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I. Introduction

Diels-Alder reaction is a powerful tool employed
frequently for the synthesis of six-membered ring
systems with excellent stereoselective control.1 The

memorable publication by Diels and Alder, the dis-
coverers of the [4π + 2π] cycloaddition, is a landmark
in synthetic organic chemistry.2 The [4π + 2π]
cycloaddition was later followed by [2π + 1π], [2π +
2π], [3π + 2π], and other cycloadditions.1 The re-
markable importance of the Diels-Alder reaction in
the synthesis of natural products and physiologically
active molecules led to an upsurge in research
activities aimed at developing newer methods to
improve yields and selectivities of the [4π + 2π]* Fax: +91 20 5893044. E-mail: akumar@ems.ncl.res.in.
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cycloaddition reaction. Research work in this area
has been discussed in several review articles and
monographs published from time to time.1 The con-
cept of the mechanism of the Diels-Alder reaction
was primarily governed by one of the Woodword-
Hoffmann’s rules,3 namely, “thermally allowed” reac-
tions could occur by concerted mechanism. The
mechanism of Diels-Alder reactions later attracted
considerable debate because these reactions could not
be explained in terms of a concerted mechanism alone
as shown by Sauer and Sustmann4 and Houk and
co-workers,5 who have discussed in detail the mecha-
nistic aspects of these reactions.

The occurrence of isopolar activated complexes in
the Diels-Alder reactions indicated that the solvent
effects on the kinetics of these reactions were very
small.4 This conclusion was based upon the analysis
of the rate data for eight different cycloaddition
reactions in 28 solvents with varying physicochemical
properties. A poor solvent effect was also noted
irrespective of the nature of dienes and dienophiles.
However, as exceptions, the reactions of anthracene
with 4-phenyl-1,2,4-triazolindione6,7a and tetracyano-
ethylene7a,b showed noticeable rate variations in
different solvents.

In the last two decades remarkable variations in
the reaction rates and stereoselectivities have been
accomplished by the application of high pressure,
ultrasound, solvent manipulations, catalysts, etc.
Pindur, Lutz, and Otto1e have discussed these devel-
opments in an exhaustive review.

II. Scope of This Review
Numerous publications on Diels-Alder reactions

appear each year, and it is not an easy task to review
all of them. Discussions on the use of nonaqueous
organic solvents and their aqueous mixtures are also
excluded, as a recent review has addressed this
topic.8

This review deals with the effect of solvent media
on the reaction rates, k, and the endo/exo (or N/X)
stereoselectivity ratios of Diels-Alder reactions.
Solvents include salt solutions in aqueous and non-
aqueous media. Salt solution signifies a solution
prepared by adding inorganic salt or ionic solute in
a solvent.

The main focus will be on the special roles of
aqueous and nonaqueous salt solutions in altering
the kinetic profiles, the how and why of salt solutions
influencing reaction rates and stereoselective ratios
of Diels-Alder reactions, and the physico-organic
aspects of [4π + 2π] cycloadditions in salt solutions.
The role of ionic liquids in general organic chemistry
has recently been reviewed,9 but their application to
Diels-Alder reactions, in particular, will form part
of this review. Relevant literature up to 1999 has
been covered.

III. Reactions in Unusual Solvents
On the basis of a careful survey of the literature,

solvent effects can be classified into four categories:
(i) water, conventional organic solvents, and their
aqueous mixtures, (ii) aqueous salt solutions, (iii)

nonaqueous solvents and their salt solutions, and (iv)
ionic liquids that are in molten state at low or
ambient temperatures.

Before examining the role of salt solutions on the
rates and stereoselectivities of Diels-Alder reactions,
it is important to mention the startling discovery of
the special role of water in these reactions.

A. Water, A Solvent with Special Effects
Water plays a key role in biochemical, geochemical,

and other natural processes. In 1931, Diels and Alder
themselves performed the cycloaddition of furan (1)
with maleic anhydride (2) in hot water in order to
give diacid 3 (Scheme 1).10a Later, the reaction of 1
with maleic acid (4) was carried out in water10b,c at
room temperature to yield 3 (Scheme 1). Two decades
ago Breslow and co-workers11 discovered the special
effect of water on Diels-Alder reaction. Spectacular
enhancement in the reaction rates was reported for
the first time when water was chosen as a solvent
medium rather than a conventional organic solvent
in carrying out Diels-Alder reactions. For example,
the reaction of cyclopentadiene (5) with methyl vinyl
ketone (6) was reported to be 730-fold faster in water
than in 2,2,4-trimethylpentane (Scheme 2). A 12-fold

increase in the reaction rate was, however, noted in
methanol. Further, this effect was tested in the case

Scheme 1

Scheme 2
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of the reaction of anthracene-9-carbinol (8) with
N-ethylmaleimide (9) (Scheme 2). This reaction was
observed to be 65-fold faster in water than in metha-
nol and 200 times faster in water than in acetonitrile.
The reaction rate was witnessed to be minimum in
2,2,4-trimethylpentane. The reaction of 5 with
acrylonitrile (11) (Scheme 2), while exhibiting no
appreciable difference in reaction rates in both 2,2,4-
trimethylpentane and methanol, was about 30 times
faster in water than in 2,2,4-trimethylpentane. These
examples of Diels-Alder reactions clearly show the
enormous rate enhancements that can be achieved
by the use of water as a solvent medium.11a

The superior role of water over other conventional
solvents on [4+2] cycloadditions was established by
Grieco and co-workers during the synthesis of quass-
inoids.12 The reaction of a dienophile (13) with ester
of 4-methyl (E)-3,5-hexadienoic acid (14) (Scheme 3)
in benzene for 72 h gave the major product with
undesired stereochemistry. However, use of the so-
dium salt of 4-methyl (E)-3,5-hexadienoic acid (16)
(Scheme 3) as diene in water resulted in a dramatic
rate acceleration with desired reversal in stereose-
lectivity.13 By carrying out several Diels-Alder reac-
tions of diene carboxylates with varying dienophiles,
the general usefulness of water in synthetic chem-
istry was established by Grieco and his group.13,14 For
all the reactions studied by them, a sharp increase
in the reaction rates, N/X ratios, and product yields
was observed in aqueous Diels-Alder reactions.
Other modified dienes, like ammonium diene car-
boxylates, monosodium diene phosphonate, and di-
enylammonium chloride, also reduced the reaction
time and enhanced the yield of cycloadducts.14,15 A
few examples of these reactions are shown in Scheme
4. An important point to note in this regard is the
potential advantage of monosodium phosphonate
headgroup as it can buffer the reaction medium if
sensitive functionalities are involved in the Diels-

Alder reactions. The methodology developed by Lars-
en and Grieco15c on the water-mediated aza Diels-
Alder reactions led Waldmann to include the use of
amino acid esters as chiral auxiliaries.16 Advantages
achieved by the use of water as solvent for some
Diels-Alder reactions in water are noted in Table 1.

Table 1. Some Examples of Water-Mediated Diels-Alder Reactions

reactions comments

5 + 611 730-fold faster in water than in 2,2,4-trimethylpentane
8 + 911 200-times faster in water than in 2,2,4-trimethylpentane
5 + 1111 30 times faster than in water than in 2,2,4-trimethylpentane
diene carboxylates (sodium salts)

(18,21,26,28) + dienophile (19,22,24)13,14a
excellent yields; accelerated reaction under ambient conditions

30 + 1914 as effective as diene carboxylate
32 + 1915 pentadienylammonium less reactive than hexadienyl homologue

Scheme 3 Scheme 4
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In short, it can be concluded that the use of water in
the synthesis of natural products was effectively
proven by designing new strategies of Diels-Alder
reactions. These strategies in water have been dis-
cussed in detail elsewhere.1j,k An article by Garner18

on Diels-Alder reaction in aqueous media is another
valuable addition to our knowledge on the subject.
Garner18 tabulated the water-mediated reactions
carried out by Grieco and his group.

B. Aqueous Salt Solutions
The special effects of water as a solvent medium

for Diels-Alder reactions can be greatly altered by
the addition of ionic solutes such as LiCl, NaCl,
LiClO4, etc. The kinetic measurements on the reac-
tion of 5 with 6 (Scheme 2) have shown that a
solution of 4.86 M LiCl increased the reaction rate
by 2.5 times, while a marginal decrease was noted
in the presence of guanidinium chloride (GnCl).11a

The reaction of 8 with 9 (Scheme 2) in 4.86 M GnClO4
slowed the reaction rate by 3 times,19 whereas a 4.8
M LiCl solution increased the reaction rate by 2.5
times.11,b In 4.7 M GnCl solution, the reaction rate
declined by about one-third of its value observed in
water. Further, with rate enhancing salts, like LiCl,
the reaction rates increased with the increasing ionic
concentration. Similarly, the increase in the ionic
concentrations of the rate-retarding salts, like GnCl,
GnClO4, etc., decreased the reaction rates.19 A sum-
mary of the ionic effects on the reaction of 8 with 9
(Scheme 2) is presented in Table 2. Breslow’s study
on this topic dealt with how these salt solutions
influenced the reaction rates and the N/X ratios of
Diels-Alder reactions.20 The N/X ratio of 25 for the
reaction of 5 with 6 in water increases to 28 in LiCl
and declines to 22 in GnCl.11a,d,20 In an attempt to
analyze the role of anions on the reaction rates, the
reaction of 8 with 9 was carried out in 2 M aqueous
solutions of NaCl, NaBr, NaBF4, NaClO4, NaPF6, and
NaAsF6. All these sodium salts accelerated the reac-
tion rates. The rate enhancement in these sodium
salt solutions decreases with the increase in the size
of anions.21 A decrease in the reaction rates, however,
was observed in 2 M solutions of GnCl, GnBr, GnBF4,
GnSCN, and GnClO4. These effects are illustrated in
Figure 1, where the rate constants, k, are plotted
against anionic radii, r, for both sodium and guani-
dinium salts. The linear variation of k with r indi-
cates that the rate variations for aqueous Diels-
Alder reaction follow the Hofmeister series.22

Recently published experimental data also confirm
the concentration dependence of salt solutions in
altering the rate data and N/X ratios of Diels-Alder
reaction. With regard to stereoselectivity ratios, the
N/X values for the reaction of 5 with 34 (Scheme 5)

in different aqueous salt solutions have recently been
published.23 The reactions were conducted in LiCl,
NaCl, NaBr, CaCl2, GnCl, and LiClO4 with the salt
concentration ranging up to 6 M. The results obtained
are plotted in Figure 2 in the form of log(N/X) as a
function of the salt concentration. Examination of
this figure shows two clearly opposite trends in the
variations of log(N/X) values concerning the salt
concentration. One group of salts, such as LiCl, NaCl,
NaBr, and CaCl2, enhances the N/X ratios, while

Table 2. Effect of Salt Solutions on the Reactions of 8
with 9 (Scheme 2)19

solvent krel () k/kwater)a

water 1
methanol 0.015
2,2,4-trimethylpentane 0.035
aqueous 4 M LiCl 2.2
aqueous 4.86 M 2.5
aqueous 2 M GnCl 0.56
aqueous 4.86 M GnCl 0.32
aqueous 4 M LiClO4 0.68
aqueous 2 M GnClO4 0.37

a Value of the second-order rate constant, k2 in water ) 226
( 7 × 103 M-1 s-1.

Figure 1. Rate constants, k, versus anionic radii, r, of
sodium (O) and guanidinium (9) salts used for the reaction
of 8 with 9: (1) Cl-, (2) Br-, (3) BF4

-, (4) ClO4
-, (5) PF6

-,
(6) AsF6

-. Data from ref 21.

Figure 2. Plots of log(N/X) and the salt concentrations of
aqueous LiCl (9), NaCl (O), NaBr (4), CaCl2 (3), GnCl ([),
and LiClO4 (0) for the reaction of 5 and 34. Data from ref
23.

Scheme 5
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another group comprising LiClO4 and GnCl decreases
the ratios. The log(N/X) values varying with the salt
concentrations begin to level off at high salt concen-
trations. These reactions were carried out with fixed
amounts of 5, 34, and salt solution. The parameter
that varied during the investigation was the concen-
tration of salt solutions. The N/X values in these rate-
increasing salt solutions follow the order LiCl > NaCl
> NaBr > CaCl2. Out of the rate-decreasing salts,
LiClO4 is more effective than GnCl in reducing the
N/X ratios for this reaction. A recent study has shown
that the endo products for the reaction of 5 with 34
are a function of available water content in salt
solutions.24 The interactions in aqueous salt solutions
have been discussed by Breslow.25 The monograph
in general is a useful compilation of important
articles in this area.

C. Salt Solutions in Nonaqueous Solvents
Solutions of LiClO4 in diethyl ether (LPDE) have

been found to be the most effective solvent medium
with a highly positive impact on the kinetic progress
of Diels-Alder reactions. As a matter of fact, the use
of LPDE was first explored for the ionization reaction
of p-methoxyneophyl-p-toluenesulfonate and that of
spirodienyl-p-nitrobenzoate.26 On the basis of rate
accelerations of these reactions in LPDE as compared
to those in acetic acid, it was suggested that such
solvent media might be useful in carrying out ioniza-
tion reactions. Several years later, the allylic rear-
rangement of 1-phenylallyl chloride to cinnamyl
chloride was accelerated in LPDE showing an overall
increase of about 85 600-fold over organic solvents.27

The rate acceleration in this and other reactions was
attributed to the electrostatic catalysis by the clather-
ates of LiClO4 in diethyl ether.28 Later, during a
study of the steric course of Diels-Alder reactions
in LPDE types of solutions, it was suggested that
these polar solutions could be used for kinetic control
for organic chemical reactions.29

In 1990, Grieco, Nunes, and Gaul made a startling
discovery by employing a 5 M LPDE solution in
Diels-Alder reactions that were sluggish otherwise.30

These authors reported impressive rate accelerations
for several Diels-Alder reactions in LPDE. The
initial effect of a 5 M LPDE was seen on the reaction
of 5 with ethyl acrylate (36) (Scheme 6), giving 93%
yield with the N/X ratio as 8:1, when compared to
those achieved (73% and 4:1) in water alone. The
encouraging results for this reaction led them to
explore the potential of LPDE on other Diels-Alder
reactions. In their novel work, they conducted several
reactions involving different dienes and dienophiles
in 5 M LPDE solutions. A summary of these and
other reactions studied by Grieco and co-workers is
given in Table 3 with comments on the yields and
reaction conditions with regard to the advantages
over conventional solvents.

The reaction of trans-piperylene (38) with 2,6-
dimethylbenzoquinone (19) is extremely sluggish in
water with less than 20% yield after 24 h (Scheme
6). The same reaction is completed within 15 min in
5 M LPDE, giving 80% yield. The reaction of aza
diene (40) with 34 in benzene was reported to give

cycloadduct (41) (Scheme 6) with a 74% yield in 72 h
at 60 °C.31 The same reaction when carried out in 5
M LPDE results in 80% yield in 5 h. The reaction of
40 with 11 in LPDE was carried out in 3 h with 78%
yield as compared to 48 h with 73% yield in benzene.

The cycloaddition of 5 with methylbenzoquinone
(43) is another exciting outcome of Grieco’s efforts
to offer simple methods in synthetic organic chem-
istry (Scheme 6). This reaction has been reported to

Scheme 6
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take place at 75 °C under a high pressure of 7895
atm (1 atm ≈ 105 Pa) in 60% yield.32 Employing 5 M
LPDE, the above cycloaddition was realized at room
temperature and ambient pressure in 10 h with 74%
yield and N/X ratio of 6:1.

These reactions serve as examples of the powerful
application of LPDE in accelerating sluggish reac-
tions.33 One of the most fascinating discoveries by
Grieco and co-workers in this connection is the formal
synthesis of cantharidin in 5 M LPDE under ambient
temperature and pressure.30 Conventionally canthari-
din was synthesized by applying an external ultra-
high pressure of ∼15 k bar on the reaction mixture
containing 1 and 2,5-dihydrothiophene-3,4-dicarboxy-
lic anhydride (45) (Scheme 6) in methylene chloride.
This classic synthesis by Dauben, Kessel, and Take-
mura34 required 6 h to undergo completion under
high pressure, yielding an 85:15 mixture of cyclo-
addition products. Since 1 is known to be a poor diene
due to its aromatic nature, application of ultrahigh
pressure is required to effect the cycloaddition.35

When Grieco and co-workers attempted the above
reaction in 5 M LPDE, quite surprising results were
obtained. The reaction in LPDE proceeded at ambient
temperature and pressure in 9.5 h with higher yield
(70%) and a mixture of cycloadducts in an 85:15 ratio.
The reaction illustrates the use of LPDE in obviating
the requirement of ultrahigh-pressure conditions in
a Diels-Alder reaction. This work, a milestone in
terms of achieving the facile reaction conditions and
higher yields in a relatively short duration, later
inspired researchers all over the world to employ 5
M LPDE in carrying out slow and difficult Diels-
Alder reactions.

Extensive efforts of Grieco and co-workers further
demonstrated the utility of LPDE in enhancing the
N/X ratios of intramolecular Diels-Alder reactions
and catalyzing the formation of cycloadducts useful
as building blocks for the preparation of amino sugar
antibiotics.36 A dramatic enhancement of stereo-
selectivity ratios has been reported for intramolecular
Diels-Alder reactions in 5 M LPDE in the presence

of 1-10 mol % camphorsulfonic acid.37 The use of Li+

ion catalyst in concentrated LPDE to promote che-
lation-controlled addition of trialkylallylstannanes to
aldehydes has offered a new and useful synthetic
method to diastereoselective carbon-carbon bond
formation.38 In an effort to expand the scope of such
solvent media to Diels-Alder reactions, Grieco and
Ghosez employed concentrated solutions of lithium
trifluoromethanesulfonimide in either diethyl ether
or acetone. This solvent medium was noted to offer
an unexpected influence of the counterion on both the
yields and N/X selectivity as compared to LPDE.39

Though LPDE is the most popular solvent medium
used for rate acceleration, the role of some other
perchlorates has also been examined in altering the
reaction rates. The effects of perchlorate salts of
sodium, lithium, barium, and magnesium in acetone
on the rates of several Diels-Alder reactions were
kinetically investigated.40 13C NMR spectroscopy was
employed as a tool to investigate the mechanism of
coordination of solvated metal cations acting as
catalysts. The use of 13C NMR spectroscopy was
guided by 1H NMR studies of the solvation of LiClO4
in acetone, as the chemical shift of acetone methyl
protons increased with respect to the salt concentra-
tion.41

First, the reaction between 2,3-dimethylbutadiene
(54) and 1,4-naphthoquinone (55) with direct electron
demand was studied in acetone solutions of NaClO4
(SPAC), LiClO4 (LPAC), Ba(ClO4)2 (BPAC), and Mg-
(ClO4)2 (MPAC) (Scheme 7). The experimental log krel
(krel ) ksalt soln/kacetone) data as a function of the salt
concentration for the above reaction are plotted in
Figure 3. It can be seen in Figure 3 that MPAC
produces maximum rate enhancement despite the
limited solubility of Mg(ClO4)2 in acetone. The order
in which these perchlorates in acetone enhance the
reaction is MPAC > BPAC > LPAC > SPAC. For
instance, at 1 M salt concentration, the observed rate
enhancement is in the ratio of 24:7:1.9:1 for MPAC:
BPAC:LPAC:SPAC. Note the tapering of the log krel
vs salt concentration plots at high salt concentrations

Table 3. Important Diels-Alder Reactions (Scheme 5) Accelerated in LPDE30

reactions reaction conditions in conventional media outcome of the use of LPDE

5 + 36 water; 5 h; ambient temp.;
yield ) 73%; N/X ) 4:1

5 h; ambient temp.;
yield ) 93%; N/X ) 8:1

38 + 19 water; 24 h; ambient temp.;
yield ) 20%

<15 min.; ambient temp.;
yield ) 80%

40 + 34 benzene; 72 h; 60 °C;
yield ) 74%

5 h; ambient temp.;
yield ) 80%

40 + 11 benzene; 48 h; 60 °C;
yield ) 73%; (N/X) ) 1: 9

3h; ambient temp.;
yield ) 78%;
(N/X) ) 1:3.7

5 + 43 reaction temp. ) 75 °C reaction time ) 10 h
1 + 45 (cantharidin synthesis) medium ) methylene chloride;

reaction time ) 6 h;
pressure ) 15 kbar;
(N/X) ) 85:15

reaction time ) 9.5 h;
ambient temp. and pressure;
yield ) 70%; (N/X) ) 85:15

5 + 2-methyl maleic anhydride (47) neat; reaction time ) 24 h;
reaction temp. 60 °C;
reaction yield ) 94%

reaction time ) 3 h;
ambient conditions;
yield) 90%

2-methyl butadiene (49) +
acetylenedicarboxylic acid
dimethyl ester (50)

reaction time ) 12 h;
yield ) 50%

reaction time 12 h;
yield ) 94%

5 + 1-cyanovinyl acetate (52) reaction time >24 h;
yield) 24%

reaction time ) 4 h;
yield) 79%

6 Chemical Reviews, 2001, Vol. 101, No. 1 Kumar



indicating the possibility of the maximum accelera-
tion of reaction rates. If the experimental log krel data
are plotted as a function of log x, x being the molar
fraction of salt, the resultant plots are linear up to
1.4, 1.4, 2, and 1.6 M for MPAC, BPAC, LPAC, and
SPAC, respectively. The divergence from linearity in
the high-concentration region, particularly evident
for LPAC, may indicate the presence of other cata-
lytic species in the solutions. As discussed earlier,
these species might be similar to clatherates formed
by LiClO4 and diethyl ether.27,28 Another reaction
with inverse electron demand, i.e., intramolecular
hetero-Diels-Alder reaction of (E)-1-phenyl-4-[2-(3-
methyl-2-butenyloxy)benzylidene]-5-pyrazolone (57)
carried out in the above perchlorate solutions, merits
a brief discussion (Scheme 7). The log krel vs salt
concentration data for this reaction plotted in Figure
4 indicate a lower enhancement in the reaction
compared to the reaction of 54 with 55 (Scheme 7).
For example, the reaction rates 57 in 1 M MPAC,
BPAC, LPAC, and SPAC are increased by 48, 9, 8.4,
and 2.7 times while those of 54 with 55 by 102, 28.7,
8.1, and 7.1 times, respectively. It appears that the

solutions of perchlorates in acetone are more effective
for the above-mentioned Diels-Alder reaction with
direct electron demand than that with inverse elec-
tron demand. The order of reactivity for both the
reactions obeys the charge radius ratios as Mg2+ >
Ba2+ ≈ Li+ > Na+ .40

The kinetic profiles of the reaction of trans,trans-
1,4-diphenylbutadiene (59) with 4-phenyl-1,2,4-tria-
zoline-3,5-dione (60) (Scheme 7), the rate constants
for this reaction in the form of log krel, and the salt
concentration are depicted in Figure 5. An examina-
tion of this figure shows that the rate constants for
this reaction are not strongly influenced by the
perchlorate salts. At 1 M salt concentration of MPAC,
BPAC, LPAC, and SPAC, the rate enhancement in
the above reaction is in a ratio of 1.2:1.4:1:1, respec-
tively.

The use of MPAC has also been explored in some
hetero-Diels-Alder reactions with good success in
terms of enhanced stereoselectvities and yields.42

Considerable rate enhancement of the reaction of
anthracene with p-benzoquinone derivatives has been
noted in the presence of Mg(ClO4)2 in acetonitrile.43

A 4 M solution of LiClO4 in nitromethane has also
been found to accelerate those Diels-Alder reactions
in which nitroalkenes act as dienophiles.44 The cy-
cloaddition reactions of several p- and o-quinones
with dienes have also been noted to give high yields
in LiClO4-nitromethane solution.45 Tle effect of

Figure 3. Plots of log krel (krel ) ksalt soln/kacetone) against
concentration of perchlorate salts in acetone solutions for
the reaction of 54 and 55: (0) MPAC; (4) BPAC; (O) LPAC;
(3) SPAC. Data from ref 40.

Scheme 7

Figure 4. Plots of log krel against concentration of per-
chlorate salts in acetone solutions for intramolecular
reaction of 57; symbols are the same as in Figure 3. data
from ref 40.

Figure 5. Plots of log krel against concentration of per-
chlorate salts in acetone solutions for the reaction of 59
with 60; symbols are the same as in Figure 3. Data from
ref 40.

Salt Effects on Diels−Alder Reaction Kinetics Chemical Reviews, 2001, Vol. 101, No. 1 7



solvent medium consisting of LiClO4 and dichloro-
methane on endo product has also been studied.46 The
use of LPDE and other similar solvent media has also
been discussed in Russian chemical literature indi-
cating wide applications of these media in accelerat-
ing several sluggish Diels-Alder reactions.47 Subse-
quently, use of LPDE was explored in Claissen
rearrangement, benzoin condensation, and other
organic reactions.1k,17a

D. Ionic Liquids
Though the primary objective of this part of the

review is to emphasize the special effects of ionic
solutions on kinetic profiles of the Diels-Alder reac-
tions, it would be apposite to discuss the upcoming
application of ionic melts also in this context. The
ionic melts that are liquid at ambient temperature
are being referred to as a new class of solvent media
for conducting several organic reactions.48 Very re-
cently an excellent review has appeared on the room-
temperature ionic liquids where the preparation,
properties, and applications of ionic liquids have been
discussed.9 The author has, however, devoted a brief
paragraph to the use of ionic liquids in Diels-Alder
reaction. [EtNH3]NO3, an ionic liquid at 285 K known
in the chemical literature for more than 80 years,49

was chosen as a solvent medium for the reaction of
5 with 34 (Scheme 5) and with 6 (Scheme 2).50 The
enhancement in both the reaction rates and stereo-
selectivities in [EtNH3]NO3 was not remarkably
different from those in water.11b,c,51 As the reaction
conditions in different solvent media were not identi-
cal, no quantitative comparison of the results could
be meaningful. The above reaction in water takes
place in a heterogeneous medium owing to the very
low solubility of 5 in water. However, 5 is about 100
times more soluble in [EtNH3]NO3 than in water,
thus allowing the reaction to take place under
homogeneous conditions. The idea behind the use of
[EtNH3]NO3 in the above synthesis was based on the
striking similarities in the physical properties of this
melt with water.52a,b An important property of this
liquid is its high cohesive energy density which is
associated with the hydrophobic effect. On the basis
of the micelle-forming tendency of hydrocarbons in
formamide and ethylene glycol (these solvents exhibit
some of the properties of water), the authors argued
that large solvophobic effects in [EtNH3]NO3 might
be responsible for the rate enhancement.52c,d

An attempt was made to use moisture-stable ionic
liquid dialkylimidazolium salts (R2Im+ X-) in carry-
ing out the reaction of 5 with crotonaldehyde (62) and
22 (Scheme 8).53 The yields and N/X ratios for the
reaction of 5 with 62 and 22 in the presence of
dialkylimidazolium bromide and trifluoroacetate were
almost identical. The yields (∼37%) and N/X ratios
(95:5) for the reaction of 5 with 62 were the same in
both dialkylimidazolium bromide and trifluoroac-
etate. For the reaction of 5 with 22, a yield of about
40% and a N/X value of 15:85 were noted to be similar
in both salts.

After a gap of about 10 years, the dialkylimidazo-
lium bromides and trifluoroacetate ionic liquids have
very recently been employed to study their effect on

the N/X ratios of the above-mentioned reaction.54 The
ionic liquids used in the investigation were [bmim]-
[BF4], [bmim][ClO4], [emim][CF3SO3], [emim][NO3],
and [emim][PF6], where [bmim]+ and [emim]+are
1-butyl-3-methylimidazolium and 1-ethyl-3-methyl-
imidazolium species. In [emim] [BF4], the increase
in reaction time from 2 to 72 h at a constant
temperature of 293 K led to an increase in yield by
about 46% but with a decrease in the N/X ratios by
about 25%. Under similar reaction conditions, i.e., 72
h and 298 K, a maximum yield of 91% was observed
in [bmim][BF4] with the lowest N/X ratio of 4.3:1. On
the other hand, [bmim][ClO4] under the above reac-
tion conditions gave an N/X ratio of 5.3:1. No rela-
tionship between the yield and the N/X ratios could,
however, be established in identical reaction condi-
tions.

Though chloroaluminate ionic melts have been
earlier employed in Friedel-Craft reactions and other
related organometallic reactions, its application in
Diels-Alder reaction has been explored very recently.
The chloroaluminates comprised AlCl3:MCl, with
MCl being N-1-butylpyridinium chloride (BPC) or
1-ethyl-3-methyl-1H-imidazolium chloride (EMIC).
EMIC can impart a Lewis acidity that can have
profound effect on the rates and stereoselectivity of
Diels-Alder reactions. Another important feature of
chloroaluminates is their ability to create acidic or
basic composition by altering the amount of either
AlCl3 or BPC/EMIC as required. The chloroalumi-
nates have been employed as solvent media for the
reaction of 5 with 34.55 Like [emin][BF4], the yield of
this reaction in the presence of chloroaluminate was
observed to increase with reaction time. The N/X
ratios, however, did not vary with respect to the
reaction time. A notable observation in this regard
is the critical role of the composition of chloroalumi-
nates on both the N/X ratios and reaction rates. A
marginal increase in AlCl3 from 48% to 51% in the
composition of chloroaluminates caused a 4-fold
increase in the stereoselectivity ratios and a dramatic
24 times enhancement in the second-order reaction
rates. A comparative study of the above reaction in
chloroaluminates, [EtNH3]NO3, and water shows that
the reaction rate in the acidic chloroaluminate is
several times higher than that observed in the other

Scheme 8
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two solvents. Though the author has not discussed
the quantitative results for the reaction of 5 with
dimethyl maleate (65) (Scheme 8), it is claimed that
chloroaluminates offer results similar to those ob-
tained for the reaction of 5 with 34 in water.

In another recent work, the comparative perfor-
mance of ionic melts and LPDE has been studied
with respect to their effectiveness on the progress of
Diels-Alder reaction.56 The ionic melts selected for
the study were 1-butyl-3-methylimidazolium trifluo-
romethanesulfonate ([bmin][Otf]), hexafluorophos-
phate ([bmin][PF6], tetrafluoroborate ([bmin][BF4],
and lactate. The use of [bmin][OTf] for the reaction
of 5 with 65 (Scheme 8), 36 (Scheme 6), and 11
(Scheme 2) offers comparable yields with those
obtained from the use of LPDE and water. However,
the reaction time is longer in ionic melts for several
reactions as compared to those in LPDE and water.
Another major difference between [bmin][PF6] and
LPDE for the reaction of 5 and 36 is the reduced yield
(36%) of the product in [bmin][PF6] as compared to
that in LPDE (61%). The Diels-Alder reactions
carried out in the ionic liquids are listed in Table 4.

IV. Origins of Forces Responsible for Variations
in Rates and Stereoselectivities

A. Solvent Parameters
In the case of water and its mixtures with other

usual organic solvents, several solvent properties
have been considered for explaining the rate varia-
tions in Diels-Alder reactions. A recent review by
Cativiela and co-workers summarizes these develop-
ments.1f The parameters representing different sol-
vent properties are as follows: Brownstein’s solvent
polarity parameter, S, Reichardt’s polarity param-
eter, ET, Kosowers polarity parameter, Z, and Gut-
mann’s acceptor number, AN. The reaction rates of
a few Diels-Alder reactions can be easily fitted with
Gutmann’s parameter, AN, using a hyperbolic equa-
tion.57 An important parameter in this regard is the
solvophobic power, Sp, of the solvent media. The
reaction of 5 with diethyl fumarate (67) (Scheme 9)
in aqueous methanol and aqueous 1,4-dioxane in 13
solvents was used to establish the importance of

solvophobic power in describing the reaction rates
and stereoselectivities.58 An examination of all these
solvent parameters shows that no unique parameter
is applicable to a majority of Diels-Alder reactions
studied. In view of this result, a multiparameter
approach was proposed consisting of a combination
of different solvent properties, such as polarity,
solvophobicity, hydrogen-bond-donor capability, and
other modified polarity scales such as ET values with
good accuracy.59

B. Water
The origins of forces responsible for dramatic rate

accelerations of Diels-Alder reactions in water could
be studied with respect to hydrophobic packing,
enforced hydrophobic hydration, and hydrogen-bond-
ing effects.

1. Hydrophobicity

As seen earlier,11 the reactions of 5 with 6 and with
11 proceeded significantly faster in water than in
2,2,4-trimethylpentane, a nonpolar organic solvent
(Scheme 2). Since a moderate increase in the reaction
rates of the above reactions was observed in metha-
nol, the polarity of the medium could not be ascribed
to a major rate-influencing parameter. Further, the
reaction of 8 with 9 was slower in methanol than in
2,2,4-trimethylpentane, as the hydrogen-bonded as-
sociation of both these species was disrupted (Scheme
2). These observations led Breslow to suggest that

Table 4. Ionic Liquid-Mediated Diels-Alder Reactions

ionic liquid reactions conditions remarks

[EtNH3]NO3
50 5 + 34 reaction at room temperature yields comparable;

reaction rates 1 order less
than in water

reaction time 72 h
dialkylimidazolium bromide

and trifluoroacetate53
5 + 62 reaction temperature up to 70 °C;

reaction time from 2 to 72 h
yield ) 36%; (N/X) ) 95:5

+ 22 yield ) 40%; (N/X) ) 15:85
several other salts of

dialkylimidazolium54
5 + 62 reaction temperature up to 70 °C;

reaction time from 2 to 72 h
comparable yields and rates

+ 22
chloroaluminates55 5 + 34 room temperature (N/X) higher than [EtNH3]NO3

and water and depend on the
acidity of the liquid;

+ 65 reaction time from 22 to 72 h as above, but no data in support
of claim are given

1-butyl-3-methylimidazolium
trifluoroborate and similar
ionic liquids56

5+ 36; + 65; + 49;
+ 36; + 6

temp. range ) -15 to 80 °C;
reaction time up to 72 h

reduced yields; comparable rates

Scheme 9
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hydrophobic effects60 are the principal forces operat-
ing in water, which enhance the reaction rates by
several orders.20 The hydrophobic effect is the ten-
dency of nonpolar molecules and molecular segments
in water solution to avoid contact with water. This
can be achieved if such molecules either escape to a
separate phase or cluster in order to decrease the
hydrocarbon-water interfacial area. The hydrophobic
clustering or aggregation is driven by either entropy
or enthalpy, i.e., “an improved enthalpy of solvation
of a substrate can come at the expense of solvent
restriction and entropy loss”.20 Thus, to decrease the
contact with water, the diene and dienophile tend to
aggregate in an aqueous system. This process of
aggregation of diene and dienophile in water is
known as hydrophobic packing, which has been
shown to give rise to large rate accelerations in water.
The support to the hydrophobic packing was also
provided by carrying out the reactions of 5 with 6
and with 11 in â-cyclodextrin.11a According to these
experiments and the concept of hydrophobicity, 5 and
dienophile should fit into the cavity of â-cyclodextrin
resulting in rate enhancement. However, as the
cavity of â-cyclodextrin is smaller than the size of
anthracene-9-carbinol, the enhancement of reaction
rates of 8 with 9 (Scheme 2) in â-cyclodextrin cannot
be explained.11a It is shown that antihydrophobic
cosolvents can slow the reactions in water of species
with hydrophobic surfaces. This rate retardation or
acceleration will depend on whether the transition
states are more or less hydrophobic than the reac-
tants. These findings, supported by quantum me-
chanical calculations, render the hydrophobic effect
as a mechanistic tool for understanding the reaction
profiles of different reactions, including cycloaddi-
tions.61

2. Enforced Hydrophobic Hydration and
Hydrogen-Bonding Effects

The ‘enforced hydrophobic hydration’ is another
explanation proposed to describe the rate acceleration
in water and its mixtures with different alcohols.62

In aqueous medium the destabilization of the initial
state is considered as a rate-promoting parameter.
The decrease of hydrophobic surface area with the
progress of reaction leads to the stabilization of the
transition state relative to the initial state. The term
‘enforced’ is employed to stress that the hydrophobic
interactions are operative as they are an integral part
of the activation process. Engberts and co-workers62

introduced the concept of enforced hydrophobic hy-
dration. In this process the hydrophobicity of diene
and dienophile is decreased during the process of
activation. Diene and dienophile do not aggregate
spontaneously under the reaction conditions. This
observation is expressed by the term ‘enforced’. To
account for the large effect of water on Diels-Alder
reactions, the enforced hydrophobic binding process
is more favorable in water than in conventional
organic solvents. On the basis of the Gibbs energy
associated with the direct diene-dienophile pair
potential and the rearrangement of water molecules
accompanying the enforced hydrophobic hydration,
it is possible to state that the reduction of the
hydrophobic surface and hydrated volume during the

activation process leads to a large gain of the entropy
and a large loss of the enthalpy of water molecules.18

The studies have shown that both an unfavorable
enthalpy contribution and a larger favorable entropy
contribution lead to the reduction of free energy of
the activation process. The detailed molecular picture
of the enforced hydrophobic hydration is described
in several articles.18,60c,62a Several papers have ap-
peared to explain the rate enhancement of Diels-
Alder reactions in aqueous solutions of alcohols by
quantifying the components of the enforced hydro-
phobic hydration.62 Though a recent work by Breslow
on the influence of cosolvents on the aqueous Diels-
Alder reactions supports63 the enforced hydrophobic
hydration, its extension to salt solutions seems
cumbersome. On the other hand, the concept of
hydrophobic packing of diene and dienophile can be
easily understood in the ionic solutions. This is due
to the fact that the ion-ion, ion-dipole, dipole-
dipole, and ion-hydrated water interactions cannot
be easily accounted for in terms of the enforced
hydrophobic hydration. Theoretical developments in
this regard are awaited.

Jorgensen and co-workers combined the quantum
and statistical mechanics to probe the role of water
on the kinetics of Diels-Alder reactions.64 They
proposed that if enforced hydrophobic interactions
were the only cause of acceleration, then the plots of
Gibbs energies of transfer for both the activated
complex and product should bear a resemblance. In
view of the dissimilarity in these plots, it was
suggested that one or more additional factors could
be involved in enhancing the reaction rates in water.
For the reactions of 5 with 6 and with 11 (Scheme
2), the use of a sophisticated computational technique
estimated the optimal interaction energies to be
1.5-2 kcal mol-1 more favorable for hydrogen bond-
ing to the oxygen or nitrogen in the transition states.
The computational results suggested that hydrogen-
bonding effects are very significant in addition to the
hydrophobic component. This work on the role of
hydrogen bonding on the reaction rates has also been
confirmed by experimental kinetic data.65 For the
reaction of 5 with 6 in water and trifluoroethanol, a
comparison between the Gibbs free energies of the
initial states and the activated complex has shown
that hydrogen bonding stabilizes the activated com-
plex more than the initial state.

A combined effect of both enforced hydrophobic
interactions and the hydrogen-bonding in stabilizing
the transition state was attributed as origin of rate
enhancement in several Diels-Alder reactions.66

The hydrophobic and hydrogen-bonding effects
have also been investigated using Monte Carlo
simulations.67 The results reveal that the hydropho-
bic effects play a profound role in the rate enhance-
ment of aqueous reaction of 5 with 6.

C. Water-Like Solvents
It is important to briefly mention the effect of

‘water-like’solvents on the Diels-Alder reaction. The
use of formamide in place of water for carrying out
the reaction of 5 with 34 (Scheme 5) has offered
comparable yields and N/X ratios.68 Since formamide
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has a very high relative permittivity, the enhanced
kinetic profiles may be due to solvophobic interac-
tions. Similarly, the reaction of 1-acetoxy-1,3-buta-
diene (69) with 19 (Scheme 10) is accelerated in the
presence of ethylene glycol.69 Breslow and Guo11d also
investigated the kinetic progress of Diels-Alder
reactions in the above solvents but with different
results. The reaction of 1,3-cyclohexadiene (71) with
nitrosobenzene (72) (Scheme 10), for example, is
faster in formamide and ethylene glycol but still
slower in water. Furthermore, salts such as GnCl and
urea that decrease reaction rates and stereoselec-
tivities in water do not show any influence in forma-
mide and ethylene glycol solutions.11d It seems that
the solubilities of diene and dienophile are not altered
by the salts in these solvents.

D. Aqueous Ionic Solutions
The rate enhancement and decrease of Diels-Alder

reactions by aqueous LiCl and GnCl, respectively,
have been attributed to the changes in the hydro-
phobic effects caused by these salts.20 The enhanced
reaction rates in pure water are primarily the result
of increased hydrophobic effects. Thus, the increase
in the kinetic profiles of Diels-Alder reaction by LiCl
implies that the hydrophobic effects are enhanced by
this salt. The opposite is applicable to GnCl. Breslow
and Connors70 used attractive terminology for calling
LiCl-type salts as prohydrophobic agents, while GnCl
and LiClO4 as were used as antihydrophobic ones.
One can also call GnCl and LiClO4 chaotropic and
LiCl and NaCl antichaotropic agents.11d,71 The rate
variations with the hydrophobic effects can be ex-
plained in terms of hydrophobic packing and a
compact transition state.

Systematic information obtained on the concentra-
tion dependence of N/X ratios for the reaction of 5
with 34 (Scheme 5) in several prohydrophobic and
antihydrophobic salts has been correlated with the
hydrophobic effects via salting effects.23 The increase
and decrease in the kinetic profiles in the presence
of a salt solution can be ascribed to the salting-out
and -in phenomena.72 Thus, the increased hydropho-
bic effects are due to the salting-out phenomena.
Accordingly, the solubilities of the reactants decrease
in aqueous LiCl, NaCl, NaBr, etc., causing the

salting-out of the components. Interactions of Gn+

and ClO4
- with water increase the solubilities of the

reactants in solutions. Thus, the rates are related to
the relative changes in the solubilities of the diene
and dienophile in aqueous salt solutions. Figure 6a
shows the relative solubilities of methyl acrylate, SMA/
S°MA as a function of the salt concentration (S and
S° are the solubilities of methyl acrylate in a salt
solution and water, respectively) in different salts for
the reaction of 5 with 34.23 The relative solubility of
methyl acrylate in the salt solutions is less or more
than one for the prohydrophobic and antihydrophobic
salts, respectively. Figure 6b depicts the impact of
SMA/S°MA on the log N/X values for the same reaction.
The salting-out and -in coefficients, kS, of these salts
for this reaction have been computed by the scaled
particle theory.73 The kS values for the reaction of 5
with 34 are 0.494, 0.397, 0.374, 0.203, -0.264, and
-0.469 for LiCl, NaCl, NaBr, CaCl2, GnCl, and
LiClO4, respectively. The signs and magnitudes of
these values indicate the power of the salts in
altering the stereoselectivities in Diels-Alder reac-
tions. The salting behavior and rates can also be
understood in terms of the surface tension of the salt
solutions.71 Breslow and Guo71 suggested that addi-
tion of a salt in Diels-Alder reaction leads to changes
in the Gibbs energy of solution δ (∆G°)solution by

Scheme 10

Figure 6. (a) Computed and experimental relative solu-
bilities of methyl acrylate MA, (SMA/S0

MA) as a function of
the concentration of salt for different aqueous salt solutions
for the reaction of 5 with 34: (1) LiCl, (2) NaCl, (3) NaBr,
(4) CaCl2, (5) GnCl, (6) LiClO4. Data are from ref 23. (b)
Variation of log(N/X) with respect to the relative solubilities
of MA, (SMA/S0

MA) for the reaction of 5 with 34. Symbols
are as in Figure 2. Data are from ref 23).

δ(∆G°)solution ) δ(∆G°)cavitation + δ(∆G°)solvation
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where δ(∆G°)cavitation and δ(∆G°)solvation are the changes
in the Gibbs free energy of cavitation and solvation,
respectively. The salting-in agents such as GnCl and
LiClO4 make the cavitation easier by breaking the
organized structure of water. This effect if true
should be reflected in the surface tension data of salt
solutions. The changes in the surface tension of water
in GnCl and LiClO4 are positive and smaller than in
LiCl and NaCl, which indicates that the formation
of cavities in these solutions is not favored with
increasing concentrations of GnCl and LiClO4, unlike
in the case of tetrabutylammonium salts. Thus, in
such salt solutions the rate-decreasing effect origi-
nates from the solute-solvent interactions with
dominating δ(∆G°)solvation term.

The N/X values for the reaction correlate well with
the surface tension data of aqueous ionic solutions.
For the rate-enhancing salts, the surface tension of
the solution increases steeply with its concentration,
thus making the cavitation difficult. How these salts
affect the Gibbs free energies of cavitation and
solvation in a reaction are discussed both in prin-
ciple70 and in a quantitative way.23 The approximate
calculations of Gibbs free energies as altered by
several salts agree well with the theory of the effect
of salts on Diels-Alder reactions by Breslow and
Guo.23,71 The effect of aqueous salt solutions can also
be understood in terms of structure-maker (rate-
enhancing) and -breaker (rate-decreasing) agents.

It is important to note that the conductance mea-
surements on GnCl indicate ion pairing in the solu-
tion phase.74 It is not yet known whether the ion pairs
of GnCl affect the kinetics of Diels-Alder reaction.
The effect of GnCl on the stability of proteins was
first studied by von Hippel and co-workers.75 It is not
possible to state anything quantitative about the role
of GnCl in Diels-Alder reaction except its salting-in
nature.

In an effort to explain the rate accelerations of
Diels-Alder reactions, it was suggested that the
internal pressure76 of the ionic solutions presses the
diene and dienophile (hydrophobic packing) together
to realize the reaction.20 The rate data21 for the
reaction of 8 with 9 (Scheme 2) in 2 M solutions of
several sodium and guanidinium salts are observed
to be linear with internal pressures of salt solutions.77

The Diels-Alder reactions are accompanied by nega-
tive activation volumes, indicating a compact transi-
tion state.78 Salts, like LiCl, NaCl, NaBr, etc., in-
crease the internal pressure of water. The increased
internal pressure in conjunction with the negative
activation volume gives rise to the rate acceleration.
The rate-declining effect by the guanidinium salts
can be explained in terms of reduced internal pres-
sures and the negative activation volumes of Diels-
Alder reactions.

An attempt was also made to divide the salting-
out and -in zones on the basis of internal pressure.23

In the case of the rate-enhancing salts, like LiCl,
NaCl, etc., the phenomena of electrostriction caused
by the volume contraction on dissolving an electrolyte
in water assumes significance.79 The electrostriction
leads to a decrease in the solubilities of hydrocarbons,
thus causing the salting-out and subsequently the

rate enhancement. The antielectrostriction effect in
GnCl or LiClO4 gives rise to exactly the opposite
effect. There are, however, opposing reports on the
role of internal pressure which will be discussed in
a later part of this review.

E. Ionic Solutions in Nonaqueous Solvents

Why does LPDE as a solvent medium accelerate
the Diels-Alder reaction? Before attempting to ad-
dress this issue, it should be appropriate to briefly
consider the properties of these solutions.

1. Physicochemical Properties of LPDE

These properties are as follows: (a) LiClO4 is highly
soluble in diethyl ether,80 i.e., 53.21% by weight
corresponding to a mole fraction of LiClO4 as 0.44 or
6.06 M; (b) the density of LPDE at 53.21% by weight
of LiClO4 is about 70% higher as compared to that
of pure diethyl ether; (c) the viscosity of LPDE
solution is very high especially at higher concentra-
tions (for instance, the viscosity of a saturated
solution of LPDE is about 800% higher than that of
pure ether at room temperature); (d) the vapor
pressure of LPDE solution at higher concentrations
is lowered by about 30% from that of pure diethyl
ether; (e) the molar conductance of LiClO4 in diethyl
ether increases by a factor of several hundred with
increasing concentration, while a decrease is noted
in its solution with water.

2. Formation of Clatherates and Their Role

First an analysis of the implications of the above
solution properties is in order. The analysis of vapor
pressure data shows that the activity of diethyl ether
in LiClO4 first increases and then decreases after
reaching maxima, indicating the complexes are made
up of LiClO4 and diethyl ether. This is supported by
steep rise in both viscosity and molar conductance
values.81 The increased conductance suggests the
presence of charged complexes of LiClO4-diethyl
ether with either excessive Li+ or ClO4

- ions. The
experimental data show the presence of dietherate,
Li+(OEt2)2ClO4

- below 4.25 M, while a mixture of
both the dietherate and monoetherate Li+(OEt2)ClO4

-

exists above 4.25 M. Both of these complexes includ-
ing ion pairs are present simultaneously, and their
concentrations vary with the concentration of LiClO4
in ether. Thus, there is clearly a rapid interchange
of ions in the various structures as well as with those
in the solvent. Several species in the mixture remain
in equilibrium with each other.28a In solution, the
electric current is not likely to be transported only
by the movement of whole complexes. In fact, the
contribution to the conductance from this mechanism
must decrease as the complexes get bulkier and
solution more viscous. The easier transport of current
at high concentrations can be explained by the
transport of single ions within the framework of the
complexes, consistent with the theory of proton
conductance.82 According to Ekelin and Sillen,81 the
behavior of Li+, ClO4

-, and their aggregates in diethyl
ether can be understood by dividing the solution into
three regions. In very dilute solutions, ions are
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separated from each other or occasionally in pairs.
Thus, Li+ may have as many as four ether molecules
as closest neighbors completely surrounding it. In the
moderately concentrated solutions, ions form sepa-
rate complexes of different sizes. In highly concen-
trated solutions, the complexes as aggregates come
closer together, almost to a coherent lattice. In such
conditions ether molecules can hardly suffice for
shielding the ions from each other.

It is also suggested that LPDE solution becomes a
molten salt below 4.25 M as all the ether molecules
are complexed with lithium perchlorate acting as
solvent and ether as solute. The molten salts with
organic components having very low dielectric con-
stants have been reported in the literature.83

To ascertain the presence of complexes in LPDE,
the solubility temperature, heats of solution, and
molar dielectric increments have also been studied.28a

Though the solubility-temperature diagrams of LPDE
do not indicate the presence of any etherates, the
heats of solution data favor the presence of both
mono- and dietherate. The linear variation of dielec-
tric constant values with the concentration of LiClO4
up to 0.5 M has also been attributed to the presence
of etherates.84

Strong support in favor of mono- and dietherates
comes from NMR data of LPDE solutions.28a The
NMR spectra show a rapidly exchanging ether sol-
vation sphere around the lithium ion. The shift
downfield of the methylene and methyl protons of
diethyl ether in LPDE mixtures relative to pure ether
can be accounted for by an average ether to LiClO4
ratio of 2:1 below 4.25 M and both 2:1 and 1:1 above
4.25 M LiClO4.

The formation of ion pairs and higher aggregates
in LPDE is also predicted by the Bjerrum theory of
ion-pair formation.85 According to this theory, ion
pairs and higher species should be available above
2.8 × 10-3 M of LiClO4.

The association of LiClO4 in diethyl ether has also
been investigated by studying the refractive indices
and dielectric measurements, which indicate the
presence of dimers.86 These species have further been
confirmed by IR and Raman spectroscopic investiga-
tions of LPDE solutions.87

Pocker and his group27,28 successfully demonstrated
that the electrostatic catalytic properties due to
LiClO4 clatherates can lead to stabilization of polar
transition states by large Coulombic fields in several
reactions.

3. Polarity Effects

The polarity effects of the LPDE solutions were
investigated several years ago.29 The N/X ratios of
the reaction of 5 with 34 increased with the increase
of the LPDE concentration. An increase in the
polarity by about 20 ET units was obtained in the
concentrated LPDE solutions. The rate enhancement,
according to this concept, was attributed to the
stabilization of polar transition states. The rate data
for some Diels-Alder reactions, however, cannot be
correlated successfully with the polarity of solu-
tions.88

4. Lewis-Acid Catalysis

Though the stabilization of the polarized transition
state of a Diels-Alder reaction in the concentrated
solutions of LiClO4 in organic solvents cannot be
disregarded, it cannot explain the dramatic rate
accelerations of Diels-Alder reactions in LPDE type
of medium. An explanation was, therefore, proposed
in which the huge rate accelerations were attributed
to the Lewis-acid catalysis of Li+ in solution.

Forman and Dailey89 were the first to put forward
evidence that the unusual effect of LPDE in ac-
celerating Diels-Alder reactions as reported by
Grieco, Nunes, and Gaul30 originated by the Lewis-
acid catalysis due to the presence of lithium ion. To
support their findings, they measured the second-
order rate constants for the reaction of 9,10-dimethyl-
anthracene (74) with 11 (Scheme 11) in the presence
of different concentrations of LPDE. In Figure 7 is
shown the concentration dependence of krel, which is
linear indicating the first-order dependence on LiC-
lO4. According to the authors, the Diels-Alder reac-
tions being sensitive to Lewis-acid catalysis should
accelerate with the increase in the concentration of
lithium cation. The reactions of fumaronitrile (75)
with 74 (Scheme 11) and 49 with 50 (Scheme 6) were
also studied in LPDE. In these reactions, two sites
for lithium ion complexation are possible, as both
fumaronitrile and dimethyl acetylenedicarboxylate
contain two activating groups. Both these reactions
showed linear dependence of the second-order rate
constant on the concentration of LPDE. No enhance-
ment in the reaction rates was observed in the
presence of perchlorate salt lacking Lewis acidity.

The school of Righetti88 was the next to put forward
evidence in favor of Lewis-acid catalysis by LPDE
solvent in Diels-Alder reactions. In this regard, the
hetero-Diels-Alder reaction of 1-phenyl-4-benzylidene-
5-pyrazolone (78) with ethyl vinyl ether (79) (Scheme
12) was investigated in LPDE, LPAC, LiClO4-
acetonitrile (LPAN), LiClO4-methanol (LPME), and
LiClO4-2-propanol (LPIP) solutions. In the case of
LPDE, an acceleration in the reaction rates was
noted to be ∼308 times the maximum concentration
of 2.16 M of LiClO4. Very low concentrations of

Figure 7. log krel against the concentration of LiClO4 in
diethyl ether for the reaction of 74 and 11. Data are from
ref 89.
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LiClO4 in other solvents were used in the reaction
owing to the salt solubilities in these solvents. In
Figure 8 are shown the log krel as a function of log x,
where x is the molar fraction of LiClO4 in solution.
The linear plots shown in the figure confirm the
Lewis-acid catalysis by lithium ion. The slopes of
these plots indicate the catalytic power of lithium ion
in different solvents. The catalytic power of lithium
ion depends on the extent of solvating power of
solvent and follows the order of diethyl ether >
acetonitrile > acetone > methanol ≈ 2-propanol.

Further support of the catalysis by lithium ion was
obtained by carrying out the above reaction in the
presence of [12]-crown-4, a crown ether specific for
Li+ complexation. The results showed that the effect
was significant compared to blank experiments as the
rate was lowered indicating the loss of catalytic
activity by lithium ion. These studies concluded that
those Diels-Alder reactions are strongly accelerated
in the presence of the metal ion whose rates increase
with the increasing electrophilic character of the
solvent. Very mild acceleration in the rates is noted
in the Diels-Alder reactions characterized by nu-
cleophilic or nonspecific solvent effects. Similarly, the
reaction of 54 with 4-bromonitrosobenzene (81)
(Scheme 13) is poorly affected by these salt solutions.
The solvent in these cases behaves as a nucleophile,
the HOMO of which interacts and destabilizes the
LUMO of 60 (Scheme 7). As pointed out by Casaschi
et al.,40 the HOMO of a cation is a highly stabilized
MO insensitive to any reasonable interactions. No
coordination between cation and 60 was observed

during the 13C NMR studies on the effect of perchlo-
rate-acetone solutions on the carbonyl carbon atom
of 60. Very small variations in the reaction rates in
the case of 54 and 81 (Scheme 13) are possible due
to nonspecific interactions. The absence of any spe-
cific interactions between cation and 81 indicates that
these small changes in the reaction rates had origi-
nated from weak or nonbonding interactions present
in the reaction mixtures.

In the reactions with electron demand described
above, the cation acts as an electrophile and its
LUMO interacts with the HOMO of 55. The LUMO
of 55 is stabilized by electrostatic interactions result-
ing into a lower energy separation between the FMOs
of 54 and 55. This leads to the enhancement of the
reaction rates. The electrophillic character of these
cations is supported by MO calculations.

Subsequent detailed studies on the use of LPDE,
LPAC, LPME, LPAN, and LiClO4-DMSO (LPDM)
on the reactions of 81 with 54 (Scheme 13), 54 with
55 (Scheme 7), and 78 with 79 (Scheme 12) have
further confirmed the correlation between the reac-
tion rates and catalytic activities in the LiClO4-
containing solvent media.

The Lewis-acid catalysis of LPDE is applicable to
those Diels-Alder reactions in which Li+ coordinates
with suitable functional groups in the substrate.
Studies have also been conducted without and with
LPDE under pressure to investigate the Lewis-acid
catalysis.90

An assessment of the Lewis acidity of LPDE has
been made by comparing its performance with that
of AlCl3 of BF3. The N/X selectivities for the reaction
of cyclopentadiene with methyl acrylate in 5 M LPDE
are 8:1 as compared to those in AlCl3 (99:1).91

Similarly, a ratio of 20:1 for N/X selectivities is
obtained in AlCl3-catalyzed reaction of 5 with 65
(Scheme 8).92 LPDE, on the other hand, offers a ratio
of 8:1 for the same reaction.

Scheme 11

Scheme 12

Figure 8. Plots of log krel against (-log x) for the reaction
of 78 and 79 in solutions of LiClO4: (0) LPAN, (3) LPAC,
(b) LPME, (4) LPIP. A dashed line without any symbols
shows the results of LPDE. Data are from ref 88.

Scheme 13
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Several attempts have been made to describe the
Lewis-acid scale on the basis of theoretical calcula-
tions. In principle, when a Lewis acid complexes with
the electron-withdrawing group of a dienophile, it
removes the electron density from the carbon-carbon
double bond. This lowers the energy of the LUMO of
the resultant complexes and thus favors interaction
with the HOMO of the diene. The energy of the
transition state of a bimolecular reaction is therefore
lowered. Considering the changes in MO calculations
under the environment of Lewis acidity and their
correlations with the NMR spectroscopy, empirical
Lewis acidity scales were developed. For instance, an
empirical Lewis acidity scale was proposed by study-
ing the magnitude of the induced 1H and 13C chemical
shifts of R,â-unsaturated aldehydes and ketones in
methylene chloride.93 The MNDO (modified neglect
of diatomic overlap) calculations of 1:1 complexes
derived from crotonaldehyde and a Lewis acid have
also been employed in developing the Lewis-acidity
scale.94,95

The methodology of Childs has been employed to
determine the Lewis acidity of the medium.96 The
results show that the induced shifts for BBr3, BF3,
and AlCl3 in CH2Cl2 are considerably larger than
LPDE, confirming that LPDE is a weaker Lewis acid
than BBr3, BF3, and AlCl3. The research group of
Pagni and Kabalka showed that Li+ is an intrinsi-
cally strong Lewis acid, a conclusion drawn based on
the MO calculations and gas-phase experiments.96

This strong Lewis-acid effect of Li+ is considerably
moderated in diethyl ether due to solvation effects
and the perchlorate ion interactions. The catalytic
activity of Li+ depends on the counterion of its salt.96

The moderate Lewis-acid effect of LPDE was further
confirmed by polarimetric studies on camphor and
IR studies on crotonaldehyde and benzonitrile. The
weak binding of LiClO4 to probe bases in diethyl
ether is due to the fact that the Li+ competitively
binds to ether and the added base.97 Earlier, the
kinetic data of the reaction of 5 with 67 (Scheme 9)
in LPDE also showed the modest catalytic effect.98

The variations in dielectric constants of LPDE solu-
tions82 do not conform to the steep rate enhancement
observed in the above LPDE-mediated Diels-Alder
reactions. Though the dielectric constant data of
LPDE show a possibility of the salting-out phenom-
ena, one should not consider the dielectric constant
to be a sensitive probe to analyze the kinetics of
Diels-Alder reactions.

5. Internal Pressure Effects

The suggestion of Breslow20 and Grieco30 on the
possible role of the induced inner pressure or internal
pressure of the ionic solutions led to the development
of correlations between reaction profiles and internal
pressure for several Diels-Alder reactions.99 Accord-
ing to this development, the internal pressure gener-
ated by the LPDE type of solvent media presses the
diene and dienophile in order to realize a reaction.
Further, since LPDE is a substitute for ultrahigh
pressure in the cantharidin synthesis,30 it can be
attributed to very high internal pressure generated
by 5 M LPDE. It would seem that internal pressure

acts as an externally applied high pressure and
influences the rates of Diels-Alder reactions in the
same direction.

The internal pressures of LPDE, LPAC, and other
solutions of LiClO4-ethyl acetate (LPEA) and LiClO4-
tetrahydrofuran (LPTF)100 are surprisingly very high.99

For instance, a 5M solution of LPDE, LPAC, and
LPEA induces internal pressures between 16 and 20
kbar, a range used in the cantharidin synthesis.34

The increased internal pressure at higher LiClO4
concentrations in the above solution, in conjunction
with the negative activation volume, has been con-
sidered as the rate-enhancing parameter. A direct
correlation between the yields of cantharidin and
internal pressures of LPDE solutions at different
concentrations points out that the maximun yield is
obtained at 5 M LPDE, a concentration at which a
maximum internal pressure is induced.

The experimental kinetic data on several Diels-
Alder reactions have been analyzed by the concept
of internal pressure. Different magnitudes of rate
accelerations of the reaction of 54 with 55 (Scheme
7) in acetone solutions of NaClO4, LiClO4, Ba(ClO4)2,
and Mg(ClO4)2 at a given concentration, for example
at 1.4 M (shown in Figure 9), have been interpreted
on the basis of different internal pressures induced
by these salt solutions. In general, the solvent
medium with high internal pressure at a specified
concentration and with lower activation volumes can
enhance the reaction rate with greater magnitude
than one with lower activation volume. The proce-
dures to calculate the rate constants from the knowl-
edge of fundamental quantities99 and the activation
volumes from the pressure dependence of the rate
constants101 have been discussed.

As pointed out in a recent work,97 the mode by
which these solvent media function and enhance the
kinetic profiles is a matter of controversy and uncer-
tainty. No general agreement on the origin of forces
responsible for the impressive rate acceleration of
Diels-Alder reactions is reached among various
workers. Forman and Dailey89 observed that the
reaction of 1,3-diphenylisobenzofuran and styrene
was insensitive to LPDE. According to the concept
of internal pressure and activation volume, the poor
response of the solvent medium was due to nearly
zero activation volume of the reaction, rendering even

Figure 9. log krel as a function of Pi eff (difference of Pi of
solution and acetone with Pi being internal pressure)
induced by MPAC, BPAC, LPAC and SPAC for the reaction
of 54 with 55; data are from ref 40.
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the high internal pressure of 5 M LPDE ineffective.99

There are, however, contrasting views on the role of
internal pressure of these solvent media. It is sug-
gested that if a reaction shows a mild rate enhance-
ment, it could be explained on the basis of internal
pressure.40 Faita and Righetti102 studied the rate
enhancements of several Diels-Alder reactions in
different ionic solutions and concluded that both
internal pressure and Li+ catalysis contribute to
speeding up the reactions. The observed rate ac-
celerations are the result either of specific solute-
cation interactions or the increased internal pressure
of the media, depending on substrates, solvents, and
metal cations. The rate acceleration for the reaction
of (E)-1,3-pentadiene with methyl acrylate in LPDE
has recently been credited to the Lewis-acid catalysis
and not to the polarity and internal pressure.97 These
authors, however, have maintained that Li+, a strong
Lewis acid in the gas phase, is moderated in diethyl
ether due to complexation to the solvent and coun-
terion. Can a moderate Lewis-acid catalysis explain
dramatic and the enormous rate acceleration of the
Diels-Alder reactions? By conducting some reactions
in LPDE, it has been demonstrated that internal
pressure cannot mimic the external pressure applied
for realizing a Diels-Alder reaction.97,103 A methodol-
ogy based on the combination of LPDE and high
pressure has been suggested to be a more effective
tool to catalyze a reaction.103

F. Ionic Liquids

From the limited number of studies made in ionic
melts to date, it is not possible to point out the
possible cause of the enhancement in the kinetic
profiles of Diels-Alder reactions in the presence of
these solvent media. Tentative suggestions, however,
include solvophobic associations and the role of
internal pressure. More kinetic data are required in
order to ascertain the origin of special effects arising
from the use of ionic melts. The properties of ionic
liquids that are said to render this class of compounds
as effective media have been described in detail.9

V. Theoretical Developments

A large number of papers have been published on
theoretical calculations to describe the mechanism
of Diels-Alder reactions. The success of these cal-
culations depends on the theoretical level and the
solvation models employed in the computations. Both
semiempirical and ab initio calculations have been
performed to examine solvent effects on Diels-Alder
reactions. Cativiela et al.1f and Houk et al.5 have
provided a good description of these methods. Herein,
only significant developments after the publication
of these two reviews have been summarized. The
Monte Carlo simulations have been performed to
obtain the gas-phase reaction paths and partial
charges for the reaction and then the Gibbs free
energies of solvation. The results of these studies
provide a reasonable picture of hydrophobic effects
in aqueous Diels-Alder reactions.61 These simulation
studies, however, do not consider the nuclear and
electronic relaxation induced by the solvent medium.

The molecular dynamics and reactive flux simula-
tions of cyclopentadiene with methyl vinyl ketone in
water were carried out to calculate the activation free
energy and transmission coefficients using an em-
pirical potential surface. The reaction barrier height
in the gas phase predicted by this method is 16 kcal
mol-1 with a reduction by 2.2 kcal mol-1 in water
medium. 104

The initial computations based on the SCRF mod-
els on the investigation of polarity effects on the rate
data were later improved by using AM1 and PM3
semiempirical models.105,107 The structural, kinetic,
and thermodynamic parameters for Diels-Alder
reaction were computed using Hartree-Fock (HF),
post-HF (MP2), and density functional methods.108

According to this study, the substitution of aminic
hydrogen in thioamides by acceptor groups provides
effective reagents even in the absence of Lewis-acid
catalysis. The pre-reactive van der Waals complexes
located on the potential surfaces have been employed
to describe the N/X ratios in these reactions.109 The
dominant role of the electrostatic solvent effects was
determined also by ab initio methods. 110 The semi-
empirical calculations (AM1, PM3) have been used
in the framework of SCRF in order to analyze the
solvent effects on several cyclopentadiene-dienophile
reactions.110d

Efforts by Houk5 helped to delineate the controlling
elements for the N/X values of Diels-Alder reactions.
The transition states for Diels-Alder reaction of
butadiene and cyclopentadiene with methyl acrylate
coordinated with BH3 have been located with ab initio
calculations and the B-21G basis set. The computa-
tions were performed to determine the activation
energies in a solvent with a dielectric constant of
9.08. The method has been found to be successful in
both the uncatalyzed and catalyzed reactions.111

The calculations based on density functional theory
(DFT) appear to give a good description of the basic
features of Diels-Alder reactions. The decisive role
played by the Lewis-acid catalyst in reducing the
reaction barrier and increasing the N/X values was
quantified. It has been shown that the Lewis-acid
coordination to the dienophile significantly changes
the geometrical and electronic character of the tran-
sition structure.112 The DFT has also been used to
determine the influence of the reactant polarity on
Diels-Alder reactions.113 In a very recent work, four
transition-state structures of the reaction between
butadiene and acrolein both uncatalyzed and cata-
lyzed by BF3 have been theoretically studied. In these
studies, the electron correlation effects have been
accounted for by means of DFT calculations.114 There
are many other papers in this area, but in view of
the scope of this review, it will not be possible to
discuss them all.

VI. Miscellaneous
The Diels-Alder reactions have also been acceler-

ated by the application of high pressure, ultrasound,
common Lewis acids such as ZnCl2 and TiCl4, and
polymer-bound dienophiles, which are summarized
by Pindur,5 who covered a vast amount of literature
on Lewis acids up to 1992. Another review115 pub-
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lished simultaneously focused on the synthetic and
mechanistic aspects of catalyzed, asymmetric Diels-
Alder reactions also covering the chiral aluminum
catalysts, chiral titanium catalysts, chiral lanthanide
complexes, transition complexes, and base-catalyzed
reactions. These aspects are excluded from this
article to remain within the scope of the review.

VII. Conclusion and Future Outlook

In summary, the special effects of salt solutions in
altering the reaction rates and stereoselectivity prod-
ucts of Diels-Alder reactions have been reviewed. It
is observed that a solvent medium like LPDE can
drastically reduce the reaction time and enhance the
yield of product. High-pressure conditions required
for the synthesis of cantharidin can be obviated by
using LPDE. Aqueous salt solutions can increase or
decrease the reaction rates and stereoselectivity
ratios depending on the nature of the salt and its
concentration. Though several explanations are avail-
able to describe the effect of salt solutions on Diels-
Alder reactions as discussed above, no single theory
is adequate to account for the powerful role of these
solutions in Diels-Alder reactions. Nevertheless,
hydrophobic interactions and Lewis-acid catalysis
appear to be useful concepts to understand the salt
effect on Diels-Alder reactions. Systematic experi-
mental kinetic data on the influence of different types
of ions on the reaction rates and stereoselectivities
are not available in the literature. Once these data
on a variety of dienes and dienophiles become avail-
able, it will be possible to use the concepts of physical
organic chemistry to understand the effects of these
ions on the reaction kinetics. In view of a substrate
being poorly soluble in a solvent, it is likely that the
Diels-Alder reaction takes place at the interface of
solvent. The experimental data should be collected
to determine the energetics involved in such a reac-
tion. There is no definite way to accurately quantify
the hydrophobic effects from the experimental physi-
cal chemistry as applied to these organic reactions,
though computer simulations have provided a com-
bined role of hydrophobicity and hydrogen bonding.
More kinetic data in this direction should be col-
lected. No work is reported on the comparison of
different theoretical methods as applied to the same
reaction, thus preempting the selection of a method
that will describe a majority of characteristics of the
reactions. At a macro level, no empirical treatment
is available to directly quantify the effect of salt
solutions on Diels-Alder reactions. It is interesting
to note that the rate accelerations of the Diels-Alder
reaction in salt solution cannot be explained on the
basis of a single concept or theory. Very recently,
ionic liquids were also shown to be effective solvent
media in Diels-Alder reactions. However, it is hoped
that the use of these salt solutions will help us in
accelerating the sluggish reactions and minimizing
the high-pressure Diels-Alder reactions.
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