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In a continuous flow process, generating a gradient of solvent composition with time and monitoring of the
reaction mixture as it leaves the reactor allows for rapid generation of reaction information against a full range
of solvent mixture compositions. The methodology was developed by screening binary solvent mixtures in a

SNAr reaction in which previously reported effects were efficiently reproduced. Binary and ternary solvent
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Introduction

Solvents are vital components of chemical transformations, as
the composition of the liquid medium can affect the overall
process reactivity and/or selectivity, change the structure of
the reaction catalyst, stabilise or destabilise reaction reagents
and intermediate species, and exert other effects."*> Solvents
can be efficiently characterised by means of the principal
component analysis (PCA)*>! to aid the selection of the
optimal reaction medium.

Solvents are omnipresent in academia and agrochemical,
fine and speciality chemicals, and pharmaceutical industries,
as plethora of the R&D and manufacturing operations are
run on a solvent-intensive basis,>”® thus making them an
important parameter to consider during process design and
optimisation. Currently, screening of various solvents is a
standard practice when developing or optimising chemical
transformations and it is usually performed as a series of
experiments in which only used medium varies, after which
the reaction outcome (e.g. yield) is compared and the best
solvent is chosen. Particularly notable are recent methods
using segmented flow which allow a series of solvents to be
rapidly screened using very small amounts of material.”*°

The potential benefits of changing the pure solvents used
as reaction mediums also extend to the use of mixtures of
solvents, but this is rarely investigated, although there are
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gradients were then applied to an imine forming reaction revealing interesting non-linear effects.

examples where a specific solvent mixture is higher yielding"*
or more selective’” compared to the pure solvents. In batch
or steady-state flow chemistry, each mixture requires a
separate experiment discouraging the use of more than a few
solvents compositions.

Continuous flow reactors have proven to be useful systems
for process investigation and optimisation as conditions are
precisely controlled, and readily automated. Usually,
reactions are carried out under steady state conditions where
an experiment tests a single set of conditions, and with only
one timepoint (the residence time of the reactor at the flow
rate used) sampled. Recently the use of a sudden'*™® or
controlled"” > flow rate change to allow outcomes from a
continuous range of reaction times to be determined in a
single experiment has been reported. In a similar way,
switching off the light during photochemical reactions has
been used to allow a single experiment to provide a
continuous range of light exposure times.** A particularly
powerful method, which has no equivalent with batch
reactors, is to dynamically control the flow rate of several
pumps in order to vary the concentration of a reagent
component during a single experiment.'®*® Continuous data
on the effect of the concentration of the varied component is
thus obtained, albeit at a single time point. The use of
solvent gradients is routine in chromatographic separations.

Herein we present a novel methodology using a flow
reactor and an in situ generated continuous gradient of
solvent composition as the reaction medium to rapidly obtain
process information on the use of mixed solvents. The
technique allows the effect of all compositions of a binary
solvent mixture on a reaction outcome to be determined in
two short experiments. It was extended to look at the effect of
the application of ternary solvent mixtures.

React. Chem. Eng., 2024, 9, 379-387 | 379


http://crossmark.crossref.org/dialog/?doi=10.1039/d3re00464c&domain=pdf&date_stamp=2024-01-29
http://orcid.org/0000-0002-7181-8366
http://orcid.org/0000-0002-9891-5502
https://doi.org/10.1039/d3re00464c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3re00464c
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE009002

Open Access Article. Published on 19 Oktober 2023. Downloaded on 29/10/2025 23.35.55.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Results and discussion
Flow setup and methodology development

The methodology used relied on delivering the studied
solvents to the flow system using two pumps, which flow
rates were programmed to step-change simultaneously,
increasing the flow rate of one pump and decreasing the
flow rate of the other pump, while keeping the total flow
rate of both pumps constant. Both streams with studied
solvents are then combined with the reagents stream,
mixed, and flowed into the reactor in which the chemical
transformation occurs.

After exiting from the reactor, the reaction mixture can be
monitored using in-line monitoring (e.g. UV-vis or IR) or can be
collected into fractions and analysed by off-line methods (e.g.
GC, HPLC, NMR) (Fig. 1). In flow systems used for studies
described ibid. the reagents are dissolved in one of the solvents
used, thus this solvent is always present and limits the range of
studied solvents mixture. Such issue can be overcome by
injecting neat reagents allowing for screening of whole range of
used solvents in one experiment however, injection of neat
reagents using mesoscale flow systems usually proves to be
problematic. A practical solution is to perform a set of two
complementary experiments in which solvents are used
interchangeably, which also allows for additional diagnostics
of performed experiments as the results ought to overlap in the
common regions of the used mixture.

Solvents mixtures studies in SyAr reaction

To develop the method, we chose the well-studied
nucleophilic displacement between 1-fluoro-4-nitrobenzene 1
and piperidine 2 (Scheme 1) since there is a known balance
between reaction medium polarity and the presence of
hydrogen-bond donors on the reaction rate.”>*° A flow
system consisting of two pumps delivering the reagents,
1-fluoro-4-nitrobenzene 1 and piperidine 2, respectively, and
two pumps delivering the studied solvents were used (Fig. 2).
Both reagents' and solvents' lines were then mixed in a
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Scheme 1 Model S\Ar reaction used for studies of solvents mixtures
effects.

micromixer chip, joined together, and directed to the HPLC
type mixer. The micromixer chip creates a lamination of the
flow streams, which reduces the diffusion distances.
Additionally, at the flow rates used swirling occurs reducing
mixing time even further. On the other hand the HPLC-type
mixer relies on creating a turbulent flow area that increases
mixing efficiency. The incorporation of mixers proved to be
crucial in these studies, as when mixing was insufficient,
different results were obtained for the same nominal solvent
composition when solvents A and B were swapped (see ESIt).
After mixing all reaction components, the reaction stream was
directed to the reactor (stainless steel tubing submersed in
high-precision thermostatic oil bath), a back-pressure
regulator, a cooling coil, and then to flow UV-vis cell for in situ
reaction monitoring.

Optimisation of flow conditions was performed using
DMF as a solvent with the aim of obtaining approximately
50% reaction yield, as further studies were meant to show
either increase or decrease in reaction outcome when using
different solvent mixtures. Optimal reaction conditions
affording the product 3 in 40% yield were achieved at 216
seconds residence time, corresponding to 2.5 mL min~" flow
rate, reactor temperature of 110 °C, and starting materials
effective concentrations (while in the flow reactor) of 16.0
and 40.0 mM, of 1-fluoro-4-nitrobenzene 1 and piperidine 2,
respectively.

; L
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In-line
Cong:nentration monitoring ©©@©©©©©©©

Mil
Sslvzntf\ Collection for
roduct [l . .
ff-line analysi
Solvent B [l ° RS

Fig. 1 Schematic representation of a flow system used for studies of the solvents mixtures effects, with visualisation of the solvents and reaction
product concentrations during the transient flow regime in which solvents composition gradient is generated.
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Fig. 2 Flow setup and reaction conditions used in solvents mixtures studies in SyAr reaction.

Corrections for relevant physicochemical phenomena

UV-vis absorption is highly dependent on the medium used
during measurement due to solvatochromic effects, thus
molar extinction coefficients of SyAr reaction product 3 were
determined for all used solvents and a linear relationship
between solvents mixture composition and extinction
coefficient was used (see ESIT). No corrections were made for
the volume changes induced by mixing solvents and for the
thermal expansion of the liquids, as these are small (see
ESIt). Although laminar flow and hence Taylor dispersion is
expected in the meso-scale flow this does not significantly
affect the results except at the start and end of the
composition gradients, where there is some ‘averaging in’ of
the constant composition region leading to the curves
flattening at these points. The variation of dispersion with
solvent composition did not give visible changes.

Investigation of binary solvents mixtures in SyAr reaction

The methodology for studying solvents mixtures effects was
applied in the SyAr reaction between 1 and 2, using mixtures
of solvents and DMF in the above-mentioned flow system
(Fig. 2) with in-line UV-vis monitoring. A wide variety of solvent
mixtures were evaluated (18 in total, see ESIf for full account),
a few examples of which are presented below (Fig. 3). In each
case, two experiments (with solvents A and B swapped) were
carried out to allow for the full range of compositions to be
examined. The curves ‘flattening’ at the ends of each line is
due to dispersive mixing as described above.

When DMSO was used as a secondary solvent in a mixture
with DMF, a gradual increase in reaction yield at the fixed
residence time was observed throughout the whole range of
solvent compositions, reaching nearly quantitative yield when
using pure DMSO. Application of DMF/DMA mixture resulted
only in slight change of the reaction outcome. When alcohols
were used as secondary solvents and mixed with DMF, reaction
yields were decreasing non-linearly with the increase of alcohol
amount, as presented in the example of DMF and EtOH
mixture. A similar non-linear trend was observed when using
mixtures of chlorinated solvents with DMEF, visible in the

This journal is © The Royal Society of Chemistry 2024

example of DMF and DCE mixture. Mixtures of ethers and
other aprotic organic solvents (acetone, ethyl acetate, toluene,
and acetonitrile) showed mostly a linear decrease in the yield
of 3 with an increase in the amount of the less polar solvent.
All  results are in agreement with the current
understanding of solvent effects in SyAr reaction. Increasing
the polarity of the aprotic solvent (DMF to DMSO or MeCN to
DMF) increased reaction rate, whereas the addition of a
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Fig. 3 Selected results of binary solvents mixtures flow studies in SyAr
reaction.
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Fig. 4 Batch validation results of SyAr reaction.
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Scheme 2 Model imine formation reaction used in solvents mixtures studies.

protic HBD solvent (DMF to EtOH) resulted in a non-linear
reduction of the rate.

Validation of the flow SyAr reaction solvents mixtures screening

Validation of the trends obtained from flow solvents studies
experiments was executed by performing a set of classical
batch experiments for eleven selected solvent mixtures (see
ESIT). Three solvent mixtures are presented here, namely
DMF and MeCN, DMF and DMSO, and DMF and EtOH
(Fig. 4), as the results obtained from flow studies showed

4-Nitrobenzaldehyde 0.30 mL/min

25.0 mM in Solvent A, 0.30 ™/,...

0.60 ™/,

N,N-Dimethylphenylene-1,4-diamine

25.0 mM in Solvent A, 0.30 ™/, 0.30™/, .
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different trends for these mixtures. Trends obtained from
batch experiments are in excellent agreement with the results
obtained from flow experiments. Note that only trends are
compared and not the absolute values of the reaction yields,
as the batch and flow experiments were performed using
different conditions (see ESIT). The experiments in flow were
done with superheating the reaction mixture to 110 °C, which
for many solvents is not compatible with reactors limited to
atmospheric pressure so temperature of 25 °C and 120
minutes reaction time were used as the batch conditions.

Solvents mixtures studies in imine formation reaction

The developed methodology was then used in a mechanistically
more complex process since it is possible that in such, a
specific mixture of solvents would afford faster reactions than
when just using pure solvent. Thus, a second model reaction
studied was the formation of imine, as this transformation is
known to be highly dependent on the acidity (pK,) of the used
catalyst which depends on the used reaction medium,*’ and
due to various possible pathways,**?* each of which proceeds
through an intermediates that could be affected differently by
the solvent change.

A reaction between 4-nitrobenzaldehyde 4 and N,N-
dimethylphenylene-1,4-diamine 5 (Scheme 2) catalysed by
acid, was chosen for our studies as the formed imine 6
maximum of absorbance lies at around 450 nm,** which
allows for in situ reaction monitoring using UV-vis
spectroscopy. Reaction conditions affording the imine 6 in
approximately 40% yield using 1,2-dichloroethane as reaction
medium, allowing for further determination of either
increase or decrease of reaction yield when using various
solvents mixtures, were achieved at 240 seconds residence
time corresponding to 2.25 mL min ' flow rate, reactor
temperature of 110 °C, and starting materials effective
concentrations (while in the flow reactor) of 3.3 mM each.

The flow system used for studying solvent effects in imine
formation reaction differs from the previously used system
for SyAr reaction, by an additional 5th flow stream, in which
catalyst (trifluoroacetic acid) is dissolved in a non-reactive
solvent (Fig. 5). Dissolving the TFA in, for example DMSO or

Solvent A
from 1.4t0 0.0 ™/, ..

Solvent B
from 0.0to 1.4 ™/, ..

Trifluoroacetic acid
1.5 mM in Solvent A, 0.25 ™/, ..

1.65 ml./min

Fig. 5 Flow setup and reaction conditions used in solvents mixtures studies in imine formation reaction.
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Scheme 3 Protonation and TFA induced thermal degradation of
DMSO and DMF.

DMF, can result in protonation of solvents by TFA**’ and
TFA-catalysed degradation®**™* (Scheme 3), which reduce in
situ concentration of free acid and alter the reaction
stoichiometry, thus affecting the results obtained from the
solvent studies experiments. Due to that, in the imine
formation experiments the TFA is dissolved in DCE, which
slightly restricts the range of the studied solvents
composition, since there is always a constant amount of DCE
injected into the reaction mixture but allows for the catalyst
to be mixed with the reaction medium directly before the
reactor, minimising the amount of the TFA used for the
formation of undesired byproducts.
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Similarly, to the studies performed for SyAr reaction, the
molar extinction coefficient of imine 6 was determined for all
used solvents (see ESIf). Again, no corrections for liquids
contraction or expansion were used. Changes to the UV
absorbance of imine 6 due to protonation by TFA was
investigated (see ESIt) and addition of 0.05 equivalents of
(the same amount as used in studies described ibid.) resulted
only in 5.6% decrease of imine absorbance thus this effect
was neglected, and no correction was applied.

Investigation of binary solvents mixtures in imine formation

The methodology for studying solvent mixtures was then
applied in the imine formation reaction between 4 and 5, using
1,2-dichloroethane (DCE) as the primary solvent (Fig. 6).
Interestingly, most of the obtained results show non-
linear effects with the highest yield of imine under the fixed
residence time used being obtained for a specific mixture of
both solvents. When the DMSO/DCE mixture was studied,
the best yield was obtained using 20% DMSO in DCE
affording the imine with an 80% yield. For a 67% DMSO in
DCE mixture a local minimum reaction yield of 56% was
observed. Mixtures of DCE with triglyme or alcohols showed
that addition of small amounts of the latter significantly
increases the reaction yield. For DCE/alcohols mixtures a
local maximum at around 80% alcohol in DCE is present.
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Fig. 6 Results of binary solvents mixtures studies in imine formation reaction under continuous flow conditions. ?Yield at fixed residence time of

240 seconds.
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Fig. 7 Comparison of flow and validation results of imine formation
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Additionally, for DCE/MeOH mixture, a local maximum at
around 17% MeOH in DCE is present. Mixtures of DCE with
DMF, DMA, and NMP showed that approximately 20-30%
amide in DCE is the highest yielding mixture, with DMF,
DMA, and NMP mixtures affording the imine in 83%, 74%,
and 61%, respectively. Similarly, mixtures of DCE with ethyl
acetate, acetonitrile, or 1,4-dioxane afforded the imine in
higher yields when using a mixture of two solvents, rather
than a singular pure solvent. The mixture of DCE with other
chlorinated solvents, such as chlorobenzene or oDCB
generally showed a linear effect.

Validation of the flow imine formation reaction binary
solvents mixtures screening

In order to validate the obtained results, a set of steady-state
flow experiments with reaction conditions identical to that

L
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25.0 mM in Solvent A, 0.30 ™/,

min

N,N-Dimethylphenylene-1,4-diamine @
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Solvent A or 20% Solvent C in Solvent A
from 1.4t0 0.0 ™/, ..

Solvent B or 20% of Solvent C in Solvent B
from0.0to 1.4 ™/ .

1.5 mM Trifluoroacetic acid
Solvent A or 68% of Solvent C in Solvent A
0.25 mI_/min
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used in solvent studies experiments were performed. All flow
streams were connected to the same solvents mixture with a
predefined solvents ratio, in which the reagents were
premixed. Apart from using in-line UV-vis monitoring during
validation experiments, reaction mixtures were also collected
and imine 6 was isolated. Validation was performed for DCE/
DMSO and DCE/MeOH solvents mixtures (Fig. 7), as they
exhibit interesting non-linear dependencies of solvents
composition on reaction yields with local maxima and
minima present. Results obtained from validation
experiments showed excellent correlation with the results
obtained from the flow studies with in situ generated solvents
composition gradient.

Design of experiment for screening of ternary solvents
mixtures in imine formation reaction

The developed methodology was then extended to study
ternary mixtures of solvents. In order to cover the chemical
space of interest as efficiently as possible with only few runs,
the experiments were designed in two series. The first series
was designed to cover the boundary region of the ternary
mixture, meaning that mixtures of only two solvents were
used, thus the exact same procedure as for studies of binary
mixtures was employed. Datapoints distribution and flow
conditions derived from the first series of experiments are
marked on Fig. 9 in shades of blue. The second series of
experiments was designed to cover the inner region of the
ternary mixture. To achieve that, a constant amount of one of
three solvents was introduced into the flow system, while the
other two solvents' ratio was varied. Through the careful
design of the experiment, it was judged that a constant
amount of 20% of one of the solvents will give the best
coverage of the inner region of the ternary mixture.
Datapoints distribution and flow conditions for the second
series of experiments are marked on Fig. 9 in shades of red.
More experiments could be performed to achieve better
coverage of the inner region of the ternary mixture and

[
———
2.25™ 5
% % 200 psi /\/\ -
In-line
Reactor Cooling coil OV
Stainless Steel PFA, 1.0m -Vvis
9.0mL, 1.0 mm ID 1.0mm ID
In oil bath at In water at
110°C it

Fig. 8 Flow setup and reaction conditions used in studies of ternary solvents mixtures in imine formation reaction.
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Fig. 9 General datapoints distribution in ternary solvents mixtures
studies experiments.

provide more accurate results. Since we wanted the
methodology to be fast and attractive for the purposes of the
process development and optimisation, a balance between
the number of experiments and coverage of the chemical
space was chosen. Additionally, the flow setup was changed,
so that the outlet of the solvents and TFA micromixer chip
was directed to the inlet of the reagents mixing chip, to
provide even better mixing for all the streams used (Fig. 8).

Investigation of ternary solvents mixtures in imine formation

The methodology was then used to study the ternary mixtures
of DCE/DMSO/MeOH and oDCB/DMF/EtOAc. The analysis of
the results obtained for the DCE/DMSO/MeOH mixture
(Fig. 10) shows two local maxima of imine formation, first

Yield of 4 [%]
90

30

0 20 40 60 80 100
Percentage of 1,2-DCE [%)]

Fig. 10 Yield of imine 4 in ternary mixture of DCE/DMSO/MeOH.
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Fig. 11 Reaction yield of imine 4 in ternary mixture of ODCB/DMF/
EtOAc.

one at around 75:25:0 ratio of solvents, respectively,
affording the imine in approximately 75% yield at the fixed
residence time used, and second one at around 20:20:60
ratio of solvents, respectively, affording the imine in
approximately 65% yield. Additionally, a region of low imine
yield (approx. 35%) was found at around 0:80:20 ratio of
solvents, respectively.

Analysis of the results obtained from the oDCB/DMF/
EtOAc mixture (Fig. 11) shows that the maximum of imine
formation in this ternary mixture lies at around 85:10:5
ratio of solvents, respectively, affording the imine in 90%
yield at the fixed residence time used. Further addition of
either DMF or EtOAc generally lowered the yield however, the
effect was bigger for DMF, which afforded the imine in 30%
yield (in pure DMF), whereas the imine in pure EtOAc was
obtained in 60% yield.

Conclusions

In summary, we report a novel technique for rapid
investigation of the effects of applying binary and ternary
solvent mixtures on organic transformations performed in a
continuous flow system. The methodology is based on the
generation of solvents composition gradient using variable
flow rates of two pumps delivering the solvents while
keeping their total flow rate constant and injecting the
gradient into a working reaction stream. The paramount
advantage of such technique is time efficiency and
operational simplicity, as the whole range of the used
solvents mixture can be screened in short series of
automated experiments. With a retention time chosen for
partial conversion it gives information on the effect of
solvent on the reaction rate and selectivity. Using a
retention time which ensures that the reaction is complete,
for example with fast reactions, it gives information of the
effect of solvent on selectivity (i.e. the reaction yield).
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A SyAr reaction was used in methodology development
and the relative reaction rates using binary mixtures of
solvents with DMF showed full agreement with the current
understanding of the solvent effects. Validation of the
method using batch reactions was in excellent agreement
with the flow results. The technique was used in a
mechanistically complex reaction, imine formation, and
obtained results for binary mixtures of solvents with DCE
showed non-linear reaction profiles with local maxima and
minima present. The steady-state flow validation procedure
showed excellent correlation with the solvent gradient flow
results and illustrated that many batch reactions would be
needed to obtain the trends revealed with a single flow
experiment using solvent gradients.

The methodology was also extended to study ternary
solvent mixtures, allowing for rapid screening of the full
range of such. Mixtures of DCE/DMSO/MeOH and oDCB/
DMF/EtOAc were screened in a series of short experiments,
and dependency of the product yield at a fixed residence time
against solvents composition was established for the entire
range of the ternary mixtures.
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