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The advent of transient flow methods has increased the efficiency and diversity of reaction data collected
through the collection of data series in a wider reaction space, beyond traditionally temporal series. Thus
far, these methods have been limited to studying continuous reaction parameters. In this work, transient
flow is combined with “one-pot” chemistry (OP-TF) to efficiently collect diverse reaction data on a
continuous-discrete multiparameter space, exemplified with the aromatic Claisen rearrangement. Six
independent substrates were studied simultaneously, producing data on temperature and substituent
effects in a single experiment, extending into the supercritical phase. This data allowed us to extract
thermodynamic information and predict kinetic parameters for other substrates accurately, thus allowing
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Introduction

The availability of high-quality and reliable reaction data
covering a diverse range of the chemical space is critical for
the development of the chemical sciences in the modern
digital era." However, the collection of continuous series data
on multiple discrete reactions simultaneously remains a
considerable challenge. With recent advances in high
throughput experimentation and analytical techniques,
reaction data can be collected across diverse discrete
variables, including different substrates and catalysts.> For
example, by using multi-well plates, a large number of
different reactions can be run in parallel, however, this
usually only collects reaction data at a single time point.
Furthermore, as all the reactions are performed on a single
plate, only one particular set of reaction conditions can be
evaluated at any one time.

Transient flow is an emergent tool for the collection of
reaction data. As demonstrated by us® and others,*® this
method can accurately and efficiently collect temporal kinetic
data, and also extend to other continuous reaction
parameters such as temperature,**™* initial reactant
stoichiometry,® and additive concentration.*” However,
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synthetic feasibility of a substrate to be assessed a priori.

transient flow is currently limited in its ability to rapidly
analyse certain discrete parameters, such as different
reactants.

In the present work, multiple substrates are combined
with transient flow in a single experiment (‘one-pot’) - a
strategy that has been shown to be effective for generating
discrete parameter series data for Hammett plots,"*'® but
had never been demonstrated in flow. The aim of this work
is to utilize this method to study continuous and discrete
parameter effects, greatly increasing the efficiency of diverse
data collection (Fig. 1).

The method is exemplified by using the aromatic Claisen
rearrangement as a case study (Scheme 1). As the first
example of a [3,3]-sigmatropic rearrangement reported by
Ludwig Claisen in 1912, the reaction has been deployed in
the synthesis of numerous biologically active molecules.*® In
comparison, kinetic studies of the thermal rearrangement are
limited to a handful of publications between 1958-1962,' ¢
with only two studies on para-substituted phenyl allyl
ethers.>** Much of this early work focussed on establishing
the Hammett relationships, from which it was concluded that
the reactions are likely to proceed through polar transition
states. The activation energies (E,) for the thermal
rearrangement for para-substituted phenyl allyl ethers were
found to be between 124-146 k] mol™ in high boiling
solvents carbitol®” and diphenyl ether," from measurements
recorded from two or three temperature points.

In 2013, Noél and Hessel exploited the wider process
window afforded by flow reactors to perform Claisen
rearrangements in alcoholic solvents at temperatures up to

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Comparison of different flow methods for collecting kinetic data: (a) individual substrate steady state flow (IS-SS); (b) individual substrate
transient flow (IS-TF); and (c) one-pot transient flow (OP-TF). Estimated amount of experimental time, material, and reaction solvent required for
each method to collect the same number of datapoints as the one-pot transient flow method.

300 °C.”” While the effects of changing different reaction
parameters (residence time, temperature, alcoholic solvent,
pressure) were studied, the effect of substituents was not
investigated.

Herein, we will describe the design and utilisation of a
flow reactor system that can efficiently investigate substituent
rate dependencies whilst varying other parameters
simultaneously. Data collection is facilitated by automated
on-line HPLC analysis,"*** further enhanced by combining
transient flow and one-pot multi-substrate experiments in a
novel method (OP-TF, Fig. 1c). The data was used to
determine the fundamental kinetic parameters and their
dependencies on temperature and substituent effects. A
model was also produced to support reaction prediction and
the accuracy of computational calculations.

Results and discussion

A previously described flow reactor system® was modified for
this work (Fig. S1t), by integrating a (GC) oven to implement
precise temperature ramps, and an on-line HPLC system to
monitor and quantify multiple reaction species in an
accessible manner. The unimolecular Claisen rearrangement
reaction can be performed at high dilution (ca. 2 mM) and is
amenable to direct HPLC sampling and analysis, while also
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Scheme 1 The aromatic Claisen rearrangement reaction.

This journal is © The Royal Society of Chemistry 2023

suppressing any intermolecular interactions. Bimolecular
competition reactions could be performed at higher
concentrations would require in-line dilution prior to on-line
HPLC analysis. Ethanol has previously been reported as a
good alcoholic solvent for the reaction,?” but also transpires
to be a green, benign, and UV-inactive solvent appropriate for
the study.

Eight para-substituted phenyl allyl ether substrates 1a-h
containing electron-donating and withdrawing substituents
across a range of ¢° parameters®**® - previously shown to
provide a good linear Hammett correlation®"*> - were
selected for this work and synthesized. The substrates were
separated into a ‘training set’ of six substrates: Z = OMe (a),
Me (b), F (¢), H (d), C(O)CH; (e), CN (f), and a ‘testing set’ of
two: Z = NHAc (g), Br (h).

Individual substrate transient flow (IS-TF, Fig. 1b)
experiments

The flow system was validated for this reaction by performing
two different transient flow methods with the unsubstituted
substrate 1d (Z = H):

(i) Residence time ramps, produced via a step change of
the cumulative flow rate, allow access to time series data in
the desired residence time range.” Temporal data was
collected at 200, 220, and 240 °C, maintaining a high back
pressure (95-105 bar) to avoid pressure dependent
fluctuations in the near critical region.”” Under these
conditions, the transformation of allylphenylether (1d)
proceeded with first order kinetics (Fig. S41) to produce
solely the ortho-allyl substituted phenol (2d). As previously
reported,”” residence time correction was needed due to
solvent expansion at super-ambient temperatures and
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pressures via the Tait equation®® (see discussion in ESI;
S3.5). The resultant Arrhenius plot yielded an activation
energy that is comparable with previously reported results in
ethanol (118 kJ mol™, ¢f 116 k] mol™).>’

(ii) Temperature ramps,»® "> allowing access to a
continuous range of pseudo-steady state reactions across
different temperatures, to expeditiously generate an
Arrhenius or Eyring plot from a single experiment at a given
flow rate. Although temperature ramps have been
demonstrated in batch,* the temperature range accessible in
a pressurized flow setup is much broader.? By fixing the flow
rate at 0.2 mL min™' (ca. 16 min residence time) and
changing the temperature of the reactor between 170-250 °C
at a rate of 0.5 °C min*, almost ideal linear Arrhenius and
Eyring plots for allylphenylether (1d) can be obtained (Fig. 2).

The robustness of the result was tested by performing
repeat experiments and different temperature ramp ranges,
with excellent reproducibility, furnishing an activation energy
(E.) of 118 + 0.48 kJ mol " and enthalpy of activation (AH*) of
114 + 0.47 kJ mol™* (R* > 0.99). Bi-directional temperature
ramps were also performed within the same experimental
run, to confirm the absence of hysteresis in the system.

(@
-1 4
,2 -
-3 1
=
£
<7
=
Z 5 -
,6 .
Sy
-8 . : . : .
0.22 0.23 0.24 0.25 0.26 0.27 0.28
1/RT / mol ki1
©250-170 + 200-250 4 250-170 repeat  x 240-190
-8
(b)
o] My
%, -10 A
o
k=
€ 11 4
S
g
£
T 12 1
213 4 A
-14 T T T T T
0.22 0.23 0.24 0.25 0.26 0.27 0.28
1/RT/ mol kJ!
© 250-170 * 200-250 4 250-170repeat x 240-190

Fig. 2 Arrhenius (a) and Eyring (b) plots generated from transient
temperature ramp experiments on allylphenylether (1d) over different
temperature ranges (°C), including those over the supercritical point of
ethanol (dashed grey line), where k is the rate constant of the reaction,
R is the molar gas constant, and T is the absolute temperature.
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Interestingly, the plots appear to retain linearity even when
temperature was ramped above the supercritical point of
ethanol (241 °C, 63 bar*’) whilst maintaining a pressure of
100 bar. This suggests that the rearrangement is insensitive
to the change in solvent polarity associated with the phase
change under these conditions.*”

One-pot transient flow (OP-TF, Fig. 1c) experiments

Although transient flow chemistry allows rapid screening of
reaction parameters, it is usually more
challenging to intensify the collection of discrete reaction
parameters, such as different substituents. Traditionally,
these are studied individually in flow**>*" or by parallel batch
methods.> In this work, we decided to combine substrate
screening with continuous parameter screening, with in situ
measurements.

To test whether it was possible to kinetically assess all six
training set substrates (1a-f) simultaneously, a short (6 min)
HPLC method was developed to resolve a mixture of the
substrates and their products quantitatively (Table S371), and
a Python script was written to efficiently extract the
chromatographic data in a tabulated form. By including an
internal standard in the reaction mixture, quantitative
concentration data was collected to confirm good mass
balance for all reactions (Fig. S51). This would allow any peak
overlap with known or unknown reaction species, such as
potential side products, to be observed.

Using a solution containing an equimolar mixture of 1a-f,
residence time step changes were repeated at 190, 210 and
230 °C (temperatures were lowered to avoid full conversions
of the more reactive substrates) confirming first order
kinetics for all six substrates. By performing a bi-directional
temperature ramp (170-250-170 °C), we could generate six
Arrhenius plots in a single experiment (Fig. 3a) with E, values
between 112.9-122.4 k] mol™". A comparison of the Arrhenius
plots for allylphenylether (1d) obtained from the individual
substrate (IS-TF) and one-pot (OP-TF) experiments showed
good agreement (Fig. 3b); suggesting negligible interaction
effects between substrates, thus validating the one-pot
method.

By plotting the base 10 logarithm of the relative rates
(log(kx/ky)) of a substituted substrate (kx) and the
unsubstituted substrate (ky) against different Hammett
parameters (op, om, 0, 0 ), we can confirm the previously
reports that ¢ best represents the substituent effect of the
thermal aromatic Claisen rearrangement (Fig. S6t).>%*
Generally, the reaction rate is reduced by greater o' value,
commensurate with the involvement of a polar transition
state, which is destabilized by electron withdrawing groups.

The data gathered from the OP-TF experiments can be
used to generate individual Hammett plots at each
temperature (Fig. 4a). In this case, the gradient of the
Hammett plot (p) decreases in magnitude (from -0.57 to
-0.50) as the temperature increases from 190 to 230 °C,** i.e.
the effect of the substituent is less prominent at higher

continuous

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Arrhenius plots generated from transient temperature ramp
experiments on: (a) a mixture of six substrates la-f over two repeated
(x and o) bi-directional temperature ramp experiments (170-250-170
°C) (OP-TF); (b) allylphenylether (1d) over different temperature ranges
collected from a single substrate (IS-TF, full lines) and in the presence
of 5 other substrates (OP-TF, dotted lines). E, is the activation energy
and A is the pre-exponential factor of the Hammett plot.

temperatures. The data can also be visualized as a
temperature-dependent Hammett plot, allowing a more
rigorous evaluation of the assumed Hammett dependency
(Fig. 4b).

Thermodynamic dependencies and predictive model

The data generated by this method on the example reaction
used to derive fundamental thermodynamic
understanding and predict conditions for other substrates
for this reaction.

Previously it was hypothesized that the change in p of a
linear Hammett plot should be proportional to 1/RT.** We
found when plotted against 1/RT, this data was best fitted by a
first order dependence in ¢" and a second order dependence
in 1/RT (Fig. 4b, R* = 0.9489). When differentiated with respect
to ¢ this afforded the relationship: p = 1.035 - 6.31(1/RT),
which is different from the previously hypothesized form of
p = m(1/RT); where m is a constant hypothetically dependent
on the dielectric constant of the solvent and distance of the
substituent from the reaction site.*>

were

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Hammett plots at 190, 210 and 230 °C generated from OP-
TF experiments; (b) temperature dependent Hammett plot

visualizations of two 170-250-170 °C temperature ramping experiment
on a mixture of six substrates 1la-f. The surface fitting is first order in
¢* and second order in 1/RT.

Mathematically, this dependency can be derived by
combining the Hammett equation (1) with the Eyring equation
(2). The final expression (3) shows the intercept and gradient
to be related to changes in reaction entropy (dAS*/ds") and
enthalpy (dAH*/de"), respectively, with changing substituent
(see S4.17 for derivation). Ensuing calculations revealed values
of dAS*/ds" = 20.9 ] mol™ K * and dAHY/do" = 14.9 kJ mol ™,
representing an interplay between the entropic and enthalpic
contributions to the aromatic Claisen rearrangement reaction,
and an isokinetic temperature of 715 K (p = 0).

g ({) =0 (1)
kn
k= KkBTe%e‘AgTi (2)
h
1 d 1 d 1
__ 1 d oy 4 g L
= RIn(10) do+ (a5%) In(10) do+ W) G

Where kx/kyy: relative reaction rate constants of a substituted
substrate and unsubstituted substrate; p: slope of Hammett
plot; ¢": a Hammett parameter; k: reaction rate constant;
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Fig. 5 (a) “Arrhenius-Hammett model” surface with two bi-directional
temperature ramping experiments (170-250-170 °C) generated from
the six training substrates 1a-1f; (b) comparison of experimental data
(crosses) and model predictions (lines) of Arrhenius plots on the
‘training’ substrates 1a-1f.

transmission coefficient; kz: Boltzmann constant; T: absolute
temperature; 4: Planck's constant; AS*: entropy of activation;
AH*: enthalpy of activation; R: molar gas constant.

Beyond fundamental dependencies, this data allows the
generation of a predictive “Arrhenius-Hammett model”, ¢"
vs. 1/RT vs. In(k), for predicting rate constants for a given
substrate and temperature (Fig. 5a).1 The data used to fit this
model was collected in two bi-directional temperature ramps
(170-250-170 °C) on all six training substrates
simultaneously. The model was fitted as first order in 1/RT
(an Arrhenius relationship) and second order in ¢* for the
best empirical fit to be obtained for In(k).

The model was validated by predicting In(k), E, and In(4)
values for the training set of phenyl allyl ethers 1a-1f.
Gratifyingly, predictions of In(k) values yielded good results
with mean absolute error (MAE) between 0.060 and 0.114,
compared with the experimental data for the training
substrates over the wide temperature range (Table 1 and
Fig. 5b). Due to the Arrhenius dependency built into the
model, E, and In(A) values were also generally predicted well,

+In(k) is a more useful term to predict than log(kx/ky) as it is an absolute
measure of rate instead of a relative term.

3200 | React. Chem. Eng., 2023, 8, 3196-3202
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Table 1 Comparison of the predicted results of the “Arrhenius-Hammett

model” and the experimental results obtained for the training set (1a-f)
and test set (1g-h)

MAE? of E,/kJ mol ™ In(A/min™")

In(k/min™)
1x/2x  Z predictions  Exp. Pred. Exp.  Pred.
a MeO 0.086 115.4 107.5 25.5 23.5
b Me 0.114 112.9 112.0 24.0 23.8
c F 0.110 113.2 114.3 23.9 24.1
d H 0.101 116.1 115.0 24.3 24.2
e C(O)CH;3 0.064 119.2 119.8 24.8 24.9
f CN 0.060 122.4 121.3 25.4 25.2
g NHAc 0.205 106.9 109.3 22.9 23.6
h Br 0.086 117.9 116.4 24.8 24.3

“ Mean absolute error (MAE) is a measure of prediction accuracy.

despite the model not being trained to produce these values
accurately. With the exception of 1a, predictions of E, values
were within circa 1 k] mol™ of observed values. The worse
prediction of substrate 1a (under-estimated by 8 k] mol™) is
attributed to the ¢ value lying at the upper extreme of the
model.

The predictability of the “Arrhenius-Hammett model” was
finally tested by using it to generate the rate constants of the
Claisen rearrangement of two other para-substituted phenyl
allyl ether substrates 1g (Z = NHAc, ¢' = —0.60) and 1h (Z =
Br, ¢" = 0.15) across the wide temperature range. The result
was compared with the Arrhenius plots collected for these
substrates using a bi-directional temperature ramp between
170-250 °C (Fig. 6). Pleasingly, a close match between the
predicted and experimental Arrhenius plots can be obtained,
despite the observation of competitive de-brominated side
product for 1h (Z = Br) (Fig. S77). Activation energy and pre-
exponential factor are also adequately predicted (Table 1).
These out-of-sample predictions confirm the validity of the

0
1 4
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=
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=
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-8 . . . . .
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% 1g (Z=NHAc) x 1h (Z=Br)

Fig. 6 Arrhenius plots generated from bi-directional temperature
ramp experiments (170-250-170 °C) (crosses) compared to Arrhenius-
Hammett model predictions (lines) for phenyl allyl ether 1g (Z = NHACc)
and 1h (Z = Br).
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model to interpolate to other substrates over the temperature
range.

Conclusions

Through the novel combination of one-pot and transient flow
(OP-TF) methodology, we have shown great improvements in
the diversity, quality and efficiency of the collection of
reaction data, compared to traditional methods. Data was
collected on continuous parameter series (time and
temperature) with collection of discrete
parameter series (substrate substituent).

Reaction data for six Claisen rearrangement substates over
an 80 °C temperature range can be obtained in just 6 h,
including repeats. From this data challenging fundamental
kinetic parameters can be obtained and a predictive
multivariate polynomial model can be constructed to predict
rate constants for different temperatures and substrates, thus
assessing synthetic feasibility of this rearrangement. As ¢"
values are widely available®® or calculable** for such
substrates, this should prove a valuable tool to those wishing
to implement an aromatic Claisen rearrangement. The
parameter space used includes liquid and supercritical
ethanol over which a solvent polarity change occurs;
interestingly, no change in activation energy was observed,
implying minimal solvent polarity effect on the reaction.

We believe that the novel method described in this work
is readily transferable to other unimolecular reactions,
including not only pericyclic rearrangements but also other
sigmatropic and isomerization reactions - many of which
occur in a similar challenging thermal reaction space.
Although exemplified on a unimolecular reaction,
method could be applied as generally as previous ‘one-pot’
and related competition experiment methods.***”***” These
have been utilised on a range of uni- and bimolecular
reactions to examine substituent effects, limited only by the
deconvolutional power of the chosen analytical method. The
applicability of our method to bimolecular reactions is
currently underway and will be reported in due course.

Finally, other spectroscopic tools could also be utilised
but would impose more specific analytical limitations to our
method."****® However, deployment of an on-line HPLC in
our work improved our method as it can offer accurate
quantification of each reaction component, which cannot be
achieved easily by on-line spectroscopic techniques. We
envisage that the applicability of the method can be further
expanded by recent advances in newer techniques for the
analysis of complex mixtures, including ultra-performance
(UPLC), ultra-fast (UFLC) and Rapid Resolution (RRLC) liquid
chromatography, along with the availability of ever more
sophisticated detectors.*’

simultaneous
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