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ABSTRACT: A continuous-flow microwave reactor with a unique pressure control device is described. The reactor has been
designed to withstand extremely high pressure without the involvement of a conventional backpressure-creating device that
commonly results in carryover and cross-contamination problems. The reactor efficiency has been evaluated by product
conversions using two model reactions, namely, the Claisen rearrangement and the synthesis of benzimidazole.

Bl INTRODUCTION

Microwave reactors were first used for organic synthesis in the
late 1980s as an alternative to hot plates and oil baths." It was
soon discovered that for some chemistry, microwave irradiation
offered significant improvements over conventional heating
methods, including shorter reaction times,” cleaner reaction
profiles,® increased yields, and improved selectivity.** Despite
these advantages, lab-scale microwave-mediated reactions are
not transferred readily to larger scales because the irradiation is
distributed less uniformly in the irradiation zones of larger
microwaves. Typical preproduction runs in litre-scale micro-
waves frequently suffer from lack of reproducibility during
process validation.%” Furthermore, research has shown that the
penetration depth of microwave irradiation into strong
microwave-absorbing solvents (e.g, DMI or DMA) at 2.45
GHz is only a few centimetres and that, depending on the
nature of the reactants, a significant portion of this microwave
radiation is reflected back.® For these reasons, microwave-based
technology has been restricted to devices of only a few litres in
capacity, and the most commonly used devices in the field (e.g,,
Biotage, CEM) can only handle up to a few millilitres.

There are also major safety concerns surrounding the use of
large pressurized batch reactors. Microwave energy is absorbed
directly by the reaction mixture (i.e., solvent and/or reactants),
which can lead to superheating that can cause rapid exotherms
and explosions.” We envisioned that the distribution of
microwave energy can be kept uniform and the operation can
also be performed safely if we restrict the reaction space to a
small volume (e.g, a capillary or a narrow tube) and
continuously flow reactants through this space to produce
bulk products. This strategy of “scaling out” a chemical
transformation, in contrast to the traditional progressive
“scaling up” of batch reactions, is one of the reasons why
continuous-flow synthesis is gaining in popularity.

Continuous-flow organic syntheses using conventional
energy sources (e.g, photo-, sonic, and heat exchangers) have
already taken the leap from academic research laboratories to
the commercial world, as evidenced by Eli Lilly, for example,
who have integrated such technologies into their process
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optimization plants with the intent of completely eliminating
large-scale batch reactors.'® One of the biggest advantages of
continuous-flow synthesis resides in its ability to make product
on demand, thereby drastically reducing the cost during lead
optimization. When larger, kilogram-scale samples of lead
compounds are required for toxicological and early-phase
clinical studies, extensive process development is usually
required to accommodate scale-up using traditional batch
reactors. By “scaling out” using continuous-flow reactors,
process development would be mitigated to a large extent.
However, continuous processes based on challenging reactions
that require significant heating and/or prolonged reaction times
are far less commonly encountered in the literature. The
efficiency of heat exchangers becomes critical when the demand
for heat activation is high and the residence time in the flow
reactor is short. Although small flow channels improve heat and
mass transfer because of the high surface area-to-volume ratio,
our early research showed that when a reaction is performed in
a capillary tube, convectional heating is insufficient for reactions
requiring a large amount of heat (e.g, the Claisen rearrange-
ment). We envisioned that if continuous flow were coupled
with microwave irradiation, the resultant hybrid reactor would
possess the benefits of both technologies. Consequently, in
2005 we developed microwave-assisted continuous flow for
organic synthesis (MACOS),"" a capillary reactor technology
that was found to be highly effective for a variety of reactions
including cross-coupling,11 ring-closing metathesis,"! nucleo-
philic aromatic substitution,"’ Wittig,'' aza-Michael addi-
tion,"*"® and Heck reactions."* Moreover, our metal-coated
capillaries were found to perform excellently in various
transition-metal-catalyzed reactions involving pallacliurn,15
gold,"*"” and copper.'® Using our first-generation reactor, we
also successfully demonstrated the ability to scale out a variety
of organic reactions, including those with high-energy
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compounds (e.g., preparation of azides by the Aube—Schmidt
reaction),'” synthesis of sultams,” and pericyclic reactions.>'
Although the preliminary results from our first-generation
reactor were very encouraging, the reactor lacked a system to
create backpressure, and therefore, reactions could not be
heated to high temperatures without undergoing phase
changes. Many organic transformations must be heated, some
significantly, in order for any product to form. For example,
many cross-coupling reactions are heated for prolonged periods
at or beyond 100 °C, while pericyclic reactions require
temperatures in excess of 180 °C. The bomb design of
commercial batch microwaves allows them to withstand
moderately high pressures (~20—30 bar), and this is key to
their ability to reach higher temperatures, often well above the
boiling point of the reaction solvent. While the design of bombs
to suit batch applications has been relatively easy, the ability to
create high pressure within a constantly flowing system has
remained elusive. For the most part, continuous-flow micro-
wave reactors are limited to operating pressures of approx-
imately 20 bar (290 psi),”* with a few reaching 34 bar (500 psi)
(Figure 1).2%9 These limitations stem from the materials used
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Figure 1. Pressure—temperature profile of reactors reported in the
literature.

to construct the reactor and/or connectors, but even more
confounding has been the use of low-backpressure-generating
devices. Backpressure regulators generate and hold system
pressure via direct contact of a spring-loaded plate against the
flowing solution,” which can lead to serious clogging issues.*
In an HPLC instrument, these regulators do not have steady-
state problems because the analyte concentration is too low to
cause plugging or carryover. However, in flow reactors,
conventional backpressure regulators are not practical because
fouling can occur even at moderate reactant concentrations,
causing the reactors to suffer from carryover. The shearing
forces that are created when viscous matter is forced through a
constriction can induce precipitation. In turn, this compromises
the backpressure regulator’s ability to seat properly, leading to
an inability to maintain the system pressure, which means that
the run must be terminated. Further, these precipitates
continue to bleed into later runs, thus contaminating them
and leading to erroneous analyses. This paper describes our
newest iteration of the MACOS design, a continuous-flow
capillary microwave reactor design that is capable of performing
liquid-phase organic reactions using both polar and nonpolar
mixtures under high-temperature and high-pressure conditions
without contacting and/or constricting the flowing stream of
reagents, reactants, and solvents.

B RESULTS AND DISCUSSION

Two high-pressure syringe pumps (P-1 and P-2) (Harvard
Apparatus, OEM 2022) equipped with 2.5 mL stainless steel
high-pressure syringes (Harvard Apparatus) are used to pump
reactants from reservoirs R-1 and R-2 into the reactor (Figure
2). Two reciprocating pumps work together to continuously
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Figure 2. Detailed schematic of the new PCD.

infuse each reactant into the reactor indefinitely. The reactants
are pumped into a reactor tube (RT-1), which can consist of
microwave-transparent (e.g., quartz) or microwave-conducting
(e.g, SiC) materials.”>"*” Reducing ferrules connect RT-1 to
the rest of the system, and stainless steel tubing connects all
parts of the system. RT-1 is placed vertically through the end of
the waveguide of a modified Biotage Initiator Synthesizer
(MW-1), through which a window was machined into the
outward-facing wall of the waveguide to allow an external high-
definition infrared (IR) camera to monitor the reactor tube
surface temperature.”® The bottom or outlet of the reactor tube
is attached to the backpressure-creating device (BPD) using a
stainless steel outage tube (OT-1) welded to the interior of the
flow channel. This unique piece guides the flow of the products
from the reactor to the bottom of the pressure chamber (PB-
2).”” The remaining components of the pressure control device
(PCD) include a nitrogen gas cylinder (which also provides an
inert atmosphere for air/moisture-sensitive reactions), a
pressure regulator (PR-1), a pressure ballast (PB-1), a pressure
relief valve (V-3), and the sample cylinder (PB-2).

The purpose of the PCD is to introduce and regulate the
reactor pressure and ensure that no pressure fluctuations occur
during a reaction. The entire flow reactor has been tested up to
(at least) 73 bar (1100 psi) with no leaks or system failure. The
reactor has been built in such a way that the operating volume
of the pressure ballast (PB-1) is (at least) 10 000 times greater
than the total volume of the rest of the system, and therefore,
the reactor operates as if in its own open environment. The
PCD uses gas to supply pressure, not a mechanical part located
in the fluid stream (such as conventional backpressure
regulators). This is ideal for performing reactions that may
have damaging effects on traditional regulators. Of equal
importance, the lack of physical constriction of the flow stream
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eliminates reactor plugging due to clogging, which is invariably
encountered when conventional backpressure regulators are
used. The nitrogen gas cylinder initially charges PB-1 to the
desired operating pressure prior to a reaction. This pressure is
usually determined by the lowest-boiling substance in the
reaction mixture and is selected to be greater than the vapor
pressure of this substance at the desired operating temperature.
This ensures that the mixture remains in the liquid phase
throughout the duration of the reaction. Once the pressure
ballast (PB-1) is filled, the nitrogen gas cylinder is isolated from
the reactor using a shut-off valve (V-1). Through valve V-6,
pressure chamber PB-2 is emptied repeatedly with no loss of
pressure, allowing a limitless amount of product to be
produced, analyzed in-line in real time, and collected.*
Temperature, Power, and Flow Rate Characteristics of
the Reactor. The reactor was initially tested to determine the
temperature versus power relationship using air in the SiC tube
reactor. Because SiC heats up in the presence of microwave
irradiation and effectively shields the interior of the tube from
the irradiation, it was hypothesized that for any given solution
flowing through the tube, the average external tube surface
temperature at a given power rating would be constant. In light
of the high heat transfer coefficient of SiC, the inner wall
temperature of the tube should almost instantaneously become
the same as the outside wall temperature.”’ Because of the high
surface area-to-volume ratio associated with this mesoscale
reactor, the solvent should rapidly heat up to this same
temperature, importantly, irrespective of which solvent it is, and
the unique and effective backpressure-creating system should
hold it in the liquid state. This hypothesis was tested and found
to be true. The average tube surface temperature was
monitored over a range of power settings (30—70 W) for
three substances flowing through the SiC reactor tube (RT-1):
air, toluene, and acetic acid (Figure 3). With a temperature
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Figure 3. Determination of the steady-state time for the average tube
surface temperature for various fluids at a flow rate of 100 xL/min.

variance of about +4 °C for each measurement, which is within
the normal fluctuation range of the camera, the steady-state
temperature was observed to be the same for any substance
flowing through the reactor at a given power setting. It should
be noted that in conventional microwave reactors, it would be
impossible to heat solvents with low loss tangent values (e.g.,
toluene) to this degree (e.g, 250 °C), as they are essentially
microwave-invisible. This is one of the benefits of using the SiC
reactor tube. Averaging the steady-state temperature values
from these experiments, a general temperature versus power
trend was determined (Figure 4). Additionally, the effect of the
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Figure 4. Relationship between microwave power and average tube
surface temperature.

flow rate on the heating of the SiC reactor was also tested over
a range of flow rates from 50 to 300 #L/min, which correspond
to residence times of 2 min to 30 s, respectively. It was
observed in tests completed with toluene that there was a
minimal effect of the flow rate on the average tube surface
temperature (Figure 5). To demonstrate the heating and
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Figure 5. Graphical representation of the effect of the flow rate on the
steady state of the average tube surface temperature using toluene.

pressure capabilities of the reactor, water was heated in the
reactor to just below its supercritical point (373 °C) for an
extended period of time with no problems.

Reactor Validation. The synthesis of 2-methylbenzimida-
zole (Figure 6) and the Claisen rearrangement of allyl phenyl
ether (Figure 7) were chosen to verify the new MACOS reactor
design, as there is wide documentation of these high-energy
transformations under microwave irradiation in the literature.
The Claisen rearrangement, which takes many hours at ~200
°C in an oil bath, failed to proceed at all in a batch microwave
with the microwave-invisible solvent toluene.*® This reaction
did proceed to full conversion under microwave irradiation
using a silicon carbide passive heating element at 250 °C [13
bar (189 psi) pressure] for 105 min in toluene. Similarly, when
the reaction was doped with N-butyl-N’-methylimidazolium
hexafluorophosphate (bmimPF,) and microwaved in toluene
(250 °C), the reaction was complete in 105 min. With these
two methods, the heating element had to be removed prior to
workup and analysis.”® More recently, it was reported that a
high-temperature/high-pressure conventionally heated micro-
reactor (X-Cube Flash) achieved a high yield and purity (<5%
byproducts) using toluene as the solvent at 240 °C [100 bar
(1450 psi) pressure].>>*®> With our flow microwave reactor
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Figure 6. Experimental correlation between average tube surface
temperature (measured by the external FLIR camera) and the percent
product conversion from benzimidazole synthesis.
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Figure 7. Experimental correlation between average tube surface
temperature (measured by the external FLIR camera) and the percent
product conversion from the Claisen rearrangement reaction.

setup (260 °C under 580 psi of pressure), quantitative
conversion was achieved with a § M solution at a flow rate of
25 pL/min, which corresponds to a 4 min residence time
(Figure S). Although the current reactor is equipped to run at a
relatively low flow rate (e.g, 25 yL/min in the above example),
with the unique design of the PCD, we successfully
demonstrated the ability of our reactor to handle a very
concentrated solution of reagents (e.g, S M in the above
example) without any clogging or carryover problems. Our
ability to conduct reactions at this level of concentration allows
us to enhance greener output.

Kappe’s group reported a benzimidazole synthesis using a
conventionally heated microreactor (X-Cube Flash) that could
process a 1 M solution of o-phenylenediamine in acetic acid at
270 °C [130 bar (1885 psi) pressure] with a 30 s residence
time to achieve a 94% isolated yield of benzimidazole.”*
Attempts to increase the flow rate or reactant concentration led

to pumping failure.’® With our flow microwave setup, full
conversion of o-phenylenediamine to benzimidazole was
achieved at 170 °C with a residence time of 30 s. This result
was found to be on par with the lowest residence time reported
to date for this type of cyclization reaction.> When the
temperature was raised to 313 °C and the backpressure was
adjusted accordingly to 720 psi, we were able to flow our
reactor at 1 mL/min, which is the highest rate possible with the
OEM 2022 pump modules, and complete conversion was still
maintained. This corresponds to a residence time of less than 6 s to
achieve 99+% conversion. This will have a dramatic impact on
sustainable manufacturing (i.e, continuous scale-out chemical
production) with this reactor setup.

B SUMMARY AND CONCLUSIONS

The novel high-pressure/high-temperature microwave flow
reactor disclosed in this article operates in unique reaction
space that is far removed from the capability of any other
similar system reported thus far. Key to this distinctive
capability is our pressure control device (PCD), which offers
an effective method to pressurize a continuous-flow reactor
using gas, thereby eliminating any of the potential mechanical
failures or clogging issues that all conventional and currently
available backpressure regulators face. The system has been
shown to operate continuously at 1100 psi (at least), achieving
temperatures that can be several hundred degrees above the
boiling points of the solvents and reagents employed. The use
of a silicon carbide reactor tube allows for a unique
environment in which to perform chemistry using microwave
irradiation, meaning that any solvent, including microwave-
transparent solvents (e.g., toluene), can be employed
effectively. Two reactions with high transition-state barriers,
the Claisen rearrangement and the benzimidazole synthesis,
were used to validate this new reactor. In the case of the latter,
the reaction could be heated to the supercritical point of acetic
acid, allowing the reaction to reach completion in mere seconds
under continuous-flow conditions.

B ASSOCIATED CONTENT
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Photographs and schematics of the equipment described,
standard operating procedures, and synthetic procedures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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