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ABSTRACT: The kinetic pressure effect on some Michael-like ang ] cycloadditions in aqueous solution was
studied. This effect is complex and variable, in contrast to the pressure dependence of rate constants in organic
solvents. In order to determine the origin of this kinetic behavior, systematic solvent studies were made. As a general
observation, for a given reaction, the pressure effect is weaker in water than in hydrocarbon solvents. For Michael
reactions, the smaller effect is certainly due, at least in part, to the reduction in the volume of electrostriction. For
Diels—Alder reactions, pressure alters the intensity of hydrophobic interactions. In the cycloaddition of isoprene with
methyl vinyl ketone, the solvent dependence of the volume of activation suggests operation of electrostatic effects in
conjunction with hydrophobic interactions and hydrogen bonding effects when the reaction is carried out in water. It
is concluded that in aqueous Diels—Alder reactions the pressure effect is dependent on both solvophobic and polarity
parameters, the weight of each being dependent on the reaction partners involved. Capy9§i®t John Wiley &

Sons, Ltd.
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INTRODUCTION have been identified but their relative contributions are
often not well knowr**~6
The importance of the solvent with respect to the course Various factors were suggested and taken into account,
of organic reactions is well established. One of the first e.g. hydrogen bonding, polarity, enforced hydrophobic
systematic studies of solvent effects on the rates of interactions and micellar catalysis. An earlier suggestion
chemical reactions is due to Menshutkin, who determined considered the high cohesion energy density of water
rate constants for the addition of ethyl iodide to correspondingto an applied hydrostatic pressure of about
triethylamine’ This is a typical example of an ionogenic 2000 MPa’ The cohesive energy density of water is so
reaction in which the stability of the transition state is high that the water effect has been tentatively compared
highly sensitive to the nature of the solvent. The solvent— with the pressure effect, with the argument that water
solute interactions are acompanied by a volume shrink-would act like a compressive medium retaining solvent
age known as electrostriction, which is detected and ordering’® A comparable situation would occur with
quantified by means of high-pressure kinefi¢towever, other highly polar media such as LiCj&diethyl ether
in addition to polar effects, reaction rates may also be solutions which develop in addition high internal
affected by the medium in other ways. For example, pressures. However, no real correlation between pressure
hydrophobic interactions were shown to exert a strong and solvents of high cohesive energy or internal pressure
influence on reactions involving water-immiscible or- could be establishetf.
ganic compounds in aqueous solutidns. The most recent views consider that the acceleration is
In the last decade, numerous studies have revealed thatlue to two main factors: hydrogen bonding effects and
water is able to induce dramatic rate accelerations in enforced hydrophobic interactions between the reac-
reactions such as Diels—Alder cycloadditidfshenzoin  tants?® The rate acceleration of reactions in aqueous
condensationi, Claisen rearrangemerfts Mukaiyama solution versus those carried out in traditional organic
aldol reactiong, Michael reaction§, Baylis—Hillman solvents is certainly related to the peculiar interaction
reactionS and 1,3-dipolar cycloadditiotf The origin between water and the activated complex. Owing to their
of the kinetic effect has been debated. Most of the factorslow solubility in water, organic molecules aggregate in
such a way that the water—hydrocarbon interfacial area is
*Correspondence toG. Jenner, Laboratoire de R@chimie Organi- reduced. Such interactions can involve volume changes

glll:is(g y;gjog%ggtgﬁaﬁ&%m'E;aﬁgg'.ers'm’u's Pasteur, 11ue \\hich are potentially revealed by pressure studfeis
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620 G.JENNER

Table 1. Kinetic effect of medium and pressure in the addition of tert-butylamine to acrylonitrile

Medium 62 T (K) ki (dm®mol~t s )2 AV* (cm®mol ™)
Diethyl ether 55 317.2 1.50%x 10°© —-55
Chloroform 86 317.2 1.60x 10°© —54
Acetonitrile 141 317.2 1.63x 10°° -56
Methanol 208 300.7 6.15x 10°° -35
Ethyleneglycol 213 300.7 8.68x 10°° —33
Formamide 369 300.7 16.5x 10°° -21
Water 547 300.7 82x 10°° -25

& Second-orderate constant@at ambientpressure.

usefulinformationon the natureof the effect causingthe
rateacceleration.

RESULTS

Two types of reactions were examinedin aqueous
solution and in organic solvents.To ensurea homo-
geneoussolution of organic moleculesin water, the
kineticsin aqueousolutionwerefollowedin PTFEtubes
of largevolume (15ml). The concentratiorof substrates
was chosenlow enoughthat no visual separationor
turbidity occurredafter mixing them with water. The
kinetics were followed in the 0.1-100MPa rangewith
low reageniconcentrationgompatiblewith their solubi-
lity in water,allowing thedeterminatiorof homogeneous
rate constantk (seeExperimentalsection).The volume
of activation(AV*) wasdeducedyraphicallyfrom plotted
In k values against pressureand mathematically via
El'yanov's procedure? It wascomparedvith thevalues
obtainedby solving of the quadraticequationin k=In
ko + bP + cP?.

The pressureeffect wasinvestigatedfor Michael-like
reactionsandDiels—Aldercycloadditions.

Michael-like reactions

The conjugateaddition of aminesx, f-ethylenicderiva-
tives (Schemel) is highly sensitiveto pressure?

Ry

H X N
Ris L Ry ToH=X
N+ _— N—CH
Rz R3 Ry Rg \H3
Scheme 1

Thereactionbetweeracrylonitrileandtert-butylamine
hasbeenstudiedin severabrganicsolventsof increasing
polarity (representebly their cohesiveenergydensity 62)
andin aqueousolution.Theresultsarelistedin Tablel.
It was necessaryo adopta slightly highertemperature
(317.2K) for the reactionscarriedout in the leastpolar
solvents in order to obtain measurablek values.

CopyrightO 1999JohnWiley & Sons,Ltd.

Examinatiorof thekinetic valuesatatmospheripressure
showsthatthereactionis hardly modifiedby the polarity
of thesolventin diethyl ether,chloroformor acetonitrile.
However,in the most polar media, the rate constantis
significantlyacceleratedThisis clearlyevidencedn Fig.
1, showingthe kinetic discontinuityin the §° range140—
160.However the polarity of thesolventseemsiot to be
the determiningparametemasthe differencein cohesion
energy density between acetonitrile and methanol is
relatively small.

The AV values also reflect this sharp dichotomy
betweenthe two groups of solvents. The activation
volume is nearly constantin diethyl ether, chloroform,
acetonitrile (ca —55cm®mol %) whereasmuch higher
values are determinedin the most polar media. In
alcoholsAV* ~ —35cm® mol~* whereasin formamide
andwaterthe AV* valuesreach—25 to —21cm®mol ™2,
meaninga net lowering of the reaction sensitivity to
pressure.

How theseresultscanbeinterpreted?

Thereactionmechanisnwasinvestigatedn aprevious
study®* The rate-determiningstep is a nucleophilic
attack on the activateddouble bond of the nitrile with
complete developmentof a zwitterionic-like species
(Scheme2) which undergoesapid protontransfer.

Theactivationvolumeof suchreactionds acomposite

Ln k /k,
polar solvents
67 (T=307.2K)
4
1
2
non polar solvents
(T=317.2K)
0 & "—T"_‘? LI S B R A B |

52 56 139167 210 369 554
cohesive energy density

Figure 1. Effect of cohesive energy density of the medium on
the kinetic ratio in the conjugate addition of tert-butylamine
to acrylonitrile at ambient pressure (ko =rate constant in
dichloromethane)
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quantity.Whenstericcontributionscanbe neglectedthe
activationvolumeis written as

AV7 = AV7 + AV7, (1)
AV*, is the standardhctivationterm, e.g.the variationin
volume due to changesin the nuclearpositionsof the
reactantsduring the formation of the transition state;
AV, is the volume effect generatedfrom changesin
solute—solventinteractionsduring the process.In the
presentcaseit refersto the formation of zwitterions.
AV*, shouldapproach-20cm?® mol~* asaresultof N—
C bondformationin a late transitionstate®*

AV*. is the electrostrictioncomponent.The charge
build-upis difficult in the lesspolar solventsexplaining
thelow k valuesat ambientpressureHowever,pressure
is known to assistthe formation of zwitterions when
feasible in low polar solvents. The Drude—Nernst
equation:

Ve = (—G%/2re)(Ine/OP)

Where ¢ = dielectric constant,indicatesthat in such
mediatheionic forcesoperateoverlong distancesvith a
fairly significant V.. In highly polar solvents, the
introduction of an ionic charge cannot magnify the
pressureeffect that much further. It is therefore not
surprising that |AV”*| diminishesand eventually may
vanishin suchpolarmediaasformamideandwater.This
was shown by Lees et al.,?® indicating that the easy
solvationof ionsby formamideinvolvesthe oxygenatom
for cationsandthe amino group for anions,i.e. mainly
electrostaticinteractionswithout the needfor pressure
assistance.

Althoughnoextensivesolventstudieshavebeenmade,
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the aboveresultscan be appliedto analogousMichael
reactionsas for the conjugateaddition of piperidineto
methacrylonitrile. The determinationof AV* at 323.2K
led to similar values for the activation volume:
—50cm®mol~! in chloroform and —26cm®mol™? in
water.

Apart from thesestructuralandelectrostaticcontribu-
tions, in agueousnediathereareadditionaltermswhich
are difficult to distinguishin the abovereactionssince
AV, cannotbe calculatedwith reasonabl@ccuracy For
this reasonwe turnedto Diels—Alderreactions.

Diels-Alder reactions

The Diels—Alder cycloaddition is the prototypical
example of a reaction showing a relative solvent
insensitivity.In contrastDiels—Alderreactionsarefairly
sensitiveto pressureThe dependencés reflectedin the
volume of activation, AV* (—25 to —40cm®mol™* at
ambienttemperaturé’). Solventeffectson AV* values
were previously investigatedin [4 + 2] cycloadditions
andweregenerallyfoundto befairly constantjndicating
thatthe transitionandinitial statesarenearlyisopolar?’
To our knowledge the pressureeffectin aqueoudiels—
Alder reactionshas not yet beenreportedexceptin a
recentpaperdescribingthe condensatiorof anthracene-
9-methanol and N-ethylmaleimidé® and in a study
emanatingrom our laboratory?®

The pressureineticsof severalDiels—Alderreactions
were studiedin CH,CI, and H,O. The cycloadditions
consideredverenormalelectrondemandcycloadditions
(entries 1-4 and 6) and one inverse electron demand
reaction(entry 5). Most of themhavebeeninvestigated
previouslyunderpressurén our laboratory3® The water
effect on k values is reflected in the k water: k
dichloromethaneatios listed in Table 2. Clearly, there
is a significantkinetic effect of water. The volume data
arecollectedin Table 3, including the reaction(entry 6)
reportedin Ref. 28

Figure2 showsanexampleof the pressureffectonthe
rate constantin CH,Cl, and water (entry 5). It clearly
shows a lower pressuredependenceof k when the
reactionis carriedout in aqueoussolution.

Table 2. Effect of the medium on k values in Diels—Alder reactions?

10" k (dm®*mol~* s7%)

Entry ReactioR? T (K) CH,Cl, H,0 Ratio
1 Cyclohexa-1,3-diene- MVK 313.2 1.6 1400 875
2 Isoprene+ MVK 313.7 1.2 691 576
3 Furan+ MVK 303.8 0.8 522 653
4 Isoprenet methyl acrylate 335.3 7.6 772 1020
5 HCCP+ styrene 313.7 21 2500 1190

& At atmospherigressure
b MVK = methylvinyl ketone;HCCP= perchlorocyclopentadiene.

Copyrightd 1999JohnWiley & Sons,Ltd.
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Table 3. Effect of the medium on the activation volume in Diels—Alder reactions

AV” (cm® mol~1)°

Entry Reactiof? T(K) CH.Cl, CH5OH H,0 0°

1 Cyclohexa-1,3-diene- MVK 313.2 —-38.0 -35.4 —-32.0 0.84
2 Isoprenet- MVK 313.7 —39.5 —35.0 —33.8 0.86
3 Furan+ MVK 303.8 —-32.4 nd —28.5 0.88
4 Isoprenet methyl acrylate 335.3 —38.7 —-38.5 —36.7 0.95
5 HCCP+ styrene 313.7 -35.4 —-33.2 —28.0 0.79
6 AM + N-ethylmaleimide 318.2 —28.6° -31.# —36.0 1.26

& AM = anthracene-9-methanol.
Precisioncanbe estimatedo +1.0cm® mol™t
€ § = AV*(water)AV*(CH,CI,) (+ 0.06).

4 An earlier determinatiorof AV* (—38.5cm® mol~1) wasmadeat 353.2K in decané®,

© In heptang—28.6cm® mol~%) andn-butanol(—31.4cm® mol~%).28

Accordingto theseresultsit is evidentthatthevolume
of activationis dependenon the natureof the medium.
Perceptiblevariations in AV* are observedfor most
reactionson changinghe mediumfrom dichloromethane
towater(6 <1). Exceptin reactionsdescribedn entries4
and 6, |AV*| decreaseswvhen the organic solvent is
replacedoy water.Our resultspromptedusto carryouta
more detailedsolventand pressurestudy involving the
cycloadditionof MVK to isoprene(entry 2), for which
the volume of activationwasclearly solventdependent.
The solvent study was made in order to establisha
possiblecorrelationbetweenwater and organicsolvents
with alargepolarity difference.Thepolarity scalechosen
wasthe cohesiveenergydensity,s2, which is the energy
associatedvith the different typesof molecularinterac-
tions (dispersionforces, polar interactions, hydrogen
bonding). The theory of regular solutions* predictsa
linearcorrelationbetweerrateconstantands?. Whenk;
valuesareplottedasin k/ky (kg is the rateconstanf the
standard reaction carried out in dichloromethaneat
ambientpressure)againsts?, a linear plot is observed
includingwater (5% = 554andIn kyate/ko = 6.37)(Fig. 3).

The pressuredependencef the rate constantson &2
wasexaminedfor this reactionin the samesolventsand

Ln kp/kil
2
1 y
0 T
0 100 200

pressure (MPa)

Figure 2. Effect of pressure on the relative rate constant of
the Diels—Alder reaction between styrene and perchloro-
cyclopentadiene. [-I: Dichloromethane, ¢: Water

CopyrightO 1999JohnWiley & Sons,Ltd.

yielded the correspondingvalues for the volume of
activation shown in Fig. 4. Again, a straight line is
observed with values ranging from —41.5 to
—32.6cm®>mol~* when the reactionis carried out in
bulk andin ethyleneglycol, respectively.Thesevalues
certainlyreflectanadditionalelectrostaticermAV*, (see
Discussion) that, in contrast to most Diels—Alder
reactions,cannotbe neglectedin the cycloaddition of
MVK andisoprenesinceit representsearly 20—25%of
the overall value of AV*. However,in aqueoussolution,
the volume of activationis closeto —34cm®*mol™?, a
value which visibly doesnot follow the generaltrend.
Extrapolationof the linear relationshipvalid in organic
solventswouldleadto alessnegativevalue(Fig. 4). This
result may reflect the particular properties of water
consideredas a medium for Diels—Alder reactions,
although no anomaly could be detectedin the rate
diagramin Fig. 3.

DISCUSSION

Takenexabruptq thevaluesof thevolumesof activation

Ln(k/ko)
8
correlation: 0.98%
6
4
ethanediol
[ J
2 1 methanol
nitfpmethane 1,3-propanediol
hitrobenzene
01 dichloromethane
chloroform
heptane
-2 T T r—r——

0 100 200 300 400 500 600
cohesive energy density

Figure 3. Application of the theory of regular solutions to
the cycloaddition of methyl vinyl ketone to isoprene
(T=313.7 K) (kg = rate constant in dichloromethane)

J. Phys.Org. Chem.12, 619-625(1999)



KINETIC EFFECTOF PRESSUREON AQUEOUSMICHAEL AND DIELS-ALDER REACTIONS 623

-1
- (em®mol )
42

bulk

bromobutane

o]

407 g dichloromethane

chloroform

381

hitrobenzen water

ethanediol
32 T T T T T

0 100 200 300 400 500 600
cohesive energy density

Figure 4. Solvent effect on the volume of activation in the
cycloaddition of methyl vinyl ketone to isoprene (T=
313.7K)

obtainedfor the Diels—Alder reactionbetweenisoprene
and MVK in water and alcohols are not immediately
interpretable. The resultscould suggestither a slightly
weakerconcertednessf the pericyclicproces®r specific
interactionsof the transitionstatewith the mediumsuch
as a charge-transfecomplex or hydrogenbonding or
other effects. Concerningthe first hypothesis,it seems
unlikely thatthe natureof themediumcauses changen
the mechanisnmwhich wasestablishedsarchetypicalof
anormalDiels—Alderreaction althoughsynchronicityof
formation of the two bondsmay differ®? asinferred by
recentcalculationsshowingthat the asynchronicitycan
be made larger by an appropriate solvent effect,
particularlywater>? It canbe envisagedhat the partial
molar volume of reactantsand productin waterarealso
alteredin sucha way thatthe AV*:AV ratio is virtually
unaffectedAV = reactionvolumebasedn partial molar
volumesof reactant@andproduct;AV canbe affectedby
mere structural parameter¥) when compared with
volume valuesdeterminedin organic solvents.In fact,
volume changesare to be expectedwhen hydrocarbons
are transferredfrom a non-polarmediuminto agueous
solution®

The second hypothesis (specific interactions) is
certainly not only plausiblebut also ascertainednsofar
aswaterconsiderablyaccelerateghe rateof Diels—Alder
reactions(Table 2). The origin of this specialkinetic
effectmight beattributedto severareasons(a) enforced
hydrophobic interactions which induces a marked
destabilizationof the reactants{b) specificsolvationof
polar transition states;and (c) hydrogenbond stabiliza-
tion of the activatedcomplex We now considerthese
points.

(a) Enforced hydrophobic interactions imply their
participation as an integral part of the activation
process® The associative effect that reduces the

CopyrightO 1999JohnWiley & Sons,Ltd.

Table 4. Activation parameters in the Diels—Alder reaction
between HCCP and styrene

AS
Medium E(Jmol™ LnA  @moltK™
Water 67.4 16.81 —243
Dichloromethane 69.5 12.19 -331

water—hydrocarbointerfacial areais accompaniedy a
decreasén thevolumeof thereactant@longthereaction
coordinatein suchway thatpressurecertainlyinfluences
this solvent-accessiblesurface during the activation
process.For the reactionsreportedin this work, the
AV* values(entriesl, 2, 3 and5) areindicativeof alower
pressureenhancemenin water opposedto the kinetic
effectin conventionalorganicsolventsof low polarity.
Accordingly,in thesereactionshydrophobidnteractions
would at first sight be lessefficient underpressureThis
view would be in accordancevith the reportedvaluesof
the entropy of activation for aqueous Diels—Alder
reactions:AS" is lessnegativein waterthanin organic
solvents®’ A lessnegativeAV* valuecorrespondslsoto
a lessorderedtransitionstate.To vindicatethis point of
view, we determinedthe activation energy and the
activation entropy of the cycloaddition of styreneto
HCCP(entry5 in Table3) (Table4). Comparisorof the
respective values shows that whereas E was little
affected,operationin water produceda changeof In A
andAS'.

(b) In a previouspaper?® it was shownthat for furan
cycloaddition(entry 3) the stereoselectivityvas depen-
denton the polarity of the medium:the endoselectivity
decreasewith increasingpolarity exceptin water,which
favouredthe most compactendo transition state. The
result was rationalized by consideringsimultaneously
hydrophobicinteractionsandpolarity effects.According
to this evidence polareffectsmustbe takeninto account
as revealedby variationsin the volume of activation
accordingto solventpolarity (Fig. 4). In the Diels—Alder
reactionof isoprenewith methyl vinyl ketone,AAV* is
about 8 cm® mol~* when the solventis changedfrom
dichloromethanéo diols, well beyonddatauncertainties,
indicating that the transition state is more polar than
the reactants.This phenomenonhas not gone unob-
served®®*!It may be comparedwith the transitionstate
in pericyclic reactionssuchas [4 + 2] cycloadditions®
as an example,in the Diels—Alder reactionof isoprene
and maleic anhydride, AAV* ~ —7cm®mol~ with a
changeof solvent from dichloromethaneto nitroben-
zene?® Concerningthe aqueousDiels—Alder reactions
involving methylvinyl ketone(entries1-3),electrostatic
forcesin this highly polar medium operateover short
distancescomparedwith thosedevelopedin non-polar
solvents.Consequentlythe volume AV, mustbe small
in water®? In other words, the absolutevalue of the

J. Phys.Org. Chem.12, 619-625(1999)
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activationvolumeis highestin apolarsolventsasindeed
is observedexperimentally.This reasoningagreeswith
the conclusionsemanatingfrom computationalstudies
relative to the aqueousDiels—Alder reactionof cyclo-
pentadienewith methyl vinyl ketone'*** a closely
relatedreactionto the cycloadditiondescribedin entry
2 andthe Claisenrearrangemenof allyl vinyl ether'®
Therefore,on an electrostatichasis,the highest(i.e. the
least negative) AV," and, consequentlyAV* values
shouldbe observedn water.

(c) Asthisis notexactlythecase anothereffectshould
be taken into account. Water molecules may be
consideredas a continuoushydrogen-bondecetwork
undergoing topological rearrangementresulting in a
fluctuatingsystemwhichis affectedby physico-chemica
and physical parameters,e.g. pressure.ln an earlier
paper,we suggestedhat hydrogenbondingis likely to
intervene in aqueousDiels—Alder reactionsinvolving
MVK.?° Taking into accounthydrophobicand electro-
static effects, we suggestthe following expressionfor

AV”:
AV7 = AVp” + AVe” + AVp” (2)

ThequantityAV,” relieson the specificvolumechanges
associatedvith the interactionsbetweenwater and the
activatedcomplex. In fact, basedupon physico-chemi-
cal"* and theoreticalstudies™** we proposeit to be a
combinationof enforcedhydrophobicinteractionsAV#,;
andhydrogenbondeffectsAV*,.:

AVep” = AVh” + AVy” (3)

The volume contributionto AVy”™ due to hydrophobic
effectsis difficult to evaluateputin afact pressurdhasa
detrimental effect on such interactions, meaning that
AV4i* >0.0ntheotherhand hydrogerbondstabilization
of polarizable activated complexesappearsto be an
importantparametelin the hydrophobicacceleratiorof
the rate of agueousDiels—Alder reactionsinvolving
unsaturatedcarbonyl compound$>—*" Hydrogen bond
formationis intuitively promotedoy pressureln fact, it is
accompaniedy slight negativevolume changesdueto
shorteningof the interatomicdistance$® According to
such reasoning,the experimentaloverall AV* values
obtained in aqueouscycloadditions involving MVK
(entries1-3) andthe apparentiscrepancyin Fig. 4 are
nowmoreunderstandableé\V” is thoughtto benegative
with |AVH¢| >|AVhi¢|.

Forthereactionin entry4, theappareninsensitivityof
AV* to the medium may rely on hydrophobic and
electrostatic effects equally matched?® In entry 5,
perchlorocyclopetadiene and styrene are two apolar
substrateswhich will interact in water according to
enforced pairwise hydrophobic interactions:* In this
reaction,AVy” and AV, would be closeto zeroandthe

CopyrightO 1999JohnWiley & Sons,Ltd.

volumeassociateavith purehydrophobiceffects(AVy")
would amountto + 7 cm® mol™*. This value should be
treatedwith caution as the AV* termsin Eqgn. (2) are
approximatevalues(exceptAVy’) and as the hydrogen
bonding network of water probably doesnot fluctuate
monotonouslywith pressure® In contrastto our AV*
valuesin Table2, theresultsin Ref. 25 showan opposite
trendastherateis morepressurelependenin waterthan
in organicsolvents.The authorsproposedan increased
solvation of the transition state. Although the 6 value
(1.26) is significant, an alternative partial explanation
could be provided by consideringenforced hydrogen
bondingbetweenthe two carbonylbondsof maleimide
with water and the diene (anthracene-9-methanol)
resultingin alarge AVy” value.

CONCLUSIONS

The volume of activation of Diels—Alder reactions
with normal electrondemandmay be dependenbn the
solventalthoughconcertednesis preserved

The effectof pressureon organicreactionsn aqueous
solutionsis complex. In the reactionsstudiedin this
work, theacceleratioreffectof pressurés lowerin water
thanin organicsolvents.In the aqueousycloadditionof
methyl vinyl ketoneto isoprene,the kinetic effect is
dependennot only on hydrophobicinteractionsof the
substrateswith water but also on the existence of
hydrogen bonding and increasedpolarization of the
transition state. As a general conclusion, the relative
contribution of solvophobicand polarity parameterdo
the rate expressions obviouslydependenbn the nature
of the reactionpartners.Thesecontributionsare particu-
larly reflectedin the pressuredependenceof the rate
constant.As an example,the AAV* differencein the
Diels—Alder reaction of HCCP and styrene (two un-
saturatedhydrocarbons)erformedin dichloromethane
and water, respectively,rather points to predominant
hydrophobidnteractionsAs shownin thispaperyolume
contributions arising from structural, solvation and
hydrophobic modifications during the progressionof
the reaction from the initial to transition state act in
divergentways, making the prediction of the pressure
effect and the interpretation delicate. However, an
aqueougnedium shouldbe consideredor future high-
pressuresynthese thelight of newconceptselatingto
hydrophobic effects® We are pursuing the possible
ramificationsof suchspecificwaterinteractiondy means
of high-pressuréinetics.

Experimental. Dienes and dienophiles were distilled
prior to use. Experiments involving styrene were
conductedin the presenceof pyrogallol. Reactionsin
agueousnediawererun with deionizedwater.
High-pressurexperimentsverecarriedoutin flexible
PTFEtubesof largevolume (15ml). A stocksolutionof

J. Phys.Org. Chem.12, 619-625(1999)
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weigheddienophileand internal standardwas prepared
andkeptat —5°C. In orderto obtainhomogeneougalues
of rate constants,the concentrationof substratesvas
chosenlow enough(about10~3 moldm3 or less)so as
no visual turbidity or demixing occurredafter mixing
60ul of the stock solution with water. The PTFE tube
was filled with 60ul of the stock solution and the
correspondingdiene. After completing the residual
volume with water, the tube was closedand vigorously
shaken for about 30s. before introduction into the
thermostated+0.1°C) high-pressurevessel.The reac-
tion times were usually not less than 15h. After
depressurizatiorthe tubewasremovedfrom the vessel.
Analysis was performedby gas—liquidchromatography
(Girdel 300, 7% PPE on ChromosorbG AW DMCS;
internalstandardsveremesityleneor diglyme according
to reaction)and/orhigh-resolution'H NMR (all kinetic
runs were at least duplicated). In the first case,
dichloromethane(2ml) was added to the aqueous
solution. After shaking,the organic layer was isolated
andanalyzed.In the caseof spectroscopi@nalysis,the
organic layer was carefully collected by successive
extractionswith dichloromethaneAfter drying of the
solution over magnesiumsulfate, dichloromethanevas
removedn vacuo.Theresiduewasthenanalyzed1,2,3-
trimethoxybenzenewas the internal standard). The
kinetic datawerereproducibleto betterthan2—-3%.
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