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Abstract: The regioselectivity and stereoselectivity aspects of the Diels-Alder/radical hydrodenitration
reaction sequence leading to trans-fused ring systems have been investigated with density functional
calculations. A continuum of transition structures representing Diels-Alder and hetero-Diels-Alder
cycloadditions as well as a sigmatropic rearrangement have been located, and they all lie very close in
energy on the potential energy surface. All three pathways are found to be important in the formation of
the Diels-Alder adduct. Reported regioselectivities are reproduced by the calculations. The stereoselectivity
of radical hydrodenitration of the cis-Diels-Alder adduct is found to be related to the relative conformational
stabilities of bicyclic radical intermediates. Overall, the computations provide understanding of the
regioselectivities and stereoselectivities of the trans-Diels-Alder paradigm.

Introduction

The critical role of the Diels-Alder reaction in organic
synthesis is well appreciated. Diels-Alder cycloadditions
produce cis-fused bicyclic systems from cyclic cis-dienophiles,
providing a routine approach to the synthesis of complex
molecules. Danishefsky and co-workers recently reported a
departure from the cis-directed logic of the traditional Diels-Alder
approach to encompass the formation of trans-fused products
(i.e., the trans Diels-Alder paradigm).1 This process formally
involves reactions leading formally to the trans-fused adduct
of a cycloalkene. This was achieved not via antarafacial
cycloaddition, but instead by equipping an otherwise unreactive
dienophile (such as cyclohexene) with a temporary, readily
removable activating group. Following cycloaddition, the result-
ant cis-fused substructure is converted to the trans-series by
removing the activating group and replacing it in a stereocon-
trolled fashion (Scheme 1).

The nitro group was chosen based on its dienophile activating
properties, its known success in controlling Diels-Alder (DA)
regioselectivity, and its ability to generate free radical intermedi-
ates. DA cycloadducts were obtained for the reaction between
1-nitrocyclohexene and a series of hydrocarbon dienes, although
yields were adversely affected by the decomposition of 1-ni-
trocyclohexene. Alcoholic solvents, especially 2,2,2-trifluoro-
ethanol, were found to improve yields of cycloaddition, and
microwave irradiation was also helpful (Scheme 2).

Nitroalkenes can function as either dienophiles or as hetero-
dienes in Diels-Alder reactions (Scheme 3).2 Denmark has

shown that the reactions of nitroalkenes with cyclopentadiene
can lead to mixtures of DA and hetero-Diels-Alder (HDA)
cycloadducts.3-8 The DA adduct is favored under thermal
conditions, but a Lewis acid can reverse the periselectivity to
favor the HDA adduct. Calculations reveal that under thermal
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conditions this reaction proceeds initially via an endo DA
transition state, which is then followed by a sigmatropic
rearrangement of the endo adduct accounting for the formation
of the hetero-Diels-Alder cycloadduct.9 Diels-Alder reactions
of nitroethylene derivatives with cyclohexadiene yield a mixture
of DA and HDA adducts. Subsequently the HDA adduct
rearranges to the DA adduct upon heating at 80 °C via a [3,3]
sigmatropic rearrangement.10 Computational studies on micro-
wave-assisted reactions of nitroheterocycles with dienes suggest
that the DA adduct is formed via a tandem HDA/[3,3]-
sigmatropic shift.11

When reactants pass through an initial transition state into a
flat area of an energy surface with multiple exit routes to
products, reaction dynamics affect the selectivity. The products
that tend to form, arise from a direct continuation of the
trajectories that passed through the initial transition state.12-14

In such cases, dynamics determine the selectivity in cases
involving a bifurcating energy surface. Theoretical studies by
Caramella showed that the dimerization of cyclopentadiene
involves a bifurcating energy surface, and a transition state that
is “bispericyclic”.15 Singleton has discussed the role of bifurcat-
ing energy surfaces in cycloadditions where there are competing
[4 + 2] and [2 + 4] pathways.16 Bifurcating energy surfaces
have now been implicated in determining the selectivity of a
variety of Diels-Alder reactions.17-21

The removal of the activating nitro group was achieved by
radical hydrodenitration, using tri-n-butyltin hydride and AIBN.
The mechanism of this transformation presumably proceeds via
trialkyltin radicals forming a Sn-O bond with the nitro group.
Fragmentation gives rise to Bu3SnONO and an (secondary or
tertiary) alkyl radical.22 This transformation has been used
successfullytoreducethenitrogroupofDiels-Aldercycloadducts.23,24

In Danishefsky’s recent work, the cis-fused ring junction
characteristic of the Diels-Alder cycloaddition was converted
to the desired trans stereochemistry for the decalins shown in
Scheme 4. Radical hydrodenitration of 6,6-bicyclics formed from
cycloaddition of nitrocyclohexene yielded the trans stereochem-
istry selectively, although 5,6-bicyclics from the cycloadditions
of 1-nitrocyclopentene showed very little selectivity.

To understand the factors that control the regioselectivity of
the cycloaddition and how the trans-fused decalin geometry is
ultimately furnished from the cis-fused cycloadduct, a compu-
tational study using density functional theory (DFT) calculations
was undertaken.

Computational Methods

All geometry optimizations were performed with Gaussian 09
using the B3LYP density functional with the 6-31G(d) basis set.25

A fine grid density was used for numerical integration. Radical
species were optimized with unrestricted (UB3LYP) density
functional calculations. We have shown previously that this level
of electronic structure theory is capable of providing ground-state
and transition-state geometries for organic radicals that agree well
with more elaborate calculations, and that the results obtained agree
quantitatively with experiment.26 We have also performed single
point energy calculations with M06-2X/UM06-2X density func-
tional theory (DFT)27 that are expected to deliver a more accurate
treatment of medium-range correlation effects, such as van der
Waals interactions. Such calculations give improved thermodynam-
ics for C-C bond forming reactions.28 Energetics were also
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Scheme 3. Diels-Alder (DA) and Hetero-Diels-Alder (HDA)
Cycloadditions of Nitroalkenes

Scheme 4. Radical Hydrodenitration of the DA Adduct to Yield
trans-Fused Decalins
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evaluated with the B2-PLYP double-hybrid density functional,29

again to ensure that our conclusions are robust across different
theoretical methods. Single point calculations with a larger
6-311+G(d,p) basis set have been also performed to confirm that
the basis-set size does not affect the conclusions drawn. Harmonic
vibrational frequencies were computed for all optimized structures
to verify that they were either minima (zero imaginary frequencies)
or transition states (a single imaginary frequency). Zero-point
energies (unscaled) are included in all thermodynamic quantities.
The effects of solvation on the reaction energetics were evaluated
using a conductor-like polarizable continuum solvation model
(CPCM).30 The solute surface was defined by UAKS radii in each
case.31

Results and Discussion

The cycloaddition between 2,3-dimethyl-1,3-butadiene and
1-nitrocyclohexene was investigated, and transition structures
(TSs) for both the Diels-Alder (1-nitrocyclohexene behaving
as dienophile) and the hetero-Diels-Alder (1-nitrocyclohexene
behaving as heterodiene) reactions were successfully located,
as shown in Figure 1. The activation barriers for the competing
DA and HDA mechanistic pathways are very similar at all of
the levels of theory examined, so both mechanisms are predicted
to be competitive (see Supporting Information for a full
comparison of energetics computed with different methods). The
HDA TS with an isopropenyl group endo to the heterodiene is
most favored by 1.1 kcal/mol. With the inclusion of solvation
effects, the preference for the HDA TS rises to 1.5 kcal/mol.
TSs for the regioisomeric HDA pathway were located (see
Supporting Information) but lie around 10 kcal/mol higher in
energy than those shown in Figure 1, and so can be discounted
as a viable pathway. While the kinetics of DA and HDA
pathways are predicted to be very similar, there is a large
difference in the thermodynamics of the two processes; the DA

adduct is over 18 kcal/mol more stable than the HDA adduct.
B3LYP is expected to underestimate the exothermicity of the
Diels-Alder reaction, due to a systematic error in computing
π-σ energy changes. M06-2X calculated energetics, which
are expected to be more accurate, predict that reactions are more
exothermic than predicted by B3LYP as is found in other
Diels-Alder processes.28 However, the DA adduct is still much
preferred over the HDA adduct, now by almost 21 kcal/mol. In
experiment, only the DA adduct is observed. This may be
explained by the HDA adduct undergoing a cycloreversion back
to starting materials, which can undergo an essentially irrevers-
ible DA cycloaddition. However, we also located a transition
structure corresponding to the [3,3]-sigmatropic rearrangement
that provides an alternative pathway for the interconversion.
The sigmatropic rearrangement of the HDA adduct is relatively
facile in relation to the cycloaddition step, since this [3,3]-TS
lies lower in energy than any of the cycloaddition TSs.

The geometries of the endo DA (1), endo HDA (4) and [3,3]-
sigmatropic rearrangement (6) transition structures are rather
similar, and lie within 2 kcal/mol in energy. The potential energy
surface is very flat in the region of these structures. In the endo
DA transition structure there is a C-O distance of 2.87 Å, which
suggests that to some extent this structure can be considered as
“bis-pericylic”,9,12 with intermolecular distances reflective of
both DA and HDA bond-forming reactions. Intrinsic Reaction
Coordinate (IRC) calculations were able to locate the energy
minima that connect these transition structures, and no bifurca-
tions were found on the energy surface. However, the relative
positions of the cycloaddition and sigmatropic rearrangement
transition states may well influence the periselectivity due to
the shape of the potential energy surface and corresponding
dynamical influences. The key transition structures are sum-
marized in Figure 2.

The regioselectivity of an unsymmetrical diene (isoprene) was
then investigated. Transition structures were located for the DA
and HDA cycloaddition with 1-nitrocyclohexene. The endo
transition structures are shown in Figure 3. The exo structures
were located and all lie higher in energy than the corresponding
endo structures (see Supporting Information). The HDA transi-
tion structures are found to be slightly favored kinetically,
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Figure 1. Transition structures and adducts for the cycloaddition of 2,3-dimethyl-1,3-butadiene and 1-nitrocyclohexene. Selected distances shown in Å,
B3LYP/6-31G(d) relative free energies, with M06-2X/6-31G(d) in parentheses, shown in kcal/mol.
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although thermodynamics favor the DA cycloadducts by over
19 kcal/mol.

[3,3]-Sigmatropic rearrangement transition structures were
again located. These lie close in energy to the cycloaddition
transition structures, as shown in Figure 4. Thus the sigmatropic
rearrangement TS again presents an energetically accessible
pathway for the HDA to interconvert to the DA adduct. Whereas
the DA cycloadducts themselves are essentially isoenergetic,
the transition structures leading to the para-substituted product
are somewhat favored over their meta-substituted counterparts
(DA: ∆∆Gq 0.6 kcal/mol, HDA: ∆∆Gq 0.9 kcal/mol, sigmat-
ropic: ∆∆Gq 1.6 kcal/mol). Experimentally, the reaction of
isoprene and 1-nitrocyclohexene is unselective when performed
in toluene, but in 2,2,2-trifluoroethanol the para-substituted
product dominates in a 15:1 ratio. Computed relative free
energies of the regioisomeric pathways performed with implicit
solvation reproduce this trend, as the ∆∆Gq of DA and HDA

pathways increase to 1.4 and 1.6 kcal/mol in favor of the para-
substituted product. The M06-2X calculations predict that both
direct DA and hetero-DA/sigmatropic rearrangement pathways
are competitive, both forming the para-product.

Experimentally, the use of a hydroxylic solvent resulted
in improved cycloaddition yields. A substantial increase in
yield was observed with 2,2,2-trifluoroethanol as solvent,
particularly under microwave conditions. The effects of
solvation were evaluated computationally with an implicit
continuum model and also using explicit molecules of 2,2,2-
trifluorethanol, as shown in Figure 5. The inclusion of a
hydrogen-bonded 2,2,2-trifluoroethanol molecule led to smaller
activation barriers for HDA and sigmatropic rearrangement
transition structures (we were unable to locate the DA
transition structure), by around 4 kcal/mol. The thermody-
namics of the Diels-Alder adduct and hetero-Diels-Alder
adduct formation are changed only marginally by the
inclusion of solvent. Therefore the effects of an alcoholic
solvent are to enhance reaction rates for all pathways.
Energetics computed with an implicit solvent model led to
the same conclusions, with the barrier heights in close
quantitative agreement with those with an explicit molecule
of alcohol. The origins of this rate enhancement are due to
the partial charge separation in the DA and HDA transition
structures: the charges on the 1-nitrocyclohexene moiety are
-0.18 and -0.40 in the DA and HDA structures, respectively.
Specific hydrogen bonding interactions with the nitro group
are strengthened, as the computed Mulliken charge on each
of the two oxygen atoms increases from -0.40 in the reactant
to -0.45 and -0.47 in the DA and HDA transition structures,
respectively.

Figure 2. Summary of the low energy transition structures leading to the
formation of the DA adduct.

Figure 3. Transition structures for the cycloadditions of isoprene and 1-nitrocyclohexene. Selected distances shown in Å, B3LYP/6-31G(d) relative free
energies, with M06-2X/6-31G(d) in parentheses, in kcal/mol.

Figure 4. [3,3]-Sigmatropic rearrangement transition structures in the cycloaddition of isoprene and 1-nitrocyclohexene. Selected distances shown in Å,
B3LYP/6-31G(d) relative free energies, with M06-2X/6-31G(d) in parentheses, in kcal/mol.
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Conversion of Diels-Alder Adducts of 1-Nitrocyclohexene
to the Formal trans Diels-Alder Adducts of Cyclohexene.
Reductive hydrodenitration using tri-n-butyltin hydride in the
presence of AIBN resulted in the formation of the denitrated
trans-fused dehydrodecalin.1 In the cycloaddition of 1-nitrocy-
clohexene to a range of dienes (2,3-dimethyl-1,3-butadiene,
isoprene, 1,2-dimethylenecyclohexane and 2,3-diphenyl-1,3-
butadiene) the initial cis-fused Diels-Alder stereochemistry can
be converted to a trans-fused dehydrodecalin with 7-12:1
diastereoselectivity.1

We studied the stability and the interconversion of the tertiary
carbon radicals formed in the radical denitration mechanism,
and the irreversible hydrogen radical transfer from a trialkyltin
hydride. The results are shown in Figure 6. Computations
performed on the radical intermediates for the 2,3-dimethyl-

1,3-butadiene/1-nitrocyclohexene Diels-Alder cycloadduct show
that the observed trans selectivity in the hydrodenitration is a
consequence of the greater thermodynamic stability of the trans-
fused bridgehead radical over the cis form. The tertiary radicals
are appreciably pyramidal, but the interconversion via a planar
transition state is calculated to be energetically feasible, and is
able to occur much faster than the radical trapping with a
trialkyltin hydride. Transition structures were located for
hydrogen transfer from trimethyltin hydride to form trans- and
cis-dehydrodecalins. Both transition structures have large dis-
tances between carbon and tin, and so the TS relative energies
simply reflect the stability of each of the radical geometries.
Whereas the cis-radical lies 2.6 kcal/mol above the trans-radical,
the transition states differ in energy by 2.5 kcal/mol. The greater
stability of the trans-radical and transition state is due to the

Figure 5. Solvent effects on the energetics of the cycloadditions of 1,3-butadiene and 1-nitrocyclohexene. Selected distances shown in Å, B3LYP/6-31G(d)
relative free energies in kcal/mol, compared with implicit CPCM values in parentheses and gas-phase values in italics.

Figure 6. Bicyclic radicals and connecting transition structure, and hydrogen transfer TSs and dehydrodecalin products in the cycloaddition of 2,3-dimethyl-
1,3-butadiene and 1-nitrocyclohexene. Selected distances shown in Å, UB3LYP/LANL2DZ relative free energies, UM06-2X/LANL2DZ in parentheses, in
kcal/mol.

J. AM. CHEM. SOC. 9 VOL. 132, NO. 27, 2010 9339

Stereoselectivity in the trans-Diels-Alder Paradigm A R T I C L E S



absence of any axial substituents in the latter. The products of
hydrogen abstraction differ by 3.2 kcal/mol, due to the same
repulsive interactions in the cis-product. The same energetic
trends are manifested in the UM06-2X energetics, with the
trans-radical, TS and product favored over the corresponding
cis-pathway by 1.4, 2.8, and 2.3 kcal/mol. By way of compari-
son, trans-decalin (decahydronaphthalene) is favored over its
cis-stereoisomer by 2.5-3.1 kcal/mol. The dehydrodecalin
cycloadducts lack a 1,3-steric interaction in the cis-isomer that
is present for decalin, so the expected energy difference between
cis and trans forms of dehydrodecalin is expected to be smaller
than 2.5 kcal/mol. Calculated free energy differences between
cis and trans pathways for the hydrodenitration of 1,2-diphenyl
dehydrodecalin and 1-methyl dehydrodecalin are also in accord
with the trans-selectivity of these systems (see Supporting
Information).

The origins of the poor trans-selectivity in the hydrodeni-
tration step when 1-nitrocyclopentene was used experimentally
were also investigated, as shown in Figure 7. Unlike the 6,6-
bicyclic radical in Figure 6, the 5,6-bicyclic adduct formed from
the cycloaddition of 1-nitrocyclopentene is unable to adopt
distinct cis and trans radical conformers after denitration.
Therefore just a single radical conformer, planar about the
radical carbon atom, results and this may react with trialkyltin
hydride from either face. The UB3LYP relative free energies
of the resulting two transition structures suggest these two

pathways are isoenergetic, which is in accord with the low
stereoselectivity of this process.

Conclusions

The origins of regioselectivity and stereoselectivity in the
trans-selective Diels-Alder/hydrodenitration sequence devel-
oped by Danishefsky have been determined with density
functional calculations. In the cycloaddition between 1-nitro-
cyclohexene and a series of butadienes, the Diels-Alder adduct
results from the Diels-Alder pathway but also by a hetero-
Diels-Alder cycloaddition and subsequent [3,3]-sigmatropic
rearrangement. The selectivity of the radical hydrodenitration
step of 6,6-bicyclic adducts arises from the greater stability of
the trans-decalyl radical intermediate and subsequent transition
state involving hydrogen atom transfer.
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Figure 7. 6,5-Bicyclic radicals and connecting transition structure, and hydrogen transfer TSs and bicyclic products in the cycloaddition of 2,3-dimethyl-
1,3-butadiene and 1-nitrocyclopentene. Selected distances shown in Å, UB3LYP/LANL2DZ relative free energies, UM06-2X/LANL2DZ in parentheses, in
kcal/mol.
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