
 

 

 University of Groningen

Effects of the Hydrophobicity of the Reactants on Diels-Alder Reactions in Water
Meijer, Ale; Otto, Sijbren; Engberts, Jan B.F.N.

Published in:
Journal of Organic Chemistry

DOI:
10.1021/jo981359x

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1998

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Meijer, A., Otto, S., & Engberts, J. B. F. N. (1998). Effects of the Hydrophobicity of the Reactants on Diels-
Alder Reactions in Water. Journal of Organic Chemistry, 63(24), 8989 - 8994.
https://doi.org/10.1021/jo981359x

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://doi.org/10.1021/jo981359x
https://research.rug.nl/en/publications/522709a4-9a0f-47bb-80fe-207ec4cfa6c3
https://doi.org/10.1021/jo981359x
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To assess the importance of the hydrophobicity of different parts of diene and dienophile on the
aqueous acceleration of Diels-Alder reactions, second-order rate constants have been determined
for the reactions of cyclopentadiene (1), 2,3-dimethyl-1,3-butadiene (4), and 1,3-cyclohexadiene (6)
with N-methyl-, N-ethyl-, N-propyl-, and N-butylmaleimide (2a-d) in different solvents. All these
reactions are accelerated in water relative to organic solvents as a result of enhanced hydrogen
bonding and enforced hydrophobic interactions during the activation process. The beneficial
influence of water as compared to 1-propanol on the rate of the Diels-Alder reaction of 4 with
2a-d increases linearly with the length of the alkyl chain of 2. In contrast, for the reaction of
both 1 and 6 with 2a-d, no such effect was observed. This difference can be explained by a
hydrophobic interaction between the methyl groups of 4 and the N-alkyl group of 2 during the
activation process. In the reactions of 1 and 6, lacking the methyl substituents, this interaction is
not possible and elongation of the alkyl chain from ethyl onward does not result in an additional
acceleration by water. The enhanced hydrophobicity near the reaction center of dienes 4 and 6
compared to 1 results in an increased aqueous acceleration of the Diels-Alder reactions of the
former dienes with 2a. These data indicate that an increase in the hydrophobicity close to the
reaction center in the diene has a much more pronounced effect on the rate acceleration in water
than a comparable increase in hydrophobicity in the dienophile further away from the reaction
center. The Gibbs energies of transfer of initial state and activated complex of the Diels-Alder
reactions under study have been determined. As expected, for all reactions the initial state in
water is destabilized compared to that in 1-propanol. This destabilization becomes more pronounced
when the nonpolar character of diene (close to the reaction center) or dienophile (distant from the
reaction center) is increased. Likewise, an increase in the nonpolar character of 2 results in a
destabilization of the activated complex. In contrast, addition of methyl or methylene units to the
diene is not accompanied by a significant destabilization of the activated complex in water as
compared to 1-propanol. We conclude that hydrophobic groups near the reaction center seem to
lose their hydrophobic character completely in the activated complex of the Diels-Alder reaction,
whereas more distant groups retain their nonpolar character throughout the reaction.

Introduction

The Diels-Alder reaction is an intensively used cy-
cloaddition that enables the synthesis of complex poly-
cyclic molecules with fine control over the stereochem-
istry. The mechanism of the Diels-Alder reaction has
been subject of heated debate.1 Nowadays it is generally
accepted that the Diels-Alder reaction is a concerted
process.1 Diels-Alder reactions normally show small or
modest solvent effects,2 indicating a small change of
polarity on going from initial state to activated complex.
In 1980, however, Breslow discovered that Diels-Alder
reactions performed in water can be subject to huge
accelerations.3 This observation led to increased interest

from synthetic organic chemists in organic reactions in
water. Soon it was discovered that other organic reac-
tions, like the Claisen rearrangement,4 the aldol conden-
sation,5 and the benzoin condensation6 exhibit rate
enhancements in water. To date, many more organic
transformations have been carried out in water.7

Different explanations have been suggested for the rate
enhancement of the Diels-Alder reaction in water. The
first idea involved hydrophobic packing of the diene and
dienophile,8 but since intramolecular Diels-Alder reac-

(1) Houk, K. N.; Li, Y.; Evanseck, J. D. Angew. Chem., Int. Ed. Engl.
1992, 31, 682.

(2) (a) Sauer J.; Sustmann, R. Angew. Chem., Int. Ed. Engl. 1980,
19, 779. (b) Huisgen, R. Pure Appl. Chem. 1980, 52, 2283. (c)
Reichhardt, C. Solvents and Solvent Effects in Organic Chemistry;
VCH: Cambridge, 1990.

(3) (a) Rideout, D. C.; Breslow, R. J. Am. Chem. Soc. 1980, 102, 7817.
(b) Breslow, R.; Maitra, U.; Rideout, D. Tetrahedron Lett. 1983, 24,
1901. The beneficial influence of water on the Diels-Alder reaction
between maleic acid and furan has already been reported in 1973:
Eggelte, T. A.; de Koning, H.; Huisman, H. O. Tetrahedron 1973, 29,
2491.

(4) (a) Gajewski, J. J.; Jurayj, J.; Kimbrough, D. R.; Grande, M. E.;
Ganem, B.; Carpenter, B. K. J. Am. Chem. Soc. 1987, 109, 1170. (b)
Brandes, E.; Grieco, P. A.; Gajewski, J. J. J. Org. Chem. 1989, 54, 515.
(c) Grieco, P. A.; Brandes, E. B.; McCann, S.; Clark, J. D. J. Org. Chem.
1989, 54, 5849. (d) Severance, D. L.; Jorgensen, W. L. J. Am. Chem.
Soc. 1992, 114, 10966. (e) Gao, J. J. Am. Chem. Soc. 1994, 116, 1563.
(f) Gajewski, J. J.; Brichford, N. L. J. Am. Chem. Soc. 1994, 116, 3165.

(5) (a) Lubineau, A. J. Org. Chem. 1986, 51, 2143. (b) Lubineau, A.;
Meyer, E. Tetrahedron 1988, 44, 6065.

(6) (a) Kool, E. T.; Breslow, R. J. Am. Chem. Soc. 1988, 110, 1596.
(b) Breslow R. Acc. Chem. Res. 1991, 24, 159.

(7) (a) Li, C.-J. Chem. Rev. 1993, 93, 2023. (b) Grieco, P. A. Organic
Synthesis in Water; Blacky: London, 1998. (c) Li, C.-J.; Chan, T.-H.
Organic Reactions in Aqueous Media; Wiley: New York, 1997.

(8) (a) Breslow, R.; Maitra, U. Tetrahedron Lett. 1984, 25, 1239. (b)
Breslow, R.; Guo, T. J. Am. Chem. Soc. 1988, 110, 5613. (c) Dunams,
T.; Hoekstra, W.; Pentaleri, M.; Loitta, D. Tetrahedron Lett. 1988, 29,
3745. (d) Breslow, R.; Rizzo, C. J. J. Am. Chem. Soc. 1991, 113, 4340.
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tions are also accelerated,9 aggregation cannot be re-
sponsible for the aqueous acceleration. Moreover, vapor
pressure measurements on the reactants of Diels-Alder
reactions have indicated that no aggregation takes place
at the concentrations used in kinetic experiments.10

Alternatively, the solvent’s internal pressure11 and the
cohesive energy density (CED)11 have been used to
explain rate enhancements of Diels-Alder reactions in
water. Internal pressure is thought to reflect highly
distance-dependent dispersion and dipole-dipole interac-
tions within the solvent, and was proposed to influence
the rate in the same way external pressure does.12

Because the internal pressure of water is very low,2c this
effect cannot account for the accelerating effect of water.
In contrast, the CED reflects all intermolecular forces
within a solvent and is related to the energy required to
create a cavity in the solvent. The CED of the solvent
has been successfully correlated with rate constants of
some Diels-Alder reactions.13 Also solvent polarity has
been demonstrated to have a significant influence on the
rate of some Diels-Alder reactions, but because correla-
tions with solvent polarity parameters are usually
poor,13a,14 polarity alone cannot explain the aqueous
acceleration. We have formulated the concept of “en-
forced hydrophobic interactions” as a major contributor
to the acceleration of the Diels-Alder reaction in wa-
ter.9,10,15 The term “enforced” is used to stress that
hydrophobic interactions occur simply because they are
an integral part of the activation process. Also hydrogen
bonding plays an important role,16 probably in the same
way as Lewis-acid catalysis does. Desimoni17 found a
hyperbolic relationship between the rate constants of
Diels-Alder reactions and the acceptor number (AN)18

of the solvent, stressing the importance of Lewis acid-
Lewis base interactions consistent with hydrogen bond
interactions. Recent research has been aimed at the

problem of separating and quantifying the contributions
of the enforced hydrophobic effect and the hydrogen
bonding effect to the water-induced accelerations of
Diels-Alder reactions. Recently we investigated the
cycloaddition of cyclopentadiene to acridizinium bromide
in which hydrogen bond interactions are of minor im-
portance.19 This reaction is only modestly accelerated in
water. Computational methods also indicated that hy-
drogen bond interactions can be the dominant contribu-
tion to the rate enhancement in water.16a-c,20

In this paper we make an endeavor to provide further
insight into the factors responsible for the enforced
hydrophobic part of the acceleration of the Diels-Alder
reaction in water. We report a kinetic investigation into
the influence of the position of the hydrophobic groups
with respect to the reaction center on the aqueous
acceleration. For this purpose, the Diels-Alder reactions
of a group of N-alkylmaleimides with a varying alkyl
chain length (2a-d) with three different dienes, cyclo-
pentadiene (1), 2,3-dimethyl-1,3-butadiene (4), and 1,3-
cyclohexadiene (6), have been studied. Note that these
reactants exhibit a variable hydrophobic character at
sites close to (for the dienes) or distant from (in the case
of the dienophiles) the reaction center.

Results and Discussion

Kinetic Data. The second-order rate constants for the
Diels-Alder reactions of N-alkylmaleimides 2a-d with
dienes 1, 4, and 6 have been determined in water and in
different organic solvents. The range of solvents was
chosen as broad as possible (from n-hexane to water),
including 1,1,1-trifluoroethanol (TFE), which is a solvent
of strong hydrogen-bond donor capacity. Tables 1-3
show the results. In all cases the Diels-Alder reactions
benefit dramatically from the use of water as the reaction
medium. The aqueous acceleration approaches a factor
of 1900 relative to n-hexane for the reaction between 4
and 2d. The fact that all reactions are accelerated in
TFE compared to other organic solvents strongly confirms
the notion that hydrogen-bonding interactions also are
an important contributor to the aqueous acceleration of
Diels-Alder reactions.

(9) Blokzijl, W.; Blandamer, M. J.; Engberts, J. B. F. N. J. Am.
Chem. Soc. 1991, 113, 4241.

(10) Blokzijl, W. Ph.D. Thesis, University of Groningen, 1991.
(11) (a) Dack, M. R. J. J. Chem. Educ. 1974, 51, 231. (b) Dack, M.

R. J. Chem. Soc. Rev. 1975, 4, 211.
(12) (a) McCabe, J. R.; Eckert, C. A. Acc. Chem. Res. 1974, 7, 251.

(b) Matsumota, K.; Sera, A. Synthesis 1985, 999.
(13) (a) Desimoni, G.; Faita, G.; Righetti, P. P.; Toma, L. Tetrahedron

1990, 46, 7951. (b) Gajewski, J. J. J. Org. Chem. 1992, 57, 5500.
(14) (a) Schneider, H.; Sangwan, N. K. J. Chem. Soc., Chem.

Commun. 1986, 1787. (b) Schneider, H.; Sangwan, N. K. Angew. Chem.,
Int. Ed. Engl. 1987¸ 26, 896. (c) Cativiela, C.; Garcia, J. I.; Mayoral, J.
A.; Avenoza, A.; Peregrina, J. M.; Roy, M. A. J. Phys. Org. Chem. 1991,
5, 48. (d) Cativiela, C.; Garcia, J. I.; Mayoral, J. A.; Royo, A. J.;
Salvatella, L.; Assfeld, X.; Ruiz-Lopez, M. F. J. Phys. Org. Chem. 1992,
5, 230.

(15) (a) Blokzijl, W.; Engberts, J. B. F. N. In Structure and Reactivity
in Aqueous Solution, Cramer, C. J., Truhlar, D. G., Eds.; ACS
Symposium Series 568, 1994, American Chemical Society: Washing-
ton, DC Chapter 21, p 303. (b) Engberts, J. B. F. N. Pure Appl. Chem.
1995, 67, 832. (c) Blokzijl, W.; Engberts, J. B. F. N. J. Am. Chem. Soc.
1992, 114, 5440.

(16) (a) Blake, J. F.; Jorgensen, W. L. J. Am. Chem. Soc. 1991, 113,
7430. (b) Blake, J. F.; Lim, D.; Jorgensen, W. L. J. Org. Chem. 1994,
59, 803. (c) Jorgensen, W. L.; Blake, J. F.; Lim, D.; Severance, D. L. J.
Chem. Soc., Faraday Trans. 1994, 90, 1727. (d) Otto, S.; Blokzijl, W.;
Engberts, J. B. F. N. J. Org. Chem. 1994, 59, 5372.

(17) (a) Corsico Coda, A.; Desimoni, G.; Ferrari, E.; Righetti, P. P.;
Tacconi, G. Tetrahedron 1984, 40, 1611. (b) Desimoni, G.; Faita, G.;
Righetti, P.; Tornaletti, N.; Visigalli, M. J. Chem. Soc., Perkin Trans.
2 1989, 437. (c) Burdisso, M.; Desimoni, G.; Faita, G.; Righetti, P.;
Tacconi, G.; J. Chem. Soc., Perkin Trans. 2 1989, 845. (d) Corsico Coda,
A.; Desimoni, G.; Faita, G.; Righetti, P.; Tacconi, G. Tetrahedron 1989,
45, 775. (e) Desimoni, G.; Faita, G.; Pasini, D.; Righetti, P. P.
Tetrahedron 1991, 47, 5857. (f) Desimoni, G.; Faita, G.; Pasini, D.;
Righetti, P. P. Tetrahedron 1992, 48, 1667.

(18) (a) Mayer, V.; Gutmann, V.; Berger, W. Monatsh. Chem. 1975,
106, 1235. (b) Sabatino, A.; La Mann, G.; Paoloni, L. J. Phys. Chem.
1980, 84, 2641.

(19) Van der Wel, G. K.; Wijnen, J. W.; Engberts, J. B. F. N. J. Org.
Chem. 1996, 61, 9001.

(20) Furlani, T. R.; Gao, J. J. Org. Chem. 1996, 61, 5492.

8990 J. Org. Chem., Vol. 63, No. 24, 1998 Meijer et al.



The aqueous accelerations relative to 1-propanol as the
reaction medium for the reactions of 1, 4, and 6 with
2a-d have been plotted in Figure 1. The Diels-Alder
reactions of the more hydrophobic dienes 4 and 6 are
significantly more accelerated in water than those of 1.
The increased hydrophobicity near the reaction center
of the dienes 4 and 6 as compared to 1 is likely to be
responsible for this difference.

In Figure 2 the aqueous accelerations (kH2O/k1-PrOH) of
the Diels-Alder reactions of the dienes 1, 4, and 6 with
dienophiles 2a-d, normalized to the reactions of these
dienes with 2a, are plotted against the length of the alkyl
chain of 2. Interestingly, the accelerations of the reac-
tions of 4 reveal an approximately linear trend with
increasing alkyl chain length. In contrast, the reactions
of 1 and 6 with 2a-d demonstrate that elongation of the
alkyl chain of 2 from ethyl onward has no significant
influence on this acceleration. This difference can be
rationalized by considering the activated complexes of the
Diels-Alder reactions (Figure 3). The Diels-Alder reac-
tions under study yield predominantly endo-cycloadduct,
so that only the endo-activated complexes need to be
considered. The endo-activated complexes of the Diels-
Alder reactions of 4 with 2a-d clearly reveal a possibility
for hydrophobic interactions of the N-alkyl group of 2
with the methyl groups of 4. During the activation
process the hydrophobic hydration spheres of the N-alkyl
group of 2 and those of the two methyl groups of 4 will
overlap. This destructive overlap gives an additional
enforced hydrophobic effect, resulting in an enhanced
aqueous acceleration. A similar additional interaction
is not possible for Diels-Alder reactions of dienes 1 and
6 with 2a-d.

A quantitative comparison of the effect of increased
hydrophobicity distant from the reaction center with the
effect of increased hydrophobicity closer to the reaction
center can be made by examining Figures 1 and 2. These
figures show that kH2O/k1-PrOH for the reaction of 4 with

2d is only a factor two larger than kH2O/k1-PrOH for the
reaction of 4 with 2a. This effect is caused by elongation
of the N-alkyl group of 2 with three methylenes at a site
distant from the reaction center. Figure 1 shows that
kH2O/k1-PrOH for the Diels-Alder reactions of dienes 4 and
6 with 2a are about a factor three larger than kH2O/k1-PrOH

for the corresponding reaction of diene 1. Dienes 4 and
6 are more hydrophobic than diene 1 due to the presence
of approximately one additional methylene group. This
group is located close to the reaction center. Apparently,
hydrophobicity near the reaction center has a larger
influence on the aqueous accelerations than hydrophobic-
ity distant from the reaction center.

Gibbs Energies of Transfer. It would be informative
to have access to the relative Gibbs energies of the initial
states and the activated complexes in different solvents.
Therefore, we have determined the Gibbs energies of
transfer of the initial states of the Diels-Alder reactions
of dienes 1 and 4 with dienophiles 2a and 2b from
1-propanol to water using vapor pressure measurements.

Table 1. Second-Order Rate Constants k2 (M-1 s-1) for
the Diels-Alder Reactions of 1 with 2a-d in Different

Solvents at 25 °C

solvent 2a 2b 2c 2d

n-hexane 4.75 × 10-2 5.29 × 10-2 4.18 × 10-2 4.20 × 10-2

acetonitrile 9.67 × 10-2 1.26 × 10-1 9.63 × 10-2 9.84 × 10-2

ethanol 3.02 × 10-1 3.54 × 10-1 2.76 × 10-1 2.79 × 10-1

l-propanol 3.51 × 10-1 4.11 × 10-1 3.24 × 10-1 3.30 × 10-1

TFE 4.31 5.04 3.83 3.85
water 14.2 21.6 16.8 18.1

Table 2. Second-Order Rate Constants k2 (M-1 s-1) for
the Diels-Alder Reactions of 4 with 2a-d in Different

Solvents at 25 °C

solvent 2a 2b 2c 2d

n-hexane 1.85 × 10-4 1.03 × 10-4 8.91 × 10-5 8.56 × 10-5

acetonitrile 4.39 × 10-4 2.50 × 10-4 2.08 × 10-4 1.70 × 10-4

ethanol 1.35 × 10-3 7.23 × 10-4 6.12 × 10-4 5.22 × 10-4

l-propanol 1.62 × 10-3 8.24 × 10-4 7.51 × 10-4 7.55 × 10-4

TFE 1.50 × 10-2 7.80 × 10-3 6.85 × 10-3 6.84 × 10-3

water 1.86 × 10-1 1.49 × 10-1 1.50 × 10-1 1.61 × 10-1

Table 3. Second-Order Rate Constants k2 (M-1 s-1) for
the Diels-Alder Reactions of 6 with 2a-d in Different

Solvents at 25 °C

solvent 2a 2b 2c 2d

ethanol 4.02 × 10-4 3.22 × 10-4 2.98 × 10-4 2.83 × 10-4

l-propanol 4.15 × 10-4 4.19 × 10-4 3.72 × 10-4 3.69 × 10-4

TFE 5.38 × 10-3 5.99 × 10-3 4.61 × 10-3 4.82 × 10-3

water 7.02 × 10-2 1.05 × 10-1 9.46 × 10-2 1.10 × 10-1

Figure 1. Accelerations of the Diels-Alder reactions of 1 (O),
4 (0), and 6 (4) with 2a-d in water, compared to 1-propanol.

Figure 2. Relative aqueous accelerations (kwater/k1-PrOH), nor-
malized to the acceleration of the reaction with 2a, for the
reactions of 1 (O) and 4 (0) with 2a-d relative to n-hexane,
and for the reaction of 6 (4) with 2a-d relative to 1-pro-
panol.

Figure 3. Endo-activated complexes of the Diels-Alder
reactions of 1 and 4 with 2.
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The results are summarized in Table 4. From these data
and the Gibbs energies of activation (Table 5), the relative
Gibbs energies of transfer for the activated complexes can
be calculated. Figure 4 shows the results from which a
number of conclusions can be drawn.

First of all, invariably the initial states in water are
destabilized relative to those in 1-propanol. This desta-
bilization is much less pronounced for the activated
complexes and in some cases almost vanishes. Similar
results have been observed previously for the Diels-
Alder reaction between methyl vinyl ketone and 1.10,15c,16d

Furthermore, a comparison of the initial and transition
states of the Diels-Alder reactions of diene 1 with the
dienophiles 2a and 2b, respectively, and a comparison
of the corresponding data for the reactions of diene 4 with
the same dienophiles provides information about the
influence of the hydrophobicity distant from the reaction
center. Figure 4 indicates that the transfer of the initial
state of the reaction of 2b with 1 from 1-propanol to water
is 2.5 kJ‚mol-1 more unfavorable than the corresponding
transfer of the initial state of the reaction of 2a with 1
(compare C with B). The enhanced hydrophobicity of the
distant alkyl group in 2b compared to that in 2a is
responsible for the increased initial state destabilization.
This value is typical for transfer of one methylene unit
from 1-propanol to water.21 The transfer of the activated
complex of the reaction of 2b with 1 from 1-propanol to
water is 1.9 kJ‚mol-1 more unfavorable than the corre-
sponding transfer for the activated complex of the reac-
tion of 2a with 1 (compare G with F). The increased
hydrophobicity of the distant alkyl group in 2b compared
to that in 2a is responsible for this difference. Hence,
for Diels-Alder reactions of diene 1, the hydrophobic
destabilization due to elongation of the alkyl chain in the
dienophile by one methylene group has comparable
effects on the initial and the transition state.

For the reactions of 2a and 2b with 4 a similar picture
emerges. The transfer of the initial state of the reaction
of 2b with 4 from 1-propanol to water is 2.5 kJ‚mol-1

more unfavorable than the corresponding transfer of the
initial state of the reaction of 2a with 4 (compare D with
A). Again, the increased hydrophobicity of the distant
alkyl group in 2b compared to that in 2a is responsible
for this difference. The transfer of the activated complex
of the reaction of 2b with 4 from 1-propanol to water is
1.4 kJ‚mol-1 more unfavorable than the corresponding
transfer of the activated complex of the reaction of 2a
with 4 (compare H with E). This can be attributed to
the increased hydrophobicity of the distant alkyl group
in 2b compared to that in 2a. In summary, for the Diels-
Alder reactions of dienes 1 and 4 with 2a-b, elongation
of the alkyl chain in the dienophile by one methylene

group has a comparable effect on the Gibbs energies of
transfer of the initial and the activated complex from
1-propanol to water. Hence, the additional methylene
group contributes only to a minor extent to the aqueous
rate enhancement.

Finally and most interestingly, a comparison of the
initial and transition states for the reactions of 2a with
dienes 1 and 4, respectively, provides information about
the influence of the hydrophobicity close to the reaction
center of the diene. Figure 4 demonstrates that the
transfer of the initial state of the reaction of 4 with 2a
from 1-propanol to water is 2.6 kJ‚mol-1 more unfavor-
able than the corresponding transfer of the initial state
of the reaction of 1 with 2a (compare A with B). This
difference is a result of the increased hydrophobicity of
4 as compared to that of 1. The transfer of the activated
complex of the reaction of 4 with 2a from 1-propanol to
water is, within experimental error, equal to the corre-
sponding transfer of the activated complex of the reaction
of 1 with 2a (compare E with F). Apparently, the
enhanced hydrophobic character of 4 relative to 1 in the
initial state has completely vanished in the activated
complex. Hence, the additional hydrophobic groups in 4
contribute maximally to the acceleration in water.

We conclude that the hydrophobic contribution to the
acceleration of the Diels-Alder reaction in water is not
so much a result of a reduction of solvent accessible
surface area, but rather a consequence of the complete
disappearance of the hydrophobic character of the dif-
ferent groups near the reaction center in the dipolar and
more strongly hydrated activated complex.

Conclusions

The Diels-Alder reactions of cyclopentadiene 1, 2,3-
dimethyl-1,3-butadiene 4, and 1,3-cyclohexadiene 6 with
N-alkylmaleimides 2a-d are accelerated in water rela-
tive to organic solvents. The acceleration is due to both
hydrogen bonding of water to the polarized activated
complex and to enforced hydrophobic interactions be-
tween the reactants. The aqueous acceleration of the
reactions of 4 with 2a-d depend linearly on the alkyl
chain length, contrary to the results obtained for the
corresponding reaction of dienes 1 and 6. This difference
can be explained by overlap of hydrophobic hydration
spheres of the methyl groups of 4 and of the N-alkyl
group of 2 during the activation process. This overlap is(21) Tanford, C. The Hydrophobic Effect; Wiley: New York, 1980.

Table 4. Gibbs Energies of Transfer (kJ‚Mol-1) for 1, 4,
and 2a,b from 1-Propanol to Water at 25 °C

1 4 2a 2b

8.92 11.5 0.74 3.26

Table 5. Gibbs Energies of Activation ∆qG° (kJ‚Mol-1)
for the Reactions of 1 and 4 with 2a,b in 1-Propanol and

Water at 25 °C

solvent 1 + 2a 1 + 2b 4 + 2a 4 + 2b

1-propanol 75.6 75.2 88.9 90.6
water 66.4 65.4 77.1 77.7

Figure 4. Gibbs energy diagram of the Diels-Alder reactions
of 1 and 4 with 2a and 2b in 1-propanol (s) and water (- - -).

8992 J. Org. Chem., Vol. 63, No. 24, 1998 Meijer et al.



not possible for the reactions of 1 and 6 with 2. Appar-
ently, hydrophobic groups distant from the reaction
center can give an additional aqueous acceleration when
these hydrophobic groups approach other nonpolar parts
of the reacting system during the reaction. The accelera-
tion of the Diels-Alder reactions of the dienes 4 and 6
with 2 upon going from 1-propanol to water is more
pronounced than the corresponding acceleration of the
reaction of 1 with 2. This difference can be attributed
to the increased hydrophobicity near the reaction center
of 4 and 6 as compared to 1. Comparing the effect of
increased hydrophobicity distant from the reaction center
with the effect of increased hydrophobicity closer to the
reaction center demonstrates that the latter has a larger
influence on the aqueous acceleration than the former.
These interpretations are supported by the Gibbs ener-
gies of transfer, which indicate that enhanced hydropho-
bic character distant from the reaction center is only
partially diminished in the activation process, whereas
enhanced hydrophobic character closer to the reaction
center completely disappears in the activation process.

We contend that the hydrophobic part of the accelera-
tion of the Diels-Alder reaction in water is not so much
a result of a reduction of solvent accessible surface area,
but rather a consequence of the complete disappearance
of hydrophobic character of the different groups near the
reaction center in the activated complex.

Experimental Section

Materials. Cyclopentadiene (1) was prepared from its
dimer (Merck-Schuchardt) immediately before use by cracking
over a platinum wire. 2,3-Dimethyl-1,3-butadiene (4) and 1,3-
cyclohexadiene (6) were obtained from Aldrich and purified
by distillation. N-Methylmaleimide (2a) was purchased from
Aldrich and crystallized from ether. N-Ethylmaleimide (2b)
was obtained from Janssen Chimica and crystallized from
ether. N-Propyl- and N-butylmaleimide (2c,d) were synthe-
sized according to the literature.22 Demineralized water was
distilled twice in a quartz distillation unit. 1-Propanol,
acetonitrile, and 1,1,1-trifluoroethanol were distilled before
use. Ethanol and n-hexane were of the highest purity avail-
able.

Kinetic Measurements. Second-order rate constants for
the Diels-Alder reactions performed in organic solvents and
for the reactions of 4 and 6 with 2a-d in water were
determined using UV-vis spectroscopy (Perkin-Elmer λ2, 5,
or 12). The disappearance of the absorption of the dienophile
was monitored at λmax ) 298 nm (25.0 ( 0.1 °C). The reactions
performed in organic solvents were followed using procedures
described earlier.9 The rates of the reactions of 4 and 6 with
2a-d in water were determined using initial rate kinetics.23

The second-order rate constants for the reaction of 1 with
2a-d were determined using an SX17MV stopped-flow ap-
paratus. All rate constants were measured at least three
times. Those for the reactions involving 1 and 4 were
reproducible to within 3%, whereas those for reactions involv-
ing 6 showed a reproducibility of 6%. The initial rate method
gave a reproducibility of 5%, and the stopped-flow method gave
3% reproducibility.

Gibbs Energies of Transfer. The Gibbs energy of transfer
of a solute from one solvent to another was determined from
the vapor pressures of the solute for the different solvents by
using the equation:

where m(i) is the molality of the solute in solvent i and p(i) is
the vapor pressure of the solute in that solution.10,24 The vapor
pressures were obtained from GC peak areas. The measure-
ments were carried out in 5 mL round-bottomed flasks using
3 mL of solution (concentrations ranging from 1 × 10-1 M to
1 × 10-3 M for 1-propanol, and from 5 × 10-3 M to 4 × 10-4 M
for water). The flasks were sealed with a rubber septum cap
and placed in a thermostated water bath at 25.0 ( 0.1 °C. The
solutions were stirred continuously. A small needle was placed
in the septum cab to maintain atmospheric pressure in the
flask. For each solute in each solvent, the vapor pressures
were determined for at least five different concentrations. For
each concentration, 200 µL of the vapor above the solution was
chromatographed at least three times, using a Hewlett-
Packard 5890A gas chromatograph, equipped with a HP1
cross-linked methyl silicone gum column (15 m × 0.53 mm ×
2.65 µm film thickness). The detection temperature was set
at 180 °C. The column and injection temperature varied for
every compound and solvent in order to get a suitable retention
time. The peak areas of the compounds were determined by
integration. For dienes 1 and 4, the peak areas were repro-
ducible to within 5%. For the other solutions, peak areas were
reproducible to within 3%. Plots of the vapor pressures versus
the molalities were linear, indicating that the solutions can
be regarded as thermodynamically ideal. The slopes of the
plots, providing the Henry constant, were calculated using a
least-squares method and were subsequently used for the
calculation of the Gibbs energies of transfer.

Product Analysis. A solution of diene (2.0 × 10-3 M for 1
and 6 and 1.5 × 10-3 M for 4) and dienophile (6 × 10-4 M) in
demineralized water (1 L) was stirred at room temperature
until the UV-absorption of the dienophile had disappeared. The
reaction mixture was extracted three times with 100 mL of
chloroform. The chloroform layer was washed with a satu-
rated NaCl solution and dried over magnesium sulfate. After
evaporation of the chloroform, the products were obtained in
quantitative yields and almost always as oils. The products
were crystallized from petroleum ether (40-60) and analyzed.
The 1H NMR chemical shifts (relative to TMS) of the products
were recorded in CDCl3 using a Varian 200 MHz NMR
spectrometer. The melting points were measured on a Mettler
FP52 melting point apparatus.

endo-N-Methylbicyclo[2.2.1]hept-5-ene-2,3-dicar-
boxylimide (3a): mp 106.2-106.9 °C; 1H NMR (CDCl3) δ 1.65
(m, 2H), 2.82 (s, 3H), 3.27 (m, 2H), 3.39 (m, 2H), 6.10 (s, 2H).
Anal. Calcd for C10H11NO2: C, 67.77; H, 6.26; N, 7.91.
Found: C, 67.66; H, 6.33; N, 7.93.

endo-N-Ethylbicyclo[2.2.1]hept-5-ene-2,3-dicarboxyl-
imide (3b): mp 78.0-78.7; 1H NMR (CDCl3) δ 1.03 (t, 3H),
1.65 (m, 2H), 3.24 (m, 2H) 3.39 (m, 2H), 3.39 (q, 2H), 6.09 (s,
2H). Anal. Calcd for C11H13NO2: C, 69.09; H, 6.85; N, 7.32.
Found: C, 69.02; H, 6.86; N, 7.33.

endo-N-Propylbicyclo[2.2.1]hept-5-ene-2,3-dicar-
boxylimide (3c): mp 76.0-76.5 °C; 1H NMR (CDCl3) δ 0.85
(t, 3H), 1.36 (m, 2H), 1.63 (m, 2H), 3.24 (m, 2H), 3.28 (t, 2H),
3.38 (m, 2H), 6.09 (s, 2H). Anal. Calcd for C12H15NO2: C,
70.22; H, 7.37; N, 6.82. Found: C, 70.25; H, 7.35; N, 6.85.

endo-N-Butylbicyclo[2.2.1]hept-5-ene-2,3-dicarboxyl-
imide (3d): mp 43.5-44.1 °C; 1H NMR (CDCl3) δ 0.89 (t, 3H),
1.25 (m, 2H), 1.39 (m, 2H), 1.63 (m, 2H), 3.23 (m, 2H), 3.32 (t,
2H), 3.38 (m, 2H), 6.09 (s, 2H). Anal. Calcd for C13H17NO2:
C, 71.21; H, 7.81; N, 6.39. Found: C, 71.29; H, 7.73; N, 6.45.

1,2,N-Trimethylcyclohex-1-ene-4,5-dicarboxylimide (5a):
mp 74.7-75.3 °C; 1H NMR (CDCl3) δ 1.66 (s, 6H), 2.33 (m,
4H), 2.94 (s, 3H), 3.03 (t, 2H). Anal. Calcd for C11H15NO2:
C, 68.37; H, 7.82; N, 7.25. Found: C, 68.29; H, 7.82; N, 7.26.

1,2-Dimethyl-N-ethylcyclohex-1-ene-4,5-dicarboxylim-
ide (5b): mp 60.8-61.7 °C; 1H NMR (CDCl3) δ 1.06 (t, 3H),

(22) (a) Mehta, N. B.; Phillips, A. P.; Fu Lui, F.; Brooks, R. E. J.
Org. Chem. 1960, 25, 1012. (b) Maulding, D. R. J. Heterocycl. Chem.
1988, 25, 1777.

(23) (a) Frost, A. A.; Pearson, R. G. Kinetics and Mechanism;
Wiley: New York, 1961; p 45. (b) Scheiner, P.; Schomaker, J. H.;
Deming, S.; Libbey, W. J.; Nowack, G. P. J. Am. Chem. Soc. 1965, 87,
306.

(24) Hunt, L.; Johnson, D. C. J. Chem. Soc., Perkin Trans. 2 1991,
1051.

∆Gtransfer (1 f 2) ) -RT ln(p(1)m(2)
p(2)m(1))
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1.65 (s, 6H), 2.32 (m, 4H), 3.00 (t, 2H), 3.49 (q, 2H). Anal.
Calcd for C12H17NO2: C, 69.54; H, 8.27; N, 6.76. Found: C,
69.09; H, 8.27; N, 6.67.

1,2-Dimethyl-N-propylcyclohex-1-ene-4,5-dicarboxyl-
imide (5c): mp 36.5-37.8 °C; 1H NMR (CDCl3) δ 0.81 (t, 3H),
1.51 (q, 2H), 1.65 (s, 6H), 2.33 (m, 4H), 3.00 (t, 2H), 3.42 (t,
2H). Anal. Calcd for C13H19NO2: C, 70.56; H, 8.65; N, 6.33.
Found: C, 70.54; H, 8.66; N, 6.31.

N-Butyl-1,2-dimethylcyclohex-1-ene-4,5-dicarboxylim-
ide (5d): mp 27.6-29.6 °C; 1H NMR (CDCl3) δ 0.88 (t, 3H),
1.20 (m, 2H), 1.47 (m, 2H), 1.65 (s, 6H), 2.33 (m, 4H), 3.00 (t,
2H), 3.45 (t, 2H). Anal. Calcd for C14H21NO2: C, 71.46; H,
8.99; N, 5.95. Found: C, 70.05; H, 9.07; N, 5.62.

endo-N-Methylbicyclo[2.2.2]oct-2-ene-5,6-dicarboxyl-
imide (7a): mp 124.3-125.4 °C; 1H NMR (CDCl3) δ 1.49 (m,
4H), 2.83 (t, 2H), 2.88 (s, 3H), 3.15 (m, 2H), 6.15 (q, 2H). Anal.
Calcd for C11H13NO2: C, 69.09; H, 6,85; N, 7.32. Found: C,
68.93; H, 6.85; N, 7.35.

endo-N-Ethylbicyclo[2.2.2]oct-2-ene-5,6-dicarboxylim-
ide (7b): mp 125.8-126.8 °C; 1H NMR (CDCl3) δ 1.06 (t, 3H),
1.49 (m, 4H), 2.80 (t, 2H), 3.15 (m, 2H), 3.45 (q, 2H), 6.15 (q,
2H). Anal. Calcd for C12H15NO2: C, 70.22; H, 7.37; N, 6.82.
Found: C, 70.09; H, 7.42; N, 6.87.

endo-N-Propylbicyclo[2.2.2]oct-2-ene-5,6-dicarboxyl-
imide (7c): mp 100.3-101.3 °C; 1H NMR (CDCl3) δ 0.84 (t,
3H), 1.49 (m, 4H), 1.50 (m, 2H), 2.81 (t, 2H), 3.14 (m, 2H),
3.36 (t, 2H), 6.16 (q, 2H). Anal. Calcd for C13H17NO2: C, 71.21;
H, 7.81; N, 6.39. Found: C, 70.95; H, 7.76; N, 6.35.

endo-N-Butylbicyclo[2.2.2]oct-2-ene-5,6-dicarboxylim-
ide (7d): mp 57.1-57.8 °C; 1H NMR (CDCl3) δ 0.88 (t, 3H),
1.25 (m, 2H), 1.44 (m, 2H), 1.49 (m, 4H), 2.80 (t, 2H), 3.39 (t,
2H), 6.15 (q, 2H). Anal. Calcd for C14H19NO2: C, 72.07; H,
8.21; N, 6.00. Found: C, 72.10; H, 8.25; N, 6.08.
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