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Abstract: Dearomative Diels-Alder cycloadditions between
nitroarenes and 2-trimethylsilyloxycyclohexadiene are carried out
under high pressure at room temperature in the absence of any
chemical promoter. Reactions are performed with different arenes,
including the highly aromatic naphthalenes and quinolines. They lead
to 3D-scaffolds with exquisite exo-diastereoselectivity. The exo
approach is characterized by lower distorsion of the substrates in a
late TS and by more favorable orbital interactions presumably
between the nitro group and the dienic part, explaining the
stereoselectivity.

Introduction

Dearomatization strategies have the potential to convert planar
substrates into complex (poly)cyclic three-dimensional-molecules
in a single step by disruption of the planar aromatic n-system.!l
Cycloaddition reactions involving aromatic C=C bonds as 2r-
electron partners have become increasingly popular in recent
years, the most prevalent being transformations involving (3+2)
and (4+2) annulations with the C2=C3 double bond in
3-nitroindoles.! This has led to the development of several
elegant dearomatizing processes towards indole-based scaffolds,
with most relying on an initial addition of a highly nucleophilic
anionic species (O, N or C-centered anions) followed by a 5- or 6-
ring closure through intramolecular capture of the resulting
nitronate intermediate. [4+2] Cycloadditions involving electron-
rich neutral dienes are much scarcer due to their lower reactivity.
Although known with electrophilic 3-nitroindoles, such reactions
usually require strong activation which in turn induces
rearomatization of the resulting cycloadducts through elimination
of nitrous acid.

Recently, we reported that Diels-Alder cycloaddition reactions
between nitroarenes and Danishefsky’s diene, 1-methoxy-3-
trimethylsilyloxy-1,3-butene 2a, could be induced under high
pressure activation (Scheme 1).B! This non-invasive method®
allowed the reaction to be performed at room temperature, which
in turn preserved the three-dimensionality of the scaffolds
generated by their reduced propensity for re-aromatization
through elimination.l The ease with which these complex and
functionalised 3D-structures were accessed from common

starting materials was notable, though reactions were
compromised to some extent by the poor ~1 : 1 ratio of endo/exo
diastereomers observed in most cases.
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Scheme 1. Dearomative [4+2] cycloadditions of nitroarenes with silyloxy dienes.

DFT studies previously performed with 1-nitronaphthalene
and Danishefsky’s diene 2a at the (SMD:CH,Cl;) M06-2X/6-
31+G(d,p) level of theory,l had revealed quasi isoenergetic
transition states (TSs) for both the endo and exo approaches,®! in
line with the aforementioned experimental results.® It is generally
believed that for normal electron demand Diels-Alder
cycloadditions the endo approach is favoured due to stabilizing
interactions between the internal carbon atoms of the reacting
1,3-diene and the electron-withdrawing substituent of the
dienophile through secondary orbital interactions (SOls).['° By
way of contrast, an exo approach is promoted when there are
unfavorable steric interactions between the diene and dienophile.
In the case highlighted above, the poor diastereoselectivity was
attributed to these factors operating discordantly rather than in
concert.

Results and Discussion

With 1-nitronaphthalene, DFT computations were performed on a
series of dienes, substituted with electron-donating groups at
different positions (Scheme 2). The activation energy required for
both the endo and exo TSs were evaluated and compared, in
order to examine the influence of the substitution on the
diastereoselectivity of the process. Calculations were performed
with dienes in their s-cis conformations (see supporting
information (S.1.) for details). With oxydienes, calculations using
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an implicit solvation suggested that the cycloaddition occurs in a
two-steps process, involving the formation of a zwitterionic
primary adduct or a cyclic nitronate in the first step and its
cyclisation to generate the cycloadduct in the second.
Considering the higher energy barrier for the first dearomatizing
addition compared to the second step (TS2 of ~3 kcal.mol* for the
cyclisation of the endo primary adduct and ~21 kcal.mol* from the
cyclic nitronate in the exo approach), it was clearly the rate
determining step. Assuming that the first adduct had no time to
rearrange before cyclization, the diastereoselectivity of the formal
cycloaddition reflects the preferential approach in the first step of
the sequence. The results displayed here relate this first
determining addition step.

Considering first the series of 1E-methoxybutadienes with
different groups at C3 (2a-2c), calculations revealed that this
variation has only a small impact on diastereoselectivity, leading
to almost isoenergetic endo and exo pathways in each case. This
is in line with experimental observations when changing a silyloxy
group on the diene with a more sterically hindered substituent.!
In the absence of a substituent at this position (2d), the exo path
becomes slightly more favorable (by 1.8 kcal.mol?) and the
activation energy is raised (AG* = 32.1 kcal.mol?). Likewise,
modifying the diene at position 1 while preserving the
trimethylsilyloxy group at position 3 (2e-2g) has only a small
impact on diastereoselectivity.*!! In stark contrast, a strong
preference for the exo pathway is predicted with 2h which bears
a methyl group at position 4, with a Z configuration (AAG* = 5.1
kcal.mol’).'4 For the E-configured diene 2i the difference
between the endo and exo approaches is small, exposing the
greater impact of substituents positioned internally over those
positioned externally (Z vs E) in the TS.

As expected, calculated activation energies were raised (to
above 36 kcal.mol?) for dienes (2j-2m) with no ether groups
attached, with each favoring an exo approach (AAG* = 1.0to 3.5
kcal.mol?). As before, the highest diastereoselectivity predicted in
the series was for (2m) bearing a substituent at position 4 with a
Z-configuration.

Finally, cyclic dienes (2n-2p) gave improved
diastereoselectivity in favor of the exo adduct (AAG* = 3.3 to 4.9
kcal.mol’?) with the activation energy, as expected, higher for
cyclohexadiene (20) than for cyclopentadiene (2n) and
trimethylsilyloxycyclohexadiene (2p) (AG* = 42.6, 38.4 and 34.4
kcal.mol%, respectively).
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Scheme 2. Calculated Free Gibbs activation energy (AG*) and energy
difference between the endo and exo approaches (AAG?) in the first step (TS1)
of the cycloadditions involving 1-nitronaphthalene and electron-rich dienes (at
the (SMD:CH2Cl2) M06-2X/6-31+G(d,p) level). The shaded blue circle depicts
the reacting center considered in this step, with unsymmetrical dienes.

The high activation energies calculated for these
cycloaddition reactions are in line with the activation required
experimentally for successful dearomatizing cycloadditions.
Condensing classical alkylated dienes such as isoprene 2Kk,
cyclopentadiene 2n or cyclohexadiene 20 with
1-nitronaphthalene under high pressure led to an intractable
polymeric mixture mainly resulting from diene polymerization. We
turned our attention to 2-trimethylsilyloxycyclohexadine 2p, for
which the calculated energetic barrier and diastereoselectivity
were among the best. From a practical point of view, this diene
benefitted from commercial availability, a low tendency for
polymerization and would give access to highly functionalized
cycloadducts with interesting molecular architectures.

Though 2p is much less reactive than Danishefsky's diene,
we were pleased to observe, experimentally, that it reacted well
with 1-nitronaphthalene l1a under 16 kbar pressure at room
temperature (Table 1). A complete conversion of the nitroarene
was observed within 24 h when it was condensed with an excess
of diene. The effectiveness of high pressure activation in allowing
nitronaphthalenic aromatics to serve as electron-poor dienophiles
is notable. The corresponding tetracyclic cycloadduct 3a was
isolated after solvolysis with NH4F at -30°C. Pleasingly, only the
exo-diastereomer was observed (which was assigned by NMR
NOESY experiments on compound 3b, see Sl for details). Though
the result confirmed the higher diastereoselectivity predicted by
DFT calculations, the cycloadduct proved unstable on silica giving
the eliminated product 4 through rearomatization by loss of nitrous
acid. Indeed, this side reaction accounts for the discrepancy
between the high conversion and modest 58% isolated yield.
Once isolated, it however proved stable for weeks in the freezer.



With these results in hand, we evaluated the scope of this
dearomative Diels-Alder cycloaddition with an array of
nitro(hetero)arenes (Table 1). The electron-poor heteroaromatics
5-nitroquinoline and 5-nitroisoquinoline each furnished the
expected cycloadducts 3b and 3c in 65 and 71 % vyield,
respectively with exquisite exo-diastereoselectivity. By contrast,
8-nitroquinoline proved less reactive, leading to incomplete
conversion after 24 h (~60%) which translated into a low 36%
isolated yield. Pleasingly, extending compression to 48 h
enhanced both conversion (85%) and yield (53%).

Various substituents were also tolerated on the
nitroaromatic. Thus, in the 5-nitroquinoline series, 8-bromo- and
8-fluoro- analogues each gave the respective exo-cycloadducts,
3e and 3f, in 75% yield with no observed side reactions arising
from SnAr. The electron-releasing 8-methyl and 8-benzyloxy
analogues proved less reactive, giving exo-cycloadducts 3g and
3h in ~50 and 45% isolated vyield, respectively.l*?
1-Nitronaphthalenes bearing an additional nitro group, either at
position 8 or 5, similarly gave the corresponding cycloadducts 3i
and 3j in 66 and 51% isolated yield respectively. For the latter, the
reaction was performed at higher dilution due to poor solubility
(see E.S.I. for details). 4-Fluoro-1-nitronaphthalene was slow to
react and required 48h compression to achieve full conversion,
giving adduct 3k in 55% isolated yield.

1,3-Dinitronaphthalene, with two electron-withdrawing nitro
groups on the same ring, behaved slightly differently giving bis-
cycloadduct 5 through sequential cycloadditions to each nitrated
double bond. Full conversion to one diastereomer was observed
by *H NMR of the crude product mixture, but the high sensitivity
of the adduct towards work-up and chromatographic purification
led to a severe drop in the isolated yield (29%). Though less
efficient, this cycloaddition is notable for producing in a single step
a hexacyclic compound bearing 8 stereogenic centers from
readily available starting materials.

Other substrates examined included 5-nitro-1,10-
phenanthroline which reacted well to give adduct 3l in 51% yield.
3-Nitroindole, which has been shown to react with Danishefsky’s
diene at room temperature and ambient pressure,*" gave no
reaction with diene 2p under those conditions. However, high
pressure activation again proved effective, transforming this
electrophilic substrate into the exo-diastereomer of tetracyclic
indoline 3m in 75% vyield. As the diastereomer obtained is
identical to the compound synthesized differently and
characterized by X-ray diffraction studies,®™ this supports the
stereochemistry assignment in this case. Similarly, 7-aza-3-
nitroindole led to the corresponding azaindoline 3n in 52% yield.

In the same way, the unsubstituted diene 2e proved much
less reactive than Danishefsky’s diene and no reaction occurred
at atmospheric pressure with 3-nitroindole. Here again, high
pressure activation was efficient to promote the cycloaddition and
the corresponding adduct 6 was obtained in 55% vyield after
hydrolysis.

Table 1. High pressure activated [4+2] dearomatization reactions of
nitroheteroaromatics with silyloxydienes 2p and 2e.
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a. Isolated yield. b. compression at 16 kbar for 48h instead of 24h. c.
85% conversion.

To gain better understanding of the selectivity of these
reactions, we compared the geometry of endo and exo transition
states obtained with dienes 2a and 2p (Scheme 3). The first C-C
bond formed is slightly shorter with the cyclic diene 2p (1.986 and
2.011 A for the endo and exo TSs respectively) than with the
acyclic diene 2a (2.043 and 2.027 A for the endo and exo TSs
respectively), indicating later transition states, in accordance with
the higher activation barriers. In line with this observation, the
pyramidalization of the reacting nitronaphthalenic C2 atom is
more marked with the cyclic diene (sum of the 3 angles around
the reacting C2 (C1C2C3, C1C2H and C3C2H) of 346.0-347.9°)
than with Danishefsky's diene (349.7-349.3°).

Does this result, suggesting differences in deformation of the
two substrates at the transition states, explain the endo/exo
selectivity difference? To clarify this point, a distortion/interaction
activation-strain (DIAS) analysis was initiated.™ Our hope was
that it would provide new insights into the influence of steric and
other factors on the transition states for the Diels-Alder
cycloaddition reaction between 1-nitronaphthalene la and



Danishefsky’s 2a or cyclic diene 2p (Scheme 3). In this approach,
the potential energy surface is separated into two contributions
along the reaction path: the distortion energy (AEgs) and
interaction energy (AEin) terms. AEgs: represents the energetic
cost to deform the ground state geometries of the reactants into
their geometries during the reaction, while the AE;y represents the
energetic benefit resulting from stabilizing interactions between
fragments at the same geometries. Scheme 4a shows a plot of
the distortion and interaction energies along the intrinsic reaction
coordinate (IRC) for the endo and exo paths of the reactions
between 1a and 2a, from forming C-C bond distance of 2.8 A to
the transition states. Both the interaction energy and the distortion
energy are larger along the endo path compared to the exo one,
resulting in similar energy barriers (AAG* = -0.4 kcal.mol!) and
low selectivity. For the reaction between 1la and 2p (Scheme 4B),
the interaction energies are nearly identical for both approaches,
whereas the distortion energy remains larger along the reaction
coordinates to the endo TS, resulting in the exo stereoselectivity
with this diene. This suggests that the main difference would arise
from a lower distortion to attain the exo TS with the cyclic diene.
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Scheme 3. DI/l
nitronaphthalene la and dienes 2a and 2p. Energies were calculated at the
(SMD:CH2Cl2) M06-2X/6-31+G(d,p) level.
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Scheme 4. Plots of the distortion (AE.uist), interaction (AEin) and total electronic
energies (AEe) along the intrinsic reaction coordinates for the endo (blue) and
exo (red) approaches for the reaction involving 1-nitronaphtalene 1la and dienes
2a (A) or 2p (B). Energies were calculated at the (SMD:CH2Cl2) M06-2X/6-
31+G(d,p) level.

To gain a more precise understanding of the factors
influencing the interaction energy, we further conducted an
Energy Decomposition Analysis (EDA).*S! This method breaks
down the interaction energy into three components: Pauli
repulsion (AEpaui), attractive electrostatic (AVeiswa) and orbital
(AEqw) terms. The calculations were performed with the
Amsterdam Density Functional (ADF) program with the same
functional, but without considering solvent effect. In scheme 5, the
EDA terms are plotted along the IRC for the endo and exo
reactions involving 2a and 2p dienes. For both dienes, the
electrostatic interactions favour the exo transition states to the
same extent, whereas the Pauli repulsion is smaller for the endo
transition states, in particular for 2a. The difference between the
two dienes arises mainly from the orbital interactions that favour
the endo transition state for 2a while, in contrast, it slightly favors
the exo approach for diene 2p. This, combined with a relatively
weaker Pauli repulsion, explains the exo diastereoselectivity. This
is somehow unexpected as this means that the orbital interactions
between the dienic part and the dienophile would involve
preferably the naphthalenic part when 2a is considered whereas
they would involve the nitro group with 2p.



120
A) 100 — endo

— EXO

AE

int

— B e
20 \ AE

IS
AVEIstat

AE (kcal.mol?)
o

28 27 26 25 24 23 22 21
r(c-C) (A)

20 1.9

120
100 — endo

o)
—

AEPauIi

AE (kcal.mol?)
o

28 2.7 26 25 24 23 22 21 20 19

r(C-C) (A)
Scheme 5. Plots of the electrostatic (AVEista), orbital (AEorw), Pauli (AEpaui)
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transition state geometries. Energies were calculated at the M06-2X/TZ2P level.

Conclusion

In conclusion, simple nitroarenes such as nitronaphthalenes and
nitroquinolines smoothly undergo diastereoselective
dearomatizing [4+2] cycloadditions with cyclic silyloxydienes
under 16 kbar pressure at room temperature. These mild thermal
conditions preserve 3-dimensionality in the polycyclic adducts by
reducing the propensity for rearomatization by nitrous acid
elimination. DFT calculations proved effective in determining the
suitability of the dienic component for such reactions and correctly
predicted the observed diastereoselectivity. They revealed that
diene substitution at the reacting carbon atom (R* in Scheme 1)
is a key factor determining the favorability of endo or exo
approaches. With diene 2p, late TSs are localized
computationally, with a lower distortion of the substrates in the
exo approach. This latter is also characterized by more favorable
orbital interactions, presumably between the nitro group and the
dienic part and this leads to the exclusive formation of the exo
diastereomer in this case. We are currently looking to extend the
methodology to enantioselective processes through use of chiral
catalysts.
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exo selective

Dearomative Diels-Alder cycloadditions between simple nitroarenes and cyclic silyloxydienes are carried out under high pressure at
room temperature in the absence of any chemical promoter to generate 3D-scaffolds with exquisite exo-diastereoselectivity, the exo
approach being characterized by a lower distortion of the substrate and by more favorable orbital interactions presumably between the
nitro group and the dienic part.



