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Abstract: Nitrofurfural is a key building block for the synthesis of antimicrobial nitrofurans as active pharmaceutical
ingredients. Its synthesis involves the nitration of furfural, a substrate derived from biobased resources. However, furfural
has a delicate heteroaromatic backbone. Typical nitrations involve harsh reaction conditions, which often compromise this
structure, resulting in poor reproducibility and low yields. Although acetyl nitrate, a mild nitrating agent, is suitable for this
task, major deterrents remain. First, its conventional preparation method involves conditions that are not compatible with
furfural. Second, significant safety concerns are associated with the unstable and explosive nature of acetyl nitrate. These
critical issues are addressed herein. A safe and robust continuous flow platform featuring in situ generation of acetyl nitrate
for the nitration of furfural to nitrofurfural is reported. The high level of integration and automation enables remote process
operation by a single operator. Key furfural-based pharmaceutical intermediates were synthesized with favorable metrics
and high reproducibility. The efficiency of this flow platform is demonstrated using a selection of best-selling nitrofuran
pharmaceuticals (nifuroxazide, nifurtimox, nitrofurantoin, and nitrofural), which were obtained with excellent isolated
yields in under five minutes.

J

Introduction

The discovery of aromatic nitration using nitric acid in
the early 1830s quickly became a cornerstone of organic
chemistry, leading to broad industrial implementation.['*]
Nitration reactions are inherently hazardous, often described
as the most widespread and powerfully destructive industrial
unit process operation. These reactions pose significant risks:
they are highly exothermic and prone to thermal runaway,
while many nitration (by)products themselves are also clas-
sified as potential explosives.[>*! This has led to a particular
interest in adopting inherently safer technologies, such as flow
chemistry, to carry out nitrations.”'?) Numerous nitrating

cocktails have been developed, each tailored to accommodate
specific substrate reactivity or sensitivity (Figure 1a).['’]
Electron-rich aromatic substrates can undergo nitration with
mild reagents, while deactivated aryls require harsher con-
ditions. Heteroaromatics are usually far less resilient owing
to their lower aromaticity, often resulting in oxidation, ring
opening, polymerization, or other side reactions.[']

Among heteroaromatics of wide industrial interest, fur-
fural (2-furaldehyde, 1) is a furan-derived substrate sourced
from biomass waste.l'”¥] Its interest as a pivotal het-
eroaromatic building block increased after addition in 2010
by the US Department of Energy (DOE) to a list of
industrially relevant biobased platform chemicals.'®l The
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a) Prior art: typical nitration cocktails and risk mitigation in flow
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Figure 1. Overall context and strategy. a) Common nitration cocktails(']
and risk mitigation in flow with selected examples.['>'6] b) Biobased
furfural 1is derived from hemicellulose and can be used to access
important pharmaceutical building blocks. c) To address the capricious
nitration of 1, a concatenated and automated flow platform is
developed, featuring an in-line generator of acetyl nitrate.

nitration product of furfural (S-nitrofurfural, 2) is a key
intermediate in the preparation of nitrofurans 4, a family of
active pharmaceutical ingredients (APIs) with antimicrobial
properties (Figure 1b)."1 However, the nitration of 1 is
notoriously challenging due to its fragile nature and inability
to withstand typical harsh nitrating agents.['*]

Acetyl nitrate (Figure 1a) is among the milder nitrating
reagents compatible with 1. Reports about its generation go
back as far as 1884, while its use for the nitration of 1 in batch
dates back to at least 1902.[2122] Despite being categorized
as mild,[?! acetyl nitrate is highly sensitive and can explode
at temperatures as low as 60 °C.>%] While the ex situ
preparation of acetyl nitrate is considered too dangerous,!>>?*]
in situ preparation in batch became a privileged alternative.
However, in situ generation of acetyl nitrate exposes delicate
substrates, such as 1, to harsh conditions. Solutions to address
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Continuous flow acetyl nitrate generator with IR in-line stability monitoring
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Figure 2. Simplified chart for the acetyl nitrate flow generator (details in
Section S6, Supporting Information). Lower left insert: results from the
Density Functional Theory (DFT) mechanistic study (Gaussian 16,1%']
B3LYP-GD3B)/6-314-G*//MO8HX/6-311++G** level of theory,

SMD = acetic anhydride at 273 K, Section S8, Supporting Information).
Lower right insert: in-line FTIR spectra of acetyl nitrate prepared in flow,
according to a reference protocol from silver nitrate and acetyl
chloride,[?2] and with results from ground state frequency DFT
calculations (Section S8, Supporting Information).

these issues associated with its generation and use for the
production of 2 are described here (Figure 1c).

We report a highly automated continuous flow system
featuring an acetyl nitrate generator, subsequent nitration of
1, and a downstream synthesis of nitrofuran pharmaceuticals.
Safety is ensured by avoiding the handling of reactive species
and intermediates.”>! The system features technical innova-
tions such as a dedicated filtration and separation unit, and a
variety of sensors and Process Analytical Technology (PAT)
tools placed at critical points, ensuring process robustness and
reproducibility for long runs. While optimized specifically for
the nitration of 1, the system can also accommodate other 5-
membered heteroaromatic substrates. The final demonstrator
fully integrates the process from 1 to a small library of
four marketed nitrofuran pharmaceuticals through advanced
process concatenation.

Results and Discussion

Acetyl nitrate, the mixed anhydride of acetic and nitric
acids, can be prepared according to different protocols.[?>]
The safest and most convenient in situ protocol calls for
premixing the desired substrate with either acetic acid and/or
acetic anhydride before the addition of concentrated nitric
acid, in the presence of a catalytic amount of sulfuric
acid.['>?°] Although these conditions have been reported for
the nitration of furfural 1 in batch,?’-?°! the reaction lacks
reproducibility due to the decomposition of the substrate.!'*]

We developed a continuous flow generator*"] of acetyl
nitrate from acetic anhydride and nitric acid with catalytic
sulfuric acid using commercially available fluidic components
(Figure 2) made from polymers of either perfluoroalkoxy
alkane (PFA) or polytetrafluoroethylene (PTFE). To address
the harsh, highly acidic reaction conditions, specifically
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Combined DFT/mechanistic study for the transformation of furfural toward nitrofurfural diacetate Ill
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Figure 3. Nitration of furfural with acetyl nitrate (AcONO;). Sequence of reaction steps and intermediates en route to nitrofurfural 2. The structure of
intermediate Ila was confirmed through XRD (Section S12, Supporting Information). Global and local nucleophilicities are indicated for compounds 1
and | (Section S8, Supporting Information) and are expressed in eV.3%] The nitration of I was studied computationally with Gaussian 1613 (Section
S8, Supporting Information) at the B3LYP-GD3B|/6-314+G*//MO8HX/6-311+-+G** level of theory (SMD = acetic anhydride, 273 K). The
base-induced rearomatization was computed with Me3N as a model Brgnsted base (Section S8, Supporting Information).

designed chemically resistant ceramic pressure transducers
were developed. To ensure the precise flow rate of the >90%
nitric acid, the mass decrease of feed solution over time
was monitored. In addition, an in-line IR module provided
a convenient real-time monitoring system for steady state,
with the characteristic vibration bands at 780-810 cm™'
(stretching) and 690-740 cm™' (scissoring) (Figure 2).

The mechanism for the formation of acetyl nitrate,
which was studied computationally (Section S8, Supporting
Information), involves a diffusion-limited, two-step process.
The first step involves the addition of a nitrate anion to
protonated acetic anhydride and leads to the formation of
an unstable intermediate (Figure 2). The latter decomposes
with the concomitant release of acetic acid and the desired
mixed anhydride. The optimized conditions for the formation
of acetyl nitrate in the novel generator (G;) use neat acetic
anhydride (5 equiv. relative to HNOs3, 0.82 mL min~!) and
fuming nitric acid (with 3 mol% concentrated sulfuric acid,
0.08 mL min~!) with a residence time of 40 s at 15 °C
(Figure 2). The output of acetyl nitrate, assuming quantitative
conversion, is 0.104 mol h~! (daily productivity of 262 g).

With the optimum conditions for the formation of acetyl
nitrate in hand, the direct nitration of 1 was next studied
under flow conditions. As the deactivating aldehyde group
of furfural hinders direct electrophilic aromatic substitution,
the nitration of 1 is a rather complex network of reaction
intermediates, which has been the subject of debate in the
literature.’>3* One historical question has been whether 1 or
furfural diacetate (I) is the species that is nitrated. Conceptual
Density Functional Theory (CDFT) was used to assess the
global nucleophilicity of 1 (N =1.90 eV) and I (N =2.19 eV),
concluding that furfural diacetate (I) is more nucleophilic
than 1 and therefore more suitable for fast nitration.[*! This
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is further strengthened with stronger local nucleophilicities at
C-5 for I (N5 = 0.60) than for 1 (N5 = 0.46).

In solution, acetyl nitrate equilibrates into its ionic
counterparts, allowing the formation of nitronium species.[*’!
Computations indicated that the reaction of I with nitro-
nium is diffusion limited, thus associated with extremely
fast kinetics. As observed experimentally, this leads to
the formation of nitrofurfural triacetate II as a mixture
of diastereoisomers (IIa,b), with compound III as minor
component. The latter observation indicated that, quite
unexpectedly, the direct rearomatization of cationic interme-
diate int-II was not favored under these conditions. Instead,
rearomatization occurred following base treatment on Ila,b
through two diastereomeric pathways with slightly different
activation barriers, both converging to III. These compu-
tational results align with literature reports and our own
observations of different kinetic constants for these substrates
(Figure 3).[3]

We then addressed the conversion of neat 1 to III under
flow conditions. The upstream acetyl nitrate generator (G;)
was fluidically connected in series to a downstream nitration
module R, ; (Figure 4a and Section S7.4.2, Supporting Infor-
mation). Pre-cooling loops were added to all feeds connected
to G; and R; to improve robustness, as well as reproducibility.
A DIY in-line UV cell, clipped outside the PFA tubing to
prevent contact with the harsh reaction medium, was inserted
downstream R;. The in-line UV cell monitored the relative
changes in absorbance over time, thus providing insight into
the stability of the continuous nitration reaction in real-time
(Section S5.7, Supporting Information).

Preliminary results under flow conditions gave partial con-
version of 1 to a mixture of furfural diacetate I, nitrofurfural
triacetate Ila,b, nitrofurfural diacetate IIlI, and trace amounts
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a) Concatenated flow setup for the preparation of nitrofurfural diacetate Il from furfural 1

neat

see Fig. 2

see insert b

[lla,b]
OAc

not isolated

[OZN.,,%OAc

OAc

see insert ¢

OAc

O,N_O
\ W/

ag. waste M 75%

[72%)] (92%)

b) DoE for the flow reaction of furfural 1 with acetyl nitrate

c) Robustness analysis
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f) Automated filtration/separation module for full concatenation and continuous operation

g) Process overview
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Figure 4. Optimization and robustness of the flow nitration platform. HPLC yields; isolated yields are in brackets; HPLC purities of isolated products
are in parentheses. a) Simplified flow chart of the continuous flow setup for the nitration of furfural 1 toward intermediate IIl. b) Design of

experiment (DoE) optimization response curve for the nitration of 1. Data generated with 1.4 equiv. of HNOj3 (relative to 1) and 2 min residence time
in R;. All samples were processed using in-line quenching and extraction with 1volume of 4 M NaOH (ag.) and 1 volume of 2-methyltetrahydrofuran

(2 mL min~" each).

¢) Robustness evaluation of the flow process. Data generated with deviations (OVAT) from the optimum conditions, including

the concentration of nitric acid, the HNOj3/1 stoichiometric ratio, the process temperature in Ry, the residence time, the quality of furfural and the
nature of the solvent. All samples were processed using in-line quenching and extraction with the concomitant injection of 1 volume of 6 M KOH
(aq.) and 1 volume of an organic solvent. The organic solvent was typically 2-methyltetrahydrofuran (2-MeTHF) unless otherwise specified. d)
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of 2. To maximize the conversion of 1 and the combined
yield of II + III, a design of experiment (DoE) approach was
followed (Figure 4b). Three critical factors were identified: the
excess of acetic anhydride, the concentration of sulfuric acid
in nitric acid, and the operational temperature in R; (Section
S7.4.2, Supporting Information).

Optimal parameters for the nitration reaction were identi-
fied as follows: for 1 equiv. of neat furfural 1, 7 equiv. of neat
acetic anhydride and 1.4 equiv. of HNO; (>90% ) with 3 mol %
H,SO, (0.45 M solution) are needed to give full conversion
of 1 under 2 min at 15 °C. These parameters led to 75%
combined HPLC yield for II (50%) and III (20% ), along with
5% of 2. These conditions slightly reduce the excess of acetic
anhydride compared to reported batch protocols.?”?1 This
excess could be further lowered (5 equiv.) though at the cost
of decreasing the yield to 65%.

Subsequent work aimed at increasing the conversion of
IIa,b into III. According to literature precedents in batch,
adjustment of the pH to 2.5 is required, followed by heating
the crude solution for at least 1 h to 55 °C.[2-2°] However, it
was necessary to accelerate the rearomatization for the flow
process. After multiple attempts (Section S7.4.3, Supporting
Information), the concomitant injection of a 6 M KOH
aqueous solution and 2-methyltetrahydrofuran was adopted,
combined with an additional R; module operated at 100 °C.
Under these conditions, complete conversion of II and total
selectivity toward III were achieved within a residence time
of 72 s. The optimized concatenated protocol (Figure 4a) was
successfully repeated over 60 production campaigns ranging
from 30 min to 4 h. It consistently delivered yields of
75 £ 3% (92% HPLC purity with ~5% of the desired 2 as
major impurity) with a productivity of 53 mmol h~! (daily
productivity of 307 g). In comparison, previously reported
batch processes toward III typically achieved yields between
15% and 60%.1"]

Robustness was evaluated using Glorius’ approachl*!]
to assess the impact of disturbances on key parameters
(Figure 4c and Section S7.4.7, Supporting Information). Devi-
ations included nitric acid concentration (65% vs >90%) and
equivalents (1 or 2 equiv. versus 1.4 equiv.), R; temperature
(0 °C or 30 °C vs 15 °C), residence time (30 s or 240
s vs 120 s), furfural freshness (5 + year-aged vs freshly
distilled), and solvent type (THF, ethyl acetate, DCM or MEK
vs 2-MeTHF). The study revealed minimal yield loss (0-
10% ) for most deviations, demonstrating robustness. Notably,
using 65% instead of fuming HNO; proved safer, more
affordable, and chemically more compatible, while skipping
furfural distillation offered economic benefits. Flexibility
in solvent choice for the extraction step by substituting
biobased 2-MeTHF with other FDA-classified solvents, added
practicality. The most critical parameter appeared to be
the temperature at which R; was operated: at 30 °C
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instead of 15 °C, the yield dropped significantly by 34%.
This analysis complements the DoE and aligns with ICH
Q13 guidelines, ensuring reproducibility for continuous API
manufacturing.*!

The next step focused on the deacylation of III, to
obtain deprotected nitrofurfural 2 (Figure 4d,e). This trans-
formation is commonly reported under acidic conditions
(both homogeneous and heterogeneous).[?-2>40411 Typical
homogeneous batch conditions involve 50% H,SO, at ele-
vated temperatures (>100 °C). Preliminary experiments were
performed with crude III in 2-MeTHF at high tempera-
ture under microwave irradiation using sulfuric acid, which
resulted in extensive degradation (Section S7.2, Supporting
Information). The deprotection was then transposed to flow
chemistry using the crude output of Il in 2-MeTHF collected
from the previous step (Figure 4d) and optimized through
DoE (Figure 4e). Deacylation of III to 2 and degradation
were considered throughout the optimization round. Both
these responses were interdependent and increased with (1)
reaction time, (2) reaction temperature, (3) sulfuric acid
equivalents, and (4) sulfuric acid concentration, leaving a
very narrow optimization window. Following the DoE model
(Figure 4e), the process was intensified using an elevated
temperature of 160 °C. Total conversion (90% HPLC yield)
was achieved within 45 s of residence time using 1.25 equiv. of
H,SO, as a 9 M solution (infused at 0.12 mL min~") (Section
S7.4.8, Supporting Information).

One critical step in achieving full concatenation from
1 was the liquid-liquid extraction of III prior to diacetate
deprotection (Figure 4f). Membrane separation was not
implementable on the long term due to sporadic solid
particle formation[*>#]; gravity-based separation with optical
detection of the interface was also very challenging due to
the dark coloration of both phases.[**] To address both chal-
lenges, an automated filtration/extraction unit was developed
(Figure 4f), equipped with magnetic interfacial detection cou-
pled with automated actuators and valves (Section S5.2, Sup-
porting Information). Furthermore, temperature and pressure
sensors were placed at critical positions to provide informa-
tion on steady state, and any deviations from it. Furthermore,
additional PAT (in-line FTIR, Figure 4d) was installed at the
outlet of R, to monitor the final concentration of 2.

Lastly, efforts to demonstrate the versatility of our
nitration flow platform encompassed both expanding the
scope to other S5-membered heteroaromatic substrates
structurally akin to 1 and demonstrating the preparation of
marketed APIs from 2 (Figure 5). For the scope of other
heteroaromatic aldehydes, no further optimization was
attempted. The optimal conditions for 1 were transposed
to 3-furaldehyde 1’a, thiophenecarboxaldehyde 1'b and
N-methyl-2-pyrrolecarboxaldehyde 1’e¢, providing key
intermediates for the preparation of various APIs such

Simplified flow chart of the continuous flow setup for the deacylation of nitrofurfural diacetate Il toward 2, emphasizing PAT with real-time, in-line IR
reaction monitoring. e) Design of experiment (DoE) optimization response curve for the deacylation of intermediate Il1. All experiments were carried
with crude 11l as a 0.39 M solution in 2-MeTHF (see also inserts a. and b.). After thermal quench, samples were diluted prior to HPLC analysis. f)

Details on the automated filtration/separation unit that enables full concatenation of the process from 1to 2 (Section S5.2, Supporting Information).

g) Metrics for the fully concatenated process.
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a) Nitration of various 5-membered heteroaromatics with acetyl nitrate

see Fig. 4 | fo)
N /
() 6069 <y
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neat o 4
. Scope of 2'c 46%* [31%]
furanoids

ro

2
0<%\ OAc 0 0
sy )~ N lﬁ}\//
2

O,N OAc
Iil'a 70% [60%] 2'a 78%3 [60%)]
OAc [o]
0N S 0N S
\ / OAc \ /

1II'b 80%2 [52%]

b) Telescoped, semi-continuous preparation of nitrofuran APIs

not isolated

(1a ) @@ -@-@-m—L

IR

neat see Fig. 4 30 min
4a-d
20 °C .
in water
Scope of hydrazines 3
o]
HoN. o
N
HaN-y );\\szo H2N‘N/U\NH H2N~NJ\NH
H D) 2
o H
OH o)
3a 3b 3c 3d

Nitrofurantoin
4c 94% [62] (98%)
Urinary tract infection
WHO essential, 158" most prescribed 2022

Nifuroxazide
4a 79% [46%] (>99%)

Colitis, diarrhea

o] (o)
0,N__O. //\s’é O,N \ H
Nifurtimox o

Nitrofurazone
4d 78% [51%] (99%)
Urinary tract infection

4b 90% [58%] (99%)
Chagas disease, sleeping sickness
WHO essential

Figure 5. Versatility of the continuous flow nitration platform. HPLC
yields; Overall isolated yields in brackets; HPLC purities are indicated in
parentheses for compounds 4a—d. a) Scope of the nitration platform on
other heteroaryl aldehydes 1'a—c. The conditions used are the same as
for compound 1 (see Figure 4). 'Compound 11I'a was obtained after R;
as a 68:32 2-nitro/5-nitro regioisomeric mixture in 70% combined yield
(full conversion). 2Compound 1II’b was obtained after R; as a single
regioisomer in 80% yield. 3Compound 2'a was obtained after Ry as a
mixture of 2-nitro and 5-nitro regioisomers in 78% combined yield.
4Compound 2'c was obtained directly after R as a 4:1 4-nitro/5-nitro
regioisomeric mixture, while the deacylation already occurred in R3. b)
Use of the nitration platform for the preparation of 4 representative
nitrofuran APIs (4a-d) through the coupling of crude 2 and a series of
hydrazines 3a—d (Section S7.4.11, Supporting Information). Nifurtimox
4b was obtained through a slightly adapted protocol to accommodate
its solubility (Section S7.4.12, Supporting Information).

as netropsin,[*4] distamycin,[44°]

semicarbazone antifungals and antitumorals (Figure Sa
The preparation of marketed APIs from 2 was successfully
achieved on a selection of best-selling nitrofurans
(nifuroxazide 4a, nifurtimox 4b, nitrofurantoin 4¢, and
nitrofurazone 4d). To this end, the reactor effluent from R,
was merged with a stream of hydrazines 3 (Figure 5b). In-line
IR concentration monitoring of 2 (Figure 4d) allowed precise
adjustment of the flow rates of 3 to maintain equimolarity.
The corresponding stoichiometric mixtures were allowed

and S-nitrothiophene
).147.48]
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to react in a continuously stirred tank reactor (CSTR). The
resulting hydrazones were filtered, washed and dried, yielding
4a-d in 78-94% isolated yield (46-62% overall isolated yield
from 1 over the three steps). The entire process is embedded
with data acquisition tools, allowing in situ monitoring of its
stability, including critical startup and shutdown procedures.
The remote control of individual components is also imple-
mented to ensure high safety and reproducibility of the results
(Section S5.6, Supporting Information), fulfilling the aims of
PAT. The system combining both nitration and deacylation
was continuously operated for over 4 h, providing a space-
time yield of 0.572 kg L~! h™! for 2. This system provides a
daily output of 261.4 g (98% HPLC purity) for nitrofurantoin
4c, representing 5200 daily doses based on a 50 mg API
dosage. Additionally, this process comes with a low E-factor
of 18, pending the recycling of aqueous and organic effluents.

Conclusion

We present a highly automated, robust and safe acetyl
nitrate generator designed for the nitration of delicate furan
derivatives as intermediates for antibiotic and antibacterial
nitrofuran production. This approach integrates the assets of
flow chemistry, in-line data monitoring, and process analytical
technology (PAT), whereas computational support provides
insights for rationalizing reactivity. The upstream flow setup
accommodates various heteroaromatics, while the down-
stream hydrazine coupling can be adapted to produce four
market-leading nitrofuran active pharmaceutical ingredients,
showcasing its versatility. Nitrofurantoin, one of the best-
selling nitrofuran APIs, is obtained in 94% isolated yield
(62% overall from furfural) in under 5 minutes. Favorable
metrics are achieved through the use of neat feedstock
solutions, water, biobased solvents, and widely available
chemicals. The high level of integration and automation,
featuring a newly developed filtration and liquid/liquid
gravity separator unit, chemically resistant sensors and
automated valves ensures robustness and reproducibility for
this notoriously challenging sequence of reactions. Despite
its complexity, the system remains manageable by a single
operator and is adaptable for a range of reactions with-
out reconfiguration. This innovative platform significantly
reduces reaction time and enhances safety, offering a valuable
tool for synthesizing important nitrated compounds in line
with modern pharmaceutical industry standards.

Supporting Information

The Supporting Information is available free of charge: Meth-
ods, hardware, experimental protocols, analytical data, and
computational data (PDF). All details, as well as the instruc-
tions for pressure transducers, electrically actuated valves,
devices for pressure and temperature measurement (PTMB),
the software for pressure and temperature acquisition, the
nitric acid dosing controller, the filtration and separation
module control unit (FSMCU) including a continuous-flow
gravity separator with magnetic phase boundary tracking, the
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UV-Vis flow cell and the furfural nitration data acquisition
and process control software are provided free of charge on
GitHub (https:/github.com/CiTOS-ULiege/Tools-for-Flow-
Chemistry.git) and Zenodo with the following https://doi.org/
10.5281/zen0do.15106903. The authors have cited additional
references within the Supporting Information.[**-3]
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A robust, automated continuous Organization (WHO) active pharmaceu-

Continuous Flow Synthesis of Nitrofuran flow system enables safe, high-yield tical ingredients (API), this innovative

Pharmaceuticals Using Acetyl Nitrate nitration of furfural to key nitrofuran open-source platform ensures rapid syn-
intermediates using in situ acetyl thesis, enhanced safety, and excellent
nitrate generation. Demonstrated on reproducibility, aligning with modern
representative essential World Health pharmaceutical standards.
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