespaujeue YUKIo2eKCana 6
YUKTO2EKCAHOH He NPOUCXo0um uepes 00pas08aHus YUKIO2EKCAHOAAd, a 00pa308aHue YUKIL02eKCeHa
npoucxooum nymem Oecuopamayuu Yukioeekcamona. Mexanusm 00pazosanus Yuki02eKCAHOHA
8BIPAdCACMCS Uepe3 00paA308aHUe NPOMENCYMOUHO20 OUOMUMEMUKO - cyOcmpamHo2o komnaekca Imt-O-
CeHu1, komopwiti 0o6pasyemces npu é3aumoodeticmseuu unmepmeouama (IMtOOH) ¢ yuxnoeexcanom.
Knrouesvle cnosa: nepoxcud 8000pood, YUKI02eKCAH, OKUCTeHUEe, OUOMUMEMUYecKue Kamaiuzamopol,
YUKTO2EKCAHOH, YUKTO2EKCAHOL.
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