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Abstract
The Agrochemical sector operates on large scale within a highly complex

environment. Cost effective products on an increasing scale, in a sustainable
fashion, impose massive constraints on the industry. Here, we report a
perspective around flow chemistry, with literature highlights on how the
application of this technology can impact chemical processes (especially at the
early stages of R&D) for Agrochemicals, with clear benefits in comparison to a
traditional batch vessel - be it safety, quality or throughput. The value of flow
chemistry for the business is clear and the number of examples reported in the

literature will undoubtably continue to increase in the agrochemical industry.
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Disrupting conservativism

By its very words the adoption of any new, disruptive, synthesis technologies
for the preparation of our functional molecules will always be met by a high
degree of conservatism (especially on moving up scale). This is only to be
expected given the necessary up-front investment in plant and the expensive
equipment required to carry out the necessary multitude of complex tasks.
Moreover, the skill and knowledge base needed to design and make these
compounds by traditional batch mode methods takes time, experience and
considerable effort. Although the industry has become very good at what it
does, inevitably, there is a lack of flexibility owing to the constraints required to
deliver products rapidly to the marketplace. While the Pharma industry is a very
high-risk business, the profit margins can be substantial,® by comparison, the
Agrochemical sector operates on a bigger scale with much lower revenue
margins — this is a highly complex environment whereby diverse and increasing
world populations, climate change, unexpected disease and fungal outbreaks
can be major additional barriers to success. The need therefore to provide cost
effective products on an increasing scale, in a sustainable fashion, imposes
massive constraints on the industry. To remain competitive and profitable there
is a challenging dichotomy between maintaining the status quo and investing in
new enabling, but disruptive, technologies that engage innovative ideas to
satisfy future product lines while maintaining safety, sustainability and greater
precision in the targeting of crop protection methods. This changing and more
agile mindset is evolving into an Industry 4.0 concept whereby automation and
data management, through machine learning and artificial intelligence
methods, will become ever more impactful.? The logistics of the supply chain
leading to decentralised manufacturing, greater flexibility and management of
our chemical inventories are notably influencing how we work today.

However, as noted earlier by comparison with pharmaceutical companies the
agrochemical industry often faces a different challenge, due primarily to the

larger manufacturing volumes.2 This results in a critical need to drive cost of



goods to a minimum and to establish lean and robust manufacturing processes
that can deliver 1000’s tonnes per annum. The challenge is most pronounced
for mid-sized products, in the range of 500 to 4000 tonnes per annum. Such
products typically require larger manufacturing assets than in pharma but are
often smaller than those utlised in other traditional bulk chemistry
manufacturing units. Furthermore, batch assets tend to be better suited for
multi-purpose needs in terms of kinetics and phase flexibility, and suppliers are

generally more geared up for batch mode technology transfer.

So Why Move to Continuous Flow Technologies?

While well-known to and almost exclusively used by the petrochemical industry,
continuous flow technologies have only in relatively recent years become an
important platform in fine chemical research programs and during early-stage
product development in other industries®.

The increased research intensity in the area of flow chemistry over the last
decade has reinvigorated the challenge to identify and strive for the right
technology early in the chemical development process. Clearly, the perceived
difficulties to entry in the field, most notably the need for chemists to acquire
new skills and equipment together with the lack of understanding of what
problems would be best solved by adopting these new methods, have all
inhibited progress. This said, the early adopters of flow chemistry methods have
been rewarded in numerous ways especially through enlightened management
programs whereby chemists and chemical engineers work together to find
solutions to specific challenges and through well accepted concepts associated
with the technique leading to considerable process improvements, in particular
the handling of exotherms®, greater control of high/low temperatures and
pressures®, handling of organometallics’ and other potentially hazardous or
toxic intermediates®. Also, improvements through levels of process
intensification, reaction telescoping and delivering on the Green agenda are

clearly recognised benefits of the flow chemistry methods.'® [The improved



levels of reaction control, safety, especially in the use of reactive gases, and
downstream continuous processing methods all play roles in advancing this
technology. Given the rapidly developing data-rich world in which we live
combined with these new principles we believe the time is right to embrace this
machine-assisted approach to the synthesis of the next generation of
agrochemical products. Reaction audit trails, improved real-time feedback of
information, optimisation protocols, scale-up, and novel reaction discovery
platforms all add further beneficial components into the mix by advancing our
synthesis knowledge. Nevertheless, there is still a long way to go but the area
is both expanding and evolving rapidly. Now is a good time to engage and fully
exploit the learnings of the last two decades of research and development.

In addition to the above, flow chemistry offers several advantages and
opportunities that also translate to both development scale and manufacturing
scales. For example, there is a unique flexibility with respect to process control
(in contrast to batch) such that processes can be aborted without significant
material accumulation.’® The system modularity can also simplify technical
transfer, from pilot campaigns to manufacturing, whether between existing
equipment or in different geographies. There are other potential advantages
with respect to energy efficiency and process intensification,'! and a clear
benefit with respect to process safety versus typical large lab-scale
experiments. As a result, chemistries that would be otherwise be considered
inconceivable (or at least highly challenging) due to high energy or hazardous
reagents/intermediates can be more readily enabled in flow on scale.®

The barriers to the implementation of flow chemistry revolve largely around
investment costs and the specialization of equipment. These concerns are
especially apparent when considering transfer of a well-established batch
process into flow equipment. This emphasises the need to address the
opportunity of flow early in the development stage plan. There is also the key
factor of operational experience and knowledge in comparison to batch, and

particularly the receptivity of an organization to a disruptive change. On a more



technical level, flow processing in academia and in discovery laboratories is
largely focused on the initial up-stream reaction. However on moving to larger
scales there is an increased emphasis on efficient and sustainable down-
stream processing methods (work-up, isolation etc.), Furthermore in light of the
increased molecular complexity and associated solid-state characteristics of
many of the new products considerable flexibility during the workup is of
paramount importance.

In order to overcome a number of these challenges, therefore, flow chemistry
assets in pilot operations and manufacturing will need to demonstrate a degree
of versatility similar to their batch counterparts to create the additional short and
long term business value. In the past, the step between the laboratory or pilot
plant and manufacturing often triggered the design of a tailor-made continuous
reactor with a limited use in other processes. Additionally, many of the
approaches suitable for the pharmaceutical industry, such as parallelisation
(numbering-up) or longer runtimes (scaling-out) are usually prohibitive for
agrochemical manufacturing due to investment costs and lack of capacity. To
facilitate the uptake of flow chemistry in agrochemical manufacturing, it is
crucial to embrace modularity as key concept. This promotes a standardisation
of units, similar to batch processing whilst lowering project costs and lead
time.'? This is key to lowering the barrier of resistance in terms of investments
by having modules not built for one specific chemistry but enabling multi-
purpose application based on the needs of respective chemical processes.
Efforts in this direction have been undertaken by commercial reactor suppliers,
but they often integrate mixing and residence time units in the same module
thereby limiting versatility on scaleup. The application of integrated hybrid
reactors, which make use of a combination of flow and batch units, also
provides more operational flexibility compared to fully continuous processes
and helps to reduce upfront investment in equipment. Such factors can support
the continued uptake of flow chemistry and ensure that the right technology is

selected for the right reasons at the right time.*



Flow chemistry gaining momentum in the Agrochemical Industry

Since natural products themselves often constitute excellent starting points for
further structural development but can be problematic due to limited compound
supply, synthesis has an important role to play since this leads to concomitant
production of useful analogues for further biological evaluation. Indeed, there
have been numerous total syntheses of natural products reported using
integrated batch and flow methodology and some of those constitute potential

development candidates as agrochemical leads (Fig 1.) *4%°

Curcumine

A 17 Spirangien A methyl ester
Anti-fungal agent Anti-fungal agent 19

(+)-Pauciflorol F
Anti-fungal agent 16

Figure 1. Selection of natural products with agrochemical activity, synthesised

in flow.

Most have been discovered through primary screening protocols and are
typically classified as antifungal, antimicrobial and antiparasitic agents. Space
here does not permit a full discussion of all the synthetic work that has been

carried out consequently we will comment on just two illustrative examples.

In 2006, an early example of multistep continuous preparation of Grossamide,?°
a neolignin amide that is produced in many plants in response to pathogenic
attack and has been shown to have a number of biological functions including
potentially useful antimicrobial properties, was reported. The synthesis notably
exemplifies the multiple use of immobilized reagents and scavengers which is
a technology well suited to flow. Attractively, this synthesis makes use of small

chemical building blocks namely ferulic acid and tyramine which, under



classical amide coupling on a polymer supported hydroxybenzotriazole column
(PS-HOBY), afford the corresponding product. This was then flowed through an
immobilised horseradish peroxide to achieve excellent dimerization to give the

natural product Grossamide in excellent yield (Scheme 1).
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Scheme 1. Flow synthesis of Grossamide.

The process is clearly more complex than indicated in a simple chemical
scheme since in-line scavenging is required to afford clean product flow
streams and there is a need for further added oxidant (H202-Urea) to drive the
enzyme coupling and cyclization. Moreover the associated engineering of the
system was advanced at its time (in 2006!) since multiple pumps, control
valves, packed reagent and scavenger columns together with appropriate
controlling analytics (UV and LC-MS), liquid changing devices, reagent
reservoirs were also needed to automate this simple two-step process (Scheme
2). This level of sophistication of equipment also allows for rapid reconfiguration

to generate a library of different amides for biological evaluation.
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Scheme 2. Comprehensive scheme for the flow synthesis of Grossamide.

The other natural products shown in fig 1 all demonstrate further aspects and
potential opportunities for flow chemistry for agrochemical applications but have
not been highlighted in this short review. We consider however that the
integrated batch and flow synthesis of Spirangien A'® methyl ester arguably
stands as a testimony to the power of the technology to accelerate complex
molecule synthesis. The details of this synthesis are not discussed here and
the reader is advised to consult the work for specific information. However,
there are many salient observations worthy of some comment. Firstly, that flow
chemistry steps featured in over 60% of the reactions leading up to the total
synthesis. In the majority of these there are recognisably gains in terms of
safety, scale-up, reaction selectivity and efficiency over conventional batch
alternatives. Once the homogenation reaction sequences were developed in

flow they proved to be robust. Clearly the reactions and the systems described



in this work provides the basis for other polyketide syntheses and novel

analogue preparation.

Possibly of more relevance to the industry however is the use of these methods
for the continuous flow preparation of compounds of potential commercial
importance. The first of these is the continuous flow synthesis of Hymexazol®
a broad-spectrum fungicide.?! After optimisation of the individual steps, a
scaled-up reactor configuration produced 1.7 Kg in excellent 99% purity of the
final product in only 3.5 hours. All solvents used in the product extraction
process and work up were readily recyclable. Four metering plunger pumps
were used to drive the flow streams through Hastelloy steel coils and three T
shaped mixers (Scheme 3). The optimised flow process was reported to reduce

reaction times and significantly reduce side reactions.
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Scheme 3. Flow synthesis of hymexazol.

Introduced by BASF in 2003 as a potent fungicide owning to its succinate
dehydrogenase inhibitory activity Boscalid® has since been the centre of
attention for efficient synthesis campaigns including those using flow

methodology.



Early work by Kappe reported on two key steps on the way to producing
Boscalid® in flow.?? The first of these involved a high temperature
Suzuki/Miyaura coupling of chloro-2-nitrobenzene with 4-chlorophenylboronic
acid through a flow coil operating at 160°C and subsequent passage, after
scavenging with Quadrapure thiourea (QPTU), through an H-cube
hydrogenation reactor to reduce the nitro substituent selectively in 77% overall
yield. The final amide coupling to give Boscalid® was known previously

(Scheme 4).
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Scheme 4. Flow synthesis of Boscalid.

Recently, using a similar reaction sequence adapted to run on a multi-jet
oscillating disk (MJOD) continuous flow reactor platform, a group at the
University of Bergen, Norway reported the production of Boscalid® at a rate of
around 8.4 gh in 42% overall yield for the three steps. In the route a lower
temperature (80 ‘C) Suzuki/Miyaura coupling was used and was followed by a
cobalt boride reduction step to efficiently convert the nitro group to the required
amine substituent. The final coupling was achieved through in situ formation
of an iminosulfanone using SOCI. followed by condensation with 2-
chloropyridine-3- carboxylic acid.

Useful further details of the MJOD flow reactor are described in the report but
are not disclosed here. The semi continuous nature of the intermediate work-

up during this route needs development prior to moving up-scale. Nevertheless,



the ability to handle solid cobalt boride using mechanical oscillation in the
MJOD is a very attractive feature of the process.

In 2017 Baxendale reported a concise and scaleable flow synthesis of auxin
mimics based upon indole carboxylate derivatives as herbicidal agents. Of
special note was the fully telescoped process for the conversion of ethyl 6-
(trifluoromethyl) -1H-3 indolecarboxlyate to a 1,3,6-oxadiazolinone derivative in
excellent yield and purity by using a final clean-up cartridge packed with

Quadrapure sulfonic acid resin (QPSA) (Scheme 5)23
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Scheme 5. Flow synthesis of Auxin mimics.

The final two examples are from our own laboratories and nicely exemplify other
useful consequences that arise from the application of continuous flow
methods.

A program was designed to afford quantities of dibromoformaldoxime
(DBFO).?* This was needed as a reactive intermediate on route to 3-
bromoisoxazolines via [3+2] cycloaddition of the resulting bromonitrile oxide
with olefins. The issues in this work were significant such that large scale
batch preparation was deemed unacceptable for safety reasons as indicated
by differential scanning calorimetry (DSC) on certain intermediates and
problematic exothermic reactions. The proposed use and safe handling of

volatile and toxic reagents such as bromine were also major concerns.



Nevertheless, an overall flow preparative system was devised. This was built
up by examining the individual chemical steps plumbed together to give final
telescoped protocol (Scheme 6). This platform was capable of delivering 3-
bromoisoxazolines at arate of 117 ght in excellent yield. Careful pH adjustment
was needed along with a reservoir trapping stage. Thermal camera imaging
monitored for exotherms and new full tube in line mixing was necessary to give
clean high vyield product. This method showed versatility not only in
accommodating such challenging chemistry, but also in its use to produce a

library of 3-bromoisoxazoline analogues.
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Scheme 6. Multistep flow synthesis and use of DBFO to generate 3-

bromoisoxazolines.

In a further technically challenging synthesis program, where again flow
chemistry methodology was an obvious alternative to classical batch
processes, a convergent continuous multistep preparation of some thiazoles
for use as herbicides was developed.?>%® Again, while a batch mode
preparation on a small scale was possible, the process hazards were
unsurmountable on large scale. As before all the individual steps in the reaction

scheme were carefully evaluated before being transferred to the flow platform

(Scheme 7).
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Scheme 7. Multistep flow synthesis of O-methyl oxime thiazoles.



The scheme shown describes the preparation of a single methyloxime
substituted thiazole but can obviously be modified for library preparation
depending upon the isothiocyanate input stream. Useful in-line NMR monitoring
of the oxime bromination step also facilitated reaction understanding and
optimisation. This synthesis powerfully illustrates the ability to generate
hazardous materials in-line and consume these rapidly in the next synthesis
stage to mitigate against product decomposition and thereby better manage the
chemical inventories. Other take-home messages from this work relate to the
robustness of the procedures, improved safety, flexibility of the platform
towards reconfiguration and overall labour-saving events through use of

advanced machine learning concepts.

A final statement

The successful exploitation of a flow opportunity requires an interdisciplinary
team of chemists, chemical engineers and specialist support teams (PAT, data
scientists, mechanical engineers, etc.), where the added-value of the ultimate
process is unambiguous and benefits in comparison to a traditional batch
vessel, be it safety, quality or throughput are clear. This requires visible
chemical mechanisms and methodologies early in the development cycle to
both identify and make compelling cases for going continuous, together with
managerial support and an openness to levels of risk.

The value of flow chemistry for the industry is clear and the number of examples
will undoubtably continue to increase industry. The continued change in
mindset towards the associated risks and opportunities, and an enhanced
understanding and appreciation of the opportunities of continuous processing
all point towards an inevitable increased uptake of tubular reactors, continuous
stirred-tank vessels and continuous down-stream processing technologies in

future manufacturing.



Adoption of the methods at an earlier stage in the discovery process will
undoubtedly also facilitate and improve the continuity across all molecular

synthesis working environments and help promote innovation and creativity.
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