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1 Introduction 
Since the pioneering work of Menshutkin in 1890, it  is well known 
that a change of solvent can considerably alter the rate and selectiv- 
ities of homogeneous phase chemical reactions,' owing to the 
different effect on the Gibbs free energy of the reaction components 
by differential solvation of the reactants and of the different acti- 
vated complexes. 

Reactions involving isopolar activated complexes, such as the 
Diels-Alder reaction, normally exhibit small solvent effects and, 
consequently, studies on this topic have traditionally been scarce. 
However, interest in the role of the solvent in Diels-Alder reactions 
has increased over the last few years because of the noticeable 
improvement in these reactions achieved by the use of water or 
aqueous solvent mixtures .2 As a consequence, there have been 
many papers recently dealing with the elucidation of the physico- 
chemical causes of the variations in rate and in the different 
selectivities, induced by a change of the medium in which the reac- 
tions are carried out. Two main approaches have been used to 
achieve this goal. Firstly, an empirical approach considers some 
experimental values of the reaction studied, such as the rate or 
several types of selectivity, which are subsequently related to 
empirical solvent parameters used to model the different properties 
of the solvents. Secondly, in a theoretical approach, the solvent 
effect is assessed by means of different theoretical models, using 
quantum chemical or classical intermolecular potential calcula- 
tions. 

In this review we wish to present the most relevant papers con- 
cerning this work. For the sake of conciseness, non-quantitative 
studies are not included. In 1980, Sauer and Sustmann3 published 
a review dealing with the influence of the solvent on the 
Diels-Alder reaction. However, most of the quantitative empirical 

studies and all of the theoretical work in this field have been pub- 
lished since then. 

2 Empirical Models 
Chemical reactions can be affected by the solvent through several 
kinds of interactions. For this reason, the role of the different solva- 
tion mechanisms influencing a particular reaction cannot be 
deduced from purely qualitative data. Instead, studies on solvent 
effects are generally carried out by means of relationships between 
reactivity properties, i.e. reaction rate or several types of selectivity, 
and empirical parameters representing different kinds of 
solute-solvent interaction mechanisms. 

These parameters are usually derived from measurements on 
equilibrium, kinetic or spectroscopic properties.' As a consequence, 
it is not reasonable to expect high correlations when empirical 
models based on these kinds of parameters are used to study reac- 
tions or properties very different from those used to determine their 
values. However, sometimes such high correlations are indeed 
obtained, which indicates that there are some intrinsic solvation fea- 
tures that are transferable from one property to another. In any case, 
of more relevance than high determination coefficients ( r ) ,  the sta- 
tistical significance of the regression coefficients must be tested in 
order to get some insight into the solvation mechanisms that influ- 
ence a particular reaction result. 

2.1 Solvent Effects on Reaction Rates 
The first correlation of Diels-Alder reaction rates with empirical 
solvent parameters appeared in 1974.4 In this work, the kinetic rate 
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Table 1 Correlations of rates and selectivitie5 of several 
Diels-Alder reactions (Scheme I ) with Brownstein’s 9’ qolvent 
polarity parameter (see ret 4 for details) 

Dienophile R ,  R2 X (I b r a  b r 
_ - -  
H H CHO 
CH, H CHO 
H H CO,CH, 
H CH, CHO 
CH, H CO,CH, 
H CH, CO,CH, 
H H CN 
H H COCH, 

-538 055  046  - - - 

-303 383  084 064 064 081 
-322 352 090  -079 -004 077 
-357 170 085  080  131 096 
-395 113 053  043  072 080 
- _ _  -022 090  094 
- _ _  026  099  088 
- - -  025 016  042 
- _ _  081 067 085 

More polar colvent\ hdve higher S values 

constants, k ,  of the Diels-Alder reactions of cyclopentadiene 1 with 
acrolein 2, methacrolein 3, methyl acrylate 4 and crotonaldehyde 5 
(Scheme 1). were measured in a series of solvents, covering a wide 
range of polarities (from CCl, to ethanol-water. 80 20) For the hrst 
three reactions, log k showed significant linear correlations 
( r  b 0 84) with the empirical parameter of solvent polarity. 
Brownstein’s S,’  which indicates that reaction rates increase with 
solvent polarity (Table 1 )  For the reaction with crotonaldehyde the 
same tendency was observed, but with a worse correlation coeffi 
cient I t  was shown that the dimerisation of cyclopentadiene 1 also 
followed the same trend, but with even worse correlation 

However, previous knowledge about the Diels-Alder reaction 
suggested that a quantitative treatment of the reaction rate on the 
basis of the whole solvent polarity is a crude approach In fact, many 
Diels-Alder reactions are catalysed by Lewis acids, and this makes 
it logical to study the influence of the solvent ‘acidity’ on the rate 
of these reactions 

The influence of the electron pair acceptor (EPA) properties of 
the solvent on the rates of Diels-Alder reactions was first recog- 
nised5 in the reaction of 2,3-dimethylbutadiene 10 with I ,4-naph- 

0 

Table 2 Correlations of the rate of the reaction between 10 and 
dienophiles 11-14 (Scheme 2) with the A N  parameter (see ref 6 
for details) 

Dienophile R A B C r 

11 H -408 -0004 -0 170 0985 
12 OH -571 -0 102 -0280 0985 
13 OCH -3 79 -0003 -0015 0963 
14 COCH, -383  -0002 -0016 0962 

15 

Scheme 3 

hyperbolic correlation between log k and AN (Table 2) 
Furthermore, the nature of the substituent had a small influence 
on the solvent effect observed for these Diels-Alder reactions 

The intramolecular Dielc-Alder reaction of 1 -phenyl-4 [ 2 (3-  
methylbut-2-enyloxy)phenylmethylene )pyrazol-5-one 15 (Scheme 
3) was ctudied in several solvents and benzene solutions with 
varying amounts of acetic and haloacetic acids The kinetic data for 
non-acid and acid solvents plotted against the A N  parameter fell on 
the same hyperbolic curve, which allowed the authors to conclude 
that solvent effect and acid catalysis follow the same mechanism, 
increasing the reaction rate by coordination with the a,p-unsatu- 
rated heterocycle moiety, whose LUMO energy is lowered 

Although these studies clearly showed the importance ot the 
acidic properties of the solvent, they did not fully account for the 
dramatic increase in rate\ observed in several Diels-Alder reactions 
cairied out in water or organic solvent-aqueous mixtures I t  has 
been suggested that the cavitation term of the solvation energy is 
responsible tor this behaviour 

Thus, internal pressure has been invoked to explain the changes i n  

reaction rates for the reaction between N ethylmaleimide 16 and 9- 
anthrylmethanol17, caused by several aqueous salt solutions (Scheme 

E\ 
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16 17 

10 11 R = H  
12 R = O H  
13 R=OCH, 
14 R COCH3 

l o g k = A [ ( I  - B X A N ) I ( I  - C X A N ) I  
Scheme 2 

thoquinone 11 (Scheme 2), whose kinetic rate constant was 
measured in a series of 17 solvents, with polarities ranging from 
that of cyclohexane to acetic acid These values did not show suit- 
able linear correlations with classical polarity parameters, such as 
Reichardt.5 ET(30) or  Kosower’s 2 I However, when log k values 
were plotted against the Gutmann’s AN (Acceptor Number) para- 
meter,’ a smooth hyperbolic correlation was obtained Given that 
this reaction belongs to the normal electron-demand type, I e it 
is HOMO,,,,,-LUMO,,cnoph,l, controlled, the coordination of the 
EPA solvent at the carbonyl oxygen atom of the naphthoquinone 
would lower its LUMO energy, increasing the reaction rate The 
reaction of the same diene 10 with several 5-substituted-l,4- 
naphthoquinones 11 - 14 also showed the abovementioned 

Sodium salts k = 0 I 1  849 + 0 48788 X 10 -‘P 

Scheme 4 
Guanidinium salts k = -8 2767 X 10 + 1 4306 X 10 IP, 

4) The reaction rate was higher in media with higher internal pres- 
sure, which is consistent with the changes in hydrophobic effects, such 
that a simple bulk property can account for these changes 

The development by Abraham and coworkers of a quantitative 
scale of solvophobic power ( S p ) , ]  that can be applied to pure sol- 
vents and to aqueous-organic mixed solvents, allowed the use of 
this solvent feature as a variable in quantitative studies Even prior 
to this publication, Sp values were used to study the solvent effects 
on the rate of the reaction between diethyl fumarate 18 and cyclo- 
pentadiene 1 (Scheme 5 )  When the reaction was carried out in 
binary water-methanol and water- 1,4-dioxane mixtures, log k 
showed a linear correlation with the solvent polarity parameter 
E,, (30), but this correlation disappeared when water and other pure 
solvents were included in the analysis However, log k measured in 
13 reaction media, including pure solvents and aqueous mixtures, 
showed a linear correlation with Sp values 
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log X 1 - 40( +- 1 0) + 2 2( -+ 0 4)Sp + 0 2( 2 0 02)ET (30) ( r  = 0 9761) 
Scheme 5 

After this quantitative study of reaction rates as a function of 
solvophobicity, the same parameter was used in further work Thus, 
a variety of Diels-Alder reactions with several dienes and 
dienophiles were studied in a very much narrower set of solvents 
water, methanol, and two aqueous mixtures The sensitivity of the 
reaction to solvent solvophobicity was shown to depend on the 
nature of the reagents and, unexpectedly, it decreased with solvent 
hydrophobicity in a series of acrylates l o  This result indicates that 
the self-association between molecules of the dienophile, driven by 
the solvent hydrophobicity, can be counter-productive 

The positive influence of solvophobicity, which is expected in 

processes with a negative activation volume, was further shown in 
other Diels-Alder reactions, such as those of methyl (E)-2 
cyanocinnamate" 19 (Scheme 6), methyl acrylateI2 4, and 
( 1R,2S.5R) menthyl acrylate'? 20 (Scheme 7) with cyclopentadiene 

kOOMe CN 

1 19 endo exo 

log k = -2 8374 + 2 3S16(-+ 0 l974)Sp ( r  = 0 994) 
log (endolrio) = 0 1063 + 0 2284(+ 0 0459)Sp ( r  = 0 956 n = 12) 
log (mdo le  ro) ,cet ,ne ~ ~ t C T  = 0 1 1 17 + 0 2445( 2 0 0297)Sp ( r  = 0 996, 

log ( e r ~ d o / c l - o ) ~ ~ , ~ , ~ , , , ~  ~ ,,l'T = 0 0996 + 0 2149(2 0 0389)Sp ( r  = 0 992, 

Scheme 6 

n = 6) 

11 = 6) 

1 4 R  OCH, 
I 
COOR 

6OOR 

ex0 R ex0 S 

log 4 4 )  = -3 195 + 2 073  ? 0 824)Sp + 0 904(? 0 746)E: ( r  = 0 942) 
log k(20) = -4 646 + 1 354(? 0 590)Sp + 0 520( -+ 0 243)Ey ( r  = 0 912) 
log 4 2 0 )  = -4 489 + 0 446(-+ 0 042)a ( r  = 0 947) 
log (endolexo)(4) = 0 457 + 0 356(-+ 0 149)Sp + 0 399(-+ 0 135)EY 

log (endolero)(20) = 0415 + 0432(& 0069)Sp + 0320(-+ 004O)Ey 

log (endolrxn)(20) = 0345 + 0367(2 0061)f l  - 0 121(-+ 0038) 

log (endodendoJ(20) = 0 053 + 0 099( -+ 0 020)Ey ( r  = 0 758) 
log (endodendo7)(20) = 0 103 + 0 060( -+ 0 006)a ( r  = 0 832) 

( r  = 0 970) 

( r  = 0 986) 

6 + 0  163(?0028)a(r=O957) 

Scheme 7 

1 However, the results obtained with acrylates indicated that the 
inclusion of a polarity term, represented by the Ey parameter [ a  
normalised ET(30) parameter1 ,I may be important in explaining the 
influence of the solvent on the rate of some Diels-Alder reactions 
A comparison of these results with those obtained with mono- and 
di-ethyl fumarates, and fumaric and maleic acids,'" indicates that 
the relative importance of solvent polarity and solvent solvophobic- 
ity depends on the nature of the dienophile The influence of solvent 
polarity is greater for the more unsymmetrical dienophiles, namely 

methyl 4 and ( 1 R,2S,SR)-rnenthyl 20 acrylates, which can be 
accounted for by a more asynchronous reaction mechanism 
Furthermore, the influence of the solvent so11 ophobicity 13 expected 
to be greater for the reactions with a more negative activation 
volume (AV* = - 32 7 cm3 mol I for the reaction of dimethyl 
furnarate with cyclopentadiene. and AVt = - 30 1 cm3 mol I for 
the reaction of methyl acrylate with cyclopentadiene) 

ElOOC 
\N 

I I  
N\COOE, COOEI 

21 

x= 
10 

+ 

CI 

22 

ci 

Scheme 8 

These papers showed that the nature of the reagents has d great 
influence on the dependence of the rate of different Diels-Alder reac 
tions on the solvent properties This fact was also clearly showni4 for 
the reactions of three different heterodienophiles, namely diethyl 
azocarboxylate 21, tetrachloro-o-benzoquinone 22, and p bromo- 
nitrosobenzene 23 with 2,3-dimethylbuta- 1,3-diene 10 (Scheme 8) 
In the first reaction the rate was increased by solvents with electron 
acceptor properties, I e high AN values This case is representative 
of those reactions for which the interaction of the diene or the 
dienopile with an electrophilic solvent lowers its LUMO energy The 
second reaction was disfavoured by solvents with electron donor 
properties, as quantified by the DT values I This second case is repre 
sentative of those reactions for which the reaction rate decreases 
owing to the increase of the dienophile LUMO energy, caused by 
interaction with nucleophilic solvents In the third reaction. the vari 
ation in the reaction rate was mainly accounted for by the changes in 

solvent cohesive energy, as represented by Hildebrand's 6?, values I 

It  is important to note that the interpretation of the results obtained 
from these studies is not straightforward because of the correlations 
that exist between pairs of empirical solvent parameters Thus, it is 
known that El is a blend of dipolarity and hydrogen bond donor 
(HBD) properties of the solvent I Furthermore, Sp and E ,  parameters 
show an intrinsic correlation, since the most solvophobic media are 
also the most polar ones As a consequence, the existence of good 
correlations with only one of these parameters does not mean that the 
rate of the reactions only depends on one term of the solvation energy 

In view of this, it is advisable to use multiparameter dpproaches 
The Abboud-Abraham-Kamlet-Taft (AAKT) model I has been 
used to study the effect of the solvent on the reaction between cyclo- 
pentadiene 1 and (lR,2S,SR)-rnenthyl acrylate 20 (Scheme 7) 
When applied to changes in the reaction rate, expressed as log k ,  the 
results indicated that the HBD ability (represented by the cy para- 
meter) is the only solvent feature with a statistically significant 
regression coefficient I However, the cy and S p  solvent parameter 
values are strongly correlated, and some of this influence may be 
due to the solvent solvophobicity Indeed, a reasonable regression 
model is obtained using the Sp and parameters, and the reaction 
is faster in the most solvophobic solvents (aqueous mixtures), rather 
than in those with the best HBD properties (fluorinated alcohols) 

The relevant role of hydrogen-bonding and solvophobicity (repre- 
sented by the cohesive energy density) on the rate of Dielg- Alder 
reactions has also been shownis in the reaction of cyclopentadiene 1 
with 5-methoxy- 1,4-naphthoquinone 13 (Scheme 9), using the 
Kirkwood-Onsager-Parker-Marcus-Hildebrand (KOPMH) equa- 
tion 

Very recently, the AAKT model has been used to study solvent 
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Scheme 10 

effects on the quenching of singlet oxygen by 1,4-dimethyInaph- 
thalene 24 (Scheme 10) for 28 solvents l 6  Again, cohesive energy 
density plays a relevant role, but in this case, the solvent dipolarity 
is also important, which is accounted for by a two-step methanism 
The first step involves the reversible formation of an exciplex with 
a charge transfer character In the second step, the solvated exciplex 
yields the endoperoxide 25 or intact 1,4-dimethyInaphthalene 24 
and oxygen in the ground state 

The results described so far indicate that solvent solvophobicity 
has a great (and not unexpected) influence on the rate of 
Diels-Alder reactions, and that the HBD ability of the solvent is 
very important in many cases The influence of the solvent dipolar- 
ity is not so clear, and some of the above results can be ascribed to 
a positive influence of this solvent feature on the reaction rate 

However, the use of the AAKT multiparameter model has 
shownt7 that the solvent dipolarity-polarisability (represented by 
the 7 9  parameter) has a negative influence on the rate of the reac- 
tions of the o-quinone imine 26 with 2,3-dimethylbuta-l,3-diene 
10, and with ethyl vinyl ether 27 (Scheme 11) These are the only 
known examples for which a negative influence of solvent dipolar- 
ity-polarisability has been experimentally found In the same reac- 
tions a negative influence of the solvent electron donor ability 
(represented by the p parameter) was reported 

Finally, a particular point, namely the relationship between solvent 
viscosity or solvent density and the rate of some intramolecular 
Diels-Alder reactions, deserves some comments, The vibrational 
activation theory states that bond-making reactions are promoted by 

120 
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X 
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0 80 

3 + log k = 1 80 - 0 63+ 3 + l o g k =  273 - 097+ 
+ 0 046 - 1 57p ( r  = 0 90) +023S-  116P(r=O92) 

Scheme 11 

CH3(OCH2CH?).0CH3 

100°C * 

H 

28 

k, lk ,  = 0 66 + 0 37(7,/r],) ( r  = 0 984) 
Scheme 12 

vibrational energy in the reactants and that high translational energy 
is detrimental to the reaction As a consequence, high solvent viscos- 
ity should promote bond making reactions For bimolecular reactions, 
reactants cannot locate each other if the viscosity is too high, because 
of diffusional problems, so the effect of viscosity has only been 
studied for intramolecular reactions for which, in principle, solvent 
polarity has a small influence An example of such a reaction is the 
Diels-Alder reaction of N-prop 2-ynylanthracene 9-carboxamide 28 
(Scheme 12) ' 8  The reaction was carried out in a series of glymes in  

order to have a set of solvents of similar structure (and hence polar 
ity), but different viscosity A significant correlation between the re1 
ative rate and the relative viscosity was found Although it would be 
better to use microviscosity instead of the macroscopic property, the 
results show that viscosity can be considered as one of the external 
factors controlling the rates of intramolecular Diels-Alder reactions 

The same reaction was carried out at 100°C in several mixtures of 
tetraglyme with poly(ethylene glycol) monomethyl ethers l 9  

Although the reaction rates increased with viscosity, the increase was 
smaller than that observed for the series of glymes, and it was not 
regular However, the relative rate increased linearly with solvent 
density (Fig 1) The density increase was attributed to a more efficient 

0 

a 

L? 

0 

Figure 1 Relationship between relative kinetic rate constants and density of the medium for the intramolecular Diels-Alder reaction of N prop 2 ynyl 
anthracene 9 carboxamide, carried out in several mixtures of tetraglyme with poly(ethy1ene glycol) monomethyl ethers (see ref 19 for details) 
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packing of the solvent chains, and these closely packed zones favour 
the reaction because they hinder the translation of the two reactive 
parts of the molecule Thus, density was proposed as a new reactivity 
index not subject to the drawbacks of macroscopic viscosity 

2.2 Solvent Effects on Selectivities 

2 2 1 endolexo Selectivitk 
In 1962, Berson et ul published20 a pioneering work dealing with 
solvent effects on the endolexo selectivities of several reactions of 
a,P-unsaturated esters with cyclopentadiene 1 The reactions were 
carried out in 12 different solvents, with polarities ranging from that 
of decalin to methanol and acetic acid At that time, water or 
aqueous mixtures could not be included owing to the low sensitiv- 
ity of the gas chromatographic analyses and the low solubility of 
cyclopentadiene Berson and coworkers found that the endolexo 
selectivities of all reactions were co-linear In fact, they defined a 
new solvent polarity parameter, the so-called f2, parameter (where 
t denotes temperature), as the logarithm of the endolexo ratio for the 
reaction of cyclopentadiene 1 with methyl acrylate 4 a, was shown 
to correlate with several other polarity parameters, such as 
Kosower’s 2’ ( r  = 0 972) or log k,’,,, ( r  = 0 936), as well as with 
solvent dielectric functions, such as I ( E  - 1 ) / ( 2 ~  + l ) ]  X (p /M) 
( r  = 0 957), in  the case of aprotic solvents Given that these solvent 
polarity scales cover very different ranges (from 0 5 kcal mol I in 
the case of a,, to 24 kcal mol I in the case of Z, 1 cal = 4 184 J)  
the authors concluded that ‘a set of solvents behaves as an elephant, 
which can lift a log or a peanut with equal dexterity’ 2o With regard 
to the origin of these solvent effects, the authors of this work 
invoked the greater dipole moment of the endo over the exo transi- 
tion state (Fig 2) The preferential solvation of the former in polar 
solvents leads to enhanced endolexo ratios 

CH30 sy 
endo exo 

Figure 2 Berson’s justification of why the endo transition state of the reac 
tion between cyclopentadiene and methyl acrylate has a higher dipole 
moment than the corresponding exo one (see ref 20 for details) 

As a further extension of this work, the etidolexo selectivity of the 
reactions of cyclopentadiene 1 with eight different dienophiles 
(Scheme I ) ,  was measured in 17 solvents, with polarities ranging 
from that of n-hexane to ethanol-water(80 20) and formic acid In 
most cases, fairly good correlations ( r  a 0 77) were found between 
log(endolexo) and Brownstein’s S ,  which is in turn closely related 
to Kosower’s Z I The worst result corresponded to the reaction of 
cyclopentadiene 1 with acrylonitrile, for which a correlation coeffi- 
cient of 0 42 was reported (Table I )  

However, changes in endo/cm selectivity for the reactions of 
cyclopentadiene 1 with methyl acrylate 4 and acrylonitrile 8, carried 
out in a set of 13 solvents with polarities ranging from that of n- 
hexane to methanol, can be explained in a different way 2 1  In fact, 
good correlations were found between log(enddexo) and the molar 
refractivity, R,), of the solvent Good correlations between these 
parameters were also found when using acetone-hexane and 
methanol-benzene mixtures as reaction media The correlation with 
R,, indicates that dispersion forces play a role Further studies 
carried out for the reaction of (a-penta- I ,3-diene 29 with acrylo- 
nitrile 822 in five solvents (Scheme 13) also showed a linear correla- 
tion between log(endo/exo) and R, Steric effects and dipole4ipole 
interactions were discarded as causes of the change in selectivity 
observed owing to the particular features of the diene concerned 
Thus, the authors concluded that solvent polarisability plays a role 
i n de te rm i n in g endolexo se I ec t i v i ties 

(+ 

29 

& 6 ,CN 
ortho en& onho ex0 

meta ex0 mefa endo 

Scheme 13 
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COOEt 

1 endo ex0 30 

log (endolexo) = 1 30(t 0 024) + 0 414(L 0 038)Sp  ( r  = 0 9835) 
log (enddexo) = 1 304(t 0 322) + 0 364( 2 0 101 ) S p  + 0 0035( 2 0 0065) 

Scheme 14 
E ,  (30) ( r  = 0 9850) 

The role of water and aqueous mixtures on the endolexo selectiv- 
ity of Diels-Alder reactions suggests that solvent solvophobicity can 
be important The influence of this factor was first explored by 
Schneider and Sangwan23 for the reaction of cyclopentadiene 1 with 
ethyl maleate 30 (Scheme 14) Two possible effects were considered, 
namely solvent polarity [as represented by ET(30) 1 and solvophobic- 
ity (as represented by Sp) A good regression line was obtained 
between log(endolexo) and Sp,  whereas the fit was not so good with 
ET(30) Furthermore, a multiparameter SpIET(30) regression model 
did not improve the fit compared with the monoparameter Sp fit 
These results seem to indicate that the hydrophobic effect is the main 
factor determining the endolexo selectivity of this reaction 

The idea of solvophobicity as the main solvent characteristic con- 
trolling changes in endolexo selectivity is very attractive and it was 
used in a study of the reaction of cyclopentadiene 1 with methyl (a- 
2-cyanocinnamate 19 (Scheme 6) in 12 water-dioxane and 
water-acetone mixtures I I A fairly good correlation was found 
between log(endolexo) and S p ,  but in this case, the regression fit sig- 
nificantly improved when each solvent series was taken separately 
This result indicates that solvent polarity also plays an additional 
role in explaining the changes in endolexo selectivity induced by the 
reaction medium This point was further explored by studying the 
reaction of cyclopentadiene 1 with methyl acrylate 4 in 19 organic 
solvents and aqueous mixtures The endolexo selectivity results 
were accounted for by means of a two-parameter SpIEY model 
(Scheme 7) Unlike Schneider’s results?3 both solvophobic and 
polar contributions had significant coefficients, and both showed 
similar relative importance These differences were ascribed to the 
different nature of the dienophiles used Thus, methyl acrylate leads 
to more asynchronous, unsymmetrical transition states, which 
would explain the greater influence of polar effects On the other 
hand, the difference in compactness between the endo and the exo 
transition states of the ethyl maleatexyclopentadiene reaction 
(AAVt = 0 82 cm7 mol I )  is greater than that for the corresponding 
reaction between cyclopentadiene 1 and methyl acrylate 4 
(AAVt = 0 62 cm3 mol I ) ,  which would explain the larger relative 
influence of Sp  on the former reaction 

(lR2S,5R)-Menthyl acrylate 20 displays a behaviour similar to 
that observed for methyl acrylate 4 The regression analyses again 
showed that both S p  and EY are necessary to explain the changes 
observed in endolexu selectivity Furthermore, both parameters 
have similar relative weights The comparison of results indicates 
that, as happens with the reaction rate, there is a close relationship 
between the nature of the reagents and the effect of the solvent on 
the endolexo selectivity 

The subtle dependence of solvent influence on the nature of the 
reagents has also been shown24 in a study dealing with the effect of 
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tions of cyclopentadiene 1 with methyl acrylate 4 and methyl vinyl 
ketone 9 in 18 different organic solvents and aqueous mixtures, with 
a wide range of solvent properties The experimental endolexo 
selectivities were analysed by means of the AAKT model, 
augmented with an Sp-dependent term, in order to account for 
solvophobic effects The results obtained from regression analyses 
showed that for both reactions solvophobicity and HBD ability were 
the main factors responsible for the changes in selectivity observed 
In the ca5e of the reactions of methyl acrylate 4, the dipolar- 
ity-polarisability also played a significant role, which indicates that 
the nature of the dienophile also determines the solvent effects It is 
worth noting that high co-linearities were observed between Sp and +, and between S p  and a However, the highest endo selectivities 
are always obtained for the reactions carried out in water or aqueous 
mixtures, which is more consistent with the dominance of the solvo- 
phobic, rather than the dipolar or HBD, term 

Experimental results show that solvent solvophobicity, dipolarity 
and HBD ability influence the endolexo selectivity of Diels-Alder 
reactions, but the relative importance of these factors depends on 
the nature of the reagents 

9-44, 
Ph 

31 32 

endo ex0 

Scheme 15 

the solvent on the endolexo selectivity of the reaction between 
puru-substituted 6-methyl 6-phenylfulvenes 31 and N-phenyl- 
maleimide 32 (Scheme 15) Solvent effects changed as a function 
of the substituent in the aryl group of the diene Thus, when this 
substituent was the CN group, an increase in the endoleuo ratio 
with the relative permittivity of the solvent was observed On the 
other hand, solvent effects were negligible when the substituent 
was the N(CH,), group However, owing to the extremely small set 
of solvents considered in this work (benzene, acetone and dimethyl 
sulfoxide), we should take these conclusions with some caution 

?he same effect, namely the influence of the solvent on the 
endolexo selectivity depending strongly on the reagents, was 
observed when coinparing several reactions of furan 33 and 2- 
methylfuran 34 with methyl vinyl ketone 9, methyl acrylate 4, and 
acrylonitrile 8 (Scheme 16), carried out in seven different reaction 

x 
3 3 R = H  4 X = COOCH3 
34R=CH3 8 X = C N  endo 

9 X = COCH, 

Scheme 16 

exo 

media25 Thus, the solvent hardly modified the erzdolexo ratios 
observed for the reactions of furan 33 with acrylonitrile 8 and 2- 
methylfuran 34 with methyl acrylate 4 On the other hand, for the 
reaction between furan 33 and methyl vinyl ketone 9, there was a 
significant variation in the selectivity with the reaction medium This 
variation is, however, difficult to rationalise, since water always 
behaves differently from the rest of the reaction media Excluding 
water from the analysis, the endolexo selectivity seemed to be Iin- 
early correlated with the cohesive energy density of the medium 

A point of caution should be expressed regarding the conclusions 
drawn from these empirical models, owing to the high cross-corre- 
lationc between solvent scales representing different solvent prop- 
erties I t  seems clear that a single solvent parameter does not 
account for the changes in endolexo selectivity, which led to the use 
of mu1 tiparameter models 

Thus, the AAKT model has been used to analyse the results of 
the reaction between cyclopentadiene 1 and ( 1 R,2S,SR)-rnenthyl 
acrylate 20 Both dipolarity-polarisability (as represented by the 
couple +IS)  and HBD ability (as expressed by a)  are important in 

explaining the solvent effects observed, both having similar relative 
importance (Scheme 7) 

A different kind of multiparameter model, namely the KOPMH 
one, was usedIs to analyse Berson’s results** for the reaction 
between cyclopentadiene 1 with methyl acrylate 4 The application 
of the KOPMH equation to ten sets of experimental data indicated 
that both the cohesive energy density and the HBD ability of the 
solvent increase the endo selectivity These results are essentially 
identical to those obtained using the AAKT model, and they are in 
full agreement with the conclusions previously reported If 2,2,2- 
trifluoroethanol (TFE) was included in the analysis, the relative 
importance of the HBD ability with regard to the cohesive energy 
density increased, hence showing that the result5 obtained from the 
data analysis depend on the solvent set considered 

The importance of solvophobic effects on the endolexo selectiv- 
ity has been shown further in a recent study26 concerning the reac- 

2 2 2 Regmekctivitv 
The effect of the solvent on the regioselectivities of Diels-Alder 
reactions has received tar less attention than its effect on the 
endolero stereoselectivity, probably owing to the lower sensitivity 
of the former towards changes in the reaction medium 

The solvent effect on the ortholmetu regioselectivity of the reac- 
tion of (a-penta- I ,3-diene 29 with acrylonitrile 8 (Scheme 13) was 
studied by Nakagawa et d 22 in  five solkents (methanol, ethanol. 
acetone, tetrahydrofuran and benLene) The regioselectivity results 
were correlated with the molar refractivity, R,, ot the correspond- 
ing solvents This correlation prompted the authors to conclude that 
solvent polarisability may play a role in determining the 
iegioselectivity of this reaction 

\ y + Kcox -yycox + ‘o\ cox 
35 4 X - OCHJ 

9 X  CH, 
meta para 

log (para/meta)(4) = 0 350 + 0 167( +- 0 010)a ( r  - 0 977, with fluorinated 

log (para/rnera)(4) = 0 350 + 0 167( * 0 014)a ( r  = 0 961, without fluorr 

log (paralmeta)(9) = 0 301 + 0 222( -t 0 034)a ( r  = 0 867, with fluorinated 

log (para/mera)(9) = 0 347 + 0 082( 2 0 015)a ( r  = 0 844. without fluori 
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Much more recently,26 the reactions of 2-methylbuta- 1,3-diene 
(isoprene) 35 with methyl acrylate 4 and methyl vinyl ketone 9 
(Scheme 17) were studied for 18 solvents, with polarities ranging 
from that of n-hexane to HFIP (1,l , I  ,3,3,3-hexafluoropropan-2-ol) 
and water The results obtained were analysed by means of the 
AAKT model For both reactions, it  was found that the HBD ability 
of the solvent was the only significant factor influencing the 
parulmetu regioselectivity However, the behaviour of both 
dienophiles in fluorinated alcohols was different Thus, whereas the 
exclusion of TFE and HFIP from the regression analysis did not 
change the coefficient of a in the case of methyl acrylate, this coef- 
ficient dramatically decreased in the case of methyl vinyl ketone 
Such results indicate that in the former case the same solvation 
mechanism accounts for results in all the solvents considered, 
whereas in the latter case fluorinated alcohols display d different 
behaviour IR spectroscopic studies of the interactions between 
HBD solvents and dienophiles showed that, in the case of methyl 
vinyl ketone, fluorinated alcohols (but not methanol) are able to 
form two simultaneous hydrogen bonds with the carbonyl oxygen 
atom This does not happen in the case of the less basic methyl acry- 
late, which would explain its different behaviour 

The HBD ability of the solvent increases the regioselectivity of 
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normal electronic demand Dielq-Alder reactions, but the magni- 
tude of this effect depends on the nature of the reagents I t  is also 
worth noting that a correct choice of the solvent set to use tor the 
experimental study is crucial, given that 111 most cases solvent 
effect\ are noticeable only for solvents with very high HBD ability. 
such as fluorinated alcohols 

2 2 3 Dircstc‘reofircitrl Selectibiti 
The only systematic study on the influence of the solvent on asym- 
metric induction is that of Cativiela et 01 , I 3  who studied the reac 
tion betu een cyclopeiitadiene 1 and ( 1 R,2S,SR)-menthyl acrylate 
20 (Scheme 7) in 20 solvents and aqueous mixtures,covering a wide 
range of solvent properties The results ot diastereofacial selectiv 
ity ot the major rrido cycloadducts were analj sed by means of two 
different multiparameter regression models Only moderate, though 
significant. correlation\ were found between the experimental 
re\ults and E> and N paiameters This points to the HBD ability of 
the solvent as the main factor in  determining the asymmetric induc- 
tion, which is in turn related to  the s-( i d s - t r m c  conformational 
equilibrium ot the dieiiophile (Scheme 18) In this respect, the 

20 s Vans 

P 
20 s CIS 

i 1  
endo R 2 endo S m d o  S 5 endo H 

Scheme 18 

‘iuthors concluded that HBD solvents. and i n  particular fluorinated 
alcohols. behave as mild Lewis acids I t  is worth noting that if  fluo 
rinated alcohols were excluded from the regression equation, the 
variation i n  diastereofacial selectik ity was better described by the +‘ parameter, which indicates that dipolarity, which also influences 
the abovementioned conforniational equilibrium, plays a role The 
influence of the dipolarity is thus obscured by the effect of the 
highly HBD fluorinated alcohols 

3 Theoretical Models 
Red solutions are composed of a huge number of at least two kinds 
of molecules i n  motion interacting b j  means of very complex 
potentials For (hi\  reakon. theoretical calculations on chemical 
systems in  solution are more sophisticdted than those in the gas 
pha\e In a typical study, reactivity propertie5 (activation barriei 5 

and several kinds of selectic ity) are compared between the ‘gas 
phase’ calculations of reactants and transition structures (TSs) by 
means of common theoretical methods and those in  which 
solute-solvent Interactions are considered explicitlj Of course, the 
rdidbilit) of such a stud) depends strongly on two main features, 
namely the theoretical level and the wlbent model used 

Both semiempirical and ah i t i i t i o  methods have been used to 
study solcent effects on the Diels-Alder reaction 

Several wlvent  models can be proposed depending on the prop- 
erties that one wishes to describe in a more realistic manner Three 
of these have been applied to the Diels-Alder reaction, SCRF. 
Monte Carlo and supermolecule 

The self-consistent reaction field (SCRF, also called cavity or 
continuum) model represents the solvent as an infinite polarisable 
continuum, characterised by its relative permittivity. E ,  surrounding 
a variable shaped cavity. in which the solute is placed This is acon- 
venient model for describing electrostatic interactions due to the 
solvent polarity However, short-range interactions are not correctly 
represented by this method Spherical as well as ellipsoidal cavity 
shnpes have been used for the 5tudies of Diels-Alder reactions The 
ellipsoidal cavity produces a more realistic model than the spherical 
one because of its better fit to the solute shape In addition to the 
difference i n  the cavity shape. there is a second consideration con- 
cerning the quality of the SCRF model, depending on the formula 

used tor the solvation energy In general, the tree energy of solva- 
tion is composed of a number of multipole-multipole interactions 
It only dipole-dipole terms are considered, arid a spherical cavity is 
taken into account. the Onsager model is obtained 

Another kind of solvent model is that obtained by means of Monte 
Carlo simulations, which represent the solvent as a set of discrete 
molecules interacting through simple pairwise additive potential\ 
7 hrough stocha\tic numerical integration techniques, it I \  powble 
to obtain ensemble averages. which can be used for computing prop- 
erties of liquids and solutions Both the canonical (NVT) and the 
isothermal-isobaric (NPT) ensembles <ire usually used in the\e 
simulations, and the Metropol is importance sampling algorithm has 
become a standard An advantage of the Monte Carlo simulations i s  
that they account not only for solute-solvent interactions, but also 
for sol vent-sol pen t interactions , which can be extreme1 y important 
in  the case of highlj self-organised solvents, like water 

Finallj, in the supermolecule model. the 5olvent is considered as 
a single molecule (or a small set of them) coordinated to the solute 
Obviouslj. thi\ method cannot take into account most of the 
solute-\olvent interactions Howeber, it  is uceful for describing 
accurately specific bhort-range interactions, such hydrogen 
bonds, b j  means of quantum mechmical calculations 

As in the case ot empirical methods, the5e solvent models have 
been applied to the study of four different kinds o f e t f e ~ t s  i n  the 
Diels-Alder cjcloadditions reaction rate, and etzclolexo, regio-, and 
diastereofacial selectivities 

3.1 Solvent Effects on Reaction Rates 
The pioneering woik of Bertran*’ and coworkers studied solvent 
effects on the reaction of (L)-buta-1.3-dien-l-d 36 with acrolein 2 
(Scheme 19) by means of the SCRF model The results obtained 
fiom MIND0!3 calculations indicated that an increase in solvent 
polarity produced a decrease in the activation barrier 

OH OH 

OH bCti0 b ‘CHo 

ortho endo orlho ex0 

36 2 

meta endo meta exo 

Scheme 19 

I t  IS well known nowadays that MINDOL? predicts extremely 
unsymmetrical trans i t  ion structures for Die1 s-A Ide r react ions T h is 
fault can be overcome by using AM1 and PM3 \emiempirical 
methods, which generally predict concerted mechanisms with 
geometries for the transition structures similar to those obtained b j  
means of ah i r i i t i o  calculations 

The SCRF model with PM3 calculations was used to study the 
reactions of several cyclohexadienes 37 and 6-silyloxy-4,5-dihy 
dropyridine 38 with acrylic acid 39 and acrylamide 40 (Scheme 
20) 2x Two hinds of mechanisms. concerted or two-step, were calcu- 
lated as a function ot the diene In both cases, the solvent stabili5es 
preferentially the structure uith the higher dipole moment. which in 
the stepwice mechanism increases the barrier of the second step 

3 7 X = C H  3 9 R = O H  endo exo 
38 X = N 40 R = NH, 

Scheme 20 

A comprehensive study u as carried out for the reactions of cyclo- 
pentadiene 1 and isoprene 35 with tour dienophiles by means ot 



216 CHEMICAL SOCIETY REVIEWS, 1996 

2X=CHO n" Q, X 

X 

endo ex0 rneta Para 

Scheme 21 

PM3 and AM1 methods using the SCRF model (Scheme 2 1)  29 The 
activation barrier was found to decrease for the reactions of acrolein 
2 and acrylonitrile 8 and to increase for the reactions of methyl vinyl 
ketone 9 and methyl acrylate 4 The supermolecule model, consid- 
ering the effect of a single water molecule coordinated to the car- 
bony1 or to the nitrile groups with the PM3 method, predicted a 
decrease in the activation barrier for all the reactions studied 
However, both methods have some intrinsic weaknesses, which 
make the interpretation of some of their results difficult 29 

Ah initlo calculations have also been used30 to study the influence 
of the solvent on the rate of the reaction between methyl acrylate 4 
and cyclopentadiene 1 using the SCRF model, as well as the super- 
molecule model, coordinating a single water molecule to the 
oxygen atom of the carbonyl group As happened with semiempir- 
ical calculations, the SCRF model predicted that the solvent polar- 
ity increases the activation energy whereas solvent coordination 
decreases it 

Ah initio calculations in combination with continuum models 
have also been used to predict the effect of the solvent on 
Diels-Alder reactions with heterodienophiles The reactions of 
buta- 1,3-diene 41 with both borane-coordinated formaldehyde 42 
and formaldimine 43 as well as with the formaldiminium ion 44 
were studied3' by means of the Onsager model (Scheme 22) The 

Scheme 22 

results depended on the model used Thus, 3-21G and 6-31G*//3- 
2 1 G results showed a non-systematic behaviour, whereas MP2/6- 
3 1 G*//3-21G calculations predicted an increase in the activation 
barrier (2 0-2 5 kcal mol-I) due to electrostatic interactions in all 
the reactions studied Owing to the neglect of charge terms in the 
Onsager model, the results obtained for the formaldiminium ion 
may not be reliable 

For the hetero-Diels-Alder reaction of isoprene 35 and buta- 1,3- 
diene 41 with sulfur dioxide 45 (Scheme 23), the results for the 
SCRF model depended on whether catalysis was considered or not 
Thus, RHF/3-2 1 G* level calculations indicated that solvent polar- 
ity raises the activation barrier for the non-catal ysed reaction, 
whereas it decreases it for the borane-catal ysed process 12 

35R=CH, 45 
41 R = H  

meta P'a 

Scheme 23 

The reaction between cyclopentadiene 1 and methyl vinyl ketone 
9 was studied by means of the Monte Carlo model 13 6-3 1 G*//3 2 1 G 
calculations on the endo s-cis TS, as well as on the reactants, were 
carried out by considering the solvent models propane, methanol and 
water The methodology used was as follows The reaction path was 
first calculated in the gas phase, starting from a well characterised 
TS, and then a number of structures on this reaction path were 

'immersed' in the solvent The solvation effects thus calculated were 
used in conjunction with the free energy perturbation theory to cal- 
culate the solvent effect on the free energy profile of this reaction 
The results indicated that water produces an important decrease in 
the activation barrier (4 2 kcal mol I), whereas a smaller effect was 
calculated for methanol, and a very slight variation in the reaction 
rate was predicted for propane Analysis of the results indicated that 
acceleration in the aqueous medium contains a significant non 
hydrophobic component stemming from an enhanced polarisation of 
the TS that leads to stronger hydrogen bonds at the carbonyl oxygen 

A later re -eva l~a t ion~~ of this reaction has been carried out, as 
well as a study of the dimerisation of cyclopentadiene In this work, 
some technical changes were introduced 6-3 lG* geometries were 
considered (not 3-21G) and 6-31G* CHELPG (not 6-3 IG* 
Mulliken) charges were used Nevertheless, conclusions on the 
reaction of methyl vinyl ketone were similar to those obtained in the 
former study For the dimerisation of cyclopentadiene, only minor 
changes in the reaction rate induced by the solvent were found 

The influence of solvent solvophobicity has also been evaluated' 
using the scaled particle theory (SPT) model for the reaction of 
cyclopentadiene 1 with methyl acrylate 4 and the results obtained 
agreed with an increase in the reaction rate due to this effect 

3.2 Solvent Effects on Selectivities 

3 2 I endo/exo Selectivity 
For the reaction between (E)-buta- 1,3-dien- 1-01 36 and acrolein 2 
(Scheme 19), MIND013 SCRF results indicated that electrostatic 
solvent interactions produce a differential solvation of the endo TSs 
over those of the corresponding exo TSs This effect was attributed 
to the greater dipole moments and the larger charge transfer 
between the reactants calculated for the endo TSs 27 

In the study of the reactions of substituted cyclohexadienes 37 
and 6-silyloxy-4,5-dihydropyridine 38 with acrylic acid 39 and 
acrylamide 40 (Scheme 20) by means of the PM3 method, endolexo 
selectivity was also found to increase with solvent polarity, accord- 
ing to the SCRF model 28 In fact, this selectivity inverts on passing 
from the gas phase to continuum model calculations This effect 
may again be explained through the dipole moments of the TSs 
Reoptimisation of intermediates using the continuum model 
showed that the solvent effect is underestimated when gas phase 
geometries are used 

An increase in the endo preference with an increase in solvent 
polarity was also calculated for the reactions of cyclopentadiene 1 
and buta- 1,3-diene 41 with acrylonitrile 8 and maleonitrile 4b 
(Scheme 24) 35 In particular, the major product of the reaction 

6z.i" CN - 

1 R R-CH, 0 X H 
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Scheme 24 

between cyclopentadiene 1 and acrylonitrile 8 changed from ex0 to 
endo by considering the solvent interactions by means of the con- 
tinuum model and PM3 energies For this reason, the authors pro- 
posed that the endolexo selectivity experimentally found for this 
reaction is due to the solvent polarity, secondary orbital interactions 
being unable to explain the exo preference calculated for the gas 
phase reaction, and experimentally observed in the least polar sol 
vents 

For the reaction of cyclopentadiene 1 with acrylonitrile 8, 
acrolein 2, methyl vinyl ketone 9 and methyl acrylate 4 (Scheme 
21), SCRF results predicted an increase in the endo/exo selectivity 
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at both AM 1 and PM3 levels The cordination of a water molecule, 
calculated by means of the PM3 semiempirical method, hardly 
modified the endolexo selectivity in the reaction of acrylonitrile, but 
increased this selectivity in the reactions of the other three 
dienophiles 29 

For the reaction of cyclopentadiene 1 with methyl acrylate 4, the 
continuum model predicted a greater stabilisation for the endu TSs 
than for the corresponding exo onesi6 by using ab initio 
methods I 3  3o The examination of the multipole terms showed that 
the Onsager model is not adequate for this reaction because of the 
importance of other contributions than the dipole terms 
Supermolecule results followed an identical pattern to the SCRF 
model, although differential stabilisations were smaller 7o 

For the reactions of buta- 1,3-diene 41 with both BH3-coordinated 
formaldehyde 42 and formaldimine 43 (Scheme 22), the influence 
of the position of the catalyst (endu or e m )  on the solvation of the 
TSs was studied by means of the Onsager model Calculations 
indicated that selectivity varies only slightly by taking account of 
the solvent This result may be explained by the similarity of the 
dipole moments calculated for the TSs 

For the hetero-Diels-Alder reaction between isoprene 35 and 
sulfur dioxide 45 (Scheme 23), the results indicated that the endu 
approach is favoured by more polar solvents 32 As in Ber th’s  
work,Z7 a greater solvation effect was predicted for TS’s in which 
charge transfer is larger 

3 2 2 Regioselectivitv 
Regioselectivity was also studied for the reaction of (E)-buta- I ,3- 
dien 1-01 36 with acrolein 2 (Scheme 19) by means of MIND0/3 
and the continuum model The results indicated that an increase in 
the solvent polarity increases the ortholmeta selectivity 27 

For the reactions of isoprene 35 with acrylonitrile 8, acrolein 2, 
methyl vinyl ketone 9 and methyl acrylate 4 (Scheme 21), very 
small variations in regioselectivity were predicted by means of both 
SCRF and supermolecule models (considering a single water mole- 
cule coordinated to the carbonyl or nitrile groups) with semiempir- 
ical AM I and PM3 calculations 29 

paralmetu Selectivity also increased with an increase in the 
solvent polarity for the reaction between isoprene 35 and sulfur 
dioxide 45 (Scheme 23) 72  

3 2 3 Diastereofacial Selectivity 
From a rigorous point of view, no theoretical work has been pub- 
lished on the effect of the solvent on the diastereofacial selectivity 
of Diels-Alder reactions because c h i d  reactants have not been 
considered by research groups However, an achiral reactant can be 
used as a model for a chiral compound when the variation in asym- 
metric induction of the reaction is governed by the conformational 
equilibrium of this molecule Typical examples are a,P-unsaturated 
carbonyl compounds, frequently used as dienophiles in Diels-Alder 
reactions Unfortunately, the possibility of s-cisls-trans isomerism 
in the TSs is generally disregarded for this type of com- 

The only Diels-Alder reaction explicitly considered as a model 
for a chiral cycloaddition in a theoretical study of solvent effects 
was that of cyclopentadiene 1 with methyl acrylate 4 (Scheme 
25) l 3  30 36 In this case, the latter reactant can be used to model the 

pounds 27 28 7 3 34 
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behaviour of ( 1 R,2S,SR)-menthyI acrylate 20 For the model reac- 
tion between cyclopentadiene and methyl acrylate, the endu s-cis 
TS was calculated to be more stable than the endu s-trans at both 
semiempirical’3 29 and ab initio levels,7O 36 which disagrees with the 
experimental results obtained in the asymmetric reaction, where the 
major product (endu R)  arises from the attack of the diene on the 
less-hindered face of the s-trans conformation (Scheme 18) Both 
SCRF and supermolecule models predicted a differential stabilisa- 
tion of the s-trans TSs, but this stabilisation was not enough to 
produce an inversion in the s-cisls-trans stability through semi 
empirical and low level ab initio calculations Reoptimisation of the 
TSs in the electrostatic continuum caused an additional stabilisation 
of s-trans transition structures, but the geometry must be optimised 
at a high theoretical level (RHF/6-3 1G**) to make the endo s-trans 
TS more stable than the endu s-cis, and thus reproduce the experi- 
mental observations 36 

4 Conclusions 
Experimental studies of solvent effects on Diels-Alder reactions 
have shown the importance of correctly selecting solvents to repre- 
sent a wide range of solvent properties and to avoid cross correla- 
tions between pairs of empirical parameters 

Both theoretical and experimental results indicate that, in 
Diels-Alder reactions of the normal type with dienophiles possess- 
ing coordinating groups, the electron pair acceptor properties of the 
solvent are the main factor in increasing the rate and the three kinds, 
endulexo, regio- and diastereofacial , of selectivity 

Experimental studies show that solvent polarity has only a mar- 
ginal influence on the rate of some Diels-Alder reactions, whereas 
theoretical results indicate that the activation barrier increases or 
decreases as a function of the dienophile However, solvent polar 
ity increases endolexo selectivity, and, in agreement with SCRF 
theoretical calculations, the diastereofacial selectivity 

In general, the donor properties of the solvent are not very impor 
tant, although in some reactions a solvent with a high donor ability 
decreases the reaction rate 

Finally, solvent solvophobicity is the main factor influencing 
reaction rate, which accounts for the acceleration in aqueous media, 
and also the endolexo selectivity of some reactions, but it has no 
influence on regio- and diastereofacial selectivities 

Theoretical results depend on the model used to represent the 
solvent and on the theoretical level at which calculations are carried 
out Continuum or reaction field models are adequate to represent 
the electrostatic solvation, which may be important in explaining 
changes in selectivity, but usually they have little influence on 
activation barriers, and hence on reaction rates On the other hand, 
Monte Carlo models are adequate to model the hydrophobic effect, 
which seems to be fundamental in explaining the effect of solvent 
on reaction rates with water or aqueous mixtures as reaction media 
However, they do not allow us to consider the electronic and nuclear 
relaxation induced by the solvent, which has been shown to be 
important in explaining some of the experimental results, such as 
the diastereofacial selectivity Finally, supermolecule models, based 
on quantum mechanical calculations, are the best way to account for 
hydrogen-bonding effects In the future, mixed theoretical models, 
such as Monte Carlo with mixed quantum mechanics-molecular 
mechanics intermolecular potentials will be able to overcome the 
individual limitations of the abovementioned models, although the 
huge computational resources necessary to achieve good repre 
sentation levels will undoubtedly limit their use 

Both semiempirical and ab initio implementations of the 
Hartree-Fock theory have been used in the modelling of solvent 
effects on the Diels-Alder reaction Although the ab rnitio approach 
is conceptually preferable, it has the drawback of the limited size of 
the systems which can be envisaged to be studied In fact, to date, 
solvent effects studies based on ab initio calculations have been per- 
formed only on small systems, at the Hartree-Fock level, I e 
without considering correlation energy corrections, and with basis 
sets of small or medium size An interesting alternative lies in the 
use of density functional theory, which allows, in principle, systems 
of greater size and correlation energy to be considered to some 
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Table 3 Comparison between the conclusions reached by using empirical and theoretical models to study solvent effects on the 
Diels-Alder reaction 

Experimental response Solvation mechanism Empirical models Theoretical models 

Reaction rate Solvophobicity YES YES 
HBD ability YES YES 
Dipolarity Depends on the reagents Depends on the reagents 

HBD ability YES YES 
Dipolarity YES YES 

HBD ability 
Di polarity NO NO 

HBD ability YES YES 
Di polari ty YES YES 

Endo/exo selectivity Sol vophobicity YES Not studied 

Regioselectivity Solvophobicity NO Not studied 
YES (only for strong HBD solvents) NO or little influence 

Diastereofacial selectivity Solvophobici ty NO Not studied 

extent Several studies have recently appeared dealing with 
Diels-Alder reactions in the gas phase, and also with the solvation 
of small hydrogen-bonded species A combination of both for mod- 
elling solvent effects on the Diels-Alder reaction is undoubtedly 
only a matter of time 

Is there a moral to this story? If there was one, it should be that 
empirical and theoretical models are complementary and not com- 
petitive Although extensive and systematic studies of modelling of 
solvent effects have not been carried out for the same reaction using 
all the approaches, some general trends can be drawn from the pub- 
lished data They are summarised in Table 3 As can be seen, there 
is an almost perfect coincidence in the conclusions reached by both 
empirical and theoretical approaches Empirical models have the 
advantage of being applicable to very complex systems and of being 
able, at least in principle, to consider every solvation mechanism in 

a single equation, provided the solvent set used IS well designed On 
the other hand, the cross-correlations between empirical solvent 
parameters often makes the interpretation of the results difficult 
Theoretical models are much more specialised than empirical ones, 
i e there is not a single theoretical model which accounts simultane 
ously for all the possible solvation mechanisms However, their 
combined use allows a better understanding of the relative impor- 
tance of each particular solvation energy term on the whole solvent 
effect 
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