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It is not the purpose of this article to review In detail the many areas of chemistry which 

have been Investigated at elevated pressures - there are many excellent reviews on thls 

topic already in print(l-5) - but rather to give a critical appralsal of those areas where 

high pressure methodology is likely to remain a valuable or even necessary tool for 

research and even to become a technique for industrial production. 

By high pressures we mean the region between 1 and 20 kbar (0.1 - 2 HPa) and mainly in 

liquid systems In which pressure is actively applied In order to influence a reactlon rate 

and not merely to contain liquids above their normal bolllng points. Two objectjves for 

this type of work may be discriminated. the measurement of the pressure coefficient of a 

reaction rate (usually In the range O-2 kbar), In order to obtaln mechanistic information, 

and secondly, the use of much higher Pressures (3-20 kbar) to force dlfflcult reactlons for 

preparative purposes. 

8463 
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1. The Physlcal Basis of Pressure Effects on Chemical Reactlons 

The chemical potentlal,ur,and partial molar 

expresslon (1) 

aui /8P = A31 

and consequently for the equllibrlum; A + B 

AJ = Ivprod - %gtS = 

volume,~, of a solute are related by the 

1 

4 C+D: 

-RT aln K/Bp 2 

where [IV is the difference in partial molar volumes between products and reagents, i.e. 

the volume change for the conversion of reagents into products In dilute solution. This 

simply states that an equilibrium (chemical or otherwise) responds to pressure by a change 

In volume. 

Using the transitlon state approximation of Evans and Polanyi (6) which permlts equilibrium 

formalism to be applied to rate processes (and writing V for V ), WQ can arrive at the 

analogous expression,3: 

V’ - ISetS = -AV’ = -RT aln k/ a p 3 
. 

In which k,V* is the volume of activation, the volume change on converting reagents into the 

transition state. It is this latter quantity which characterises the rate behaviour of a 

reaction under conditions of applied pressure. In fact, since the partial molar volumes of 

reagents may be individually measured from the densities of their solutions, It is posslble 

to evaluate that of the transltlon state, V* , one of Its few absolute properties to be 

accessible. The relationship expressed in eq.2 is subject to checking since AV may be 

obtained by three independent methods. First from eq.2 by the measurement of the effect of 

pressure on K, second by the application of dilatometry to the reaction and thirdly by the 

separate measurement and algebraic summation of partial molar volumes of reagents and 

products. That these approaches agree reasonably well lends credlbllity to the results 

obtained from pressure experiments. 

A plot of In k against p according to eq.2 does not glve a straight line but invariably 

curves towards the pressure axis owing to differences in compresslbillty between reagents 

and transition state, Fig.lA. The listed values of activation volumes are normally made at 

the Intercept p-j0 but predictions of rates at elevated pressures based upon a value of c\V* 

may therefore be considerably In error, Fig.lB. 

There are numerous analytical functions, the simplest belng a quadratlc, to express rate 
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behavlour over a wider pressure range which are chosen to give a best fit to the data, e.g. 

eq.4 

In k = A t Bp t Cp* ; whence AV* = BRT 4 

2. Mechanistic Information from Volumes of 

The volume occupied by a solute molecule in 

partlal molar volume, is a complex quantity 

apparent from the fact that values of V for 

Ink kp d 

Activation 

solution and expressed by the measureable 

and comprises several components. This Is 

certain Ionic solutes can actually be negative, 

'jJkbar 

Wlcm5 mol-‘- 
1 
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Fig IA. Typical rate-pressure plots- (1) dlmerizatlon 

of cyclopentadlene, (2) nltratlon of benzene, (3) nitration 

of toluene, O.(4) hydrolysis of s-trioxan. (5) rearrangement 

of N-chloroacetanillde, (6) hydrolyslo of Co(NH5)5OSO5' by OH-. 

Fig.lB: The relatlonshlp between maximua rate acceleration and 

pressure for five different values of the activation volume, AP 

Table 1. Many workers differentiate three components of V (7): 

v = vo + v. t vv 5 

where VO is its ‘hard-sphere’ or intrinsic volume (determined by van der Waals radii of the 

atoms) and is amenable to computation by addltlvlty rules of high precision, VO is the 

volume change due to solvatlon (electrostrlctive volume) and VV the ‘void volume’, that 

concerned with intermolecular space and occupied by the molecule during the course of 

thermal vibration of the molecule as a whole (its ‘Brownlan motion’). Additivity rules may 

be used with reasonable precision within cnrtain series of compounds to compute V (8) .If 
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two neutral molecules come together to form a bond (In the absence of Ionic charge 

formation) a reduction In the net hard sphere volume occurs and a reduction In the vold 

volume can also be expected since the two fragments no longer have Independent thensal 

motion. Association of molecules In general and also cyclisatlon,ls accompanied by a 

reduction In volume and is favoured by pressure. Conversely, flsslon of a neutral molecule 

into neutral fragments Is associated with an Increase in volume and Is resisted by 

pressure. This can be Illustrated by the volume changes accompanying the following 

hypothetical reactions (8); 

2 CHs=CHs _3 CHsCH=CHCHs AV q -27 cm?nol-’ 

CnH2n __) cycloCnH2n AV = -18 l 

The same prlnclples hold when solvatlon, a loose association between solvent molecules and 

charged or dlpolar centres Is present . The accompanying reduction in volume , AVO 

(‘electrostrictlon’) can be very large and Is solvent- and temperature-dependent. For an 

Ion of 

by the 

charge,q, and radius,r, It Is related to the dielectric constant of the solvent,D, 

Drude-Nernst equation, eq.6 : 

Va = Nq2 aln D 6 
-- 

2rD ap 

and an analogous expression can be deduced for a dlpolar solute. The qs term points to a 

strongly Increasing volume reduction wlth charge as can be seen from partial molar volumes 

of individual Ions, Table 1. 

Table 1 

Partlal Molar Volumes of Some Ions. V/c@mol-1 (4) 

Ll+ -6.18 OH- -9.34 OAc- 35.2 

K+ 3.7 Cl- 12.5 c104- 38.8 

Ca*t -23.1 I- 30.9 so4 = 8.7 

Al+++ -47.5 OPh- 63.4 AsC4=- -20.9 

Partial Molar Volumes of a Highly Dlpolar Molecule, Dlphenylsydnone 

solvent V/Cmamol-1 sol vent v /cm%lol-’ 

acetone 111 nltromethane 123 

ethyl acetate 116 methanol 119 

cyclohexanone 120 dimethylformamlde 125 

benzonitrlle 120 acetonitrile 121 
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The appearance of D in the dencminator of eq.5 means that Ve Is greatest in solvents of 

low dlelectrlc constant. This apparent anomaly is a reflection of the less rapid falloff 

of electric field wlth distance from the Ion In a solvent of low dielectric constant than 

In one of high. In hexane, for example, although Individual solvent molecules are affected 

by the electric field of the Ion less strongly than are ethanol molecules, the attractive 

force extends to a greater volume of the surroundlng medium. Whlle It Is not easy to 

measure Ionic volumes In organic solvents, values are given In Table 1 for a very dlpolar 

solute, phenylsydnone, which show a marked solvent dependence but no clear correspondence 

wlth recognized polarity scales (S).The effect of solvent on pressure effects may be seen 

from the values of L\V* for a typlcal lonogenlc process such as the Menshutkln reaction 

which become increasingly more negative the less polar the solvent, Table 2. 

Table 2 

Effect of Solvent on Volumes of Actlvatlon for a Henshutkln Reaction (4) 

EtsN t Et1 ---> Et4N+ I- 

solvent LJV*/cm3mol-1 

aq.dloxan -13 

HeOH -38 

PhNOz -30 

MezC=O -54 

PhH -50 

hexane -58 

It may be expected that the range of volume changes, L'\V+ and /\V observed would run 

continuously from extremely posltlve to extremely negative values In the wide range of 

reactlons and equillbrla avallable to the experimenter and that these values contain 

mechanlstlc Information. In practlse the range for reactions lies between about t20 and -IO 

cmJmol-1, FIg.lA. For reactions it is commonly the practlse to determine both /AV* and the 

volume of reactlon, p,V. Together, these values map the 'volume profile' of the process akln 

to the more familiar 'free energy profile', Fig.2 . The degree of bond-maklng or -breaking 

and the extent of solvatlon change or charge development at the transition state In 

relation to that at the reaction- and product-state may then be assessed. 
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Flg.2;Volume Profiles for: a, Henshutkln reactlon,b, aliphatlc 

electrophilic displacement; c, Diels-Alder reaction 

3 Techniques of High Pressure Kinetic Measurements 

Many excellent reviews and designs of equipment have been published (12) and It is not the 

place of this article to duplicate these. It is true to say that any physical measurements 

which can be made under normal pressures can be carried out at high Pressures. Techniques 

well established for high pressure adaptation Include spectroscopy of all types, 

conductance, X-ray and neutron diffraction, stopped-flow, p-jump and T-jump methods, even 

polarography and the glass electrode. Windows of single crystal sapphire can be used to 

pressures in excess of 20 kbar and diamond ( In the diamond anvil cell) to beyond 1 Mbar. 

Steels are available which will contain bulk samples well above 20 kbar and materials such 

as tungsten carbide are suitable for pressurisation of solids to 500+ kbar. All these 

considerations, of course, depend on appropriate design of the equipment which is, 

naturally, costly especially if exceptlonally high pressures are to be used. However, no 

more than ordinary workshop facilities are required for making equipment for use up to 2-3 

kbar. 

4 The Interpretation of Volumes of Activation 

Three reviews of data (2,111 show that estimates of t,V* have been made on at least 2000 

reactions of widely differing types so the pressure/rate characteristics of almost all 

simple organic reactions have been established. However,the question may be asked, when is 

it appropriate to use values of (iv* for mechanistic investigation The following account 

selects examples from which, in some cases, mechanistic inferences may be confidently drawn 

and others for which this is a difficult matter. In all cases the question posed is the 

differentiation between two or more mechanistic possibilities and the experimenter is on 
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the soundest ground if expectations in the values of nV* for two mechanisms would be of 

opposite sign rather than merely of different magnitude. 

4.1. The Diels-Alder Reaction and other Cycloadditions. 

A consideration of pressure effects on various types of cycloaddltlon reaction will 

illustrate the ambiguity of interpretation which sometimes arises and the additional 

information which may afford clarification of mechanism. 

Volumes of activation for some 150 Diels-Alder reactions studied - a favourlte reaction 

for high pressure work - lie in the range -35 +/- 5 cm%nol-l and are similar to volumes of 

reaction, Table 3. This Is consistent with a transition state which has much the same 

volume properties as the product cyclohexene and could be interpreted as consistent with a 

single-step cycloaddition with a tight transition state and well-developed bonding or, in 

principle, a two-step ionic reaction, some electrostriction contributing to the value due 

to the formation of one bond. The latter interpretation can be ruled out on the grounds 

that, In many cases /\V* is almost independent of solvent as are rates of reaction. Some 

diene reactions ,however, are somewhat susceptible to solvent change, that between maleic 

anhydride and 1-methoxybutadiene must be associated with an especially polar transition 

state, values of &V* varying from -32 in acetonltrile to -54 In dimethyl carbonate while 

volumes of activation for lsoprene and maleic anhydride in the same solvents are -37 and - 

39 cmJmol-i , respectively . In many though not all cases, the volume of activation is 

actually more negative than the volume of reaction ( g > 1 where g = AV*/nV ) and this 

effect has been confirmed by the finding of a retro-Diels-Alder reaction with a negative 

volume of activation (21). Values of 9x1 denote a transition state more compact than 

product and this is usually inferred to be due to the “secondary orbital interactions” 

originally proposed by Woodward,( A similar range of values is observed both for 

“normal” and “inverse dsmand” examples; the latter, mainly cycloadditions of perchloro- 

cyclopentadiene to alkenes measured by Jenner (23), tend to have 9 < 1. Intramolecular 

cycloaddltions would be expected to have a somewhat smaller volume change than 

intermolecular examples since less translational freedom is lost This was found to be the 

case for the substituted furan, example 5, Table 3 (20). 

Other types of cycloaddltions have been examined, Table 4 but large negative volumes of 

activation are the rule. Ene reactions of dlmethyl mesoxalate and alkenes (which occur at 

relatively low temperature for such processes) have &,V* q -27 to -31 ctimol-1 (24) and a 

rather wider range of values (-33 to -45) is observed for (2+2) cycloadditions, for example 
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Table 3 

Volumes of Activation and Reaction for Dlels-Alder 

and other Cycloadditlons 

x (me_k)(ca, (BuBr) -30:' -361 

0 

(C,H,s) -36.5 -31.9 

CHpCHCHO + CH,=CHCOCH, 

No 

( 
o- 

\ h--c v” I0 O’ 

-37’o 
CHO 

-37 -30 

-26.7 

-43 

-36 4 

-29 -31 

Ref 

12 

13 

14 

15 

16 

17 

18 

19 

20 
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Table 4 

Volumes of Activation and Reactlon for Wiocellaneous Cycloaddltlons 

0. 
CH,CI, 

k 
o-Bu 

TCNE + 
‘” HcCN 

----) WQ4 
CCI, 

0 

I4e~C=c=o - R 0 

;=c=o + (-j _ oa 
-43 

Ph Ph 

Ph 

>: 
Br 

PhCN, 

PhN, t HeCN 

Av dv 

-34 -29 

-23 

-44 

-30 

-36 -37 

-23 -24 



8472 N S ISAACS 

those between tetracyanoethylene and vinyl ethers . Here, other evidence notably high 

sensitivity of both rates and activation volumes to solvent polnt to a two-step dlpolar 

mechanism. In fact Kelm has estimated the Individual values of ,~VV and AV. as -10 and -35 

cmsmol-1 , (25) respectively for this reaction . Clearly caution must be enjoined when uslng 

volumes of activation as criteria for concertedness. Much smaller volumes of actjvation are 

reported for (2+2) cycloaddittons of carbenes to alkenes (27) which fall within the range - 

12 to -20 cmsmol-1. This presumably reflects the early transition states expected for such 

reactive species. 

Cycloaddltlons between alkenes and such 1,3-dipolar reagents as dlphenyldiazomethane or 

azldo compounds, on the other hand,e.g 5 and 6, Table 4, have somewhat low volumes of 

activation , /, V’ = -20 to - 30 cmJmol-’ (26). It might be attractive to ascrlbe thls to 

the decrease In solvatlon of the dlpolar reagent which accompanies cycloaddition but 

against this interpretation Is the value for cycloaddltion to the pyridinium betaine,entry 

4 ,Table 4 , which should show an even greater effect of this type but has av* = -36 (30) . 

The likely reason for the rather low volumes of activation for dlpolar cycloaddltions is 

that of an earlier transition state and less completely formed bonding than in the Diels- 

Alder reaction. 

The cmplementary effects of bond formation and fission and of electrostrictlon frequently 

lead to difficulties In interpretation and the necessity to invoke all available evidence 

to arrive at a satisfactory mechanism. Among retro-cycloadditlons, of which rather few have 

been examined under pressure, the fission of the g-lactone,l , provides an interesting 

example. 

Three posslble mechanisms might be considered; (a) concerted retro-(2+2) which would be 

symmetry forbidden, (b) two-step diradlcal or (c) two-step dipolar. Both (a) and (b) would 

00 
CH,-C< 

dlpolar 
route 

/” 

I O- 
,CH+ 

PA” 
C \ 

PA” 
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be associated with positive volumes of activation ascribable to neutral bond breaking but 

(c) alone could account for the experimental result found to be L\V* = -28 cm%ol-1 (31) and 

can only be due to an ionic transltlon state. Of course, this compound is admirably set up 

to be able to stabilise both positive and negatlve charge so one would not expect the same 

pressure effect for all lactone decomposltlons. 

4.2 Solvolytic Reactions. 

The range of mechanisms available for solvolytic reactlons, one of the most highly 

documented in organic chemistry, run from pure SN~ to the classical Snl via a whole range 

of possible mlxed and merged mechanisms and ion-pair intermediates (32). Mechanism is 

highly sensitive to substrate structure and to the solvent. Table 5 includes representative 

values of [sV* from around 100 data pertaining to neutral substrates from which there is 

seen no clear distlnction between mechanistic types. 

The reason is that, while the intrinsic volume change for the associative SN~ process 

should be negative and that for the dissociative Swl positive, transition states for both 

are highly dlpolar and charge pair generation dominates the Pressure effect so that bond 

making and breaking becomes only a minor contribution. Furthermore, solvation effects are 

very complex and desolvatlon of ions Is believed to be an important lnitlal stage in 

reactions of ionic nucleophiles. This has the consequence of making volumes of actlvatlon 

vary widely with both solvent and temperature; values generally become more negatlve as the 

temperature Is raised and solvent becomes less polar. Even the counterion plays a part. 

Displacements by Cl- from LiCl are accompanied by a rather low value of AV* compared with 

I- from KI since the former is extensively ion-paired (40).Whalley has demonstrated an 

Interesting way in which to remove the electrostrictlve effect, namely by measuring the 

volume of activation at extremely high pressures (up to 80 kbar) at which liquid 

compressibilities are very small The results are dramatic; the prototype sN2 reaction of 

methyl iodide with glycerol continues to show a negative value of AV* while that for tert- 

butyl chloride is negative at ‘low’ pressures but becomes positive above 20 kbar in keeping 

with a dissociative mechanism (43). The alcoholysls of isopropyl bromlde behaves similarly, 

the inflection point being at 40 kbar ,Fig.3. One can presumably exclude the possibility 

that the high pressures have engendered a change In mechanism since this would surely be 

towards a process which increased rather than decreased the rate . Extreme hlgh pressure 

kinetic measurements to isolate ‘Incompressible’ contributions to AV* look to be a very 

promlslng technique but probably limited to conductance measurements for technical reasons. 
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Table 5 

Volumes of Activation for Some Aliphatic Substitutions 

solvent,temp/W ~v*/all%ol-' 

solvolyses 

PhCHzCl + Hz0 --> PhCHzOH t HCl water, 0 t5 

10 -10 

40 -8.9 

aqueous-organic -10 to -20 

IsoPrBr t Hz0 --> IsoPrOH t HBr water,25 

tertBuC1 t Hz0 --> tertBuOH t HCl aq. acetone,25 

MeOH, 

PhCHezCCl + Hz0 --> PhCHezOH + HCl aq.acetone,25 

(m- and p-X-) U 

IsoPrOTos t HCOOH --> isoPrOCOH t TosOH HCOOH 

.I t HeOH --> IsoPrOMe + TosOH MeOH 

P-AdONos + Hz0 --> P-AdOH aq. acetone 

P-endonorbornyl-ONos t Hz0 --> P-endonorbornylOH W 

Sr12 Displacements and Quaternlzatlons 

PrCl t K+I- --> PrI t K+Cl- acetone,30 

PrI t LI+Cl- --> PrCl t LI+I- II 

tertBuS*Hez t Hz0 --> tertBuOH t Me2S Water,30 

EtaN + Et1 --> Et4N+ I- see Table 

pyridlne + Et1 --) Etpyridinlum Iodide benzene,40 

pyridine t Me1 --) Mepyrldlnlum Iodide acetone 

2,&dltertbutylpyridine + Et1 
II 

Intramolecular DiSplacementS 

HO(CH2)4Cl --> tetrahydrofuran + HCl H20, 40 

MeOH,40 

MeOH, 32 

+ sr- 

-8.8 

-16 

-25 

-12 

-10 to -20 

-14.7 

-18.9 

-20.6 

-21.0 

33 

34 

35 

36 

37 

38 

39 

-6 

-22 

t9.9 

40 

41 

-34 

-22 

-50 

42 

-5.8 11 

-20 11 

0 

ref 

32 
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Flg.3: Rate-Pressure Plots for Some Solvolytic Reactlons (43). 

4.3 Ionogenlc Displacements 

In contrast to neutral SM reactlons, those involving the formatlon of lonlc products are 

typlcally hlghly pressure sensltlve. 

One of the most fundamental Is the dlssoclatlon of neutral acids or bases In water and 

other medla. Aqueous equllibrlum volumes of dlssoclatlon lle In the range -10 to -30 

cm3mol-1,Table 0, and are increasingly negative the hlgher the temperature. 

Table 6 

Volumes of Ionlsatlon of Weak Acids and Bases In Water (4, 11) 

acid AV*/cmJmol-1 acid AV*/cm%lol-' 

water -22.07 CHsCOOH -11.6 

PhCOOH -10.9 (CHz)(COOH)z -12.8 (K,) 

PhOH (ad -28.4 -13.6 (K2) 

PhOH (In HeOH) -39 HzCOs -27 

HeNHs+ t2.4 PhNHs+ +4.3 

base base 

HeNHz -26.3 MesN -27 

EtsN (In HeOH) -48 

PhNH2 -26 pyrldlne -27 

Dlssoclation Volumes of Ion-Palrs 

NaS04- --> Na+ + SO,= -5.4 

KI --> K+ t I- (acetone) -23 

CoBrz --) Co++ t 2 Br- (acetone) -109 
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This msans that dissociation will increase, pKn values decreasing by between about 0.2 and 

0.4 units per kbar applied pressure at the p->O limit. The effect of pressure on ionlsatlon 

will be even greater In non-aqueous solvents though few data are available to support this. 

By contrast, charge-conserving proton transfer equilibria e.g.: 

MeNHs+ t Hz0 --> HeNHz t HsO+ ; AV* = t2.4 cmsmol-1 

are little affected by pressure, and this type of process Includes many acid-catalysed 

reactions In water. Clearly, we see here the domlnatlng role of electrostrlction in the 

volums changes observed. The dissoclatlon of ion-pairs into free Ions is also accompanied 

by an increase In solvation and a negative volume change especially in non-aqueous medlum. 

Certain hydrogen transfers (proton ,hydride ion or hydrogen atom) are believed to partake 

of quantum mechanical tunnelllng resulting in enhanced rates and abnormally high primary 

kinetic isotope effects. Pressure has been shown in numerous examples to cause the 

reduction of the isotope effect and reduce the tunnelllng contrlbutlon presumably by 

increasing solvatlon and the effective mass of the hydrogen during transfer but this 

affords an additional criterion of tunnelllng,Fig.4 (3,441. 

Fig 4 Effect of pressure on kinetic isotope effects. 

(a) Dlphenyldiazomethane and benzoic acid 

(b) tunnelling reaction between leuco-crystal violet 

and chloranll 

Menshutkln reactions, the quaternizatlon of tertiary amlnes, phosphlnes and sulphldes have 

been thoroughly studled and volumes of activation found to be large and negative but 
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extremely variable, from -10 to as much as -60 cm%nol-1, Tables 2,s. These values must be 

considered the result of a negative contrlbutlon from AVv l for association between the 

reagents with a very varlable transltlon state and also a major addltlon of a negative i\%* 

as shown by the strong dependence of the pressure effect on the solvent . 

In general, the volumes of the transltlon states lie lntermedlate wlth volumes of reaction 

the value of S glvlng Information concerning the locatlon of the transltlon state on the 

reactlon coordinate. Displacements of thls type wlth sterlcally hlndered amlnes have hlgher 

activation energies and are less exothermlc than those of less hlndered examples and In 

consequence would be expected to have later transition states according to the Hammond 

postulate. Charges should therefore be more completely developed and transltlon states more 

‘product-like’ and, In consequence, more solvated In sterlcally dlfflcult reactions. Thls 

Is born out by an examination of volumes of actlvatlon and values of g for quaternlsatlons 

of a series of 2- and 2,5- substltuted pyrldlnes which become lncreaslngly negatlve wlth 

the size of the substltuents (42). The table shows other examples of lonogenlc reactlons 

which have slmllar volumes of activation and for slmllar reasons. 

The converse reaction, Ion-neutrallsatlon has been less studled. One would expect the 

release of electrostrlcted solvent to be the dominant feature and the posltlve value of AVO 

to be offset somewhat by a smaller negative AVV resulting from assoclatlon. This 

interpretation holds for anlonlc SN displacements of positive leaving groups such as 

ammonium or sulphonlum Ions, Table 5, (41) but Insufflclent data are avallable to judge 

whether an estlmate of the posltlon of the transltlon state could be made although the 

small magnitude of AV* suggests an early transltlon state and little relaxatlon of 

solvatlon. What should be a simpler example of thls type of reactlon, the direct 

comblnatlon of catlonlc dyes such as crystal violet and malachite green wlth a wlde varlety 

of nucleophlllc anlons, In fact turns out to be more complex. These reactlons actually show 

negative volumes of actlvatlon though posltlve volumes of reactlon (45). 

ArsC+ + Nu:- -_) ArsC-Nu : aV* = -4 to -15: AV = +lO to t3o 

The reason for thls surprlslng behavlour has not been deflnltely establlshed but 

conformatlonal equilibria Involved In the actlvatlon process are possibly Implicated. 

However, the hlgh pressure studles on thls system have uniquely hlghllghted unexpected 

detalls of behavlour. The Importance of electrostrlctlon as compared to bond formation or 

fission In determlnlng overall volume changes Is seen In the behavlour of r-amlno halldes 
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which fragment on hydrolysis yet still show substantially negative volumes of activation 

(46). 

e.g. HezN-CHz-CHz-CHMe-Cl + HezN+=CHz + CHa=CHMe t Cl-; AV* = -18 

4.4 Carbonyl Additions and Displacements 

Neutral addltions and substitutions of carbonyl compounds such as ester hydrolysis and 

ketone additions, being associative, tend to be quite strongly accelerated by Pressure 

though, In nonaqueous and mixed solvents, values of AV* can be very variable and so are 

difficult to Interpret, Table 7. Uncatalysed esterlflcatlons of carboxyllc acids and 

hydrolyses of esters can have AV* as large as -30 cm%nol -1 but values are much smaller for 

acid-catalysed processes. Thls is because in the former case, the pre-equlllbrlum 

protonatlon is lonogenlc while In the latter IS charge conservative. In aqueous-organic 

mixed solvents, volumes of actlvatlon, presumably in parallel with entroples, vary in a 

complex and non-systematic manner wlth solvent composition. One mechanistic criterion 

afforded by pressure studies deserves mention, an example In which two competing mechanisms 

are characterised by volume changes of opposite sign (49). The common hydrolytic route for 

carboxyllc esters (the BAcF? mechanism) Is mildly accelerated by pressure, AV* = -10 to -20 

cmsmol-1 and thrs Is found to be the case for hydrolyses of m-hydroxy and p- 

methoxybenzoates. The unusual elimlnatlve hydrolysis of esters (Elcb) which Is the 

preferred route for esters such as p-hydroxybenzoates around pH 9, Is characterised by a 

positive volume of activation since the slow step Is the fragmentation, Fig,5 . 

i”popn; oQJ’f&yq=&:o 
a-i- Elcb mechanism d\rposltlve + 

Ileq.5 Heqop”o,= 

cni- 

6,,2 mechanism ; mt)negative 
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-0.61 

Fig 5: Rate-pressure profiles for the alkaline 

hydrolysis of p-nitrophenyl esters of 

(a) p-hydroxybenzolc (b) p-methoxybenzoic acids 

4.5 Additions and Substitutions at n-Systems. 

Electrophillc additions to alkenes would be expected to be accelerated by Pressure and this 

is observed in a moderate way In the case of acid-catalysed hydration (50). The mechanism 

involves the intermediate carbocation and the volume of activation is the sum of volume 

changes for the two steps; 

RCH=CH2 + (H+ ) ‘---f RCH*-CH2 H20 + RCH(OH)-CHs + (H+) 

L.LV’ 

AVobs = av + nv* = -15 t0 -20 cm+20l-1 

These are both likely to be negative, the first since a n-bond which Is rather bulky Is 

converted to a o-bond and the second since bond formation Is involved and no change in 

charge. Michael additions, for example of thiols to a,R-unsaturated ketones, show a similar 

pressure dependence; ,.,2 

“e,,&/2=o+ 
Me”&C_;IpO-+ MeIc;, 

Me 

>=O 

’ \ Me 
3 H 

l b Pt? -H Ph / 

-“\;” 

PhSH AV* = -19 cmamol-l 

The considerable magnitude of dV* reflects the dipolar transition state in this addition . 

Aromatic compounds typically undergo substitution reactions via benzenium ion intermediates 

whose formation is usually rate-determining. The rate of addition of a neutral electrophile 

to an aromatic ring should be increased by pressure but few data are available since 

kinetics are often complex and difficult to interpret. The apparent volumes of activation 
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for nitration (nitric acid in acetic acld) under first and zero order conditions are around 

-25 and -10 cmJmol-l respectively which gives information concerning the generation of NO2* 

rather than on the substltutlon step (51). The modest pressure acceleration of a Friedel- 

Crafts benzoylation (&V* = -11) is probably a measure of the addition of a charged 

electrophile to the benzene rlng (52). Nucleophlllc displacements have been more 

extensively examined and displacements of halide from activated aromatic molecules by 

alkoxlde have AV* in the range -10 to -25 while displacements by amlnes, which are 

ionogenic processes are even greater, AV* from -20 to -60, Table 7 (54 - 56). 

Vinyl polymerisatlons. 

Several steps In radical polymerisatlon reactions consist of the addition of a radical to 

the alkene monomer. These include initlatlon, propagatlon and chain transfers. Typically 

each is accompanied by a reduction in volume associated with bond formation, Table 8. 

Termination however is retarded by pressure, the volume of activation being related to that 

for viscous flow of the monomer. Evidently, despite termination either by dlmerlsation or 

Table 7 

Volumes of Activation for Nucleophilic Aromatic Dlsplacements 

T AV+ 
solwttt CC) (cm3mol-‘) 

cl 

b NOI 

NOz 
Br 

Br 

IlBUNH, 
I-BuNH, 

MeO- 

Rpmdlne 

EtOH 35 

MeOH 

Rpendme 
60%H,O 

-57 
-39 

114 -23 

189 
186 

-68 
-44 

-30 

1; 

- 19 
-20 
-10 
-15 
-69 
-45 

-25 
-35 

Rpendme 
6O%H*O 

-33 
-23 

-41 
-14 

by disproportionatlon being a bimolecular associative process, the rate of this process 
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depends upon diffusion. Dlssoclatlon of lnltlator peroxides or azo compounds Into radicals 

Is also lnhlblted by pressure as expected for a dlssoclatlve reactlon. 

Table 6 (57-60) 

Volumes of Actlvatlon for Reactlons Associated with Radical 

Polymerlsatlon components 

lnltlator decomposltlon 

tert.butyl perplvalate 

dl-tert.butyl peroxide 

azolsobutyronltrlle 

propagations 

methyl mathacrylate 

vlnyl acetate 

styrene 

ethylene 

/l\V*/Cnramol-1 chain transfer C\v*/cm%no1- 

to.3 styrene with CC14 -19 

+13 

t3.a 

-19 

-24 

-16 

-25 

vinyl acetate with CC14 

termlnatlon 

methyl methacrylate 

styrene 

butyl acrylate 

ethylene 

Dlmerlsatlon ; 2 PhaC 0 2 trlphenyllmldazolyl 

-19 

t25 

+13 

+21 

+7 

I 

0 

High pressures should therefore permlt more facile polymerlsation of dlfflcult monomers and 

also promote greater chain lengths. It Is certainly true that many acrylates polymerlse 

spontaneously when subjected to pressure and this property may be an undesirable slde 

reaction In attempting to accomplish difficult Dlels-Alder reactlons with these as 

dlenophlles. The reactlon between, for Instance, a-pyrone and ethyl acrylate at 10 kbar 

gives a poor yleld of the adduct and malnly poly(ethy1 acrylate) . At the same time It 

seems that radical reactlons may show addltlonal complexity due to the Importance of 

dlffuslon rates. The one-bond homolysls of peroxides such as dl-tert.butyl peroxlde are 

moderately large and posltlve (t 12 to +20 cmsmol-1) whereas those homolyses which Involve 

simultaneous two-bond flsslon such as azo compounds and dl-tert.butyl peroxyplvatate , are 

almost Independent of pressure ( 0 to +4) . The reason appears to be that the former are 

reversible within the solvent cage and the rate which Is being measured Is that for cage 

escape. Homolytlc bond flsslon Is accompanied by a very small volume change Indeed. This 

Is substantiated by volume changes for the dlmerlsatlon of stable radicals, essentially 

zero. 
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J 1lOW 
products 

0 

Me ,C-C4 t1orr 

\ b 
o-o 

\ 
tert.&J 

Me,C. 
19 
i 

.o-ttcrt.bJ 

d =+l 

Ph 

Ph 

Ph -b DIKR 

LTV” - 0 

5 Synthesis at High Pressure (611 

The major appllcatlon for high pressure technology In the laboratory Is In synthesis, 

particularly in the organic field, and this is becorning a routine technique at the disposal 

of synthetic chemists. Naturally, the field of applications is limited to those reactions 

which show large, negative volumes of activation. The advantage which is usually sought is 

a large increase In rate which can make a reactlon occur in a reasonable time or at a lower 

than normal temperature or even make it at all posslble. Therefore an acceleration of at 

least lOs-fold is required to justify the expense and inconvenience of high pressure 

methodology. This tn turn points to reactions with nV* at least as negative as > -30 

cmsmol’ and pressures between lo-20 kbar may be used to achieve these ends. Pressures below 

10 kbar will certainly suffice for reactlons nlth very large volumes of activation but, 

because of the logarithmic nature of the relatlonship,l, raising the pressure has a rapidly 

increasing effect on rate. For Instance, the yield of adduct from isoprene and menthyl 

fumarate rises from 69% at 4.5 kbar to 81% at 5.9 kbar and 100% at 7 kbar. To go above 20 

kbar is not usually necessary for even very refractory reactions since, apart from 

technlcal considerations, solvent viscosltles increase rapidly and limit rates by diffusion 

control. Indeed, It is necessary to choose solvents carefully since pressure will 

eventually cause crystalllsatlon of many media provided thay have a freezing point which 1s 

not too low in temperature and a reduction In volume on freezing. If this happens, 

equipment may be damaged and reactfons will not usually beneflt fran being conducted in the 

solld state. Some freezing pressures at 2S” of common solvents are listed In Table 9. 
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Table 9 

Freezlng Pressures (kbar) for C-n Solvents at 25O 

cyclohexane 0.355 the following solvents do not 

benzene 0.72 freeze <20 bar 

chloroform 5.5 ethanol, methanol, hexane 

carbon tetrachlorlde 1.46 dlchloromethane, ether ,acetone 

acetlc acid 0.39 

dioxan 1.2 

The other application for the use of hlgh pressure conditions may be to Increase 

selectivity among alternatlve products; both regio- and stereo selectlvlties will change 

with pressure If there Is a difference In activation volumes, @,nv*, between the dlfferent 

pathways. Preparative apparatus for containment of these very large forces, Is necessarily 

rather bulky and needs to be deslgned and built by specialists but offers no great 

dlfflcultles in operatlon by the chemist. Samples,for Instance, may be handled In flexlble 

containers of ptfe to Isolate reactants from the vessel and the pressurlsing medlum, 

usually a phthalate oil, and quantltles on the scale of hundreds of grams may be 

pressurlsed. It should, however, be mentioned that pressurlsation of large quantitles of 

certain substances can be disastrous. Acrylic monomers may be Induced to polymerlse 

exploslvely on pressure belng applled and some quaternlsatlon reactlons can proceed with 

violence leading to carbon and gaseous products. Where such undeslrable effects are 

possible, slow pressurlsatlon avoldlng adlabatlc heatlng Is essentlal. Below are discussed 

some notable examples where high pressure techniques have proved essential. 

a. Dlels-Alder Reactlons 

One of the earllest and best known hlgh pressure synthesls Is Dauben’s method for 

cantharldine,(62) . Although It looks as If a Dlels-Alder reaction uslng dlmethylmalelc 

anhydrlde will provide a simple route, this falls even under hlgh pressure. Dauben’s 

solution was to use the sulphlde derlvatlve, high pressure to facllltate the reaction 

(although it can be carried out lnefflclently at 1 bar) and a reduction-desulphurlsation 

step to complete the synthesls. 

This route compares very favourably with the more conventional but 30-odd-step synthesis of 

Stork (63). Table 10 llsts several examples out of many Dlels-Alder reactlons for which 

hlgh pressure methods provide the only satisfactory route to products. 
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p 

cantharidln\ 

At atmospheric pressure, some cycloaddltlons fail sfnce they are reversible and reach a low 

equilibrium yield which cannot be Improved by ralslng the temperature. Pressure, on the 

other hand, favours the forward reaction and dlsfavours the reverse leadlng frequently to 

high yields. Cycloadditlons to furans as dienes Including the intramolecular cases, are 

good examples of this strategy. In some such reactions, the adducts spontaneously 

dissociate within hours in which case they must be kept at low temperature or rapidly 

hydrogenated after removal from the high pressure environment. It is a fortunate 

circumstance that rapid depressurlsatlon from 10 kbar produces adiabatic cooling which can 

drop the sample temperature to below 0 0 and help to preserve it. The oxabicycloheptane 

products are valuable intermediates for further elaboratlon of various synthetic targets. 

Regio- and stereo-speciflcltles may be affected by pressure but because of the SimilaritfeS 

between transitlon states for different products, r\AV* Is normally quite small,<5 cm%ol-1 

However, pressure could have the effect of changing thermodynamic into kinetic control by 

inhibiting the retro reaction In which case large changes In specificity could result.In 

many instances the endo isomer Is favoured which is normally the klnetlcally-controlled 

product. In the reactlon between isoprene and acrolein, for example, the mixture of 

regioisomers obtained at 1 bar ( 20°, 7 months') becomes pure 1-methyl-4-formylcyclohexene 

at 12 kbar, (20°, 16 hours) which probably points to a change to more kinetic product (64). 

Enantiomerlc excess in chiral syntheses may be increased or decreased by pressure but 

usually the effect Is quite smal l.Hany examples of chlral hlgh pressure Diels-Alder 
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Table 10 

Some Successful High Pressure Cycloaddltlons 

0 L, &xc_ 
0 

+ 
1 bar, 2-3month, 25’ 50% 

15 kbsr.rlhourr, 27’.6% 

15 kb.r.lhr.30’ 

ctpc 

ON B 
,101 

0 

OAC 
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reactions exist, however, such as the following (65); phenylmenthyl or, better, a- 

naphthylmenthyl is an efficient chiral directing group 

(M = menthyl, PhM = phenylmenthyl, A-NaM = a-naphthylmenthyl) 

High pressure has been successfully applied in obtaining cycloadducts fras very unreactive 

systems. Pyrroles will react at 12+ kbar provided the nitrogen Is acylated in order to 

reduce aromatlcity (661. 

One example of thlophene as a diene (with malelc anhydride, at 15 kbar, lOOP,) has been 

reported (67). 

Naphthalene will add malelc anhydride at 10 kbar and 1000 (661 and a-pyrones and -pyrldones 

will also act as dlenes at lo-15 kbar (69). 

cl 1 
\ 
0 0 

0 

0 

0 Q-h 0 
0 

0 
5 kbar.55°.1Zh.9ZX 

Homo-Dlels-Alder reactlons such as 5 become possible at 10 kbar leading to polycyclic 

products (70). 
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High pressures are needed for efflclent imlno-Dlels-Alder synthesis, for example, fras 

trlethyl azcmethlnetricarboxylate ,(71): 

) 

CO2Et 

EtO2C 

The recent synthesis by Stoddart of the lnterestlng ‘belt’ compounds below required a 

succession of Dlels-Alder reactions, finally an Intramolecular coupling .The 2-3X yield at 

1 bar was improved to 30-35X at 1Okbar (72). 

b. Other Cycloaoditlons 

The high pressure addltlon of ketene acetals to aldehydes and ketones to give oxetans has 

been established by Scheeren (73) as a general synthetic procedure, there being no reaction 

discernable at 1 bar except when Lewis acid catalysed. 

tie OMe Me 
OMe 

X 
>=( Me 

OMe 4 
++ 

0 Otle 

Me X’ 

>= 

He 
0 

Me 
X = H, Cl. He, OMC 

Analogous reactions with electron-poor cyclopropanes and wlth imines in place of the 
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carbonyl component also at 12 kbar, provide versatile syntheses of cyclopentanes and 

azetldines respectively (74,751. 

Ph 

In the field of dipolar cycloadditions, reactions of nitrones wlth vinyl ethers and with 

allylic esters have been employed at 12 kbar In the synthesis of isoxazolidlnes, (761 

Me H 
'0 
C 

Et-J 
\ 
o- 

Me 

Cycloaddltlons of arylsulphonyl azides to give trlazolines are of interest in that these 

products may undergo spontaneous rearrangement and ring-contraction thus giving an entry 

Into cyclopentanes (77). 

Trimerisation to the symmetrical triazine Is the result of pressurlslng nitriles at 6-7 

kbar ,lOO-1500. The solvent is important suggesting a very polar transition state, the 

addition of methanol for instance can raise the yield of triphenyltriazine from 

benzonitrlle from 6 to 82% and takes part In the reaction, the mechanism of which fs as 

follows (781 
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x 
PhC=N + ROH _ 

k2 
PhC(;; 

HNH k3 
OR 

2 PhC m Ph;=N-C 
//NH 

\OR ‘low 

79 
‘Ph 

-+ ROH 

Ph 
OR 

Ph &=N - C’ 
/NH 

+ PhC 
//NH ki, 

‘Ph ‘OR 
fast rnphbph+ 2RoH 

Phthalocyanlnes can be formed rapidly and at lower than normal temperatures at 10 kbar; 

tvt2++ 4 1 
\N a- /N 

M = Cu. Co, NI, Hn, Zn, MO, La, UO,, Ii, Pb, Zr, 
Rb. Pb, Sr. 

b. Quaternlsations 

The large volume of electrostrlctlon which accompanies ionic charge separation makes 

pressure a valuable ally for difficult Henshutktn reactions such as the N-methylatlon of 

2,6-lutldine, or even 2,6-dl-t.butylpyridlne, (79). 
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The greater the amount of sterlc hindrance to be overcome, the more negative is the volume 

of activation. This Is presumably since the transition state becomes later along the 

reactlon coordinate and the degree of charge separation at the transition state greater. 

It Is possible under high pressure conditions to form bls-quaternary salts from the 

normally rather unreactive dichloromethane,(80) : 

CHzClz t RsN (10 kbar) --> RsN+-CHn-+NRs 2Cl- 

The most important example,though,Is in the synthesis of cryptands, the macrocycllc metal- 

complexatlng agents. Both the initial cycllsation and the introduction of the third bridge 

are most effectively accomplished at pressures of at least 10 kbar. Many examples of this 

type of compound have been made readily available from the results of Jurczak and coworkers 

(81); 

9 P 
(CH24, 

I 
KH2),, 

I 
Me-N N-Me 

/\ 52 c”-3 0 

Me-N N-Me 

c,J 
IOkbar, 20°C 

Me2C0, 20h 

Examples embodying sugar residues have also been synthesised and provlde chiral cavities 

for canplexatlon of guest molecules. 



Htgh prcssurc methods 111 organic chermstry 

Phosphonlum and sulphonium salts similarly are formed under pressure 

for example; 

2 PhaP + CHzClz (9 kbar) ---) PhsP+-CHr-P+Phs 2Cl- 

MeBr + MenB=O (9 kbar) -_) HezS+-OMe Br- 

8491 

at accelerated rates, 

This reaction is of obvlous use in the synthesls of Wittlg reagents and thelr sulphur 

analogues for the synthesis of alkenes and of thiiranes. Furthermore, the actual Wlttlg 

reactlons between phosphoranes and cat-bony1 compounds are greatly facllltated by pressure; 

the following example will only occur at 10 kbar which overcomes sterlc hindrance (82): 

c. Miscellaneous Reactions 

An lnterestlng appllcatlon of high pressures has been found In the hydroboratlon of ketones 

and aldehydes using ‘Alplne Borane’ to generate a chiral alcohol . Sterlcally hlndered 

carbonyl compounds give poor enantlomerlc excess since hydroboratlon may occur from the 

competing reaction with 9-borablcyclo[3,3,1lnonane (9-BBN) which Is achlral and which Is 

formed by the thermal dlssoclatlon of Alplne Borane. Under high pressure condltlons, this 

dlssoclatlon Is suppressed and the hydroboratlon of the ketone Is accelerated (83). 



The yield and enantiomeric excess for reduction of plnacolone, for instance, is raised from 

a few percent to at least 95% . 

N S ISAACS 

Michael reactlons frequently benefit fram high pressure although thelr response seems 

somewhat varlable. The addition of acetone to acrylonltrlle catalysed by primary amlnes, 

taking 4h at 180 0 at 1 bar for 80% yield can be accomplished at 12 kbar in 5-10 minutes 

(84). 

19 
R2w 

CH, CH,-CH - CH: 
CN 

\ 
CN 

Similarly, the Hlchael addltlon of acrylonitrlle to testosterone can only conveniently be 

carried out at ca.10 kbar (85). 

oB:@2# 
CH2W2 

CH,m, CH,NO, 

CH3w2, DBU, Skbar, 6 days 

The addition of amlnes to Wtaphthylmenthyl crotonate at 1Okbar was found by D’Angelo to 

lead to products contalnlng up to 99% enantlomerlc excess at the new chiral centre (88). 

10 kbar me\c/CH1\C_” 

Ph’NH-,’ Ph h 
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response of reaction rate to pressure is to be found ln those 

Multi-Step Reactions 

Perhaps the greatest 

reactions which partake of a series of steps each of which has a negative volume of 

activation, the last being rata-deterwlnlng. In such cases the observed volume of 

activation is the sulll of those for each step (or their volumes of reactlon) and can 
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be very 

40 ‘;1 

f 
CN 

N 

I\ l **. L f 
kN 

A)% 
R. OH 

HAM? 
“‘;sC’ 

H-l 

( 

c\c,,H’ 2 ) 

SloW < 
‘CN 

N+ 

‘C 
9. /N+ 

b , 

R 

H a C/OH 

large and negative. The well-studied ‘a-substitutions’ (Bayliss-Hlllman reactlon) of 

acrylic esters and nitrlle are a case in point wlthAv*ob~ = -70 cm%ol-1. A reaction taking 

4-5 days at 1 bar can be accomplished In 10 min at a pressure no more than 5 kbar (871. 

There are many more complex reactions of industrial importance which would respond as 

favourably to pressure awaiting exploitation. 

Future Prospects 

In addition to the reaction types discussed there Is great scope for the synthesis of 

otherwise Inaccessible polymers and copolymers formed by both radical and lonlc routes and 

of enhancement of the properties such as Increased molecular weight, of known polymers. An 

almost unexplored field of high pressure chemistry lies in the reactions of organoletallic 

compounds and in catalysis In the liquid phase, both homogeneous and heterogeneous. The 

scope of the technique is limited only by the imaglnatlon . Hlgh pressure techniques for 
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laboratory use have an assured future role In research but whether such processes will ever 

become ccmmerclally Important ( “a consurmsatlon devoutly to be wished” !) will depend upon 

there being a reaction of large, negative volume of activation and of sufflclent econunic 

Importance to justlfy the cost and development of the equipment. Nonetheless, pumps 

operating at 5kbar or above are commercially available and could be used In a continuous 

flow reactor, an example of which Is at present operating In the Author’s laboratory. . 

There would be no need for large capacity Pressure vessels for a length of tubing of 

suitable material and strength would suffice. Such equipment Is at present In the 

experimental stage but preliminary results suggest that industry would do well to keep thls 

prospect in view. In conclusion appllcatlons to the food industries must be mentioned. High 

pressure will kill microorganisms, coagulate protein and denature enzymes. ‘Cold boiled’ 

eggs and pasteurised milk or trult juice of superior flavour may be produced at room 

temperature and a few kbar pressure for example. Research Into food processing by pressure 

is actively belng pursued especially In Japan and Is likely to take Its place as the first 

commercial application. 
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