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Microwave chemistry

High-temperature organic synthesis can be performed under
continuous-flow conditions in a stainless steel microtubular
flow reactor capable of achieving temperatures of 350 °C and
200 bar. Under these extreme experimental environments
transformations normally performed in a high-boiling solvent
at reflux temperature — or under sealed-vessel microwave

conditions — can be readily converted to a flow regime by
using lower boiling solvents in or near their supercritical
state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

The use of microreactors has opened up new horizons
for synthetic organic chemistry!’-?) and the chemical manu-
facturing industry.’] Microreaction technology is generally
defined as the continuous-flow processing of reactions
within structured channels of less than 1000 pm diameter.
Because of the high surface/volume ratio in microchannels
of this type, heat transfer is very efficient and reaction tem-
peratures in microreactors can be changed efficiently by ap-
plication or removal of heat.I'? Traditionally, most syn-
thetic transformations performed in microreactors have in-
volved ambient or even low-temperature conditions in or-
der to safely conduct highly exothermic reactions.!'~* More
recently, processes at elevated-temperature conditions in
sealed microreaction devicesP! (and related continuous-flow
reactorsl®8l) have been reported, although the number of
publications describing synthetically valuable transforma-
tions in a genuine high-temperature and high-pressure
(>200 °C/>50 bar) flow regime is rather limited, with most
applications focusing on the generation of high-temperature
or supercritical water (scH,0).[%1%

High-temperature processing offers many distinct advan-
tages as demonstrated by the recent success of microwave-
assisted organic synthesis.''! In microwave chemistry, reac-
tion times can often be reduced from hours to minutes by
efficient and rapid direct dielectric heating of the reaction
mixture in a sealed vessel to temperatures far above the
boiling point of the solvent under atmospheric condi-
tions.['"] Because of the comparatively low pressure limit of
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most commercially available microwave reactors (ca
20 bar),['?l genuine high-temperature/pressure processing is
generally not possible. This precludes the possibility to
work with and exploit the unique reactivity of solvents in
their near- or super-critical state.l'3 In addition, microwave
chemistry is difficult so scale due to the limited penetration
depth of microwave irradiation into absorbing media.['¥]
Therefore, translating high-temperature microwave chemis-
try to scalable continuous-flow processes is becoming in-
creasingly important. Herein we describe the use of a stain-
less steel microreactor capable of operating at temperatures
up to 350 °C and pressures of up to 200 bar for performing
organic synthesis. We demonstrate that high-speed micro-
wave chemistry can be performed with equal efficiency in a
conventionally heated flow system where the rapid heating
and high-temperature conditions achieved in a microwave
reactor can be adequately mimicked.

The microreactor system used for our studies is a high-
temperature/high-pressure microtubular flow unit that can
be used for processing homogeneous reaction mixtures
(Figure 1).'31 The reactor uses stainless steel coils (i.d.
1000 pm) 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 reac-
tion mixture is introduced to the reactor block containing
the steel coils and a heat exchanger through one (or more)
standard HPLC pumps (flow rate: 0.01-10.0 mLmin ).
The system pressure valve sets and stabilizes the set pressure
value in a pressure range of 50-200 bars. The temperature
is measured/controlled on the outside of the coil at three
positions with the aid of thermocouples and reflects the re-
action temperature inside the coil.[®]

Our initial experiments involved the Diels—Alder reaction
of 2,3-dimethylbutadiene (1) and acrylonitrile (2) to provide
the cyclohexene adduct 3 (Scheme 1, Reaction 1). Under
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Figure 1. High-temperature/pressure microtube flow reactor (schematic).

sealed-vessel batch microwave conditions the normally re-
quired quite long reaction times for this cycloaddition pro-
cess could be reduced to 20 min at 240 °C (or 10 min at
250 °C) by using toluene as solvent.!'”) In the high-tempera-
ture/pressure flow reactor these conditions could easily be
mimicked and full conversion accompanied by a near quan-
titative isolated product yield was obtained at 250 °C
(60 bar set pressure) at a flow rate of 0.8 mLmin!. By ap-
plying the 4 mL stainless steel coil this corresponds to a
residence time inside the heated coil of ca. 5 min, correlat-
ing with the reported reaction times under the batch micro-
wave conditions. Lower reaction temperatures or higher
flow rates led to incomplete conversions. Since the flow re-
actor can operate under significantly higher pressure
(200 bar) compared to standard batch microwave systems
(20 bar),l'?l we were able to perform the cycloaddition at
the same temperature also in lower boiling solvents such as
MeCN (autogenic pressure 36 bar), THF (42 bar) and 1,2-
dimethoxyethane (33 bar) to give identical results.

Another high-temperature chemistry example involves
the Newman-Kwart rearrangement, a valuable synthetic
method for converting phenols to thiophenols via their O-
and S-thiocarbamates.['® This rearrangement proceeds via
an O- to S-aryl migration which has a high activation en-
ergy, and therefore many synthetically useful examples of
this rearrangement require temperatures of 200-300 °C.[!8]
Detailed studies by Moseley at al. have recently shown that
Newman-Kwart rearrangements can be efficiently carried
out under high-temperature microwave conditions in N-
methylpyrrolidone (NMP) or related high-boiling sol-
vents.'*1%1 Whereas for the electronically activated sub-
strate 4a reaction temperatures of 220 °C were sufficient, a
deactivated substrate such as O-thiocarbamate 4b required
a rearrangement temperature of =300 °C.!"%! In our hands,
1322
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flow processing of 4a in NMP at 200 °C (1.0 mL min! flow
rate, 4 mL coil) led to full and clean conversion to 5a,
whereas for substrate 4b the temperature had to be in-
creased to 280 °C in order to still obtain a full conversion
to 5b at a 1.0 mLmin' flow rate (residence time 4 min)
(Figure 2).2% In order to avoid an aqueous/extractive
workup required for Newman-Kwart rearrangements car-
ried out in NMP (b.p. 202 °C),['8-1°1 we have repeated both
rearrangements by using DME (b.p. 85 °C) as solvent under
similar reaction conditions (Scheme 1, Reaction 2). Despite
the high reaction temperatures, both transformations were
very clean with no byproducts being observed by HPLC,
GC, and '"H NMR monitoring and provided nearly quanti-
tative isolated product yields by simple evaporation of
DME from the reaction mixture. It should be noted that
for the rearrangement 4b — 5b performed at 300 °C and
80 bar of pressure, DME should be considered to be in a
supercritical state (7, = 263 °C; P, = 39 bar).l!3!

A more challenging case proved to be the Claisen re-
arrangement of allyl phenyl ether (6) (Scheme 1, Reac-
tion 3). Under batch microwave conditions this transforma-
tion requires 1-2 h reaction time, even at 250 °C (toluene,
13 bar).['1 Our carefully optimized flow conditions utilized
toluene as solvent at 240 °C and 100 bar reactor pressure.
Applcation of a flow rate of 1.0 mL min~' in the 4 mL stain-
less steel coil provided the desired rearranged product 7 in
high purity and yield, with only small amounts (<5%) of
undesired byproducts being formed. In fact, the Claisen re-
arrangement 6 — 7 proved to be rather sensitive to changes
in temperature: at <230 °C incomplete conversion was ob-
tained, whereas at higher reaction temperatures numerous
side products were formed, therefore not allowing a further
reduction in the reaction time by increasing the temperature
(see Supporting Information). Here, the advantage of being
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Scheme 1. Continuous-flow synthesis under high-temperature/pres-
sure conditions with a stainless steel based flow reactor (Figure 1).
For details on reaction optimization and experimental conditions
see the Supporting Information.

able to change the reaction temperature “on-the-fly” in the
flow experiment proved extremely helpful in optimizing re-
action conditions.

In order to evaluate potential differences between micro-
wave and conventionally heated flow systems, we have in-
vestigated the Fischer indole synthesis of tetrahydrocarba-
zole 10 (Scheme 1, Reaction 4). This reaction was recently
performed by Bagley et al. using a microwave-heated flow
reactor.?!l By applying identical reaction conditions
(AcOH, 150 °C, 4 min residence time) isolated product
yields very similar to those reported by Bagley were ob-
tained (ca. 90%). In an effort to prepare tetrahydrocarba-
zole 10 on scale in the flow reactor, we have reoptimized
the reaction conditions to increase the throughput. Carry-
ing out the Fischer indole synthesis at 200 °C (75 bar) at
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a flow rate of 5.0 mLmin™! in a 16 mL stainless steel coil
(residence time ca. 3 min) allowed the generation of 25 g of
indole product within 1 h of flow processing.

Another classic and synthetically valuable high-tempera-
ture transformation is the nucleophilic aromatic substitu-
tion (SyAr) of 2-halopyridines with amines. Typically, reac-
tion times of several days are required for unactivated sub-
strates such as 2-chloropyridine, even at high tempera-
tures.??! For the direct amination of 2-chloropyridine with
morpholine (Scheme 1, Reaction 5) in NMP as solvent full
conversion was achieved at 270 °C and 70 bar pressure un-
der flow conditions with the 4 mL coil. The choice of sol-
vent for this transformation was governed by the solubility
of the formed morpholinium hydrochloride byproduct, al-
lowing processing in a fully homogeneous fashion through-
out the reaction.!??!

In some of the examples described above the use of a
supercritical solvent allows the convenience of a simplified
reaction workup since the (low boiling) solvent can be read-
ily removed by evaporation. For the catalyst-free transester-
ification (Scheme 1, Reaction 6) and esterification (Reac-
tion 7) the use of the appropriate alcohol in a supercritical
state is a requirement, with little or no reaction occurring
below 200 °C for both processes.>*23 Due to the high ionic
product of supercritical methanol (7, = 239°C; P, =
81 bar) and ethanol (7, = 268 °C; P, = 61 bar), the solvent
acts as an acidic catalyst itself and promotes the reaction
under these extreme conditions.['3! For the transesterifica-
tion (Reaction 6) full conversion was achieved at 350 °C at
a 0.5 mLmin! flow rate (8 min residence time). In case of
the esterification (Reaction 7) a lower temperature of
300 °C was chosen in order to prevent decomposition of the
benzoic acid material. In order to attain complete conver-
sion, the reaction mixture was processed three times
through the 4 mL heated steel coil at a flow rate of
1 mLmin~! (12 min residence time).

In summary, we have demonstrated that synthetic trans-
formations requiring high temperatures can be conveniently
performed in a high-temperature/high-pressure flow reactor
that is based on standard HPLC-type equipment. Homo-
geneous reactions conducted under batch microwave condi-
tions can rapidly be translated to a flow format. Because of
efficient heat transfer through the thin steel reactor coil,
rapid heating and cooling of the reaction mixture can be
achieved. Taking advantage of the rapid cooling at the end
of the reaction, the technology is somewhat related to flash
vacuum pyroylsis where reactive intermediates may be
trapped on a cold surface.”®! Since the flow reactor allows
processing at significant pressure (200 bar), the unique reac-
tivity and physical properties of solvents in their supercriti-
cal state can be exploited. High-temperature/high-pressure
flow processing thus combines many of the features attrib-
uted to microwave chemistry, with the advantages of flow
synthesis and serves as a convenient technique for process
intensification. A particularly important advantage of flow
chemistry is direct scalability, a critical problem in micro-
wave-assisted batch transformations.””! We believe that this
technology will be particularly useful not only for organic
1323
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Figure 2. Conversion at different temperatures/online reaction optimization for the Newman-Kwart rearrangement of O-thiocarbamate
4a and 4b in NMP and DME as solvents (Scheme 1, Reaction 2). Flow processing (100-330 °C, 60-80 bar), ] mLmin ! flow rate, 4 mL

stainless steel coil, residence time 4 min.

synthesis,!?®! but also for other areas where high reaction
temperatures and controlled rapid heating are often a pre-
requisite such as, for example, the generation of high-qual-
ity nanocrystals.*”!

Supporting Information (see footnote on the first page of this arti-
cle): Detailed experimental descriptions of flow reactions.
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