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Abstract

The monobenzoylation of o-phenylenediamines (DA) is an important process to synthesis N-(2-aminophenyl) benzamide (MP),

which is a key intermediate of many active compounds. But the monoacylation is difficult to control because this process is a kind

of consecutive reaction system and the two amine groups located in a similar chemical environment. To understand the effects

of reaction parameters on the selectivity and further optimize operating conditions, a microreactor platform was developed to

evaluate the kinetics of the acylation reaction of DA and benzoic anhydride (BH). A kinetic model was established, and the

reaction order of each reactant, the values of kinetic constants, pre-exponential factors and activation energies were determined.

Validation experiments showed the model is in good agreement with the experimental results. The model simulation indicated

that high reaction temperature and molar ratio of DA and BH is necessary to improve reaction efficiency and selectivity.

Abstract

The monobenzoylation of o -phenylenediamines (DA ) is an important process to synthesis N -(2-
aminophenyl) benzamide (MP ), which is a key intermediate of many active compounds. But the monoacy-
lation is difficult to control because this process is a kind of consecutive reaction system and the two amine
groups located in a similar chemical environment. To understand the effects of reaction parameters on the
selectivity and further optimize operating conditions, a microreactor platform was developed to evaluate the
kinetics of the acylation reaction of DA and benzoic anhydride (BH ). A kinetic model was established, and
the reaction order of each reactant, the values of kinetic constants, pre-exponential factors and activation
energies were determined. Validation experiments showed the model is in good agreement with the experi-
mental results. The model simulation indicated that high reaction temperature and molar ratio of DA and
BH is necessary to improve reaction efficiency and selectivity.

Keywords: monobenzoylation;N -(2-aminophenyl) benzamide; microreactor; continuous flow; kinetics study

Introduction

N -(2-aminophenyl) benzamide (MP ), the monobenzoylation product of o -phenylenediamines (DA ), is a
valuable building blocks that have been utilized for construction of a variety of targets such as oligoamide
foldamers,1,2chemosensors3 and urolithins B4 and many pharmaceutically active agents.5,6 Obviously, the
synthesis of MP from DA requires controlled acylation of one amino group while keeping the other group
free, which is a kind of classic consecutive reaction system. The monoacylation selectivity ofDA is rather
difficult to control because the two amine groups are located in a similar chemical environment. For this kind
of symmetrical diamines, many researchers have been committed to develop a novel catalysts7–11 or specific
acylation reagents12–15 to improve the monoacylation selectivity. However, this kind of method suffers
from their own limitation, the catalysts or acylation reagents are usually rather complicated and expensive,
which hinder its industrial application.N -BOC mono-protection of the diamine followed by acylation and
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deprotection is the last resort, because this strategy is waste intensive and introduces extra steps to the
synthesis, along with the need for additional purifications. In contrast, the direct condensation of DA with
simply acylation reagent (acid chloride or acid anhydride) without any addition agent is the most desirable
monoacylation method. Meanwhile, it is widely known that reaction regioselectivity is also controlled by
the type of reactor and reaction kinetics parameters such as reaction temperature, molar ratio, reaction
time. Thus, we selected the direct acylation of DA with benzoic anhydride (BH ) as the synthesis route of
MP , and put our sight on developing a suitable reactor and revealing reaction intrinsic kinetics to improve
reaction selectivity.

The microreactor, also called micro structured reactor or micro channel reactor, has received extensive
attention as an efficient and strong tool for continuous synthesis.16–19 With its numerous advantages such as
large surface area-to-volume ratios, high mixing efficiency, fast mass and heat transfer rates, inherent safety,
and precise control over process parameters, this technology has been widely applied in drug synthesis,20–24

organic chemistry methodology,25–28 chemical engineering29–37and so on.

For the synthesis of MP from DA , a kind of competitive, consecutive side reaction, where A + B - C
(target product) and C + B - S (side product), if mixing rate is slower than the rate of the reaction, A and
B will react before achieving homogeneity. Local concentrations of B in proximity to C are created, which
subsequently react to form higher quantities of side-product S.38However, microreactors inherently have much
smaller molecules diffusion times and achieve mixing much faster than in traditional batch reactors. It has
been proved that microreactors are suitable to be applied for improving the selectivity of chemical reactions
with consecutive side product, such as Friedel-Crafts monoalkylation,39,40[4+2] cycloaddition reactions,41,42

monoalkylation of aliphatic amines43 and so on.

More importantly, microreactors have a lot of advantages for performing kinetics measurements, such as
high mixing performance, fast heat and mass transfer and precise control over reaction parameters such as
reaction temperature, residence time, minute reagents consumption. They have been used to characterize
kinetics at the reaction of aniline and benzoyl chloride,44 the reaction ofm -phenylenediamine and benzoic
anhydride,45styrene carbonate synthesis,46 Gabapentin synthesis,47 glucose dehydration48and so on.

However, the synthesis of MP with microreactor technology and its kinetics study have not been explored
up to now. The motivation for improving the selectivity of MP and investigating its kinetics using the
microreactor technology arise from above mentioned unique advantages of microreactors.

In this article, the chemical reaction equation of MP synthesis is shown in Fig. 1, SP is used to represent the
double acylation side product. A microreactor system was developed to study the kinetics of the acylation
reaction between DA and BH . A kinetic model was established, the reaction orders of DA andBH were
determined successively by designing different experiments. Then, the values of reaction rate constants,
pre-exponential factors and activation energies of each reaction were acquired. Next, validation experiments
showed the calculated data fits well with the experimental data. Finally, through the model simulation, the
optimized reaction parameters were found to perform the efficient synthesis of MP with high selectivity.

Fig. 1. Chemical reaction equation of the reaction between DA and BH .

1. Materials and methods
2. Chemicals

o -Phenylenediamine (DA , 98.5 wt%) and acetonitrile (analytical grade) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China); Triethylamine (TEA , HPLC grade, 99.5 wt%), Diethylamine
(DEA , ACS, 99 wt%) and Benzoic anhydride (BH , 98.0 wt%) was purchased from Aladdin Industrial
(Shanghai, China); All reagents were used without further purification.

Solution A (DA +TEA ): DA (2.16 g) and TEA (2.02 g) were dissolved in acetonitrile (20 mL);

Solution B (BH ): BH (4.52 g) was dissolved in acetonitrile (20 mL);

Solution C (DEA ): DEA (0.146 g) was dissolved in acetonitrile (20 mL).

2
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Then, the three solutions were replenished to a volume of 100 mL with acetonitrile, respectively.

As the concentration of reactants in the experimental process need to be changed occasionally, the above
was just one of the appropriate ratios.

Equipment

The experimental setup for the synthesis of MP and determination of reaction kinetics is shown in Fig.
2. Two same T-joint mixer were used to start and terminate the acylation reaction betweenDA and BH .
The Solution A and Solution B were separately pumped into capillaries (316 stainless steel) by two metering
pumps (pump A, pump B, FL2200, Zhejiang Fuli Instrument Co.). Next, the feed streams were preheated to
the reaction temperature in enough long (0.2 m) coiled stainless capillaries (316 stainless steel), and mixed
in the first T-joint mixer. A stainless delay loop (316 stainless steel) was connected directly to the outlet of
the first T-joint mixer. The acylation reaction took place in the delay loop, and the residence time could be
controlled precisely by varying the flow rate of the reaction mixture or the length of the delay loop. The two
preheat tubes, the first T-joint and delay loop were immerged in a same thermostat-controlled water bath
to control a constant reaction temperature. After the controlled residence time, the reaction was quenched
online in the second T-joint by Solution C, which was pumped into the microreactor by a metering pump
(pump C, LC500P, Hangzhou Jingjing Technology Co.). All the capillaries have an inner diameter of 0.64
mm and an external diameter of 1.59 mm, the diameter of microchannel in the two T-joint mixer is 1.2 mm.

Occasionally, when reaction temperature at 0 oC, the water bath was replaced by alcohol bath. When reaction
temperature at 120 oC, water bath was replaced by oil bath, due to the limitation of the solvent boiling point,
a back-pressure regulation (SS-K9552FZ-1P-, Beijing xiongchuan Technology Co.) was connected directly
to the outlet of the microreactor.

In all experiments, the flow rate of Solution A (Q A) is equal to the flow rate of Solution B (Q B), the molar
ratio of DA andBH was controlled by changing their concentrations in Solution A and Solution B. To avoid
further dilute reactor effluent for HPLC determine, the flow rate of Solution C (Q C) was controlled at 2 ˜
40 times of Q Ato dilute reaction solution online.

Fig. 2. The schematic overview of the experimental setup.

Quenching and sample analysis

Different quenching conditions were screened to obtain an accurate measurement result, and the results are
shown in Part 1, Supplementary material. Due to the relatively fast reaction rate and “off-line detection”,
the simple dilution and cooling for reaction solution will cause a larger error to the sample detection. As a
result, TEAwas used as quenching solution because of its stronger nucleophilicity. The acylation reaction
between DEA and BH is almost instantaneous, then the acylation reaction between DA andBH was online
quenched in the second T-joint.

When the microchemical system reached steady state, samples were collected directly from the outlet of
quencher and subsequently measured immediately by HPLC (Ultimate 3000, Thermo Fisher Scientific Co.).
To avoid oxidation of amine compounds during long-term storage, the samples were stored in brown glass
bottle and refrigerator for less than 2 h before analysis. HPLC Conditions: C18 chromatographic column
(10-micron, 4.6 × 250 mm, XB-C18, Shanghai Welch Technology Co.); 50% acetonitrile and 50% ultrapure
water as mobile phase; mobile phase flow rate is 1 mL/min; detection wavelength at 254 nm, injection volume
is 10μL. The yield and selectivity were calculated by the following equations:

yield = CMP×Qt

CBH0×QB
(1)

selectivity = CMP

CMP+CSP
(2)

Where C MP (mol/mL) is the concentration of main product MP in the collected samples; Q t(mL/min) is
total flow rate including Solution A, Solution B and Solution C; C BH0 (mol/mL) is the initial concentration
of BH in the Solution B;Q B (mL/min) is the flow rate of Solution B;C SP (mol/mL) is the concentration

3
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of side productSP in the collected samples. By repeating the reactions 3 times under the same condition,
the relative measurement error of the yield decreased to 1%, and the average values were shown in Figures.
All concentrate data of reactants and products was obtained by HPLC external standard method.

1. Results and discussion
2. Reaction kinetics analysis and mixing performance in the microchemical system

The pathway of each substance in the reaction network is described in Fig. 3. Main product MP is generated
by the monoacylation between DA and BH (main reaction), then side productSP is generated by the over
acylation reaction betweenBH and MP (side reaction). Both of the two reactions generate another by-
product benzoic acid, due to the amine groups inDA and MP , to avoid the acid-base reaction betweenDA
, MP and benzoic acid, strong alkali TEA (1 eq., it was calculated with DA ) was added to bondage benzoic
acid in all experiments.

Because an isothermal kinetic model was established, a batch reaction was conducted to determine the
fluctuation range of reaction temperature, which is less than 1 °C, so the batch reaction was considered as an
isothermal process (Part 2, Supplementary material). Considering the improved heat transfer performance
of microreactor, the micro-reaction was also considered as an isothermal process.

Fig. 3. The pathway of each substance.

In most microreactors, mixing performance is determined by the reactant flow rate because of the passive
mixing mechanism. Poor mixing would result in a flow-rate variable conversion of reactant, which results
in uncertain kinetic measurements. However, the reactant flow rate cannot be increased excessively, an
excessive flow rate would lead to the massive consumption of reactant and a larger tube volume would be
needed to finish the reaction.49 Thus, it’s necessary to determine a suitable flow rate for mixer performance.
The conversion ofDA (x DA) at the same residence time but with different flow rates is showed in Fig. 4.x

DA stays the same under this condition, indicating that the external diffusion control is well eliminated.
In subsequent tests, all flow rates were controlled at more than 50µL/min to ensure a sufficient mixer
performance.

4
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Fig. 4. Conversion of DA (x DA) at same residence time with different flow rates. Conditions: reaction
temperature (T ) = 60 oC; residence time (t ) = 271 s; initial concentration of reactants in reaction mixture:
DA (C DA0) = 0.1 M, BH(C BH0) = 0.1 M.

According to Fig. 3 and classic kinetic rules, the kinetic equations are as follows:

dCDA

dt = −k1CDA
αCBH

β(3)

dCBH

dt = −k1CDA
αCBH

β − k2CBH
γCMP

δ(4)

dCMP

dt = k1CDA
αCBH

β − k2CBH
γCMP

δ(5)

dCSP

dt = k2CBH
γCMP

δ(6)

α, β, γ and δ stand for reaction orders.

1. Reaction orders
2. The reaction order ofo-phenylenediamine (DA)

“Initial concentration method” was used to determine the reaction order of DA , a set of experiments were
carried out on the conditions of different DA concentrations, and the results are shown in Fig. 5a. The
initial concentration of BH was high enough to have influence on the reaction rate. Within the initial 25
s of the reaction, the conversion of DA(x DA) less than 9%, consumption of DAwas negligible, so each
plot of concentration versus residence time was a straight line. The slope of each straight line was initial
reaction rate of DA , as shown in Fig. 5b. The linear relation (R2 = 0.999) between reaction rate and initial
concentration of DA indicates that this is a first order reaction with respect to DA .

5
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Fig. 5. (a) The concentration changes of DA at different initial concentrations of DA(C DA0); (b) Reaction
rate at differentC DA0. Conditions: T = 40 °C; CBH0= 0.1 M;

The reaction order of benzoic anhydride (BH)

The reaction rate of BH (rBH) can be written as:

rBH = −k1CDACBH
β − k2CBH

γCMP
δ(7)

To determine the reaction order of BH , the initial concentration of DA (CDA0) is 10 times of initial
concentration of BH (CBH0). Because of excessiveDA , and the selectivity of MP excessed than 99.5%, so
the slight over acylation side reaction can be neglected to simplify the rate law:

rBH = −k1CDACBH
β − k2CBH

γCMP
δ ≈ −k1CDACBH

β ≈ KαCBH
β(8)

If the order of BH is first, the rate law is

rBH =−dCBH

dt = CBH0
dxBH

dt = KαCBH = KαCBH0 (1 − xBH)

Where xBH is the conversion rate of BH , this equation can be solved by integration as:

ln (1 − xBH) = −Kαt

so the plot of ln (1 − xBH) versus tshould be a straight line that passes through the origin. Fig. 6(a) and 6(b)
show xBH versus t andln (1 − xBH) versus t respectively. The linear relation R2 = 0.998 in Fig. 6(b) indicates
that the reaction order of BH in the monoacylation reaction is 1.

6
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Fig. 6. (a) The conversion rate of BH(xBH) versus time (t); (b)ln (1 − xBH) versus t. Conditions: T= 40
°C; CDA0 = 0.1 M, CBH0= 0.01 M;

Since the over acylation reaction and the monoacylation reaction belong to the same type of reaction, the
reaction orders in the side reaction are assumed to be 1 (γ = 1; δ = 1), and total reaction order is 2.

7



P
os

te
d

on
A

u
th

or
ea

10
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

96
97

23
.3

42
38

21
8

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

k1, k2, activation energies and pre-exponential factors

After the reaction orders were determined, the kinetic data was collected at different temperatures and
residence times using the microchemical system, and the results are shown in Fig. 7.

8
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Fig. 7. The yields of MP and SP at different temperatures and residence times. Conditions: CDA0 = 0.1
M,CBH0 = 0.1 M;

The values of k 1 and k 2 at different temperatures were obtained by processing the experimental data in
MATLAB software. As shown in Fig. 8(a), the calculated data ofk 1 and k 2 fits well with the experimental
data at each temperature. After gettingk 1 and k 2 at different temperatures, the pre-exponential factors
(A1 and A2) and activation energies of these two reactions (E1 and E2) have been regressed using Arrhenius
equation, the results are shown in Fig. 8(b).
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Fig. 8. (a) The experimental and calculated data ofk 1 and k 2. (b) The plot of ln(k ) and 1/T.

The regression values of k 1 andk 2 are shown in Table 1. The values of pre-exponential factors and activation
energies are shown in Table 2. The pre-exponential factors and activation energies of the reaction between
DA and BHare first reported as we have known.

Table 1 Values of k 1 andk 2 at different temperatures

Temperature
(oC) 30 40 50 60 70

Values of k1 (L
mol-1s-1)

0.0269 0.0421 0.0613 0.0910 0.1357

Values of k2 (L
mol-1s-1)

0.0016 0.0025 0.0040 0.0064 0.0094

Table 2. Values of the pre-exponential factors and activation energies

a

Factors E1 (kJ/mol) A1 (L mol-1 s-1) E2 (kJ/mol) A2 (L mol-1 s-1)

Values 34.30 2.18×104 38.36 6.37×103

a E1 and A1 are the activation energy and pre-exponential factor in main reaction; E2 and A2 are the
activation energy and pre-exponential factor in side reaction;

Kinetic model validation
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The reaction kinetic model has been verified by changing the reactant concentration and reaction tempera-
ture, as shown in Figure 9. The calculated data of yield and selectivity fits well with the experimental data in
a large concentration range of 1×10-3-2×10-1 M and a wide temperature range of 0 oC-120oC. When reaction
temperature at 120oC, the reacting tube was blocked when the initial concentration at 0.1 M, because the
side product SPprecipitated, so a higher concentration has not been tried. In fact, the solubility of SP
in many organic solvents is very limited, but the problem will not affect our experiments, since our goal is
to develop a flow process with high selectivity. The imperceptible deviations between calculated data and
experimental data indicate that the kinetic model is validated. Thus, the reaction kinetic model would be
use to optimize the operating conditions.
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Fig. 9. Kinetic model validation. Lines are calculated data; dots are experimental data. Conditions: t =
120 s; molar flow ratio of DA and BH (F DA:F BH) = 1: 1, C DA0 =C BH0;

1. Reaction parameter optimizationthrough the modelsimulation
2. Reaction temperature (T)

Obtaining the best yield/selectivity at the shortest residence time and the least material consumption is
the most desirable way. As we all know, for this fixed reaction system, the yield was controlled by reaction
temperature, molar ratio and residence time. However, the reaction temperature not only affect the target
product selectivity but also influence the reaction time (reaction rate). To clearly show this effect, we defined
“reaction end time” as the time required for 99.0% conversion rate (the conversion rate was calculated with
BH ). As shown in Fig. 10, with the increasing reaction temperature from 0 to 120 oC, the selectivity
just fallen from 92.0% to 88.4%, so the effect of temperature on selectivity is very limited. This is probably
because the activation energies of the main reaction and the side reaction are similar, so the effect of reaction
temperature on thek 1 and k 2 are similar, thus the change of selectivity is also slight. However, reaction rate
enhances sharply with the increasing temperature, such as when reaction temperature at 0 oC, reaction end
time is about 10.7 h, but when reaction temperature at 120 oC, reaction end time just needs about 5 min.
Hence, the low reaction temperature is not suitable for the synthesis of MP because of its slight increase of
selectivity but serious recession of reaction efficiency.

12
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Fig. 10. Simulation results: selectivity and reaction time changes versus reaction temperature. Condi-
tions:C DA0 = C BH0 = 0.1 M; selectivity was calculated under the conversion rate of BH = 99.0%.

The molar ratio of DA and BH ( F DA:F BH)

The effect of molar ratio between DA and BH on the selectivity was investigated at temperature 0, 70
and 120oC, and the simulation results are shown in Fig. 11. The selectivity increases continuously with
the increasing molar ratio of DA and BH . Thus, high molar ratio of DAand BH is requisite to improve
reaction selectivity. Moreover, with the increasing the molar ratio, the selectivity difference between different
temperature decreases constantly. For instance, at the temperature range of 0 to 120 oC, when molar ratio
is 1, the selectivity difference more than 3.5%, when the molar ratio is 2, all the selectivity is greater than
97.0%, and the selectivity difference less than 1.2%. Thus, in the subsequent research, the molar ratio was
controlled at 2 to remain a high selectivity.

Fig. 11. Simulation results: the selectivity changes versus molar ratio. selectivity was calculated under the
conversion rate ofBH = 99.0%.

3.5.3 Residence time (t)

Residence time is an important reaction parameter for process optimization. To understand the reaction
process under different residence time, the changes of each substance concentration of different time span
at 70 oC and 120 oC are shown in Fig. 12. Amid rising residence time, the yield of MPis increasing
continuously, and the selectivity remains more than 97.0%. As shown in Fig. 12(a), in the initial 100 s,
the yield increased sharply then improved slowly, in the end almost remained constant after 250 s. Because
in later period of reaction, since the reactant concentration decreases, the reaction rate become very slow.
Therefore, in order to avoid unnecessary time-consuming and improve process efficiency, it’s necessary to
control an appropriate residence time.
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Fig. 12. Simulation results: the concentration of each substance changes versus residence time at 70 oC
(a) and 120 oC (b). Conditions: CDA0 = 0.2 M,CBH0 = 0.1 M.

In the end, we calculated the residence time that satisfies “BH conversion = 99.0%”, which is 275 s for

14
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70oC, and 62 s for 120 oC. Then, the corresponding experiments were conducted, and the experimental
results are shown in Table 3, the corresponding calculated data was shown in brackets, which is similar to
the experimental data. At two sets of different reaction temperature/residence time, more than 92.0% yield
and 96.5% selectivity were obtained in experiments.

Table 3 The results under the optimized condition calculated by the modela

Reaction temperature (oC) 70 120

Residence time (s) 275 62
Conversion b (%) 98.9 c (99.0d) 98.5 (99.0)
Yield e (%) 92.9 (94.2) 92.1 (93.3)
Selectivity (%) 97.1 (97.5) 96.6 (97.0)

a Conditions: CDA0 = 0.2 M, CBH0= 0.1 M; b the conversion of BH ;c the experiment data;

d the corresponding calculation data are shown in brackets; e the yield of MP , it was calculated with BH .

Conclusion

In summary, a continuous flow microfluidic system has been developed for the MP synthesis with high
selectivity. DA and simply acylation reagent BH were selected as starting material, and the reaction network
including a consecutive side reaction. To obtain a controlled selectivity, a kinetic model was established, and
detail intrinsic kinetics has been investigated. From the results of kinetic study, the reaction order of DA
and BH in monoacylation reaction both is 1. Then, the values of kinetic constants, pre-exponential factors
and activation energies were determined. The kinetic model suggests that high reaction temperature and
molar ratio ofDA with BH are necessary to improve reaction rate and inhibit the consecutive side reaction,
the appropriate residence time was calculated to improve process efficiency. In the end, all optimization
conditions calculated by the model were obtained, more than 92.0% of yield and 96.5% of selectivity were
obtained in corresponding experiments.
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