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E REACTIONS: A KINETIC STUDY

Nirav Bhavsar!*, Vivaksha Patel?, Manish Misra3

ABSTRACT

The study examines the influence of varying reaction conditions like solvent presence, solvent absence, air
exposure, and air exclusion in a closed vessel on the kinetics of oxidative coupling reactions of amines to form
imines, utilizing MCM-41 and Al-20-MCM-41 catalysts. The investigation encompasses both self-coupling
and cross-coupling reactions. Results indicate that the self-coupling reaction proceeds at a faster rate with the
Al-20-MCM-41 catalyst compared to MCM-41, whereas cross-coupling reactions exhibit a slightly reduced
rate with Al-20-MCM-41 relative to MCM-41. Detailed kinetic analysis was conducted for oxidative coupling
reaction of amines to imines using Al-20-MCM-41 catalyst under these various conditions to determine the
reaction order and rate constants. The reactions demonstrated a shifting order, displaying first-order kinetics at
high amine concentrations and approaching zero-order kinetics as the amine concentration decreased.
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Mcm-41 And Al-20-Mcm-41 Catalyzed Amine Coupling Reactions: A Kinetic Study

INTRODUCTION

In 1864, Hugo Schiff first identified the
condensation reaction of carbonyl compounds with
primary amines to produce imines, subsequently
known as Schiff bases or azomethines [1]. Imines
are critical intermediates in the synthesis of
nitrogen heterocycles, fine chemicals, and
pharmaceuticals, playing a significant role in both
chemistry and biology [2, 3]. Recently, the direct
synthesis of imines via oxidative self-condensation
of primary and secondary amines has garnered
considerable attention [4,5]. The literature
describes numerous methodologies for imine
preparation, including the utilization of ionic
liquids [6], infrared [7], microwave [8], and
ultrasound [9] irradiation. A primary challenge
affecting product yield is the equilibrium between
reactants and imines, with water as a byproduct.
This issue is mitigated by employing dehydrating
agents such as P,0s/SiO- [10], MgSO.-Mg (CIOa),
[11], fuming TiCls [12], or by using aromatic
solvents that form azeotropic mixtures with water
at elevated temperatures.

In recent years, the oxidative coupling (both self-
and cross-coupling) of amines to imines using
appropriate catalysts and atmospheric oxygen as an
oxidant has gained considerable interest as a
greener synthetic route. Solid catalysts such as bulk
copper [13] and gold powder [14], as well as
supported precious metals like gold nanoparticles
[15, 16] and ruthenium [17], have been proposed
for amine coupling reactions due to the advantages
of heterogeneous catalysis. However, these
methods often encounter challenges, including
cumbersome  procedures, moisture-sensitive
catalysts or reagents, the use of large quantities of
toxic  aromatic  solvents, high reaction
temperatures, and extended reaction times.
Consequently, the development of new,
environmentally friendly procedures for imine
synthesis is a critical focus in contemporary
organic synthesis. Ordered mesoporous materials
as heterogeneous solid catalysts are extensively
utilized in chemical synthesis, offering a promising
solution to these challenges.

Al-grafted MCM-41 is a widely utilized catalyst in
coupling reactions. MCM-41 materials are
characterized by their ordered structure, featuring
uniform mesopores arranged in a hexagonal lattice,
making them an effective support material for the
development of heterogeneous catalysts. Al-
grafted MCM-41 (AI-MCM-41) has been
extensively employed as a catalyst in various acid-
catalyzed reactions, including esterification [18,
19], acetalization [20], and alkylation [21, 22].
Additionally, MCM-41 and AlI-MCM-41
mesoporous catalysts have been proposed for the
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oxidative coupling of amines using the polar
solvent nitrobenzene [23].

The catalytic properties of MCM-41 and Al-grafted
MCM-41 acidic materials are crucial in the
oxidative coupling of amines during the synthesis
process. The activity of these catalysts and the
reaction conversion are significantly influenced in
the oxidative coupling of amines to imines using
MCM-41 and Al-20-MCM-41 [24]. In this study,
we have examined the impact of various reaction
conditions on these coupling reactions to determine
the reaction order and rate constant.

Raman spectroscopy is an effective method for
monitoring imine synthesis reactions and studying
the kinetics of imine formation in chloroform
solvent [25]. Experiments involved reacting a
primary amine with a carbonyl ketone at various
temperatures, utilizing molecular sieves to remove
water during the reaction. It was concluded that the
reaction exhibited second-order kinetics across
different temperatures. Additionally, various Ru-
based catalysts containing methoxy or methyl
groups, as well as monomeric and quinone
structures, were used in Kinetic studies of amine
reactions in toluene at 110°C [26].

The investigation into the substrate effects on the
catalytic rate reveals that the rate of hydrogen
transfer between amines and imines is influenced
by the electronic properties of the substrates.
Specifically, substrates with a methoxy or methyl
group on one of the aromatic rings exhibit a higher
reaction rate compared to monomeric groups.
However, the introduction of multiple methoxy
groups results in a slower reaction rate. Replacing
the methyl group with an ethyl group does not yield
a significant improvement in reaction rate.
Additionally, a classical study on the
organolanthanide-catalyzed cyclization of 4-
pentyn-1-amine demonstrates that the reaction
follows zero-order kinetics with respect to the
substrate and first-order kinetics with respect to the
catalyst concentration [27].

The rate constant for the overall reaction has been
determined, although the rate constants for the
individual steps of the catalytic cycle have not been
derived. The activation parameters, AH and AS,
were calculated at various temperatures. A
palladium (I1) catalyst was employed in the kinetic
study of amine reactions. The palladium (I1)-
catalyzed oxidation of methylamine and
ethylamine by Ce (1V) in perchloric acid was found
to be dependent on the acid concentration [28].
The kinetic study was conducted to determine the
reaction order, revealing a shifting order from first
to zero. The reaction exhibited first-order kinetics
at low amine concentrations, transitioning to zero-
order Kinetics at higher concentrations. Similarly,
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the Kkinetic analysis and mechanism of the
ruthenium (l11)-catalyzed oxidation of tris(2-
aminoethyl) amine by hexacyanoferrate (I11) in an
aqueous alkaline medium showed first-order
behaviour at low alkali concentrations, which
approached zero-order at higher concentrations
[29].

EXPERIMENTAL

Oxidative Coupling of Amine to Imine with
MCM-41 and Al-20-MCM-41

The oxidative coupling of amines offers an
alternative approach for synthesizing imines,
which serve as versatile intermediates in various
organic transformations and hold significance in
biological systems. Imines act as chemical
intermediates that can readily convert into other
functional groups, such as nitroxides, oxoaziranes,
nitrones, and carbonyl compounds. Typically,
imines are synthesized through the condensation of
primary amines with aldehydes, and less frequently
with ketones.

In this study, the oxidative coupling of amines to
imines was conducted using two catalysts, MCM-
41 and Al-20-MCM-41, under different reaction
conditions. Two distinct types of reactions were
investigated: (i) self-coupling reactions and (ii)
cross-coupling reactions. The primary objective of
this work was to analyse the reaction kinetics under
varying conditions.

The coupling reaction was conducted within a
controlled environment utilizing a 12-place heated
carousel reaction station (RR99030, Radleys
Discovery Technologies, UK). Precise quantities of
the reaction mixture and activated catalyst were
introduced into reaction tubes under two distinct
conditions. In the first scenario, the reaction
proceeded in the presence of a solvent at the desired
temperature with adequate stirring for the specified
reaction duration. Conversely, the second condition
involved a solvent-free reaction. Both reactions
were performed in sealed vessels, with the option
of continuous air purging to ensure an excess
supply of oxygen for the reaction.

Upon completion of the reaction, the mixture was
cooled and diluted with dichloromethane for

NH2  MCM-41/A1-MCM-41
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subsequent analysis via gas chromatography
(Agilent 7890A) equipped with an HP-5 (60 m)
capillary column. The chromatographic conditions
involved a programmed oven temperature ranging
from 50 to 280°C, with a flow rate of 0.5 cm3/min
of N2 as the carrier gas and detection performed via
a flame ionization detector (FID). The products
generated during the reactions were further
characterized using gas chromatography-mass
spectrometry (GC-MS) analysis. This analysis was
conducted wusing a gas chromatograph-mass
spectrometer (Agilent 5975C GC/MSD with
7890A GC system) equipped with an HP-5
capillary column of 60 m length and 250 um
diameter. The programmed oven temperature
ranged from 50 to 280°C, with a flow rate of 1
mL/min of helium as the carrier gas, and the ion
source maintained at 230°C.

Self-coupling Reactions of Amines

Self-coupling reactions were conducted within a
reaction station, wherein predetermined quantities
of a reaction mixture containing benzylamine and
nitrobenzene (in cases where the reaction was
performed with a solvent) were introduced into
reaction tubes. Subsequently, 0.05 g of freshly
activated catalyst was added to each tube after
activation at 180°C for 1 hour. The reactions were
conducted at 160°C for varying time intervals.
Following the reaction, the reaction tubes were
cooled to room temperature, and the reaction
mixture was collected and diluted with
dichloromethane. The conversion of benzylamine
over different time intervals and the selectivity of
the product were evaluated for both MCM-41 and
Al-20-MCM-41 catalysts, under conditions with
and without solvent, and in the presence of air in
closed vessels.

Analysis of the reaction mixture was performed via
gas chromatography, and product identification
was accomplished through gas chromatography-
mass spectrometry (GC-MS).

Self-coupling reactions were investigated under
two distinct conditions to assess conversion rates:
(i) without solvent in closed vessels, (ii) with
solvent with excess air.

Y

.

160°C

Presence of solvent/absence of solvent

benzylamine

Y

E_N_benzylidepp_ 1T_nhanvlmathanaming

(Self-Product)

Scheme 1. Self-coupling Reaction of Benzylamine
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Mechanism of Formation of Imine from Amine for Self-coupling
The reaction mechanism pertains to a sequence of steps through which the initial reactants engage in
interactions leading to the formation of products. The conversion of an amine to an imine typically involves a

two-step process

Step 1: Formation of Imine intermediate

In the oxidative coupling of benzylic amines under reflux conditions in water, the activation of amines occurs
through hydrogen bonding facilitated by water molecules, primarily interacting with the amino group.
Subsequently, the activated amine species reacts with oxygen to generate an imine intermediate.

SNH

NH
2 L 120,

Benzylamine

- + H,0

Imine Intermediate water

Scheme 1 (a). Imine Intermediate Formation

Step 2: Formation of imine product from imine intermediate
The imine intermediate undergoes a reaction with unbound or free amines to yield the final imine product.

©/\NH

Benzylamine Imine Intermediate

OA\NH L ©A\NA©

E-N-benzylidene-1-phenylmethanamine

Scheme 1 (b). Imine Formation from Imine Intermediate

It has been identified that in the two-step process,
step 2 serves as the rate-determining step.

Cross coupling Reactions of Amines

In the cross-coupling of benzylamine and aniline,
nitrobenzene was employed as the solvent where
applicable. Precise quantities of the reactants and
solvent were introduced into 50 mL reaction tubes.
Catalysts, MCM-41 and Al-20-MCM-41, were pre-
activated at 180°C for 1 hour prior to their addition
to the reaction vessels. The reactions were carried
out at 160°C under 1 atmosphere of pressure for
various time intervals.

Ha

MCM41/AI-MCM41

160°c

Benzylamme

Aniline Presense of solvent/
absence of solvent

Post-reaction, the mixtures were cooled to ambient
temperature, extracted from the reaction tubes, and
subsequently diluted with dichloromethane. The
reaction mixtures were analysed via gas
chromatography (GC), and product identities were
confirmed using gas chromatography-mass
spectrometry (GC-MS).

Cross-coupling reactions were performed under
two distinct sets of conditions to evaluate
conversion rates: (iii) in the presence of the solvent
with excess air, and (iv) in the absence of solvent
with excess ai

SARe

E-N-benzylidene-1-phenylmethanamine

Ay

E-N-benzylideneaniline

(Self-Product) (Cross Product)

Scheme 2. Cross coupling Reaction of Benzylamine with Aniline
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Mechanism of Formation of Imine from Amine for Cross coupling

Step 1: Formation of imine intermediate

N NH

NH
2 . 120,

Benzylamine

Y

+ H,0

Imine Intermediate water

Scheme 2 (a). Imine Intermediate Formation

Step 2: Formation of imine product from imine intermediate

Imine intermediate gets reacted with free amines to give imine product.

NH, SNH XN
+ - + NH,

Benzylamine Imine Intermediate

E-N-benzylidene-1-phenylmethanamine

Scheme 2 (b). Reaction between Amine and Imine Intermediate

Step 3: Self product reacts with another reactant aniline and form cross imine product.

ShICHaCh

E-N-benzylidene-1-phenylmethanamine Aniline

oD e

E-N-benzylideneaniline Benzylamine

Scheme 2 (c). Cross Imine Product Formation

Among the three steps, step 3 has been identified as
the rate-determining step in the coupling reaction.

RESULTS AND DISCUSSION

Study of Self coupling reactions with respect to
different reaction conditions.

Self-coupling reaction were conducted for two
different conditions as mentioned earlier (i) without
solvent and closed vessel (ii) with solvent and in
excess of air. The aim of conducting these reactions
is to check the effect of solvent and excess air over
the kinetics of the reaction.

In this work, nitrobenzene was used as a polar
solvent due to its high dielectric constant (34.8),

Eur. Chem. Bull. 2020, 09(Regular Issue 01), 59-71

high boiling point (205°C) and non-reactive nature.
It has already been used as a polar solvent in high
temperature heterogeneous catalytic reactions [12].
This study reveals that a suitable (greener) high
boiling point polar solvent can be explored to
promote the efficiency of MCM-41 catalysts for
amine coupling reactions.

Effect on conversion of oxidative self-coupling
reaction with respect to time using MCM-41 and
Al-20-MCM-41  catalysts  for  different
conditions.
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100

80

60 —

40 4

% Conversion

20 4

—#— without solvent and closed vessel MCM 41
—®— With solvent and Excess air MCM 41
—A— without solvent and closed vessel Al-20-MCM 41

— ¥ With solvent and Excess air Al-20-MCM 41

T T T T T
6 8 10

Time (Hr)

Figure 1. Conversion of self-coupling reaction using MCM-41 and Al-20-MCM-41

Figure 1 illustrates that, in the absence of solvent
and within a closed vessel, the reaction proceeds
slowly, achieving 72 percent conversion with
MCM-41 and 75 percent conversion with Al-20-
MCM-41 after 10 hours. In contrast, when
conducted with solvent and in the presence of
excess air, 100 percent conversion is attained
within 9 hours for MCM-41 and within 8 hours for
Al-20-MCM-41. The presence of solvent and
excess air not only accelerates the reaction but also
significantly enhances conversion rates while
maintaining 100 percent selectivity. These findings
clearly indicate that a polar solvent (nitrobenzene)
combined with excess air substantially promotes
catalyst activity. The synergistic effect of
nitrobenzene and excess air greatly increases amine
conversion across all samples. Furthermore,
comparing the catalytic performance, Al-20-
MCM-41 exhibits higher activity than MCM-41, as

evidenced by achieving 100 percent conversion
within 8 hours.

Study of Cross coupling reactions with respect
to different reaction conditions.

Cross-coupling reactions were conducted under
two distinct conditions to evaluate catalyst
conversion and selectivity: (i) without solvent and
in the presence of excess air, and (ii) with solvent
and in the presence of excess air. The primary
objective of these experiments was to investigate
the impact of varying reaction conditions on the
kinetic behaviour of the reactions. Nitrobenzene
was employed as the solvent in these reactions.

Effect on conversion of oxidative cross coupling
reaction with respect to time using MCM-41 and
Al-20-MCM-41 catalysts for different reaction
conditions

100

80

60 —

40 H

% conversion

—®— Without solvent and closed vessel MCM 41
—®— With solvent and Excess air MCM 41

20 H —A— without solvent and closed vessel Al-20-MCM 41
— ¥ With solvent and Excess air Al-20-MCM 41

T
4

Time (Hr)

Figure 2. Conversion of cross-coupling reaction using MCM-41 and Al-20-MCM-41
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Figure 2 shows that in the absence of solvent and
within a closed vessel, the reaction progresses
slowly, achieving 90 percent conversion with
MCM-41 after 8 hours and 91 percent conversion
with Al-20-MCM-41 after 7 hours. Conversely, in
the presence of solvent and excess air, 100 percent
conversion is reached within 8 hours for MCM-41
and within 7 hours for Al-20-MCM-41. The
inclusion of solvent and excess air not only
accelerates the reaction but also significantly
improves conversion rates while maintaining 100
percent  selectivity.These  results  clearly
demonstrate that using a polar solvent, such as
nitrobenzene, in combination with excess air
markedly enhances catalyst activity. The
synergistic effect of nitrobenzene and excess air
substantially increases amine conversion across all
samples. Additionally, when comparing catalytic
performance, Al-20-MCM-41 shows higher

MCM-41/
NH, Al-20-MCM-41
2 + 1/20, >
NB, 160°C
Benzylamine
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activity than MCM-41, as it achieves 100 percent
conversion within 7 hours.

Kinetics Study

Kinetics involves studying the rates at which
chemical reactions occur and examining the
influence of wvariables such as temperature,
pressure, and reactant concentration on these rates.
It provides quantitative information about the speed
of chemical reactions. To elucidate the kinetic
parameters, reactions were conducted under
various conditions at the optimal temperature. This
section covers the kinetic study of self-coupling
and cross-coupling of amines using the Al-20-
MCM-41 catalyst, which demonstrates higher
selectivity compared to MCM-41.

Kinetics Study of Self-Coupling of Amines
Stoichiometry self-coupling of reaction of
Benzylamine is

SN
+ NH, + H,0

E-N-benzylidene-1-phenylmethanamine

Scheme 3. Stoichiometry of Self-Coupling Reaction Using Solvent Nitro-Benzene

Kinetics study of reaction without solvent and
closed vessel (absence of air) using Al-20-MCM-
41 Catalyst

The Ca vs Time curve reveals a distinct shift in
reaction order occurring between 0.25 and 0.5
hours. Using the integral method of analysis, a first-
order reaction was initially assumed, and a plot of

—In(1-X,a) vs Time was constructed, as shown in
Figure 4(a).

For various time intervals, the concentration of
reactant A, Ca vs Time was plotted, as shown in
Figure 3. The curve clearly indicates a shifting
order reaction beginning from 0.25 hours onward.

CA (molllit)

N
IS
(=2}
o -

Time (Hr)

Figure 3. Cavs Time

Eur. Chem. Bull. 2020, 09(Regular Issue 01), 59-71
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This plot demonstrates that the data fit a first-order
reaction model up to 0.25 hours. Subsequently,
from 0.5 hours onward, a plot of Ca vs Time was
created, as illustrated in Figure 4(b), which clearly
depicts a zero-order reaction as it produces a
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straight line. Consequently, it can be concluded that
the reaction followed first-order kinetics during the
initial period up to 0.25 hours, after which it shifted
to zero-order kinetics.

y=a+bx
No Weighting
0.19448

Equation
Weight

Residual Sum
of Squares

Pearson's r
Adj. R-Square

/

-0.99425

0.98725

Standard Error|
0.08481
0.01433

Value
6.11849
-0.39903

Intercept
Slope

CA

NE

\

K, =0.399 mol/lithr

R®=0.987

o
N
IS
o
©

Time (Hr)

(b)

Figure 4. (a) -In(1-Xa) vs Time (b) Ca vs Time

Kinetics study of reaction with solvent and
excess air using Al-20-MCM-41 Catalyst

A graph of Ca vs Time was constructed from the
experimental concentration and time values, as

shown in Figure 5. This graph indicates that the
reaction order shifts from first-order to zero-order
after 2 hours.

A

CA (mol/lit)

Time (Hr)

Figure 5. Cavs Time

Figure 6(a) illustrates that the reaction follows first-
order kinetics for the initial 2 hours, as indicated by
the straight line observed in the —In(1-Xa) vs Time
plot. From 2 hours onwards, the reaction transitions
to zero-order Kinetics, as depicted in Figure 6(b),
which also shows a straight line. For zero-order
Eur. Chem. Bull. 2020, 09(Regular Issue 01), 59-71

reactions, the reaction rate becomes independent of
the concentration, whereas for first-order reactions,
the rate is directly proportional to the
concentration.
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Figure 6.(a) —In(1-Xa) vs Time (b) Ca vs Time

Kinetic Study of Cross Coupling of Amines
Stoichiometry of cross coupling reaction is given as

NH
NH 2 \/©
Y (™ e —— (S ¢ wens

Benylamine Aniline

E-N-benzylideneaniline

Scheme 4. Cross coupling reaction of Benzylamine with Aniline

Kinetics study of reaction without solvent and
excess air using Al-20-MCM-41 Catalyst
The initial experimental data of concentrations at

From the graph, it can be observed that the reaction
exhibits shifting order kinetics, with the reaction
order transitioning from first-order to zero-order

different time intervals were plotted as after 0.25 hours.
concentration versus time, as shown in Figure 7.
35
u
304 |
=
t
254 ®
!
220 u
s | =
£ "~
~ 1.5 L]
< S
O \I\
Tm
1.0 H —
\.
0.5 1 \I
\.
0.0 T T T T T T T T
0 1 2 3 4 5 6 7
Time (Hr)
Figure 7. CaVs Time
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Figure 8.(a) —In(1-Xa) vs Time (b) Ca vs Time

Figure 8(a) shows the plot of —In(1-Xa) vs Time,
indicating first-order kinetics with a straight line up
t0 0.25 hours. From 0.5 hours (30 minutes) onward,
the reaction follows zero-order Kkinetics, as
illustrated by the straight line in Figure 8(b). In
zero-order reactions, the rate is independent of the

2.5

concentration, whereas in first-order reactions, the
rate is directly proportional to the concentration.
Kinetic study of reaction with solvent and excess
air using Al-20-MCM-41 Catalyst

The concentration versus time curve for all
reactions is shown in Figure 9.

2.0 4

1.5 |

1.0 A u

CA (molllit)

0.5

0.0

T T T T
4 5 6 7

Time (Hr)

Figure 9. Cavs Time

It again demonstrates the trend of a shifting order
reaction after 0.25 hours. Figure 10(a) shows the
plot of —In (1-Xa) vs Time for the initial 0.25 hours,
indicating that the reactions follow first-order
kinetics, as evidenced by the straight line. From 0.5
hours (30 minutes) onward, the reactions follow

Eur. Chem. Bull. 2020, 09(Regular Issue 01), 59-71

zero-order kinetics, as shown by the Ca vs Time
graph in Figure 10(b). For zero-order reactions, the
rate does not depend on concentration, whereas for
first-order reactions, the rate is directly
proportional to concentration.
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Rate constant

The rate constants for both self-coupling and cross-
coupling reactions were determined under various
reaction conditions using the Al-20-MCM-41
catalyst. As shown in Table 1, the rate constant for
self-coupling reactions was higher when conducted
without solvent in a closed vessel and lower when

conducted with solvent and in the presence of
excess air. For cross-coupling reactions, the rate
constants were found to be higher and nearly
identical under both conditions: without solvent
and excess air, and with solvent and excess air.

Table 1. Rate Constant For Oxidative Coupling Reaction using Al-20-MCM-41

CASES Self Coupling Reaction Cross Coupling Reaction
15t Order Zero order 15t Order Zero order
(hr?) (mol/ lit hr) (hr?) (mol/ lit hr)
Without solvent + closed vessel 1.513 0.399 -- --
Without solvent + Excess Air -- -- 2.30 0.20
With solvent + Excess Air 0.391 0.341 2.305 0.177

CONCLUSION

Both self-coupling and cross-coupling reactions
were conducted at an optimized temperature of
160°C. These reactions are influenced by the
presence of aluminum (Al), the acidity of the
catalyst, the presence of a polar solvent, and excess
air. Both Al-20-MCM-41 and MCM-41 catalysts
exhibit good activity for the oxidative self-coupling
and cross-coupling of amines. However, higher
conversion rates were achieved with Al-20-MCM-
41 due to the presence of acidic sites.

Eur. Chem. Bull. 2020, 09(Regular Issue 01), 59-71

Self-coupling reactions were performed under four
different conditions, leading to the conclusion that
Al-20-MCM-41 yields higher conversion when
reactions are conducted with solvent and excess air
compared to using MCM-41, a closed vessel, or
without solvent. This higher conversion with Al-
20-MCM-41 is attributed to its higher surface
acidity, which enhances interaction with the amino
groups of benzylamine. In the presence of solvent
and excess air, both Al-20-MCM-41 and MCM-41
catalysts showed increased activity, facilitating
higher conversion rates. This indicates that solvent
and excess air promote the reaction.
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For cross-coupling reactions of benzylamine, using
solvent and excess air with the MCM-41 catalyst
resulted in higher conversion in a shorter time than
with the AI-20-MCM-41 catalyst, due to the
interaction of aniline molecules with acidic sites.
Conversely, without solvent and excess air, higher
conversion was observed with Al-20-MCM-41
compared to MCM-41. Solvent use also enhanced
selectivity in a shorter time for both catalysts
compared to reactions without solvent. Using
nitrobenzene as a solvent with both Al-20-MCM-
41 and MCM-41 resulted in higher conversion
rates, likely due to nitrobenzene reducing surface
site blockage by removing adsorbed species.

In conclusion, both Al-20-MCM-41 and MCM-41
are effective for self-coupling and cross-coupling
of amines, with Al-20-MCM-41 achieving
somewhat higher conversion rates. The reaction
order was found to shift from first-order to zero-
order for both self-coupling and cross-coupling
reactions, typically between 0.25 hours and 0.5
hours. In self-coupling reactions with excess air
and solvent, the shift occurred after 2 hours. The
overall reaction order was determined to be first-
order, and the Kkinetic rate of reactions increased
with the concentration of amine in the feed stream.
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