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The rapid multistep synthesis of 2-pyrazolines from aldehydes via [3+2] cycloaddition of unstabilised diazo species and

mono-substituted alkenes is reported. The development encompasses semi-continuous and fully continuous methods,

including a fully automated compound library generation. A graphical interface was developed for the automation control,

making it more accessible for chemists without coding experience.

Introduction

Modern society relies heavily on the preparation and application of
novel functional molecules. The exploration and discovery of new
chemical reactivity patterns and new tools for molecular assembly
are essential drivers in achieving these goals. Enabling technologies
can serve in expediating this process and facilitating collaborations
across disciplines. For instance, enabling tools such as continuous
flow methods can provide precise control over specific reaction
parameters.I* Flow chemistry concepts can also offer fast
optimisation of synthesis protocols, that would otherwise demand
laborious manual experimentation. We, as well as many others, have
firmly established the power of using these methods to create
opportunities for chemical processing in research laboratory settings
and to assist in reaction scale-up. 3-10

In particular, we have been stressing the importance of machine
assistance, to shift the workload in a research laboratory, to relieve
staff from routine and repetitive tasks. Notably, the use of open-
source technologies allows us to go beyond a ‘single-machine’ and
enable iterative development of complex flow systems.
Notwithstanding the improved levels of repeatability inherent in a
semi-automated system.11-14 Multi-step continuous flow synthesis
still poses a significant challenge.’>18 However, the ability to
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incorporate multiple pieces of equipment in a coordinated network
of laboratory devices means it is possible to devise telescoped
synthesis platforms and downstream processing operations that
might otherwise be especially difficult during multi-step batch mode
operation.

A distinct advantage when performing transformations in continuous
flow is the ability to handle reactive or short-lived intermediates and
safely determine the destiny of these species without isolation or
exposure to these hazardous materials. This ability to control
reactive intermediates affords greater flexibility in processing, by
defining product outcomes or aiding scale-up.

We have previously reported a machine assisted approach to
generate and utilise unstabilised diazo compounds safely, which
greatly enhanced the applicability of such hazardous and reactive
molecules. This method has been applied to cross couplings,1920
including an iterative implementation,?! cyclopropanations,2 C-H
functionalisation of aldehydes?? and synthesis of allenes?324 (Scheme
1). We wished to extend the use of unstabilised diazo compounds to
prepare 2-pyrazolines and increase the level of automation using a
multistep platform, capable of compound library generation and
scale-up (Scheme 1)

Pyrazolines occur widely in natural products and bio-active
molecules.?>-22 Notably, 2-pyrazolines are common motifs in
pharmaceuticals agents2> owing to their biological profiles as anti-
fungal, anti-inflammatory, anti-convulsant and anti-cancer agents.2?
These species are also found in commercial agrochemicals and as
important intermediates in the preparation of pyrazoles as their
corresponding aromatic counterparts.30-33

The traditional method for the preparation of 2-pyrazolines involves
the reaction of a hydrazine with an appropriate coupling partner.343>
Alternatively a one-pot condensation between a hydrazine, an
aldehyde and a ketone can be used for the preparation of these
heterocycles.3? Other more recent methods have been developed for
the construction of pyrazolines and its derivates, such as transition-
metal catalysed reactions with copper, zinc and palladium36-38 or the
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Scheme 1 Previous work handling unstabilised diazo compounds (a) and this work on the
multi-step synthesis of 2-pyrazolines from aldehydes (b).

use of sulfur ylides which may be converted to pyrazolines, as
reported by Fang and co-workers via a formal [4+1] annulation.3®
Aziridines have also been reported as starting materials for the
synthesis of certain pyrazolines.*® A photochemical method was
recently reported for the synthesis of spiro-A2-pyrazolines.*! This
approach involved the cycloaddition of a diazo compound with an
electron-deficient alkene, and, unlike previous studies that required
refluxing of tosylhydrazones and base for longer times,*243 achieved
the desired reaction under mild conditions.

Continuous flow methods have also been reported, one study
utilised tert-butyl nitrite and fluorinated amines to generate
diazoalkanes, followed by a [3+2] cycloaddition,** while another
report generated various diazo compounds from their respective
hydrazones with a silver (I) column and reacted further with various
carboxylic acids and alkenes to give different functionalities,
including pyrazolines.*>

We report below the use of a modular system to generate
unstabilised diazo compounds on demand then coupled these with
electron deficient alkenes to obtain a small library of 2-pyrazolines
via [3+2] cycloaddition. The system was further developed into a fully
automated platform capable of preparing and collecting 4 different
products in one experiment. The method was also scaled-up to
afford 7.71 g of one of these products (8) in 2.5 hours.

Results and Discussion

This study began by evaluating the preparation of 2-pyrazolines from
hydrazones in flow, building on a previously-reported protocol®® in
which a hydrazone solution was passed through a column containing
MnO; powder to generate the respective diazo intermediate, which
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was then combined with an electron-deficient olefin to afford the
desired 2-pyrazoline.

Our original protocol!? included a conditioning phase of the packed-
bed column using a solution of organic base. We believe that this
step neutralises residual acidic areas on the surface of the
manganese dioxide that would otherwise hinder reactivity.
Previously, this was performed using a solution of the hydrazone and
diisopropylamine (DIPEA) over 20 minutes (10 mL of a 0.1 M solution
with 2 equivalents of DIPEA to a column with 0.9 g of MnO,). We
were able to improve upon this method, by substituting these
reagents for a solution of triethylamine in methanol, which afforded
an equivalent activation in just 3 minutes. In addition, this activation
could be performed prior to, rather than along with, injection of the
hydrazone, meaning that the hydrazone intermediate could be fully
utilised. By comparison to DIPEA, the methanolic solution of
triethylamine is a lower-cost reagent, and is more volatile, so the
residual base can be removed via rotary evaporation.

The choice of solvent (THF/MeOH 9:1) was informed by preliminary
experiments for preparing the hydrazone in continuous flow (see ESI,
S3). In our initial experiments, the hydrazone solutions were
introduced into the flow stream using an injection loop, so as to
make a discrete and precise amount of the reactive intermediate
(Scheme 2). The presence of the high-energy diazo in solution was
indicated by a characteristically bright colour, varying between
orange, pink and red depending on the particular diazo compound.
The diazo intermediate was directed into a round bottom flask that
was then charged with a solution of a reactive olefin; a [3+2] reaction
of the diazo intermediate with the olefin within the collection vessel
afforded the desired 2-pyrazoline. For safety, the collection vessel
was maintained under inert atmosphere (N3), at 0 °C and behind a
safety screen.

This approach allowed a rapid generation of different products while
avoiding any requirement to collect or isolate the diazo compound,
and did not require any hardware changes between experiments
using different reagents. In each case, once the collection vessel had
been removed, the system was washed for a further 5 minutes with
the solvent mixture before injecting the following hydrazone into the
sample loop and beginning the next experiment.

The method was reliable and showed high levels of robustness: we
were able to quickly and safely prepare a library of twenty 2-
pyrazolines with moderate to excellent vyields (Scheme 2).
Interestingly, the dipolarophile could be added before, after or
during the diazo collection, yielding the same results.

The reaction outcome could be expected to follow the matching
molecular orbitals energies driving the regioselectivity of the
cycloaddition reaction?® and, in general, this was found to be the
case. The best conversions for all diazo compounds were achieved
with acrylonitrile and ethyl acrylate as the dipolarophile partner. By
contrast, phenyl vinyl sulfone led to lower vyields of the
corresponding pyrazolines. With respect to the diazo compounds,
the presence of electron-donating groups, such as furane, resulted in
lower yields. However, improved yields with the electron-rich diazo
partner with the least electron-poor alkenes when realised in
contrast to diazo compounds with more electron withdrawing
substituents.

This journal is © The Royal Society of Chemistry 20xx
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Telescoped 3-step continuous synthesis

With a view to extending this flow process to give access to a wider
variety of 2-pyrazolines from commercially available starting
materials, we studied the formation of the initial hydrazones from
the respective aldehydes and a commercial solution of hydrazine (1
mol.L'tin THF).

ARTICLE

system. With this modification in place no further blockages were
encountered. Fortunately, the operation of the pumps was not
affected . In order to keep the primary seal clean, the back of the
pump was flushed with solvent periodically using the flushing ports
to remove the hydrazine reagent collecting in this area (for more
information see ESI).

We equipped the system with an in-line infra-red spectrometer
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Scheme 2 Synthesis of 2-pyrazolines from hydrazones. The specific reactor configuration comprised of a pump, a six-port injection valve with a sample loop, a packed-bed column,

and a back-pressure regulator.

We immediately identified a material incompatibility between the
hydrazine reagent and the flow system: when a solution of hydrazine
was infused continuously through the reciprocating piston pump (in
this case on the Vapourtec R-series), the performance of the pump
would become compromised after only a short period of operation.
Swelling and degradation of its polymeric secondary seals in the
presence of hydrazine solution gave rise to particulates that caused
the check valves to malfunction.

This problem was mitigated by removing the secondary seals from
the hydrazine pump and including 10% methanol in the solvent

This journal is © The Royal Society of Chemistry 20xx

(Mettler Toledo FlowlIR®), and this meant that the progress of the
reaction could be monitored in real-time by observation of the
carbonyl stretching region around 1700 cm™. Thus, the FlowlIR
enabled rapid optimisation of the reaction conditions until full
conversion of the aldehyde was achieved. Using 4-
bromobenzaldehyde as a model substrate, optimised conditions
were developed whereby the aldehyde was combined with 1.2
equivalents of the hydrazine. A subsequent residence time of 10
minutes in a coil reactor held at 70 °C and 100 psi led to full
conversion to the corresponding hydrazone (Scheme 3).
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Scheme 3 Continuous synthesis of hydrazones from aldehydes.

With a process for generating the hydrazone reagents in-situ from an
aldehyde starting material in hand, we turned our attention to
integrating this step with the diazo formation reaction. With both
steps proceeding in the same solvent system and at comparable
concentrations and flow rates, we had hoped that this would prove
to be a trivial modification. However, matching the concentration
profile of the diazo species with the sequential [3+2] cycloaddition
reaction presented more of a challenge. The combined effects of the
flow profile broadening resulting from the passage of the hydrazone

through a packed column, and the lifetime of the activity of the
MnO; itself, meant that the concentration of the diazo compound
followed an angled plateau-like profile. Under the specific flow
conditions, the system took approximately 20 minutes to reach a
steady state. If we were to wait for the steady-state condition to be
reached before introducing the dipolarophile coupling partner, this
could lead to significant material wastage — a particular issue if we
wished to apply this system to a precious starting material.

We have approached this kind of problem previously in two different
ways: either by using an automated pump that matched the
concentration distribution of two reagents, or by using a reservoir to
collect a stock of an intermediate, allowing any temporal differences
in concentration to be averaged out before subsequent
reactions.1%47 Whilst the high-energy diazo intermediate is not an
obvious candidate for storage, we reasoned that a suitable reservoir
that maintained the solution at low temperatures and under inert
atmosphere could protect the unstable diazo compound over its
lifetime. The presence of a reservoir would add modularity to the
system such that we could use the same batch of diazo material in a
diverse set of downstream reactions.

Thus, custom-built glass attachment (see ESI) was mounted onto the
pumping device. This then allowed the diazo intermediate to be
collected at -5 °C and under a nitrogen atmosphere. We were
pleased to find that the solution could be stored and pumped with
no degradation being observed (see ESI). Due to the potential risk
handling diazo compounds,*® only small amounts of the solution
were kept in the double jacketed reservoir at -5 °C and nitrogen
purged. The solution was prepared and immediately used in the
following step and at no stage was it handled by the operator or
concentrated.

In an initial test, 1-bromo-4-(diazomethyl)benzene was generated
from the respective hydrazone, and subsequently pumped from the
reservoir (at -5 ° C) and combined with ethyl acrylate in a tee-mixer
through a 10 mL tubular reactor at 60 ° C and 1 mL/min (0.5 mL/min
each pump). After removal of the solvent the product was obtained
in 98% vyield (using the olefin as the limiting reagent and 1.2
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equivalents of diazo; yield value obtained using 'H NMR and internal
standard). By repositioning the FlowIR unit we were able to follow
the IR bands associated with the diazo before and after the storage
in the reservoir; pleasingly, this showed no sign of decomposition.

With the addition of a multi-way selection valves, the system was
then ready to prepare and collect the different 2-pyrazolines.

Automation

The automation system used for this work included a graphical user
interface (GUI) developed by our group for the octopus automation
project previously reported,114° which provides an abstraction layer
allowing several different instruments to interact within a single
experimental protocol. Previously, these protocols had to be defined
using the Python programming language, but with the addition of the
new graphical layer, this functionality can be accessible to
researchers without significant programming experience. The GUI
(referred to as Blocktopus) is built upon the Blockly project,>® which
was created as a tool for learning software development, wherein
programs can be assembled from jigsaw-puzzle-like ‘blocks’.

This paradigm translated very appropriately into flow automation
because, by application of only a few basic operations, programs
based on sequences of steps can be prototyped rapidly. Each block
corresponds to a control operation for a particular instrument, or
control logic for the experiment. Stacks of blocks are executed in
series, and the GUI provides real-time feedback to indicate which
block or blocks are currently executing. Crucially, the blocks’
parameters and even the control logic can be modified even during
an experiment, creating a much closer experience to a hands-on
experiment and an experience which is augmented by the
automation software rather than controlled by it.

In this work, the flow equipment was connected using RS-232 via an
ethernet-to-serial interface box, which were found to be much more
reliable for long-term use than a direct USB-to-serial adapter. In the
software, each connection is then defined by the IP address and
relevant port number of the interface box. The software is pre-
configured with the various components and parameters of each
type of machine, and blocks corresponding to these parameters are
made available allowing their values to be read and modified as part
of the procedure.

This journal is © The Royal Society of Chemistry 20xx
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For example, Figure 1 shows an instrument definition and a stack of
blocks that will be executed in sequence from top to bottom.
Changes to the instrument set-points are take effect within a few
milliseconds, being limited only by the latency of the RS-232
connection and the response time of the instrument. Where an
operation may take some time to complete, such as a delay (‘wait’)
block. In this case, the set of blocks will wait for 5 minutes, and then
for the thermocouple attached to the first heater element of an
R2+/R4 instrument to report a particular temperature, before
switching the inlet valves from solvent to reagent.

During an experimental run, all sensor readings from each machine
are stored to the hard disk, and can be monitored remotely, and
downloaded as a spreadsheet afterwards. Further aspects of this
control software are available in the supplementary information.

Automated telescoped system

An automated platform was constructed to generate a library of
pyrazolines following the protocols described earlier in this report.
Two Vapourtec R2+/R4 systems were used: the first provided two
pumps, one coil heater, two low-pressure reagent switching valves
and one low-pressure collection valve. The second provided a further
two pumps and a second coil heater. A Mettler-Toledo FlowIR sensor
monitored the level of diazo and aldehyde stretching absorbance in
the output stream, and a VICI column-switching valve was used for
the selection of the second-stage reagents and the collection output.

An aldehyde solution (0.2 mol.L'Y) in 10% MeOH/THF with TEA (1
equivalent) was mixed with a solution of hydrazine (0.24 mol.L' 10%
in MeOH/THF) through a 10 mL reactor coil at 70 °C. The coil output
was connected directly to a packed column of MnO, (3 g) and the
reaction course followed using the FlowIR device. When the diazo
was detected by a threshold amount, a valve placed after the in line
analytical device was switched from waste to the collection reservoir.
The diazo was temporarily stored at -5 °C in a closed system under

o}
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N_ -5°C
HN PN
d Ar Z "EWG
Broduct 2 olefin 2
rocuc olefin 3
Product 3 olefin 4
Product 4 Multiposition
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Scheme 4 Automated continuous flow chemistry approach for the assembly of a library
of 2-pyrazolines.

inert atmosphere. Collection was stopped upon depletion of the
oxidizing power of the MnO; - defined as the level of diazo signal
detected by the FlowIR dropping below a pre-set threshold (Scheme
4).

This journal is © The Royal Society of Chemistry 20xx
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It is important to note that the sampling protocol reliably generated
a library for each diazo compound with a varying alkene input. The
sampling method could also be initiated prior to completion of the
first step thereby reducing the amount of stored diazo intermediate.
Once a small amount of the diazo (approximately 5 mL) was present
in the intermediate reservoir the cycloaddition step could begin. A
proof-of-concept  experiment was performed using 4-
bromobenzaldehyde, and 4 different olefins by simply selecting
different alkenes and collecting the different products through
selection valve transfer (Scheme 4). The results from these fully
automated experiments were in agreement with previous
observations using batch techniques.

Scale-up experiment

An advantage of continuous-flow synthesis is the potential to scale
up reactions simply by running the reactor system for longer.
However, this is sometimes not possible where solid reagents are
involved, as they are present in a finite quantity within the system.
This is also the case for this 2-pyrazoline synthesis process. Increasing
the size of the column would at some point become impractical, and
also considering the dispersive effect of the packed-bed column, we
decided instead to evaluate a two-column system.

For this, a switching valve was introduced such that during the
process, while one column was being used to generate the diazo
compound, the other was being conditioned with a solution of base
in 10% MeOH/THF. In this experiment DIPEA was used, but both
DIPEA and TEA provided similar outcomes. After depletion of the first
column (observed by the FlowlIR) valves can be switched, such that
the diazo compound was being generated from the freshly
conditioned second MnO; column. Subsequently, the depleted
reactor column was removed for re-conditioning off-system. We can
envisage a different valve setup such that the re-conditioning could
be performed automatically by an additional set of pumps.

This system was used to scale up the diazo generation, reducing time
for necessary pre-conditioning of the oxidizer column. More

Vapourtec R2+/R4 \
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Figure 1 Example of automated experiment using Blocktopus user interface.
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specifically, the hydrazone from 3-pyridinecarboxaldehyde was
oxidised then coupled with acrylonitrile as an illustrative example.
The corresponding diazo intermediate was collected in a reservoir in
line, then transferred and mixed in a tee-piece with a solution of
acrylonitrile in THF and reacted in a coil reactor at 60 °C for 23
minutes (Scheme 5). This experiment consumed nine reloaded 7.3 g
MnO; columns and generated 7.71 g of the pyrazoline 8 in 73% yield
for the 2 steps and with an overall productivity of 3.1 g/h. The
reaction time in the last reactor was not optimized, but afforded
essentially the same yield obtained in the semi-continuous approach.

Implementation in an industrial setting

We also became interested in transferring these flow chemistry
technologies to wider audiences and, in particular, situations where
larger scale processing is of interest and where safety becomes a
major issue. The instability and toxicity of diazo compounds such as
those reported in this work presents a particular challenge within an
industrial setting.

With a goal of implementing this reaction process in the laboratories
of Pfizer R&D, we further modified the above procedure to remove
the intermediate-storage aspect. Whilst this removes the advantages
of this element that are described above for small scale operations,
within an industrial setting it could present an undesirable safety
hazard when the process is scaled up. Instead, we implemented an
alternative method to solve the variable reagent concentration

profile of the generated diazo intermediates by introducing an
pump for the olefin

additional reagent, and matching the

oight (AU |

aak H

Figure 2 Consumption of aldehyde starting material when hydrazine reagent is injected,
and identification of peaks at 1487 cm* and 1599 cm! indicative of the presence of the
intermediate.
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stoichiometry of the reagents by controlling the pumping rate based
on the measured concentration of the diazo intermediate.

We encountered a challenge during the detection of the diazo
intermediate by infrared spectrometry using equipment available in
Pfizer’s laboratory at the time. The standard diamond-windowed IR
sensor has a strong intrinsic absorption between 2000 and 2250 cm~
1, which can mask the typical absorption band of the diazo
compounds at around 2070 cm-l. We therefore chose to infer the
degree of conversion from the diazo compound by observing the
disappearance of the aldehyde stretching frequency at 1707 cm-2.

We began, therefore, by measuring the response from a diamond-
windowed infrared spectrometer when an aldehyde reagent had
progressed through the reactor, recording the signal response to
different concentrations of input. We identified a characteristic peak
for p-bromobenzaldehyde at 1713 cm. Next, we constructed the
first half of the reactor platform to measure the dispersion effect of
a reactor coil and the column of heterogeneous manganese dioxide.
By switching between solvent only or the hydrazine reagent on the
second stream, we could observe the aldehyde being fully consumed
when the hydrazine was present (Figure 2). Hydrazine was generally
used in excess and the manganese dioxide column served to safely
decompose any residual hydrazine into nitrogen gas as well as
generating the diazo species.

With these data in hand, we then moved on to a full reaction
configuration using two Vapourtec R2+/R4 systems. Reagent
switching valves were used to introduce the reagent plugs, and the
resulting mixture was passed through a reactor coil held at 70 °C,
followed by a MnO; column, and lastly the IR spectrometer. One of
the high-pressure injection valves directed this output stream of the
diazo intermediate either to waste or into the second stage. In the
second stage, the diazo intermediate was combined with an olefin
reagent, and the mixture incubated at 60 °C in a residence coil. The
output was collected using a low-pressure collection valve.

We chose to use a pair of pumps for delivery of the olefin reagent
into the second stage, one with solvent and the other with the
reagent. Their flow rates were coupled by the control software such
that a constant total flow rate of 0.1 mL/min was maintained. This
meant that the amount of reagent could be adjusted without
affecting the resulting downstream flow rate. The residence time in
the second column was then independent of the reaction
stoichiometry. The initial control protocol was controlled entirely
based on precalculated residence times (see ESI). We introduced
control of the initiation of the second phase based on the infrared
sensor data.

The bright yellow/orange colour of the intermediate diazo material
meant that we were able to improve the control over this section of
the flow system with the application of a camera-based observation
platform.51 A simple colorimeter was constructed from clear PFA
tubing wound around a 3D printed part, which was observed by a
USB webcam (see ESI). Pleasingly, this setup afforded comparable
information about the diazo concentration in the flow stream. We
were then able to move the FlowlIR spectrometer to the end of the
flow system to monitor the generated product, the level of which
could then be used to control the output collection valve.

This journal is © The Royal Society of Chemistry 20xx



Since the colorimeter reported the presence of the diazo
intermediate (rather than the absence of the aldehyde) the
intermediate waste valve could then be controlled using the original
thresholding logic, with adjusted threshold parameters for the signal
being produced by the colorimetry algorithm.

The solvent and olefin pumps for the second stage were also
controlled based on the diazo colorimetry data. Once the diazo had
been detected over a certain threshold, the diazo was directed
through to the second phase of the process by the injection valve, so
long as the level was maintained over this threshold. If there were
temporary drops in the amount of diazo intermediate detected, the
output from the first stage of the process was directed to waste. The
flow rate of the olefin reagent pump was set to deliver a calibrated
amount based on the colorimeter detection level. The flow rate of
the paired solvent pump was linked such that it would make the total
flow rate of the delivered olefin reagent up to 0.1 mL/min (or 1.1
mL/min if the diazo intermediate stream was being directed to
waste). The flow rate in the second phase of the process was then
maintained at a constant 1.1 mL/min.

Once the diazo detection level had fallen low consistently for 10
minutes, the control system assumed that stage 1 of the protocol
was complete. This aspect of control was stopped and the THF pump
was set at a constant 1.1 mL/min for the remainder of the process.
The collection of the final product was controlled in a similar way, by
switching the collection valve to the collection position when the
colour intensity detected by the second colorimeter was over some
threshold level. Further details of the automation protocol are
provided in the ESI.

This implementation, in an industrial setting, further showcases the
robustness of the system. In addition, the removal of the reservoir,
although suitable for small scale operations, increased safety and the
replacement of the FlowIR with a home-made webcam colorimeter
reduced the automation cost.

Conclusion

In summary we have developed a platform for generation of
unstabilised diazo compounds and synthesis of 2-pyrazolines from
aldehydes. This synthesis was performed by forming and oxidizing a
hydrazone with MnO,, followed by a [3+2] cycloaddition reaction
with an electron-poor alkene under continuous flow conditions. A
small library of 20 pyrazolines were successfully isolated and
characterized in 30-89% vyield. The process could also be scaled out
using a multi-column approach, yielding pyrazoline 8 in 73% with a
productivity of 3.1 g/h.

Moreover, this study presents an automation solution for generating
a library of 2-pyrazolines. Automation and PAT tools were utilized
through a new GUI that allowed easy reprogramming of the platform
by chemists without programming experience. The analytical tools
also played a major role enabling the scale out, determining the
MnO, depletion and switching reagent inputs. This approach
successfully demonstrates the enabling aspect of automation and
should encourage similar approaches towards handling unstable
intermediates for library synthesis.

This journal is © The Royal Society of Chemistry 20xx
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