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High-pressure technology finds its major application in the field of organic synthesis, especially for
cycloaddition reactions. The aim of this article is to review all examples of high-pressure strategies in
cycloaddition and related reactions, to describe the scope and limitations of this technique, and to suggest some
further possibilities.

1. Introduction. ± Human beings with their exceptional capabilities grasp a global
world that goes beyond the naturally delimited domain, and understand changes in the
natural environment with time. The desire of man for a higher material standard of
living has especially developed science and technology in the last half century. It has
resulted in population explosion and a scale of industrialization that has placed great
strains on the biosphere. The result of such an intractable situation is the exhaustion of
natural resources. The devastation of a local resource leads eventually to the pollution
of the environment on a global scale. Environmental pollution holds risks not only for
life on this planet, but also for our species. Therefore, the relationships between the
natural environment and modern science must be understood more exactly to solve
these problems that arise by negative feedback. Mankind×s technology must be on a
substantial scale, so that we all benefit from a fully functioning natural environment.
The natural environment can be divided into the categories water, air, and land, and the
organisms in each category. High pressure, the phenomenon that is a feature of this
study, is encountered, e.g., in the deep sea, inside the Earth, and on other planets [2] [3];
and it is likely to have been an agent in the geochemical conditions that formed coal and
oil deposits (Fig. 1).

It is interesting to investigate the change of molecules at high pressure, because
pressure affects the molecular environment. When covalent-bond formation takes
place, it is simply assumed that one molecule collides with another molecule. But it has
been clarified that solvent, concentration, temperature, and pressure strongly affect
reactions.

The use of extreme conditions such as ultra-high pressure in material sciences and
industry has led to the successful preparation of synthetic diamond, ruby, and borazone
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as early as in the 1950s [4] [5]. Around 1980, high-pressure apparatus such as autoclaves
became popular. But until then, the versatility of high pressure in organic synthesis has
not been widely explored, in spite of its potential [2] [6 ± 13]. Of the many parameters
that can be changed to improve the efficiency of synthetic transformations, most

��������� 	
����� ���� ± Vol. 88 (2005)2034

Fig. 1. Pressure Scale and Technical Applications of High Pressure



attention has been paid to the study of electronic and steric effects by chemical
modification of substrates and reagents, to thermal and photochemical effects, to the
use of catalysts such as Lewis acids and bases, or phase-transfer reagents, to
sonochemistry, microwave techniques [14] [15], flash vacuum pyrolysis and other
thermal processes, electro-organic transformations, reactions with solid-supported
reagents and catalysts [16] [17], as well as solvent-free organic synthesis [18].
Supercritical fluids have also been used, and this can often be an alternative to organic
solvents under high pressure [19] [20]. Much interest has been generated in high-
pressure methodology, since it has been demonstrated that high pressure is not only
useful in effecting cycloaddition reactions, but also several kinds of ionic reactions [21].

The aim of the present article is to review all examples of the use of high-pressure
procedures in cycloaddition reactions and some related reactions, particularly focusing
on synthetic applications, to describe the scope and limitations of this technique, and to
suggest some further possibilities2). There are some monographs and reviews on
chemical reactions at high pressure, especially covering the earlier literature of the past
decade [22 ± 34]. Furthermore, several kinds of monographs [6] and reviews [2] [7 ± 13]
on high-pressure organic reactions have been published byMatsumoto and co-workers;
and there is a recent review byKl‰rner andWurche [25], and a monograph by van Eldik
and Kl‰rner [33], both of which cover recent progress in high-pressure organic
synthesis up to the first half of 2000. Therefore, the present article covers only
representative and the most-recent examples, more-detailed information up to ca. 2004
being summarized in the Appendix.

2. General Principles. ± Present-day methods of organic synthesis are mostly based
on chemical modification of reagents and catalysts. Nevertheless, frequent use has
recently been made of −distinctive× techniques such as ultrasound, flash-vacuum
pyrolysis, electro-organic, microwave, supercritical, solvent-free (or solid-state), as well
as even plasma conditions. The high-pressure technique is one of the most-developed
unconventional tools for the preparation of both new and known compounds. Chemical
reactions at high pressure require conditions characterized by high number densities of
the reacting particles, so that very intense intermolecular interactions take place. In
terms of the potential energy of interaction as a function of the distance between
reacting molecules or atoms, the repulsive part of the relationship is mainly discussed.
At lower number densities, interactions of this type take place only at higher
temperature, but within a limited time interval determined by the impact parameters.
At higher pressure, the duration of these strong interactions is much longer. This
phenomenon may lead to a considerable increase in reaction rate (Scheme 1).

The fundamental equation (Eqn. 1) for the effect of (high) pressure on the rate
constant of a reaction was deduced by Evans and Polanyi based on transition-state
theory:

(� ln k/�P)T���V�/RT�� (V��Vr)/RT (1)
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where �V� is the so-called −volume of activation×, which corresponds to the difference
between the volume of the activated complex (V�), including the corresponding
molecule(s) of its solvation shell, and the volume Vr of the reactant molecules (with
their associated solvent molecule(s)), measured at constant pressure (P) and temper-
ature (T) [35]. In Fig. 2, this principle is exemplified for aDiels ±Alder reaction as one
of the simplest cases.

In general, bond formation, concentration of charge, and ionization during the
transition state lead to a negative volume of activation, whereas bond cleavage, charge
dispersal, neutralization in the transition state, and diffusion control lead to a positive
activation volume. For reactions in which the polarity of the transition state changes,
the influence of the solvent on �V� is of importance. Thus, those types of organic
reactions in which rate enhancement is expected on application of pressure may be
summarized, as a preparative or synthetic guide, as follows [2a] [36]:

� Reactions in which the molecularity decreases in the products (e.g., cycloadditions
or condensations)

� Reactions that proceed via cyclic transition states (e.g., Claisen and Cope
rearrangements)

Fig. 2. Mechanism and volume profile of the Diels ± Alder reaction
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Scheme 1. High-Pressure Effects on Organic Reactions



� Reactions that take place through dipolar transition states (e.g., Menshutkin
reactions or electrophilic aromatic substitutions)

� Kinetically hindered reactions that either do not take place or give rise to low yields
due to steric hindrance in the transition state.

As described above, the activation volume �V� is the difference in partial molar
volume between the transition state and the initial state. From a synthetic point of view,
this can be often approximated by the difference in the molar volumes of the
reactant(s) and product(s). Partial molar activation volumes, which can be divided into
a structural and a solvent-dependent term, are of considerable value in speculating
about the nature of the transition state. This thermodynamic property has led to many
studies on the mechanisms of organic reactions. Thus, from Eqn. 1, the application of
pressure accelerates reactions that have a negative volume of activation.

In Table 1, the effect of pressure on reaction rate is shown for different (negative)
�V� values. The system does not strictly obey the ideal rate equation for P� 1 GPa,
since the activation volume itself is somewhat pressure-dependent. Thus, the values of
�V� generally decrease with increasing pressure. Innumerable data on �V� values are
now available [37] [38]. And in case that �V� is not available for a reaction type of
interest, activation entropies (�S�) may serve as a guide, since a linear relationship
between �V� and �S� has been reported for a variety of reactions [39] [40].

The following pressure units are commonly being used: 1 kbar� 100 MPa�
1000 kg/cm2 � 1000 atm� 7.5� 105 mmHg (see Table 2). Note that the differences
between these units can be ignored, as long as qualitative aspects are under discussion.
This is mostly the case in high-pressure synthetic chemistry or preparations under
pressure. In the Syste¡me International d×Unite¬s (SI units) adopted by the Confe¬rence
Ge¬ne¬rale des Poids et Mesures, and endorsed by the International Organization for
Standardization, the unit of force (F) is Newton [N� kg m s�1]. The SI unit of pressure
P is Newton per square meter (N m�2), which is called Pascal [Pa], 105 Pa being 1 bar,

Table 1. Variation of Rate Constant with Pressure for Different Activation Volumes (�V�) and Temperatures
(T). The term kP/k0 corresponds to the ratio of the rate constant at pressure P vs. atmospheric pressure (k0). In

parentheses, ��G� [kJ/mol]

�V�

[cm3/mol]
T
[�]

kP/k0

0.5 GPa 1.0 GPa 1.5 GPa 2.0 GPa 3.0 GPa 5.0 GPa

� 10 25 7.5 57 430 3200 1.8� 105 7.5� 108

50 6.4 41 270 1700 7.1� 105 1.5� 108

100 5.0 25 130 630 1.6� 104 1.2� 107

(� 5) (� 10) (� 15) (� 20) (� 30) (� 50)
� 20 25 57 3200 1.8� 105 1.0� 107 3.3� 1010 5.6� 1017

50 41 1700 7.1� 104 2.9� 106 5.0� 109 2.4� 1016

100 25 630 1.6� 104 4.0� 105 2.5� 108 1.5� 1014

(� 10) (� 20) (� 30) (� 40) (� 50) (� 60)
� 30 25 430 1.8� 105 7.7� 107 3.3� 1010 6.0� 1015 4.2� 1026

50 270 7.1� 104 1.9� 107 5.0� 109 3.6� 1014 3.7� 1024

100 130 1.6� 104 2.0� 106 2.5� 108 4.0� 1012 1.9� 1021

(� 15) (� 30) (� 45) (� 60) (� 90) (� 150)
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which, in turn, corresponds to ca. 0.987 atm (Table 2). Thus, in this chapter, we will use
Pa as pressure unit as an approximate to other units [21].

Before performing high-pressure experiments, it would be desirable to have
knowledge of the effects of pressure on various physical properties of the solvent, such
as freezing temperature, density, viscosity, solubility, compressibility, dielectric
constant, and conductivity. Unfortunately, sufficient data on all these properties are
often unavailable. The importance of the solvent in determining the effects of pressure
on reaction rates has been recognized in general terms for a long time [41], but the first
satisfactory discussion was given by Buchanan and Hamann only in 1953 [23]. A
schematic compilation of pressure and solvent effects on reactions of different charge
types, established by Dack, is given in Table 3, which also includes solvent-polarity
effects on the activation volume.

Less-polar solvents have higher compressibilities and are, therefore, more
constricted by ionic or dipolar solutes than more-polar solvents, which exhibit smaller
compressibilities owing to stronger intermolecular interactions. An example of a
conversion of Type 2 (Table 3) is the Diels ±Alder reaction (see also Fig. 2 above). In
agreement with an isopolar cyclic activated complex being intrinsically smaller than the
reactants, �V� is strongly negative. In reactions of Type 3, charge creation on the
reacting species increases the intermolecular electrostatic forces between the solute
and the permanent or induced dipoles in the solvating molecules. This leads to a volume
reduction of the solvate complex, a process called −electrostriction×. Corresponding to
Type 5, increasing pressure leads to an increase in reaction rate, which is more
pronounced in less-polar solvents, and clearly demonstrates that nonpolar solvents
undergo more electrostriction than polar media. In general, effects of solvent polarity
and high pressure can be used to draw conclusions about whether the activated
complex is more dipolar (i.e., interacts more strongly with the solvent) than the initial
reactants. In this context, solvent-compressibility values [34] are of importance. A list
of such values, taken from Isaac×s book [34], are given in Table 4.

Other important parameters are freezing point and viscosity of solvents. The
freezing point of a liquid is known to increase with increasing pressure. This effect
amounts to ca. 15 ± 20� per 100 MPa. In Tables 5 and 6, the freezing temperatures [4]
and the viscosities of common solvents are given at both ambient (0.1 MPa) and high
pressure, respectively [34] [42].

In the case of H2O, an increase in pressure actually lowers the freezing point,
because the volume of frozen water (ice) is larger than that of the liquid; thus, an
increase in pressure lowers the freezing point according to the Clausius ±Claperon
equation.
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Table 2. Common Pressure Units

kbar MPa kg/cm2 atm mmHg

1 kbar 1 100 1019.7 986.92 7.5006� 105

1 MPa 0.01 1 10.197 9.8692 7.5006� 103

1 kg/cm2 9.8067� 10�4 9.8067� 10�2 1 0.9678 735.6
1 atm 1.0132� 10�3 1.0132� 10�1 1.0132 1 760.0
1 mmHg 1.333� 10�6 1.333� 10�4 1.3595� 10�3 1.3158� 10�3 1



Interestingly, it has been shown that some reactions take place only at pressures
where the solvent employed is presumed to be frozen. This interesting phenomenon
should be a subject of future work [18]. The solubility of solids in liquids often
decreases as the pressure is raised, and the reagents often tend to crystallize out from
the solvents. The viscosity of liquids increases approximately by a factor of two every
100 MPa; thus, diffusion control of the reaction is important [43]. The effects of
viscosity on reaction rates have been extensively investigated byAsano and co-workers
[44].

3. Mechanism and Stereochemistry. ± The traditional electronic theory of organic
reactions, based on Ingold×s work −Structure and Mechanism in Organic Chemistry×
[45], did not fully address the mechanism and stereochemistry of cycloaddition
reactions. Therefore, cycloadditions and related pericyclic reactions were called −no-
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Table 3. Effects of High Pressure and Solvent Polarity on the Activation Volume and Rate of Reaction for
Processes Involving Different Molecular-Charge Distributions

Type Transformation �V� ��V�a) �kP
b)

1 pos. zero neg.

2 neg. zero pos.

3 neg. neg. pos.

4 pos. pos. neg.

5 neg. neg. pos.

6 pos. pos. neg.

7 neg. pos. neg.

8 neg. pos. neg.

a) Effect of increased solvent polarity on activation volume. b) Effect of increased pressure on rate constant k.



mechanism reactions× until 1965, when Woodward and Hoffmann published −The
Conservation of Orbital Symmetry× [46]. Fukui and Fleming rationalized the
mechanism of cycloaddition reactions with the Frontier Orbital Theory [47 ± 49], by
which the stereochemical aspects, especially of pericyclic reactions, can be predicted.
With respect to stereochemistry, these aspects were particularly well predicted by this
theory. More recently, computational calculations like MOPAC and ab initio methods
have been popular to predict mechanisms and transition states, since a variety of
software is now commercially available [50], and because ever more-powerful, yet
inexpensive, hardware is on the market. Since Kl‰rner and co-workers have already
discussed the mechanistic aspects of [4� 2] cycloaddition reactions [33], we will not
repeat these discussions.

It is widely thought that cycloadditions and related reactions are not always
concerted, and can often involve diradicals and/or polar intermediates [32] [33] [51].
Specifically, in 1989, it was speculated for pressure-accelerated Diels ±Alder reactions
[51] that the intrinsic contraction in bond-formation in the transition state is small (3 ±
5% of �V�), and that most of the occurring volume contraction is due to loss of empty
space surrounding the reactants, rather than being related to the reactants themselves.
This is a very important conclusion, for it suggests that, in the cases investigated, the
data for activation and reaction volumes should not be used for the deduction of
reaction mechanism.

Neither the concerted nor the diradical mechanism for the Diels ±Alder reaction
can be established from high-pressure data. Thus, it is possible that the mechanism
adopted by a particular cycloaddition may vary with pressure. Actually, the mechanism
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Table 4. Isothermal Compressibilities (�T) of Common Liquids and Solvents. The values refer to atmospheric
pressure at 20� (unless indicated otherwise).

Compound �T [MPa�1] Compound �T [MPa�1]

Hexane 15.40 Carbon disulfide 9.38
2,3-Dimethylbutane 17.97 Carbon tetrachloride 10.50
Heptane 13.4 Chloroform 9.96
Octane 11.3 Bromoethane 12.94
Cyclopentane 13.31 Iodoethane 9.82
Cyclohexane 11.30 1,1-Dichloroethane 7.97
Cyclooctane 9.22 Tetrachloroethylene (25�) 7.56
Dodecane (37.8�) 8.03 Trichloroethylene (25�) 8.57
Pentadecane (37.8�) 9.9 Methanol 12.14
Octadecane (60�) 9.1 Ethanol 11.19
Benzene 9.44 Propan-1-ol (0�) 8.43
Toluene 8.96 Butan-1-ol (0�) 8.10
m-Xylene 8.46 Pentan-1-ol (0�) 7.71
Chlorobenzene 7.45 Ethylene glycol 3.64
Bromobenzene 6.46 Octan-1-ol 6.82
Anisole 6.60 Acetic acid 9.08
Aniline 4.53 Ethyl acetate 11.32
Nitrobenzene 4.93 Acetone 12.62
Phenol (60�) 6.05 Diethyl ether 18.65
Water 4.58



of a particular alkylation reaction has been shown to be altered by increasing pressure
[52]; and the discovery of other mechanistic changes caused by pressure must be
expected [53]. We shall discuss selected stereochemical aspects of high-pressure
cycloaddition reactions as they occur in the following sections.

3.1. Scope and Limitations. Of the wide variety of pericyclic reactions, cyclo-
additions have been most extensively studied both for mechanistic and synthetic
aspects [54 ± 57]. The reactions have been defined, classified, and reviewed in two
fashions [46] [58] [59]. They can be facilitated under a variety of conditions such as
addition of catalysts, application of high-temperature or high-pressure conditions, or
use of microwave techniques, etc. As a result, the conditions of cycloaddition reactions
can be usually selected in such a way as to accommodate sensitive functional groups in
the substrate. An application of the high-pressure technique to this type of reaction is
anticipated to be extremely fruitful both on kinetic (�V�� 0) and thermodynamic
(�V� 0) grounds. Indeed, activation volumes of cycloadditions range from � 7 to �
50 cm3/mol [60] [61]. It is noteworthy that high-pressure conditions often improve the
yield of cycloadditions, and, in some cases, give rise to the opposite configuration of the
cycloadducts compared with conventional methods [62 ± 64].
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Table 5. Freezing Temperatures of Common Solvents at Ambient and High Pressure

Compound Freezing temperature [�]

at 0.1 MPa at high pressure ([GPa])

Acetic acid 16.6 37.5 (0.1)
Acetone � 94.8 20 (0.8)
Aniline � 6.1 15.5 (0.1)
Benzene 5.5 33.4 (0.1)
Benzyl alcohol � 10.0 0.2 (0.1)
Bromobenzene � 30.6 � 10.7 (0.1)
Butanol � 89.8 � 77.2 (0.1)
tert-Butyl alcohol 25.5 58.1 (0.1)
Carbon disulfide � 111.6 � 98.0 (0.1)
Carbon tetrachloride � 22.9 12.1 (0.1)
Chlorobenzene � 45.5 � 28.1 (0.1)
Chloroform � 61.0 � 45.2 (0.1)
Cyclohexane 6.5 58.9 (0.1)
Cyclohexanol 25.4 62.3 (0.1)
Diethylene glycol � 10.5 0 (0.57)
Ethyl acetate � 83.6 25 (1.21)
Ethanol � 117.3 � 108.5 (0.1)
Diethyl ether � 116.3 35 (1.2)
Ethylene glycol � 17.4 0 (0.32)
Formic acid 8.5 20.6 (0.1)
Hexane � 95.3 30 (1.02)
Methanol � 97.7 25 (3.0)
Dichloromethane � 96.7 � 85.8 (0.1)
Nitromethane � 28.6 � 14.4 (0.1)
Phenol 40.7 53.9 (0.1)
Propanol � 126.1 25 (5.0)
Isopropanol � 89.5 25 (5.0)
Toluene � 95.1 30 (0.96)
Water 0.0 � 9.0 (0.1)



3.2. Intermolecular [4� 2] Cycloaddition Reactions. Since Diels and Alder noticed
nearly 75 years ago the formation of a 1 :1 adduct in the reaction of cyclopentadiene
with 1,4-benzoquinone, the Diels ±Alder reaction, the prototype of [4� 2] cyclo-
additions, has become indispensable to synthetic chemists. The [4� 2] cycloaddition
reaction has the advantages of excellent stereospecificity, predictable endo-stereo-
selectivity, and regioselectivity. Furthermore, it serves as an indirect and general
method for the introduction and/or conversion of functional groups, especially through
the retro-[4� 2] cycloaddition of an initially formed adduct [65 ± 67].

Intermolecular [4� 2] cycloadditions exhibit a large negative volume of activation
(ca. � 25 to � 45 cm3/mol) [68] [69], together with a large negative volume of reaction.
Among high-pressure-mediated reactions, preparative intermolecular [4� 2] cyclo-
addition reactions have been most-extensively explored.

3.3. Reactions between Acyclic Dienes and Acyclic Dienophiles. An intriguing
example for the difference between low-pressure (sealed tube) and high-pressure
conditions is the reaction between 2,3-dimethylbuta-1,4-diene and {[(E)-2-nitroethe-
nyl]seleno}benzene (Scheme 2). Under low-pressure conditions, the adducts endo-1
and exo-2 were obtained in only 16% overall yield in a ratio of 25 : 75. In contrast, at
high pressure (1.2 GPa), the yield increased to 65%, and the endo/exo ratio changed to
46 :54. Under even higher pressure (1.6 GPa), 70% yield and an endo/exo 66 : 21 ratio
were achieved. In the last case (1.6 GPa), the reaction, thus, mainly gave the endo-
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Table 6. Relative Increase in Solvent Viscosity as a Function of Pressure. The term �P/�0 corresponds to the ratio
of the viscosities at pressure P (0.1 or 0.4 GPa) vs. atmospheric pressure (1 atm). All values refer to a

temperature of 30�.

Compound �P/�0

0.1 GPa 0.4 GPa

Acetone 1.68 4.03
Benzene 2.22 ±
Bromobenzene 1.83 7.89
Butanol 2.09 8.60
Isobutanol 2.44 16.0
Carbon disulfide 1.44 3.23
Carbon tetrachloride 2.24 ±
Chlorobenzene 1.79 7.36
Bromoethane 1.67 4.28
Chloroethane 1.75 4.46
Methylcyclohexane 2.44 ±
Ethyl acetate 1.81 6.58
Ethanol 1.58 4.14
Diethyl ether 2.11 6.20
Hexane 2.15 8.2
Methanol 1.47 2.96
o-Xylene 2.05 ±
m-Xylene 1.95 9.27
Propanol 1.92 6.86
Isopropanol 2.20 9.60
Toluene 1.95 7.89
Water 3.27 ±



adduct 1, the smaller-activation-volume product, as well as the tautomerization product
3 (Scheme 2) [70].

3.4. Reactions between Acyclic Dienes and Cyclic Dienophiles. In some cases, the
functionality on the dienophile influences the stereochemistry of cycloaddition
reactions under high-pressure conditions. For example, the reactions between (E)-
buta-1,3-dienyl acetate (4) and the quinolin-2(1H)-ones 5 gave rise to different
configurations in the products 6 and 7, depending on the functional groups at 4-position
of 5 (Scheme 3). These results reflect different activation energies (Ea) for the trans-
and cis-adducts 6 and 7, respectively. For R�COOH, the calculated Ea values for endo-
vs. exo-addition to 6a and 7a, respectively, were reported as 33.5 vs. 34.2 kcal/mol. In the
case of R�CN, the corresponding values for 6b and 7b were 36.9 vs. 35.9 kcal/mol,
respectively. These results indicate that the pathway with the smaller activation volume
was preferred under high-pressure conditions [71].

3.5.Reactions between Acyclic Heterodienes and Acyclic Dienophiles. The desperate
search for effective anticancer and anti-HIV therapeutic agents has greatly stimulated
research on unnatural carbohydrates. Synthesis of the deoxysugars 8, incorporating
annelated 2-spirocyclopropane moieties, has been achieved by means of an inverse-
demand hetero-Diels ±Alder cycloaddition between the heterodiene 9 and the
dienophile 10 as the key step (Scheme 4) [72].

Scheme 3
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Scheme 2



The synthesis of diethyl 5-phosphono-3,4-dihydro-2H-thiopyrans 11 from ethyl 2-
phosphono-3-aryl-prop-2-ene(dithioate)s 12 and enol ethers (and their thio congeners)
13 under high-pressure conditions gave rise to both improved yields and different
configurations in the adducts, compared with the low-pressure (sealed tube) variant
(Scheme 5). In the latter case (low pressure), the cis-adducts were formed predom-
inantly, via kinetically controlled syn-transition states under thermal conditions. In
contrast, at high pressure, the trans-adducts were favored, generated via the
corresponding anti-transition states, associated with smaller activation volumes [73].
Interestingly, however, for X�O and R� t-Bu, the syn-approach was favored,
probably owing to the steric hindrance of the t-Bu group.

3.6. Reactions between Cyclic Dienes and Acyclic Dienophiles. From a vast amount
of examples reported (see Appendix), a classical and highly intriguing reaction was
selected because of its −pioneering character× : the Diels ±Alder reaction between the
isophorone derivative 14 and acrylonitrile (15 ; Scheme 6). When performed at
0.84 GPa, the adduct 16 was formed in high yield (90%) [74a], whereas, under thermal
conditions [74b], a mixture of 16 and the two rearranged products 17 and 18 was found.

Scheme 4

Scheme 5
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Certain reactions that do not proceed under thermal conditions can be readily
forced at high pressure. As shown in Scheme 7, this is the case for the reaction between
methyl 5-ethenyl-2-methylfuran-3-carboxylate (19) and methyl acrylate (20), which
gives rise to the adduct 21, without concomitant aromatization, although only in
moderate yield (23%) [75]. Note that, in the case of the similar reaction between 19
and dimethyl maleate (22), the resulting adduct 23 undergoes aromatization via C�C
migration.

3.7. Reactions between Cyclic Dienes and Cyclic Dienophiles. High-pressure
conditions are often effective to shorten reaction times. For example, the reaction
between 19 andN-phenylmaleimide (24) in refluxing Et2O for 8 d gave the adduct 25 in
90% yield (Scheme 8). When performed at 1.9 GPa at room temperature (25�), 25 was
obtained in 93% yield after only 1 d [75].

The cycloaddition between the indene derivative 26 and the (S)-configured spiro
compound 27 at 0.65 GPa at ambient temperature led to the cycloadduct 28, with
perfect chemo-, regio-, and endo-selectivity (Scheme 9) [76]. Compound 28 seems to
serve as a potential wistarin precursor.

Cantharidin (29) represents the simplest known inhibitor of the serine/threonine
protein phosphatases 1 and 2A. The synthesis of 29 from furan and dimethylmaleic
anhydride met with failure, even at pressures as high as 6.0 GPa, and at temperatures of

Scheme 6

Scheme 7
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up to 350�, presumably due to the thermodynamic instability of the adduct at normal
pressure, e.g., when pressure is released [77a]. Nevertheless, high-pressure cyclo-
addition turned out to be very useful for the synthesis of cantharidin and its derivatives
(Scheme 10) [77b] [78]. For instance, (�)-palasonin (30) was synthesized from furan
and citraconic anhydride (31) at 0.8 GPa for 138 h, followed by hydrogenation over Pd/
C. Neither high temperatures nor Grieco conditions (LiClO4, Et2O, H2O) could effect
this transformation at atmospheric pressure.

Scheme 10
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Scheme 8

Scheme 9



High-pressure cycloaddition of the cis-1,2-diol 32 with cyclopent-2-en-1-one (33),
followed by −oxa-di-�-methane× rearrangements of the adduct 34, were used for the
synthesis of (�)-hirsutene (35 ; Scheme 11), a sesquiterpene isolated from the
fermented mycelium of Coriolus consors [79].

It is known that thiophene (36), which is aromatic, does not undergo [4� 2]
cycloaddition reactions under conventional conditions. However, almost 25 years ago,
the reaction with maleic anhydride (37) at 1.2 ± 2.0 GPa and a temperature of 100o

afforded the exo-adduct 38 in 40% yield. Recently, highly improved results have been
reported under high pressure and under solvent-free conditions, as summarized in
Scheme 12 [18] [80].

Buckmisterfullerene (C60) reacts with electron-rich 2,3-bis(methylidene)-1,4-diox-
anes under thermal conditions. However, with 2,2-dimethyl-4,5-bis(methylidene)-1,3-
dioxolane (39) as the diene, high pressure was required to perform the [4� 2]
cycloaddition with C60, which, after hydrolysis, afforded the acyloin derivative 40
(Scheme 13) [81].

Scheme 11

Scheme 12

Scheme 13
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3.8. Intramolecular [4� 2] Cycloaddition Reactions. In recent years, there has been
considerable interest in synthetic applications of intramolecular [4� 2] cycloadditions,
because the intramolecular process can offer some advantages over the intermolecular
version, especially increased reaction rate and higher selectivity. Intramolecular [4� 2]
cycloaddition reactions allow the regioselective and stereospecific introduction of
multiple stereogenic centers. Hence, these reactions have become a powerful method
for the synthesis of polycyclic natural products. In one case, the activation volume has
been determined as � 25 cm3/mol [82]. Thus, high pressure is anticipated to be useful
in promoting this type of cycloaddition.

The preparation of enantiomerically pure �- and �-sultams was carried out by a
high-pressure intramolecular [4� 2] cycloaddition. In the case of the sulfone 41, the
reaction at 1.3 GPa gave both higher yield and better asymmetric induction than the
corresponding thermal process in boiling toluene at ambient pressure (Scheme 14).
The resulting exo-sultam 42 was favored over endo-43 by the chiral (S)-1-phenylethyl
substituent. In the case of 44, where double stereodifferentiation was brought about by
the presence of two stereogenic centers, the diastereoselectivity noted for the high-
pressure cycloaddition was hardly affected by the chiral N-substituent. Here, equatorial
disposition of the Me group on the �-sultam 45 (and in the corresponding transition
state) dominated the stereochemical outcome of the reaction, the diasteroisomer 46
being formed as the minor product (Scheme 14) [83].

3.9. [3� 2] Cycloaddition Reactions. The 1,3-dipolar ([3� 2]) cycloaddition
reaction, whether concerted or not, undoubtedly rivals Diels ±Alder reactions in
ubiquity as well as synthetic utility [32] [65] [84 ± 90]; and its synthetic potential is still
far from being exhausted. Both inter- and intramolecular 1,3-dipolar cycloadditions

Scheme 14
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represent an efficient method for the syntheses of a wide variety of carbo- and
heterocyclic compounds, including natural products.

The activation volume for 1,3-dipolar cycloaddition reactions is typically highly
negative (ca. � 18 to � 32 cm3/mol) [91 ± 94]. In spite of the broad applicability of 1,3-
dipolar cycloadditions in organic synthesis, high-pressure data are still rare compared to
[4� 2] cycloadditions. Among other reasons, this is due to the fact that the formation of
1,3-dipoles often involves a bond-breaking process; also, in certain cases, 1,3-dipoles are
prone to dimerization [60].

One of the classical and intriguing examples of such reactions is the 1,3-dipolar
cycloaddition of the (aci-nitro)acetate 47 with the pregnadienone 48 as the
dipolarophile to afford the pentacyclic steroid 49, which has an additional isoxazolidine
ring (Scheme 15). This reaction that takes place basically only at high pressure; under
conventional conditions, 49 is formed in trace amounts (�2%) only. Note that Lewis
acid catalyzed addition of 47 to 48 resulted in loss of MeOH from 49 [95].

1,3-Dipolar cycloadditions of the enantiomerically pure, hydroxylated nitrones 50
and 51 to the glycols 52 and 53, respectively, are strongly accelerated at high pressure,
giving rise to the adducts 54 and 55, respectively (Scheme 16). In the reaction leading to
the cyclic glycoside derivative 55, the -tartaric acid derived nitrone 51 approaches 53
from the �-face (bottom). The stereoselectivity is controlled by the 3-BnO substituent
of the glycal as well as by the t-BuO group next to the nitrone C�C bond. The process
has been generalized, and allows direct access to stereodifferentiated tricyclic
isoxazolidines [96].

3.10. [2� 2] Cycloaddition Reactions. The formal [2� 2] cycloaddition is a useful
method for cyclobutane- as well as oxetane-ring formation. Thermal, concerted [2� 2]
cycloadditions are disallowed by orbital symmetry. Heteroallenes such as ketenes with
two �-bonds are thought to undergo thermal concerted cycloaddition either via a
[�2s � �2s � �2s] or a [�2s � �2a] process. Otherwise, [2� 2] cycloadditions could take
place stepwise, either via a biradical or a zwitterionic intermediate. [2� 2] Cyclo-
additions have large negative activation volumes, with �V� values in the range of � 20
to � 50 cm3/mol for concerted [91] [97] [98], and � 25 to � 45 cm3/mol for polar or
stepwise reactions [91] [99 ± 101].

High-pressure conditions are, therefore, expected to be useful for [2� 2]-type
cycloadditions, though not many practical examples of pressured [2� 2] cycloadditions
have been reported. In the AlCl3-catalyzed cycloaddition of cyclopentene (56) with
methyl propynoate (57), the yield of the [2� 2] cycloadduct 58 was improved under
high pressure compared with atmospheric conditions (Scheme 17) [102]. A similar

Scheme 15
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reaction of cyclohexene with 57 afforded an ene adduct, along with the [2� 2] adduct,
the chemoselectivity of the process not being affected by pressure (data not shown)
[102].

3.11. Miscellaneous Cycloaddition Reactions. 3.11.1. Lewis Acid Catalyzed Reac-
tions. Lewis acid catalysts such as SnCl4 and ZnCl2 accelerate many cycloadditions,
particularly [4� 2]-type reactions [54]. Specifically, transition-metal catalysts in high-
pressure cycloaddition reactions have been used by many groups.

A very recent example for the combination of Lewis acid catalyst and high pressure
is the reaction between 2,3-dimethylbuta-1,3-diene (59) and the indole 60. As shown in
Scheme 18, quantitative yields of the adducts 61 and 62 were obtained under high-
pressure conditions. Interestingly, combination of high pressure and ZnCl2 as catalyst
afforded mainly the opposite configuration in 62 [103]. It is passing note that all-carbon
[4� 2] cycloadditions are kinetically favored, which is in accord with the observed
higher reactivity of the aromatic C�C bond relative to the (unaffected) formyl group in
60, giving rise to 61 exclusively (in the absence of catalyst) under high pressure
(Scheme 18).

Scheme 17
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Finally, it should be mentioned that, in the above reaction, both SnCl4 and ZnCl2

accelerate the second cycloaddition, in which the higher trans-cycloadduct was formed
via an anti-type transition state under thermal conditions. In contrast, at high pressure,
the corresponding cis-cycloadducts were formed via a syn-type transition state, which
has a smaller activation volume (data not shown).

Another example of the combination of high pressure and a Lewis acid catalyst is
the synthesis of the cephalostatin derivative 63 from the diene 64 and propargylic
aldehyde (Scheme 19). This transformation could neither be effected under thermal
conditions nor with the help of catalysts alone. However, the use of both high pressure
and ZnCl2 gave rise to a diastereoisomeric 3 : 1 mixture of the primary adduct, which
was oxidized (aromatized) subsequently with DDQ to 63 as the single product in 80%
yield [104].

3.11.2. Reactions of Tropone and Its Derivatives ([8� 2] Cycloaddition). Cyclo-
addition reactions of tropones (�cyclohepta-2,4,6-trien-1-ones) with a variety of
dienophiles have been investigated by Takeshita and co-workers [105]. Generally, these
reactions afford mixtures of various products. For instance, the high-pressure cyclo-
addition of 2-chlorotropone (65) and ethyl vinyl ether (66) yielded a mixture of the
[4� 2] cycloadducts 67 ± 69 and the corresponding [8� 2] cycloadduct 70 (Scheme 20)
[105].

3.11.3. Multicomponent Cycloaddition Reactions. High-pressure conditions have
proven useful for multicomponent reactions, and even for double-multicomponent
reactions [106a]. For example, 3-[(E)-2-nitroethenyl]pyridine (71), the benzyl vinyl
ether 72, and methyl acrylate (73) underwent a three-component cycloaddition ± via
tandem [4� 2]/[[3� 2] reaction ± to afford the bicyclic −nitroso acetal× 74 as a mixture
of three diastereoisomers (Scheme 21). When N-phenylmaleimide (24) was used
instead of 73, compound 75 was obtained as a single stereoisomer [106b].

Analogous three-component cycloadditions have been achieved under heteroge-
neous and high-pressure conditions, in which one reactant was immobilized, e.g., the
resin-bound nitroalkene 76 prepared by microwave-assisted Knoevenagel reaction
(Scheme 22). Compound 76 was reacted at 1.5 GPa with ethyl vinyl ether (66) and

Scheme 18
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styrene (77) in a domino-[4� 2]/[3� 2] cycloaddition, affording the adduct 78, which
was reductively (LiAlH4) cleaved from the support to provide the bicyclic compound
79 in an overall yield of 51% [107].

3.11.4. Synthesis of Supramolecular Compounds [2b] [7a]. Conjugate polymers with
ribbon-type structures have been the subject of great synthetic and theoretical interest.
These structures are predicted to form the structural basis for interesting electronic,
optical, and magnetic properties. High-pressure-promoted repetitive Diels ±Alder
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reactions have served as an effective method for the preparation of these kinds of
compounds. Specifically, the reaction of cyclooctadiene derivatives such as
−[2.2](3,4)furanophane× (�4,5,9,10-tetrahydrofuro[3�,4�:5,6]cycloocta[1,2-c]furan; 80),
with its acetylenedicarboxylate bisadduct 81 gave the ribbon-type polymers 82,
together with the cage-type compound 83 (Scheme 23) [108].

An analogous high-pressure process, based on the condensation of the double bis-
diene 84 and the bis-dienophile 85, gave smooth birth to the novel belt-type compound
86 (Scheme 24) [109]. However, the attempted dehydrogenation of 86 remained
unsuccessful.

3.11.5. Notable Unsuccessful High-Pressure Reactions. There are several unreward-
ing examples that if these had met with success, would have had a great impact on the
science community. In particular, the following spectacular high-pressure attempts are
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to be mentioned (Scheme 25): 1) isomerization of cyclododeca-1,5,9-triyne (87) to
1,2 :3,4 : 5,6-tricyclobutabenzene [110] [111]; 2) isomerization of triquinacene (89) to
diademane (90) [112]; 3) dimerization of triquinacene (89) to dodecahedron (91)
[112]; and 4) intramolecular dimerization of the bis(triquinacene)-type compound 92
to the dodecahedron derivative 93 [113].

All of the above attempted reactions were met with failure, even at ultra-high
pressures of up to 7.0 GPa3). The reason for this are presumably inappropriate
atom...atom distances and/or conformations of the starting molecules for the reactions
to take place. In the future, sovent-free conditions, crystal-engineering strategies, and
computer-based optimization and design of substrates and catalysts, as well as the
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optimization of other parameters such as light and shear, might give dramatic, yet
smooth, birth of fascinating novel molecules.

4. High-Pressure Apparatus and Experimental Procedures. ± This review includes
only a brief account of the equipment used in high-pressure organic synthesis
[2a] [6] [8] [30] [33] [34] [117]. The most general and convenient method for obtaining
high pressure is disproportion, i.e., application of Pascal×s principle. Particularly in
organic synthesis, a piston-cylinder device may be most satisfactory. A maximum
pressure of ca. 5.0 GPa is obtainable with such a device, when constructed of cemented
tungsten carbide. Although miscellaneous types of piston and cylinder apparatus have
been devised, depending on the purpose of experiments, they consist essentially of a
high-pressure vessel, a pressure gauge (usually Bourdon or manganin gauges), a pump,
and an intensifier. The source of high pressure is due to the intrusion of a piston into the
cylinder (Fig. 3) [8].

There are basically four principles to produce high pressures (Fig. 4) by means of
one of the following setups: simple piston cylinder (A), opposed-piston cylinder (B),
anvil cylinder (C), and opposed/multiple anvils (D) [34]. For organic reactions to be
performed on a semipreparative or preparative scale, anvils (C, D) are not suitable,
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because their volume is too small. However, for micro-scale processes, they can be
readily used.

Many kinds of flexible sample tubes have been devised [114]. Four different kinds
of setups are shown in Fig. 5,a. In all cases, either polytetrafluoroethylene (PTFE) or
metal bellows are used, and there is at least one threaded hole for withdrawal. For high-
pressure reactions at temperatures of up to ca. 60�, several kinds of commercially
available syringes and polyethylene tubes have also been used [8].

In Fig. 5,b, a high-pressure apparatus with a mechanical stirring unit is shown, as
used at present in our laboratory. This device, however, can generate maximum
pressures of up to 0.3 GPa −only× [8].

In most preparative experiments under high pressure, the procedure is as follows:
pressure is applied at room temperature to a sample tube containing the reagents and, if
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Fig. 4. Arrangements for the generation of high pressures. Legend: A, simple piston cylinder; B, cylinder with
two opposed pistons; C, Bridgman-type anvil ; D, tetrahedral multi-anvil device.

Fig. 3. Schematic diagram of a high-pressure apparatus. Legend: A, heater; B, double-wall pressure vessel; C,
manual or electronic pump; D, oil reservoir; E, valve; F, intensifier; G, gauge; H, flexible sample container.



necessary, catalysts and solvent, before the temperature is raised, if required. After a
suitable time, the heater is switched off, followed by releasing the pressure, and the
sample is removed from the vessel. When the reaction at high pressure does not take
place at ambient temperature, according to GC, TLC, NMR or other analytical
techniques, an increase of pressure and/or temperature might be effective in certain
cases, or a catalyst may be added additionally.

The apparatus and procedure described above are based upon the recovery method.
However, non-recovery methods like the flow method are often more satisfactory,
particularly for preparative or industrial applications. A very high-pressure flow
apparatus that may enable operation at pressures of up to 1.5 GPa has, indeed, been
designed [115]. More specifically, a high pressure/high temperature apparatus made up
of HPLC equipment and a GC furnace has been operated for a variety of reactions at
pressures of up to 50 MPa and temperatures of up to 600� [116].

High-pressure equipments [117] are available from the following major companies
(in alphabetical order):

� Autoclave Engineers, Inc., Erie, PA-16509, USA
� BuTech Pressure Systems, Costa Mesa, CA-92626, USA
� Dresser Industries, Inc., Dallas, TX-75201, USA
� Drukker International B. V., NL-5431 SH Cuijk, The Netherlands
� Harwood Engineering Co., Inc., Walpole, MA-02081, USA
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� Haskel International, Inc., Burbank, CA-91502, USA
� High Pressure Equipment Co., Erie, PA-16505, USA
� Hikari Koatsu Kiki Co., Ltd, Hiroshima, 733-0012, Japan
� Hydro-Pac, Inc., Fairview, PA-16415, USA
� Leco Corporation, Bellefonte, PA-16823, USA
� Nova Swiss, CH-8307, Effretikon, Switzerland

An ingenious method for the generation of high pressure consists of water-freezing
[118 ± 122]. The volume of H2O increases by ca. 10% on freezing. For example, when
H2O is frozen in an autoclave at � 20�, a pressure of up to ca. 200 MPa can be obtained.
For this purpose, only an appropriate autoclave and a household electric refrigerator
are required. Scale-up with this method may be easier compared to the usual high-
pressure technology. The detailed procedure has been described by Hayakawa et al.
[120].
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Appendix

A compilation of the high-presssure literature data up to nearly the end of 2004 is given in the form of
schemes and tables. In App. 1 ± 371 and 372 ± 407, inter- and intramolecular 4 � 2 cycloadditions are
summarized, respectively. In App. 408 ± 480, intermolecular 3 � 2 cycloadditions are treated, and in App.
481 ± 526 and 527 ± 533, respectively, 2 � 2 cycloadditions as well as miscellaneous high-pressure additions are to
be found.
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