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ABSTRACT

The synthesis of optically active, carboannulated dihydronaphthoquinone and naphthoquinone derivatives with up to four stereogenic centers is
demonstrated by H-bond-directed, trienamine-mediated [4 þ 2]-cycloadditions. The outcome of the reaction between 2,4-dienals and 1,4-
naphthoquinones is controlled by the substituent in the 2-position of the 1,4-naphthoquinone. In the case of sterically demanding 2-substituted
derivatives, dihydronaphthoquinones are obtained. However, when a hydrogen atom is present in the 2-position, a subsequent oxidation of the
initially formed cycloadducts occurs yielding naphthoquinones.

The carboannulated naphthoquinone and dihydro-
naphthoquinone structural motif is an important carbo-
cyclic scaffold present in various compounds relevant for
life science.1 Selected examples of natural products con-
taining such a framework are shown in Figure 1. Zeyla-
none and juglorescein have been isolated from the shrub
Plumbago zeylanica and from Streptomyces strains GW4184
and 815, respectively.2 Zeylanone is known for its antifungal
and antibacterial activities as well as cytotoxicity.2b Owing to
the broad availability from natural sources and intriguing
biological properties, interest in compounds containing the
carboannulated naphthoquinone and dihydronaphthoqui-
none structural motif is growing. As a consequence, the

development of stereoselective methods for their prepara-
tion is important.

Figure 1. Carboannulated naphthoquinone and dihydronaphtho-
quinone motif and important derivatives.
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In recent years, 1,4-benzoquinones and 1,4-naphthoqui-
nones have received considerable attention in asymmetric
organocatalysis.3 Most strategies applying these com-
pounds take advantage of the fact that these systems are
powerful Michael acceptors easily undergoing subsequent
rearomatization or reoxidation.3,4 In contrast, enantiose-
lective transformations involving application of these
compounds in cycloaddition reactions are rare.5

Among different activation strategies allowing for cy-
cloaddition reactions, the application of vinylogous and
hyper-vinylogous, enamine-based nucleophiles is an im-
portant topic.6 In most cases, the stereochemical outcome
of dienamine- or trienamine-mediated reactions is gov-
erned by the steric shielding effect exerted by the bulky
substituent present in the aminocatalyst, with silyl pro-
tected diarylprolinols being the most potent group of
catalysts.6 Recently, an alternative strategy has been de-
vised utilizing H-bond-directing aminocatalysis.7 In this
approach, the corresponding aminocatalyst serves a triple
purpose. First, it activates the starting enalor 2,4-dienal via
dienamine or trienamine formation, respectively. Second,
it independently activates the electrophilic counterpart via
H-bonding interactions. Finally, it positions the reactive
species correctly in space allowing for facile and smooth
remote functionalizations.
Surprisingly, to the best of our knowledge, simple 1,4-

naphthoquinones and their derivatives have never before
been employed as electrophilic reagents in trienamine
chemistry.We envisioned that application of these systems
in such a stereodifferentiating process might open access
to various important and interesting carboannulated

products (Scheme 1). Notably, depending on the substitu-
tion pattern of the starting 1,4-naphthoquinones various
reactivities might take place. It was anticipated that when
2-substituted naphthoquinones were employed in organo-
catalytic reactions with 2,4-dienals, via a trienamine inter-
mediate, a classical [4 þ 2]-Diels�Alder-cycloaddition
could occur leading to the stereoselective formation of
dihydronaphthoquinones. It should be noted that 2-sub-
stitutednaphthoquinones are challenging substrates due to
the fact that Michael additions to sterically demanding
acceptors are usually relatively slow and highly reversible.
A different reactivity pattern can be assumed when simple
1,4-naphthoquinones that do not contain the 2-substituent
are considered. For such systems, subsequent oxidation of
the originally formed cycloadduct to give naphthoqui-
nones could be expected.3a,c,f,g However, in this case
further challenges related to aromatization of the products
or originally formed cycloadducts had to be taken into
consideration.3b,d,e,4

Despite the potential problems related to the reactivity
and chemo- and stereoselectivity of the devised strategies,
studies on the application of substituted 1,4-naphthoqui-
nones 2 in trienamine-mediated Diels�Alder reactions
using 2,4-dienals 1 were undertaken. In the first part of
the studies, the possibility to employ 2-substituted-1,4-
naphthoquinones 2 was evaluated (Scheme 2). Initial
screening demonstrated that the aminocatalyst 3 with a
H-bond-directing group incorporated was performing
better than the classical TMS-protected diphenylprolinol
catalyst in the reaction (see Supporting Information for
details). Furthermore, employment of 1,2-dichloroethane
as a solvent and performing the reaction at elevated
temperature proved beneficial for the reaction outcome.
Notably, the presence of N,N-diethylacetamide (DEA)
was important for the catalytic activity of the system.
Under these conditions various 2-substituted-1,4-naphtho-
quinones2 couldbe successfully employedopeningaccess to
different carboannulated dihydronaphthoquinones 4a�e
containing a quaternary stereogenic center. Both aromatic
and aliphatic substituents could be present in the 2-position

Scheme 1. Trienamine-Mediated H-Bond Directed Synthesis of
CarboannulatedNaphthoquinones andDihydronaphthoquinones
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of 2without significant influence on the reaction outcome.
All of the reactions proceeded in a highly enantio- and
diastereoselective fashion providing 4a�e in moderate to
good yields. Furthermore, the reactions were fully regio-
selective as products were formed as a single regioisomer.
Notably, other 2,4-dienals 1 could also be successfully
employed as demonstrated for the cyclohexyl-derived
substrate providing 4f in moderate yield and high dia-
stereo- and enantioselectivity. Interestingly, 2-substituted
benzoquinones proved unreactive under the conditions
employed.

In the course of further studies, 1,4-naphthoquinones
that did not contain the substituent in the 2-position were
examined. Interestingly, when the optimized reaction con-
ditions were employed, the reaction proceeded with con-
comitant oxidation of the initially formed cycloadduct.
The excess of the unsubstituted 1,4-naphthoquinone
served as the oxidant in this reaction as the consecutive
formation of 1,4-dihydroxynaphthalene was observed in
the 1H NMR spectra of the crude reaction mixtures.8

Importantly, other 2,4-dienals 1 proved to be valid sub-
strates in the developed cascade involving [4þ 2]-cycload-
dition followed by oxidation as demonstrated in the
synthesis of naphthoquinones 5. Interestingly, reactions

with different 2,4-dienals, allowing for the introduction of
an additional stereogenic center in the products 5e�g,
proceeded only with moderate enantioselectivity (Scheme 3).
Disappointingly, all attempts to extend the developed
strategy to simple benzoquinones failed. In contrast, em-
ployment of 1,4-anthraquinone possessing an extended
fused aromatic system in the reaction sequence proved
possible yielding 5hwith comparable results.Utilization of
unsymmetrical 1,4-naphthoquinones with a substituent on
the aromatic part of 2 led to mixtures of isomers due to
low regioselectivity.

The synthetic potential of the cycloadducts obtainedwas
demonstrated in different stereoselective transformations
(Scheme 4). Initially, cycloadducts 4d,e were subjected to
NHC-catalyzed intramolecular benzoin condensation for
the construction of the cyclopentanone ring. To our de-
light, NHC-precatalyst 6 was an efficient promoter of the
transformation, as tetracyclic compounds 7were formed in

Scheme 2. Scope in Trienamine-Mediated Diels�Alder Reac-
tions between 2,4-Dienals 1 and Substituted 1,4-Naphthoqui-
nones 2 for the Formation of Dihydronaphthoquionones 4a

aAll reactions performed on a 0.2 mmol scale (see Supporting
Information for details). Isolated yields are given. Diastereomeric ratio
(dr) determined by 1H NMR spectroscopy. Enantiomeric excess (ee)
determined by chiral stationary phase UPC2 (see Supporting Informa-
tion for details). For compounds 4d,e, the enantiomeric excess was
determined after the transformation into corresponding 7a,b.

Scheme 3. Scope inTrienamine-MediatedDiels�Alder-Oxidation
Cascade in the Reaction between 2,4-Dienals 1 and
1,4-Naphthoquinones 2 for the Formation of Optically Active
Naphthoquinones 5a

aAll reactions performed on a 0.2 mmol scale (see Supporting
Information for details). Isolated yields are given. Diastereomeric ratio
(dr) determined by 1H NMR spectroscopy. Enantiomeric excess (ee)
determined by chiral stationary phase UPC2 (see Supporting Informa-
tion for details).
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good yields. Furthermore, stereochemical information in-
troduced in the first organocatalytic step was preserved in
the reaction yielding products 7a,b in a highly stereoselec-
tive fashion. Subsequently, the introduction of a tetrahy-
dropyranemotif into the products was attempted. For this
reason, dihydronaphthoquinone 4d was subjected to a
sequence of reactions involving chemoselective reduction
of an aldehyde moiety followed by reductive etherification
yielding 8 in good overall yield as a single diastereoisomer.
The absolute and relative configuration of products 4

and 5 was assigned by analogy to the previous work on

exo-selective trienamine-mediated reactions.9,10 It is as-
sumed that the carbonyl group of the corresponding 1,4-
naphthoquinone 2 is involved in the recognition process
with the H-bonding site of the catalyst 3. Hereby, exo-
approach of the dienophile to trienamine reacting in the
(C2�C3)-s-trans-(C4�C5)-s-cis conformation is postu-
lated to occur.
In conclusion, a stereoselective approach to enantio-

merically enriched carboannulated dihydronaphthoqui-
nones and naphthoquinones has been developed. The
strategy was based on a trienamine-mediated H-bond
directed [4 þ 2]-cycloaddition reaction utilizing 2,4-dienals
and 1,4-naphthoquinones as reactants. The reaction out-
comewas possible to control by the choice of the substituent
in the 2-position of the naphthoquinone counterpart.While
unsubstitutedderivativesunderwent a subsequentoxidation
reaction yielding naphthoquinone derivatives as the final
product, 2-substituted-1,4-naphthoquinones led to the for-
mation of dihydronaphthoquinones bearing a quaternary
stereogenic center. Importantly, reactions proceeded in
moderate to good yields, and the stereoselectivities were in
most cases high. Moreover, the potential of the cycload-
ducts obtained was demonstrated in various stereoselective
transformations leading to polycyclic frameworkswith high
stereochemical complexity.
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Scheme 4. Diastereoselective Transformations of Cycloadducts 4
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