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Acylnitroso species are very reactive dienophiles broadly used in organic synthesis. They are traditionally
prepared from the oxidation of hydroxamic acids at low temperature. When this strategy fails, acylnitr-
oso compounds may be generated from other stable sources, for example, their (9,10-dimethyl)anthrace-
nyl cycloadducts. The thermolysis of such compounds performed in the presence of a diene leads
generally to the corresponding hetero Diels–Alder (HD–A) cycloadduct in high yield with concomitant
release of anthracene. The most widely accepted mechanism is the postulated slow release of acylnitroso
via a retro Diels–Alder process, although the anthracenyl acylnitroso cycloadducts bear intrinsic struc-
tural features suggesting another pathway, that is, an exchange process. By using computational chem-
istry, we have hereby clarified the exact role of anthracene in this reaction.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction sponding [4+2] anthracenyl cycloadducts.13 This D–A process
Acylnitroso species are very reactive and unstable compounds.
They cannot be observed directly, and concrete proof of their exis-
tence has been reported very recently by time-resolved IR spec-
troscopy.1 Until this direct proof, only indirect evidences of their
exact nature were known (e.g., degradation products, trapping
products, etc.).2,3 Despite their instability, acylnitroso compounds
became rapidly popular in organic synthesis.4,5 Indeed, nitroso
compounds allow the direct introduction of both amino and hydro-
xy functions in one step via a hetero Diels–Alder (HD–A) reac-
tion.6,7 The synthetic methods for their generation are still
limited.8 As a consequence of their high reactivity, they are tradi-
tionally generated in situ in the presence of the diene.9 In absence
of any species susceptible to react with, acylnitroso species under-
go rapidly dimerization and degradation. The most widespread
method for acylnitroso generation requires the oxidation of the
corresponding stable hydroxamic acid, using the modified Moff-
att–Swern protocol,8 organic or inorganic periodates,8 metal-based
oxidation,10 etc. Sometimes, due to substrate incompatibility or
unreactive dienes, they have to be alternatively prepared from
other stable sources such as nitrile oxides11 or from anthracenyl
cycloadducts.12 Anthracene is a masked inner diene reactive to-
wards a wide variety of dienophiles, which leads to the corre-
ll rights reserved.
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remains a chemical equilibrium, strongly affected by temperature,
substitution of the anthracenyl moiety and solvent nature.13,14 The
reversibility of this D–A addition promotes anthracene and deriva-
tives (mainly 9,10-dimethylanthracene) as efficient trapping
agents for various transient species. 8,15 Under specific conditions
(e.g., thermal decomposition), the trapped species can be released
in the reaction medium. When the thermal decomposition of acyl-
nitroso anthracenyl cycloadducts is processed in the presence of
another diene, the corresponding cycloadduct is generally ob-
served, with concomitant release of anthracene. This experimental
trick has been used a lot when direct oxidation of hydroxamic acids
in the presence of the diene remains unsuccessful (Fig. 1).

The retro HD–A process releasing acylnitroso compounds by
thermolysis is widely accepted by organic chemists.4,16 A literature
survey reveals some intriguing structural features of these anth-
racenyl adducts17 that could suggest another reaction pathway
than the classical retro HD–A, that is, an exchange process, in
which the trapped acylnitroso behaves as an electrophile (Fig. 2).

2. Results and discussion

Although the two reactions lead to the same cycloadduct, a fine
understanding of the incriminated species could have significant
importance for reaction optimization and further development.18

As our research groups are involved in the HD–A reactions of
poorly activated dienes19 with acylnitroso species, we have
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Figure 1. Kirby’s functionalization of Thebaine.
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decided to rationalize the exact role of the anthracene derivative in
these reactions. Butadiene (1), nitrosomethane (2), acetylnitroso
(3) and anthracene (6) were selected as model compounds for this
theoretical study.

In view to collect information about the implication of anthra-
cene (cofactor or spectator), we have computed both anthracene-
assisted and unassisted pathways (Fig. 3). First, we have studied
the exchange barrier for the unassisted reaction, that is, without
HD-A reaction
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Table 1
Activation barriers and relative energies for the important points of the retro HD–A/
exchange sequence assisted by anthracene (see Figs. 3 and 4)

Energies (kcal mol�1)

MeNO AcNO

TS1 20.7 9.4
7 or 8 �0.6 �18.2
TS2 42.9 40.8
INT1 38.3 37.0
TS3 42.0 42.8
4 or 5 �28.9 �33.3

Retro HD–A 21.3 27.6
Exchange 42.0 40.8

Table 2
Structural features for cycloadducts 4–8

N
OR

1

2
3

4

R=Me, Ac

Bond length and atom distance (Å)

d1,2 d4,3 d4,1 d3,2

4 1.434 1.466 2.866 1.439
5 1.434 1.456 2.897 1.416
7 1.460 1.507 2.513 1.475
8 1.476 1.495 2.523 1.442
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exchange would not be a competitive reaction (circa 60 kcal mol�1

for both species). The direct exchange between butadiene and the
corresponding cycloadduct takes part stepwise. Also, the nitroso
substitution (Me or Ac) induces no particular effect for the ex-
change process, but this substitution induces an important effect
for the HD–A step.20 While the addition of nitrosomethane (2) onto
anthracene (6) appeared to be a nearly thermoneutral process (see
Figs. 3 and 4 and Table 1), addition of acetylnitroso (3) to anthra-
cene (6) is a strongly exothermic reaction.21

This is in fact the only main difference between the two reac-
tion profiles obtained for nitrosomethane (2) and acetylnitroso
(3) (Fig. 4). Indeed, both exchange processes from cycloadducts 7
(R1 = Me) or 8 (R1 = Ac) with butadiene (1) cost about 40 kcal mol�1

and proceed stepwise. From the electronic point of view, a NBO
analysis of the obtained intermediate, as well as the localized orbi-
tal description, reveals a three centre delocalization which appears
on the diene moiety after formation of the CO bond. Its coupled
counterpart is found in the anthracenic moiety opposite to the
CN bond. Comparison of the activation barriers for the retro HD–
A process for the anthracenyl cycloadducts derived from nitro-
somethane and acetylnitroso revealed a difference of about
10 kcal mol�1 in favour of nitrosomethane. The retro HD–A process
(Fig. 3) costs 21.3 kcal mol�1 and 27.6 kcal mol�1 for the anthrace-
nyl cycloadducts 7–8, respectively. As it is, the exchange process
could not be a competitive process, even for acetylnitroso (2).3f

The B3LYP/6-31G(d,p) geometries for the important local extre-
ma for the chemical behaviour of anthracenyl cycloadduct 7
(R = Me) are presented in Fig. 4. Some structural data are presented
in Table 2 for the cycloadducts derived from butadiene and anthra-
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Figure 4. Global reaction profiles for the exchange process promoted by anthracene (B3LYP/6-31G(d,p)). Keys: profile in black: exchange process for anthracenyl
nitrosomethane cycloadduct 7 and butadiene; profile in red: exchange process for anthracenyl acetylnitroso cycloadduct 8 and butadiene (*from the concatenation of several
reaction coordinates).
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cene. Globally, longer bond lengths for anthracenyl derivatives are
consistent with an increased tendency for the retro HD–A process
(36.4 kcal mol�1 for 4, 50.2 kcal mol�1 for 5, 21.3 kcal mol�1 for 7
and 27.6 kcal mol�1 for 8), in good agreement with previous
studies.22

3. Conclusion

To conclude, anthracenyl acylnitroso cycloadduct 8 behaves
well as a stable source for acylnitroso species: the cycloreversion
(retro HD–A) performed under thermal conditions needs to over-
come an activation barrier of 27.6 kcal mol�1. Statistically, the di-
rect exchange with a diene would not be a competitive reaction
(40.8 kcal mol�1). Under conditions of thermolysis, these anthrace-
nyl acylnitroso cycloadducts release slowly acylnitroso species in
the reaction medium. This could rationalize why acylnitroso spe-
cies generated from their stable anthracenyl cycloadducts (i.e., at
high temperature) lead more successfully to the corresponding
cycloadducts of unconstrained dienes than the classical periodate
oxidation of hydroxamic acids (i.e., at low temperature).8 Indeed,
under thermolysis conditions, the cisoid state of the diene is more
populated than the fundamental transoid one; accordingly, gener-
ated acylnitroso species could undergo HD–A cycloadditions. At
lower temperature, the cisoid state of the diene is not sufficiently
populated: acylnitroso species could not cycloadd, accumulate in
the reaction medium, dimerize and then undergo degradation.3

As nitroso compounds are very reactive partners, the fundamental
cisoid–transoid equilibrium for unconstrained dienes could act as
the rate determining step of the [4+2] cycloaddition.23 This is also
in good agreement with the observation that cisoid constrained
dienes (such as cyclopentadiene) are very reactive towards acyl-
nitroso dienophiles generated at low temperature.8

4. Computational details

All structures are optimized at B3LYP24 level of theory using a 6-
31G(d,p) basis set and the Gaussian series of programs.25 All possi-
ble conformations have been investigated and the most stable con-
former is retained. Reactants are allowed to interact on the
Potential Energy Surface (PES) and form a Van der Waals (VDW)
intermolecular pre-reaction complex. The rearrangement of such
a complex on the (3N-6) singlet hypersurface evolves, passing
through the activated complex, to the product. For each species a
full optimization was performed using the analytical second deriv-
atives to ensure the quality of the stationary points. For the Tran-
sition States (TS), the correctness of the curvature and its
corresponding eigenvector were checked in order to guarantee
the quality of the obtained results. Accordingly, the Intrinsic Reac-
tion Coordinate (IRC)26 was followed to highlight the reaction
pathway. Natural Bond Orbitals (NBO) analysis brings some further
insight on the electronic structure and charge distribution of the
considered species.27
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