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1 Introduction

Thermal characterization of highly exothermic
flash chemistry in a continuous flow calorimeterf

Gang Fu,®® Juncheng Jiang,® Christopher A. Hone ®*2¢ and C. Oliver Kappe @ *2°

A key parameter for reactor design and safety evaluation is the reaction enthalpy (AH,). Flash chemistry is a
field of chemical synthesis where fast reactions are performed in a precise manner to produce desired
compounds with high selectivity. In this paper, we demonstrate that robust calorimetric data for highly
exothermic, rapid reactions can be obtained within a modular 3D printed continuous flow calorimeter. This
data would be difficult, or impossible, to reliably measure within a batch calorimeter. Initially, the reaction
of n-hexyllithium (HexLi) with ethanol was studied using different solvent compositions, with the average
enthalpy determined to be -297.6 kJ mol™. Furthermore, the undesired reaction between HexLi and
2-methyltetrahydrofuran was avoided in continuous flow. Subsequently, the reaction between di-tert-
butyldicarbonate and HexLi was conducted. This reaction forms a tert-butyl ester as the desired product
and an alcohol as an undesired overreaction product. The influence of mixing efficiency on conversion and
product selectivity within the microstructured continuous flow calorimeter was investigated through
computational fluid dynamics (CFD) simulations. A tert-butyl ester and alcohol were synthesized with high
selectivity after a design of experiments (DoE) study and the reaction enthalpies for generation of these
two products were deconvoluted successfully. A lithium-halogen exchange and iodine (I;) quench were
also investigated in the continuous flow calorimeter, which demonstrated that the I, quench step is more
exothermic than the lithiation step. Overall, the temporal resolution of these organolithium reactions was
showcased on a length scale, which corresponded to residence times of seconds (1.1to 8.9 s).

processing time combined with the requirement of cryogenic
conditions also makes it an onerous task to scale-up these
reactions.®

Flash chemistry is a field of chemical synthesis where
extremely fast reactions (milliseconds to seconds) are
conducted under controlled conditions." Very reactive
reagents or intermediates are usually involved, thus the
reaction processes are highly exothermic. In batch reactors,
these flash reactions are typically carried out at cryogenic
temperatures (typically between -100 and 0 °C) with one
reagent slowly feeding into another, to avoid side reactions
and decomposition of reagents.> Nevertheless, safety is still a
major concern due to the limited heat dissipation rate of
batch reactors, especially at large scales.*” The long
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In recent years, the use of flow technologies has
significantly accelerated the development of flash chemistry
examples, and new reaction routes have been proposed which
were considered impossible in batch due to their short
lifetimes.”® Nagaki et al reported the generation and
transformation of o-, m-, p-nitro-substituted aryl lithium
compounds in a microflow system.’ This chemistry benefited
from the high-resolution reaction time control in
microchannels, therefore allowing either the kinetically
preferred or the thermodynamically preferred aryl lithium
reagent to be used selectively. Furthermore, iodophenyl
carbamates were successfully functionalized at the ortho
position with the use of a customized microfluidic device,
which can achieve submillisecond mixing times even at
cryogenic temperatures.'® With the fast mixing and high heat
transfer rate in microreactors, the selectivity is increased
significantly and higher reaction temperatures are
tolerated."™® Moreover, the safety profile is remarkably
enhanced in flow, which undoubtedly aids the scalability of
flash chemistry, with some examples of scale-up recently
reported.'*"* The field of flash chemistry has been reviewed
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by a number of researchers."””®'®'” However, despite the
exciting progress made in performing flash chemistry in a

controlled manner within microreactors, the direct
thermochemical characterization of these reactions is
scarce.’® Precise and reliable calorimetric data are

fundamental to achieve facile scale-up of reaction processes.
Furthermore, calorimetric data are indispensable for
developing kinetic models which underpins reactor design
and process development.'”' Thus, the ability to perform
reaction calorimetry for flash chemistry examples is of great
interest and importance.

Reaction calorimetry is normally performed using stirred
batch reactors.”> Commercially available batch calorimeters,
such as the RC1 from Mettler-Toledo, are widely used in
industrial and academic laboratory settings.>*** However,
despite the drawbacks of batch calorimetry, such as a
significant holdup and safety issues,”>”® the limitations when
applied to flash chemistry are even greater. As mentioned
above, flash chemistry is difficult or impossible to perform in
batch in a controlled manner due to the extremely short
reaction half-life.”” Even though some flash chemistry
reactions can be carried out to some extent in batch, the
limited mixing rate, poor temperature control, as well as
inefficient quenching often results in a low selectivity for the
desired product. Hence, thermal characterization by batch
calorimetry is likely to be unreproducible and measurements
are likely be influenced by side reactions, resulting in an
unreliable result. In the light of difficulties for flash chemistry
calorimetry in batch, continuous flow calorimetry is a potential
alternative which can address many of the challenges.

Continuous flow calorimetry is receiving increasing attention
in recent years.*® The miniaturization of calorimeters that
operate in a continuous flow fashion potentially enables the
safe investigation of fast and highly exothermic reactions at
high reactant concentrations along with minimal material
consumption.”® There are three types of flow calorimeters based
on different calorimetric methods that have been reported:

e Energy balance based on measurements with
temperature sensors.'®**> Temperature sensors are used
due to their relatively low price and high accuracy. Moser
et al. developed a scalable milli-scale continuous flow
calorimeter which exploited temperature sensors, which does
not need calibration.*” A standard neutralization reaction of
acetic acid (AcOH) and sodium hydroxide (NaOH) was
selected to test the system and the deviation from the
literature value was approximately 2%. Furthermore, they
presented a procedure to simultaneously decouple the heat
of reaction and heat of mixing.>* However, to measure the
temperature these sensors have to be embedded into the
channel and may influence the flow behavior, and a number
of sensors are needed to obtain the temperature profile.
Determination of the heat transfer coefficient is usually
needed for this type of flow calorimetry.

e Energy balance based on measurements with an infrared
camera.**” Infrared thermometry is a non-intrusive method
to record the complete temperature profile of the area of
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interest.>> Zhang et al. developed a microsystem integrated
with an infrared camera to measure the reaction enthalpy.*®
The system was placed in a vacuum box and operated under
an adiabatic environment. A homogeneous neutralization
reaction between sulfuric acid (H,SO,) and NaOH and a
heterogeneous reaction of cyclohexanone oxime protonation
were performed. The results were reproducible and in good
agreement with literature values. However, for this method
an expensive infrared camera is used which needs to be
carefully calibrated. In addition, the microchannel must be
covered with infrared transparent materials.’” Moreover,
reaction temperatures cannot be controlled and calorimetry
at low temperatures is difficult or even impossible for this

type of calorimeter.>*?°
e Heat flow measurements with thermoelectric
elements.”>****1¢ Seebeck elements can be used to directly

measure the heat flux with high sensitivity and resolution.
For example, Hany et al. developed a microfluidic calorimeter
and validated it with the neutralization reaction between
hydrochloric acid (HCI) and NaOH.*' Calorimetric titration
was showcased and the esterification reaction between
propionic anhydride and 2-butanol was characterized by the
determination of the mixing and reaction enthalpy. A plate-
type microreactor was used to safely obtain thermokinetic
data for exothermic chemical reactions by Reichmann et al.>®
The Seebeck elements were calibrated by the Joule effect
while its performance was demonstrated in heat transfer and
neutralization reaction experiments. Ladosz et al. presented
an isothermal flow calorimeter consisted of a Seebeck
element for characterization of reaction enthalpy and
kinetics.”* Hydrolysis of acetic anhydride was selected as a
model reaction and the reaction enthalpy, heat of mixing and
kinetic rate constants were determined.

In previous work, a modular 3D printed isothermal
continuous flow calorimeter designed for direct heat flux
measurements was presented.”> The calorimeter was
validated with a series of experiments and proved to be
highly efficient for fast reactions. Subsequently, the system
was applied to measure the heat of reaction for a gas-liquid
ozonolysis reaction occurring on a very short timescale (0.55
s) in a separate study.’® In the work described herein, we
investigate the thermal behavior of flash chemistry,
specifically organolithium reactions, using this
microstructured continuous flow calorimeter. We commence
our study with a standard neutralization reaction to
benchmark the calorimeter at different temperatures.
Subsequently, the calorimetry for a non-selective quench of
n-hexyllithium (HexLi) with ethanol (EtOH) is carried out and
validated. The reaction between di-tert-butyldicarbonate and
HexLi is conducted, which favors different products
depending on the conditions used. The reaction is optimized
for the ester and alcohol products in the calorimeter and the
reaction enthalpies are decoupled. A two-step metal-halogen
exchange and subsequent iodine (I,) quench is investigated.
The temporal resolution of these rapid reactions is shown
spatially as well. In this manuscript, the implementation and

This journal is © The Royal Society of Chemistry 2023
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superiority of a continuous flow calorimeter for the thermal
characterization of highly exothermic and fast reactions,
which are unsuitable to be performed in conventional batch
calorimeters due to both chemistry and safety limitations is
described.

2 Experimental

2.1 Flow calorimeter system

Fig. 1 shows the setup for the 3D printed isothermal heat
flow calorimeter system. The calorimeter (part 5) consists of
base plate, heating foils, reactor plate, Seebeck elements,
Peltier elements, cooling blocks, thermocouples and casing
elements (see previous work for more details*®). The feed
solutions (part 1) were introduced into the flow system using
syringe pumps (part 2, HiTec Zang, SyrDos2). The reactor
plate itself includes a precooling segment and two reaction
segments, which utilize split-and-recombine structures (see
Fig. S11).*”*® The inner diameter of the channel is 0.8 mm
and each reaction segment has a volume of 110 puL. The heat
flux generated by reactions in the reactor plate is measured
by Seebeck elements using the thermoelectric Seebeck effect.
The generated thermoelectric voltages from the Seebeck
elements are measured by the microcontroller (part 6) and
recorded automatically every 2 or 3 seconds. The real-time
data was collected and stored on a laptop computer (part 8).
To obtain the actual heat flux, a calibration needs to be
carried out with the DC power supply (part 4) and the
integrated heating foils. By applying known power inputs, the
exothermic reaction can be simulated by these heaters. Then
according to the correlation between power inputs of heating
foils and the recorded thermoelectric voltages, the heat flux
of the reaction can be determined.

View Article Online
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Isothermal conditions are ensured in the designed
calorimeter through a PID control of each reactor segment
separately. Temperatures of the reactor segments are
measured by the attached thermocouples and transmitted to
the microcontroller. By comparing the set temperature to the
measured values, the supply current to each cooling Peltier
element, which acts as a heat sink, is adjusted and the
isothermal condition can be maintained. The thermostat
(part 9, Huber Ministat 240) is used to cool the hot sides of
the Peltier elements which directly contact the cooling blocks
to ensure a steady cooling performance. The set temperature
of the thermostat is set to a higher temperature than the set
temperature of the calorimeter. The pressure was measured
using pressure sensors (part 3) incorporated in the tubes
prior to the calorimeter.

2.2 Typical procedures for flow calorimetry

The neutralization between AcOH and NaOH was selected to
benchmark and verify the performance of the calorimeter.
The setup is shown in Fig. S1i and the procedures for
calorimetry are as follows.

1) Reaction. For example, to perform the calorimetry at 25
°C: initially the temperatures of the thermostat and the
calorimeter were set to 28 °C and 25 °C, respectively. After
the temperatures and the thermoelectric voltages of the three
segments stabilized, the solutions of AcOH (1.0 M) and NaOH
(1.0 M) both dissolved in deionized water were introduced
into the calorimeter through two syringe pumps in an
equimolar ratio. The reaction was run for 15 min and the
corresponding temperatures and thermoelectric voltages were
recorded automatically. After sufficient data points at steady
state were collected, the flow rates were changed and another
run was conducted.

Fig. 1 Setup for calorimeter system: 1. feed solutions, 2. syringe pumps, 3. pressure transmitters, 4. DC power supply, 5. flow calorimeter, 6.

microcontroller, 7. collection flask, 8. computer, 9. thermostat.

This journal is © The Royal Society of Chemistry 2023
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2)  Calibration. After performing the reaction
measurements, a calibration was carried out. At this stage,
the pumps were stopped and an output voltage was set to the
power supply. As the heating foils were connected in parallel
to the power supply, the heat fluxes were generated and
delivered to the three Seebeck elements. As a result,
thermoelectric voltages with a known power input were
obtained. For each set voltage, a 15 min calibration was
needed to obtain enough steady data points. Then the voltage
was increased step by step. It is better if the detected
thermoelectric voltage at the highest power input exceeded
the one from the reaction. Finally, correlations between
power input and thermoelectric voltage for the three reactor
segments were obtained.

3) Calculation. The reaction heat is calculated based on
the heat balance as follows:

o . ..
E - Qconv Qtr + er (1)

where Q.ony is the convective heat fluxes of inlet and outlet
streams. Qy is the transmitted heat flux which is measured
directly by the Seebeck elements. According to the correlation
in the calibration step, the actual value of Qy for the reaction
can be determined. The reactive heat flux, Q., depends on
the total volumetric flow rate, V, molar reaction enthalpy,
AH,, initial concentration, Cy, and conversion X regarding the
limiting substance (eqn (2)). At steady state, the change of
energy in the calorimeter equals to zero in eqn (1). Finally,
the reaction enthalpy can be obtained. Although the reaction
selectivity is not considered within the calculation, a high
selectivity is always preferred to obtain an accurate enthalpy
for a specific reaction process.

Qux = VCoAH,X (2)

3 Results and discussion
3.1 Neutralization benchmarking

The calorimeter was benchmarked by using the
neutralization reaction between AcOH and NaOH at 25 °C
(see ESIf Section S2.2.1). A value for AH, of -59.6 + 0.3 K]
mol ' was obtained at Vio values from 1 mL min™* to 6 mL
min™'. As organolithium chemistry in flow is generally
performed between -20 °C to room temperature, we wanted
to assess the performance of the calorimeter at lower
temperatures. Consistent results to the value collected at 25
°C were expected as the heat of reaction should be
independent of temperature. When performing the reaction
at lower temperatures (<20 °C), we identified that it is
important to perform a blank test with solvents (see ESI:
Section S2.2.2). A value for AH, of -59.2 + 1.1 k] mol™* was
obtained for the data collected at 5 °C. In the case of the
blank tests: for the neutralization reaction then water was
used and for the organolithium reactions then hexane and
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2-methyltetrahydrofuran (2-MeTHF) were used at the setpoint
temperature.

3.2 Calorimetry for the reaction of HexLi with EtOH

We commenced our flash chemistry investigations with the
deprotonation of ethanol (EtOH) by n-hexyllithium (HexLi),
which was previously reported in a flow calorimeter by
Mortzfeld et al'® This reaction is ultrafast and mixing
limited. More importantly, no unstable intermediates are
formed and the reaction is non-selective, therefore it served
as an excellent starting point for our investigations. HexLi is
a cost-effective and industrially safe reagent.® n-Butyllithium
(n-BuLi) is the most commonly used organolithium base in
organic synthesis, but butane is formed as a flammable
gaseous byproduct which makes it more challenging to
handle than HexLi. Therefore, HexLi was used throughout
our study.

In the work by Mortzfeld et al.,, a jacketed tube heat
balance calorimeter based on thermocouples was adopted."®
Due to the larger inner diameter (i.d. = 7.8 mm) of the
reactor, clogging was not likely to happen in the device.
However, a limitation of this device is that the measurement
is highly dependent on the determination of the heat transfer
coefficient. Furthermore, high flow rates were used in this
study, which resulted in a large amount of chemical
consumption. We selected to use lower reagent
concentrations and higher equivalents of EtOH, since the
channel was prone to clogging due to its small internal
diameter (i.d. 0.8 mm). Much lower flow rates were adopted
(1 to 2 mL min™"), so that the consumption of chemicals
could be reduced. Furthermore, 2-MeTHF was used as a
greener alternative to tetrahydrofuran (THF) since it was
more stable for low temperature lithiation.***® The reactor
setup is shown in Fig. 2.

The reaction was initially performed at room temperature
(21 °C). To our delight, a similar reaction enthalpy was
obtained, see Table 1, to the reference value by Mortzfeld
et al. (-198 k] mol™" in flow, —206 kJ mol™ in batch'®). As can
be seen in Table 1, our reaction enthalpies were consistent
under different flow rates with a standard deviation of 1.8%.
According to the thermoelectric voltages, no heat was
detected in the r2 segment showing that the reaction had
gone to completion within the r1 segment (<3.3 s).
Subsequently, the reaction was performed at 0 °C (Table 2).
However, when compared to our values at 21 °C and the
values reported by Mortzfeld et al.,'® the values at 0 °C
were considerably different. We were surprised by this
difference, even after repeat experiments were performed
(Table S3%).

Thereafter, the focus turned to the reason for the
discrepancy at 0 °C. To address this, reactions with different
solvents were carried out at room temperature (21 °C).
Specifically, an EtOH solution was prepared in 2-MeTHF or
hexane, and a HexLi solution was prepared in hexane. The
voltages for these two conditions were compared, shown in

This journal is © The Royal Society of Chemistry 2023
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EtOLi + Hexane

Fig. 2 Setup for calorimetric characterization of reaction between HexLi and EtOH.

Fig. 3. In the precooling segment, the voltages were similar
and both close to the baseline. This indicated that the
convection heat was small for the reactions performed at
room temperature. For the r2 segment, the two curves for the
reaction were exactly the same as the baseline, which meant
no heat was detected in this segment. While for the r1
segment, U was always higher for the reaction with using
only hexane as solvent. This was unexpected since the
reaction heat should be the same, even though the solvents
were different. A reasonable explanation was that the mixing
of 2-MeTHF and hexane is an endothermic process. This was
further verified by a solvent mixing test in the calorimeter
(see Fig. 4). As can be seen in Fig. 4b, voltages for mixing
between hexane and hexane were stable and the same as
baseline. For the mixing process between 2-MeTHF and
hexane, the voltages were lower than the baseline and
decreased with the increase of flow rates. Hence, it can be
concluded that the mixing of 2-MeTHF and hexane is an
endothermic process. This information can also explain the
high enthalpy at 0 °C. When we corrected the enthalpy with
solvents, the mixing heat was taken away as well; while for
the result at room temperature (Table 1), the mixing heat was
included. Therefore, if we took away the mixing heat from
the result at room temperature, the value should be the same
as the one at 0 °C. For the reaction with hexane as the
solvent at room temperature, no correction was needed.
Table 3 summaries the reaction enthalpy under different
conditions. As expected, a consistent value was obtained,
with an enthalpy of —297.6 kJ mol™ with a difference of
3.9%, which indicated the reliability of the calorimeter.

The mixing heat of the solvents was included in the values
reported by Mortzfeld et al.,'® therefore it is difficult to make

Table 1 Reaction enthalpy for the reaction of HexLi with EtOH at 21 °C
using different flow rates

a direct comparison. Thus, we attempted to verify our result
using a standard batch micro reaction calorimeter uRC
(Thermal Hazard Technology Inc.). We compared three
different solvent compositions: absolute EtOH, diluted EtOH
in 2-MeTHF and diluted EtOH in hexane. A HexLi solution
was prepared in hexane. Fig. 5 shows the result for both
reaction and mixing. The negative power value validated that
the mixing between 2-MeTHF and hexane is an endothermic
process. The average enthalpies of reaction before and after
taking away the mixing heat were determined to be -210.0 +
1.1 kJ mol™" and -239.4 + 1.4 k] mol ™', respectively. However,
when using the same conditions but using absolute EtOH or
diluted EtOH in hexane, the average enthalpy was -272.1 +
0.5 k] mol™ (mixing heat excluded, see ESI} Section $3.3.2).
We postulated that this discrepancy was caused from the
reaction between HexLi and 2-MeTHF.’"*> To demonstrate
this potential reaction, a further titration of 2-MeTHF with
HexLi was carried out (see ESIi Section $3.3.3). As can be
seen in Fig. 6, the power was extremely high for the first
injection, which resulted from the reaction between HexLi
and any residual moisture in 2-MeTHF; then it decreased
remarkably for further injections. The moisture in 2-MeTHF
should be consumed in the first three injections. For the
fourth to ninth injection, AH, ranged from 52 to 81 kJ mol .
Moreover, it can be noticed that when HexLi was injected
into 2-MeTHF, the power increased immediately but then
decreased slowly. Even after 15 min, the power did not reach
the baseline. While for the reaction between EtOH and HexLi
(Fig. 5, see also Fig. S8 and S9%), the power decreased sharply
to the baseline. These phenomena implied the existence of a
reaction between HexLi and 2-MeTHF. Furthermore, this
reaction is less exothermic and slower than the reaction

Table 2 Reaction enthalpy for the reaction of HexLi with EtOH at 0 °C
using different flow rates

Flow rate [mL, min™'] AH

Flow rate [mL min ] AH

- Ave. + SD
Entry EtOH in 2-MeTHF HexLi in hexane [kJ mol™'] [kJ mol™]
1 0.51 0.50 -212.5 -218.1 +3.9
2 0.62 0.60 -215.0
3 0.72 0.70 -217.0
4 0.82 0.80 -221.7
5 0.92 0.90 -219.6
6 1.03 1.00 —222.5

This journal is © The Royal Society of Chemistry 2023

- Ave. + SD
Entry EtOH in 2-MeTHF HexLi in hexane [k] mol™'] [kJ mol™']
1 0.51 0.50 —295.6 -300.4 + 4.1
2 0.61 0.60 -303.9
3 0.71 0.70 -299.1
4 0.81 0.80 -304.8
5 0.91 0.90 -303.2
6 1.01 1.00 —296.0
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Fig. 3 Comparison of thermoelectric voltages in the reactor segments
for the two reaction systems at 21 °C: (a) precooling segment; (b) rl
segment; (c) r2 segment.

between HexLi and EtOH. Based on this information, the
lower reaction enthalpy of -239.4 = 1.4 kJ mol™ in the
2-MeTHF and hexane system could be explained. When HexLi
was dosed to EtOH solution, the reaction between HexLi and
EtOH happened as well as the reaction between HexLi and
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Fig. 4 Comparison of thermoelectric voltages in the reactor segments
for the two mixing processes at 21 °C: (a) precooling segment; (b) rl1
segment; (c) r2 segment.

2-MeTHF due to the limited mixing. Hence, there was less
HexLi to react with EtOH and a smaller value was obtained.
Therefore, a better estimation of the reaction enthalpy for the
quench of HexLi with EtOH in batch is -272.1 kJ mol ™.
Compared to the value of —297.6 k] mol™ obtained in flow,

This journal is © The Royal Society of Chemistry 2023
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Table 3 Summary of reaction enthalpy using different conditions

Temperature [°C] Reactant” AH, [k] mol™]
0 EtOH in 2-MeTHF -302.9 + 6.9
21 EtOH in 2-MeTHF -305.7 + 8.1
21 EtOH in hexane -284.1 £ 6.7

¢ HexLi solution was prepared with hexane.

the deviation of 8.6% indicated a high accuracy of the flow
calorimeter. Moreover, a consistent value was obtained with
different solvents in flow (Table 3), which also showed the
superiority of the flow calorimeter.

Additionally, the adiabatic temperature rise, AT,q, of the
reaction was calculated based on the following equation:*?

AH,-Cy
PCp

ATaq =

&)

where C, was the initial concentration of the limiting reagent
after mixing, p was the density of the mixture, ¢, was the
specific heat capacity of the mixture. According to the setting
in the flow calorimeter, AT,q was determined to be 17 °C. As
can be seen, even with such a low concentration of HexLi
(0.085 M after mixing), a high AT,q was obtained. Hence,
continuous flow operation with microreactors is
recommended for these highly exothermic organolithium
reactions, especially for higher concentration or large-scale
applications.

3.3 Calorimetric characterization for preparation of tert-butyl
ester and alcohol

tert-Butyl esters are widely used in synthetic organic
chemistry, but their preparation is not straightforward.** In
recent years, several methodologies have been proposed

—— Reaction

501 —— Mixing

40

30

20+

Power / mW

10

-10

T T T T T
0 400 800 1200 1600 2000

Time/s
Fig. 5 Calorimetric characterization of the reaction and mixing using
the titration mode in the uRC at 25 °C, HexLi diluted in hexane (0.5 M)
and EtOH diluted in 2-MeTHF (0.5 M), 15 pL per injection x 6 injection
times, the first injection was excluded from the calculation as normally
the injection volume is smaller than expected.
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Fig. 6 Thermal behavior of 2-MeTHF titrated with 2.5 M HexLi
solution at 25 °C and mixing between hexane and 2-MeTHF (10 plL per
injection x 10 injection times).
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among which the coupling of di-tert-butyldicarbonate (1),
(Boc),O, with nucleophilic organometallics in flow
microreactors is direct and more sustainable.”* The reaction
selected in this work was the addition of HexLi to (Boc),O (1)
which was previously performed in a flow microreactor.>®
These reactions cannot be conducted under batch conditions,
even at cryogenic temperatures, due to the formation of
tertiary alcohol (Scheme 1). As a result, a reliable calorimetry
measurement for the preparation of tert-butyl ester 2 is
difficult to achieve in batch.

The setup for our study is shown in Fig. 7. Before
performing the calorimetry, optimization was needed to
obtain a high conversion of (Boc),O (1) as well as a high
selectivity towards the desired ester 2. Some of the results are
selected in Table 4 (see Table S4% for all results). In addition
to the tertiary alcohol 3, a ketone side product 4 was also
observed which had not been reported previously. Based on
the experimental data, a design of experiment (DoE) analysis
was carried out to understand the parameter effects (see ESI{
Section S4.2). As the selectivity of ketone 4 was low (<6% in
all experiments) and did not change much, it was not
included in the DoE models. Models were generated by
including all main, square and interaction terms and then
non-significant terms were removed. Overall, for the model
for ester 2 selectivity, a high level of reproducibility in the
data collected in flow was observed with a calculated
reproducibility score of 0.98. Gratifyingly, a good fit was
achieved for the final model with an R* value of 0.94 and a
very good level of predictability was obtained with a Q” value
of 0.93. Significant coefficients for the three responses were
determined for the main effects of temperature, HexLi
equivalent and total volumetric flow rate and for the squared
term of total volumetric flow rate.

The DoE results showed that the reaction performance
was significantly influenced by the total volumetric flow rate
(Viotal) (Table 4, entries 1 to 4), therefore indicating that the
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reaction is mixing sensitive. To better understand the mixing
effects within the microstructured flow calorimeter under
different flow rates, computational fluid dynamics (CFD)
simulations were carried out (see ESI Section S4.3). As the
concentrations of the reagents were relatively low, only the
mixing between the two solvents (2-MeTHF and hexane) at 20
°C was considered to simplify the simulation. The mixing
index (MI) represented the degree of homogeneity of two
fluids and this measure was used to quantify the mixing
quality. Fig. 8a shows the geometry of the calorimeter and
the allocated positions for MI calculation. As can be seen in
Fig. 8b, MI increased linearly at the beginning for all the flow

Table 4 Optimization for the preparation of tert-butyl ester 2 (partial)

Quenching & 2
Sampling
— OH

—@ NH,CI solution

In-line quenching (Optional)

rates and then the rate of increase gradually decreased.
Furthermore, the MI was always larger under higher flow
rates at the same position (except for the first two positions),
even though the residence time is shorter at higher flow
rates. This also implied that the mixing gradually changed
from a diffusion-convection controlled region to a convection
dominant region with an increase in the volumetric flow rate
in these split-and-recombine units (see also Fig. $18%)."° In
Fig. 8c, the streamlines were relatively stratified at 1 mL
min~'. While for higher flow rates, the streamlines
intertwined and vortices can also be seen, which undoubtedly
provided enhanced fluid mixing. As a result, a larger MI was

Entry T [°C] HexLi“ equiv. Viotal [ML min™"] Residence time” [s] Conv. 1° [%] Sel. 2¢ [%] Sel. 3¢ [%] Sel. 4° [%]
1 21 1.1 1.05 20.0 68 23 70 6
2 21 1.1 2.10 10.0 76 34 62 3
3 21 1.1 3.15 6.7 80 48 50 2
4 21 1.1 5.58 3.8 80 59 38 3
5 21 1.2 5.87 3.6 88 60 38 3
6 21 1.4 5.74 3.7 90 46 51 3
7 0 1.1 6.06 3.5 86 73 25 3
8a 0 1.2 6.13 3.4 88 74 24 3
8b? 0 1.2 6.13 3.4 89 72 28 —
9 -10 1.1 6.36 3.3 88 78 19 3
10 -10 1.2 6.12 3.4 89 72 25 3

“ The concentration of HexLi solution was 0.1 M. ? Based on two reaction segments (220 uL) and a 26 cm PFA outlet tubing (i.d. 0.8 mm).
¢ Determined by GC-FID area%. ¢ Average results obtained from calorimetry experiments.
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obtained with increasing Vio. This explained the changes in
conversion and selectivity at different Vi. (residence time)
as tertiary alcohol 3 was the main product under low mixing
efficiency. However, a higher flow rate than 6.1 mL min~" was
not attempted to further increase the selectivity of ester 2
due to the pressure limit of the device and to minimize
potential clogging.

In addition, as demonstrated by the DoE study, the used
HexLi equivalents was another important parameter for the
reaction (entries 4 to 10). Higher equivalents increased the
conversion, but were detrimental to the ester 2 selectivity.
Slightly better results were also obtained at lower
temperatures (entries 4 and 5, 7 to 10, see also Fig. S15%).
However, when operating the reaction at -10 °C, clogging of
the calorimeter was observed, which is a commonly reported
problem when performing organometallic chemistry within
continuous flow reactors.”®*” On balance we selected to use
the conditions shown in entry 8 for the calorimetry. The
measurements obtained are depicted in Fig. 9 (see also ESI}
Section S4.4.1). The U,, values from the reaction (Fig. 9e),
mixing (Fig. 9f) and calibration at 0 V (Fig. S20,} first stair)
were the same, thus demonstrating that no heat was

This journal is © The Royal Society of Chemistry 2023

generated in the r2 segment. In other words, the reaction was
completed in the r1 segment, within only 1.1 s. Therefore, an
inline quench was not necessary and not used. Temperatures
were well controlled and the thermoelectric voltages were
stable during the calorimetry. Based on the calibration data,
an average enthalpy of -486.7 + 6.8 k] mol™' was obtained
(Table 4, entry 8b, 89% (Boc),0 1 conversion and 72% ester 2
selectivity, ketone 4 not included, see also Table S6%). ATuq
was determined to be 15 °C for this process (0.046 M (Boc),O
1).

Although this was the best selectivity of ester 2 we could
obtain from our optimization, it was not fully selective since
28% of alcohol 3 formation was observed. The formation of
alcohol 3 clearly influenced the precision in the
measurement of the reaction enthalpy of ester 2. Therefore,
we decided to take one step further and decouple the
reaction enthalpies for these two products. Based on the
preliminary experiments, it could be deduced that the
synthesis of tertiary alcohol 3 could be performed at 21 °C.
With 3.0 equiv. of HexLi, full conversion was obtained, but
more than 10% of ketone 4 was formed which was undesired
(Table 5, entries 1 and 2). A decrease to 2.8 equiv. of HexLi

React. Chem. Eng., 2023, 8, 577-591 | 585
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and an increase in flow rates resulted in a decrease in ketone
4 without a drop in conversion (entries 3 and 4); while a
further decrease in HexLi equivalents would result in an
increase in ester 2 (entry 5). Moreover, increasing above 3
equiv. of HexLi provided no improvement in increasing the
amount of alcohol 3 (entries 6 to 8). The conditions shown

586 | React. Chem. Eng., 2023, 8, 577-591

for entry 4 were selected to do the calorimetry. An inline
quench was used to check whether the reaction was
completed within the calorimeter (entry 9). By comparing
entries 4 and 9, it can be seen that results were very similar,
which meant that the reaction had gone to completion within
the two reaction segments and all the heat was detected. An

This journal is © The Royal Society of Chemistry 2023
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Table 5 Optimization for the preparation of alcohol 3 at 21 °C

View Article Online

Paper

Entry HexLi” equiv. Residence time” [s] Conv. 1° [%] Sel. 2 [%] Sel. 3° [%] Sel. 4° [%]
1 3.0 20.2 100 4 80 16
2 3.0 10.2 100 5 82 13
3 2.8 10.9 100 11 80 9
4a 2.8 3.5 100 11 85 5
4b° 2.8 3.6 100 12 88 —
5 2.5 3.8 100 20 76 4
6 3.0 3.5 100 8 87 5
7 3.3 3.2 100 7 87 6
8 5.0 3.2 100 6 85 10
o4 2.8 3.5 100 11 84 5

“ The concentration of HexLi solution was 0.3 M. ? Based on two reaction segments (220 uL) and a 26 cm PFA outlet tubing (i.d. 0.8 mm).

¢ Determined by GC-FID area%. ¢ With inline quench. ¢ Average results obtained from calorimetry experiments.

average reaction enthalpy of -806.4 + 1.1 kJ] mol " was
obtained (Table 5, entry 4b, 100% (Boc),0 1 conversion and
88% alcohol 3 selectivity, see also Table S7i). This
corresponds to a AT,q for this process of 28 °C (0.053 M
(Boc),O 1). Finally, based on the yields and reaction
enthalpies for these two different processes, the enthalpies
for the formation of ester 2 and alcohol 3 were decoupled,
shown in Fig. 10. The selectivity towards the ketone 4 was
maintained below 5%, therefore the reaction enthalpy of this
step was not decoupled from the alcohol 3 formation.

3.4 Calorimetric characterization of a lithium-halogen
exchange and its quench with I,

Lithium-halogen exchange reactions are a well-established
method for preparing organolithium compounds and these
species serve as valuable intermediates in organic
synthesis.””® However, these reactions occur rapidly and
their lithiated products are often highly reactive and unstable,
thus low temperatures are required for their generation in
conventional batch reactors.””®® Furthermore, these species
are prone to react with any available electrophile in a fast and
exothermic manner, which can often lead to a considerable
number of side products if not carefully controlled.®** These
challenges have been overcome in recent years through the
use of continuous flow systems.' %%

(0]
(Boc),0 (1) + HexLi —— \/\/\)J\ok *
2

O 0 )
\/\/\)J\Ok + HexLi ——— \/\/\)J\/\/\/ + Lo
2 4

O

OLi
\/\/\)]\/\/\/ + Hexli ———
4

Fig. 10 Decoupled reaction enthalpies for the two main reaction products.

This journal is © The Royal Society of Chemistry 2023

We utilized the calorimeter to study a two-step reaction,
namely the lithiation of 1-bromo-4-chlorobenzene (5) to form
intermediate 6, which can then be reacted in an electrophilic
quench with iodine (I,) to afford product 7. The main side
product detected during our optimization of the process was
chlorobenzene (8) from the proton quench of the lithiated
intermediate 6. Before carrying out the calorimetry test,
suitable operating conditions were determined. For the
lithiation step, the temperature of the calorimeter was set to 0
°C. I, was used in excess (10 equiv.) at room temperature to
ensure that the inline quench was performed as fast as
possible (Table 6). With a decrease in residence time (¢*"), the
conversion of 5 as well as the selectivity towards the desired
product 7 increased (Table 6, entries 1 to 3). To ensure that
the lithiation step was finished within the calorimeter, an
offline quench in batch was compared to the inline quench
(entry 4). The same conversion values were obtained for the
inline and offline quench, indicating the completion of the
lithiation step within 4.4 s (entries 3 and 4), but a better
selectivity was obtained with the inline quench. From the
thermoelectric voltages, no heat was detected in the r2
segment for the lithiation, which gave further spatially-
resolved insight that the reaction was completed within 2.2 s
(see Fig. S24%). The reaction enthalpy was determined to be
-151.7 + 8.0 k] mol ™" (Table 6, entry 3b, 87% 5 conversion and
86% 7 selectivity on average, see also Table S8%).

AH,q = —421.2 kJ/mol

AH,, = —859.3 kJ/mol

React. Chem. Eng., 2023, 8, 577-591 | 587
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Table 6 Optimization of the lithiation step at 0 °C
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0 ©

0.10 M in 2-MeTHF

HexLi (1.1 eq)
0.11 M in hexane

tR2 RT

Entry 14 [s] "2 5] Conv. 5° [%] Sel. 7° [%)] Sel. 8° [%)]
1 13.3 13.2 86 83 17
2 6.7 6.6 92 85 15
3a 4.4 4.4 94 87 13
3b° 4.4 17.8 87 86 14
49 4.4 10.0 94 78 22

“ Based on two reaction segments (220 pL). > 98 cm PFA tubing (i.d. 0.8 mm) used for entries 1 to 4, 400 cm tubing for entry 3b. ¢ Determined
by GC-FID area%. ¢ Offline quench was used. ¢ Average results obtained from calorimetry experiments.

The setup was modified to perform calorimetric
measurements for the quench of the lithiated intermediate 6
with I,. The lithiation step was conducted in PFA tubing (i.d.
0.8 mm) submerged within an ice bath and then the

Table 7 Optimization of the quenching step at 21 °C

quenching step was carried out in the calorimeter (Table 7).
As the goal was to decouple the heat of reaction for quench
from the heat of reaction of the lithiation, the reaction between
HexLi and I, within the calorimeter should be avoided. Therefore,

ice bath

Br
Cl~ :

5
in 2-MeTHF

HexLi (1.0 eq)
in hexane

|2
in 2-MeTHF

I, reaction

R4 21%¢

Cl

Nes
2

Concentration [mol L™']

Entry Substrate 5 HexLi 3 [s] L [equiv.] R4 [s] Conv. 5% [%] Sel. 7% [%] Sel. 87 [%]
1 0.10 0.10 73.9 3.0 22.0 89 78 22
2 0.30 0.30 73.9 2.0 18.9 90 89 11
3a 0.51 0.51 73.9 2.0 17.8 91 92 8
3b" 0.50 0.50 103.7 2.0 17.8 86 91 9
4 0.51 0.51 73.9 4.0 12.2 92 92 8
5¢ 0.50 0.50 73.9 3.0 — 87 85 15
6° 0.50 0.50 103.7 3.0 — 89 86 14
7¢ 0.50 0.50 143.3 3.0 — 89 87 13

“ 98.0 cm PFA tubing (i.d. 0.8 mm) for entries 1 to 5, 137.5 cm tubing for entry 6, 190.0 cm tubing for entry 7. ” The concentration of I, was 0.3
M for entry 1, 0.4 M for entry 2, 0.6 M for entries 3 to 7. © Based on two reaction segments (220 pL). ¢ Determined by GC-FID area%. ¢ Only the
lithiation step in the ice bath./ Average results obtained from calorimetry experiments.
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the HexLi was decreased to 1.0 equiv. and a slight decrease of
conversion is to be expected. To our delight, good conversion of 5
and selectivity towards 7 was observed (Table 7, entry 1). In order
to minimize the energetic contribution of the undesired proton
quench to give chlorobenzene (8), higher concentrations were
utilized (entries 2 to 4). As expected, the selectivity of the desired
product 7 increased and 2.0 equivalent of I, was found to be
enough for an efficient quench. A 0.5 M solution of starting
material 5, 1.0 equiv. HexLi and 2.0 equiv. I, was adopted for
calorimetry. Another concern was that the heat of the lithiation
step should be completed prior to the I, stream entering the
calorimeter. The performance of the lithiation reaction was
compared using three different tubing lengths. Very similar
results were obtained using different tubing which demonstrated
that the lithiation was complete (entries 5 to 7). The final
conditions for the calorimetry used 2 equiv. of I, and 17.8 s of
residence time for the iodination step (see ESIi Section S5.2.2).
No heat was detected in the r2 segment (see Fig. S26%). An
average reaction enthalpy of —342.8 + 11.7 kJ mol ™" was obtained
(Table 7, entry 3b, 86% 5 conversion and 91% 7 selectivity
on average, see also Table S9f). This value is 2.3 times high
than that of the lithiation enthalpy. This example
demonstrates that it is important to consider the entire
process as the quench can be even more exothermic than
the lithiation step.

4 Conclusion and outlook

Continuous flow calorimetry was used to characterize the
reaction enthalpy of a number of flash chemistry examples,
namely organolithium transformations. These reactions are
particularly challenging to study in batch calorimetry systems
due to their short reaction times, mixing sensitivity, highly
exothermic nature and the need for cryogenic conditions.
Therefore, calorimetric measurements of these reaction systems
are seldom performed. Initially, the calorimetry for the reaction
of HexLi with EtOH was carried out. Consistent values were
obtained with different solvents and at different temperatures,
the average enthalpy was determined to be —297.6 k] mol™ with
a standard deviation of 3.9%, after removal of the mixing heat.
The undesired reaction between HexLi and 2-MeTHF could be
avoided in flow which showed its superiority over batch
calorimetry. In addition, a more challenging reaction between
(Boc),O and HexLi, which can form the desired tert-butyl ester
product and undesired alcohol product, was conducted. The
reaction enthalpies for these two reaction processes were
successfully decoupled. CFD studies provided an insight into
the mixing efficiency at different flow rates within the
microstructured flow calorimeter. A Li-Br exchange and its
quench with I, were also assessed in the flow calorimeter. The
result demonstrated that the I, quench of the lithiated
intermediate was more exothermic than the lithiation step.

We have successfully demonstrated that the continuous
flow calorimeter utilized in this study®® provides calorimetric
and kinetic insight into flash chemistry examples, which are
difficult to control under batch conditions. The temporal

This journal is © The Royal Society of Chemistry 2023
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resolution of these organolithium reactions was showcased
on a length scale, which corresponded to reaction times of
only seconds (1.1 to 8.9 s). High AT,q values were obtained,
demonstrating the need for rapid heat transfer to ensure
control over these reactions. This clearly demonstrates that it
is very important to obtain these measurements to provide
appropriate information for plant design and safety. The
temperature could be carefully controlled within the flow
calorimeter and the utilization of a microstructured device
ensured low material consumption. However, there are also
some challenges to characterize reaction enthalpies of these
reactions in flow. Higher concentration of reagents could
decrease the influence of moisture, however conditions
needed to be carefully optimized to prevent clogging by salts
at these high concentrations. Furthermore, the reaction of
HexLi with water will result in the clogging of the continuous
flow system due to the formation of solids, therefore we did
not explore measuring the enthalpy of this reaction.

The calorimeter is 3D printed, therefore different
structures could easily be identified to provide an even higher
level of mixing control. By having additional connector ports,
reactions with multiple steps could be carried out and the
enthalpy for each step can be determined simultaneously.
The internal volume of reactor plates can also be increased to
meet the requirement of longer residence time for specific
applications. Multiple plates could be placed in series to give
better spatially resolved insight. Further studies will
investigate reactions which are difficult to study in batch,
such as handling reactions involving corrosive reagents, and
liquid-liquid and gas-liquid transformations. Apart from
thermal characterization, measurements for kinetic model
generation and parameter estimation is another interesting
topic to be examined within the calorimeter as isothermal
conditions can be easily maintained.

Nomenclature

Symbol  Definition Units
Co Initial concentration mol L™
o Specific .heat capacity Jg 'K
Qconv Convective heat fluxes W

Qu Transmitted heat flux W

O Reactive heat flux W

T Temperature °C

Upre Thermoelectric voltage of precooling segment —mV

Ury Thermoelectric voltage of r1 segment mV

Ur, Thermoelectric voltage of r2 segment mvV

4 Total volumetric flow rate mL min~
X Reaction conversion %

AH, Molar reaction enthalpy kJ mol™
AT,q Adiabatic temperature rise °C

p Density gmL™"
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