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Green synthesis of building blocks, drug
candidates and fine chemicals by barochemistry:
application of high pressure in organic synthesis

Guoshu Xie,? Valerie Wright,® Alexander Lazarev,” Gary Smejkal,® Vera Gross® and
Béla Torok (o) *@

While there are many areas of green chemistry that affect contemporary synthesis, the development of
non-traditional activation methods, such as microwaves, ultrasound, mechanochemistry or high hydro-
static pressure (HHP) is considered as one the most important contributors to the development of green
synthetic processes. Among these methods HHP, which, by analogy with the other methods, e.g. sono-
chemistry or mechanochemistry, can be referred to as barochemistry, is well-suited for industrial pro-
duction; the large scale instrumentation is broadly available, at this time focusing on food processing
applications. HHP instruments are safe and easy to handle, robust, and are a good fit for batch and
(stopped)-flow operations. The same instruments could be used for large scale chemical synthesis as
well, however, the high pressure synthesis of organic compounds, including Active Pharmaceutical
Ingredients (APIs), is still in its infancy with extensive developments expected in the near future. HHP
applies mechanical compression force to initiate transformations, such as the inactivation of pathogens
and enzymes, or activation of chemical reactions. The pressure range of these reactions (2—-20 kbar) sig-
nificantly exceeds that of the typical chemistry using pressurized gases (0.01-0.1 kbar), such as hydrogen-
ations. This tutorial review provides a succinct introduction to the theory and use of barochemistry, with
particular emphasis on its current applications and great potential in green synthesis.

1. We discuss the use of high hydrostatic pressure (HHP) that applies mechanical compression force to activate chemical processes is an emerging field in
chemistry. We describe the fundamentals of high pressure activation, give an overview of available equipment and survey representative green organic syn-

thesis applications.

2. Non-traditional activation methods, such as microwaves, ultrasounds, mechanochemistry or high hydrostatic pressure (HHP) is considered as one the

most important contributors to the development of green synthetic processes. High pressure activation utilizes high hydrostatic pressure (HHP) to apply

mechanical compression force to activate chemical reactions, organic and inorganic alike. The physical closeness of the reacting partners can create favorable

orientations for the active centers to react, resulting in improved yields and selectivity, often combined with shorter reaction times, and easier workup as

compared to reactions activated by traditional convective heating.

3. The green benefits of high pressure activation in organic syntheses suggests that broader applications of the HHP or barochemistry would bring extensive
benefits to the green synthesis of pharmaceuticals, building blocks, and fine chemicals at the laboratory and likely at the industrial scale.

1. Introduction

developments can have a dark side such as environmental tox-
icity of the product itself, e.g. DDT, PFAS and other “forever

The industrial production of chemicals and pharmaceuticals
has led to great achievements in fulfilling important societal
needs. The 20™ and 21° centuries can be called the golden
age of chemical synthesis. However, these unprecedented
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chemicals”, or the generation of highly toxic waste during
manufacturing.’ By the end of the 20" century a growing senti-
ment developed that the traditional methods of chemical syn-
thesis were not sustainable, effectively initiating the green
chemistry movement.> This movement resulted in unparal-
leled advances in this field developing effective green tools
with the aim of reforming the effective but outdated protocols
in the chemical and pharmaceutical industries to provide fine
chemicals and pharmaceuticals safely at low cost with no, or
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minimal negative effects on the environment.” Today the envir-
onmentally benign synthesis of active pharmaceutical ingredi-
ents (APIs) and fine chemicals® is one of the most important
pillars of Green Chemistry.>® There are several major contribu-
tors to these developments, such as catalysis,” solvents, and
the so-called nontraditional activation methods that offer new
perspectives for the chemical industry and new advances in
the activation of chemical reactions.® Often these nontradi-
tional activation methods are utilized together with other
green tools.’

1.1. Green synthesis by non-traditional activation methods

An overwhelming majority of chemical reactions require some
sort of activation to proceed. Although the use of catalytic
approaches brings down the activation energy barrier, the use
of non-traditional activation methods offers further improve-
ments compared to conventional convective heating in activat-
ing chemical processes. The term non-traditional activation
methods, includes protocols that use energy forms other than
simple heat. The major areas are microwave, ultrasound,
photo-, electro-, mechanochemistry and high pressure.® These
methods possess a wide variety of energy forms and trans-
mission to a reaction system. However, despite the different
modes of energy transfer, the common attribute of these
methods is that they activate certain chemical reactions more
specifically and more efficiently than convective heating.

High pressure activation, or barochemistry, the topic of this
work, uses mechanical compression force to initiate reactions.
Definition: The term barochemistry refers to the use of exter-
nally applied hydrostatic pressure to initiate or accelerate
chemical transformations. The name is analogous to other
non-traditional activation methods such as photochemistry,
sonochemistry or mechanochemistry.

The major advantages and green benefits of barochemistry
are multifaceted and will be illustrated in the work: (i) catalyst-
free and solvent-free conditions eliminate catalyst and solvent
handling, and can be used for a wide range of reactions from
Diels-Alder reaction or cycloadditions, to multistep cycliza-
tions, (ii) such conditions help achieve higher yields and selec-
tivities, (iii) high atom economy and low waste generation
(depending on the reactions), (iv) and guarantee energy
efficiency (once pressurized, a system can hold pressure for an
extended period of time without continued energy input, and
many reactions occur at room temperature), (v) the tunable fea-
tures of the pressure instruments (pressure, temperature,
static pressure or cycling) allow broad applicability, (vi) water
is used as a pressure transmitting fluid, (non-flammable, non-
toxic, inexpensive, widely available, and has low compressibil-
ity), (vii) and finally, barochemistry offers scalability; unlike
with many non-traditional activation methods, the large scale
instruments are already available should the need for scale up
arise. Definitions: (i) The term static pressure refers to a
system being pressurized and kept at that constant desired
pressure for a period of time, after which the system gets
decompressed. (ii) The term cycling or pressure cycling refers
to system being pressurized and kept at that desired pressure
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(a) static pressure

1.4 kbar —
\decompression
Start 0.001 kbar —

End
holding
time

(b) pressure cycles or cycling:

1.4 kbar —
to desired
number of
cycles
0.001 kbar —
holding "\ )
time decompression

Fig. 1 HHP-initiated reactions under (a) static pressure and (b) pressure
cycling used. Generally, the holding time are much longer under static
pressure conditions than under cycling, however, holding time, decom-
pression, pressure etc. can be set up as desired.

for a period of time, decompressed, kept decompressed for a
period of time, and these action repeated for a number of
desired times as illustrated in Fig. 1.

The pressure cycling (Fig. 1b) is a practical approach that
often produces higher yields. While the exact nature of the
cycling phenomenon is not fully understood, it is hypoth-
esized that the pressure cycling protocol causes periodic
change in the volume of the reaction vessel that could lead to
some mass transfer and molecular re-alignments during com-
pression and decompression steps that are beneficial for reac-
tion kinetics.

The significance of organic synthesis in the preparation of
pharmaceuticals, fine chemicals, and other consumer goods is
indisputable. It is also vital that these synthetic operations are
carried out in accordance with the green chemistry principles,
to ensure that they have zero or negligible negative impact on
the environment. In this tutorial, we will outline and discuss
the beneficial features of high hydrostatic pressure for the syn-
thesis of valuable products, including fine chemicals and APIs.

2. The theory and practice of high
pressure reactions

High pressure activation utilizes high hydrostatic pressure
(HHP) to apply mechanical compression force to activate
chemical reactions, organic and inorganic alike. The physical
proximity of the reacting partners can create favorable orien-
tations for the active centers to react, resulting in improved
yields and selectivity, often combined with shorter reaction
times, and easier workup as compared to reactions activated
by traditional convective heating. The application of HHP has
more than a century of history. Rontgen’s early work in 1892
appears to be the first use of high pressure.'® Further appli-
cations followed in the early 1900s in food chemistry or
general food science, and biology, including the preservation
of milk,"* or the denaturation of egg white albumin.’®"* With
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the development of reliable and safe high pressure equipment
such applications have become a mainstream tool in the food
industry.'>'> Despite the early developments, the first HHP-
activated synthetic procedure was only reported in the 1970s.'®
Since then, HHP-assisted synthesis has become more
common, and has been the subject of regular reviews.'” '

A survey of the literature reveals that the number of publi-
cations in the high pressure area steadily increased since the
1970s. Fig. 2 illustrates the distribution of pressure-related
publications based on gradually narrowing down the topic.

As shown, the search term “high pressure synthesis” finds
29000 papers published, while an intersection of “high
pressure” and “organic synthesis” keywords yields only 320 pub-
lications over the course of nearly a century. Fig. 2 also indicates
that the publication frequency in both graphs significantly
increased in the past few decades, perhaps suggesting that the
commercial availability of reliable instrumentation accelerates
new discoveries. Although these literature searches do not
account for the exact numbers due to the occasional obscure
mention of high pressure in synthesis (e.g. in medicinal chem-
istry synthesis of anti-hypertensive drugs), Fig. 2 still provides a
comparison within different areas. Moreover, the vast majority
of relevant publications to date are related to the application of
high pressure in solid state reaction systems, both homogeneous
and heterogeneous, for the preparation of inorganic compounds
and materials, rather than applications in organic synthesis. The
examples of typical inorganic/material science applications
include gallium nitride semiconductors, perovskite solar cells,
and low-temperature superconductors, just to name a few.?* In
contrast, high pressure organic synthesis often involves the use
of HHP, ie. utilizing liquids as pressure transmitting media.
Compared to solid state applications, HHP-initiated organic syn-
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number of publications for generic search terms by SciFinder" searches
as of February 2025.
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1718 g still in its com-

thesis, despite continuous developments,
parative infancy.

As one of the important thermodynamic parameters,
pressure contributes to controlling the equilibrium and rate of
chemical reactions.*® Despite being a potentially useful tool,
high pressure chemistry has been somewhat overlooked by
organic chemists. Typical organic syntheses are carried out at
or near atmospheric pressure (1 bar) or using pressurized
gases (up to about 150 bar at the most), while under HHP con-
ditions, reactions experience much higher pressures.”* The
typical pressure range of HHP reactions (2-20 kbar) is signifi-
cantly higher than what is used in general organic synthesis,
e.g. hydrogenations (0.01-0.1 kbar). Fig. 3 illustrates a logarith-
mic scale of the pressures encountered on Earth and elsewhere
in the Universe, highlighting the relevant pressure range for
organic synthesis (2-20 kbar). Pressure levels beyond this
region (ultra-high pressure up to 7000 kbar) deal with
materials in solid state and, while being routinely used in
geology, material science, and engineering, and typically
require Diamond Anvil Cells (DAC) instrumentation and
specialized analytical approaches, are not applicable in
organic chemistry and are not being covered in this work.

2.1. Understanding pressure effects: reaction volume AV and
activation volume AV*

Although the beneficial effects of high pressure have been
reported in several publications, the underlying phenomena of
its effects on chemical reactions are still not fully understood.

The three major contributors that affect the rate of chemical
reaction under high pressure conditions are (i) the increase in
concentration of the reacting molecules in the mediumy; (ii) the
change in the rate of molecular diffusion; and (iii) the com-
pression of the reactants at the molecular level which can alter
the shape of the “electron clouds” and thus change the rate of
effective collisions, phase transitions and specific rearrange-
ments of hydrogen bonding networks in solvents as well.

There is broad agreement that changes in the activation
volume (AV*) and reaction volume (AV) are the main driving
forces of the reactions under pressure. Definitions: (i)
Activation volume - The term refers to the volume change
between the total volume of the reactant molecules and the

11.6
5
2
o 66
(2]
o

o

sea  Mariana Center of Center of
level Trench the Moon the Earth

Center of
the Sun

Fig. 3 A logarithmic scale of selected pressures in our Solar System
(blue) as well as the pressure range used in organic synthesis (green).2®
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volume of the transition state (AVi = Viransition state — Vstarting
materials)- (11) Reaction volume — The term refers to the volume
change between the total volume of the reactants and the total
volume of the products (AV = Vproducts — Vitarting materials). The
volume of starting materials and products include every par-
ticipant (e.g. even minor byproducts) in the reaction scheme.
Negative values indicate that pressure is going to improve
the reaction. In contrast, positive values point in the other
direction, i.e., slowing down the given reaction.”® When the
values are around zero, pressure is expected to have little effect
on reaction rate. The activation volume (AV*) and reaction
volume (AV) data can be predictive of reaction behaviour
under pressurized conditions. Several theoretical methods are
available to calculate these values, among these the XP-PCM
(extreme pressure polarizable continuum model) method was
specifically developed for high pressure conditions.””

2.2. Adiabatic compression heating

Adiabatic compression heating is a well-characterized phenom-
enon, which has a significant effect on the temperature of
materials in gas phase, as the extent of heating is proportional
to compressibility. In this tutorial, however, we are going to
review compression of reagents in their liquid phase.
Compressibility of most liquids is generally small, resulting in
relatively insignificant adiabatic heat generation. Water, in par-
ticular, exhibits very low compressibility relative to most
organic solvents (the bulk modulus of water at room tempera-
ture is about 22 kbar®®). As a result, temperature rise
(expressed in °C) due to compression heating in most aqueous
systems typically does not exceed single digits if the starting
temperature is near or at room temperature and the pressure
is increased up to 7 kbar. Upon decompression the process is
reversed and under ideal adiabatic (thermally insulated) con-
ditions the system returns to the starting temperature. In real-
world systems, however, compression heat tends to rapidly dis-
sipate into the massive pressure vessel hardware surrounding
the reaction mixture, thus reaching thermal equilibrium closer
to the starting temperature than anticipated for the true adia-
batic conditions.?® It is also important to note that com-
pression heat is being produced simultaneously within the
entire volume of the pressurized liquid independent of the
volume; therefore, it is possible to predict heat generation in
any system, independent of its scale. However, large vessels
tend to trap some heat in the middle, while heat dissipation
occurs rapidly near the vessel walls, therefore, special engin-
eering solutions may be necessary to ensure uniform tempera-
ture conditions in large scale equipment, if precise tempera-
ture control is important for the process at hand.*®

3. Contemporary synthetic
applications in barochemistry
3.1. High pressure technology in practice

HHP uses water as a pressure transfer medium that makes it
possible to reach high pressures safely. Water is not very com-

This journal is © The Royal Society of Chemistry 2025
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pressible, and the danger of pressure release in case of a
sudden hardware failure is much lower compared to the gas-
phase systems. Pressure cookers achieve significantly less
pressure yet are far more dangerous as they rely on steam for
pressure, which is highly compressible and could expand with
explosive force. Water is about 20 000 times less compressible
than air or steam, so it can be compressed to much greater
levels of pressure without a risk of explosive decompression.**
Accordingly, the high pressure technology is widely used, even
at the industrial level, in food processing,"*'®> and in material
science.?

A schematic description of a typical high pressure device is
shown in Fig. 4. A relatively modest pressure is provided by a
pneumatic or hydraulic source, which is amplified by an inten-
sifier that, via a pressure medium, will generate the desired
pressure for the pressure vessel, where the reaction occurs.

3.2. High pressure equipment

One of the most crucial parts of high pressure synthesis is the
equipment itself. The first such equipment was reported in
1899 by Hite'! to preserve milk in the dairy industry. The food
industry is still the major user of large-scale high-pressure
equipment. Similar reactors could be dedicated to barochem-
ical synthesis as well, translating the laboratory protocols to
large scale. There are several companies producing safe and
reliable high-pressure equipment today.

High pressure in liquid phase is generated by high pressure
intensifiers (Fig. 5). Low-to-moderate pressure levels are being
applied to a larger piston, which, in turn, is pushing a smaller
diameter piston to compress the pressure media. The cross-
sectional ratio between the two pistons is equal to the pressure
amplification factor. Intensifiers can be driven pneumatically
or hydraulically. Small pneumatic intensifiers are less expen-
sive; however, they rely on air compressors, which become

1

IREACTION,

MEDIUM : 1

. -l

PRESSURE

VESSEL

INTENSIFIER
1t 3

Fig. 4 Simplified fluidic diagram of a
instrument.

high hydrostatic pressure
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P, | P,

7]
1 2,

Fig. 5 High pressure intensifier amplifies pneumatic or hydraulic input
pressure P; resulting in output pressure P, being greater by a factor
determined as a ratio of piston areas (¢:2/¢,?).

increasingly expensive and difficult to maintain as their scale
grows. Hydraulic intensifiers, on the other hand, typically
require lower cross-sectional ratios and tend to scale much
easier.

3.2.1. high pressure equipment.
Commercialization of the high-pressure processing of food led
to significant innovations and involved the efforts of several
companies and Government agencies, leading to the birth of
an entire new market.*> Commercially existing equipment is
currently available from several companies such as Hyperbaric
(Spain),®® JBT-Avure (USA),** Thissenkrupp-Uhde (Germany),*”
Kobelco (Japan),®® as well as Baotou Kefa High Pressure
Technology Co., Ltd (China),?” although all of these companies
are mainly focusing on food processing applications. Pressure
BioSciences (USA)*® offers a range of versatile benchtop
research equipment for lab- to pilot-scale studies. Other
vendors such as Graco/High Pressure Equipment,*® Parker
Hannifin Corp.,"® and High Pressure Technologies, LLC*" offer
auxiliary components and consumables, such as reactor
vessels, valves, tubing and pumps for those who are ambitious
enough to build their own equipment.

3.2.2. Pressure vessels. High pressure vessels must with-
stand significant fatigue that accumulates over multiple press-
urization and de-pressurization cycles. Smaller pressure
vessels (up to 10 L) are typically machined from a single metal
block. Larger pressure vessels are typically manufactured using
relatively thin-wall stainless steel cylinders that are sub-
sequently pre-compressed using multiple layers of a hard steel
wire tightly wound around the cylindrical portion of the inner
cylinder. In addition to a lower manufacturing cost compared
to the machining a monoblock vessels of the similar dimen-
sions, the wire-wound design has tremendous safety advan-
tages: such pressure vessels tend to leak before they burst,
since the steel wire shell keeps the vessel together even after it
develops a crack through its wall.*?

3.2.3. Pressure transmitting fluid. Older high-pressure
systems were made of high-carbon steel and required organic
solvents (kerosene, mineral oil, etc.) to be employed as
pressure medium to prevent corrosion. Modern pressure

Commercial
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vessels made from hot isostatically pressed austenitic stain-
less-steel alloys resist corrosion and can be used with water as
the pressure transmitting medium. Water presents multiple
advantages over organic solvents or oils. It is non-volatile, non-
flammable, non-toxic, inexpensive, widely available, and also
features one of lowest compressibility of liquids. In smaller
high-pressure systems water can be used once and sub-
sequently discarded, thus eliminating concerns of accumulat-
ing contaminants over time. However, large industrial systems
tend to recycle water to save on overall process cost and also to
save on pressurization times and preserve some energy by col-
lecting most of the pressurized water in a secondary storage
vessel at some intermediate pressure, before venting remain-
ing pressure from the main vessel.

3.2.4. Batch reactors. Typical high-pressure equipment
includes an air compressor or hydraulic pump as a source of
pressure that is amplified by an intensifier as described in
Fig. 4 above. The pressure medium, e.g., water, is introduced
into a pressure vessel via a charge pump that also purges air
from a pressure chamber. The intensifier amplifies pressure
provided by the air compressor or hydraulic pump to generate
the desired pressure in the pressure chamber. Various com-
plexity control solutions are available, from simple manually
actuated valves to sophisticated computer- or programmable
logic controller (PLC)-driven systems offering GMP-compliant
data security and user management.

A specific model, a Barocycler 23020EXT (Pressure
BioSciences) shown in Fig. 6, is a bench-top instrument which
is a space-saving alternative to larger models. The stand-alone
instrument is shown in Fig. 6(A), connected to an air compres-
sor underneath (Fig. 6(B)). For small scale reactions, individu-
ally sealed fluoropolymer reaction vials (fluorinated ethylene
propylene (FEP) 150 pl MicroTubes, Fig. 6(C)) are used, that
are placed into metal sample cassettes which are then
immersed in the pressure vessel. Up to 16 reactions (Fig. 6(D))
can be carried out under identical conditions, enabling the
screening of a large set of reactions in a timely manner.

30pL

50uL  100pL 150pL

Fig. 6 Image of Barocycler 2320EXT (A); air compressor (B), fluorinated
ethylene propylene (FEP) 150 pl MicroTubes (C); metal cassettes with 8
tubular openings each.

This journal is © The Royal Society of Chemistry 2025
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3.2.5. Stopped flow and continuous flow systems. While
batch reactors are still predominant in high-pressure process
equipment, there are several examples of the research-scale
equipment designed to study reaction kinetics effects due to
rapid changes of pressure, so-called “pressure-jump” systems.
In principle, pressure jump equipment consists of the main
reactor vessel typically equipped with optically transparent
windows to facilitate spectroscopic analysis of the process, an
intermediate accumulator vessel, and one or two high-speed
valves that offer an ability to equilibrate pressure between the
two vessels or vent the pressure media out to the atmospheric
pressure level. Static high-pressure and pressure-jump kinetics
experiments were successfully employed for studying protein
conformational dynamics using UV-Vis,** fluorescence spec-
troscopy,® circular dichroism,*® EPR,"*®* NMR***® and small
angle X-ray scattering®® techniques.

Continuous-flow systems have also been reported, which
frequently consist of a modified HPLC-style pump, a flow-
through reactor, e.g., an aging tube or a capillary, and a down-
stream flow restrictor device capable of sustained restriction to
the flow to maintain desired pressure level in the system.>" All
such systems are presently research-scale.>>

A recently introduced manufacturing-scale “In-Bulk” HHP
equipment by Hyperbaric SA*® is a flow-through system that
offers a semi-discontinuous treatment of fruit/vegetable juices
and other pumpable liquids at a throughput of 4000 L per
hour and pressure up to 7 kbar. The system is pressurized in a
batch mode but filled and emptied in a flow-through manner,
thus eliminating a need of manual handling of bags or bottles
of packaged product.

3.2.6. Combination of high-pressure equipment with
optical spectroscopy for mechanistic studies or real time moni-
toring. UV-Vis absorption and fluorescence are common ana-
lysis tools that are easily accessible, low-cost, simple, and
reliable. Proteins and nucleic acids either directly absorb UV
light, or are detected with sensitive and selective fluorescent
dyes. For example, optical spectroscopy and HHP were com-
bined into an experimental workflow named “High-Pressure
Optical Spectroscopy” or HiPOS.>* The most common use of
HiPOS is for studying enzyme kinetics, or any chemical func-
tion that is influenced by HHP. The high pressure affects
protein conformation, therefore high-pressure optical spec-
troscopy and microscopy can be used to study conformational
dynamics, mechanisms of cell division, and macromolecular
structure.”® The HiPOS instrument is shown on Fig. 7.

The sample cuvette can be placed into the high pressure
chamber and monitored using the AvaSpec Spectrophotometer
attached via fiber optic cables. The spectrophotometer is
coupled to a Barocycler HUB440, a compact, programmable
high-pressure generator that can reach pressure of 4 kbar.>®

The HiPOS system offers an ability to monitor the sample
using optical spectroscopic techniques under HHP in real
time. The system also has the benefit of being able to control
the sample temperature. The HHP approach is safe and green,
while the UV-Vis or fluorescence detection is sensitive, widely
used, and well understood.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Tutorial Review

“‘—:-;

Fig. 7 Components of fiber optics-based HiPOS system. (A) The high-
pressure optical cell interfaces with (B) the programmable HUB440
pressure generator (Pressure BioSciences, Inc., Canton, MA). (C) The
xenon light source and the (E) AvaSpec photodiode array spectrophoto-
meter (Avantes USA, Lafayette, CO) are coupled to the optical cell via
the quartz (D) fiber optics cables. Three optical windows offer an easy
conversion of the high-pressure cell from absorbance to fluorescence
by simply re-positioning the detector fiber optics cable into an orthog-
onal position relative to the incident beam. (F) Operating temperature in
the optical cell is controlled by an external circulating water bath. (G)
Shows cuvette holder, semi-micro volume cuvette, and a silicone seal.

3.2.6.1. Mechanistic investigations of enzyme reactions by the
HiPOS system. As enzyme-catalyzed reactions are strong contri-
butors to green synthesis, thus mechanistic investigations by
HiPOS could help the design of enzymatic synthetic processes.
As Fig. 8 indicates, some enzymes exhibit dramatic increase of
their activity, while others show significant inhibition as a
function of pressure. Real-time kinetics of several proteolytic
enzymes was studied in a HiPOS system as a function of temp-
erature and pressure following the spectral change due to
release of a chromophore the suitable chromogenic substrates.
Trypsin showed consistent performance over a wide range of
pressure and a marked increase in proteolytic activity with
temperature. Both chymotrypsin and papainase (traditionally

B. chymotrypsin

A. trypsin
0.0012

0.0008

0.0004

mean slope

0.0000

34
kilobar a1 B

C. papainase D. Glu-C

0.005 0.0009

& 0004
0.003
0.002
0.001
0.000

0.0006

mean slo|

0.0003

0.0000 *

21 0
28,
kilobar :

Fig. 8 Enzyme kinetic analysis as a function of pressure and tempera-
ture. Trypsin (A) and chymotrypsin (B) reaction rates were increased
maximally at 55 °C at 2.8 kbar and 3.1 kbar, respectively. Papainase (C)
activity increased nearly 10-fold at 4.1 kbar and 60 °C. Glu-C (D) inacti-
vated at high pressure after reaching maximum activity at 0.7 kbar and
45 °C.
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known as papain) showed marked activation with pressure and
temperature, while endopeptidase Glu-C was rapidly inacti-
vated with elevated pressure.>*

Further, the HiPOS system has demonstrated the barosensi-
tivity of several Good’s buffers where high pressure induces a
shift in pH. Such changes can be measured spectrophotome-
trically in real time using pH indicator dyes which undergo
color transition (Fig. 9 and 10, original data, experimental
details available in figure legends). Definition: Barosensitivity
refers to the sensitivity of a system (such as a molecule, buffer,
protein, or reaction) to changes in hydrostatic pressure, typi-
cally manifested as structural, functional, or physicochemical
changes under elevated pressure.

3.3. Synthetic applications

Synthetic applications of high pressure were employed for
several common types of reactions in organic synthesis. The
following sections focus on some of the reaction types. In
most cases a typical HHP instrument, as described in 3.1 and
3.2, was used, sometimes commercially available instruments,
in some others, custom-made machines that were overwhel-

o
HC A
o
H,C M \\’/
A 3 \
. c—\ )—o
S XY {;
/ |
C— OH A CH,
Xy \ /) SO; —6.26
25 L —6.46
7 Sso, CH, —6.72
—6.91
2.0 7 .
g S\ —7.11
g2 15 —7.21
3 —7.35
s 7.45
§104 7.56
7.67
05 7.83
7.94
0.0
360 410 460 510 560 610 660
B.

absorbance

360 410 460 510 560 610 660
wavelength (nm)

Fig. 9 (A) pH calibration curve showing changes in cresol red spectra in
Tris solutions ranging from pH 6.2 to 8.0 performed at atmospheric
pressure in the optical cell. Protonated and deprotonated forms of the
dye are correlated to peaks at 434 and 573 nm, respectively. (B) Spectral
changes of 100 mM Tris-HCL pH 6.86 solution at atmospheric (dashed
line) and at high pressure. Cresol red indicated an increase in pH from
6.86 to 7.67 at 4.1 kbar. pH was 0.85 + 0.05 pH units.
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Fig. 10 Barosensitivity of some commonly used biological buffers.

mingly used in following reactions. In a few examples an inno-
vative use of water freezing was applied to circumvent the need
for special apparatus, that could generate up to 2 kbar
pressure, which is specifically noted at these examples.

3.3.1. Catalytic hydrogenation. Catalytic hydrogenation
is one of the most common reduction methods in synthetic
chemistry facilitating the transformation of a broad array of
functional groups. It is an example of a truly green protocol.
The atom economy is perfect 100%, the catalysts are mostly
recyclable, minimal or no waste generated, while applying alco-
hols that are the greenest organic solvents. The HHP version of
hydrogenations carries multiple benefits, many are specific to
these reactions, e.g. (i) the closed system ensures that the
hydrogen formed in situ during the reactions will stay in the
reaction vessel, (ii) the high pressure maintains higher H, con-
centration in the liquid phase, largely eliminating the gas-to-
liquid mass transfer limitation. (iii) Parallel, it also improves
the hydrogen coverage on the surface of the metal catalyst
aiding reaction kinetics and ultimately yield. Due to the high
H, coverage and the unfavorable hydrogen desorption kinetics
under high pressure, (iii) also helps to maintain high selectivity
by inhibiting overhydrogenation. Since it is experimentally very
difficult to prepare a sealed vessel with hydrogen gas for the
HHP experiments, the HHP hydrogenation protocol uses in situ
generated hydrogen. As a representative example, the catalytic
hydrogenation of a broad variety of ketones to alcohols has
been developed under HHP conditions by Tomin et al.>® This
protocol was based on the use of Ni-Al alloy with water, using
the reaction of the aluminum content with water as the hydro-
gen source, under HHP conditions at 2.8 kbar. A broad variety
of acyclic, cyclic and aryl-alkyl ketones were hydrogenated to
their appropriate alcohols with high yields and chemo-
selectivity as shown in Scheme 1.%° The use of HHP allowed the
removal of the traditionally used dilute base which ensured the
high selectivity for the alcohols by eliminating common overhy-
drogenation.®® Mechanistically, the Al content of the alloy
reacts with water and generates H, in situ, while the Ni
becomes a RANEY® Ni skeleton catalyst. The high pressure
forces the hydrogen gas to remain in solution, increasing the
hydrogen coverage on the surface of the catalyst.

57,58
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OH

R1JER2

Scheme 1 Selective reduction of ketones under high hydrostatic
pressure.

JOJ\ Ni-Al alloy / H,0
R2 2.8 kbar

R1

3.3.2. Cycloadditions. Cycloaddition reactions are of high
importance in the synthesis of carbo- and heterocyclic pro-
ducts. Due to the nature of these reactions, they are prime
targets for high pressure chemistry, since under HHP con-
ditions the distorted electron cloud can lead to more effective
overlaps of the orbitals that are involved in the cyclization.
Representative examples of the Diels-Alder reaction and other
cycloaddition and pericyclic reactions have been thoroughly
investigated by Chen et al.”” by using computational methods
to provide more insight into the nature of the pressure effect
in these reactions. It is reasonable to assume that similar
effects are at play in these reactions, independently of the indi-
vidual substrates. The calculations provided reaction paths
and Gibbs energy profiles for the reactions under pressure. For
example, the major observations revealed that the Gibbs free
energy of the transition state as well as the overall reaction lin-
early decreased as the pressure increased. Most importantly,
the activation energy of reaction also decreased with pressure,
and the reaction became barrierless at 50 kbar and the
product Gibbs energy is also significantly decreased. For com-
parison, the same reaction has an activation energy of 21 kcal
mol™' at ambient pressure, 1 bar. Although the in-depth
interpretation of physics of the pressure effect is beyond the
scope of this work, one can conclude that the pressure creates
energetically highly favorable conditions for the reactions to
occur with much lower activation energy barriers and improves
the overall energetics of the products under pressure as well,
compared to the ambient pressure alternative.

3.3.2.1. Diels-Alder reactions. Cyclization reactions gener-
ally benefit from high pressure conditions due to their acti-
vation volume AV* and reaction volume AV values, that are
sufficiently negative to ensure a beneficial contribution of
pressure.

The Diels-Alder cycloadditions® are likely the most well-
known cyclizations having high significance as a synthetic
source of large variety of invaluable chemicals. A high-pressure
protocol described the Diels-Alder reaction of thiophene®
that was generally considered more as a heteroaromatic com-
pound than a diene prohibiting its use in these reactions even
with strong dienophiles such as maleic anhydride.®® Kotsuki’s
group disclosed the use of high pressure as an activation
method for this reaction, significantly improving the product
yield. The authors carried out the reaction at 8 kbar under
solvent-free conditions and obtained the products as a mixture
of endo and exo isomers in good to excellent yields (81-99%)
as shown in Scheme 2. Further investigations were also carried
out to determine the dependence of the yield on the level of
pressure (Scheme 2). At 100 °C, the yields considerably
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Scheme 2 High pressure-initiated Diels—Alder reaction of thiophene
with maleimide dienophiles and the dependence of the yield on the
applied pressure.

increased with pressure, suggesting high pressure improved
the kinetics of the reaction.

The Diels-Alder reaction of cis-1,2-dihydrocatechols (X = Me
and Cl) with a variety of activated alkenes as dienophiles is
another successful example of HHP-initiated cyclization
(Scheme 3). The reaction carried out at 19 kbar,** as described
by Stewart et al., provided two different bicyclo[2.2.2]octene
products via syn-addition pathway and anti-selective addition
pathway at the same pressure with good to excellent yields for
the Me analog. Conversely, the Cl analog performed poorly in
the reaction.

High pressure-assisted Diels-Alder reactions have shown
promise in the synthesis of complex molecules such as anti-
biotics by the Rutjes group. Due to the quick adaptation of
bacteria to resist antibiotics, these drugs are constantly being
designed or modified to ensure their efficacy. An HHP-initiated
Diels-Alder cyclization of sterically hindered substrates served
as a key step for the synthesis of a new antibiotic, platencin
(Scheme 4). Traditional methods of high heat or acid catalysis
can only overcome steric hindrance when a compatible reagent
is used. The Danishefsky’s diene is not one of those reagents.

acetonide
formation then

| /

0]
o0 e g ew <
o 19 kbar OH 19 kbar 7
_

2 syn-selective anti-selective X

X EWG cycloaddition X cycloaddition  EwG

(favored) X= Me, Cl (favored)

X=Me  90% X=Me 71%

= b =
X=Cl 1% X=cl 3%

Scheme 3 High-pressure-promoted selective Diels—Alder reactions of
cis-1,2-dihydrocatechols with electron-deficient dienophiles.

H__O
TMSQ 15 kbar
* )_\\_ MeCN, RT-50 °C
{ OMe 16h
PR

81%

Scheme 4 High-pressure-promoted selective Diels—Alder reaction for
the synthesis of a key intermediate of platencin.
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Nevertheless, the high-pressure protocol produced good iso-
lated yield of 81%.% It is hypothesized, that pressure caused
molecular re-alignments during compression, that overcame
the steric hindrance represented by the cyclic dienophile.

The same research group, Rutjes and co-workers, applied
another Diels-Alder cycloaddition for the synthesis of an inter-
mediate for the preparation of a privileged steroid scaffold
(Scheme 5).%¢

In addition, hetero-Diels—Alder reactions were also investi-
gated by Chmielewski and Jurczak under high pressure con-
ditions. In a series of reactions to generate unsaturated
8-lactones, high pressure was required for the Diels-Alder
cyclization between 1-methoxybuta-1,3-diene with aldehydes
that do not normally perform well at ambient pressure. High
pressure allowed a new series of 8-lactone rings to be produced
under mild reaction conditions with yield of up to 80% with
some aldehydes (Scheme 6).°

3.3.2.2. [2 + 2] Cycloadditions. [2 + 2] Cycloadditions
provide excellent opportunities for the synthesis of strained
products containing 4-membered rings, such as cyclobutanes.
High pressure has been applied in derivatizing steroid struc-
tures to unlock new functionality. To obtain the end product,
the carbonyl group at C-17 of dehydroepiandrosterone (DHEA)
must undergo a Knoevenagel condensation, which product
was subjected to a high pressure-initiated [2 + 2] cycloaddition
(Scheme 7). DHEA had reduced reactivity to both reaction
types due to steric hindrance. To overcome the obstacle, 15

1. 15 kbar
) CH,Cl,, 23-50 °C .1OMe
OSiMe; 17-64 h (RY 4
=
OMe  2.H,0, HCI CN

59-93%

Scheme 5 High-pressure-promoted selective Diels—Alder reaction for
the synthesis of a privileged steroid scaffold.

R
15-20 kbar o
50-65 °C, Et,0 OMe

28-80%

Scheme 6 High-pressure-promoted hetero-Diels—Alder reaction for
the synthesis of 5-lactone rings.

OMe

+R%

15 kbar

OMe PhH or CHCI3, 50 °C
16-96 h

21-25%

18-37%

Scheme 7 High-pressure-promoted [2 + 2] cycloaddition for the syn-
thesis of a privileged steroid scaffold.
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kbar of pressure was applied to the reaction and quantitative
yields were obtained by the Rutjes group.®®

3.3.2.3. [3 + 2] Cycloadditions. Similarly to the above cycli-
zations [3 + 2] cycloadditions are another branch of concerted
reactions. The [3 + 2]-cycloaddition of thiocarbonyl ylides with
alkenes and alkynes is another application of high-pressure
chemistry for the synthesis of complex molecules, such as
tetracyclic meroterpenoids.®® The reaction was described by
Magauer’s group® in a comprehensive study (Scheme 8). In
the control experiments under thermal conditions the reaction
yielded only minute amounts of the cycloadduct.”® In contrast,
high pressure appeared to be effective in initiating this pericyc-
lic reaction, likely due to the negative activation and reaction
volumes. The authors compared the reaction under thermal
and high-pressure conditions. Thermal conditions resulted in
up to 40% yield, while high pressure was much more effective
giving up to 86% yield. When testing the effect of pressure, a
significant improvement (16%-85%) in yield was observed
with the increase in pressure (1 bar-5 kbar), while in higher
pressure range (up to 14 kbar), only negligible increase in yield
(1%) was found.

3.3.3. Nitro-aldol reaction. One of the major challenges in
organic chemistry is modulating the stereochemical outcome
of C-C bond forming reactions. The Henry reaction (a.k.a.
nitro-aldol reaction) is one of the best performing methods
from this point of view. An earlier report by Matsumoto,
already pointed out that the Henry reaction generally responds
well to high pressure showing significant rate enhancement.”*
Later, the Matsumoto group’> developed a highly selective
high pressure-initiated reaction system for the Henry reaction
(Scheme 9). The reaction of N,N-dibenzyl a-amino aldehydes
with 3-amino-2-hydroxy acids in acetonitrile at 8 kbar pressure
provided the diastereoselective nitro-aldol products in a 12 h
long reaction. The obtained yields were moderate to good
(66-83%), however, the ee values were excellent (90-99% ee).
The use of high pressure added a significant green advantage,

o
Q
+ TMS__S._TMS

2 equiv

(e}

H
““\S
N,N*-dimethylpropyleneurea v/

(DMPU) H
up to 86%

HHP (1-14 kbar)

Scheme 8 Representative scheme of [3 + 2] cycloaddition of thiocar-
bonyl ylides under high-pressure conditions.

(e} OH
R H + R'RZCHNO, CH,CN RWNOZ
8 kbar, 12 h, rt BN R! 'R2
NBn, 10 equiv nz

66-83% vyield
90-99% ee

Scheme 9 Diastereoselective nitro—aldol reaction of a-amino alde-
hydes with nitroalkanes under high pressure.
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such as the elimination of the toxic and expensive catalysts
from the reaction system.

3.3.4. Michael and Aza-Michael additions. In an effort to
expand the list of reagents that can participate in Michael reac-
tions, high pressure was used as a way of overcoming steric
hindrance. Often a barrier to chemical reactions, steric hin-
drance prevents more substituted enone acceptors from parti-
cipating in Michael reactions. Dauben and Gerdes reported
that with high hydrostatic pressure of 15 kbar in acetonitrile,
and using either triethylamine or 1,5-diazabicyclo[4.3.0]non-5-
ene (DBN) as a base catalyst, the reaction between p-ketoesters
or 1,3-cyclic diones with enones have been observed with good
yield (Scheme 10). When compared with control reactions, no
yield or very small yield was observed. It was also noted that
when under the mild conditions, no further cyclization or
rearrangements occurred unlike in the alternate base catalyzed
control reactions. High pressure here is also used as a way of
controlling the products formed.”?

In a similar organocatalytic addition of nitromethane to
a,p-unsaturated substrates high hydrostatic pressure was used
to improve the outcome of the reaction by Kwiatkowski et al.
HHP appeared to add significant benefits to this otherwise
difficult process that is mainly due to the sterically congested
enones.” The high pressure protocol ensured the preparation
of y-nitroketones in good yields (73-90%), and excellent
enantioselectivity (96-99% ee). The authors selected the
addition of nitromethane to 3-methylcyclohexenone
(Scheme 11(a)) as a test reaction to determine the pressure
dependence of the reaction rate as well as the enantiomeric
excess. Scheme 11(b) demonstrates that up to 8 kbar, increas-
ing pressure significantly improved the yield of the product.

(o] R3 \\O O o
. ZJﬁ(o\/ 15 kbar R3
| R MeCN, Base, 25-45 °C L2
R! o 36-48 h R
42-82%

Scheme 10 Michael addition of activated acyclic donors with di-

substituted enone acceptors under high pressure.

@ o o (b) 100
organocatalyst 90 - 98% ee 98% ee
- 0 -
_(A-5 mol%) aoNo, % 97.5% ee
R MeNO, & Or 98.5% ee
10 kbar o B0
_ 73-90% yield 2 50
R = Alk, Ar 96-99% ee > wl 99% ee
30
20 99% ee
10 99% ee
. . . . . )

1 bar 2 4 6 8 10 12
Pressure (kbar)
organocatalyst

Scheme 11 Highly enantioselective synthesis of y-nitroketones with
quaternary stereogenic centers under high pressure (a), and the effect of
pressure on yield and ee for the addition of nitromethane to 3-methyl-
cyclohexenone as the model reaction (b).
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Above 8 kbar, however, pressure increase only provided limited
enhancement, the yield essentially plateauing at 9 kbar.
Interestingly, the ee appeared to be the highest (99% ee) at
lower pressures (3-6 kbar) and showed some decline, although
minimal, at higher pressures (97.5-98% ee). A similar Michael
addition of a-substituted cyclic ketones with acrylates was also
carried out under high pressure by Kotsuki’s group using a
chiral 1-methylbenzyl amine organocatalysis providing good
yields and enantioselection, although in quite long reaction
times (48 h).”®

High pressure has been instrumental to improve aza-
Michael additions. The addition of amines to
a-dialkoxymethyl o,f-unsaturated ester was successfully carried
out by Rulev, Kotsuki, and Maddaluno to produce the expected
aza-Michael adducts. The reaction conditions were mild using
15 kbar pressure at ambient temperature, yielding 66%
product.”® While it is only a moderate yield, it must be noted,
that the same reaction did not produce any product under
atmospheric pressure despite the 24 h long reflux (Scheme 12).
It appears that the high pressure activation is an effective
method to carry out the conjugate addition of nitrogen nucleo-
philes to alkenes.

A similar, direct aza-Michael addition of anilines to acti-
vated alkenes was carried out by Fedotova et al. with the aid of
hexafluoroisopropanol (HFIP),”” which was applied as a cata-
lyst and a solvent as well. The effects of HFIP and HHP were
found to be synergistic in activating the Michael acceptor. This
dual enhancement ensured the efficient 1,4-addition of ani-
lines of poor nucleophilicity onto Michael acceptors for the
first time. The protocol resulted in up to 100% yield for the
corresponding products (Scheme 13).

The synthesis of p-lactams often starts with a f-aminoester
intermediate. p-Lactams are a common structure in anti-
biotics. Diversity of them and, therefore, their intermediates
are important in creating new antibiotics. Previously, the cre-
ation of p-aminoesters was limited by steric hindrance; only
the simplest un-substituted reagents were shown to react.
Scheme 14 reports a high pressure application by Jenner that

cooMe . conditions (-P)N COOMe
+  (i-Pr),NH
MeO~ "OMe THF MeO” “OMe
25°C, 15 kbar, 5h 66%
reflux, 1 bar, 24 h 0%

Scheme 12 Comparison of the aza-Michael addition of amines onto
a-dialkoxymethyl o,p-unsaturated ester under high pressure (15 kbar)
and ambient pressure (1 bar).

1
R ' HFIP R
\ N~ | |
NH + \/\ S
NG ! EWG 10-15 kbar Ar’N>\/\EWG

rt, overnight
9-100%

Scheme 13 HFIP-promoted aza-Michael addition of anilines under
high pressure.
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Scheme 14 YB(OTf)s-catalyzed aza-Michael addition of amines to
a,p-unsaturated acids under high pressure.

shows not only how a new lanthanide triflate catalyst can
encourage the reaction, but also, when combined with high
pressure, such reaction yields a whole new array of compounds
at excellent yields using mild reaction conditions. While
neither catalyst alone, nor pressure alone resulted in any extra-
ordinary outcomes, when both were applied together, the
yields were up to 100%, and created products that under other
circumstances would not be attained through this scheme.”®

3.3.5. Conjugate additions. Another example of high
hydrostatic pressure effect on organic synthesis was demon-
strated with addition of O-silylated ketene acetals to
a,p-unsaturated carbonyl systems. The same reaction was
carried out by Heathcock’s group, either under high pressure
in acetonitrile at room temperature versus high temperature
with a Lewis acid catalyst at atmospheric pressure. The results
were in favor of the high pressure as a better activator of the
conjugate addition reaction. While several reactions produced
the same yields, the more sterically hindered the enones
became, the better the positive effect of high pressure could be
observed. Not only was high pressure able to overcome the
barrier of steric hindrance, but it also eliminated the need for
high temperatures and catalysts (Scheme 15).”°

3.3.6. Mannich reaction. The Mannich reaction is a three-
component reaction that is highly useful in synthetic chem-
istry. To circumvent the need for special apparatus, Hayashi
et al.®® developed a novel method to generate high pressure
which was induced by water freezing. Although the pressure is
at the low end of the HHP range, the generated approximately,
2 kbar pressure is achieved by freezing water to —20 °C in a
sealed vessel, its simplicity make it easy to use.®" This method
was used in the List-Barbas-Mannich reaction and significant
improvements were observed under high pressure conditions.
The test reaction using acetone, p-bromobenzaldehyde, and
p-anisidine as starting materials was conducted under 2 kbar
pressure induced by water-freezing. The authors reported that
the Mannich product was obtained in 57% yield with 95% ee,
while the aldol adducts formed in 11% yield with 78% ee
(Scheme 16). The control reactions were significantly slower

o RS (R%3Si0 R3R4 O
M . JL 15 kbar \R R
1 4 —_ 1
R R* ™ RS0~ ™OSi(R?), 24 h, 20 °C R OR®
R? R2
81-97%

Scheme 15 Conjugate addition of O-silylated ketene acetals to
o,p-unsaturated carbonyl systems under high pressure.
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Scheme 16 The Mannich reaction of p-bromobenzaldehyde, p-anisi-
dine, and acetone under ambient pressure and high pressure induced by
water freezing.

and less enantioselective under 1 bar pressure, providing the
Mannich product in 25% yield and 88% ee, and the aldol pro-
ducts in 10% yield and 74% ee. 4-(p-Bromophenyl)-3-butene-2-
one, the aldol condensation product, also formed in 12%
yield. Based on these observations, HHP conditions clearly
improved the yield, chemo- and enantioselectivity.

3.3.7. Friedel-Crafts reaction. The Friedel-Crafts reactions
are one of the most useful C-C bond forming reactions at the
laboratory scale as well as in the fine chemicals industry.®?
These reactions occur by the electrophilic aromatic substi-
tution (SgAr) mechanism, which is also applicable to several
other reactions beyond alkylation and acylation, such as
nitration, halogenation or sulfonation.®* Lyzwa et al. reported
that the application of HHP was found to be beneficial for
several organocatalytic Friedel-Crafts alkylation of indoles.
The catalysts were cinchona-alkaloid-based amines activating
the processes via an iminium ion formation.?* The pressure
served as an efficient initiator for the alkylation reactions at 10
kbar pressure applying only 0.5-5 mol% of organocatalysts.
The products were obtained in good yields (up to 92%) and
enantiomeric excess (up to 90%) (Scheme 17(a)). Prochiral
sterically hindered p,B-disubstituted enones could also be
applied as substrates under HHP conditions, producing substi-
tuted indoles with carbon-only stereogenic centers with good
yields (up to 75%) and enantiomeric excess (up to 80%)
(Scheme 17(b)).

Harrington and Kerr found high pressure conditions to be
effective at overcoming steric hindrance in additional similar
applications as well. Scheme 18 is another example of coming

(a) R!
o
@ R RWO 10 kbar \ R?
N R2 catalyst N
H H
70-92% (ee = 83-90%) catalyst
(0.5-5 mol %)
., COaAlK
®) R17 o
N AlkO2C_~ O 10 kbar \ R?
* g2 catalyst N
N R H
60-75% (ee = 68-80% catalyst
-75% (e = 63-80%) (5-10 mol %)

Scheme 17 High-pressure accelerated asymmetric organocatalytic
Friedel-Crafts alkylation of indoles with enones (a) and enone-car-
boxylic acid esters (b).
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Scheme 18 High-pressure-initiated Yb(OTf)s-catalyzed Friedel-Crafts
alkylation of indoles with «,f-unsaturated ketones.

across the obstacle of steric hindrance despite having an
effective catalyst in this conjugate addition of indole to olefins.
As complexity of reagents rose, a decrease in yield was
observed. 13 kbar of pressure was applied to increase yields to
quantitative amounts that couldn’t be observed at ambient
pressures.®

3.3.8. Paal-Knorr reaction. Another cyclization, the Paal-
Knorr reaction was also found to significantly benefit from the
application of high hydrostatic pressure. Traditionally this
reaction entailed the use of an acid catalyst; however, it has
been reported to occur under catalyst- and solvent-free con-
ditions as well, although requiring long reactions (24 h or
longer) to achieve good yields.®® To address the rate issues, the
Torok group tested the reaction under high pressure con-
ditions while maintaining the catalyst- and solvent-free
environment. The reactions of ammonium hydroxide, and
primary alkyl- and aryl amines with 2,5-hexanedione were eval-
uated (Scheme 19).*” It was observed that the HHP reaction
provided the appropriate products in nearly quantitative yields
in very short (often 10 s) reactions. Since the reactions
occurred without any additional reagent, solvent or catalyst,
the catalyst separation, recycling or disposal were completely
eliminated, and the quantitative yields ensured that products
were isolated after a short air drying without any purification.

The calculation of the AV values by the Joback fragmenta-
tion method®® for the reaction steps revealed reasonably nega-
tive values for the cyclization providing a theoretical expla-
nation of the obtained results.

3.3.9. Esterification, transesterification. Although esterifi-
cation is a common reaction catalyzed by acids, there is always
a need for greener and more rapid alternatives. The reaction
displayed in Scheme 20 is an enzyme-catalyzed process carried
out in a biphasic system. Eisenmenger and Reyes-De-Corcuera
synthesized isoamyl acetate by using isoamyl alcohol and
acetic acid using Candida antarctica lipase B (CALB) as a cata-
lyst. Testing the effect of high pressure on the system showed
an increase of enzyme productivity up to 15-fold versus

o

HHP, 1 s - 45 min / \
+ R-NH,orag. NH; ——MM
o neat, rt N
R

94 - 99%

Scheme 19 HHP-assisted catalyst- and solvent-free Paal—Knorr reac-
tions for the green synthesis of pyrrole derivatives.
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9 5 kbar 0
+ ___oXoar
HO/\)\ AOH CALB, 3 h, 80 °C AOA)\

RTIL-alcohol
biphasic system

Scheme 20 HHP-assisted enzyme-catalyzed esterification of isoamyl
alcohol.

ambient pressure. Additional tests carried out in a monopha-
sic system showed reduced activity as acetic acid is an inhibitor
of CALB. A biphasic system was required for the maximum
isoamyl acetate concentration, but high pressure was also a
required component to ensure that the biphasic system
worked properly by having a portion of the layers combine to
react.”

High pressure was used in basic trans-esterification reac-
tions by the Salanski group to show its efficacy in producing
increasing yields of well-known reactions. Alkyl acetates and
benzoates were reacted at 1.1 kbar for 2 h with methanol using
triethyl amine catalysis to afford the trans-esterification pro-
ducts seen in Scheme 21 at high yields.*®

3.3.10. Miscellaneous reactions. Porphyrins are commonly
modified as they are valuable molecules in a multitude of
areas. A common reaction is H,(TFsPP) or M(TFsPP) with a
variety of nucleophiles as the only product produced is a sub-
stitution at the para position. It is a different story when using
amines as a nucleophile, however. They require high tempera-
tures and result in a mixture of derivatives that require purifi-
cation. Gomes et al. used high pressure to negate the need for
higher temperatures and yield only a single product as well as
obtain yield on derivatives not seen before because of their low
reactivity. 4.5 kbar of pressure applied to the system allowed
for amines to be added to H,(TFsPP) or M(TFsPP) in low to
good yields (Scheme 22).*

o o)
1.1 kbar )
R2 + MeOH —— 3% _ » + R20H
R1lj\0’ 2% E;3hN, RT R1JJ\OMe
89-100%

Scheme 21 HHP-assisted triethyl amine-catalyzed transesterification
of alkyl acetates with methanol.

9-89%

Scheme 22 HHP-assisted synthesis of 5,10,15,20-tetrakis[4-(substi-
tuted amino)-2,3,5,6-tetrafluorophenyllporphyrins.
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Three factors have been noted for their influence on confor-
mational changes and dynamics of polymers: temperature,
solvent, and high hydrostatic pressure. Martinho et al.
reported the effect of high pressure on polystyrene chains with
pyrene derivative end labels by following the rate of excimer
formation (Scheme 23). In experiments employing several sol-
vents and temperature levels to study pressure effects in a mul-
titude of conditions, higher pressure was found to reduce the
excimer formation. High pressure was found to increase
solvent viscosity, leading to a decreased likelihood of
cyclization.®

Hydrazones are valuable compounds in biomedical appli-
cations, for example, as multifunctional anti-Alzheimer
disease agents,”® or antioxidants applied in mitochondrial
antioxidant therapy in preeclampsia.”® Thus, their synthesis,
and especially the green alternatives of synthetic protocols,
attracted significant attention. A new, catalyst- and solvent-free
synthesis was described by Costa et al. via the condensation of
benzaldehydes and phenylhydrazones, which was initiated by
HHP, providing moderate to excellent yields (Scheme 24).°°
The authors also carried out control experiments at ambient
pressure, and it was found that the pressurized reactions
usually provided 10-30% increase in product yields. During
the syntheses the so-called pressure cycling was used, when
compression-decompression cycles were applied in a pre-
determined sequence (Fig. 1b). Under the current conditions
cycling improved the yields by about 20% compared to the
static system.

3.3.11. Scaling up HHP reactions. Availability of large size
high pressure reactors designed for large scale processing in
the food industry is one of the factors that make scaling up
synthetic reactions promising. In an effort to make this
promise a reality, the Paal-Knorr reactions, that showed excep-
tional reaction rates and overall yields in the 1 mmol scale
were scaled up to the several gram level in the same apparatus
using 3.8 kbar pressure (Scheme 19)*” by the T6rok group.

i O._(CHCHy)7—(CHCH,),~_ 0O '
SO . O I

Scheme 23 HHP-assisted catalyst- and solvent-free synthesis of poly-
styrene—pyrene co-polymers.

HHP (1.4-3.9 kbar)
no catalyst or solvent,
NS0 H RT

Scheme 24 HHP-assisted catalyst- and solvent-free synthesis of diaryl
hydrazones by the condensation of benzaldehydes and
phenylhydrazines.
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Later the same group further scaled up this HHP protocol to a
preparative, approximately 300 g level using a high pressure
instrument of appropriate size and design.’® The HHP reactor
was a 5 L volume pilot apparatus, equipped with a compressed
air-driven intensifier with water as a pressure medium
(Pressure BioSciences Inc.) (Fig. 11) that used the same
pressure generating approach as the Barocycler 2320EXT
described earlier. The only major difference was the consider-
ably larger reaction chamber (5 L vs. 20 mL). While commer-
cially available Telfon reaction vessels exist for the small
chamber instrument; none is available for the 5 L size. The
authors had adapted conventional low-density poly(ethylene)
(LDPE) liquid storage bottles for this purpose. LDPE is an ade-
quately flexible material that can accommodate the minor
deformation necessary to account for the volume changes due
to fluid compression, while maintaining the integrity of the
vessel and the cap seal at high pressures. Safe and secure con-
tainment of the reactants is extremely important, especially at
larger scales, to avoid the leakage of the reaction material into
the high-pressure chamber. Thus, rigid plastics such as poly-
propylene, polystyrene, polycarbonate, or poly(methyl metacry-
late, etc.) are not recommended for experiments involving high
pressure. Another advantage of LDPE is that it is fairly resist-
ant to chemicals e.g. acids/bases, or polar organic solvents
such as alcohols, and reasonably resistant to many organic
materials, e.g. ketones aldehydes, acids. Due to its interaction
with hydrocarbons (solvents, mineral oil) only limited use is
recommended. The use of LDPE vessels, however, is not rec-
ommended when halohydrocarbons (chloroform, dichloro-
methane, etc.) are considered, although the use of these sol-
vents is unequivocally undesirable from the Green Chemistry
point of view.

The scale-up reactions yielded excellent results, as shown in
Scheme 25. Based on the data obtained in the pilot experi-
ment, it appears that the reaction scale can be readily
increased. The successful completion of reactions with up to
2100-fold increase in the mass of the starting materials
demonstrated that the application of the reaction parameters
from the mg scale reactions to the several hundred-gram level
did not negatively affect the outcome of the reactions. Reaction

Fig. 11 Pressure BioSciences Inc. pilot scale high pressure reactor indi-
cating (A) pressure indicator, (B) 5 L chamber, (C) screw cap, (D) air com-
pressor, (E) 1000 mL LDPE reaction bottle.

This journal is © The Royal Society of Chemistry 2025
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Isolated yield

—

©/\/N Y
Isolated: 233.18 g
95%

-0

3.8 kbar, 30 s
—_—

NH, O
©A/ . )W 25 °C

o catalyst- and
149.44 g 140.76 g solvent- free

3.8 kbar, 55 min

25°C
catalyst- and
solvent- free

(6]
NH,
(o]

133.98 g 164.22 g Isolated: 243.63 g
99%
o)
o~~~ + 3.8 kbar, 30 s
NH, )J\/\H/ —_— —
25°C N
O catalyst- and
121639 137209  Solvent-free Isolated: 206.58 g

96%

Scheme 25 Examples of scaled up high pressure-initiated Paal—Knorr
reactions. Yields (and amounts) shown are all isolated yields.

times and yields remained essentially the same providing
quantitative yields without any by-product formation, thus
purification was not necessary, further improving the green
advantages of the methodology.

4. Potential disadvantages and
limitations of barochemistry

Similarly to any methodology, barochemistry also has its dis-
advantages and limitations. These aspects originate from mul-
tiple issues such as the instruments and technical aspects,
and the reactions themselves.

4.1. Instrument and other technical issues

(i) The first such issue is the generation of the pressure.
Pneumatic intensifiers are less expensive; they require an air
compressor or a gas tank as pressure input. However, they are
difficult to scale up due to the limits of power that can be deli-
vered by highly compressible gas, as well as due to the safety con-
cerns arising from large compressible volume of gas being used.

(if) The pressure vessels of the smaller instruments are
commonly made from a single metal block. A disadvantage of
the single block pressure vessels is an inability to predict when
the material fatigue will cause a failure. Most of the stress
occurs initially on the inner surface of the pressure vessel,
initiating hairline cracks that will eventually propagate
outward. Therefore a high quality surface finish on the inner
surface is critical to eliminate any possible stress concentra-
tors. Periodic inspection of the vessel ID surface by a dye pene-
trant technique®” can reveal small hairline cracks that would
eventually propagate to the outside of the vessel.

This journal is © The Royal Society of Chemistry 2025
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(iii) Although the scale up of barochemical syntheses at
static pressure appears to be relatively straightforward,” it
must be mentioned that scaling up is significantly more
difficult when doing pressure cycles rather than static
pressure. It is much easier to hold pressure at the large scale
for a given time, rather than constantly pressurize and decom-
press with relatively short holding times.

(iv) The reaction vessel, that holds the reaction mixture and
is immersed into the pressure vessel, could also represent a
challenge. It must be chemically inert, and flexible. Although
the compressibility of water, used as a pressure transmitting
fluid, is low, no liquid is completely noncompressible. Thus, a
rigid reaction vessel can easily break under high pressure con-
dition, losing the reaction mixture and contaminating the
pressure vessel. This limitation excludes all crystalline poly-
meric reaction vessels. In addition, some reaction vessels
might not be compatible with the solvent use. Some solvents
swell, and sometimes even dissolve certain polymers.

4.2. Potential issues derived from the reactions

(i) Since the beneficial effects of high pressure organic syn-
thesis (different from the diamond-anvil-cells used in solid
phase materials applications) are mainly derived from the low
compressibility of liquids, the reaction mixture must be in the
liquid state. That certainly results in some limitations. For
example, if solvent-free reactions are attempted, at least one of
the components must be liquid, and it should dissolve the
other components. If all starting materials are solids, then
either a solvent must be used, leading to another limitation, or
one can shift to solid state synthesis using diamon anvil cells.

(ii) The solvent compatibility is important considering the
flexible nature of the reaction vessels, that are made of one
form of plastic. The solvent must not react with or swell the
reaction vessel, otherwise leaks could occur compromising the
outcome of the reaction. One must consult with the literature
to make sure that an appropriate solvent is selected.
Commonly, Teflon vessels are resistant to solvents, but other
common materials such as polyethylene might present chal-
lenges when the solvent selection is in question.

(iii) As we pointed out above, the effect of pressure on a
process is dependent upon the AV* and AV values of the reaction.
When both are negative, the reaction benefits from pressure,
when both are positive, then pressure works against the reaction.
Any other combination is an individual case. When the sum of
the changes amount to zero, then the reaction will occur similarly
to the non-pressurized reaction. In short, not all reactions
improve under pressure, and one should calculate the potential
volume changes to predict the direction of the pressure effect or
consult the literature for similar examples.

5. Relevant green chemistry
metrics®’

(i) Mass-related descriptors are either dependent upon the
reaction itself, or the conditions applied. The atom economy
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(AE) as a theoretical descriptor is independent from the con-
ditions and only related to the reaction itself. More practical
mass-related metrics, such as the E-factor, environmental quo-
tient (EQ), mass efficiency (ME), reaction mass efficiency
(RME), and process mass intensity (PMI), however, are signifi-
cantly dependent on the reaction conditions. These metrics
are strongly dependent on practical factors such as chemical
yield, selectivity (chemo-, regio, or stereo), since these descrip-
tors determine the amount of waste, the use of solvent and
auxiliary materials, the potentially required purification
method and the likes. When a barochemical synthesis occurs
with excellent yields and selectivity under potentially catalyst-
and solvent-free conditions then the process will produce
highly desirable mass-related metrics. However, every reaction
is unique, and the benefits of high pressure must be evaluated
on a case-by-case basis.

(if) Solvents also play an important role in any process,
especially in barochemistry, where the reaction mixture
must be in the liquid phase. The compatibility of the solvent
with the reaction vessel is an obvious issue, as was discussed
above. Another parameter is the compressibility of the solvent.
When it is high, the use of pressure is less than ideal due to
large volume changes or higher adiabatic thermal effect.
The third issue is the solvent intensity, i.e. how much solvent a
process requires. Not considering purification (that is indepen-
dent of the use of pressure during the reaction) the solvent
intensity of the actual reaction will be dependent on the
solubility of the reactants in each solvent. Once a process/reac-
tion vessel is selected the applicable solvents must be
evaluated based on these parameters, and their overall
greenness.

(iii) Energy efficiency. The amount of energy used in a reac-
tion is also crucial in determining the overall greenness of a
process. Different forms of energy (convective heating vs. non-
traditional activation methods) will result in different
efficiency in each system. However, just like in the case of
different other descriptors, there is no ultimate best. The
polarity, viscosity, chemical nature, boiling point, compressi-
bility etc. all contribute to the energy efficiency of a reaction.
In addition, various reactions respond quite differently to the
type of activation. In a recent study the effect of different acti-
vation methods was investigated on the catalyst- and solvent-
free Paal-Knorr reaction.’® It was observed, that the barochem-
ical synthesis was the most energy efficient, due to the extre-
mely short reaction times. Even conventional heating appeared
to be more energy efficient than microwave irradiation.
However, the opposite was observed, namely microwave acti-
vation was superior, when the reaction was catalyzed by a solid
acid, K-10 montmorillonite.®® However, in this case the solid
acid acted as a strong microwave absorber providing internal
heating for the reaction, while in the catalyst-free approach,
the starting materials appeared to be poor microwave absor-
bers, i.e. most of the energy input was wasted. This example
shows, how complex the appropriate selection of the activation
method could be, to ensure the most energy efficient
conditions.
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6. Conclusions and outlook

In this tutorial review the fundamental characteristics of high
hydrostatic pressure-induced organic synthesis have been
described. After a brief introduction about history and theory,
the application side has been highlighted, from equipment to
applicable reactions. We believe that the broader applications
of HHP or barochemistry would bring extensive benefits to the
green synthesis of APIs, building blocks, and fine chemicals at
the laboratory and likely at the industrial scale. Based on the
major findings, the key benefits of barochemistry can be sum-
marized in the following main points: (i) many reactions (cycli-
zations in particular) occur in a catalyst- and solvent-free
environment, eliminating catalyst separation/recycling and
reagent disposal steps; (ii) the reactions produce higher yields
and often improved selectivities; in the ideal cases quantitative
yields and exclusive selectivity were obtained, thus no product
purification is required; (iii) the majority of reactions occur at
room temperature or moderate temperatures, which is con-
venient, safe and energy efficient (iv) the commercially avail-
able HHP instruments allow safe protocols with tuneable
characteristics, such as pressure, temperature, reaction time,
or pressure cycles, if needed, (v) the instruments use water as a
pressure transmitting fluid, that is non-flammable, non-toxic,
inexpensive, widely available, and also has the lowest compres-
sibility of most liquids, in short, ideal from both engineering
and green chemistry point of views.

Despite the above summarized advantages, efforts were also
made to address the drawbacks and limitations of barochemis-
try. There are still multiple gaps in our understanding of the
effect of HHP on chemical reactions. Although the mechanistic
understanding of pericyclic reactions appears more advanced
than that of some other types, one must not forget, that those
reaction proceed in one step. In contrast, many catalytic reac-
tions, including multicomponent reactions proceed in many
steps, thus the pressure effect should be investigated on each
of those elementary steps to explain the final experimental
outcome. However, as more advances are made in high
pressure synthesis, more data will be available to corroborate
experimental findings with the theoretical fundamentals. This
progress will help overcome the existing gaps and will
undoubtedly help apply HHP to a wide range of reactions.

The high-pressure methodology is a promising activation
strategy that is applicable to many reaction types. Based on the
examples listed in this work, it might enable other reactions as
well, such as multicomponent cyclizations that produce impor-
tant heterocycles, Pd-catalyzed cross-coupling reactions, or
alkene metathesis among other possibilities.

Data availability

The data supporting this article have been included in the
References.
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