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ABSTRACT: The potential safety hazards associated with the Mizoroki−Heck cross-coupling of bromobenzenes with styrenes
were evaluated. The heat output from the reaction in various solvents was comparable in a variety of solvents; however, the rate
of reaction was significantly faster in the presence of water. Thermal stability evaluation of the postreaction mixtures in DMSO
and 3:1 DMSO/water by differential scanning calorimetry indicated that the onset temperatures of thermal decomposition were
significantly lower than that of neat DMSO. Evaluation of the substrate scope revealed that the substitution pattern on the
bromobenzene did not affect the heat output. The reaction rate of electron-deficient bromobenzenes was slower than that of the
electron-rich bromobenzenes. In general, substituted styrenes afforded similar magnitudes of exotherms; however, the reaction
rate of bromobenzene with 2-methylstyrene was significantly slower than the other studied styrenes. The predicted heat of
reaction using the density functional theory method, B3LYP, was in good agreement with the experimental data. Such excellent
agreement suggests that this calculation method can be used as a preliminary tool to predict heat of reaction and avoid
exothermic reaction conditions. In many of the studied cases, the maximum temperature of a synthesis reaction was
considerably higher than the solvent boiling point and thermal decomposition onset temperatures when the reaction was
performed in DMSO or 3:1 DMSO/water. It is crucial to understand the thermal stability of the reaction mixture to design the
process accordingly and ensure the reaction temperature is maintained below the onset temperature of decomposition to avoid
potential runaway reactions.
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■ INTRODUCTION

Since its discovery by Mizoroki1 and Heck,2 the Mizoroki−
Heck cross-coupling3 reaction has become an essential tool for
synthetic chemists in academia and industry.4 Over the years,
this reaction has been extended to the coupling of
pseudohalides such as triflates,5 tosylates,6 mesylates,7 and
aryl diazonium salts,8 along with the generation of chiral
centers with a high degree of enantiocontrol.9 As a
consequence, the Mizoroki−Heck cross-coupling presents
itself as one of the most widely used Pd-catalyzed cross-
coupling reactions as revealed in a survey of these reactions10

and finds wide application in the large scale production of
agrochemicals, hydrocarbons, pharmaceuticals, polymers, and
other specialty chemicals.11

The potential safety hazards associated with Pd-catalyzed
cross-couplings have recently become a growing concern in the
chemistry community. Over the past several years, there have
been multiple reports regarding the potential safety hazards
associated with the Pd-catalyzed α-arylation,12 the Sonagoshira
cross-coupling,13 and the Suzuki−Miyaura cross-coupling.14

During our investigation of the Suzuki−Miyaura cross-
coupling safety hazards,14 we observed that the Mizoroki−
Heck product 3 was favored over the Suzuki−Miyaura product
4 in a 4:1 ratio15 when bromobenzene (1) was treated with
pinacol iso-propenylboronate (2) in N,N-dimethylformamide
(DMF) at 80 °C using 1,1′-bis(di-tert-butylphosphino)-

ferrocene palladium(II) dichloride [Pd(dtbpf)Cl2 or Pd-118]
as the catalyst in the presence of potassium carbonate (K2CO3)
as the base (Scheme 1). It is also worth noting that a strong
exotherm was observed during this reaction. A survey of
literature revealed two papers reporting safety evaluations
during process development and scale up of the Mizoroki−
Heck cross-coupling.16 In addition, Bosse ́ et al. reported the
use of isothermal and nonisothermal differential scanning
calorimetry (DSC) for the characterization of the Heck-like
exothermic reaction in solid films.17 Blackmond and coworkers
described the use of reaction calorimetry as a kinetic and
stability screening tool of palladium catalysts in the Mizoroki−
Heck cross-coupling.18 However, to the best of our knowledge,
no systematic evaluation of the potential safety hazards
associated with the Mizoroki−Heck cross-coupling of
bromobenzenes with styrenes has been disclosed in the
literature. Herein, we present a comprehensive calorimetric
study of the Pd-catalyzed cross-coupling of bromobenzenes
with styrenes under a variety of solvent, base, and catalyst
combinations that are frequently utilized in organic chemistry
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laboratories and thereby gain a better understanding of the
thermal profile of the Mizoroki−Heck cross-coupling reaction.

■ RESULTS AND DISCUSSION
Reaction Calorimetry Evaluation of the Mizoroki−

Heck Cross-Coupling of Bromobenzene with Styrene.
The Mizoroki−Heck cross-coupling of 51 mmol of bromo-
benzene with 1.2 equiv of styrene in 5 volumes of DMF at 80
°C using 0.01 equiv of Pd-118 as the catalyst in the presence of
1.2 equiv of N,N-diisopropylethylamine (DIPEA) as the base19

(Scheme 2) was used as the model reaction for the initial
reaction calorimetry evaluations. The thermal profile revealed a
significant exotherm upon the addition of Pd-118 to a mixture
of bromobenzene, styrene, and DIPEA in DMF at 80 °C.20

The total heat output was calculated to be −10.77 kJ (−211.2
kJ/mol) over 44 min with a ΔTad of 99.4 °C, resulting in a
maximum temperature of a synthesis reaction (MTSR) of
179.4 °C, which is considerably higher than the boiling point
of the solvent, DMF (bp 152 °C). This heat profile suggests
that in the absence of sufficient cooling, the system could
suddenly boil and result in a runaway reaction. Although the
thermal stability evaluation of the postreaction mixture by
DSC indicated no exothermic decomposition up to 300 °C, it
is essential for researchers to understand the thermal stability
of their specific reaction mixtures (e.g., reactions performed in
DMSO14,21 or acetonitrile in the presence of a strong aqueous
base22) and develop control strategies to conduct the reaction
at a safe temperature23 to ensure this exotherm does not trigger
decomposition of the reaction mixture, possibly leading to
uncontrollable temperature rise. Such a scenario could also
cause pressure accumulation if the temperature reaches the
solvent boiling point or if gaseous decomposition products are
formed and result in runaway reaction.
Reaction Kinetic Profiles. The reaction profile of the

Mizoroki−Heck cross-coupling of bromobenzene with styrene
in DMF at 80 °C using Pd-118 as the catalyst in the presence
of DIPEA was monitored by in situ ReactIR analysis (Figures 1
and 2). Upon the addition of Pd-118 to the reaction mixture,
the concentration of product 3 increased rapidly with the
decrease in concentration of bromobenzene (1) and styrene
(5), which also corresponded well with heat conversion.
Prolonged stirring of the completed reaction at 80 °C did not
result in decomposition of starting materials 1 and 5 or

product 6, as indicated by the ReactIR analysis. Unfortunately,
the cis product 7 was not detected during this experiment, thus
precluding any evaluation of its stability to the reaction
conditions by ReactIR.
The reaction progress of the Mizoroki−Heck cross-coupling

of bromobenzene (1) with styrene (5) using our standard
reaction conditions (Scheme 2) was also monitored by
quantitative in-process control (IPC) analysis by gas

Scheme 1. Selectivity between the Mizoroki−Heck and the Suzuki−Miyaura Cross-Coupling

Scheme 2. Mizoroki−Heck Cross-Coupling of Bromobenzene with Styrene in the Presence of Pd-118 in DMF at 80 °C

Figure 1. Reaction profile of the Mizoroki−Heck cross-coupling of
bromobenzene with styrene in DMF at 80 °C.

Figure 2. Three-dimensional plot of ReactIR monitoring of the
Mizoroki−Heck cross-coupling of bromobenzene with styrene in
DMF at 80 °C.
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chromatography (GC),24 which also correlated very well with
the heat conversion and ReactIR profile during the course of
reaction. Upon completion, the reaction afforded a 91% in-pot
yield of 6 and a 4.5% in-pot yield of 7 to give a combined in-
pot yield of 95.5% for the stilbene products. Prolonged stirring
of the reaction mixture at 80 °C gave no indication of
decomposition of starting materials or products (Figure 3),
and the ratio of trans (6) and cis (7) stilbene products (∼20:1)
remained constant throughout the reaction (Figure 4).

Heat of Reaction Calculation. First-principles methods
to calculate thermodynamic parameters have been routinely
used for reaction design in chemical processes.25 We used the
B3LYP method to calculate the heat of reaction for the
Mizoroki−Heck cross-coupling of bromobenzene with styrene
in DMF at 80 °C using Pd-118 as the catalyst in the presence
of DIPEA. Geometry optimization was performed to generate
the structures of all reactants and products using the B3LYP/
LAV3P* method. The B3LYP/CCPVDZ+ solution phase
energy was calculated for all molecules involved in the reaction
based on optimized structures in an implicit PBF solvation
model with DMF as solvent. Frequency calculations were also
performed using the same method to generate relevant
thermodynamic quantities, including zero-point energy,
thermal energy, and enthalpy at 353.15 K and 1 atm. All
calculations were performed with Jaguar software in Maestro
(Schrodinger Inc.). The enthalpy change for the reaction with
DIPEA as base was −212.32 kJ/mol, in close agreement with
the experimental data of −211.2 kJ/mol. The close agreement
suggests that the density functional theory (DFT) method can
be used as a preliminary tool to predict heat of reaction and
avoid exothermic reaction conditions.

Effect of Key Parameters. Similar magnitudes of
exothermic behaviors were observed when the reaction was
performed in a variety of solvents (Table 1, Figure 5);
however, the reaction rate was faster in solvent mixtures
containing water26 and reached complete conversion in 15 min
in 7:1 DMF/water (entry 2) and 19 min in 3:1 DMF/water
(entry 3) at 70 °C, compared to 44 min in anhydrous DMF at
80 °C (entry 1). The ΔTad values of the reactions in aqueous
systems (79.5 °C for 7:1 DMF/water and 60.1 °C for 3:1
DMF/water) were lower than those under anhydrous
conditions due to the increased heat capacity inherent with
the presence of water (entries 2 and 3). The fast reaction rate
observed in the aqueous system poses significant challenges for
effective heat removal from the reaction system in an “all-in”
batch mode reaction. In this case, control strategies such as
controlled addition of reactants and/or continuous flow
processes should be considered to mitigate safety risks
associated with the exotherm. Surprisingly, the reaction in
dimethyl sulfoxide (DMSO, entry 4) was much slower
compared to those in DMF (entry 1), N,N-dimethylacetamide

Figure 3. In-pot yield vs time profile of the Mizoroki−Heck cross-
coupling of bromobenzene with styrene in DMF at 80 °C.

Figure 4. Selectivity of the Mizoroki−Heck cross-coupling of
bromobenzene with styrene in DMF at 80 °C.

Table 1. Effect of Critical Process Parameters on the Mizoroki−Heck Coupling of Bromobenzene with Styrene

GC (% AUC)

entry catalyst (equiv) base solvent
temp
(°C)

time
(min) 1 6 7 ΔH (kJ)

ΔH
(kJ/mol)

ΔTad
(°C)

MTSR
(°C)

1 Pd-118 (0.01) DIPEA DMF 80 44 ND 95.5 4.5 −10.77 −211.2 99.4 179.4
2 Pd-118 (0.01) DIPEA 7:1 DMF/water 70 15 ND 95.3 4.7 −10.23 −200.6 79.5 149.5
3 Pd-118 (0.01) DIPEA 3:1 DMF/water 70 19 ND 95.2 4.8 −10.31 −202.2 60.1 130.1
4 Pd-118 (0.01) DIPEA DMSO 80 170 ND 95.5 4.5 −10.44 −204.7 93.9 173.9
5 Pd-118 (0.01) DIPEA 3:1 DMSO/water 70 28 ND 94.5 5.5 −11.00 −215.7 74.3 144.3
6 Pd-118 (0.01) DIPEA DMAc 80 70 ND 95.6 4.4 −11.02 −216.1 97.7 177.7
7 Pd-118 (0.01) DIPEA NMP 80 54 ND 95.8 4.2 −10.48 −205.5 91.0 171.0
8 Pd-118 (0.01) K2CO3 3:1 DMF/water 70 27 ND 95.2 4.8 −10.88 −213.3 63.2 133.2
9 Pd(dppf)Cl2 (0.1) DIPEA 3:1 DMF/water 80 72 ND 93.9 6.1 −11.09 −217.5 72.6 152.6
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(DMAc, entry 6), and N-methyl-2-pyrrolidone (NMP, entry 7)
and required a total of 170 min to afford complete conversion.
Here again, water proved to be advantageous by significantly
increasing reaction rate, and when 3:1 DMSO/water was
employed as solvent, the reaction was completed in only 28
min at 70 °C (entry 5).
The use of potassium carbonate (K2CO3) as the base

achieved reaction completion over 27 min at 70 °C in the
presence of 0.01 equiv of Pd-118 as the catalyst in 3:1 DMF/
water, generating a comparable ΔH of −10.88 kJ (−213.3 kJ/
mol) and ΔTad of 63.2 °C (entry 8). Upon switching the
catalyst to 0.01 equiv of 1,1′-bis(diphenylphosphino)ferrocene
palladium(II) dichloride [Pd(dppf)Cl2] and 1.2 equiv of
DIPEA, the reaction afforded only a trace of desired product
when bromobenzene was treated with styrene at 80 °C in
DMF for 18 h. Increasing the catalyst loading to 0.1 equiv did
not significantly improve conversion. Full conversion was
observed after 72 min at 80 °C when water was introduced as a
cosolvent (3:1 DMF/water) for reaction of bromobenzene
with styrene in the presence of 0.1 equiv of Pd(dppf)Cl2 and
1.2 equiv of DIPEA. Although the rate of this reaction was
significantly slower than that using Pd-118 under the same
reaction conditions, the ΔH of −11.09 kJ (−217.5 kJ/mol)
and ΔTad of 72.6 °C (entry 9) were comparable to those from
the reaction using Pd-118 (entry 3).

Thermal Stability Evaluation of Reaction Mixtures in
DMSO. It is well-documented in the literature that the onset
temperature of DMSO thermal decomposition is significantly
affected by the components in the reaction matrix.14,21

Compared to the 276.2 °C of pure DMSO decomposition
onset temperature, DSC analysis of the postreaction mixture in
DMSO (Table 1, entry 4) exhibited three exothermic
decomposition events with onset temperatures of 89.1, 196.9,
and 275.4 °C, respectively. These exothermic events afforded
combined ΔH of −586.4 J/g and ΔTad of 344.4 °C (Table 2
and Figure 6). Similarly, DSC analysis of the postreaction
mixture in 3:1 DMSO/water (Table 1, entry 5) also exhibited
three exothermic decomposition events with onset temper-
atures of 52.1, 235.8, and 292.9 °C, respectively, affording
combined ΔH of −550.7 J/g and ΔTad of 255.9 °C (Table 2
and Figure 6). These data suggest that without effective heat
removal, the exotherm from the desired reaction of such
reactions could potentially trigger the decomposition of
DMSO to result in runaway scenarios. It therefore behooves
researchers to fully study the thermal stability of their specific
reaction mixtures and develop appropriate control strategies to
conduct their reactions at safe temperatures.23

Effect of Substitution on Bromobenzene. A variety of
substituted bromobenzenes ranging from electron-deficient to
electron-rich systems were evaluated to study the scope of this
exothermic behavior (Table 3 and Figure 7). All the reactions

Figure 5. Heat profiles of the critical process parameter effect on the Mizoroki−Heck cross-coupling of bromobenzene with styrene.

Table 2. DSC Results of Postreaction Mixtures in DMSO and 3:1 DMSO/Water

exotherm 1 exotherm 2 exotherm 3

solvent
onset
(°C)

ΔH (J/
g)

ΔTad
(°C)

onset
(°C)

ΔH (J/
g)

ΔTad
(°C)

onset
(°C)

ΔH (J/
g)

ΔTad
(°C)

total
ΔH (J/g)

total
ΔTad (°C)

DMSO 89.2 −36.3 21.3 196.9 −483.6 284.0 275.4 −66.5 39.1 −586.4 344.4
3:1 DMSO/water 52.1 −148.3 68.9 235.8 −356.7 165.8 292.9 −45.7 21.2 −550.7 255.9
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were performed at 80 °C in DMF in the presence of Pd-118 as
the catalyst and DIPEA as the base. All evaluated substrates
produced similar levels of exotherms with the heat of reaction
ranging from −200.8 kJ/mol for 2-bromotoluene (entry 3) to
−215.7 kJ/mol for 2-bromoanisole (entry 2) and 4-
bromoacetophenone (entry 11). It is worth noting that both
heat conversion and GC analysis supported that the reaction
progressed faster with the electron-rich substrates compared to
electron-deficient substrates. Electron-rich substrates achieved
reaction completion with reaction times ranging from 39 min
for 2-bromotoluene (entry 3) to 85 min for 2-bromoanisole
(entry 2), while substrates with strong electron-withdrawing
groups such as 2-bromobenzotrifluoride (entry 4), 3-
bromobenzotrifluoride (entry 7), 3-bromobenzonitrile (entry
8), and 4-bromobenzotrifluoride (entry 12) required >170 min
to reach reaction completion. The mechanism of the
Mizoroki−Heck reaction is a well-studied, albeit much debated
subject.27 Recent studies have indicated that the mechanism is
highly catalyst, ligand, base, and solvent dependent.28 Our
results indicate that the rate of reaction under the investigated
conditions is faster with electron-rich bromobenzenes. It is also
worthwhile to note that the level of the cis product 9 was
consistent for all of the substrates, ranging from 1.1% for 4-

bromoacetophenone (entry 11) to 6.5% for 4-bromoanisole
(entry 9).

Effect of Substitution on Styrene. Variation of the
substitution on the styrene was also studied to determine the
scope of this exothermic behavior (Table 4 and Figure 8).
These studies were also performed at 80 °C in DMF in the
presence of Pd-118 as the catalyst and DIPEA as the base. All
of the studied substrates generated heat outputs comparable to
that of styrene with ΔH ranging from −203.9 kJ/mol for 2-
methylstyrene (entry 2) to −214.3 kJ/mol for 4-methylstyrene
(entry 6). The ΔTad was also consistent across the studied
substituted styrenes, ranging from 93.6 °C for 2-methylstyrene
(entry 2) to 113.7 °C for 4-fluorostyrene (entry 8).
Interestingly, 2-methylstyrene (entry 2) was the only substrate
that progressed slowly compared to other analogues, requiring
a total of 355 min to achieve reaction completion. The other
investigated analogues needed only 34 min for 3-methylstyrene
(entry 4) to 76 min for 2-chlorostyrene (entry 3). It is also
worthwhile to point out that the level of cis products from 2-
substituted styrenes was significantly higher compared to the
other studied substrates, affording 43.5% with 2-methylstyrene
(entry 2) and 10.8% with 2-chlorostyrene (entry 3),
respectively.

■ CONCLUSIONS
The exotherm during the Mizoroki−Heck cross-coupling of
bromobenzene with styrene in DMF at 80 °C using Pd-118 as
the catalyst in the presence of DIPEA as the base was
evaluated. The predicted heat of reaction using the DFT
method, B3LYP, was in good agreement with the experimental
data, suggesting that this theoretical calculation can be used as
a preliminary tool to predict heat of reaction and avoid
exothermic reaction conditions. Further investigations in-
dicated that the exotherm was comparable in a variety of
solvents, but the reaction progressed much faster in the
presence of water compared to anhydrous conditions. Thermal
stability evaluation of the postreaction mixtures in DMSO and
3:1 DMSO/water by DSC indicated that the exotherms from

Figure 6. DSC profile of DMSO reaction mixtures in DMSO and 3:1
DMSO/water.

Table 3. Mizoroki−Heck Cross-Coupling of Substituted Bromobenzenes with Styrene

GC (% AUC)a

entry R time (min) 8 9 10 ΔH (kJ) ΔH (kJ/mol) ΔTad (°C) MTSR (°C)

1 H 44 ND 95.5 4.5 −10.77 −211.2 99.4 179.4
2 2-OMe 85 ND 95.5 4.5 −11.00 −215.7 96.3 176.3
3 2-Me 39 ND 97.0 3.0 −10.24 −200.8 95.2 175.2
4 2-CF3 205 ND 96.7 3.3 −10.52 −206.3 97.7 177.7
5 3-OMe 42 ND 95.1 4.9 −10.96 −214.9 110.1 190.1
6 3-Me 48 ND 94.6 5.4 −10.90 −213.7 101.8 181.8
7 3-CF3 172 ND 95.9 4.1 −10.94 −214.5 105.0 185.0
8 3-CN 183 ND 93.9 6.1 −10.82 −212.2 100.8 180.8
9 4-OMe 45 ND 93.5 6.5 −10.97 −215.1 95.8 175.8
10 4-t-Bu 63 ND 96.5 3.5 −10.77 −211.2 102.4 182.4
11 4-COMe 70 ND 98.9 1.1 −11.00 −215.7 95.6 175.6
12 4-CF3 185 ND 97.5 2.5 −10.65 −208.8 112.0 192.0

aBy GC analysis except for entries 8 and 11, which were analyzed by HPLC.
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the desired reaction could potentially trigger the decom-
position of DMSO to result in runaway scenarios. As expected,
there was a strong substituent effect on the rate of the reaction
for various bromobenzenes and styrenes, yet the magnitudes of
the heat outputs were comparable across all of the studied
substrates. It is crucial to understand the thermal stability of
the reaction mixture and design control strategies accordingly,
using methods such as controlled addition of reactants15 or a
continuous flow process,29 to mitigate safety risk. Although
only the Mizoroki−Heck cross-coupling of bromobenzenes

with styrenes were studied in this work, precautions should be
taken with all Mizoroki−Heck cross-coupling reactions.

■ EXPERIMENTAL SECTION

General. All reagents were commercially available and used
as purchased without further purification. All reactions were
carried out under N2. Reaction conversion and product
formation were confirmed by spiking with an authentic sample
of the desired product purchased from commercial suppliers
and/or GCMS analysis. GC analysis was performed on an

Figure 7. Heat profiles of the Mizoroki−Heck cross-coupling of substituted bromobenzenes with styrene.

Table 4. Mizoroki−Heck Coupling of Bromobenzene with Substituted Styrenes

GC (% AUC)

entry R′ time (min) 1 12 13 ΔH (kJ) ΔH (kJ/mol) ΔTad (°C) MTSR (°C)

1 H 44 ND 95.5 4.5 −10.77 −211.2 99.4 179.4
2 2-Me 355 ND 56.5 43.5 −10.40 −203.9 93.6 173.6
3 2-Cl 76 ND 89.2 10.8 −10.76 −211.0 99.0 179.0
4 3-Me 34 ND 95.4 4.6 −10.71 −210.0 95.4 175.4
5 3-Cl 38 ND 97.8 2.2 −10.80 −211.8 104.4 184.4
6 4-Me 43 ND 94.9 5.1 −10.93 −214.3 104.8 184.8
7 4-Cl 69 ND 97.4 2.6 −10.69 −209.6 99.9 179.9
8 4-F 50 ND 96.4 4.6 −10.88 −213.3 113.7 193.7
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Agilent 6850 equipped with Agilent DB-WAX column (30 m ×
320 μm × 0.5 μm, P/N 123-7033); Inlet 250 °C; FID, 250 °C;
helium constant flow: 3 mL/min; hydrogen flow: 40 mL/min;
air flow: 450 mL/min; nitrogen makeup: 30 mL/min; injection
volume: 1 μL; split ratio: 1:25; temperature programming: 50
°C: 0 min, 30 °C/min to 200 °C then 5 °C/min to 250 °C,
hold 2 min; maximum column temperature: 250 °C. High-
performance liquid chromatography (HPLC) analysis was
performed on an Agilent 1260 using an Agilent Zorbax SB-
Phenyl (150 × 4.6 mm) with a mobile phase A (water,
adjusted to pH 2.5 with phosphoric acid) and B (acetonitrile)
and detection at 254 nm; flow: 1.0 mL/min; column
temperature: 40 °C; and gradient: 0 min: A = 76%, B =
24%; 2.25 min: A = 76%, B = 24%; 6 min: A = 66%, B = 34%;
10 min: A = 63%, B = 37%; 20 min: A = 5.3%, B = 94.7%; 23
min: A = 5.3%, B = 94.7%.
General Procedure for the Reaction Calorimetry

Evaluation. The reaction calorimetry was evaluated using a
Mettler-Toledo EasyMax 102 with HF Cal. All reactions were
performed under a nitrogen blanket. For each experiment, a
stirred (at 400 rpm) mixture of bromobenzene (50.1 mmol),
styrene (1.2 equiv), and base (1.2 equiv) in solvent (40 mL)
was heated to 77 °C (or 67 °C for reactions carried out at 70
°C). The virtual volume was recorded, followed by calibration
to determine heat transfer coefficient (u) and heat capacity
(cpr) with 15 min waiting time and ΔTr of 3 °C. The catalyst
(see tables for specific catalyst and amount) was added in one-
portion, and the reaction was heated at 80 °C (or 70 °C) until
complete conversion was observed by GC or HPLC analysis.
The virtual volume was recorded, and a second calibration was
performed to determine u and cpr with 15 min waiting time
and ΔTr of 3 °C. The reaction was then cooled to 25 °C to
complete the experiment. The exothermic event was integrated

to determine ΔH, which was then used for the calculation of
ΔTad and MTSR.

Procedure for DSC Analysis. A Q2500 DSC from TA
Instruments was used for the constant heating rate tests in this
study. A ∼2 mg postreaction mixture sample was loaded into a
gold-plated high-pressure crucible with nitrogen as the
headspace. The sealed crucible was loaded onto the DSC
and scanned from 0 to 400 °C at a heating rate of 10 °C/min.
Upon completion of the scan, the sample was allowed to cool
and rescanned at the same heating rate over the same
temperature range. The sample container was weighed before
and after the DSC tests to ensure sample mass loss is <10%.
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