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The simplest, cheapest, and most effective measure to increase the reactivity of a molecule is often heating. As a rule of thumb, in-
creasing the temperature by 10 °C doubles the reaction rate. Thus, with the reaction temperature elevated by 100 °C, the reaction pro-
ceeds 1000 times faster. Increasing the temperature by 200 °C accelerates the reaction one-million fold. Of course, in practice, it is not
as simple as that, and reaction selectivity usually decreases with increasing temperature. Nevertheless, an astonishingly wide and di-
verse range of chemical transformations tolerates high reaction temperatures or, in some cases, even perform better. High temperature
protocols have begun to proliferate with the introduction of sealed-vessel, autoclave-type, microwave reactors designed for organic
synthesis [1]. There is little doubt that the emergence of dedicated microwave reactors in the late 1990s had a profound impact on the
daily practice of chemists in research laboratories and has helped to spread concepts of process intensification to a broader audience.
Microwave reactors for organic synthesis typically approach their operation limits at temperatures of around 250 °C and pressures of
about 20 bar. Continuous-flow microreactors, on the other hand, can easily mimic and far exceed the temperature/pressure capabilities
of batch microwave apparatuses [2, 3]. In microstructured reactors, mixing can be achieved on time scales of milliseconds [3, 4]. Sim-
ilarly, considerably improved heat exchange efficiency is obtained due to the small channel dimensions and the very large surface-to-
volume ratios of microreactors [3, 4]. Indeed, the high-pressure resistance of small diameter capillaries, in combination with the im-
proved mass and heat transfer rates, allows reactions to be performed under process conditions conventionally not possible [4]. Higher
reaction rates at elevated temperatures, in turn, yield higher throughputs or allow a reduction of the reactor size and, consequently, re-
actor cost [5, 6]. Importantly, continuous-flow reactors allow the application of these conditions also on industrially relevant scales
[7]. The utilization of continuous-flow microreactors, thus, has become a key strategy in the pursuit of faster, more efficient, greener,
and safer chemical processes [5, 6]. The term “Novel Process Windows” was coined in 2009 by V. Hessel to describe these process
conditions [6].
Nearly 40 years ago, Jürgen O. Metzger (Oldenburg, Germany) presented a high-pressure/high-temperature flow reactor

(the “HP–HT” apparatus, today more commonly referred to as “high-T/p” reactors) [8]. The basic reactor design was very simple and
has, in the meantime, become quite familiar to flow chemists around the globe (Figure 1) [4]. A high-pressure pump (high-pressure
liquid chromatography [HPLC] pump) conveyed the reaction solution through the high-T/p reactor heated in a gas chromatography
(GC) oven. The processed mixture then went through a heat exchanger and two pressure valves [8, 9]. The apparatus de-
scribed in 1978 had an HPLC column as the actual reactor and was used for the thermal degradation of cellulose and chitin

* Author for correspondence: bernhard.gutmann@uni-graz.at

Figure 1. Schematic diagram of the apparatus as described by J. Metzger. Image adapted from ref. [14b,c]. Copyright Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission
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with supercritical acetone [8]. The cellulose or chitin was backed into a preparative HPLC column and, subsequently, was subjected to
high-T/p treatment while acetone was pumped through the material. Using this reactor at 340 °C and 250 bar, the authors were able to
detect – for the first time – the primary product of the thermal degradation of chitin (2-acetamido-1,6-anhydro-2-deoxy-β-D-glucopyra-
nose 1, Scheme 1a) and, furthermore, isolate the product on a preparative scale [8]. Evaporation of the acetone from the collected mix-
ture and subsequent chromatographic purification afforded the pure sugar component 1 in 6% isolated yield (Scheme 1a) [8].

In a series of subsequent publications, a similar flow setup, with stainless steel capillaries as reactors, was employed for the study
of a variety of transformations under a broad range of process conditions (Figure 1). The high-T/p reactor allowed “unproblematic
operation at pressures of up to ca. 500 bar and temperatures of up to ca. 700 K” [9]. This operation window enables the usage of
various organic solvents in their supercritical state. Importantly, fast heating and rapid subsequent cooling is accomplished as the
reaction mixture is carried through the reactor at high temperature and then further through the heat exchanger at room temperature.
This leads to a rapid removal of the primary products from the hot reaction zone. Thus, the flow reactor allowed the convenient in-
vestigation of various transformations previously only known from gas phase experiments.
Among the reactions explored in the laboratories of Metzger was the thermal transformation of various sugar acetates [10, 11].

Treatment of the sugar acetate 2 at 350 °C and 150 to 200 bar caused a thermal syn elimination of acetic acid and subsequent [3,3]-
rearrangement of the immediate product to the thermodynamically favored allyl ether 3 (Scheme 1b) [10]. The product is of prepara-
tive interest and was not obtained upon treatment of 2 at lower temperatures [10]. Furthermore, intermolecular ene reactions with non-
activated enophiles were explored at a temperature of 400 °C and a pressure of 450 bar (Scheme 1c) [9]. Indeed, the application of
high-T/p conditions, in combination with rapid removal of reaction products from the reaction zone, enabled the researchers to study
“hitherto presupposed but unobserved thermal pericyclic reactions” [9, 12]. Even toluene was brought to reaction with nonactivated
enophiles under these conditions (Scheme 1c) [9]. High-T/p treatment of alkenes dissolved in alkanes yielded addition products (a re-
action termed “ane-reaction” by Metzger et al. in analogy to the more familiar “ene-reaction”) [13, 14]. The reaction is the reverse of
the disproportionation of alkyl radicals and belongs to one of the few transformations that allow directed functionalization of alkanes
(Scheme 1d) [14]. The thermal C–H activation of alkanes is not only relevant from an academic perspective but has immense com-
mercial potential. Product 4 was obtained with impressive yields and remarkable regioselectivities at a reaction temperature of 450 °C
(450 bar; 2 min) [13]. Lower temperatures decreased the yield [13].
Various additional thermal radical reactions have been explored in the high-T/p apparatus, including β-cleavage reactions of alky

radicals [15], and thermal oligomerization of acryl compounds [16]. The latter reaction yielded a maximum amount of dimeric
product 5 at reaction temperatures of around 400 °C. At temperatures below ~350 °C, the trimer 6 was predominant (Scheme 1e)
[16]. As a final example, we mention the thermally induced radical reduction of carbonyl compounds with 2-propanol as reducing
agent (Scheme 1f) [17]. The reaction yielded the corresponding alcohols in excellent yield at temperatures of about 300 to 400 °C
after residence times of 6 to 33 min [17]. Since the reaction does not need a catalyst, product isolation was particularly simple.
With the HP–HT apparatus, introduced by Köll and Metzger in 1978 and 1979 [8, 9], a very broad range of process conditions

became conveniently accessible, enabling comprehensive kinetic and mechanistic investigations within and outside the usual opera-
tion range of conventional laboratory equipment [13–17]. In contrast to reactions in batch autoclaves, almost arbitrarily, short reac-
tion times can be accomplished, allowing the thermal generation of labile compounds. Importantly, the conditions are immediately
applicable also for the generation of compounds on a preparative scale. There is a common view that high-temperature reactions in
organic synthesis are of little preparative value. However, a large variety of transformations accept harsh process conditions. As

Scheme 1. Flow reactions under high-T/p conditions
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shown in the laboratory of J. Metzger, some reactions perform with virtual constant selectivity over a wide range of process condi-
tions [14]. In some cases, the desired selectivity can be tuned by increasing the temperature [16]. Due to rapid heating, the reaction
with higher activation energy becomes accessible and competing reactions with lower activation energy are suppressed. Further-
more, application of heat is often the only available method to drive thermodynamically possible but kinetically inhibited chemical
transformations. In the last two decades, continuous-flow synthesis has become increasingly popular in both academic and industry
laboratories, and a variety of bench-top high-T/p reactors have become commercially available [18]. It is easy to imagine that high-
T/p reactors will become common tools in research and synthesis laboratories in the near future, just as microwave ovens have in
the beginning of this century. It was the pioneering work of Metzger and others in the late 1970s that set the ground for these
developments.
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