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Abstract

Oxidation of 2-ethyl-5,6,7,8-tetrahydro-9,10-anthrahydroquinone (ETHAHQ) by oxygen in a stirred reactor was studied.
It was found that substances of basic character (organic amines, basic heterogeneous catalysts) could successfully catalyze
this oxidation. Linear dependence of the oxidation rate on the basic compounds concentration was determined. This reaction
can be also utilized for measuring the relative basicity of substances (catalysts) in organic solvents.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction of butane-1-0[5]. These reactions are designed for a
gas phase.

In general, physical and physicochemical methods For testing of the catalyst activity in a liquid phase
are used for the prediction of catalyst activity. Their retroaldolization of 4-hydroxy-4-methylpentane-2-on
disadvantage is the requirement of a special modi- [1] to acetone or aldolic condensation or isomer-
fication of samples, observation of a catalyst under ization of isophorongl6] were used. Knoevenagel
extraordinary conditions (e.g. very low pressure), dif- condensation for both heterogeneous and homo-
ficult interpretation of results for real systems, neces- geneous catalysts was described by Corma et al.
sity of combination of both, respectively. Furthermore, [7,8]. They studied reactions of benzaldehyde with
these methods often fail to characterize catalytic ac- methylenic compounds of different acidities such as
tivity during reactions in liquid phase, i.e. the solvent ethyl cyanoacetate Ka 9.0), ethyl acetoacetateKp
can significantly affect the catalyst activity. For these 10.7), ethyl malonate ¢ 13.2) and ethyl bromoac-
reasons, chemical methods appear to be suitable ancetate (fKa 16.5) without solvent. During reaction in
experimentally easy for the catalyst characterization. liquid phase, however, solvents are often used whose

Several test reactions are described for the deter-effect on the course of a catalyzed reaction is negli-
mination of activity of heterogeneous basic catalysts: gible and hardly predicable. Therefore, the similarity
decomposition of isopropylalcoh¢l-3], decompo- between the conditions of the test reactions and the
sition of 2-methyl-but-3-yn-2-o0[4], decomposition  conditions of the intended catalyst use facilitates the

data transferability to the real systems.
mpondmg author. Tels42-2-24-35-42-14: One of the _chargcteristic_ _ properties_ genere_llly
fax: +42-2-24-31-19-68. known about amines is the ability of a basic behavior,
E-mail address: libor.cerveny@vscht.cz (LCervery). which can be applied to a homogeneous catalysis.
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Nevertheless, no single opinion has yet been agreedincrease the electron density depends on the character
on the chemism of amine basicity. The literature of the solvent used. On the other hand, the experi-
[9-12] provides several options how to test the basic- mental data shoWl12] that the changes of the basic
ity. However, the results differ depending on whether force in dependence to the solvent used are surprising
the basicity is measured in aqueous or organic envi- and unpredictable.
ronment, in gaseous phase, respectively. This finding inevitably leads to a proclamation that
Riddick et al.[9] emphasizes that the measured the basicity of substances is not a generally applicable
basic strength changes in dependence to the solventproperty, but markedly depends on the measurement
used. There is no suitable measurement, which would method used. The data applicability is always limited
express by an explicit physical quantity (as, e.g. by their mode of acquirement. Basicity measured in
conductance, boiling and solidification points, etc.). various solvents is possible to apply only in arrange-
The ionization constants applied for comparison of ments with similar properties. It is apparent that the
basicities differ with every solvent and have to be basicity of substances can not be generally predicated
individually determined in each solvent. and the relative values are necessary to be acquired
For determination of basicity in non-aqueous experimentally.
environments, methods were developed that measure The aim of this work is the measurement of activity
basicity of a hydrogen bond between a base and anof basic substances (catalysts) in liquid phase. The
organic donor of the hydrogen bond (HB-donor). Eq. (1)depicts the test reaction. This reaction is the
Therefore, the value of kg represents the extent basis for the production of hydrogen peroxide, which
of basicity. Taft delineated the basic metha@] and on industrial scale, proceeds without any catalyst
action.

OH o
C,H, CHg
‘OO + 2B —> OO + 2HB+ —> [COMPLEX]
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(0]
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defined Xyg as logKs) for a mixture of a base and a

reference HB-donor. However, if the basicity is tested 2. Experimental

in other solvents, the results of this measurement dif-

fer from the basicities determined in GCNot only 2.1. Materials and reagents

the change of a solvent brings about a change in the

absolute value of the basic force, but also the changes The precursor of the substrate was a solution

in the relative values occur within an identical amine of 2-ethyl-5,6,7,8-tetrahydro-9,10-anthraquinone

sequence. (ETHAQ) with concentration of 0.3 mott. The mix-
Reyes and Scotf11] explain these changes of ture of 2-ethylhexane-1-ol (30%) and xylene (70%)

amines’ basicity in various solvents by the formation was used as the solvent. The substrate was prepared

of a specific hydrogen bond. The solvent’'s hydrogen by hydrogenation of ETHAQ at the temperature of

atoms and amine eventually start interacting. The au- 60°C carried out to its 50% conversion. Two percent

thors assume that an increase of basicity is the resultPd/AlbO3, SiO, was used as the hydrogenation cat-

of a growth of electron density occurring around the alyst. Its concentration in the reaction mixture was

basic center (nitrogen atom of amine). This ability to 0.2wt.%. Thorough separation of the catalyst from
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the substrate was achieved using gravity sedimenta-be reflected in kinetic variations of the catalyzed and
tion and careful pipetting of the hydrogenated solution noncatalysed reactions.
from its surface.
Amines, MgO and Lewatite MP 500 were tested 23, Evaluation of experimental data
during the work. Lewatite is the trademark for a

macro-porous anion exchanger from Bayer Co. con-  The activity of catalysts can be compared to values

taining quaternary ammonium groups of type | an- of the oxidation rate constants of 2-ethyl-5,6,7,8-tetra-
chored on 3D-net polystyrene. Solid catalysts were hyqro-9,10-anthrahydroquinone (ETHAHQ). Under a

first pulverized and sieved to two fractions @0.04  constant partial oxygen pressure, the oxidation course
and <0.1 mm. Different fractions were prepared as 0 can be described by a simple exponential Ede (2)
prove the elimination of pore diffusion. wherer (gl-1s71) is the reaction rates (g1-2) con-

centration of ETHAHQ,a the reaction order an#

2.2. Apparatus and measurement procedure (g-¢19-1s71) the oxidation reaction rate.

The apparatugl3] consisted of a glass stirred re- 7= ke (2)
actor and a gasometer burette of a volume of 100 ml
calibrated to 0.2 ml. The gasometer burette served as
an oxygen reservoir. The reactor as well as the burette
was equipped with a tempered mantle.

The reaction (1) was carried out under atmo-
spheric pressure. The stirring was procured by a
Teflon-covered stirring element, propelled by a mag-

Experimentally, it was found that the reaction order
related to hydroquinone ig = 0.6. This value has
been achieved regardless of whether oxidation was
catalyzed or proceeded in the catalyst absence.

The relative rate constant was calculated from the
values measured under identical reaction conditions

netic stirrer. The frequency was kept at 2600 T for the substrate with catalyst and without the catalyst

which secured an ultimate aeration of the liquid re- (Ea. ().
action mixture. The accomplishment of the kinetic _ keat 3)
region was always verified. Five milllliters of the o
substrate was pipetted from a stock solution to the
oxidation reactor. Prior to initiation of the oxidation
reaction, the tested catalyst was added to the reac-3. Results and discussion
tor, whose concentration ranged within the interval
of 0.02-250 g(’[)l_phase After the catalyst was added, 3.1. Methods of measurement of ETHAHQ
the air atmosphere contained in the reactor was ex- oxidation rate
changed by nitrogen and stirring initiated. After half
an hour of stirring, a complete homogenization of  Oxidation of ETHAHQ proceeds with a sufficient
the substrate and the catalyst was achieved. After reaction rate, quantitatively even in the absence of a
homogenization of the reaction mixture, the nitrogen catalyst already under laboratory temperature. The ox-
atmosphere was exchanged by oxygen. Oxidation idation rate-determining step is the hydrogen abstrac-
was initiated by stirring. The time dependence of tion from hydroxylic group of hydroquinone, during
the oxygen consumption was recorded during the which basic substances take a catalytic action.
measurement. Immeasurable consumption of oxy- With catalysts of a high relative activity, it is neces-
gen lasting already 15min indicated the end of sary to verify that the reaction proceeds in the kinetic
oxidation. region. For the measurement with very basic catalysts,
The stability of triethylamine under the reaction itis advantageous to decrease the reaction temperature
conditions of the discussed experiments was followed or decrease the substrate concentration. This way, it
chromatographically. No significant concentration is possible to eliminate the effect of the external dif-
decrease of this simply oxidisable amine was ob- fusion and achieve reliability in the acquired results.
served during the reaction. Otherwise the possible Fig. 1implies that the dependence of the rate constant
amine transformation in the oxidation process must on the concentration of (ENH and f-Bu)(Mek-N

kno—cat
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Fig. 1. Dependence of relative rate constant of ETHAHQ oxidation on concentrationBif)(Me)-N (O) and (Etx-NH (). Substrate
concentration: 0.3 molf}-phass temperature: 0C.

in the reaction mixture is linear in the entire measured a substituent. The effect of the number of alkyls on

interval. ETHAHQ oxidation rate was monitored using ethy-
Since the oxidation rate is of a positive order re- lamine, diethylamine and triethylamingable 1shows

lated to the substrate, decreasing its concentration canthe acquired oxidation rate constants. In the studied

decrease the reaction rate. This fact was used duringsystem, the ratio of activities of three ethylamines was

the activity tests of the basic Lewatite and MgO. A

high concentration of these heterogeneous catalysts

would decrease the aeration efficiency in the reaction Table 1 _— I
. Effect of amine substitution on ETHAHQ oxidation rate constant
mixture. by oxygen
Fig. 2 transparently shows that the dependence of — — _
the rate constants on the concentration of solid cata- A™"® ETHAHQ oxidation Relative
. . . A rate constant oxidation rate
lysts is not as steep as in the catalysis of amiRes () (@200 17100 ) constant
or during catalysis by aqueous solution of Na{1H]. - 0,026 Q{l-phase 100
The linear dependence in tlég. 2 offers an oppor- Et-NH, 0.084 323
tunity to utilize ETHAHQ oxidation for the determi-  (g¢),-NH 0.235 9.04
nation of the relative activity of the basic catalysts. In (Et)s-N 0.218 8.39
the case of the catalysts A and B, it can be expressed,<:}NH2 0.207 7.99
e.g. by the ratiokcata — kno-cat)/(kcatB — kno-cat),
in which the rate constants;; are measured at an QNHO 0.148 571
identical catalyst concentration. <:}NH—CH3 0.222 8.55
. o (Phl-NH 0.027 1.06
3.2. Effect of amines on ETHAHQ oxidation rate (n-Bu)-NH 0.256 9.84
(sec-Bu),-NH 0.124 477
(n-Bu)(Me)-N 0.077 2.96

The properties of amines are generally dependent
on the degree of nitrogen substitution and the type of Temperature: 36C; amine concentration: 0.24 gflphase
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Fig. 2. Dependence of relative rate constant of ETHAHQ oxidation on concentration of My@nd Lewatite (). Substrate concentration:
0.075 mol/ljy-phass temperature: 30C.

Et-NH:(Et)2-NH:(Et)3-N = 1.0:3.6:3.3. This result  alkyl of a low bulkiness integrated in a secondary
for ethylamines correspond&5] not so well to Ky amine, the positive induction effect of the second
ratios= 1.0:1.0:0.9. alkyl is more significant than the steric hindrance.
The significant effect of alkyl in primary amines This is clearly visible from an increase of the oxida-
is apparent from the comparison of the effect of cy- tion rate during transition from dicyclohexylamine to
clohexylamine and ethylamine on the relative basicity cyclohexylN-methylamine.
(the ratio was 3.1).
Having compared the substrate oxidation rate in the
presence of dicyclohexylamine and diphenylamine, a 4. Conclusion
markedly different activity of these substances is also
apparent, which is in correspondence with the the- It was proved that the ETHAHQ oxidation rate is
ory on basicity of aromatic and aliphatic amines. The linearly increasing with an increasing concentration
similar result was obtained at basicity comparation of of basic substances. These substances affect the stud-
pyridine and piperiding7]. ied reaction as catalysts and this reaction can be used
Having compared the relative activities of six sec- for the determination of their relative basicity. The de-
ondary amines, it is apparent that a steric effect is pre- scribed method suitable for the basicity testing offers
dominant in their case. The example is the replacementan opportunity of a great choice of individual solvents
of n-butylic alkyls withsec-butylic. In the presence of  (alcohols, esters, aromates, etc.) and their mixtures. Its
di-(1-butyl)amine, the rate constant of ETHAHQ ox- primal advantage is the outstanding sensitivity to ho-
idation is twice higher than of di-(2-butyl)amine. mogeneous catalysts, which enables the basicity test-
A significant steric effect is also apparent from ing already in catalytic amounts. The applicability of
the comparison of basicity of cyclohexylamine and this method is limited by the solubility of a substrate,
dicyclohexylamine, where the rate constant decreasesa homogeneous catalyst, respectively, in the selected
with the number of alkyls. If methyl represents the solvent.
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