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p-Aminophenol (AP) is the key intermediate of the traditional synthesis of paracetamol.
The method of obtaining AP included a selective reduction reaction of the generation
of N-arylhydroxylamine (AHA) using nitrobenzene (NB) as the raw material, followed by
a Bamberger rearrangement reaction to transfer AHA to the target product. The
generation of AHA is a key step, but due to its structural instability and the
incompatibility of the two reaction systems, one-pot synthesis of paracetamol faces
great challenges. Considering that using flow reactors in series may avoid the problems
faced by batch reactors, the article presents the strategy to obtain paracetamol via a
continuous flow technology. In particular, we focus on condition screening in total
synthesis experiments, including hydrogenation, Bamberger rearrangement, and
amidation in flow. The continuous three-step synthesis process used NB as a raw
material to generate AHA, which entered the downstream for timely conversion,
achieving in situ on-demand preparation of the unstable intermediate AHA, avoiding
cumbersome processing and storage processes. Moreover, each step of the reaction
system exhibits excellent compatibility, and the work-up is simple.
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Introduction

Paracetamol is a commonly used antipyretic and analgesic
drug. Meanwhile, it is also used as a key intermediate in the
synthesis of drugs such as Benorilate. At present, paraceta-
mol has become one of the most widely used drugs in the
world. Especially during the COVID-19 (coronavirus disease
2019) pandemic, paracetamol remains the preferred drug for
treating fever symptoms caused by the virus in many region-
al hospitals.

The traditional synthesis route of paracetamol mainly
uses p-aminophenol (AP) as the intermediate (»~Scheme 1),
so the development of its synthesis process can also be seen
as the development of the synthesis process of AP.2> The
reported raw materials for the synthesis of AP mainly include
nitrobenzene (NB), p-nitrophenol, and p-nitrosophenol.!
However, the synthesis process using p-nitrophenol and p-
nitrosophenol as raw materials does not have a cost advan-
tage compared with NB as raw materials. The synthesis route
from NB consists of two steps, namely selective reduction,
and Bamberger rearrangement, which are often achieved
through the “one-pot” synthesis in batch production.*>

Although there have been many reports on the synthesis
routes using N-arylhydroxylamine (AHA) as a key interme-
diate, the selectivity of catalytic hydrogenation to prepare
AHA remains a challenge. It is known that catalyst poisoning
by adding dimethyl sulfoxide (DMSO) can improve the
selectivity of AHA, but this practice is not conducive to the
recovery of metal catalysts and requires a long reaction
time.* Amines are considered to have a good effect on
enhancing reaction activity and are often used to compen-
sate for the loss of catalyst activity.® However, in the synthe-
sis of paracetamol, the Bamberger rearrangement requires
the addition of acids, making these two reaction systems
incompatible.

In previous studies, we developed a 4-(dimethylamino)
pyridine (DMAP)-mediated protocol for preparing AHA with
Pt/C as a catalyst, in which DMAP not only improved the
catalytic activity but also increased the selectivity of AHA.”
On this basis, using flow reactors in series can avoid the
problems faced by batch reactors. Continuous flow technol-
ogy has a series of advantages, such as better mass and heat
transfer performance, residence time control, and inherently
safer.~"" The laminar flow characteristics of flow chemistry
are conducive to the in situ on-demand preparation of
unstable chemicals.'?'3 We herein describe a fully continu-
ous synthesis process of paracetamol via AHA intermediates.
By in situ on-demand preparation, it is beneficial to avoid the
oxidation of AHA to the azoxy compounds.

NO:  cat, H, NHOH "
H,0
NB AHA

Scheme 1 Synthetic route of paracetamol.
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Materials and Methods

Material

All chemicals were purchased from Sinopharm Chemical
Reagent Shanghai Co., Ltd. (Shanghai, China) and were used
without further purification. The T-shape mixer, back-pres-
sure regulator, and stainless-steel tubing (SS316L) were
obtained from Beijing Xiongchuan Technology Co., Ltd. (Bei-
jing, China). Pumps (LC500P) were obtained from Hangzhou
Xuyu Technology Co., Ltd. (Hangzhou, China). A packed bed
(S5-98, @ 3.0 x 50 mm) was obtained from the Dalian Baigar-
eda Technology Co., Ltd. (Dalian, China). High-performance
liquid chromatography (HPLC) analysis was performed on a
United States Agilent 1100 series equipped with a C18 chro-
matographic column (5 pum, 4.6 mm x 250 mm, NanoMicro
Technology Co., Ltd. (China). Melting points were determined
on a BUCHI Melting Point B-540 apparatus (Switzerland) and
were not corrected. The NMR (nuclear magnetic resonance)
spectroscopy data recorded for the purified product were
obtained using the BRUKER AVANCE III HD system (Bruker
Bio-Spin, Rheinstetten, Germany).

Hydrogenation Experiment in Flow

The device diagram is shown in =Fig. 1. The filled packed bed
was first flushed with methanol at a rate of 0.5 mL/min over
30 minutes after being put into the continuous flow device.
The solution of NB (0.1 mol/L) and DMAP (0.01 mol/L) was
pumped into the flow system installed with a catalyst
cartridge (5wt.% Pt/C) under the H, pressure of 0.6 MPa.
After purging the solution for 30 minutes, the sample was
collected three times. The sampling interval was 20 minutes.
The HPLC was carried out at 30°C with water and acetonitrile
as the mobile phase, eluted at 60%:40% isotherm for
20 minutes. The detection wavelength and temperature are
254 nm and 30°C, respectively.

Bamberger Rearrangement Experiment in Flow

The device diagram is shown in =Fig. 2. The solution of AHA
(1.09 g, 0.1 mol/L) in tetrahydrofuran (THF) and sulfuric acid
aqueous solution was pumped into the tube reactor (stain-
less steel, 1/8 inch) via a T-shape mixer by two pumps. After
purging the solution for 10 minutes, the sample was collect-
ed three times. The sampling interval was 20 minutes. The
flow rate for both pumps was set as 0.5 mL/min and a back
pressure as 1.0 MPa. The adjustment of residence time is
controlled by changing the length of the tube reactor. The
following experimental parameters were used during sam-
ple analysis: gradient percentages of methanol were used
as the eluent: 0%, 3 minutes; 0-50%, 25 minutes; 50-0%,
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Fig. 1 Schematic diagram of continuous flow device for hydrogenation of NB. NB, nitrobenzene.
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Fig. 2 Schematic diagram of continuous flow device for Bamberger rearrangement.

3 minutes; and 0%, 7 minutes. The detection wavelength and
temperature are 254 nm and 30°C, respectively.

Amidation Experiment in Flow

The device diagram is shown in =Fig. 3. The solution of AP
(0.55¢g, 0.05 mol/L) and 50.5 mL 3 wt.% H,SO4 (aq.) in THF
and acetic anhydride were pumped into the tube reactor
(stainless steel, 1/8 inch) via a T-shape mixer by two
pumps. After purging the solution for 10 minutes, the
sample was collected three times. The sampling interval
was 20 minutes. The solution of AP has a flow rate of

1.0mL/min and acetic anhydride has a flow rate of 0.014
mL/min. The adjustment of residence time is controlled by
changing the length of the tube reactor. The following
experimental parameters were used during sample anal-
ysis: HPLC-grade methanol and 1% potassium dihydrogen
phosphate aqueous solution were used to prepare the
mobile phase. Gradient percentages of methanol were
used as the eluent: 0%, 3 minutes; 0-50%, 25 minutes;
50-0%, 3 minutes; and 0%, 7 minutes. The detection
wavelength and temperature are 254nm and 30°C,
respectively.
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Fig. 3 Schematic diagram of continuous flow device for amidation reaction.

Total Synthesis Experiment in Flow

The device diagram is shown in =Fig. 4. Py, P, and Ps
transport NB solution, 3.0 wt.% H,SO4 (aq.), and acetic anhy-
dride into a continuous flow system at 0.5, 0.5, and 0.014
mL/min, respectively. The back pressure is set to 0.4 and 1.0
MPa respectively, and the hydrogen pressure is 0.6 MPa.
Specific reaction conditions are as follows: Ty, 20°C; T5, 85°C;
T5,60°C; 11, 12 seconds; T, 22.3 minutes; T3, 3.7 minutes. Add
a three-necked flask as a gas-liquid separator after hydro-
genation to avoid the impact of hydrogen on stoichiometric
control. Collect the reaction solution 30 minutes after it
flows out. 'TH NMR (600 MHz, DMSO-dy): 9.63 (s, 1H), 9.12
(s, 1H), 7.35 (d, J=9.0Hz), 6.68 (d, J=9.0Hz), 1.98 (s, 3H).
mp: 168-170°C (lit,'* mp: 169°C).

Results and Discussions

Optimization of Hydrogenation in Flow

The optimal conditions of hydrogenation were first explored.
In previous studies, we have extensively investigated the
effect of solvents on conversion and selectivity using o-
chloronitrobenzene as a model substrate.” In the section,
we will not conduct solvent screening because solvents have
similar effects on different nitroarenes. THF was found to be a
favorable solvent for the preparation of AHA. In addition, 0.1
equiv. was also determined as the optimal usage for DMAP.
The effects of temperature, liquid flow rate, and EtOAc on
the reaction were examined, and the results are shown
in =Table 1. Because the subsequent two steps require water
as the medium, we expect to use EtOAc as the hydrogenation
reaction solvent to facilitate the work-up. Unfortunately,
ethyl acetate cannot provide better selectivity than THF at
25°C (=Table 1, entries 1 and 2). It was found that the
selectivity of AHA can reach 98.2% and the reaction was
completed at 20°C (=Table 1, entry 3). However, as the
temperature raised, the selectivity decreased to 81.9% at
35°C (=Table 1, entries 4 and 5). The change in liquid flow
rate also led to a significant change in the selectivity of AHA.
When the liquid flow rate decreased from 0.75 to 0.1 mL/min,
i.e., the residence time increased from 8 to 60 seconds, the

Pharmaceutical Fronts  Vol. 5 No. 3/2023 © 2023. The Author(s).
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selectivity decreased from 99.5 to 79.1% (= Table 1, entries 6—-
8). Therefore, the optimal conditions for the hydrogenation
in flow were determined as follows: the solvent is THF, the
temperature is 20°C, the liquid flow rate is 0.5 mL/min, and
the residence time is 12 seconds.

Optimization of Bamberger Rearrangement in Flow
Due to the excellent selectivity of the reaction system com-
bining acetic anhydride and acetic acid in the amidation
reaction, we first investigated the effects of various acids on
the Bamberger rearrangement in batch. Acetic acid, trifluoro-
acetic acid, hydrochloric acid, and sulfuric acid were investi-
gated. The results showed that neither acetic acid nor
trifluoroacetic acid could observe the occurrence of reaction
conversion at 80°C, while hydrochloric acid showed lower
reaction activity than sulfuric acid. Therefore, sulfuric acid
was determined as the acid source. Meanwhile, no by-prod-
ucts were observed in the batch, so the parameter evaluation
was based on conversion as the only result. The effects of
molar ratio, temperature, and residence time on the reaction
were examined, and the results are shown in =Table 2.
First, under the premise of a molar ratio of 2 between acid
and AHA, the temperature was investigated, and it was found
that the reaction did not occur at 70°C (=Table 2, entry 1). It
is consistent with the description in the literature that the
reaction needs to be performed at high temperatures.'® This
can also be observed from the reaction performed at a molar
ratio of 20, even if the acid is increased by 10 times, the
conversion is extremely low (=Table 2, entry 11). Although
the residence time (3.7 seconds) under this condition is very
short, subsequent parameter investigations further confirm
the importance of temperature. In the investigation of tem-
perature, it was found that the conversion rate showed a
gradual increase from 75°C to 85°C (~Table 2, entries 2-4).
There is no doubt that this temperature range is effective for
the reaction. However, the conversion is still only 20.9% at
85°C, which is not ideal. Therefore, we attempted to increase
the amount of acid. The results showed that when the molar
ratio increased from 4 to 6, the conversion suddenly in-
creased from 25.9 to 60.8%, and there was no significant
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Fig.4 Schematic diagram of continuous flow device for the synthesis
of paracetamol.

change when the molar ratio increased to 8 (=Table 2,
entries 5-7). It is inferred that this is similar to the effect
of temperature, and the amount of acid also needs to reach a
certain level to fully activate reactivity. Undoubtedly, in-
creasing the temperature is beneficial for the rearrangement
reaction, but a cooling section needs to be added later to
ensure that the reaction liquid cools down and flows into the
next reactor. Therefore, we choose to extend the residence
time to avoid the addition of cooling sections. When the
residence time increases from 11.1 to 22.3 minutes, full
conversion can be achieved (~Table 2, entries 8-10). There-
fore, the optimization conditions for the Bamberger rear-
rangement in flow are as follows: the molar flow ratio of acid
to AHA s 6, the temperature is 85°C, and the residence time is
22.3 minutes.

Optimization of Amidation in Flow

In the amidation reaction of AP, the possible byproduct
comes from the esterification of hydroxyl groups. According
to the literature, water as the reaction medium and acetic
anhydride as the acylation reagent are the most ideal
choices, and this combination can ensure the quantitative
conversion of the reaction. In the previous Bamberger rear-
rangement, using sulfuric acid as the acid source will cause
the decomposition of acetic anhydride to produce acetic acid.
Similarly, no by-products were observed during the reaction,
so the conversion remains the only result for evaluation. In
this section, a molar flow ratio of 3 between acetic anhydride
and AP was selected to prevent the decomposition of acetic
anhydride from affecting the reactivity, which is higher than
the required stoichiometry for the reaction. The experimen-
tal results are shown in =Table 3. It was found that higher
temperatures and longer residence times were beneficial for
the reaction and no by-products were observed (~Table 3,
entries 1-5). To avoid a significant temperature gradient, a
temperature of 60°C and a residence time of 3.7 minutes
were selected as the appropriate reaction conditions for the
amidation reaction in flow.

Total Synthesis of Paracetamol in Flow

Based on the previous optimal conditions, we designed a
three-step continuous process for the synthesis of paraceta-
mol. The fully continuous system runs for 4 hours under a
steady state and collects the reaction solution. Apply the
optimal conditions of each step to the fully continuous
synthesis and collect the reaction solution that has been
running steadily for 4 hours. The collected solution is con-
centrated by rotary evaporation and then recrystallized with
water. After standing for 2 hours at a low temperature, filter
to obtain a light-yellow solid. Dissolve the solid in ethanol
and add activated carbon for decolorization. After filtration,
the solvent is removed by rotary evaporation and recrystal-
lized with water. After standing at a low temperature for
2 hours, a white solid was obtained by filtration and dried to
weigh 1.56 g. Based on NB of 1.48 g, the yield was 86% and the
purity was 99.3%.

Pharmaceutical Fronts Vol. 5 No. 3/2023 © 2023. The Author(s).
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Table 1 Optimization of reaction conditions of hydrogenation in a continuous flow

Entry Solvent T (°C) Liquid flow rate (mL/min) T (s) Conversion (%) Selectivity (%)
1 EtOAc 25 0.5 12 >99.9 92.7
2 THF 25 0.5 12 >99.9 94.6
3 THF 20 0.5 12 >99.9 98.2
4 THF 30 0.5 12 >99.9 89.8
5 THF 35 0.5 12 >99.9 81.9
6 THF 20 0.75 8 44.7 99.5
7 THF 20 0.25 24 >99.9 87.8
8 THF 20 0.1 60 >99.9 79.1

Note: Conditions: DMAP (0.1 equiv.), 5wt.% Pt/C (1 cartridge; @ 3.0 mm x 50 mm; 0.1 g), H pressure (6 bar), back pressure (4 bar). All reagents were
premixed before use. Conversion and selectivity were determined by HPLC.

Table 2 Optimization of reaction conditions of Bamberger
rearrangement in a continuous flow

Entry | Molar ratio | T (°C) | 7 (min) | Conversion (%)
(H*JAHA)

1 2 70 11.1 0

2 2 75 11.1 6.4

3 2 80 11.1 16.1

4 2 85 11.1 20.9

5 4 85 11.1 25.9

6 6 85 11.1 60.8

7 8 85 11.1 61.4

8 6 85 15.0 74.1

9 6 85 18.5 89.4

10 6 85 22.3 >99.9

11 20 70 3.7 5.8

Abbreviation: AHA, N-arylhydroxylamine.
Note: Conditions: flow rate of AHA solution and acid: 0.5 mL/min. All reagents
were premixed before use. The conversion was determined by HPLC.

Table 3 Optimization of reaction conditions of amidation in a
continuous flow

Entry T (°C) 7 (min) Conversion (%)
1 40 3.7 56.1

2 40 5.4 743

3 40 7.2 >99.9

4 50 3.7 86.9

5 60 3.7 >99.9

Note: Conditions: flow rate of AP solution: 0.5 mL/min, flow rate of
acetic anhydride: 0.014 mL/min. All reagents were premixed before use.
The conversion was determined by HPLC.

Conclusion

In summary, we have developed a three-step continuous
synthesis process for paracetamol using NB as a raw mate-

Pharmaceutical Fronts  Vol. 5 No. 3/2023 © 2023. The Author(s).

rial. The addition of 0.1 equiv. DMAP in the hydrogenation
system can be neutralized by sulfuric acid in Bamberger
rearrangement, and both Bamberger rearrangement and
acylation reactions are compatible with acid systems. In
the process, the generated AHA can enter the downstream
for timely conversion, which enables in situ on-demand
preparation of AHA and avoids the cumbersome process of
processing and storage. The larger scale experiment is still
in progress.

Conflict of Interest
None declared.

References

Guidi M, Moon S, Anghileri L, Cambié D, Seeberger PH, Gilmore K.
Combining radial and continuous flow synthesis to optimize and
scale-up the production of medicines. React Chem Eng 2021;6
(02):220-224

Vaidya M]J, Kulkarni SM, Chaudhari RV. Synthesis of p-amino-
phenol by catalytic hydrogenation of p-nitrophenol. Org Process
Res Dev 1999;7(02):202-208

LiuY, Fang Y, Lu X, Wei Z, Li X. Hydrogenation of nitrobenzene to
p-aminophenol using Pt/C catalyst and carbon-based solid acid.
Chem Eng ] 2013;229:105-110

Min KI, Choi JS, Chung YM, Ahn WS, Ryoo R, Lim PK. p-Amino-
phenol synthesis in an organic/aqueous system using Pt sup-
ported on mesoporous carbons. Appl Catal A Gen 2008;337(01):
97-104

Nadgeri JM, Biradar NS, Patil PB, Jadkar ST, Garade AC, Rode CV.
Control of competing hydrogenation of phenylhydroxylamine
to aniline in a single-step hydrogenation of nitrobenzene to
p-aminophenol. Ind Eng Chem Res 2011;50(09):5478-5484
Takenaka Y, Kiyosu T, Choi JC, Sakakura T, Yasuda H. Selective
synthesis of N-aryl hydroxylamines by the hydrogenation of
nitroaromatics using supported platinum catalysts. Green
Chem 2009;11(09):1385-1390

Chen], Lin X, XuF, et al. An Efficient Continuous flow synthesis for
the preparation of N-arylhydroxylamines: via a DMAP-mediated
hydrogenation process. Molecules 2023;28(07):2968-2984
Kockmann N, Thenée P, Fleischer-Trebes C, Laudadio G, Noél T.
Safety assessment in development and operation of modular
continuous-flow processes. React Chem Eng 2017;2(03):258-280
Liu Z, Zhu ], Peng C, Wakihara T, Okubo T. Continuous flow
synthesis of ordered porous materials: from zeolites to metal-
organic frameworks and mesoporous silica. React Chem Eng
2019;4(10):1699-1720

N

w

N

(%3]

D

~

o]

]



Multistep Synthesis of Paracetamol in Continuous Flow Chen et al.

10 Neyt NC, Riley DL. Application of reactor engineering concepts in

continuous flow chemistry: a review. React Chem Eng 2021;6
(08):1295-1326

11 Akwi FM, Watts P. Continuous flow chemistry: where are we

now? Recent applications, challenges and limitations. Chem
Commun (Camb) 2018;54(99):13894-13928

12 Dallinger D, Gutmann B, Kappe CO. The concept of chemical

generators: on-site on-demand production of hazardous
reagents in continuous flow. Acc Chem Res 2020;53(07):
1330-1341

13

Movsisyan M, Delbeke EIP, Berton JKET, Battilocchio C, Ley SV,
Stevens CV. Taming hazardous chemistry by continuous flow
technology. Chem Soc Rev 2016;45(18):4892-4928

Singh AK, Negi R, Katre Y, Singh SP. Mechanistic study of novel
oxidation of paracetamol by chloramine-T using micro-amount of
chloro-complex of Ir(Ill) as a homogeneous catalyst in acidic
medium. ] Mol Catal Chem 2009;302(1-2):36-42

Wang SP, Qin GH, Wei ZM, Wang DH. Study on the reorganization
of N-hydroxybenzenamine in inorganic acid solutions. Chem
World 2003;(09):482-484

Pharmaceutical Fronts Vol. 5 No. 3/2023 © 2023. The Author(s).

el67



