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Letters
Highly strained dihydroanthraquinones:
oxidation versus elimination
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Abstract—The chemistry of strained dihydroanthraquinones was investigated for the purpose of developing syntheses for highly
strained anthraquinones. The reaction of (1,4-dihydro-9,10-dioxo-anthracen-1-yl)-acetates with triethylamine under aerobic con-
ditions was found to be dependent on the degree of substitution on the acetate. Dihydroanthraquinones bearing dimethylacetates
underwent elimination of enolate exclusively, while those without acetate substitution dehydrogenated as expected. Furthermore,
oxidation of the cyclohexadiene ring using iodine failed due to a competitive iodolactonization reaction. The desired strained
anthraquinones could be prepared, in low yield, by treatment of the resulting lactones with acidic ethanol.
� 2004 Published by Elsevier Ltd.
During the course of research involving the photo-
chemistry of hydroxyanthraquinones, we required
1-hydroxyanthraquinones (see Scheme 1) with bulky
substituents in either the 5- or 8- position.1 Our syn-
thetic strategy for these molecules started with a Diels–
Alder reaction between dienes 1 and juglone (2a), to give
tetrahydroanthraquinone adducts.2 Our strategy then
planned for oxidation of the cyclohexene and aromati-
zation of the resulting cyclohexadiene.3

1,4-Dihydroanthraquinone acetates (e.g., 3a) are con-
stitutional isomers of the corresponding 9,10-dihydr-
oxyanthracenes (hydroquinones), and they were
expected to oxidize in a similar fashion. The oxidation
of anthrahydroquinones to anthraquinones with oxygen
is a well known and usually facile reaction.4 Treatment
with air under basic conditions is a common method of
oxidizing hydroquinones.5 The oxidation of Diels–Alder
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Scheme 1. Elimination of enolate from 3a.

Keywords: Anthraquinone; Oxidation; Strain.

* Corresponding author. Tel.: +1-336-758-3708; fax: +1-336-758-4656; e-mai

0040-4039/$ - see front matter � 2004 Published by Elsevier Ltd.

doi:10.1016/j.tetlet.2004.02.041
adducts to cyclohexadienes and then to anthraquinones
was not anticipated to be difficult.6

However, 3a displayed an unusual sensitivity to mild
bases resulting in the loss of the acetate functionality
(Scheme 1).7 The expected oxidation product (4a) was
not detected. Instead 1-hydroxy-7-methylanthraquinone
(5a) was obtained in 91% yield. We suspected the
elimination of an enolate, in a reaction similar to the
elimination of methanol from 1-methoxy-1,4-dihydro-
anthraquinones.8 The dimethylacetate moiety of 3a, and
the resulting steric congestion in the desired oxidation
step, was suspected as the cause of this unexpected
reactivity.

The result prompted our further investigation of this
novel reaction. A series of 1,4-dihydroanthraquinone
compounds (3b–e) was prepared to study the reaction
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Scheme 2. Preparation of dihydroanthraquinones.

Table 1. Product distribution in oxidation/elimination of di-

hydroanthraquinone acetates

Entry Substrate 4 5 6 7

1 3a 0 91 0 Trace

2 3b 0 85 0 0

3 3c 0 74 0 21

4 3d 45 8 44 0

5 3e 83 0 17 0
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(Scheme 2).9 These compounds were obtained using an
AlCl3 catalyzed Diels–Alder reaction of 1,4-naphtho-
quinone 2b and 3,5-diene esters, 1b–e. Silica gel chro-
matography of the initial cyclohexene adducts (not
shown) resulted in partial conversion of the cyclohexene
ring to a 1,4-cyclohexadiene. Therefore, the crude Diels–
Alder adducts were stirred with silica gel to give 1,4-
dihydroanthraquinones 3a–c.

The behavior of 3a–e under alkaline aerobic conditions
was investigated (Scheme 3). Equal concentrations of
substrates 3a–e were treated with triethylamine at room
temperature in oxygen saturated dichloromethane. In
each case, either an anthraquinone acetate 4 or
unfunctionalized anthraquinone 5 was the major prod-
uct. Formation of oxidation product 4 was accompanied
by the formation of varying amounts of dimer 6;10;11

elimination product 5 was accompanied by anthrone
product 7 and ester products 8 and 9. Isolated yields for
products 4–7 are shown in Table 1.

The difference in reactivity between dimethylacetates
3a–c, which have some degree of methyl substitution at
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Scheme 3. Products of the TEA elimination/oxidation of substituted dihydr
the a-position, and 3e, which lacks methyl groups at the
a-position, was distinct. The former compounds
underwent elimination of enolate exclusively upon
treatment with base to afford an anthraquinone and
isobutyrate. The latter successfully oxidized to the
substituted anthraquinone (as well as dimerization).

The dependence of the reaction pathway upon substi-
tution at the a-position of the acetate group argues for a
steric role in guiding the preferred pathway. Two pos-
sible mechanisms to account for the observed products
are shown in Scheme 4. For the dimethylacetates, the
only observed reaction pathway was enolate elimination
(step a, mechanism 1). Attack by the enolate at the
carbonyl of the newly formed anthraquinone led to
hydroxyanthrone, 7c (b). This step presumably must
occur before solvent separation permits protonation of
the enolate (c) to form ester 8c (see below).

In contrast, in the case of unsubstituted 3e, oxidation
(mechanism 2) is the dominant pathway and elimination
of enolate was not observed. Deprotonation of 3e pro-
duced a semiquinone oxyanion, 10e (d). Instead of
elimination, single-electron transfer occurred between
molecular oxygen and 10e to give semiquinone radical
11e and superoxide (e) as part of the usual mechanism of
hydroquinone oxidation.12 Protonation of superoxide
affords hydroperoxyl radical and regenerates triethyl-
amine. Abstraction of the methine hydrogen of 11e by
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Figure 1. X-ray crystal structure of 3c.
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Scheme 4. Proposed mechanism of elimination/oxidation.
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hydroperoxyl radical aromatized the ring and gave
anthraquinone acetate 4e (f). In competition with this
step, the semiquinone radical 11e may dimerize to the
bis-1,2-dihydroanthraquinone, 6e (g), though this is a
minor reaction for 3e.

Though it is unclear why the elimination should proceed
so much faster than the oxidation in 3c, the results of
our experiments are consistent with a steric role in the
outcome of the reaction. Oxidation of dihydroanthra-
quinones 3a–e requires the acetate group to move from a
position above the quinone ring into the plane of the
quinone (11fi 4). During this movement, the acetate
group must pass close to the proximal quinone oxygen.
In 3a–c, the geminal dimethyl substitution requires that
one methyl group make a close contact with this oxygen
(data not shown). The steric interaction of the methyl
and oxygen is enough to greatly retard the rate of oxi-
dation. In 3e, the methyl groups are absent and the
protons on the acetate methylene have sufficient room to
slide by the quinone oxygen.

Elimination of enolate, on the other hand, relieves
unfavorable steric interactions in the dihydroanthra-
quinones. The X-ray crystal structure of 3c is shown in
Figure 1.13 An examination of the structural parameters
shows a lengthening of the C1–C15 sp3–sp3 bond to
1.574(4)�A and an opening of the tetrahedral angle at
C13–C1–C15 to 112.6(2)�. This region of the molecule is
sterically crowded with a number of short intramolec-
ular nonbonded contacts. The contacts involve carbonyl
carbon (C16) [C16� � �O28, 2.937(4)�A; C16� � �C9,
3.086(4)�A; C16� � �C13, 3.005(4)�A], oxygen O28
(O28� � �H21, 2.69�A), and methyl carbons C17
(C17� � �H2, 2.81�A) and C18 [C18� � �C14, 3.425(4)�A;
C18� � �C3, 3.422�A]. These close contacts likely create a
barrier to the acetate group becoming coplanar with the
quinone carbonyl, as would be required in going from
3c to 4c.

The formation of anthrone product 7c suggests that the
leaving group in the elimination reaction is an enolate.14

Once free, this enolate adds to the quinone carbonyl
before separation and protonation occurs. In a control
reaction, triethylamine failed to promote the addition of
benzyl isobutyrate to anthraquinone under the condi-
tions of the oxidation. This suggests that the production
of anthrone occurs from a caged pair. However, benzyl
hydroxyisobutyrate 9c was observed when benzyl
isobutyrate was treated with TEA in the presence of
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oxygen, demonstrating that 9c is a secondary product
formed after elimination.

Substrate 3d provides an interesting midpoint between
the dimethyl substrates 3a–c and unsubstituted 3e.
Anthraquinone (elimination product) was produced in
small (8%) yield. Enolate elimination for 3d is expected
to be slower than enolate elimination for 3a–c due to
reduced steric strain in the dihydroanthraquinone. Sur-
prisingly, the quantity of dimer 6d produced was nearly
equal to the amount of oxidation product 4d. This
suggests that the dynamic concentration of radical 11d
must increase relative to that found in the oxidation of
3e in order for dimerization (g) to compete with aro-
matization. Hydrogen abstraction (f) thus appears to be
rate limiting for the oxidation of substrates 3d–e;
abstraction must be markedly slower for 3d. If the oxi-
dation reaction of 3d is quenched with aqueous acid
within a few minutes of amine addition, a significant
amount of a 1,2-dihydroanthraquinone acetate product
is observed in addition to the usual products. Further-
more, when 3d is treated with triethylamine under
anaerobic conditions, no oxidation is observed while the
amount of elimination (5c) is unchanged.

Finally, we attempted to oxidize the cyclohexadiene ring
of 3a with iodine (Scheme 5). Again, oxidation to the
anthraquinone was not observed. Instead, iodolacton-
ization occurred.15 The iodolactone, 12, converted
slowly to 13 under ambient conditions and, therefore,
was immediately treated with triethylamine to produce
13 in 88% yield from 3a.16–18 This compound could be
converted, in low yield, to the desired anthraquinone 4a
by heating 13 in 0.5M H2SO4 in ethanol for 120 h.

In summary, we have found that sterically congested
dihydroanthraquinones exhibit unusual reactivity pat-
terns when exposed to base or oxidants. Oxidation to
the corresponding anthraquinone is not observed.
Alternative reaction pathways, such as elimination of
enolate or iodolactonization involving esters are com-
petitive with the desired oxidation. We continue to
investigate the interesting chemistry of strained anthra-
quinones and will report on additional syntheses of
these molecules and their chemistry in the future.
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