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INNOVATIVE ORGANOCATALYSIS AS PROMISING TREND
IN OXIDATION REACTIONS WITH MOLECULAR OXYGEN

The prospects for innovative organocatalytic aerobic oxidation developed by IPOCC of the NAS of Ukraine have been
outlined. The practice of oxidizing the hydrocarbons and 5-hydroxymethylfurfural with molecular oxygen under mild
conditions has been improved by using the organic compound, N-hydroxyphthalimide, as key catalyst. For the oxidation of
coal and substrates whole molecules are capable of keto-enol tautomerism, the use of dimethyl sulfoxide as a solvent is an
innovative method that ensures the action of basic catalysts.
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The oxidation of organic substances is widely
used in the industry, for organic synthesis. Tra-
ditionally, for a long while (especially, for the pro-
duction of pharmaceutical substances), for oxi-
dizing organic substrates the so called stoichio-
metric oxidants such as manganese dioxide, chro-
mic acid, potassium dichromate, selenium diox-
ide, and nitric acid have been used. However, the
environmental characteristics of these processes
(E-factor and efficiency) are extremely poor, and
the wastes are toxic.

The first innovative step towards a significant
improvement of these processes was the use of ox-
ygen as oxidizer and transition metals as catalysts
[1]. The catalytic oxidation is key process for manu-
facture of dyes, agrochemicals, fragrances, widely
used mineral oxygen-containing compounds such
as adipic, terephthalic and isophthalic acids; maleic
and phthalic anhydrides; phenol; 1,4-butanediol;
industrial alcohols and organic peroxides. These
catalysts are notable for their relatively high acti-
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vity under mild conditions of reaction [2, 3]. In
terms of green chemistry and sustainable develop-
ment, the molecular oxygen is ideal oxidizer due to
its natural origin, accessibility, low price, environ-
ment friendly properties, and the highest atomic
effectiveness among the oxidizers. However, the
use of transition metal compounds for the cataly-
sis of oxidation reactions by molecular oxygen, as
arule, is associated with the following problems:
+ Activation of O, is not always successful under
mild conditions;
+ Necessity of additives for oxidizing the transi-
tion metal in the presence of O;
+ High chemo-selectivity of processes is not al-
ways reachable;
+ Incompliance with principles of green chemistry.
In addition, the sensitivity of metal-organic ca-
talysts to the presence of water that is an oxida-
tion product in many cases complicates the tech-
nologies using metal-containing catalysts. High
price makes them inefficient, and toxicity of me-
tallic compounds entails additional measures for
preventing the environment pollution.
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Since the catalytic aerobic oxidation of organic
compounds is of paramount importance for the
industrial synthesis of oxi-functionalized chemi-
cal derivatives in terms of both economic and en-
vironmental standpoints, the search of more ef-
fective systems for these processes remains an
important task, although one could think that
these comprehensively studied reactions are not
promising for further research. However, this is
not the case. Unexpectedly, new prospects open
up in the sphere of homogeneous catalysis.

Organic catalysis that is among key directions
in modern organic chemistry is an innovative me-
thod for these comprehensively studied processes
[4]. The L.M. Litvinenko Institute of Physical, Or-
ganic and Coal Chemistry of the NAS of Ukraine
(IPOCC) has a strong scientific school from the
date of its establishment and has accumulated a
huge experience in studying the action of organic
catalysts in heterolytic reactions [5, 6]. The inno-
vativeness of their application in radical chain oxi-
dation is associated with the fact that it is very dif-
ficult to imagine an organic compound that being
directly involved in the process where there are
many active radicals and oxygen would return un-
modified to catalytic cycle and not decay.

Starting with the mid-1990s, the organic cata-
lysis has been considered a promising strategy for
developing methods of organic compound oxida-
tion [7]. The first example of application of orga-
nic catalyst to the reactions of organic substrate
oxidation by molecular oxygen is N-hydroxyph-
thalimide (NHPI) that gives phthtalimide-N-oxyl
radical (PINO) in catalytic cycle.

Unlike almost all metal-containing catalysts
that act at the stage of chain initiation by react-
ing with hydroperoxides (primary oxidation pro-
duct), oxygen molecule or substrate, the new or-
ganic catalyst speeds up the reaction being invol-
ved in the chain continuation. This is especially
important in the view of the fact that in this case,
the selectiveness of process by target product in-
creases, insofar as, usually, the by-products are
formed in reactions of chain termination. Their
share grows as the initiation rate increases.
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NHPI PINO

The data obtained with the help of Google Scalar
(as of 2015.07.18) show that, within 1991-1995,
only 4 papers and 1 patent concerning the use of
NHPI as catalyst in liquid phase oxidation were
published. Since that time, the number of publica-
tions was growing rapidly and, in 2014, it reached
200 per year. Starting with 1995, (Ishii, Y. [7, 8])
972 articles and 153 patents have been issued. The
majority of researches have been carried out in
Japan, where catalysis was discovered and in Chi-
na, more than 300 in each country. They are fol-
lowed the United States, Italy, the Netherlands, and
France (more than 100). Romania, Russia, Poland,
and Ukraine have numbered over 30 publications
and patents, while other countries have only indi-
vidual works. It should be noted that many re-
searches have been made by international teams.

The TPOCC researches have addressed several
key problems related to the strategy of innovation
technologies with the use of organic catalysis. One
of the most important question concerning NHPI
was whether this substance acts as catalyst or as ini-
tiator. It was widely discussed in publications (Her-
mans [9]). The TPOCC studies have showed that
the answer depends on both the substrate (RH) and
co-catalysts. For the oxidation of unsaturated com-
pounds, including those that do not have activated
C-H-bonds, N-hydroxyphthalimide acts as typical
initiator [10, 11], whereas for the oxidation on C-H-
bonds of alkyl arenes (or alkanes), it is a catalyst
[12] accelerating the chain growth by reactions

ROO* + NHPI—— PINO*+ ROOH
PINO*+ RH—— R* + NHPL

However, it has been unexpectedly established
that NHPI plays one more role in the oxidation of
unsaturated compounds. The studies of the structu-
re of macromolecules created during polymerization
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of methyl methacrylate have showed that in addi-
tion to the initiation, NHPI regulates the structure
of growing macro-chain, i.e. under conditions of me-
thyl methacrylate polymerization reaction, comp-
lexes are formed between NHPI (or its derivatives)
and growing active nucleus of macro-radical that
creates conditions for building syndiotactic macro-
molecules containing more than 80% syndiotactic
diads [13]. The syndiotactic polymers are notable for
higher strength, density, and melting temperature.

Among new applications of N-hydroxyphthali-
mide, there is its use for obtaining oxygen-con-
taining compounds by oxidation of substrates
made of biomass. A gradual exhaustion of fossil
minerals as well as an increase in the cost of their
extraction stimulate innovative R&Ds aimed at
using renewable resources of biomass for produc-
ing chemical substances. To this end, the optimal
component of inedible biomass is cellulose. The
essence of innovation is the design of catalytic
processes for selective transformation of cellulose
into platform compounds under mild conditions
with further production of valuable chemical sub-
stances on their basis. Taking into account the
above mentioned fact, the oxidation of 5-hydro-
xymethylfurfural (HMF), a basic platform com-
pound in the cellulose transformation, into 2,5 fu-
randicarboxylic acid (FDCA), a multifunctional
structural element and promising alternative op-
tion to terephthalic acid, a base of petroleum ori-
gin, is of profound importance. This is one of the
most attractive reactions for designing effective
chemical processes based on renewable resources.

The TPOCC has been carrying out researches in
two directions: the process of obtaining HMF and
reactions of its oxidation by molecular oxygen. In
order to improve the existing not very effective
methods for obtaining 5 hydroxymethylfurfural,
the transformations of monosaccharides and dis-
accharides as models of renewable vegetable raw
material have been studied. Conditions for mate-
rial increase in its yield have been identified.

For the first time, a set of catalysts of N hydro-
xyphthalimide type has been studied in 5 hydro-
xymethylfurfural oxidation reactions. The role of
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various systems based on these catalysts in the
mentioned reactions has been researched as well.
These systems have been showed to be effective for
catalytic oxidation of HMF by molecular oxygen.
2,5 diformilfuran, a promising oxygen-containing
monomer has been established to be the basic pro-
duct of 5 hydroxymethylfurfural aerobic oxida-
tion catalyzed by N hydroxyphthalimide [14]. As a
result, an effective method for obtaining 2,5 difor-
milfuran using N hydroxyphthalimide-Cu(NO,),
catalytic system has been designed [15]. 5 hydro-
xymethylfurfural is oxidized by molecular oxygen
under very mild conditions: at a temperature 50 °C
and at an oxygen pressure of 1 atmosphere, i.e. as
compared with the existing methods, the research-
ers have managed to decrease temperature and pres-
sure, to reduce harmful wastes and costs, and to in-
crease yield of 2,5-diformiulfuran.

The use of widespread organic solvent, dime-
thyl sulfoxide (DMSO), in aerobic oxidation pro-
cesses is an innovative approach. The effect of
DMSO is so strong that it can be considered a
catalyst. An especially strong manifestation is re-
ported for the co-catalytic reactions with basic
compounds, in particular, the amines [16], and
for the oxidation of compounds with C—H-bond
neighboring to carbonyl group or ready to keto-
enol tautomerism (for example, in anthrone). In
other solvents, the amines do not show catalytic
effect. In some cases, they act as inhibitors.

A catalytic system based on DMSO has been
created. Under mild conditions, it enables ob-
taining such an important monomer as d,/ cam-
phoric acid through oxidation by molecular oxy-
gen [17]. Previously, this acid was obtained thro-
ugh oxidation of camphor by strong nitric acid
with large emission of harmful gases and aggres-
sive environment corroding the equipment.

An innovative method for oxidizing coal by mo-
lecular oxygen in high-base environments has been
designed at the IPOCC [18, 19]. It applies for oxi-
dizing various types of coal, except for the anthra-
cites. The study of kinetics of oxidation of different
types of coal by molecular oxygen in the presence of
alkali has showed that under given conditions, the
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low metamorphic types of coal are oxidized most ef-
fectively, as a result of presence of groups with high
C—H pH in the coal structure [20]. DMSO as or-
ganic solvent plays an important role in this pro-
cess. The reaction runs under mild conditions (at an
oxygen pressure less than 1 atmosphere, at a tem-
perature of 60—80 °C). In this case, oxidation leads
to the formation of humic acids as basic products of
reaction. The highest initial oxidation rate has been
reported for gaseous humate (Gh) that was used for
the study. The coal (after removal of humic acids)
was repeatedly oxidized by oxygen in DMSO and
in alkaline environment during 150 minutes. The
humic acids were extracted from oxidized coal, and
the number of COOH groups was determined.
0.80 g humic acids were obtained from 1 g coal; the
analysis of their content was as follows (%): C —
74.30; H—5.67; S — 1.53; N — traces.

CONCLUSIONS

The innovative application of organic catalysts
(or solvents) for speeding up the reactions of ob-
taining oxygen-containing products through oxi-
dation by molecular oxygen has good prospects in
both industry and in chemical synthesis practice.

1. In the case of oxidation through C—H bonds
(aerobic oxidation of alkanes, alkyl arenes, oxy-
gen-containing compounds of various structure),
the use of hydroxyl-containing catalysts enables
reactions under mild conditions, with higher con-
version and selectivity as compared with the con-
ventional methods. This innovative approach is
very promising for obtaining many important oxy-
gen-containing compounds. For instance, cumene
is oxidized by molecular oxygen in order to obta-
in cumene hydroperoxide (world production rea-
ches 6.7x10° t/annually), acetone (5x10° t/annu-
ally), phenol (8.3x10° t /annually), x methylstyrol,
and acetophenone. This list can be extended with
transformation of cyclohexane into adipic acid
(6 x 10° t/annually) the production of which has
been launched at several plants in Ukraine. Direct
oxidation by molecular oxygen would be very use-
ful for the chemical industry, in particular, in the
view of the fact that this process is much more en-

58

vironment friendly that the conventional tech-
niques for production of adipic acid, which is as-
sociated with emission of harmful nitrogen oxides,
as a result of oxidation by nitric acid. Oxidation
of hydrocarbons, such as toluene, n-xylene, and
propylene, by molecular oxygen is a very impor-
tant industrial process enabling to obtain benzoic
(3 x 108 t/annually) and terephthalic acids (11.4 x
x 108 t/annually), dimethyl terephthalate (4.1 x
x 10 t/annually), and propylene oxide (4 x 106 t/an-
nually) from petroleum raw materials [21];

2. The catalytic systems based on dimethyl sul-
foxide are promising if the substrate to be oxidized is
a compound having C—H-bond activated by carbo-
nyl group or C—H-ready for keto-enol tautomerism
[22, 23] and the reaction is targeted towards obtain-
ing bicarboxylic (or polycarboxylic) acids or qui-
nones. Dimethyl sulfoxide ensures effective action
of base catalysts in oxidation by molecular oxygen.
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Bigninenns dizuko-ximii roprounx KomaamH
Incruryty dizuko-opraniunoi ximii i Byriaeximii
im. JI.M. JIutBunenka, JIoBiB

THHOBAIIIMHU OPTAHOKATAJII3 —
MEPCIIEKTUBHUNM HATIPSIMOK Y PEAKILISX
PI/IMHHO®A3HOTIO OKUCHEHHS
MOJIEKYJIAPHVUM KUCHEM

[lokazaHo mepcrieKTUBHICTH IHHOBAIIHHOTO OpraHoKaTa-
Ji3y B aepOOHOMY OKUCHEHHI Ta oTpuMati B [HcTuTyTi (hizu-
KO-OpraHiyHoi ximii i Byrseximii im. JI.M. JIntBunenka HAH
YipaiHnu JocarHeHHss B il obsacti. BakgusuM HOBOBBe-
JICHHAM Yy TIPAKTUKY OKHMCHEHHSI MOJIEKYJSIPHUM KHCHEM
BYIJIEBOZHIB 1 5 TimpokcuMeTnadypdyposry B M'SIKUX yYMO-
BaX CTAJI0 BUKOPHUCTAHHS OpTraHivHoi crioyku N ripokcud-
TAJIIMITy SK KJTIOUOBOTO KaTagizaTopa. Y BUMAIKy OKUCHCH-
HsT ByTiist i cyGeTpaTiB, y MOJIEKYJIaX SKUX € TPYTIN, 37aTHI
10 KETO-eHOJIbHOI TayTOMeDii, iIHHOBAIITHUM € BUKOPUCTAH-
HST IIMETHIICYIb(MOKCUIY SIK PO3YNHHUKA, 10 3abe3reuye
JIIT0 OCHOBHMX KaTasli3aTOPiB.

Kniouosi crosa: opranokaraiuis, acpoGHe OKHCHEHHI,
BYTJIE€BOJIHI, BYTLIIIS, 5 OKCUMETHIDYPPHYPOIT, AMMETHICY -
doxcu.

H.A.Onetida

Otnenenvie GU3NKO-XUMUK TOPIOYUX UCKOTIAEMbIX
Wucturyra GU3NKo-opraHnyeckoil XMMUHU U YTIeXUMUN
M. JI.M. JIntBunenko HAH Ykpaunsl, JIsBoB

MHHOBAIIMOHHBIN OPTAHOKATAJIN3 —
INEPCIIEKTUBHOE HAITPABJIEHUNE
B PEAKIUAX KUJKODPASHOTI'O OKMC/IEHNA
MOJIEKYJIAPHBIM KNCJIOPO/IOM

TTokasaHbl 1EePCHEKTUBHOCTh MHHOBAIIMOHHOTO OPraHo-
KaTaju3a B a9pOOHOM OKMCHEHWU ¥ 10JTydeHHblie B MHCTH-
TyTe (PUBMKO-OpraHnyecKol XuMun u yriaexumuu nuM. JI.M.
JlurBunenko HAH Ykpaumbl JOCTHKEHUS B 9TOH 06/1aCTH.
BaxnbiM HOBOBBe/ieHNEM B IIPAKTUKY OKUCJIEHUS MOJIEKY-
JIIPHBIM KUCTIOPOIIOM YTIE€BOAOPOIOB M S-TUAPOKCHMETILII-
dbypbyposa B 6JaronpusiTHbIX YCJAOBUSIX CTATIO UCHOJIb30-
BaHUE B KauecTBe KaTaJu3aTopa OPraHMYECKOTro COe/MHe-
nusg N-ruzgpokcudramumuia. B ciaydyae okucaenus yris u
cybeTpaToB, B MOJIEKYJIAX KOTOPBIX MMEIOTCST TPYIIIIBI, CIIO-
COOHBIE K KETO-€HOJIBHON TayTOMEPHH, NHHOBAI[OHHbIM STB-
JISIETCSl MCIOJIb30BAHKE JINMETUIICYIb(OKCHIA B KaueCTBe
pactBopuTeJist, 00eCeYrBaKOIIEro AeiiCTBUE OCHOBHBIX Ka-
TAJIN3ATOPOB.

Kuawuesvie cnosa: opranokaranns, aspoOHOe OKHCJIe-
HI€, YIJIEBOJIOPO/IBI, YTOJIb, 3-0KcnMeTudhypdypot, mime-
TUICYIb(HOKCUIL.
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