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ABSTRACT: Flash vacuum pyrolysis (FVP) is a gas-phase
continuous-flow technique where a substrate is sublimed through a
hot quartz tube under high vacuum at temperatures of 400−1100 °C.
Thermal activation occurs mainly by molecule−wall collisions with
contact times in the region of milliseconds. As a preparative method,
FVP is used mainly to induce intramolecular high-temperature
transformations leading to products that cannot easily be obtained
by other methods. It is demonstrated herein that liquid-phase high-
temperature/high-pressure (high-T/p) microreactor conditions
(160−350 °C, 90−180 bar) employing near- or supercritical fluids as reaction media can mimic the results obtained using
preparative gas-phase FVP protocols. The high-T/p liquid-phase “flash flow pyrolysis” (FFP) technique was applied to the
thermolysis of Meldrum’s acid derivatives, pyrrole-2,3-diones, and pyrrole-2-carboxylic esters, producing the expected target
heterocycles in high yields with residence times between 10 s and 10 min. The exact control over flow rate (and thus residence
time) using the liquid-phase FFP method allows a tuning of reaction selectivities not easily achievable using FVP. Since the solution-
phase FFP method does not require the substrate to be volatile any more a major limitation in classical FVPthe
transformations become readily scalable, allowing higher productivities and space−time yields compared with gas-phase protocols.
Differential scanning calorimetry measurements and extensive DFT calculations provided essential information on pyrolysis energy
barriers and the involved reaction mechanisms. A correlation between computed activation energies and experimental gas-phase
FVP (molecule−wall collisions) and liquid-phase FFP (molecule−molecule collisions) pyrolysis temperatures was derived.

■ INTRODUCTION
Flash vacuum pyrolysis (FVP) is a special form of gas-phase
thermolysis where a substrate is sublimed in vacuum through a
quartz tube heated to temperatures of typically 400−1100 °C.1−3
Using a sufficiently high vacuum (<10−3 mbar), thermal
excitation of the molecules occurs mainly by molecule−wall
collisions with mean residence times in the heated zone between
10−3 and 1 s.2 The main advantage of the low-pressure FVP
technique is the avoidance of intermolecular secondary reactions
in the heated zone. It is, therefore, mainly used to induce high-
temperature intramolecular transformations, such as eliminations,
rearrangements, and cyclization processes.1−3 Immediately after
passage through the hot zone, the thermolyzate is typically
cooled to very low temperatures (e.g., −196 °C) and thus
protected from subsequent transformations.1−3 Such “trapping”
procedures allow the isolation and/or spectroscopic character-
ization of even highly reactive intermediates or reaction
products.4 Importantly, however, FVP conditions are also used
as a valuable synthetic tool for the preparation of many
interesting stable compound classes, in particular, unusual
hetero- or carbocyclic systems that are sometimes difficult to
prepare by other means.1−3 The formation of these ring systems
generally involves the initial formation of a reactive intermediate
possessing a suitably disposed trapping group for intramolecular

cyclization. Here, the FVP method is particularly useful for those
cases where product formation under classical conditions is
unfeasible because of extreme activation barriers that cannot be
overcome at temperatures attainable by conventional (solution-
phase) thermolysis techniques.1−3Although synthetic protocols
involving FVP conditions possess many undisputed advantages,
andsince performed in the absence of solvents and reagents
are generally considered as clean and efficient, several serious
limitations do exist. Apart from the almost exclusive restriction to
intramolecular transformations,5 a major restraint is that the
substrate generally must be volatile at reduced pressure; poorly
volatile precursors are likely to decompose in the condensed
phase upon heating prior to sublimation.6 In addition, FVP
protocols may be difficult to translate from laboratory (mg or g)
to production (kg or t) scale in a reasonable time frame if the
precursor is of only modest volatility.3

Unrelated to the popularity of preparative gas-phase FVP
techniques throughout the past four decades,1−3 the use of
continuous-flow/microreaction technology for executing
solution-phase organic synthesis has experienced significant
growth in the past few years.7−10 Enhanced heat and mass
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transfer characteristics in the microstructured devices and the
ability to accurately control reaction time by careful adjustment
of residence times within microreactor units are the main
advantages of this enabling technology.8,9 An additional
attractive feature of microreaction technology is the ease with
which reaction conditions can be scaled through the operation
of multiple systems in parallel (numbering-up, scaling-out),
thereby readily achieving production-scale capabilities.9 While
traditionally, most synthetic transformations performed in
microreactors have involved ambient or even low-temperature
conditions in order to safely conduct highly exothermic and fast
processes,8,9 a more recent trend is to execute inherently slow
synthetic transformations at elevated temperature conditions
using sealed/pressurized continuous-flow devices in so-called
high-temperature/high-pressure (high-T/p) process windows.10

Similar to the use of batch microwave technology,11 reaction
times under these conditions can often be reduced from several
hours to a few minutes. Importantly, using appropriate high-T/p
flow instrumentation, many solvent systems can be utilized
in their near- or supercritical (sc) state.10 Supercritical fluids
exhibit several distinct characteristics resulting from drastic
changes in their physicochemical properties compared to
standard conditions,12 and continuous-flow organic synthesis
in a variety of supercritical fluids, including CO2, H2O, and
several organic solvents, has been reported in the literature.12,13

When using organic solvents in their supercritical state under
continuous-flow conditions, improved mass transfer due to
the high diffusivity and improved hydrodynamic properties
due to the very low viscosity of the reaction system can be
expected.13

It can be argued that gas-phase FVP technology and solution-
phase continuous-flow processing under high-T/p conditions are
based on the same principle: the substrate, in gas or solution
phase, respectively, is flowed through a hot reactor zone were the
transformation takes place. Subsequently, the reaction mixture is
cooled and the product or products are isolated. Therefore, it
appeared to us that preparative transformations leading to a stable
product typically performed under FVP conditions can
alternatively be carried out in a continuous-flow reactor in a
high-T/p reaction environment, without some of the restrictions
of the traditional FVP protocol. Specifically, owing to the longer
residence times in the solution-phase protocol, the required
reaction temperatures should be considerably lower compared
with those of the FVP method, reducing possible degradation
phenomena of sensitive functional groups.3 In addition, the
solution-phase method does not require the substrate to be
volatile any more, a major limitation in classical FVP. In the gas-
phase FVP method, the residence time and other key experi-
mental parameters are often difficult to monitor and control,5

whereas the solution-phase microreactor method permits a much
better control of reactor temperature, flow rate, and residence
time, allowing a fine-tuning of reaction selectivity.8,9

Herein, we demonstrate that high-T/p continuous-flow condi-
tions employing near- or supercritical (sc) fluids as reaction
media can mimic the results obtained using more traditional
gas-phase FVP protocols. Several previously studied FVP
transformations involving reactive ketene intermediates were
used as examples to evaluate the efficiency and robustness of this
novel pyrolytic technique, termed flash flow pyrolysis (FFP).
Gratifyingly, operating in a temperature range of 160−350 °C
with residence times of a few seconds or minutes, most target
heterocycles could be obtained in high yields and excellent
purities after a simple workup, often surpassing the results

achievable with FVP or other enabling technologies, such as
microwave chemistry. Differential scanning calorimetry (DSC)
measurements in combination with DFT calculations were
employed to support the mechanistic and kinetic investigations.

■ RESULTS AND DISCUSSION

General Considerations. The continuous-flow chemistry
described in this work was carried out in a commercial high-T/p
microtubular flow unit that can be used for processing
homogeneous reaction mixtures (ThalesNano X-Cube
Flash).14 The reactor uses stainless steel coils (i.d. 1000 μm)
of variable length (4, 8, and 16 mL volume) that can be directly
heated across their full length by electric resistance heating to
temperatures up to 350 °C. The reaction mixture is introduced
to the reactor block containing the steel coils and a heat
exchanger via one (or more) standard HPLC pump. The system
pressure valve sets and stabilizes the set pressure value between
a pressure range of 50 and 180 bar.14 For experiments in a more
moderate temperature range (150 °C), a Uniqsis FlowSyn
reactor was also used in a few instances.
For our initial optimization studies, microwave batch techno-

logy using a high-field density single-mode microwave reactor
(Anton Paar Monowave 300) allowing accurate internal
temperature monitoring was employed (maximum operating
conditions: 300 °C/30 bar).15 Recent work has demonstrated
that FVP reaction conditions can be simulated to some extent
by the rapid heating and high temperatures characteristic of
microwave-assisted processes.16−18 Conversely, batch micro-
wave chemistry has been successfully translated to convention-
ally heated continuous-flow processes under high-T/p con-
ditions (“microwave-to-flow” paradigm).19 In this context, a
significant advantage of flow instrumentation using stainless
steel reactor coils is that typically much harsher reaction
conditions compared with standard microwave instruments
employing sealed Pyrex vials can be employed. Specifically, the
utilization of these flow devices allows the use of higher system
pressures, and thus the application of low-boiling solvents in
their supercritical state.10 Given these premises, the suggested
adaptation of FVP conditions to liquid-phase high-T/p flow
chemistry appeared feasible.
As suitable model reactions for our investigations, we have

selected a number of classical FVP transformations that involve
ketenes as reactive intermediates, which subsequently undergo
either internal trapping via cyclization or dimerization processes.
Ketene derivatives are common intermediates in many FVP
reactions and are typically generated by a clean thermal
decomposition of suitable precursor molecules, including
thermolabile heterocycles, diazoketones (Wolff rearrangement),
or carboxylic acid derivatives.20,21 Specifically, we have chosen
the pyrolysis of benzoyl-Meldrum’s acid 1a, acylamino-
methylene-Meldrum’s acid 2, pyrrole-2,3-dione 3, and methyl
pyrrole-2-carboxylate (4) as model reactions. All transforma-
tions have been previously studied under analytical and
preparative FVP conditions, and the individual reaction
pathways leading to the corresponding stable heterocycles are
generally well-understood. To investigate some of these
transformations in more detail, differential scanning calorimetry
(DSC)22,23 measurements of substrates and products were
performed. In addition, DFT calculations were carried out in
those instances where unusual reactivities were observed in the
pyrolysis processes and to obtain information on the involved
pyrolysis energy barriers.
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Pyrolysis of Acyl Meldrum’s Acid Derivative 1a. The
thermal chemistry of Meldrum’s acid derivatives has been widely
investigated since the 1970s by several research groups.24 At
elevated temperatures, Meldrum’s acid analogues generally lose
CO2 and acetone in a concerted fashion, thereby generating a
ketene intermediate.24 In the case of acyl Meldrum’s acids, the
resulting α-oxoketene intermediate can be trapped by various
reactive functionalities to provide a number of useful products.25

Thus, the reaction with imines26 gives rise to 1,3-oxazine-4-ones,
β-lactams, and 2-pyridones, whereas the addition of alde-
hydes,17,27 nitriles,28 alcohols,29 and amides30 results in
dioxinones, 1,3-oxazin-4-ones, β-ketoesters, and N-acylacetyl-
carboxamides, respectively.
FVP studies on this type of Meldrum’s acid have been mainly

performed using acetyl Meldrum’s acid (1b) as a precursor at
temperatures ranging from 450 to 650 °C (10−5 bar), providing
acetylketene 5b, which has been isolated and characterized by
low-temperature IR spectroscopy (Scheme 1).31 In solution, in

the absence of nucleophilic trapping reagents, the α-oxoketene
intermediate reacts at moderate temperatures with the released
acetone to form 1,3-dioxin-4-one 6b, commonly known as
“acylketene-acetone adduct”, in itself a useful synthetic precursor
for acetylketene.17,32 1,3-Dioxin-4-ones of type 6 are often stable at
temperatures below 100 °C. When the temperature is further
increased, the α-oxoketene [4 + 2] dimers 7 are formed in good
yields and, even in the presence of nucleophiles, dimers 7 are often
byproducts observed in reactions involving α-oxoketenes.17,25,32,33

For our studies on the high-T/p flow pyrolysis of acyl
Meldrum’s acid derivatives, we have selected the benzoyl
derivative 1a. As an initial screening method to determine the
required decomposition temperature, we have performed several
DSC measurements (Figure 1).23 As can be seen from the DSC
analysis, acyl Meldrum’s acid 1a melts at 105 °C, immediately
followed by substrate decomposition (in agreement with
literature data).26a At ca. 150 °C, a further decomposition
event is seen, which, by comparison with the DSC data of pure
6a, can be readily assigned to the decomposition of the initially
formed 1,3-dioxin-4-one intermediate 6a. The ultimate product

of the neat decomposition of both 1a and 6a is α-oxoketene
dimer 7a, which is stable until 250 °C (mp 172−173 °C).
Of particular interest to us was to demonstrate that, using a

liquid-phase high-T/p continuous-flow method with an exact
residence time control, the thermal decomposition of benzoyl
Meldrum’s acid (1a) could be tuned to provide either the
1,3-dioxin-4-one intermediate 6a or the oxoketene dimer 7a.
Taking the onset decomposition temperatures measured by
DSC for 1a (105 °C) and 6a (∼150 °C) as a reference, initial
optimization experiments were performed using sealed-vessel
microwave batch technology in 1,2-dimethoxyethane (DME).
Having the optimized conditions in hand (see Tables S1 and S2
in the Supporting Information), the reactions were then
translated to a high-T/p continuous-flow protocol. When a
temperature of 100 °C (90 bar set pressure) was chosen, the
decomposition of benzoyl Meldrum’s acid 1a (0.25 M in DME)
required 2 min for completion (full consumption of starting
material), providing a selectivity for the 1,3-dioxin-4-one 6a
of close to 90% (Table 1). When dimer 7a is the preferred

product, the reaction proceeds to completion in 1 min at 200 °C
(90 bar set pressure), with a very good selectivity of ∼98%.
Although full conversion was always obtained, small amounts
(∼5%) of unidentified byproducts were observed in most cases.
To demonstrate the reversible character of the formation
of 6a from benzoylketene (5a)34 and acetone, the pure isolated
α-oxoketene−acetone adduct 6a was also subjected to pyrolysis
at the same conditions (Table 1). As expected, analogous results
were obtained for both conversion and selectivity.

Scheme 1

Figure 1. Differential scanning calorimetry (DSC) data of substrate 1a,
intermediate 6a, and final product 7a (Scheme 1).

Table 1. Selectivity in the Pyrolysis of 1a and 6a under
Microwave Batch and Continuous-Flow Conditions

substrate
temperature

(°C)/time (min)
HPLC yielda

(%) 6ab
HPLC yielda

(%) 7ab
isolated

yieldb,c (%)

1a 100/2 89/88 5/4 6a (67/65)
1a 200/1 98/95 7a (82/80)
6a 200/1 97/93 7a (77/78)

aPeak area integration at 215 nm, corrected for relative response
factors. bMicrowave batch/continuous flow. cAfter column chroma-
tography.
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It should be emphasized that the excellent selectivity seen in
the generation of 1,3-dioxin-4-one intermediate 6a can be
ascribed to the exquisite control over the reaction time and
temperature attainable in dedicated microwave batch and
continuous-flow reactors. In particular, the very efficient
heating and cooling in both reactor systems allows these high
levels of selectivity to be obtained.
On the basis of the observations made above, it can be

presumed that the formation of 1,3-dioxin-4-one 6a from
benzoylketene (5a) and acetone is a fast equilibrium process,
whereas the α-oxoketene dimerization would be slower and
irreversible (Scheme 1). This hypothesis was supported by a
dissection of the reaction energetics through DFT calculations.
Thus, the transition states for the formation of 6a and 7a from
benzoylketene (5a) were calculated at the M06-2X/6-311G-
(d,p) level35 using the Gaussian 09 package.36 Solvent effects
were included through the SMD method.37,38 Figure 2 depicts

the energy profile for the two competitive processes, using as
reference the free energy of acetone and the ketene (5a)
generated in the pyrolysis. As expected, the formation of 1,3-
dioxin-4-one 6a exhibits a lower barrier, and the relative free
energy of the benzoylketene−acetone cycloadduct 6a is lower
than that of the benzoylketene intermediate by 9.0 kcal mol−1,
thus explaining why 6a is rather stable at room temperature,
and heat needs to be applied to generate the benzoyl ketene

(5a). The formation of the benzoylketene dimer 7a has a
higher energy barrier, of +21.5 kcal mol−1, which is, however,
not enough to induce complete selectivity (ΔΔG⧧ ∼ 3 kcal mol−1).
This explains why, in all experimental studies, small amounts
of the benzoylketene dimer7a were observed, even at a
moderate temperature of 100 °C. Moreover, the dimeriza-
tion can be considered as an irreversible process, because
16.3 kcal mol−1 is released during the transformation (Figure 2).
Figure 3 shows the optimized geometry of the transition states
leading to the benzoylketene−acetone adduct 6a and the
benzoylketenedimer 7a.
In case of competitive reaction pathways showing these

differences in activation energy, the most common way for
tuning the selectivity is the control of temperature, as described
above. However, as an alternative, the reaction (residence) time
can be varied at a given temperature. To accomplish this goal
experimentally, a rapid heating and cooling of the reaction
mixture is required, thus ensuring accurate reaction times.
Gratifyingly, both (small scale) microwave batch technology and
continuous-flow microreactors provide the efficient heat transfer
necessary for this purpose. A close inspection of the DSC data
(Figure 1) reveals that, if the reaction would be performed at a
temperature of ∼150 °C, the formation of 6a should be a very
fast process, while dimer 7a would be formed more slowly.
Choosing 150 °C as set reaction temperature for the
decomposition of benzoyl Meldrum’s acid (1a) in DME, a
series of experiments were performed where only the reaction/
residence times (batch/flow) were varied (Figure 4). In all cases,
full conversion of the substrate 1a was observed. As expected,
for short reaction times, the selectivity for the benzoylketene−
acetone adduct (6a) was high, while as the reaction time
increased, dimer 7a was the favored product. It has to be
emphasized that, for very short reaction times, the selectivities
were somewhat higher in the flow reactor compared to the
microwave batch experiment (85% versus 80% at 10 s). This can
be rationalized by a better command over the exact residence
time in the heated zone of the flow reactor compared to the
achievable control over the reaction time in a microwave batch
experiment, which typically involves significant heating (ramp)
and cooling times not experienced in microreactors.39 Under
extreme conditions, complete conversion of the starting material
1a at 150 °C in flow was observed after a residence time of only
7 s (corresponding to a flow rate of 20 mL/min and a reactor
volume of 2.5 mL), providing a selectivity close to 90% for 6a.40

Pyrolysis of Acylaminomethylene Meldrum’s Acid
Derivative 2. Aminomethylene Meldrum’s acids of type 2
have been used as substrates for the preparation of 2-sub-
stituted-1,3-oxazin-6-ones 9 by either FVP at 500−550 °C41

or static thermolysis either in decaline solution or neat at

Figure 2. Relative free energy (kcal mol−1) for the intermediates,
transition structures, and products formed during the pyrolysis of the
Meldrum's acid derivative 1a.

Figure 3. Optimized geometries for the transition states leading to adducts 6a and 7a (Figure 2).
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165−185 °C.42 The postulated mechanistic pathway for this
transformation is shown in Scheme 2.41,43 Pyrolysis of

Meldrum’s acid 2 releases acetone and CO2 with concomitant
formation of a methyleneketene, which, upon H-transfer, leads
to an N-acylimidoylketene of type 8 that subsequently
undergoes electrocyclization to the 1,3-oxazin-6-one 9 in the
final step.43

DSC analysis of model substrate N-benzoylaminomethylene
Meldrum’s acid 2 again provided useful data about the expected
decomposition temperature and product stability (Figure S1 in
the Supporting Information). Since the decomposition of 2 was
observed at ∼240 °C (with 1,3-oxazin-6-one 9 being stable up
to a temperature of ∼290 °C), this temperature region was
used as a reference point for our initial optimization studies.
The most significant results for the pyrolysis of Meldrum’s

acid derivative 2 in toluene (0.25 M) under both microwave
batch and continuous-flow conditions are summarized in
Table 2. In all cases, the data correspond to the reaction or

residence times necessary to obtain full conversion at a given
temperature. When the experiments were performed under
microwave conditions at 250 °C, the reaction proceeded to
completion within 2 min (see Table 3 in the Supporting
Information). A further increase of the reaction temperature

was not possible due to the high autogenic pressure generated
by the solvent (>30 bar) at these temperatures, exceeding the
maximum pressure limit of the microwave instrument. Pyrolysis
in flow conditions reproduced the microwave batch results,
leading to very similar conversions and isolated product yields
when identical temperature/time profiles were employed. The
significantly wider operational limit of the flow instrument
allowed us to perform the pyrolysis also at higher temperatures
(Table 2). Thus, an increase of the temperature in the reactor
zone to 270 °C resulted in a very rapid pyrolysis reaction,
with a residence time of only 30 s at a flow rate of 8 mL/min
(reactor volume 4 mL).
It is worth to point out the significant difference in reactivity

between Meldrum’s acid derivatives 1a and 2. To achieve fast
thermolysis of the substrates, temperatures of approximately
160 and 270 °C are required for 1 and 2, respectively, which
accounts for the higher stability of the acylaminomethylene
Meldrum’s acid derivative 2. M06-2X/6-311G(d,p) calculations
of the energy barriers revealed equivalent mechanisms for the
pyrolyses of 1 and 2, which both consist of a concerted extrusion
of CO2 and acetone from the substrate. At this level of theory,
the barriers for the pyrolyses are 35.2 and 40.9 kcal mol−1 for 1
and 2, respectively. An estimation of the rate constants through
the Eyring equation shows that longer reaction times, even
hours, or, alternatively, higher temperatures should be required
for completion with such barriers. The energy barriers at this
level appear to be overestimated by approximately 5−6 kcal mol−1,
but, however, are sufficient to qualitatively explain the greater
stability of 2, with an energy barrier for the decomposi-
tion ∼5 kcal mol−1 higher with respect to 1a. Figure 5 shows
the optimized geometries for both transition states.

Pyrolysis of Pyrrole-2,3-dione 3. The thermal decom-
position of 1-phenyl-2,3-dihydropyrrole-2,3-diones via FVP or
solution-phase thermolysis generates highly reactive imidoylke-
tenes that subsequently cyclize to 4-quinolones (Scheme 3).44

Specifically, the formation of quinolone 11 from pyrroledione 3
has been described using either FVP at 700 °C/10−4 mbar44a or
diphenylether as solvent at 280 °C (10 min).16 In general, the
FVP of pyrroledione precursors (cheletropic extrusion of CO)
requires significantly higher temperatures compared with the
thermolysis of the corresponding Meldrum’s acid derivatives
(concerted extrusion of CO2 and acetone) to generate the cor-
responding imidoylketenes.44 For example, whereas the pyrolysis
of pyrroledione 3 is carried out at 700 °C,44a Meldrum’s acid 2
only requires 500−550 °C to be fully thermolyzed in the gas

Figure 4. Selectivity in the pyrolysis of benzoyl Meldrum’s acid (1a) at a 150 °C temperature as a function of (a) reaction time (microwave) and (b)
residence time (flow).

Scheme 2

Table 2. Isolated Product Yields of 1,3-Oxazin-6-one 9 in the
Pyrolysis of 2 in Toluene under Microwave Batch and
Continuous-Flow Conditions (Scheme 2)

heating mode temperature (°C) time (min) yield (%)a

MW 240 5 88
MW 250 2 90
flow 250 2 87
flow 260 1 85
flow 270 0.5 88

aThe HPLC conversion in all cases was >99%.
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phase.41 This difference is also reflected in the required solution
phase41,43and neat45 thermolysis experiments, the latter revealing
a CO extrusion at temperatures above 300 °C.
In an attempt to translate the gas-phase FVP of pyrroledione

3 to a corresponding liquid-phase high-T/p flow protocol, we
initially screened a variety of solvents under microwave batch con-
ditions, keeping the general requirement for reaction homoge-
neity in continuous-flow chemistry in mind.8,9 At a 300 °C
reaction temperature, full conversion was achieved within 20 min
in a number of solvents, including toluene, chlorobenzene, and
anisole (see Table S4 in the Supporting Information). This
relatively long solution-phase reaction time at 300 °C is in agree-
ment with the visually observed neat thermolysis temperature.45

Operating at these temperatures in a microwave batch reactor
with a pressure limit of 30 bar severely restricted the solvent
selection, essentially excluding solvents with boiling points lower
than 100 °C. When the flow reactor with a pressure limit of
180 bar is used, this limitation does not exist.14,39,46 We have,
therefore, selected acetonitrile as the solvent for the high-T/p
liquid-phase pyrolysis of pyrroledione 3, which solubilizes both
the starting material and the product very well. The flow pyrolysis
of pyrroledione 3 in acetonitrile (0.1 M) was performed in a
temperature range of 310−340 °C (130 bar set pressure) (see
Figure S2 in the Supporting Information). It should be
emphasized that, at these operating conditions, acetonitrile
becomes a supercritical fluid (Tc, 272 °C; Pc, 48.7 bar) exhibiting
very low viscosity and high diffusivity.12,13 The flow pyrolysis of
pyrroledione 3 in scMeCN at 340 °C was remarkably clean and
proceeded without any byproducts in a residence time of only
15 s (16 mL min−1 flow rate; reactor volume, 4 mL).47 Since no
side reactions occurred (see Figure S3 in the Supporting
Information for an HPLC trace), workup simply consisted of
evaporation of the solvent under reduced pressure, providing

quinolone 11 in quantitative yield. Continuous pyrolysis of the
liquid stream for 1 h would thus lead to 23 g of product, a
considerably higher productivity and space−time yield than that
achievable through a classical FVP approach limited by substrate
volatility.
Mechanistically, when pyrroledione 3 is heated, it releases a

CO molecule in a cheletropic 4 + 1 cycloreversion with an
energy barrier of +45.2 kcal mol−1, leading to imidoylketene 10
(Figures 6 and 7). Subsequent ring closure occurs through

nucleophilic attack of the electron-rich aromatic ring onto the
ketene carbon. Interestingly, this electrophilic aromatic sub-
stitution takes place through a barrier of only 17.2 kcal mol−1

with respect to the intermediate 10, 38.6 kcal mol−1 with
respect to the starting material (3). Thus, the key step in the
overall process obviously is the formation of imidoylketene 10
from the pyrolysis of the pyrroledione 3, followed by an efficient
generation of the quinolone moiety (11). The significant
theoretical barrier for the process (+45.6 kcal mol−1) explains
the drastic conditions (>300 °C) necessary for carrying out this
reaction in solution phase. Similar calculations on the cyclization
of imidoylketenes have been previously reported at the B3LYP/
6-31G(d) level of theory, also revealing low energy barriers for
the electrocyclization process leading to the quinolone moiety.48

Pyrolysis of Methyl Pyrrole-2-carboxylate (4). To
further benchmark our liquid-phase flow pyrolysis approach,
we subsequently evaluated a more difficult transformation: the
pyrolysis of methyl pyrrole-2-carboylate (4). This reaction is

Figure 5. Optimized geometries (M06-2X/6-311G(d,p) level) for the
transition states corresponding to the thermolysis of the Meldrum’s
acid derivatives 1a (left) and 2 (right).

Scheme 3

Figure 6. Relative free energy (kcal mol−1) of the stationary points
involved in the formation of quinolone 11 from the pyrolysis of 3
calculated at the M06-2X/6-311G(d,p) level.

Figure 7. Optimized transition structures for the formation of 10 and
12 (Figure 6).
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known to initially generate the five-membered ring ketene
(azafulvenone) intermediate 13, which subsequently dimerizes
to 2,5-diketopiperazine 14 (pyrocoll) (Scheme 4).49 Under FVP

conditions, this elimination of MeOH requires 700−850 °C to
obtain 14 in 90% yield (the remainder being starting material).49

If the reaction is performed at lower temperatures, the conver-
sion decreases dramatically (FVP at 750 °C furnished only 62%
of 14).49 Solution-phase thermolysis protocols of pyrrole-2-
carboylic acid or its esters to provide 2,5-diketopiperazine 14
have not been described in the literature,50 and our own
experiments heating pyrrole-2-carboylic acid or its methyl ester
(4) in DMF at 220 °C for 30 min did not provide any isolable
quantities of pyrocoll (14).
Similar to the pyrroledione pyrolysis described above, we

have chosen scMeCN as a reaction environment for the flow
pyrolysis of pyrrole-2-carboylate 4. At temperatures ranging
from 320 to 350 °C (130 bar), complete consumption of the
starting material with concomitant formation of pyrocoll (14)
was achieved within residence times of 5−7 min. It should be
noted that the formation of pyrocoll (14) by thermolysis of a
pyrrole-2-carboylate in the absence of any catalyst or reagent
has so far only been reported by FVP conditions at high
temperatures (700−850 °C). This, in a way, highlights the
similarity of liquid-phase continuous-flow chemistry under
high-T/p conditions and the FVP approach.
On the other hand, we have found that the liquid-phase

method led to the formation of significant amounts of pyrrole
(16) as a byproduct, apparently not seen in the gas-phase FVP
procedure.49 In the flash flow pyrolysis, the pyrrole/pyrocoll
(16/14) ratio was affected by the concentration of the reaction
mixture. Thus, whereas a 0.05 M solution of pyrrole-2-
carboxylate 4 when pyrolyzed at 330 °C for 5 min favored the
formation of pyrrole (71:29 16/14 HPLC ratio), a more
concentrated solution (0.1 M) processed under otherwise
identical conditions produced more pyrocoll (46:54 16/14
HPLC ratio). The selectivity for pyrocoll (14) was ultimately
optimized to 59%, pyrolyzing a 0.2 M solution of pyrrole-2-
carboylate 4 at 330 °C (7 min), providing a 55% isolated yield of
pyrocoll (14). The formation of pyrrole (16) can be rationalized
through the decarboxylation of the ester substrate 4. This
unusual and surprising ester decarboxylation is likely to follow
a Krapcho decarboxylation-type mechanism,51 in which the
methanol released during the initial elimination step (4 → 16 +
MeOH) plays the role of the nucleophile (Scheme 5). Thus, the

OH group in methanol attacks the methyl ester in 4, leading to
dimethylether and pyrrole-2-carboxylic acid (15), which readily

releases CO2 at the operating temperatures. With the purpose of
demonstrating the key role of methanol for this proposed
mechanism, the pyrolysis reaction was additionally carried out
using a 1 M solution of methanol in acetonitrile as solvent. In
the presence of the methanol additive, the ratio of pyrrole/
pyrocoll increased to ∼2:1, and interestingly, half of the starting
material 4 (51%) remained unchanged. This low conversion
can be accounted for by an equilibrium between the methyl
pyrrole-2-carboxylate (4) and the resulting pyrolyzate (azafulve-
none 13 + MeOH), which favors the starting material when
methanol is added to the reaction mixture.
The formation of the azafulvenone intermediate 13 and the

unexpected ester decarboxylation leading to pyrrole (16) are,
therefore, competing pathways under the reaction conditions.
To shed light into the reactivity, calculations of the energy
barriers for the competing mechanisms were performed at the
M06-2X/6-311G(d,p) level, including the solvent effect
(acetonitrile, SMD method) (Figure 8). The release of

methanol from the starting material (4) implies an initial
transfer of the relatively acidic nitrogen proton from the pyrrole
moiety to the carbonyl group and the subsequent cleavage of the
C−O bond. The overall energy barrier for the process is more
than 72 kcal mol−1, very high in comparison with the previously
calculated barriers for the degradation of the Meldrum’s acid
derivatives (1a and 2) and the pyrrole-2,3-dione 3. This explains
that, even at 330−350 °C, the transformation requires several
minutes for completion. The methanol molecule released during
the formation of the azafulvenone intermediate 13 can then
react with ester 4 through the above-mentioned Krapcho decar-
boxylation mechanism. In a first step, the nucleophilic methanol
attacks the methyl ester, giving rise to pyrrole-2-carboxylic acid
(15) and dimethyl ether. This process takes place through an
energy barrier of 49.3 kcal mol−1 (Figure 8), very low in
comparison with the formation of the ketene. The pyrrole-2-
carboxylic acid then undergoes decarboxylation with release
of CO2. The corresponding energy barrier, 55.2 kcal mol−1, is
higher than that for the previous nucleophilic substitution, but
still much lower than that required for pyrolysis. These
energetics explain the high amounts of pyrrole detected in the
pyrolyzate after the flow reaction. Because the formation of

Scheme 4

Scheme 5

Figure 8. Energy profile (kcal mol−1) (M06-2X/6-311G(d,p) level)
for the competitive processes involved in the pyrolysis of methyl
pyrrole-2-carboylate (4).
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pyrrole is faster, the methanol molecules released during the
pyrolysis rapidly react with the remaining substrate 4 in solution,
leading to pyrrole (16). Under gas-phase FVP conditions, the
possibility for the intermolecular pathway 4 + MeOH → 16 +
Me2O is severely restricted, which highlights one of the main
advantages of the FVP technique compared to classical
thermolysis protocols in solution.1−3,5

Pyrolysis of Azulene to Naphthalene. As a final example,
we have attempted the azulene-to-naphthalene rearrangement
(Scheme 6),52 which, although preparatively useless, has been

studied extensively from the mechanistic point of view, both
experimentally53 and theoretically.54−56 Under gas-phase FVP
conditions, the thermal isomerization requires temperatures of
∼1100 °C to achieve good conversions,53d while static pyrolysis
at 330 °C takes 48 h to reach completion.52,57 In our
experiments, using high-T/p continuous-flow conditions, a
solution of azulene (17) (0.1 M) was processed at 350 °C in
scMeCN for several min (5−10 residence time). Disappoint-
ingly, not even trace amounts of naphthalene (18) were
detected in the reaction mixture by GC analysis. Although a full
optimization using different solvents was not performed, it is
clear that a liquid-phase approach involving a solvent will be
extremely challenging since the decomposition of the solvent at
higher temperatures (400−500 °C) must clearly be taken into
account.
The energy barrier for this rearrangement must, therefore, be

considerably higher compared with that of the other pyrolysis
reactions discussed herein (see above). The most plausible
mechanisms for the azulene-to-naphthalene rearrangement have
been suggested to be the “spiran pathway” or the “methylene
walk”.55 Our theoretical calculations at the M06-2X/6-311G-
(d,p) level for the corresponding key transition states reveal
energy barriers above 100 kcal mol−1 for both mechanistic pro-
posals, in either gas phase or acetonitrile solution (see Table S5
in the Supporting Information), thus explaining the more than
drastic conditions necessary to perform the rearrangement.

■ CONCLUSIONS

In summary, we have demonstrated that liquid-phase
continuous-flow processing in a high-temperature/high-pressure
(high-T/p) regime is a useful synthetic method to perform
pyrolysis reactions that are typically carried out using flash
vacuum pyrolysis (FVP) protocols. Although it appears counter-
intuitive that chemistry that is performed under high vacuum

(10−3 mbar) in the gas phase can be mimicked by a high-pressure
(>100 bar) liquid-phase method, the results presented herein
demonstrate that similar results can be obtained for most cases
using flash flow pryrolysis (FFP) and FVP. This is particularly
true for those instances where stable products derived from
intramolecular reaction pathways are formed. However, as the
examples discussed herein demonstrate, also in the case of
dimerization reactions, the liquid-phase results are generally
comparable to the outcome of FVP experiments.
The main advantage of the liquid-phase high-T/p continuous-

flow protocol is the significantly better control over the residence
time in the heated zone, often allowing the fine-tuning of
selectivity to a level not possible under FVP conditions. In
addition, liquid-phase flow protocols can be readily scaled to
production volumes, something that is not easily achieved in
preparative FVP, in particular, for nonvolatile starting materials.
Clearly, one of the main characteristics of the low-pressure gas-
phase FVP method is the avoidance of intermolecular secondary
reactions in the heated zone. This feature is difficult to duplicate
in liquid phase, and it has to be noted that the solvents and
reactor materials used for these microreactor transformations
must generally be inert and anhydrous, at least for the examples
studied herein, where reactive species (i.e., ketenes) are
generated as transient intermediates, or the substrates themselves
are sensitive to moisture. We have also shown that, in some
extreme cases, the maximum reaction temperatures attainable
in standard liquid-phase flow reactors (350 °C) are not high
enough to induce a pyrolysis reaction. For those cases, FVP
remains the method of choice.
Throughout our investigations, we have heavily relied on DFT

calculations at the M06-2X level as a valuable tool for explaining
and/or predicting the energetic requirements and the plausibility
for a specific pyrolytic process or observed selectivity. Although,
at this level of theory, the energy barriers appear to be
overestimated, a comparison between the individual processes
allows a qualitative estimation of the energetic requirements and,
therefore, a rough guide for reaction temperatures to be used in
FVP and liquid-phase FFP protocols (Table 3). As the contact
(residence) times in FVP are extremely short and thermal
excitation of the molecules occurs mainly by molecule−wall
collisions, the required reaction temperatures (furnace temper-
ature) are significantly higher compared to the liquid-phase
approach (molecule−molecule collisions). Estimation of the rate
constants through the Eyring equation allows a rough assessment
of the theoretical completion times for the pyrolyses. As
described above, in the case of the Meldrum’s acid derivatives,
the barrier seems to be overestimated by 5−6 kcal/mol, thus
leading to higher theoretical completion times than encountered
experimentally. For the pyrroledione 3, the barrier is over-
estimated by ca. 4 kcal mol−1, and the predicted completion time
is several minutes instead of a few seconds. However, although
the theoretical level employed cannot quantitatively predict

Scheme 6

Table 3. Theoretical Energy Barriers (M06-2X/6-311G(d,p) Level) for the Pyrolyses of the Different Substrates and
Experimental Conditions Required for Liquid-Phase (FFP) and FVP Pyrolysis

substrate calculated energy barrier (kcal mol−1) reaction temp (°C) (FVP) reaction conditions liquid phase

Meldrum’s acid 1b ∼35 ∼400a 160 °C, 10 s
Meldrum’s acid 2 ∼40 ∼550b 270 °C, 15−30 s
pyrroledione 3 ∼50 ∼700c 340 °C, 15−30 s
pyrrole-2-carboxylate 4 ∼70 ∼850d 330−350 °C, 5−10 min
azulene 17 ∼100 1000−1100e

aReference 31a. bReference 41b. cReference 44a. dReference 49. eReference 53d.
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accurate barriers or reaction times, is a valuable tool to
qualitatively assess feasibility of these pyrolytic processes.

■ EXPERIMENTAL SECTION
Computational Details. All of the calculations reported in this

work were carried out using the Gaussian 09 package.36 The M06-2X35

density-functional method in conjunction with the 6-311G(d,p) basis
set was selected for all the geometry optimizations and frequency
analysis. For reactions in solution phase, the geometries were
optimized including solvation effects. For this purpose, the SMD
solvation method was employed. Frequency calculations at 298.15 K
on all the stationary points were carried out at the same level of theory
as the geometry optimizations to ascertain the nature of the stationary
points. Ground and transition states were characterized by none and
one imaginary frequency, respectively. Additionally, intrinsic reaction
coordinate (IRC) calculations were carried out on some transition
states to ensure that they connect the corresponding intermediates. All
of the presented relative energies are free energies at 298.15 K with
respect to the reactants, unless otherwise stated.
General Remarks. 1H NMR spectra were recorded on a 300 MHz

instrument. 13C NMR spectra were recorded on the same instrument
at 75 MHz. Chemical shifts (δ) are expressed in parts per million
downfield from TMS as an internal standard. The letters s, d, t, q, and
m are used to indicate singlet, doublet, triplet, quadruplet, and
multiplet, respectively. Analytical HPLC analysis was carried out on a
C18 reversed-phase (RP) analytical column (150 × 4.6 mm; particle
size, 5 mm) at 25 °C using a mobile phase A (water/acetonitrile 90:10
(v/v) + 0.1% TFA) and B (MeCN + 0.1% TFA) at a flow rate of
1.5 mL min−1. The following gradient was applied: linear increase from
solution 30% B to 50% B in 8 min, linear increase from solution 50% B
to 100% B in 5 min, and hold at 100% solution B for 3 min. HPLC
yields were determined by peak area integration (at 215 nm) corrected
for relative response factors measured from standard solutions of the
pure compounds. HPLC samples were prepared by dilution of 50 μL
of the reaction mixture in 2 mL of acetonitrile. Melting points were
determined on a standard melting point apparatus in open capillaries.
The purity of all synthesized compounds (>98%) was established by
either HPLC at 215 nm and/or 1H NMR spectroscopy. All anhydrous
solvents (stored over molecular sieves) and chemicals were obtained
from standard commercial vendors and were used without any further
purification. Substrates 1a,26a 2,41b and 358 were prepared according to
the described procedures.
Differential Scanning Calorimetry. Differential scanning calo-

rimetry data were obtained on a PerkinElmer Pyris I instrument with
the Pyris DSC Software v 8.0.1.0196. The DSC plots were recorded
between 50 and 400 °C, with a heating rate of 10 °C min−1, using
1−2 mg of substrate contained in sealed aluminum crucibles (12 bar
max pressure).
General Experimental Procedure for Batch Microwave

Processing. Microwave heating experiments were carried out in a
Monowave 300 (Anton Paar GmbH, Graz, Austria) in sealed Pyrex
microwave process vials using standard procedures.15 Reaction times
refer to hold times at the set maximum temperature indicated, not to
total irradiation times. The temperature was measured using an
internal fiber-optic temperature sensor. When the desired hold time
was reached, the vial was cooled to 50 °C using compressed air. HPLC
yields were determined by peak area integration (at 215 nm) corrected
for relative response factors. Details for individual isolation procedures
are collected in the Supporting Information.
General Experimental Procedure for Flow Processing. Flow

experiments were performed using an X-Cube Flash instrument
(ThalesNano Inc., Budapest, Hungary) equipped with a 4 mL stainless
steel coil. The reaction parameters (temperature, flow rate, and
pressure) were selected on the flow reactor, and the processing was
started, whereby only pure solvent was pumped through the system
until the instrument had achieved the desired reaction parameters and
stable processing was assured. The inlet tube was then switched to the
vial containing a freshly prepared solution of the corresponding

substrate. A more detailed general description using this instrument
has been published previously.14

2,2-Dimethyl-6-phenyl-1,3-dioxin-4-one (6a) (Scheme 1). 5-
Benzoyl-2,2-dimethyl-1,3-dioxane-4,6-dione (1a) (124.1 mg, 0.5 mmol)
was dissolved in dry DME (2 mL) under an argon atmosphere and
subjected to pyrolysis under continuous-flow conditions (100 °C, 2 min
residence time, 2 mL min−1 flow rate in a 4 mL stainless steel coil). The
collected reaction mixture was evaporated under vacuum, and the crude
mixture was purified by silica gel flash chromatography (hexane/ethyl
acetate, gradient elution from 3:1 to 1:3) to obtain product 6a (67 mg,
65%) as a colorless solid: mp 62−63 °C (lit.59 mp 62−63 °C); 1H
NMR (CDCl3) δ 7.72 (d, J = 8.14 Hz, 2H), 7.44−7.54 (m, 3H), 5.91
(s, 1H), 1.82 (s, 6H).

3-Benzoyl-6-phenyl-pyran-2,4-dione (7a) (Scheme 1). 5-
Benzoyl-2,2-dimethyl-1,3-dioxane-4,6-dione (1a) (124.1 mg, 0.5 mmol)
was dissolved in dry DME (2 mL) under an argon atmosphere and
subjected to pyrolysis under continuous-flow conditions (200 °C, 1 min
residence time, 4 mL min−1 flow rate in a 4 mL stainless steel coil). The
collected reaction mixture was evaporated under vacuum, and the crude
mixture was purified by silica gel flash chromatography (hexane/ethyl
acetate, gradient elution from 3:1 to 1:3) to provide product 7a (58 mg,
80%) as a yellowish solid: mp 172−173 °C (lit.60 mp 169−170 °C);
1H NMR (CDCl3) δ 15.97 (s, 1H), 7.93 (d, J = 7.7 Hz, 1H), 7.71 (d, J =
7.9 Hz, 1H), 7.45−7.59 (m, 6H), 6.68 (s, 3H).

2-Phenyl-6H-1,3-oxazin-6-one (9) (Scheme 2). 5-N-
(Benzamido)methylene-2,2-dimethyl-1,3-dioxane-4,6-dione (2)
(137.6 mg, 0.5 mmol) was dissolved in dry toluene (2 mL) under
an argon atmosphere and subjected to pyrolysis under continuous-flow
conditions (270 °C, 30 s residence time, 8 mL min−1 flow rate in a 4
mL stainless steel coil). The collected reaction mixture was evaporated
under vacuum, and the crude product was crystallized from hexane/
toluene to provide oxazine 9 (76 mg, 88%) as a colorless solid: mp
82−83 °C (lit.41b mp 83−85 °C); 1H NMR (DMSO-d6) δ 8.12 (d, J =
7.9 Hz, 2H), 8.00 (d, J = 6.8 Hz, 1H), 7.69 (t, J = 7.4 Hz, 1H), 7.59
(t, J = 7.8 Hz, 2H), 6.42 (d, J = 6.8 Hz, 1H).

3-Methyl-2-phenylquinolin-4(1H)-one (11) (Scheme 3). A
solution of pyrroledione 3 (52.6 mg, 0.2 mmol) in acetonitrile (2 mL)
was pumped through the flow reactor (340 °C, 15 s residence time,
16 mL min−1 flow rate in a 4 mL stainless steel coil). The collected
reaction mixture was evaporated under vacuum to provide quinolone
11 (47 mg, 99%) as colorless crystals: mp 284−285 (lit.16 mp 283−
285 °C); 1H NMR (DMSO-d6) δ 11.61 (s, 1H), 8.13 (d, J = 8.04 Hz,
1H), 7.58 (m, 6H), 7.30 (m, 1H), 1.89 (s, 3H).

Dipyrrolo[1,2-a:1',2'-d]pyrazine-5,10-dione (14) (Scheme 4).
Methyl pyrrole-2-carboxylate (4) (25 mg, 0.2 mmol) was dissolved in
acetonitrile (2 mL) and subjected to pyrolysis under continuous-flow
conditions (330 °C, 7 min residence time, 0.6 mL min−1 flow rate in a
4 mL stainless steel coil). The collected reaction mixture was evaporated
under vacuum. The resulting crystals were collected by filtration and
washed with cold acetonitrile to provide 11 mg (55%) of product 14
as a yellow solid: mp 273−274 °C (lit.49 mp 272−273 °C); 1H NMR
(CD3Cl) δ 7.77 (dd, J = 3.00 Hz, J = 1.49 Hz, 1H), 7.40 (dd, J = 3.60
Hz, J = 1.42 Hz, 1H), 6.50 (t, J = 3.39 Hz, 1H).
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