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ABSTRACT: The development of a scalable telescoped continuous flow procedure for the acetylation and nitration of 4-fluoro-2-
methoxyaniline is described. A subsequent batch deprotection then affords 4-fluoro-2-methoxy-5-nitroaniline, a key building block in
the synthesis of osimertinib, a third-generation epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) that is used
for the treatment of nonsmall-cell lung carcinomas carrying EGFR-TKI sensitizing and EGFR T790M resistance mutations. The
hazards associated with nitration of organic compounds, such as thermal runaway and explosivity of intermediates, make it difficult
to scale up nitrations to industrial quantities, particularly within large-scale batch reactors. In this study, we investigated an acetic
acid/aqueous nitric acid mixture as a predominantly kinetically controlled nitration regime and a water-free mixture of acetic acid,
fuming nitric acid, and fuming sulfuric acid (oleum) as a mass-transfer-limited nitration regime. A modular microreactor platform
with in-line temperature measurement was utilized for the nitration. Furthermore, we identified that it was necessary to protect the
amine functionality through acetylation to avoid side reactions. The process parameters and equipment configuration were
optimized at laboratory scale for the acetylation and nitration to improve the product yield and purity. The two steps could be
successfully telescoped, and the laboratory-scale flow process was operated for 80 min to afford the target molecule in 82% isolated
yield over two steps, corresponding to a throughput of 25 mmol/h. The developed flow process was then transferred to an industrial
partner for commercial implementation and scaled up by the use of higher flow rates and sizing-up of the microreactor platform to
pilot scale to afford the product in 83% isolated yield, corresponding to a throughput of 2 mol/h (0.46 kg/h).

KEYWORDS: continuous flow, nitration, acetylation, osimertinib, modular microreactor platform, scale-up

■ INTRODUCTION

Osimertinib (1) is an active pharmaceutical ingredient (API)
developed by AstraZeneca. It is a third-generation, irreversible,
oral epidermal growth factor receptor tyrosine kinase inhibitor
(EGFR-TKI) that potently and selectively inhibits EGFR-TKI
sensitizing and EGFR T790M resistance mutations.1−3 The
EGFR T790M resistance mutation can be de novo or acquired
through previous treatment with first- or second-generation
EGFR-TKIs.4 Currently, 1 is used as a first-line treatment for
patients with locally advanced or metastatic nonsmall-cell lung
carcinoma (NSCLC) with EGFR sensitizing mutations and as
a treatment for patients with EGFR T790M-mutation-positive
NSCLC that has progressed on or after EGFR-TKI therapy.
A core building block in the synthesis of 1 is a

tetrasubstituted benzene ring that is derived from 4-fluoro-2-
methoxy-5-nitroaniline (2) (Scheme 1). Compound 2 can be
prepared by the nitration of 4-fluoro-2-methoxyaniline (3).
According to the patent literature, compound 2 can be
synthesized by preparing a 1.13 M solution of aniline 3 in
concentrated sulfuric acid (H2SO4) at 0 °C. Subsequent
treatment with 1 equiv of potassium nitrate (KNO3) and
stirring overnight affords compound 2 in 77% yield after
purification by column chromatography.5 In a different
protocol, a 0.43 M solution of compound 3 in concentrated

H2SO4 was prepared at −20 °C and treated with 1.11 equiv of
concentrated nitric acid (HNO3) to provide compound 2 in
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Scheme 1. Structure of AstraZeneca’s Tyrosine Kinase
Inhibitor Osimertinib (1) Synthesized from 4-Fluoro-2-
methoxy-5-nitroaniline (2), the Nitration Product of 4-
Fluoro-2-methoxyaniline (3)
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80% yield without the need for column chromatography.6

Synthetic routes to 1 have been discussed in detail elsewhere.7

Notably, particular effort has been made to optimize certain
steps within a continuous flow environment.8

Nitration reactions are inherently dangerous transformations
since they are generally highly exothermic and rely on the use
of corrosive and sometimes toxic nitration agents.9 A key
danger is the use of a strongly oxidizing material (HNO3) in
conjunction with reducible substrates. For these reasons,
nitration reactions are notoriously difficult to scale up and
constitute one of the most hazardous reactions for chemical
manufacture.10 To ensure constant product quality in nitration
reactions, precise control over the temperature and reagent
stoichiometry should be ensured because small fluctuations can
lead to overnitration, oxidation,11 or polymerization.10,11 The
oxidation side reaction is a key safety issue, especially when the
nitration is performed at temperatures above 80 °C.11 The
utilization of microreactors has been demonstrated to alleviate
the above-mentioned challenges through enhanced heat
transfer and improved mixing.12 In addition, the flow rates
can be carefully controlled, which enables the precise addition
of reagents. Within a continuous flow reactor, only a small
amount of chemical inventory is processed at any one time,
which considerably minimizes the risk and potential scale of
explosions or thermal runaway. These advantages make
continuous processes inherently safer and more controlled
than operation within a batch environment, particularly at
larger scales.13 The application of microreaction technology to
perform nitration reactions was reported as early as 1956.14

Nitration reactions within continuous flow environments have
received significant attention since that time, with recent
developments encompassing the nitration of important API
building blocks.10,15,16 In particular, a team from Novartis
developed a protocol using fuming nitric acid that resulted in
improved safety, higher product quality, and a straightforward
scale-up.10 The continuous flow nitration of benzyl-protected
vanillin to O-benzyl-6-nitrovanillin on a multikilogram scale
has been described by a group at Bristol-Myers Squibb
(BMS).17 The protection of the hydroxyl group provided the
desired selectivity for the process and reduced the formation of
the undesired 5-nitrovanillin. Subsequently, a batch depro-
tection with trifluoroacetic acid (TFA) in dichloromethane
(DCM) afforded the desired compound 6-nitrovanillin. Our
group has previously reported on nitration reactions involving

highly explosive intermediates that were directly hydrogenated
in multistep cascaded flow processes.18

A toolbox approach was devised to facilitate the transfer of
chemical reactions from batch to continuous flow processes.19

In this toolbox approach, chemical reactions are categorized on
the basis of their intrinsic reaction rates under conventional
operating conditions. Type A reactions are defined as having
high reaction rates and reach completion within seconds.
These reactions, which occur with half-lives of less than 1 s, are
mass-transfer-limited reactions and thus are mixing-controlled.
Type B reactions occur on an intermediate time scale with half-
lives of seconds to minutes. Type C reactions are relatively
slow, on time scales of approximately more than 10 min, but
could benefit from transfer to flow to improve safety or quality.
Type B and C reactions can be defined as predominantly
kinetically controlled. Nitration reactions can fall into all three
of these categories.
We were interested in developing a scalable nitration

protocol for the synthesis of 2 through the utilization of
continuous processing. Our primary focus was on generating
data that would enable a smooth scale-up of the process.
Different nitration conditions for the transformation were
explored, including a nitration with acetic acid and aqueous
nitric acid as a predominantly kinetically controlled (type B/
C) system and a water-free nitration with acetic acid/fuming
sulfuric acid (oleum)/fuming nitric acid as a mass-transfer-
limited (type A reaction) system. Herein we describe the
optimization of the nitration reaction within continuous flow,
the development of a telescoped continuous flow acetylation
and nitration procedure, and subsequent technology transfer
from laboratory to pilot scale.

■ RESULTS AND DISCUSSION
In our initial trials, we evaluated existing patent protocols by
using concentrated H2SO4 and KNO3 or HNO3 for the
nitration of 4-fluoro-2-methoxyaniline (3) at a low temper-
ature.5,6 These initial trials resulted in the formation of a
heterogeneous mixture that was difficult to stir. The reaction
mixture contained only trace amounts of the desired product
4-fluoro-2-methoxy-5-nitroaniline (2). Major side products
were detected, possibly caused by oxidation of the amino
group. These results are different from the reported yields in
patent applications.5,6 The elevated levels of side product
formation can conceivably be explained by the significant

Scheme 2. Protection Group Strategy for the Synthesis of 2 from 3 by Acetylation with Ac2O
a

aRegioisomers 5 and 6 were formed by nitration. Regioisomer 7 could also potentially be formed but was not observed throughout this study.
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exotherm observed, even with careful addition of the nitration
reagents. Using acetic acid (AcOH) and concentrated HNO3
as an alternative nitration mixture, as presented by
Brocklehurst and co-workers on a similar substrate,10 also
resulted in a mixture of side products. As the preliminary
investigation of direct nitration approaches failed, we chose to
acetylate 3 using acetic anhydride (Ac2O) to afford acetamide
4 in order to avoid side reactions occurring at the amino
functionality (Scheme 2). The acetyl group of compound 5 can
be cleaved under batch conditions in nearly quantitative yield
by the use of dilute HCl to afford the desired product 2.
A. Predominantly Kinetically Controlled Nitration.

We next investigated the batch nitration of acetyl-protected 4
with aqueous HNO3. For the experiment, a 1 M solution of
substrate 4 in AcOH was treated with 30 equiv of concentrated
HNO3 (69 wt %, 15 M), and the resulting mixture was heated
in a dedicated microwave reactor at 80 °C for 15 min. The
nitration of substrate 4 in AcOH/HNO3 can be considered as
a type B/C reaction and is predominantly kinetically
controlled.19 The formation of the desired nitration product
5 was observed in 94% yield along with a minor amount (<6%
yield) of regioisomer 6 (based on HPLC area %). Regioisomer
6 was highly water-soluble, and thus, separation from the
desired isomer was particularly simple. We observed a
significant exotherm during the initial batch microwave
experiments, so we commenced flow experiments, which
would provide better temperature control. In general, the heat
of reaction for nitration reactions ranges from −73 to −253 kJ/
mol.15 The translation of batch microwave conditions to
conventionally heated continuous flow environments is a well-
established technique.20 The heat generated from the
exotherm could be far better controlled through the utilization
of a continuous flow reactor, and thus, all subsequent nitration
experiments were performed using a flow reactor.
We chose to use a Modular MicroReaction System (MMRS)

equipped with a FlowPlate Lab (channel width = 2 mm, mixer
nominal width = 0.2 mm, volume = 0.4 mL), manufactured by
Ehrfeld Mikrotechnik.19,21,22 The system has been applied for
the successful scale-up of a number of important chemical
transformations,19,21,22 and it has been successfully demon-
strated to withstand corrosive nitration mixtures because of its
construction from Hastelloy C22.23 An overall heat transfer
coefficient, U, of ∼2200 W m−2 K−1 was measured by Mielke
et al. for the FlowPlate reactor.21d Additionally, we have
previously demonstrated the incorporation of online process
analytical tools (PATs) within the MMRS for rapid data
acquisition.22

The two feeds, one for the substrate dissolved in AcOH and
the other for the nitric acid solution, were introduced by
syringe pumps. A liquid/liquid (LL) mixing plate (Figure 1)
was used as an inlay for the FlowPlate to ensure optimal mixing
and facile scalability (see section C for more details).21 In this
study, we incorporated an in-line temperature sensor at the
outlet of the plate, and a thermostat (Huber CC 304) was used
for temperature control. The temperature change over time
was visually observed on the display of the thermostat. The
pump rate of the thermostat was set at a sufficient circulation
speed to ensure that the changes in the inlet and outlet
temperatures of the process fluid did not exceed +1 °C from
the set point conditions during the experiments.
We commenced our flow studies by translating the

microwave batch conditions to continuous flow. The reaction
occurs on the time scale of minutes (type B/C), and thus, a

reactor coil (PFA, 1/8 in. o.d., 0.8 mm i.d., V = 7 mL) was used
after the FlowPlate to provide sufficient residence time. The
coil was submerged in a water bath for temperature control.
Upon transfer to flow, operating at 70 °C with a residence time
of 16 min afforded product 5 in 98% yield (Table 1, entry 1).
A reduction in the amount of HNO3 from 30 to 15 equiv
resulted in a lower yield of 64% (entry 2). A lower temperature
of 20 °C caused only a minor drop in yield to 94%, indicating
the weak temperature dependence of the reaction. As we were
interested in a protocol that is easy to scale, we were keen on
using only the reactor volume of the FlowPlate. Removing the
reactor coil resulted in a shorter residence time of 1 min, and a
drop in yield to 88% was observed (entry 3). The yield could
be increased by heating the reactor to 60 °C. A yield of >99%
was obtained within a residence time of 30 s by heating the
reactor to 80 °C (entry 7). Product 5 could be isolated in 86%
yield after recrystallization. These optimization data show that
increasing the reaction temperature can drastically improve the
space-time yield because a comparatively small reactor volume
can be used. The temperature dependence of the reaction
indicated that we were operating within a predominately
kinetically controlled regime (entries 4−6). However, at the
shortest residence times we were likely to be approaching
mass-transfer-limited conditions (entry 7). We concluded that
under the identified conditions, the large excess of nitric acid
would lead to exacerbated salt waste. We also determined that
the aqueous nitric acid would be at the corrosivity limit for the
equipment at 80 °C. Therefore, an alternative strategy was
sought that used a more reactive nitration system and water-
free conditions.
The continuous flow process was reoptimized using white

fuming nitric acid (99 wt %) as a replacement for 69% aqueous
nitric acid (Scheme 3). Fuming nitric acid is a stronger
nitrating agent, but it is usually less corrosive toward most
materials.10,23 Employing the same reaction conditions as with
aqueous nitric acid (Table 1, entry 7) resulted in the formation
of a number of side products. Decomposed starting material
was observed even when only 1.0 equiv of nitric acid was used.
When 69% aqueous nitric acid was used, only very trace
amounts of side products were observed. However, in the case
of 99 wt % fuming nitric acid, a range of side products formed,
comprising of different oxidation products (phenol derivatives)
and overnitration products. The temperature was lowered in
order to circumvent the formation of those potentially
explosive or toxic side products.11 When the temperature of

Figure 1. FlowPlate Lab liquid/liquid (LL) mixing plate consisting of
seven inlets/outlets and 70 mixing structures. The nitration agent
inlet, substrate feed inlet, and reaction outlet used in this study are
indicated on the image. The FlowPlate Lab is constructed from
Hastelloy C22, and the viewing point was manufactured from
Hastelloy C276 and sapphire. The surface area of the plate is 74 mm
× 104 mm.
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the reaction feed was reduced to 40 °C, the product
crystallized inside the flow reactor, making a dilution to 0.5
M substrate in AcOH necessary. We then screened the
influence of the residence time on the yield of product 5 using
4 equiv of fuming HNO3 (Figure 2). A longer residence time
afforded a higher yield but resulted in a lower throughput for a
given reactor volume, corresponding to a lower space-time
yield.
The previous results demonstrated that the reaction

displayed only a weak temperature dependence. We were
interested in further investigating the influence of temperature
on the reaction performance because a lower temperature
resulted in higher yield with fewer oxidation side products,
whereas higher reaction temperatures resulted in elevated
decomposition. We actively cooled the reactor to 20 °C and
tried to improve the conversion again by increasing the
number of equivalents of fuming nitric acid used (Figure 3).
The flow rate of the substrate (F1) was kept constant at 667 or
333 μL/min. In the case of the lower flow rate (333 μL/min),
10 equiv of HNO3 was sufficient to obtain full conversion of
the starting material within the volume of the FlowPlate. When
the higher flow rate (667 μL/min) was used, 16 equiv of
HNO3 was necessary to obtain 98% conversion. These results
indicate that a higher yield without noticeable decomposition
can be obtained at longer residence times and with a larger
number of equivalents of HNO3.

Subsequently, we examined the possibility of telescoping the
acetylation and nitration steps within a single continuous flow
reaction sequence without isolation or purification of
intermediate 4 (Scheme 4). The transfer of the first step
into flow was especially intriguing since we had observed
exothermic behavior during the initial addition of Ac2O.
Moreover, since Ac2O was used in excess, the formation of
potentially explosive acetyl nitrate through reaction with nitric
acid could occur. We deemed this safety issue to be
manageable because of the very small quantities that would
be formed at any one time within the flow reactor.
We achieved the acetylation by pumping 3 dissolved in

AcOH (feed 1, flow rate = 666 μL/min, 1 equiv, 0.5 M) and
neat Ac2O (feed 2, flow rate = 40 μL/min, 1.2 equiv) and
mixing the two feeds in a T-piece. The reaction solution was
then reacted within a residence time unit (PFA, 1/8 in. o.d., 0.8
mm i.d., V = 5 mL) for 7 min before being mixed with fuming
nitric acid (feed 3, flow rate = 210 μL/min, 15 equiv) in the
FlowPlate. The reaction stream was quenched by introducing
the effluent into a stirred 4 M NaOH solution at 0 °C. The
product crystallized immediately upon contact with water. The

Table 1. Optimization of the Reaction Conditions for the Nitration of 4 to the Nitrated Analogue 5 Using Aqueous Nitric
Acida

entry conc. of 4 within the reactor [M] reactor volume [mL] total flow rate [mL/min] temperature [°C] residence time [min] yield [%]c

1 0.33 8 0.5 70 16 98
2b 0.50 8 0.5 70 16 64
3 0.33 8 1 20 8 94
4 0.33 1 1 20 1 88
5 0.33 1 1 40 1 94
6 0.33 1 1 60 1 98
7 0.33 1 2 80 0.5 >99 (86%d)

aConditions (unless otherwise stated): feed 1, 1 M 4 in AcOH; feed 2, 15 M HNO3 in H2O; feed 1/feed 2 flow rate ratio = 1:2, corresponding to
30 equiv of HNO3.

bFeed 1/feed 2 flow rate ratio = 1:1, corresponding to 15 equiv of HNO3.
cYields based on area % measured with UHPLC.

Regioisomer 6 was not observed. dIsolated yield after recrystallization.

Scheme 3. Flow Scheme for the Nitration of 4 to the
Nitrated Analogue 5 Using White Fuming Nitric Acid

Figure 2. Optimization of the residence time for the nitration of 4 to
the nitrated analogue 5 using white fuming nitric acid (4 equiv).
Conditions: feed 1, 0.5 M 4 in AcOH; feed 2, fuming nitric acid; feed
1/feed 2 flow rate ratio = 100:9; reaction feed heated to 40 °C. Yields
are based on area % measured by HPLC.
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effluent was continuously quenched, which meant that no
exotherm was observed. This protocol resulted in 96%
conversion with 95% selectivity for compound 5. The slight
improvement in selectivity and yield could be explained by the
action of surplus Ac2O (0.2 equiv) as a water scavenger.
Removal of the water drives the reaction equilibrium toward
the desired product side.
B. Mass-Transfer-Limited Nitration. In order to further

reduce the salt waste, increase the space-time yield, and create
an in situ water scavenger to avoid product precipitation
during the reaction (from water formation), we needed to
further reduce the amount of nitric acid used by employing an
even more reactive nitration system. To achieve this goal, we
used fuming sulfuric acid (H2SO4 + 18 wt % SO3) as a water
scavenger and catalyst to enhance the reaction rate of the
nitration (Table 2). The optimization to determine the lowest
possible HNO3 input was achieved by gradually increasing the
amount of fuming H2SO4 and decreasing the amount of nitric
acid used (Table 2, entries 1−5). In the case of 1.15 equiv of
fuming nitric acid (entries 4 and 5), very low flow rates of

nitric and sulfuric acid were used (20 μL/min for HNO3 and
10 μL/min for H2SO4). If there were a drop in either acid feed
due to process deviation, then a drop in selectivity for the
desired isomer 5 would likely be observed. To ensure reliable
results in these cases we had to account for very small
fluctuations in the flow rates caused by the switch valves in the
syringe pump heads. We solved this issue through the
installation of a residence time loop with a volume of 4 mL
after the FlowPlate to enable a longer residence time in order
to complete the reactor macromixing. In section A this was not
an issue since the nitric acid was used in a larger excess, so
small deviations would have only a minor influence on the
results. Furthermore, we increased the flow rate for feed 1 to 1
mL/min to allow increases in the flow rates of HNO3 and
H2SO4 accordingly. We anticipated that the residence time
unit after the FlowPlate would not be necessary during
operation at larger scale because the higher flow rates used and
more precise pumps (e.g., gear pumps) would provide more
controlled dosing of the reagents.
To demonstrate the stability of our optimized process, a

long-run experiment was conducted over 80 min of operation
time (Scheme 5). Since the ratio of HNO3 to oleum did not
need to be changed, as in the optimization experiments, we
decided to premix the two acids in a 1:1 molar ratio and
introduce the feed solution with one pump. The mixing of the
two fuming acids generated a small exotherm, and thus, careful
addition was necessary. The acid mixture can be safely stored
and is not fuming, making it easier to handle than fuming
H2SO4 and fuming HNO3. The process was stable throughout
the duration of the run. The long run afforded 5 in 82%
isolated yield (7.4 g) with >99% purity by HPLC after
recrystallization, corresponding to a throughput of 5.6 g/h (25
mmol/h).
In order to obtain the desired API intermediate 2, crystalline

5 was suspended in 0.7 M aqueous HCl to perform the
deacetylation. The suspension was heated to 76 °C, which
resulted in dissolution of all solids. After heating for 5 h, full
conversion of starting material was observed by HPLC. A

Figure 3. Study to optimize the number of equivalents of white fuming nitric acid in the nitration of 4 in acetic acid. Conditions: feed 1, 0.5 M 4 in
AcOH; feed 2, fuming nitric acid; feed 1/feed 2 flow rate ratio = 100:(2.25 × number of equivalents); reaction feed cooled to 20 °C.
Concentrations given in the graph correspond to concentration of 4 within the reactor. Yields are based on area % measured by HPLC.

Scheme 4. Flow Scheme for Telescoping of the Acetylation
and Nitrationa

aConditions: feed 1, 0.5 M 4 in AcOH; feed 2, neat Ac2O; feed 3,
fuming nitric acid (99%); flow rates for feed 1/feed 2/feed 3 = 666/
40/210 μL/min; reaction feed cooled to 20 °C.
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simple extraction protocol using aqueous NaHCO3/MTBE
followed by filtration and drying afforded the product in 97%
isolated yield. Direct telescoping of the deprotection within a
continuous flow environment was not attempted because the
deprotection requires aqueous acid, which causes precipitation
of the protected compound 5. Thus, we chose to perform the
deprotection under batch conditions.
C. Scale-Up. The laboratory procedure based on the

smaller FlowPlate Lab of size 600 was then transferred to
Lonza (Visp, Switzerland) for scale-up implementation (Table
3). The size of 600 corresponds to the mixing unit size at the

smallest cross-sectional area. For this purpose, the FlowPlate
A6/A5 reactor technology was used (Figure 4), which is based
on a multiscale approach wherein plates of different sizes are
used and adapted to the reaction requirements.19 The larger
plates (A6 and A5) are individual Hastelloy-made plates that
are sandwiched between highly thermally conductive alumi-
num or copper plates for thermal fluid passage. The overall
reactor can sustain pressures of up to 100 bar. The main
advantage of this reactor technology is its facile scalability.
Figure 4 shows the reactor designs that were developed to
allow operation over a wide range of flow rates (1.5 up to 600
mL/min) and scales. Detailed information regarding the mixer
sizes has been described elsewhere.24

Since nitration reactions using concentrated sulfuric acid are
often very fast and highly exothermic, it is important to ensure
efficient mixing and heat transfer. In addition, a short time can
be necessary for the acid stream (in this case HNO3/H2SO4/
SO3) and the organic stream to become a single phase within
the reactor. One of the main objectives for scale-up of a mass-
transfer-limited and exothermic reaction to production scale is
to keep the dimensionless Damköhler numbers for heat and
mass transfer as constant as possible.25 The Damköhler
numbers relate the chemical reaction time scale to the
transport phenomena rate occurring in a system. One strategy
to achieve this during scale-up is through a smart dimensioning
approach. Mixing behavior can be predicted and compared to a
flow regime map to identify the appropriate reactor module
design. An A5-sized LL-rhombus-type micromixer (11 mL
mixing plate, channel width 0.5 mm, channel depth 1.25 mm)
designed for liquid/liquid applications has been shown to be
more effective than classical sinusoidal mixers for this type of
nitration (Figure 5). At the proper flow rate, it ensures a drop/
dispersed-flow regime often with turbulent flow and therefore
efficient heat and mass transfer throughout the entire plate.21e

The A5 plate is ca. 4 times the size of the FlowPlate Lab and
can process up to 150 mL/min with mixing elements of size

Table 2. Optimization of Fuming Sulfuric Acid Input for the Nitration of 4 to Achieve Minimal HNO3 Input
a

yield of 5 [%]b

entry equiv of fuming H2SO4 3 equiv of HNO3 2 equiv of HNO3 1.15 equiv of HNO3

1 0.15 92 39 −
2 0.30 99 90 −
3 0.50 99 −
4 0.70 92c

5 1.15 99c

aConditions (unless otherwise stated): feed 1, 0.5 M 3 in AcOH; feed 2, neat Ac2O; feed 1/feed 2 flow rate ratio = 100:6; feed 3, fuming HNO3;
feed 4, fuming H2SO4 (H2SO4 + 18 wt % SO3).

bBased on area % measured by HPLC and confirmed by NMR spectroscopy. Full conversion of the
starting material 3 was observed in all of the experiments. cF1 was 1 mL/min, and a 4 mL residence time unit was used after the FlowPlate.

Scheme 5. Continuous Flow Setup for the Long-Run
Experimenta

aFeed 1, 0.5 M 3 in AcOH; feed 2, neat Ac2O; feed 3, 1:1 mol/mol
fuming HNO/fuming H2SO4. Flow rates: F1/F2/F3 = 1000/60/49
μL/min.

Table 3. Mixing Unit Size at Smallest Cross-Sectional Area
and Nominal Flow Rates24

size
dh

[mm]
width
[mm]

depth
[mm]

nominal flow rates
[mL/min]

scaling
factor

600 (lab) 0.286 0.20 0.50 1.5−15 1
300 0.714 0.50 1.25 15−150 10
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300.21a The scale-up to the A5 rack was based on sizing up the
channel dimensions, and thus, it was designed to be
geometrically equivalent to the lab version, giving a similar
mixing efficiency at a higher flow rate while still ensuring high
heat removal capacity as further described below.
The reactor configuration consisted of two pumps, each

equipped with a mass flow controller (MFC) (Scheme 6). The
fastest-flowing feed passed through a preheater plate (30 mL)
at 30 °C and then was mixed with the second feed within an
A5-sized LL-rhombus-type micromixer (size 300) at 30 °C.

The effluent from the flow reactor was quenched into a vessel
containing water. A residence time loop after the reactor was
no longer necessary for the scale-up because of better control
over pumping of the feeds. The results from the laboratory-
scale experiments (Table 2) could be reproduced. Feed 1
consisted of 6.5 wt % 3 (0.45 M), 9.5 wt % Ac2O (0.54 M, 1.2
equiv), and 84 wt % AcOH to closely resemble our small-scale
conditions. Feed 2 consisted of fuming HNO3/oleum (1.1
equiv of HNO3, 1:1 w/w). It was found that the entire
exotherm could be controlled within a single plate (Figure 6),
highlighting the enhanced heat transfer capacities of this
reactor technology. Intermediate 5 precipitated in the quench.
The process afforded the acetylated and nitrated compound 5
in 83% yield (76.4 g) with >99% purity after filtration and
drying. Thus, a throughput of 2 mol/h could be achieved,
corresponding to a scale-up factor of 70.
After successful implementation of the lab-scale conditions

at a pilot scale, we were then interested in further fine-tuning of
the operating conditions within the FlowPlate A5. Increasing
the amount of acetic anhydride to 2.0 molar equiv relative to 3
in further experiments resulted in higher solubility, keeping the
reactants and products in solution even when the initial
concentration of 3 in feed 1 was increased from 1.1 to 1.7 M.
Furthermore, H2SO4 and 2 equiv of Ac2O were sufficient to act
as a water scavenger. Thus, the use of oleum was no longer
necessary. The isolated yield of N-(4-fluoro-2-methoxy-5-
nitrophenyl)acetamide (5) increased at higher flow rates
(Figure 7), indicating that the nitration reaction in the A5-
sized LL-rhombus FlowPlate is mass-transfer-limited. Better
mixing could be achieved by using higher flow rates. This trend

Figure 4. Plate scale-up concept based on the multiscale approach.

Figure 5. X-ray picture of a FlowPlate A5 reactor plate with
geometrically equivalent LL mixers of size 300 from Figure 4 for
higher flow rates. The surface area of the plate is 148 mm × 210 mm.

Scheme 6. Continuous Flow Setup for the Scale-Up in a FlowPlate A5 Rack with an 11 mL LL Mixing Plate
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could be observed for both initial concentrations of 3 in feed 1
(1.1 and 1.7 M). Operation at a higher concentration enables
an increase in productivity for the flow process. The nitration
temperature showed no significant influence on the purity and
isolated yield of 5 between 20 and 40 °C (Figure 8). The
absence of a temperature dependence is another indication
that the nitration reaction in the A5-sized LL-rhombus
FlowPlate is fully mass-transfer-limited.
The possibility of full commercial implementation under the

optimized conditions (feed 1 = 1.1 M 3 and 2.2 M Ac2O in
AcOH; feed 2 = 1.3 equiv (30 wt %) HNO3 in H2SO4;
residence time = 7.8 s) was then considered to evaluate scale-
up for a campaign requiring production of 3500 kg of 2. The
calculations were based on the conditions producing 5 in 83%
yield. For a campaign duration of 35 days and a productivity of
100 kg/day, flow rates of 392.1 g/min for feed 1 and 98.6 g/

min for feed 2 would have to be used. For example, an A5-
sized LL-rhombus-type mixer can be used by placing four
mixing plates with larger channel dimensions than before
(channel width 0.7 mm, channel depth 1.75 mm; size 200) in
series to achieve a similar performance as in the pilot-scale
study. Running under these conditions corresponded to a
theoretical space-time yield of 1923 kg L−1 day−1. The highly
exothermic quench of the reaction solution could then possibly
be achieved by feeding the reactor effluent while simulta-
neously introducing a water feed into a continuously stirred
tank reactor (CSTR).

■ CONCLUSION
We have described the development and scale-up of a
continuous flow protocol for the preparation of N-(4-fluoro-
2-methoxy-5-nitrophenyl)acetamide by a two-step telescoped
acetylation/nitration. Subsequent batch deprotection afforded
4-fluoro-2-methoxy-5-nitroaniline, an important precursor in
the manufacture of osimertinib. Three different nitration
strategies were evaluated with regard to their overall
productivity and scalability. We optimized the nitration
reaction using AcOH/aqueous HNO3, AcOH/100% HNO3,
and finally 100% HNO3/fuming H2SO4. The acetylation and
nitration could be successfully telescoped, and the telescoped
process was operated for 80 min to afford the target molecule

Figure 6. Continuous flow experiment using the A5-sized LL-
rhombus FlowPlate. Feed 1, 6 wt % 3 (0.45 M) and 5.2 wt % Ac2O
(0.54 M, 1.2 equiv) in AcOH; feed 2, 1:1 w/w fuming HNO3/oleum.
Flow rates: F1 = 89.2 mL/min = 94.5 g/min; F2 = 3.4 mL/min = 5.5
g/min. The volume of the mixing reactor was 11 mL. When the two
feeds were switched on, an exotherm was observed since the reactor
outlet temperature increased. The fact that the reactor outlet
temperature was stable showed that the entire exotherm could be
controlled within a single plate, highlighting the enhanced heat
transfer capacities of the reactor technology.

Figure 7. Influence of the flow rate measured for two different
concentrations of 3, with feed 1 containing 1.1 M 3 (13 wt %) and
Ac2O (18.8 wt %, 2 equiv) (blue curve) or 1.7 M 3 (18 wt %) and
Ac2O (26.1 wt %, 2 equiv) (orange curve). Feed 2 was 30:70 w/w
fuming HNO3/H2SO4, and the feed 1/feed 2 flow rate ratio was
7.73:1 (1.3 equiv of HNO3). The mixing reactor volume was 11 mL.

Figure 8. Influence of the temperature on the yield and purity. Feed 1
contained 1.1 M 3 (13 wt %), AcOH (13 wt %), and Ac2O (18.8 wt
%, 2 equiv). Feed 2 was 30:70 w/w fuming HNO3/H2SO4. The feed
1/feed 2 flow rate ratio was 7.73:1 (1.3 equiv of HNO3). The mixing
reactor volume was 11 mL.
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in 82% isolated yield over two steps, corresponding to a
throughput of 25 mmol/h. Deacetylation could be achieved
under batch conditions by using dilute HCl to afford the
desired building block 4-fluoro-2-methoxy-5-nitroaniline in
97% yield. The developed process was successfully transferred
from laboratory to pilot scale by using a larger-scale flow
reactor to enable pilot-scale studies. The throughput was
increased to 2 mol/h in the Lonza FlowPlate A5 rack by
increasing the flow rates and substrate concentration. The
product was isolated in 83% yield with >99% purity after
filtration and drying, demonstrating very good transfer of the
laboratory-scale conditions. The reaction exotherm for the
nitration was controlled within a single plate at both the
laboratory and pilot scale. The flow protocol described herein
significantly improves the yield and process safety compared
with the previously reported batch protocols for this nitration.
Possible commercial manufacturing conditions based on the
laboratory- and pilot-scale results were considered.

■ EXPERIMENTAL SECTION
General. 1H NMR spectra were recorded on a Bruker 300

MHz instrument. 13C NMR spectra were recorded on the 300
MHz instrument at 75 MHz. 19F NMR spectra were recorded
on the 300 MHz instrument at 282 MHz. Chemical shifts (δ)
are expressed in parts per million downfield from tetrame-
thylsilane as an internal standard. The letters s, d, dd, t, q, and
m are used to indicate singlet, doublet, doublet of doublets,
triplet, quadruplet, and multiplet. The purity and supplier for
each chemical were the following: 4-fluoro-2-methoxyaniline
(3) (98% purity, Fluorochem); acetic anhydride (≥99% purity,
VWR); acetic acid (≥99% purity, VWR); HNO3 (99 wt %,
Lonza AG); sulfuric acid (≥99% purity, +19 wt % SO3, Sigma-
Aldrich); concentrated HCl (35% in water, VWR); dichloro-
methane (>98% purity, VWR). Microwave reactions were
performed using a Biotage Initiator+ single-mode microwave
instrument. Reaction times refer to hold times at the
temperatures indicated and not to total irradiation times.
The temperature was measured with an IR sensor on the
outside of the reaction vessel.
Notice of Caution. Mixtures of Ac2O with HNO3 or

especially HNO3/H2SO4 can form highly explosive acetyl
nitrate (AcNO3).

26 It is highly recommended that a proper risk
assessment be performed and precautions be taken before the
reactions described in this article are performed. Fuming nitric
and sulfuric acid are highly caustic toward human skin.
Wearing personal protective equipment, including safety
goggles, Vitoject gloves, and a lab coat, is recommended.
Telescoped Continuous-Flow Acetylation and Nitra-

tion of 4-Fluoro-2-methoxyaniline (3) to Give N-(4-
Fluoro-2-methoxy-5-nitrophenyl)acetamide (5). The
flow setup consisted of three continuous syringe pumps (3 ×
Asia Syrris) to introduce a solution of 3 in acetic acid (AcOH)
(feed 1), acetic anhydride (Ac2O) (feed 2), and an acid
mixture of fuming HNO3/oleum (1:1 mol/mol) (feed 3).
Feeds 1, 2, and 3 were directly pumped using syringe pumps.
Before the experiment commenced, the reactor setup was
flushed by pumping neat AcOH at a flow rate of 1000 μL/min
using the pump for feed 1. Subsequently, Ac2O (feed 2) was
introduced into the flow system at a flow rate of 60 μL/min
(1.2 equiv), and the acid mixture (feed 3) was introduced at a
flow rate of 50 μL/min (1.25 equiv). 3 (7.06 g, 50.0 mmol)
was diluted to 100 mL with AcOH in a volumetric flask to
prepare feed 1. To commence the experiment, pump 1 was

switched from neat AcOH to feed 1 while the flow rate was
maintained at 1000 μL/min. Feeds 1 and 2 were combined
within a Y-shaped connector (Y Assembly PEEK 1/4-28, 0.040
in) at ambient temperature. The combined mixture was passed
through a reactor coil (PFA, 1/8 in. o.d., 0.8 mm i.d., residence
volume V1 = 5.0 mL) at ambient temperature and then
through an inlet (Ehrfeld MMRS, Fitok 1/16 in. HC, volume V2
= 410 μL) before being combined with the acid mixture within
a microreactor (Ehrfeld FlowPlate Lab Microreactor HC,
process plate LL, channel width = 2 mm, mixer nominal width
= 0.2 mm, volume V3 = 0.4 mL). The FlowPlate was cooled to
20 °C using a thermostat (Huber CC 304, 4000 rpm, water-
cooled). After the FlowPlate, the reaction mixture was passed
through a temperature sensor (Ehrfeld Xyfluor 0501-1; volume
V4 = 165 μL), an outlet (Ehrfeld MMRS, Fitok 1/16 in. HC,
volume V5 = 410 μL), and a reactor coil (PFA, 1/8 in. o.d., 0.8
mm i.d., volume V6 = 4.0 mL) at 20 °C. The output solution
was diluted with an ice/water mixture (1:1 v/v). The effluent
was collected over 80 min (corresponding to 40 mmol of
material) and extracted with EtOAc (3 × 100 mL). The
combined organic phases were dried over Na2SO4, filtered, and
concentrated under reduced pressure. The crude product was
dissolved in hot MeCN and treated with H2O until
precipitation was observed. The resulting slurry was heated
to reflux until all of the solids were dissolved and then cooled
to 4 °C for 3 h. The obtained crystals were filtered and washed
with cold MeCN and H2O to afford 5 (7.49 g, 32.8 mmol, 82%
yield) as colorless crystals. Mp 226−227 °C; 1H NMR (300.36
MHz, DMSO-d6) δ 9.53 (s, 1H), 8.86 (d, 3JHF = 8.2 Hz, 1H),
7.30 (d, 3JHF = 13.3 Hz, 1H), 3.98 (s, 3H), 2.12 (s, 3H); 13C
NMR (75 MHz, DMSO-d6) δ 169.2, 155.5 (d,

2JCF = 10.0 Hz),
152.7 (d, 1JCF = 260.7 Hz), 128.3, 124.1, 117.5 101.4 (d, 2JCF =
26.1 Hz), 57.3, 23.8; 19F NMR (282 MHz, DMSO-d6) δ
−118.8 (dd, 3JHF = 12.5 Hz, 3JHF = 9.1 Hz).

Synthesis of N-(4-Fluoro-2-methoxyphenyl)-
acetamide (4). A round-bottom flask equipped with a stir
bar was charged with 3 (1.41 g, 10.0 mmol). Ac2O (2.04 g,
20.0 mmol) was slowly added to the vigorously stirred
substrate. A light-pink precipitate was formed, which was
filtered and washed with H2O. The crude product was
recrystallized from MeCN to give 4 as light-pink crystals
(1.76 g, 9.58 mmol, 96% yield). Mp 139−140 °C; 1H NMR
(300.36 MHz, CDCl3) δ 8.27 (dd, 3JHH = 8.8 Hz, 4JHF = 6.2
Hz, 1H), 7.59 (s, 1H), 6.69 − 6.56 (m, 2H), 3.85 (s, 3H), 2.18
(s, 3H); 13C NMR (75 MHz, CDCl3) δ 168.2, 159.2 (d,

1JCF =
242.6 Hz), 148.95 (d, 3JCF = 9.8 Hz), 123.90 (d, 4JCF = 3.1
Hz), 120.76 (d, 3JCF = 9.1 Hz), 106.80 (d, 2JCF = 21.5 Hz),
98.74 (d, 2JCF = 27.2 Hz), 56.01, 24.86; 19F NMR (282 MHz,
CDCl3) δ −116.64 (ddd, 3JHF = 9.8 Hz, 3JHF = 8.4 Hz, 4JHF =
6.3 Hz).

Synthesis of 4-Fluoro-2-methoxy-5-nitroaniline (2)
(Deprotection). To a three-neck round-bottom flask was
added 5 (1.01 g, 4.37 mmol) suspended in EtOH (21.63 mL).
Aqueous HCl (26%, 2.17 mL, 1.75 mmol) was slowly added to
the suspension over 5 min (T < 30 °C). After addition, the
mixture was warmed to 83 °C (Tinside = 76 °C) and stirred for
5 h at this temperature. The solvent was removed under
reduced pressure (40 °C, 150−40 mbar), and a beige crude
product was obtained. Subsequently the crude product was
suspended in MTBE (25 mL), and a saturated aqueous
solution of NaHCO3 (25 mL) was added. The two phases
were separated, and the aqueous layer was extracted with
MTBE (2 × 25 mL). The combined organic layers were
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washed with a saturated aqueous solution of NaCl (10 mL),
and after separation of the two phases, the organic phase was
concentrated under reduced pressure (40 °C, 350−40 mbar).
The desired product 2 was obtained as an orange solid (795
mg, 97% yield). 1H NMR (400.13 MHz, DMSO-d6) δ 7.36 (d,
J = 7.91 Hz, 1H), 7.03 (d, J = 13.3 Hz, 1H), 5.24 (s, 2H), 3.93
(s, 3H); 19F NMR (282 MHz, CDCl3) δ −125.34 (dd, J =
12.4, 7.2 Hz).
Scaled-Up Synthesis of 5. The flow setup consisted of

two pumps (pump 1 = Fuji HYM-PG-08_12M_Hastelloy;
pump 2 = HNP mzr-7255) controlled by mass flow controllers
(Coriolis Endress Hauser) via a feedback loop. Pump 1 was
used to introduce feed 1 consisting of 3 (0.45 M, 6 wt %, 1
equiv) and Ac2O (0.54 M, 5.2 wt %, 1.2 equiv) in AcOH.
Pump 2 was used to introduce feed 2 consisting of fuming
HNO3/oleum (1.1 equiv of HNO3, 1:1 w/w). The reactor was
washed with AcOH before the experiment was started. To
commence the experiment, the two feeds were switched on
simultaneously. Feed 1 was directly pumped through pump 1
at a flow rate of 94.5 g/min (89.2 mL/min). Feed 1 was
preheated to 30 °C in a preheating plate within the A5
FlowPlate rack (Vpreheat = 30.46 mL). Feed 2 was directly
pumped through pump 2 at a flow rate of 5.5 g/min (3.4 mL/
min). Feed 1 and feed 2 were introduced into a FlowPlate A5
(Vreactor = 11.03 mL), where feed 2 was mixed with the
preheated feed 1. After exiting the mixing plate, the reaction
feed was collected for 10 min within a stirred tank reactor
containing 4 times the amount of water in relation to the
expected reaction feed. Immediate precipitation occurred after
contact with water, resulting in the formation of a beige solid.
The precipitated solid was filtered, washed with 1 volume of
water, and dried in a vacuum oven to afford 5 (76.4 g, 0.335
mol, 83% yield) as a beige crystalline solid.
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