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AbstractÐAM1 and B3LYP calculations were performed for the Diels±Alder reactions of a series of d-glucose-derived dienophiles with
cyclopentadiene. The preferred b vs. a diastereofacial addition and exo vs. endo selectivities are explained on the basis of products and
transition states stabilities. Computed exo/endo ratios change in the correct direction although they do not agree quantitatively with available
experimental data. The relative reactivity of the dienophiles bearing a carbonyl group can be interpreted in terms of FMO theory as well as of
repulsive interactions in the corresponding transition states. The calculations fail to explain the observed lack of reactivity for the dienophile
bearing a cyano group. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

One of the most ef®cient methodologies leading to oxyge-
nated cyclohexanes and cyclopentanes involves the use of
carbohydrate derivatives in Diels±Alder reactions.1±3 We
have previously reported the synthesis of a series of
d-glucose-derived enantiomerically pure dienophiles (1±4)
bearing different exocyclic electron withdrawing groups
(EWG) (Scheme 1). We have also investigated the outcome
of their Diels±Alder reactions with cyclopentadiene.4,5

These cycloadditions allow the stereoselective generation
of the quaternary carbon center present in a broad family
of natural products with diverse carbocyclic skeletons.6±9

This synthetic strategy has been successfully applied to
the construction of the basic framework of pentaleno-
lactone, a natural sesquiterpenoid with important biological
properties and interesting structural features.10

The experimental results of these Diels±Alder reactions are
summarized in Table 1. The nature of the electron with-
drawing group in¯uences the outcome of the cycloaddition
both in terms of reactivity as well as stereoselectivity.
a,b-Unsaturated nitrile 1 showed an unexpected lack of
reactivity. For a,b-unsaturated carbonyl compounds 2±4,
a decrease in dienophilicity and stereoselectivity is observed
as the length of the side chain increases. In addition, these

Tetrahedron 56 (2000) 5311±5316Pergamon

TETRAHEDRON

0040±4020/00/$ - see front matter q 2000 Elsevier Science Ltd. All rights reserved.
PII: S0040-4020(00)00456-7

Scheme 1.

Keywords: carbohydrates; computer-assisted method; diastereoselection; Diels±Alder reactions; stereoelectronic effects; steric and strain effects; transition
states.
* Corresponding authors. Tel.: 11-54-341-4804600; fax: 11-54-341-4370477; e-mail: rspaneve@fbioyf.unr.edu.ar



S. C. Pellegrinet et al. / Tetrahedron 56 (2000) 5311±53165312

processes have an intrinsic preference for exo-b approach of
cyclopentadiene (Fig. 1), violating Alder's rule which
predicted the generation of endo adducts.

We thus undertook a computational study of these Diels±
Alder reactions in order to rationalize reactivity and stereo-
selectivity trends. We ®rst carried out a comparative study
of the reactivity of dienophiles 1±4 considering ground-
state conformations and molecular orbitals levels. We also
investigated the thermodynamics and kinetics of these
cycloadditions to provide a rationale of the observed dia-
stereofacial and exo/endo selectivities.

Computational Methods

Semiempirical investigations were carried out at the
Restricted Hartree±Fock (RHF) AM111 level of theory
using the program Ampac version 2.1. Initial geometries
were built with Hyperchem and converted into Ampac
input. Geometry optimizations were performed using
standard defaults. AM1 transition structures were fully
optimized with Powell's method. Energy minimum
structures had all real frequencies and transition structures
had only one imaginary frequency. B3LYP12 energies were
estimated from RHF/6-31Gp single point calculations on the
AM1 optimized geometries using Gaussian 98.13

Results and Discussion

The search of a simple method to rationalize reactivity
trends led to the application of frontier molecular orbital
theory (FMO) since the reactivity of dienophiles in normal
Diels±Alder reactions can be correlated with their LUMO
energies. This kind of treatment has been used in important
qualitative studies about reactivity and regioselectivity of
cycloaddition reactions,14 including the investigation of
dienophilic systems derived from carbohydrates.15,16 We
hence studied the geometric and electronic properties of
the structures of dienophiles 1±4. Molecular models inspec-
tion shows that the benzylidene acetal group imparts confor-
mational rigidity to these bicyclic dienophiles forcing the
pyranose rings to adopt OH5 half-chair conformations (Fig.
2).17

Consequently, the degrees of freedom of these systems are
reduced and the search of conformational space is further
simpli®ed. Table 2 shows the AM1 results of such confor-
mational analysis for dienophiles 1±4, in which the dihedral
angle indicated corresponds to the angle formed between the
carbonyl group and the carbon±carbon double bond.

Table 1.

Dienophile Products (%) Starting material recovery (%)

endo-a exo-a endo-b exo-b

1, EWG�CN ± ± ± ± Quantitative
2, EWG�CHO ± ± ± 85 ±
3, EWG�C(O)CH3 ± ± 3.75 8.25 75
4, EWG�C(O)CH2CH3 ± ± ± ± Quantitative

Figure 1.

Figure 2.

Table 2.

Dienophile Conformer Dihedral angle (8) DHf (kcal/mol) LUMO (eV) HOMO (eV)

1 1 ± 288.3 20.43 29.61

2 2a 210 2151.9 20.44 29.69
2b 0 2152.1 20.45 29.69
2c 12 2152.2 20.43 29.70

3 3a 240 2156.9 20.19 29.68
3b 27 2157.2 20.34 29.72
3c 75 2157.6 0.13 29.69

4 4a 239 2162.5 20.19 29.67
4b 215 2163.1 20.30 29.71
4c 76 2163.6 0.15 29.69
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The linearity of cyano group leads to the localization of a
single energy minimum for a,b-unsaturated nitrile 1. We
then explored the coordinate for the rotation of the carbonyl
group for a,b-unsaturated carbonyl substrates. The investi-
gation of these coordinates played a fundamental role in the
study of the reactivities of a,b-unsaturated carbonyl dieno-
philes 2±4. The inspection of the energy pro®le for the
carbonyl rotation of a,b-unsaturated aldehyde 2 allowed
the optimization of three local minima (2a±c) correspond-
ing to structures with cisoida,b-unsaturated carbonyl systems.
For methyl a,b-unsaturated ketone 3, three conformers corre-
sponding to C2±C3±CvO dihedral angles of 2408 (3a), 278
(3b) and 758 (3c) were located. The application of the same
procedure for the ethyl a,b-unsaturated ketone 4 permitted the
identi®cation of three energy minima similar to that corre-
sponding to the methyl a,b-unsaturated ketone 3, that is,
with C2±C3±CvO dihedral angles of 2398 (4a), 2158
(4b) and 768 (4c). Representative conformers are depicted in
Fig. 3. Although calculated energy differences between
minima a±c do not rule out any conformer, they do suggest
favored ground-state conformations for dienophiles 2±4.

At the same time, a single energy minima was found by
AM1 for cyclopentadiene with a heat of formation of
37.1 kcal/mol and orbital energies of 29.08 and 0.48 eV
for the HOMO and the LUMO, respectively. The same
energy ordering of LUMOs and HOMOs of diene and
dienophiles was obtained with B3LYP.

As the HOMOdiene±LUMOdienophile energy gaps for dieno-
philes 1±4 were lower than the corresponding HOMOdienophile±
LUMOdiene ones, it was shown that the frontier orbitals
involved in these cycloadditions were the HOMO of the
diene and the LUMOs of the dienophiles. In other words,
it was con®rmed that, although these are highly oxygenated
dienophiles, the processes under investigation corresponded
to normal Diels±Alder reactions. A quick inspection of the
LUMO energies reveals that it is not possible to explain the
lack of reactivity of the a,b-unsaturated nitrile 1 by FMO
theory since these calculated values may lead to the conclu-
sion that its reactivity should be similar to that of aldehyde
2. This could be attributed to electronic differences between
cyano and carbonyl groups that make dif®cult to observe a
linear relationship between calculated LUMO energies and
dienophile reactivities. On the other hand, a comparative
analysis of the results obtained for a,b-unsaturated carbonyl
dienophiles 2±4 demonstrates that, as the length of the side
chain increases, the existence of non coplanar structures is
favored and the LUMO energies increase. As a consequence of
this LUMO energies increase, the HOMOdiene±LUMOdienophile

energy gaps increase, leading to lower reaction rates. This
fact is in agreement with experimental dienophilicities and
provides a rationale to reactivity trends for a,b-unsaturated
carbonyl dienophiles.

It is worth remarking the substantial increase of LUMO
energies observed for non coplanar structures. Calculated

Figure 3.



S. C. Pellegrinet et al. / Tetrahedron 56 (2000) 5311±53165314

LUMO coef®cients at the carbonyl atoms clearly show that
as the conjugated system deviates from coplanarity there is a
weaker interaction between the carbon±carbon double bond
and the carbonyl p systems. Spectroscopic data support the
existence of non coplanar structures for a,b-unsaturated
ketones 3 and 4. In particular, IR carbonyl stretching
frequencies demonstrate the loss of conjugation as the
length of the side chain increases, which results in a lower
activation of dienophiles 3 and 4.18

In the next stage we focused on interpreting the observed
stereoselectivitites and thus undertook a theoretical investi-
gation of the thermodynamics and kinetics of these
processes. In order to establish any relationship between
product stability and stereoselectivity, we calculated the
heat of formation for each of the four possible diastereo-
isomeric products resulting from the reactions of dieno-
philes 1±4 with cyclopentadiene (Fig. 4).

The AM1 and B3LYP difference in heats of formation
between the different adducts and the exo-b compounds
are presented in Table 3.

The difference in calculated heats of formation showed the
higher stability of b-adducts indicating the importance of
this factor in determing p-facial preference. On the other
hand, the lower energy differences between b adducts do not
account for the experimental endo/exo selectivities. The
observed endo/exo ratios do not result from a thermo-
dynamical equilibrium. Instead, they should be determined
by the energy gap between both transition states, through a
kinetically controlled process.

We examined reaction surfaces in order to locate transition
states structures for these cycloadditions. We found

asynchronous concerted transition states for all reactions.19

The comparison of activation energies would lead to a
complete rationalization of reactivities and stereoselectiv-
ities trends. This investigation should also help assessing the
relative importance of the different structural factors
involved in determining the anomalous stereochemical
outcome of these Diels±Alder reactions.

As in other addition reactions to sugar derivatives,20,21 the b
approach of cyclopentadiene could be assumed to be the
result of an unfavorable interaction between the diene and
the anomeric methoxy group of dienophiles in the a tran-
sition states. This fact is clearly shown by the transition
states stabilities calculated and presented in Table 4. As
can be seen from Tables 3 and 4, both products and tran-
sition states stabilities proved the unfavorable a approach of
cyclopentadiene.

The calculated activation energy for endo and exo-b
approaches for dienophiles 1±4 and the resulting activation
energy difference are summarized in Table 5. Computed
exo/endo ratios were also calculated and compared to
those obtained experimentally. Since the enthalpic origin
of exo/endo stereoselectivity has been demonstrated for
other Diels±Alder reactions,22,23 activation entropies were
assumed to be equal. Product ratios were computed as
usual.24

Figure 4.

Table 3. Diastereomers' heats of formation relative to exo-b compounds (kcal/mol)

EWG Adduct endo-a exo-a endo-b

AM1 B3LYP/6-31Gp//AM1 AM1 B3LYP/6-31Gp//AM1 AM1 B3LYP/6-31Gp//AM1

CN 5 2.94 2.71 4.74 1.74 20.40 20.10
CHO 6 3.72 2.98 5.13 1.65 0.02 20.15
C(O)CH3 7 5.80 5.64 6.57 4.82 0.42 1.18
C(O)CH2CH3 8 5.87 5.75 4.00 2.55 0.44 0.97

Table 4. AM1 heat of formation of transition states (kcal/mol)

EWG TS endo-a exo-a endo-b exo-b

CN 9 212.27 212.72 215.10 215.37
CHO 10 274.94 276.99 278.85 280.62
C(O)CH3 11 276.03 275.82 281.99 283.51
C(O)CH2CH3 12 281.67 286.99 286.43 287.58
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Except for a,b-unsaturated nitrile 1, experimental results
can be nicely explained by these kinetic calculations. The
theoretical results take no account of the lack of dieno-
philicity of 1 as the activation energies for b additions of
cyclopentadiene to 1 are of the same order of magnitude as
those corresponding to 2 and 3. This result as well as the
FMO analysis indicate that these calculations are not
adequate to correlate compounds belonging to different
functional group families. On the other hand, this investi-
gation agreed qualitatively with experimental reactivity and
stereoselectivity trends for a,b-unsaturated carbonyl dieno-
philes 2±4. Calculated energies show that transition states
resulting from exo-b addition of cyclopentadiene are more
stable than those leading to endo-b cycloadducts. The
method correctly predicts the preferred mode of addition
and, although computed exo/endo ratios do not agree
quantitatively with available experimental data, they change
in the correct direction.

Once we con®rmed that the sense of stereoselectivity was
reproduced by this method, we then inspected the structural
features of transition states in order to better understand the
origin of anomalous preference for exo additions (Fig. 5).

It is noticeable that transition states located for a,b-unsatu-
rated carbonyl dienophiles 2±4 showed dihedral angles
between C-2 and carbonyl oxygen (C2±C3±CvO) near
to zero. This indicates that reactive conformations corre-
spond to s-cis structures and validates the relevance of our
FMO studies. The calculated distances (in AÊ ) between
atoms not directly involved in sigma bond making remain
almost constant for any transition state. Among them, the
most relevant C2±C3; C1 0±C2 0; C2 0±C3 0 and C3 0±
C4 0ù1.41 AÊ . The distance of the forming bonds are
shown in Table 6. The differences between these lengths
are approximately 0.22 and 0.34 AÊ for endo and exo transi-
tion states respectively.

We next turned our attention to detect the structural effects
responsible for exo preferences. In contrast to exo transition
states where two sp2 carbons of cyclopentadiene (C-2 0 and
C-3 0) lie over the pyranose ring of the dienophiles, in endo
additions such position is replaced by a more sterically
demanding sp3 carbon of the diene (C-5 0). Consequently,
the distances between the hydrogens of cyclopentadiene
and those attached to the rigid dienophilic system are
lower. We inspected endo transition structures and found
that the distances between C-5 0 H-a and C-4 H varied in
the narrow range from 2.02 to 2.06 AÊ . Considering that the
hydrogen van der Waals radius is 1.20 AÊ , computed
distances should give rise to an important unfavorable steric
interaction between these two hydrogens. This fact explains
the lower stability of endo transition states. The C3±C4 0
distances were slightly higher for exo transition states.
Another structural feature of endo transition states answered
this question. The distances between the hydrogens attached
to C-1 0 and C-1 were also low, ranging from 2.10 to 2.14 AÊ .
This additional van der Waals repulsion justi®es the more
synchronous nature of endo transition states and further
rationalizing their lower stabilities compared to exo tran-
sition structures.

Finally, we investigated the origin of the decrease of stereo-
selectivity with the increase of the length of the side chain
for a,b-unsaturated carbonyl dienophiles 2±4. When the

Table 5.

EWG TS Ea (kcal/mol) DEa (exo±endo), kcal/mol Ratiocomp (exo/endo) Ratioexp (exo/endo)

AM1 B3LYP/6-31Gp//AM1 AM1 B3LYP/6-31Gp//AM1

CN 9endo-b 36.08 20.44 22.23 ±
9exo-b 35.64

CHO 10endo-b 36.15 21.80 22.82 95:5 99:1 100:0
10exo-b 34.35

C(O)CH3 11endo-b 38.11 21.52 22.22 93:7 97:3 70:30
11exo-b 36.59

C(O)CH2CH3 12endo-b 39.57 21.15 23.61 ±
12exo-b 38.42

Figure 5.

Table 6.

EWG TS endo-b exo-b

(C2±C1 0) (C3±C4 0) (C2±C1 0) (C3±C4 0)

CN 9 2.05 2.24 2.02 2.28
CHO 10 2.03 2.25 2.00 2.31
C(O)CH3 11 2.03 2.26 1.99 2.33
C(O)CH2CH3 12 2.04 2.24 1.99 2.33
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hydrogen atom of the formyl group in exo transition state
10exo-b was replaced with a larger alkyl group such as
methyl or ethyl in transition structures 11exo-b and
12exo-b (Fig. 5), the hydrogen attached to C-4 0 of cyclo-
pentadiene experienced an additional weak unfavorable
interaction with the hydrogens a to the carbonyl group.
This steric hindrance diminished the relative stability of
exo transition states and can be postulated as the basis for
the predicted lower stereoselectivities of cyclopentadiene
additions to ketones 3 and 4.

Conclusion

In the present investigation, the semiempirical AM1 method
was used to study the course of the Diels±Alder reactions of
a series of d-glucose-derived dienophiles with cyclopenta-
diene. The general trends obtained with AM1 were veri®ed
by B3LYP RHF/6-31Gp single point calculations on the
AM1 optimized geometries. The calculations reproduced
qualitatively the direction and the general trends of experi-
mental results. Particularly, they were successful in predict-
ing the variation of reactivity and stereoselectivity for a,b-
unsaturated carbonyl dienophiles 2±4. FMO calculations
led to a good correlation between reactivity with calculated
LUMO energies for this series of compounds. Observed
reactivities and stereoselectivitites were also interpreted
on the basis of transition state energies. Finally, the
anomalous preference of these compounds to undergo
stereoselective exo cycloadditions was rationalized. The
destabilization of endo transition states was mainly attri-
buted to steric effects caused by the methylene group of
the diene. These results are an example of the rationalization
of an abnormal addition mode, since the factors affecting the
outcome of a cycloaddition process with a synthetically
useful and complex molecular system, can hardly ever be
established beyond an intuitive speculation.
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