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1. Introduction

Anthracene was first isolated in 1833 from coal tar. Since its
discovery it has been used for a diverse range of chemical
applications from the preparation of alizarin dyes to use in
electroluminescent devices. As such, much varied and
interesting chemistry has been developed for the
functionalisation and modification of the anthracene
aromatic ring system. However, perhaps one of the more
intriguing aspects of the chemistry of anthracene is the
ability to undergo both thermal and photochemical Diels—
Alder cycloadditions with a variety of dienophiles across the
9 and 10 positions. This report aims to give an overview of
such reactions of anthracene, 9-subtituted anthracenes and
9,10-substituted anthracenes.
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2. Mechanism of Diels—Alder reactions with anthracene
2.1. Thermal mechanism

The mechanism of the thermal [4+2] cycloaddition reaction
of anthracene with a dienophile has been the source of much
conjecture.! The stereochemistry of the reaction involves
exclusive cis addition of the dienophile to anthracene where
the cis or trans stereochemistry of the dienophile is retained
in the product.> The retention of stereochemistry has led
many groups to postulate a concerted mechanism, where the
new o bonds are formed simultaneously either by direct
addition, or via an intermediate charge—transfer complex or
an electron donor—acceptor molecular complex.?> Another
possibility is a two-step reaction mechanism where the
reaction proceeds via a zwitterionic or diradical inter-
mediate.> For a two-step mechanism to occur with
retention of stereochemistry, the second step of the
reaction would have to be much faster than the rotation
about the C—C ¢ bond of the intermediate formed in the first
step.
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Many studies have noted the production of a transient colour
that disappears as the thermal Diels—Alder reaction
proceeds. This has been attributed to the formation of a
charge—transfer complex during the course of the reaction
and seems, therefore, to provide evidence for a concerted
mechanism.!3* Studies carried out with 1,4-dithiins 1 and
anthracene 2 and its derivatives 3—5 (Scheme 1) have
shown that the formation of the Diels—Alder adducts 6 can
in fact occur either via a charge—transfer complex or by
direct addition, depending on the properties of the
anthracene derivative used.’
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Scheme 1. Reagents and conditions: (i) CgHg, A.

The first pathway proceeding via the formation of a charge—
transfer complex was dominant when using anthracene 2
and the electron-rich derivatives 3 and 4. Evidence for
charge—transfer complex formation came from the colour
change seen during the course of the reaction. The
formation, and subsequent disappearance of the charge—
transfer complex was monitored using UV spectro-
photometry observing absorption bands in the region of
400 to 650 nm. The second pathway, by direct cyclo-
addition, was only available for the modestly electron-
deficient anthracene derivative 5. The change in mechanism
was accompanied by a decrease in the reaction rate. In terms
of FMO theory, the rate trend paralleled the HOMO energy
levels with charge—transfer complex formation only
occurring when the HOMO-LUMO energy difference
between diene and dienophile was small, whereas the direct
cycloaddition mechanism occurred when this difference was
much larger.

The effect of solvent on the rate of reaction has been studied
by many groups.?*°~8 The electron-donating ability of the
solvent has been shown to be an important factor that affects
the rate of reaction. Electron-donating solvents increase
solvation of the dienophile that can in turn decrease the
reaction rate.’ Solvents that are electron accepting can, in
some cases, increase the rate of reaction by stabilisation of
the transition state, which can be regarded as being electron
rich.8° Aromatic solvents produce large increases in
reactivity with dienophiles that are capable of very strong
charge—transfer interactions,® while salt effects have been

observed for reactions performed in water.'%!! However, in
general, the influence of the solvent on the rate of reaction,
independent of the system investigated, has been shown to
be relatively small, rarely above a factor of ten. This can be
seen as evidence for a concerted mechanism as solvent
effects would be expected to be large if a stepwise
mechanism was in operation due to solvent stabilisation/
destabilisation of zwitterionic or diradical intermediates.>-°
However, the use of highly-fluorinated solvents has
been shown to have a dramatic effect on the rate of the
Diels—Alder reaction of 9-hydroxymethylanthracene and
N-ethylmaleimide.!? Additionally, changes in the solvent
can also have an effect on the endo/exo selectivity of the
Diels—Alder reaction by a complex combination of solvent
solvophobicity, dipolarity and hydrogen bond-donating
effects.®

The rate of the Diels—Alder reaction of anthracene appears
to be governed much more by temperature and substituent
effects.®!3~15 As the Diels—Alder reaction of anthracene is
an equilibrium process, changes in temperature have a
decisive effect on the position of the equilibrium. Lower
reaction temperatures coupled with an excess of dienophile
can increase the forward reaction rate, whereas higher
temperatures can actually favour the retro Diels—Alder
reaction. This has been clearly demonstrated in studies
where the amounts of adduct obtained from the reaction of a
diene (D) and maleic anhydride (M) using different reaction
conditions were measured and compared (Table 1).!°

Table 1. Effect of reaction conditions upon the equilibrium position of the
Diels—Alder reaction

Diene Adduct in equilibrium mixture (%)

1:1 (D:M) 1:30 (D:M) 1:1 (D:M)

in xylene in xylene in benzene
Anthracene 99 - -
9-Methylanthracene 99 - -
9,10-Dimethylanthracene 98 - -
9-Phenylanthracene 75 97 -
9,10-Diphenylanthracene 16 78 -
1,2-Benzanthracene 84 99 -
1,2,5,6-Dibenzanthracene 30 91 -
3-Methylcholanthrene 22 83 94

Substituent effects have been found to be much more
complex, with either substituents on anthracene, sub-
stituents on the dienophile, or a combination of the two
features to be considered. In general, the reactivity of
anthracene can be increased by substitution with
electron-donating groups in the 9 and 10 positions, whereas
electron-withdrawing substituents have the opposite
effect.®1%17 However, in some cases, the steric effect of
substituents can decrease the reaction rate by overriding any
electronic effects. For example, substitution with the
normally-electron-donating Me;Si group in the 9 position
results in very little rate enhancement over anthracene, and
disubstitution with Me;Si leads to a complete lack of
reactivity.> The relationship between electronic and steric
effects has been shown to be complex, with sterically-
demanding groups often reacting faster than less bulky
groups. It has been suggested that this effect is due to a
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release of the compression placed on bulky groups by the
peri hydrogen atoms of anthracene with the change in
hybridisation from sp? to sp? that occurs in the Diels—Alder
reaction.?

The dienophile in the Diels—Alder reaction may be
considered to have Lewis acid character, accepting the
electrons from a donor (the diene).'!® The main effect of
substituents on the dienophile is to alter the electronic
properties, thus changing its ability to accept m elec-
trons.!#!5-17 Therefore, electron-withdrawing substituents
generally increase the reactivity of the dienophile by
increasing its ability to accept m electrons. Again, the
relationship between steric and electronic effects is com-
plex, but substituents that can hinder attack from either side
of the plane of the dienophile generally have a detrimental
effect on the rate of reaction. For example, the reactivity of
a-substituted maleic anhydride derivatives was shown to be
reduced when highly-branched substituents (e.g. isopropyl
and cyclopentyl) were used.!® This was thought to be due to
the low number of conformations that the substituent could
adopt where attack from either side of the plane of the
dienophile was possible. When less-highly-branched sub-
stituents were used, the number of conformations that the
substituent could adopt was thought to be much greater.
Certainly, the detrimental effect on the reactivity was either
much less pronounced or non-existent.

2.2. Photochemical mechanism

The unimolecular photochemical dimerisation of
anthracene has a long history that has been extensively
reviewed.'®=22 In brief, Fritzsche discovered in 1866 that
solar irradiation of a saturated benzenic solution of a
hydrocarbon, later named ‘photene’, led to a crystalline
compound, later named ‘paraphotene’, which reverted back
to the starting material thermally. Later, photene was
identified as anthracene and paraphotene was shown to be a
dimer that, unlike anthracene, did not emit fluorescence.
Subsequently, the structural properties of 9-substituted
anthracene photodimers were investigated. Two monomers
of 9-substituted anthracene were found to associate with a
head-to-head or a head-to-tail manner leading to head-to-
head and head-to-tail photodimers.
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Whereas the Woodward—Hoffmann rules dictate that [4+4]
concerted photocycloadditions, like those above, are
allowed processes, [4+42], concerted photocycloadditions
are symmetry forbidden reactions.”>?* Therefore, the
photocycloaddition of a dienophile to anthracene would be
expected to occur via a symmetry-allowed stepwise process.
An extensive study into the photochemical Diels—Alder
reactions of anthracene 2 revealed that high-frequency UV
light results in photoinduced electron transfer to produce
anthracene in a singlet state form 2*232¢ This quickly
reacted via a diradical mechanism with a variety of electron-
deficient dienophiles to give the adducts 8 and 9 (Scheme 2).
The formation of the intermediate 7 allows rotation around
the C—C bond, leading to the selective formation of the
more stable trans-adduct 8. The reaction was monitored
using the fluorescent properties of the singlet state form. If
no electron-deficient dienophile was present, then the
singlet state anthracene dimerised. The reverse reaction,
producing the starting materials, was performed using
high-frequency UV light. Further studies showed that, in
non-polar solvents, singlet-excited 9,10-dicyanoanthracene
10 and 1,2-diphenylcyclopropene-3-carboxylate 11 form a
photochemical charge—transfer complex or exciplex which
yielded the exo Diels—Alder adduct 12 (Scheme 3).%7 In
polar solvents, however, no exciplex emission was observed
and the isomeric endo adduct 13 was produced, along with
the dimer of 11 (no dimerisation of 10 was noted).
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Scheme 3. Reagents and conditions: (i) hv™, solvent (“405, 436 nm).
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Formation of the less-sterically-favoured endo adduct was
thought to be due to epimerisation of the radical cation of
the dienophile produced during the reaction in polar
solvents. Interestingly, the adduct 12 was found to
decompose to its components thermally, whereas the adduct
13 showed no such decomposition.

Studies into solvent effects on exciplex formation, carried
out with anthracene and 9-cyanoanthracene, found that
reactions with conjugated dienophiles gave increased
quantities of [444] adducts in polar solvents via a concerted
pathway, with decreased production of the [44-2] adducts
from a stepwise pathway.?® The reactions with 9-cyano-
anthracene were found to produce even higher yields of the
[44-4] adducts than those with anthracene. A possible
explanation for the results obtained was that after an
exciplex had been formed via the interaction of anthracene
in its singlet excited state and the ground state conjugated
dienophile (EXCIPLEX, Scheme 4), either a stepwise
reaction could occur to give the [442] adduct, or a
concerted reaction via another unspecified intermediate
complex (EXCIPLEX 2, Scheme 4) to give the [4+4]
adduct. It was thought that this second intermediate
complex was stabilised more by polar solvents than the
first exciplex and that this resulted in the increase in the
[444] reaction noted in polar solvents. The reaction of
9-cyanoanthracene would produce more polar exciplex
complexes and therefore a higher stabilisation of the second
intermediate complex in polar solvents would be expected
to occur, leading to a greater increase in the production of

the [4+4] adducts.
hv | A :
AN
7N
2
_
/

[4+2]
= EXCIPLEX
\ \
[4+4]
= EXCIPLEX 2

Scheme 4.

3. Thermal Diels—Alder reactions
3.1. Additions to anthracene

The types of dienophile used in the Diels—Alder reactions of
anthracene fall broadly into four classes, namely (i) a,p3-
unsaturated carbonyls, (ii) alkenes attached to a heteroatom
or halogen, (iii) alkenes and alkynes and (iv) hetero-
dienophiles. The first reported cycloaddition of a dieno-
phile, in this case maleic anhydride 14, to anthracene 2 via a
fusion reaction at 260°C was by Diels and Alder in 1931
(Scheme 5).2° Subsequently, Clar obtained the same adduct
15 by heating a solution of the two reactants in xylenes.>?

The thermal reaction of anthracene with various maleic
anhydride-type dienophiles (e.g. substituted maleic

O
BSOS,
O

2 14

Scheme 5.

anhydrides and N-substituted maleimides) has since become
one of the most well-studied reactions of anthracene.'8-31-39
As a general method, reflux in a suitable solvent (e.g.
benzene, toluene, etc) has been the most applicable for these
reactions. Some of the reactions of anthracene with
various dienophiles performed in this way are summarised
in Table 2.

Table 2. Thermal Diels—Alder reactions of anthracene with various
dienophiles

Dienophile Solvent Time Yield (%)*
Maleic anhydride®' Dioxane 2h 67
Maleic anhydride* p-Xylene 10 min 90
p-Benzoquinone*’ Xylene 2h 83
Indanone™! Toluene 48 h 68
2-Cyanovinyl ketones*? Benzene 43 h 70
Fumaric acid* Dioxane 3d 82
Dimethyl fumarate®* p-Xylene 4h 67
Benzoylacrylic acid** Toluene 2h 70

* The results given are examples and are by no means comprehensive.
Many more examples exist in the literature,'>30~33:38:44-50

Since the 1980s, interest in the use of microwave-assisted
reactions as a clean and more efficient method to effect the
cycloaddition reactions of anthracene has grown. The
Diels—Alder addition reactions of anthracene with maleic
anhydride and dimethyl fumarate have achieved yields of 92
and 87%, with vastly-reduced reaction times of 3 and
10 min, respectively.>* These reactions were carried out in
sealed tubes packed in vermiculite that absorbed the
microwave energy and heated the reactions efficiently.
These techniques have now been simplified by the use of
open systems>>>! and ‘dry’ reaction media3®37-3%>! without
loss of yield or increased reaction times. Although the use of

OZNJ16
-

18 oy

R = CH,OAc
CH,CH,CN 19
CH20H2CO2Et R= Bl', CHQOH,
CH,0Ac, CH,CH,CN
CH,CH,CO,Et

Scheme 6. Reagents and conditions: (i) o-dichlorobenzene, reflux, 45 min;
(i) A.
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this methodology has been limited to relatively simple
systems, the potential to expand the scope of the Diels—
Alder reaction by the use of microwave irradiation is
promising.

The first thermal cycloaddition reactions of anthracene with
alkenes were carried out with 1-nitroolefins.’>~>> Using an
excess of nitroethylene 16 in refluxing o-dichlorobenzene
for 45 min gave the adduct 17 in 71% yield and this was
used in the preparation of new more-highly-substituted
nitroolefins 18 after thermal decomposition of the modified
adducts 19 (Scheme 6).>3 The reaction of anthracene with
I-nitronaphthalene at 300°C for 10—15h followed by
aromatisation via loss of nitrous acid has also been
reported,> and the yields of these reactions were found to
be strongly affected by polymerisation of the nitroolefins.>
Subsequent catalytic hydrogenation or reduction was used
to produce the corresponding amines in this study.

[-Sulphonylnitroolefins such as 20 (Scheme 7) have been
used as alkene and alkyne equivalents in Diels—Alder
reactions with anthracene 2 to overcome the inherent lack of
reactivity of unsubstituted alkenes and alkynes in this type
of reaction. The high reactivity of the nitro and sulphonyl
groups enabled the use of relatively mild conditions for
these reactions e.g. toluene, 110°C, 3h (90% yield)
(Scheme 7).°® Subsequent reductive elimination using
Bu;SnH and AIBN at 80°C gave the cyclic 1,4-diene 21
in high yield (60%).56-5

D o)
PhO,S

2 20

_—

PhO sﬂ:Noz (ii)
2 —_—
LI

Scheme 7. Reagents and conditions: (i) CcHsMe, A, 3 h; (ii) BuszSnH,
AIBN, 80°C, 2 h.

The Diels—Alder addition reactions of [3-sulphonylnitro-
olefins with anthracene have also been used in the
preparation of pyrroles fused with polycyclic skeletons.>®
In similar work, phenyl vinyl sulphoxide 22,30 (E)-3-
phenylsulphonylprop-2-enenitrile 23,°! trans-1-benzene-
sulphonyl-2-(trimethylsilyl)ethylene 24,°°2 (Z)-3-phenyl-
sulphinylprop-2-enoic acid 25 and its methyl ester 26
(Fig. 1)° have been used as synthons for ethylene,
cyanoacetylene, 1-alkenes, acetylene and monosubstituted
alkynes, respectively, and employed in the construction of
functionalised six-membered rings via thermal cyclo-
addition reactions with anthracene.

Other thermal Diels—Alder reactions of anthracene with
alkenes attached to a heteroatom or halogen include those
with tetrachloroethylene,®* 1,3-diacetylimidazolin-2-one,®
alkenylimmonium salts,°® vinyl- and propenyl-phosphines
and ethyndiylbis(diphenylphosphine oxide) either by heat-
ing at reflux in a solvent or by heating in a sealed tube.®’

o PhO,S PhO,S
I8 I8
W CN SiMes
22 23 24
Q Q
S S

COzH COQMG
25 26
Figure 1.

Cycloaddition reactions of anthracene have been performed
with unfunctionalised alkenes including Ce0,%%% CgoF 57°
and triphenylenetrisendoxides.”! Although the reaction with
triphenylenetrisendoxides only required reflux in xylene for
48 h to give modest yields of the adducts, the reaction with
Ceo required heating the reactants under vacuum in a sealed
tube at 200°C for 2 d to give 42% yield of the addition
product. Cycloaddition of anthracene 2 with the highly-
reactive aryne intermediate generated by deiodination of the
cyclophane 27 gave the addition product 28 in excellent
yield (84%) (Scheme 8).7%73

R F
F
<
Fe B
27 0]
A
— F
F\\ /\F/\
Fjﬁ/ 7
F

28

Scheme 8. Reagents and conditions: (i) t-BuOK, t-butylbenzene, A.

The hetero Diels—Alder reaction of anthracene has been
used to ‘trap’ unstable transient compounds as stable
cycloadducts. Subsequent release of the reactive inter-
mediate has then been carried out in a controlled manner
using retro Diels—Alder methodology. This was effectively
demonstrated when the cycloadducts 29 and 30 were
obtained in high yields (97 and 82%, respectively) by
reaction with the thioaldehydes 31 and 32, which were
produced in situ by thermolysis of the corresponding
thiosulphinates (Scheme 9).7* In the case of the cycloadduct
29, the thermal retro Diels—Alder/exchange reaction in the
presence of 2,3-dimethylbutadiene was then used to produce
the dihydrothiopyran 33 in 92% yield.

Similarly, the cycloadduct 34 was obtained in 37% yield by
the [4+2] cycloaddition of the transient thioaldehyde ethyl
thioxoacetate 35, produced in situ by the reaction of the
sulphenyl chloride with triethylamine (Scheme 10).”> The
cycloadduct was then found to dissociate in refluxing
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Scheme 9. Reagents and conditions: (i) C¢HsMe, 97—100°C; (ii) 2,3-dimethylbutadiene, C¢HsMe, 98—99°C.

34

EtO — Etom)k
_ H
/ 7N

36 37

Scheme 10. Reagents and conditions: (i) CHCls, A.

toluene, releasing the thioaldehyde for further reaction.
Subsequently, reaction of the cycloadduct 34 with 3-chloro-
perbenzoic acid in CH,Cl, gave the corresponding
sulphoxide 36 (Scheme 10).7® No observations were noted
on the level of diastereoselectivity obtained in this reaction.
The retro Diels—Alder reaction of the sulphoxide 36 gave
the highly-reactive thioaldehyde S-oxide 37.

More recently, the hetero Diels—Alder reaction of anthra-
cene and ethyl 3-oxo-2-thioxobutanoate has been described,
along with the transformations of the cycloadduct produced
and the subsequent retro Diels—Alder reactions to generate
a-imino thioketone S-oxides such as 38 (Fig. 2) that were
found to be useful in the preparation of sulphur-containing
heterocyclic systems.””

Nitrogenous dienophiles have also been used successfully in
a number of applications. Chiral imines have been

= N “OAc
EtO
st o
(0]
38

Figure 2.

employed in aza-Diels—Alder reactions with anthracene to
give a sterically-constrained amino acid derivative in a
rather low overall yield,”® while triazolinedinones have
been used to prepare 1,2-diazeines in good yield.”®

Anthracene has been employed as a protecting group in the
synthesis of natural products and natural product fragments
as the thermal Diels—Alder reactions with compounds such
as benzoquinone,’%3! N-methyl maleimide®® and methyl
acrylate®? effectively protect the alkene unit from further
reaction. Pyrolysis or photochemical methods have been
used to effect the retro Diels—Alder reaction once the
synthesis is complete.®3-%° This methodology has been
applied to the synthesis of molecules such as y-alkylidene-
A*B_butenolides,®® 3-pyrrolines,>* +y-spirolactones and
~y-spirolactams,®? 3-O-demethylfortamine,®' the mono-
acetetonide of conduritol A and conduramines’' and
naturally-occurring a-methylenebis-y-butyrolactones.”?

3.2. Additions to 9-substituted anthracene

Since the very first thermal Diels—Alder reaction of
9-substituted anthracene, there has been significant interest
in the regioselectivity of these reactions. One of the first
investigations in this area involved the thermal cyclo-
addition reactions of 9-anthraldehyde 39 with maleic
anhydride, acrylic acid, acrylonitrile and allyl alcohol to
assess its reactivity and selectivity with these dienophiles.”>
The ortho products were found to be favoured in all cases
(except, of course, maleic anhydride) and the yields
obtained ranged between 59 and 78% (Scheme 11).

Subsequent work investigating the regioselectivity of the

thermal cycloaddition reactions of some 9-substituted
anthracene derivatives has also found that the reactions

CHO

ortho
C
X X
39 | |
R =COzH NS
CN
CH,OH meta

Scheme 11.
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Scheme 12. Reagents and conditions: (i) A; (ii) NiCl,, dioxane/H,0; (iii) NiCl,, EtOH; (iv) A.

proceeded to give predominately the ortho regioisomer in
all but two cases tested (acrylic acid with 9-nitro- and
9-carboxyanthracene).®* It was found that these ratios
remained constant over the course of the reaction,
suggesting the products to be of kinetic origin. The
preferential formation of the ortho isomer in these studies
is in agreement with theoretical observations concerning
increased molecular orbital overlap with substituted dienes
and dienophiles, and experimental observations for the
Diels—Alder reactions of other substituted dienes and
dienophiles.”> %8

Interestingly, the selectivity of the thermal cycloaddition
reaction was found to be dependent upon the dienophile
used when a pyridyl group occupied the 9-position 40.%-100
The reaction of acrylonitrile (R'=CN, Scheme 12) pro-
duced a 5.4:1 mixture of the ortho and meta adducts,
whereas the reactions with acrylamide (R'=CONH,) and
ethyl acrylate (R'=CO,Et) produced 1:1.6 and 1:1.1
mixtures of the ortho and meta adducts, respectively. The
pyridyl group was also found to act as a ligand for the
nickel-catalysed hydration (R'=CN to R?=CONH,),

(@) OH
LD — OO0
0 — LD

M 43

Scheme 13. Reagents and conditions: (i) cat. Et;N.

alcoholysis (R!'=CONH, to R?>=CO,Et) and hydrolysis
(R'=CO,Et to R>=CO,H) of the three dienophiles used.

In a slightly different approach to the use of simple thermal
conditions, the base-catalysed Diels—Alder reaction of
anthrone 41 with N-methyl maleimide 42 was studied in
an attempt to increase the rate of the reaction.'®! It was
noted that the tautomerisation of anthrone to anthracenol 43
was strongly solvent dependent, and that anthracenol was
the reactive component in these reactions. The Diels—Alder
reactions of anthrone in dimethylformamide, pyridine and
triethylamine were found to be complete within a few
minutes, whereas the reaction in CH,Cl, was much slower.
Subsequently, the reactions using a catalytic amount of
triethylamine and employing the dienophile as the solvent
were found to give enhanced rates (Scheme 13). Under
similar conditions, but using THF as the solvent, dimethyl
fumarate, fumaronitrile, maleonitrile and 2-butenolide were
found to react, giving the addition products in quantitative
yields, but with varying and, in some cases, much longer
reaction times.!?? Dimethyl maleate and methyl acrylate
were found to be unreactive under these conditions. Further
work demonstrated that synergistic reaction conditions
employing both an amine base and a Lewis acid led to
increased reaction rates for methyl crotonate.'% Catalytic
quantities of a perfluoroalkylated cinchona alkaloid have
been used as a chiral base to effect enantioselective variants
of this reaction in =40% ee.'**

Biocatalysis has also been used to effect Diels—Alder
reactions. 9-Hydroxymethylanthracene was used to
covalently link this unit to a ribosome that was employed
in Diels—Alder reactions with maleimide derivatives.!0>-106
The ribosome was found to accelerate the reaction, but this
was limited by the length of the alkyl chain on the
maleimide (the optimum length being Cs). It was subse-
quently found unnecessary to covalently bind the ribosome
to the anthracene.

The thermal Diels—Alder reactions of 9-substituted anthra-
cene derivatives with alkenes and alkynes have again been
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Scheme 14. Reagents and conditions: (i) p-xylene, A, 5 h; (ii) p-xylene, A,
14 h.

studied to a much lesser extent, although more so than with
the parent compound. The intramolecular Diels—Alder
cycloadditions of the ‘tethered’ alkenes 44 and alkynes 45
to yield a wide variety of 9,12-bridged ethano- 46 and
ethenoanthracenes 47 has been performed at temperatures
ranging from 25 to 220°C (Scheme 14).'97 A range of
adducts having 3-, 4- and 5-membered bridges, many
incorporating heteroatoms, were synthesised. It was found
that the ease of cyclisation decreased with increasing bridge
length, but neither the diene nor the dienophile needed
activating groups to be attached.

The reactions of 9-substituted anthracene derivatives with
trans-dichloroethene were carried out, in order to investi-
gate the silver-assisted acetolyses and dehydrochlorination
of the products.'%®19 The reactants were heated in benzene
in a sealed tube at 200°C for 24 h, giving 25-67% yields of
the desired adducts after purification.

Benzyne adds easily to 9-substituted anthracene deriva-
tives'!? and the adducts from these reactions have been used
in the preparation of pyrazole-containing ferrocenyl ligands
for asymmetric catalysis!!! and as templates for the
oligoselective polymerisation of acrylate monomers.''?
This triptycene building block has also found application
in several areas of nanotechnology such as in the
preparation of metallocene molecular gears,''* a molecular
barrow!'* and a molecular ratchet.'!3

Fewer examples exist of the use of 9-substituted anthracene
derivatives in natural product syntheses, presumably due to
the issues regarding the regioselectivity of the Diels—Alder
reaction. However, 9-[(benzyloxy)methoxy]anthracene was
used as a protecting group in the first stereospecific
synthesis of (*)-conduritol A.!!6

Diastereomeric control has been employed with 9-anthryl-
carbinol derivatives that have been used as chiral auxiliaries
in asymmetric 1,3-dipolar cycloaddition reactions.!!7-!18 In
this study, the acrylates 48 were reacted with 1-pyrrolidine-
1-oxide 49 to produce a complex mixture of all possible
regio- and stereoisomers for each anthracene derivative 48
used (ranging from six to eight adducts, depending on the
substituent R) (Scheme 15). In all cases, the regioselectivity
favoured the formation of the adducts 50 [i.e. the ratio of

R = CF3, t-Bu, Me

Scheme 15. Reagents and conditions: (i) CH,Cl,, rt.

50:51 was, for R=CF;, 59:41 (56% yield), for R=t-Bu,
88:12 (59% yield) and for R=Me, 79:21 (66% yield)].

More recently, highly-diastereoselective additions of maleic
anhydride and N-methyl maleimide to the chiral
9-substituted carbinol derivatives 52 and 53 have been
reported (Fig. 3).!'~12! When the carbinol 53 was
employed, a reversal of the sense of diastereoselectivity
was noted and this was attributed to hydrogen bonding
effects overriding the inherent electrostatic interactions
responsible for controlling the selectivity observed with the

ether 52.
Me.__..OMe Me._..OH
S
§Z
52 53
Figure 3.

3.3. Additions to 9,10-disubstituted anthracene

The first investigations into the use of 9,10-disubstituted
anthracene derivatives in thermal Diels—Alder cyclo-
addition reactions were to compare the site selectivity of
the Diels—Alder reactions of anthracene, 9-substituted and
9,10-disubstituted anthracene derivatives with naphtho-
diquinones.!?? It was shown that anthracene 2 reacted
with derivatives of naphthodiquinone 54 at the doubly-
activated internal double bond of the naphthodiquinone,
giving a maximum p orbital overlap by FMO consider-
ations. The more-sterically-hindered 9-substituted and 9,10-
disubstituted anthracene derivatives 3, 4, 55, 56 and 57
reacted with the unsubstituted terminal double bond of the
naphthodiquinone via a less-sterically-hindered transition
state (Scheme 16). Further Diels—Alder reactions were
carried out on the addition products (where R'=R?=H), in
order to investigate the use of anthracene as a protecting
and/or directing group for naphthodiquinones. Lewis acid-
catalysed cycloreversions were also performed.

In order to assess the effect of substituents upon the rate of
the retro Diels—Alder reaction, adducts of anthracene and
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= OMe R? = H) 4 (R®=H, R*=Me)

55 (R® = H, R* = OMe)
56 (R®=H, R* = Br)
57 (R®=H,R*=Cl)

Scheme 16. Reagents and conditions: (i) dry C¢Hg or CHClg, 1t; (ii) dry CHCls, rt.

9,10-disubstituted anthracene derivatives were synthesised
via reflux for 16 to 96 h in either the neat dienophile or a
xylene solution (with small amounts of hydroquinone or
BHT added), with yields ranging from 3 to 93%.!%* In
another study, the thermal cycloaddition reaction of a 9,10-
disubstituted anthracene derivative was used to investigate
the possibility of inter-bead reactions of polystyrene resin
beads.!?* The reactions of beads with bound 9,10-
disubstituted anthracene and beads with bound maleimide
were carried out in toluene and DMF. Aggregation of the
beads was noted, showing an inter-bead cycloaddition
reaction to have occurred.

9,10-Dimethylanthracene 3 and [-trifluoroacetylvinyl-
sulphone 58 have been shown to react by refluxing in
CH,Cl,, giving 70 to 72% of the trans-adducts 59
(Scheme 17).!2° The relatively mild conditions used were
due to the high reactivity of this type of dienophile, resulting
from the CF; group lowering the energy of the LUMO.
Subsequent elimination of the sulphonyl group by DBU
yielded an o,B-unsaturated trifluoromethylketone 60 in
good yield.

Reports of thermal Diels—Alder cycloadditions of alkenes
and alkynes to 9,10-disubstituted anthracene derivatives are
limited, although, once again, 3-phenylsulphonylprop-2-
enenitrile has been used as a cyanoacetylene equivalent.'?’
Addition of benzyne to 9-acetoxyanthracene and 9,10-
dibromoanthracene followed by fluorination was
performed to investigate the !'°F substituent chemical
shifts.!2¢ 9,10-Dimethylanthracene was used to trap
benzyne and thus prove the intermediacy of the latter

OOO e

RO,S

3 58

RO,S (ii)
Me
Me
< %\6} J&
Me

compound in the aprotic diazotisation of an aniline.!?” The
thermal addition of benzyne to 9,10-anthracenocrown ethers
by refluxing for 6 h in CH,Cl, produced the first
triptycenocrown ethers that were used to prepare thallium
complexes that provided information on the geometrical
features of this type of host system.!?® The reaction of Cgq
with 9,10-dimethylanthracene was found to establish an
equilibrium between the Diels—Alder adducts Cgo(9,10-
dimethylanthracene),, the stoichiometry of which was
dependent on the concentration of 9,10-dimethylanthra-
cene.'?” The anthracene derivatives could be removed from
the equilibrium by reaction with oxygen (under laboratory
light) or dimethyl acetylenedicarboxylate that yielded the
corresponding cycloadducts of 9,10-dimethylanthracene
and unmodified Cg.

As with anthracene, the thermal hetero Diels—Alder
reactions of transient thioaldehydes with 9,10-dimethyl-
anthracene in toluene have been carried out to produce
stable cycloadducts that were later cleaved under thermal
conditions to release the thioaldehydes for further
reaction.”*7> Hetero Diels—Alder reactions of transient
nitrosocarbonyl compounds (e.g. 61), produced in situ by
the oxidation of hydroxamic acids, with various 9,10-
disubstituted anthracene derivatives have been well
documented.!3°~13% The retro Diels—Alder reaction has
then been used to free the nitrosocarbonyl compounds for
further reaction. For example, the cycloadduct 62 obtained
from 9,10-dimethylanthracene 3 was cleaved thermally to
yield the nitrosocarbonyl compound 61, which immediately
underwent an intermolecular ‘ene’ reaction with 2,5-
dimethylhexa-2,4-diene 63 to give the hydroxamic acid 64

~COCF3 _COCF,

R =Ph, Me

Scheme 17. Reagents and conditions: (i) CH,Cl,, A; (ii) DBU, CH,Cl,, rt
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Scheme 18. Reagents and conditions: (i) benzohydroxamic acid, CH,Cl,, Et;NIOy; (ii) C¢Hg, 80°C, 5 h.

in 94% yield (Scheme 18).'33 This methodology has been
used successfully in the total synthesis of the marine
alkaloids (*)-fasicularin and (=*)-lepadiformine.!3-136
Similarly, N-hydroxycarbamic esters 65 and N-hydroxy-
ureas 66 (Fig. 4) have been oxidised to form transient
C-nitrosoformate esters and C-nitrosoformamides, which
have been ‘trapped’ via a hetero Diels—Alder reaction
with 9,10-dimethylanthracene to give stable cyclo-
adducts.'3-14! The thermal cleavage of cycloadducts
derived from various N-hydroxyureas at 40°C in aqueous
solution was shown to produce nitrous oxide, indicating the
intermediary nitroxyl (HNO), a compound of biological
importance.'4!

o} o
RO)k NH RHN )k II\IH
OH OH

65 66

Figure 4.

The thermal hetero Diels—Alder reaction of 9,10-dimethyl-
anthracene has also been used in the production of pure
nitrosyl cyanide (ONCN).!#> This compound is usually
prepared by the reaction of nitrosyl chloride and solid silver
cyanide at —25°C, but the nitrosyl cyanide contains
impurities such as nitrosyl chloride and nitrosyl dioxide.
Cleavage of the purified cycloadduct from the reaction of
impure nitrosyl cyanide gas and a solution of 9,10-
dimethylanthracene generates pure nitrosyl cyanide.

Stereoselective reactions of 9,10-disubstituted anthracene
derivatives are uncommon. However, a chiral dienophile 67

Me
/7N NN
O. N T \
T Az
o O OPr
Me
67 3

> H / o)
ZAN
H N):
R
68 [R = H]
69 [R = (C=0)E{]

Scheme 19. Reagents and conditions: (i) m-xylene, A; (ii) LDA, RX.

Me
~
QFQ
Me . [/—O
H 5:0R

has been used to control the diastereoselectivity of a [4+42]
cycloaddition reaction with 9,10-dimethylanthracene 3 to
give, after synthetic manipulation, the chiral auxiliary 68 in
up to 94% de.'*314* Subsequent alkylation reactions of
N-acyl derivatives of the auxiliary 69 gave diastereo-
selectivities in excess of 500:1 (70/71) when RX was
PhCH,Br, CH,—CHCH,Br and Etl (Scheme 19). The
analogous reactions with Evans’ auxiliary gave selectivities
in the range 16:1 to 99:1.'4

4. Photochemical Diels—Alder reactions
4.1. Additions to anthracene

Many of the photochemical studies into the cycloaddition
reactions of anthracene have been concerned with the
mechanism of the process and have been discussed earlier.
A study of the photochemical Diels—Alder and retro Diels—
Alder reactions of anthracene has been performed using
anthracene 2 and substituted 2,4-cyclohexadiene derivatives
72 to give the [4+4] addition product 73 and the [44-2]
addition product 74 (Scheme 20).'4¢ The chemoselectivity
of the photocycloaddition was controlled by the choice of
substrate and experimental conditions. The [4+4] addition
was carried out in CH,Cl,, whereas the [4+2] addition was
carried out in acetonitrile. The [442] addition was thought
to occur via a stepwise mechanism, as a concerted
mechanism was disfavoured by the Woodward—Hoffmann
rules. The rationale behind the choice of substrate and
experimental conditions to influence the outcome of the
cycloaddition reactions was not discussed.

— Me
N/
(i) Mey bB:
X [ O
A
—_— H_N
OPr O
1
N
94% de

%ZMG =~
Me—[/—O

HH/\N):F‘)‘R
o

N\
N%
(6]

70 71

T
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Scheme 20. Reagents and conditions: (i) hv*; (ii) +-BuLi; (iii) H30", then PACH(OMe), (*no details given).

Investigations into the photocycloaddition reactions of
anthracene and trans,trans-2,4-hexadiene isolated two
adducts corresponding to [4+44] addition to the 9,10-
positions of anthracene (ca. 86%) and an adduct corre-
sponding to a [2+4] addition (14%).'*” The [4+4] products
were formed via a singlet pathway by a concerted
Woodward—Hoffmann allowed process. A significant por-
tion of the [2+44] adduct was also found to be formed from
the same singlet pathway. Whether this [2+4] adduct was
formed through a concerted Woodward—Hoffmann for-
bidden pathway or a stepwise pathway was not reported.

Mlumination of anthracene 2 in aerated water at 350 nm
water gave the endoperoxide 75 and 9,10-anthraquinone 76
as the major products in a 3:1 ratio, respectively

(Scheme 21).'*% However, when illuminated in oxygen-
deficient aqueous solutions, anthracene 2 gave the three

o
(i) ©)
75

2

76
Scheme 21. Reagents and conditions: (i) hv™, H,0, O, (*350 nm).

Scheme 22. Reagents and conditions: (i) hv™, H,O, Ar purged (350 nm).

isomers 77—79 as the primary products in a ratio of 3:3:1,
respectively (Scheme 22). A mechanism proceeding via an
anthryl cationic radical intermediate was postulated.

4.2. Additions to 9-substituted anthracene

Once again, many of the photochemical studies of Diels—
Alder cycloaddition reactions of 9-substituted anthracene
derivatives have been concerned with the mechanism of the
process. Investigations into the stereochemical outcome of
the photochemical cycloaddition reactions of 9-substituted
anthracene have been carried out using the intramolecular
photochemical [44-2] cycloadditions of ‘tethered’ dieno-
philes. A suspension of (E,E)-1,5-bis(9-anthryl)penta-1,4-
dien-3-one 80 in methylene chloride was illuminated for 1 h
to yield the desired adduct 81 in 82% yield after purification
(Scheme 23).!4° The reaction was found to proceed via the
isomerisation of the starting material to an excited state
(E.Z)-isomer 82 to give the tfrans adduct which was
confirmed using X-ray diffraction studies. The use of
(9-anthryl)methyl methyl fumarate in a tethered photo-
chemical cycloaddition gave a 66% yield of the desired
addition product,’®® an improvement on the untethered
reaction that required a high concentration of dimethyl
fumarate.?>2° The cis isomer was not detected and no dimer
was formed.

The solid-state photochemical [442] cycloaddition reaction
of 9-methylanthracene with Cgo has also been investi-
gated.’>! A well-ground mixture of the reactants was
irradiated, producing 30% of the mono-adduct 83 (Fig. 5)
and 19% of a bis-adduct, the exact isomer of which was not
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Scheme 23. Reagents and conditions: (i) hv™, CHCl,, 18°C, 1 h ("125 W
high-pressure Hg lamp, pyrex immersion well apparatus, 400 nm cut-off.

Figure 5.

identified. However, anthracene did not react under these
conditions, a fact which was attributed to the lower
ionisation potential of substituted anthracene derivatives.
It was proposed that the reaction proceeded via photo-
induced single-electron transfer from the anthracene
derivatives to the triplet excited state of Cgo.

Asymmetric induction in the [44-2] cycloaddition reaction
of (9-anthryl)methyl menthyl fumarate 84 under similar
conditions was also investigated by Okada’s group,'*°
giving a diastereomeric ratio of 76:24 after optimisation of
the reaction conditions (Scheme 24). The reaction was
proposed to occur via a diradical intermediate 85, where

0 o
) LTS
84 ) BSJ

R = (-)- thol
( (-)-mentho 0

o

RO,C o

Scheme 24. Reagents and conditions: (i) hv”, C¢HsMe, —20°C (450 W
high-pressure Hg lamp, pyrex filter).

formation of the first C—C bond was fast and reversible. The
stereodifferentiation was thought to mainly operate in the
formation of the second bond, where the stereogenic centre
was close to the reaction centre.

[lumination of a solution of anthracene and cyclohexadiene
in benzene resulted in a concerted, stereospecific photo-
chemical electrocyclic [4+4] cycloaddition reaction.'>? The
same result was obtained when trans,trans-2,4-hexadiene
was used instead of cyclohexadiene. No Diels—Alder
adducts were noted in these reactions, but subsequent
studies using 9-substituted anthracene derivatives obtained
stereospecific photochemical [44-2] cycloaddition products
along with small amounts, of the anthracene dimer.!>3 It
was postulated that the stereospecificity observed in
these reactions suggested that the course of the photo-
chemical addition reaction may be controlled by the
configuration of the reacting components in an exciplex
intermediate.

Diastereoselective photochemical cycloadditions of the
carbinol derivatives 52 and 53 with maleic anhydride
and N-methyl maleimide (Fig. 3) have also been
reported. 119~ 121,154

4.3. Additions to 9,10-disubstituted anthracene

Studies into the photochemical Diels—Alder reactions of
9,10-disubstituted anthracene derivatives are limited. The
photochemical reaction of tropone 86 with 9,10-dicyano-
anthracene 10 in benzene to give a mixture of adducts has
been carried out (Scheme 25).!5° Although no ratio of
adducts was given, they were characterised as the meta-
cycloadduct 87, the trans [4+2] cycloadduct 88 and the
[44-4]-[442] cycloadduct 89. The same reaction carried out
in a mixed solution of MeCN-CH,Cl, instead of benzene
gave the above adducts in addition to a [4+44] adduct,
formed via an electron-transfer mechanism.

CN
0
0 -
CN
10 86

@

Scheme 25. Reagents and conditions: (i) hv™, CsHg ("400 W high-pressure
Hg lamp, >400 nm).
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Scheme 26. Reagents and conditions: (i) hv™; (ii) A; (iii) hv™ ™, CeHg, 70°C, 16 h ("no details given; * * 125 W high-pressure Hg lamp, >360 nm).

Other studies have examined the intramolecular Diels—
Alder cycloaddition reactions of dianthrylethanes. It has
been shown that illumination of dianthrylethanes such as 90
resulted in the formation of the [4+4] dimer 91 which was
thermally unstable with a half life of 33 min at 25°C.
However, illumination at >360 nm resulted in an intra-
molecular Diels—Alder cycloaddition reaction giving the
[4+2] adduct 92 exclusively (Scheme 26).15° A [4+2]
product was also obtained when biacetyl was added as a
sensitiser to the reaction mixture.!5’

The photochemical hetero Diels—Alder reaction of 9,10-
diphenylanthracene with singlet oxygen gave the endo-
peroxide 93 (Fig. 6) using haematoporphyrin (illuminated at
=470 nm)!5® and zinc-seco-porphyrazine (using ambient
laboratory lighting)!>° as photosensitisers for the formation
of the singlet oxygen. However, further application of this
methodology was limited as only relatively poor yields (40
and 20%, respectively) of the endoperoxide were obtained.

]Ph
T
= Ph
93
Figure 6.

5. Lewis acid-catalysed Diels—Alder reactions
5.1. Additions to anthracene
Slow reaction times with poor dienophiles coupled with

high reaction temperatures have prompted investigations
into the use of Lewis acid catalysts for the Diels—Alder

o‘o@j

2

(if)
(iii)

reactions of anthracene. One of the first investigations into
the use of Lewis acids noted large increases in the rate of
reaction when 1 equiv. of AlCl; was used in the reaction of
anthracene and maleic anhydride in CH,Cl,.'? The reaction
was found to be complete in 1.5 min compared to an
estimated 4800 h under the same conditions, but without
AICI;. Similar rate increases were noted for the reactions of
anthracene and p-benzoquinone, diethyl maleate, diethyl
fumarate, citraconic anhydride and dichloromaleic
anhydride. AICI; has also been used to catalyse the
Diels—Alder additions of isothiazoles to anthracene at
130-140°C, although the products were obtained in low
yields.'®! The addition of a chiral sulphinyl acrylate to
anthracene was carried out in CH,Cl, using ZnCl, as a
catalyst, producing the desired adduct in 81% yield and in
excellent diastereoselectivity.!®> Other chiral dienophiles
used in Lewis acid-catalysed cycloaddition reactions
include 4-hydroxycyclopentenones (AlCl; catalyst, 83%
yield, 94% ee)'®® and both enantiomers of 3-hydroxy-
pyrrolidinones (TiCl, catalyst, 87% yield, >99% ee).'%*
Sc(OTf); has enjoyed considerable success as a catalyst
when using benzoquinone as the substrate,'®> as have
aluminosilicates.'°

The cycloadditions of alkenes and alkynes have also been
carried out using Lewis acid catalysis including the addition
of a physically-constrained cycloheptatetraene to anthra-
cene employing a catalytic amount of SeO,.'%” The addition
of the acetoxyquinone 94 to anthracene 2 was achieved in
the presence of BF;-OEt, to produce the stereoisomers 95
and 96 in 83% yield (no ratio given, Scheme 27).'%% The
anthracene ring system was then used to control the
selectivity of the reduction of the major isomer 95 using
LiAlHy, to give the triol 97 in 91% yield and a dr of 3.6:1.

CA@ @%

OHOH

o OAc

Scheme 27. Reagents and conditions: (i) BF5-OEt,, C¢Hg, tt, 5 h; (i) Zn, AcOH, 60°C; (iii) LiAlH4, THF, 0°C.
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Scheme 28. Reagents and conditions: (i) Cu(OAc),, AcOH, xylene, 100°C, 2 h; (ii) A, 45 min.

The applicability of the Lewis acid-catalysed cycloaddition
reaction of anthracene has been demonstrated in the
synthesis of methylidenemalonic acid diesters.'®® A mixture
of the dialkyl malonate 98, paraformaldehyde 99 and
anthracene 2 was heated in xylene and acetic acid in the
presence of Cu(OAc),, affording the desired addition
products 100 in 41-84% yield. Thermolysis of the addition
adducts in the presence of maleic anhydride 14 gave the
methylidenemalonic acid diesters 101 in good yields
(Scheme 28). Maleic anhydride was used to trap the
anthracene produced as the anthracene—maleic anhydride
adduct 15. Similarly, AlICI; has been used as a catalyst for
the cycloaddition reactions of anthracene in the preparation
of iptycenes'”? and triptycenes.'”!

A chiral auxiliary approach has been used to prepare a
sterically-constrained (3-amino acid by a Lewis acid-
catalysed reaction of anthracene with dimenthyl
fumarate.!”> The addition product was obtained in 88%
yield and 99% ee. Asymmetric synthesis has also been
carried out using anthracene as a stereodirecting group.
Helmchen et al. were one of the first groups to carry out a

~fy-coo=
558

102 2

highly-diastereoselective TiCly-promoted addition reaction
of a chiral acrylate 102 to anthracene 2.'”® The isolated
addition product 103 was converted in a series of
transformations to an aldehyde 104 that was used as a
substrate for Grignard additions that proceeded with
reasonable levels of selectivity (Scheme 29). After separ-
ation of the major isomer 105, flash vacuum pyrolysis
was used to initiate a retro Diels—Alder reaction, giving
the desired product 106 without any detectable
racemisation. The main drawback of this methodology
was that a stereodirecting group on the alkene was used to
control the diastereoselectivity of the addition step.
Although excellent selectivity was achieved, the initial
addition adduct required several steps to transform it into
the desired substrate for the Grignard addition.

5.2. Additions to 9-substituted anthracene

The attempted cycloaddition of 9-substituted anthracene
derivatives with methyl vinyl ketone 107 returned the
starting materials in the absence of a catalyst. However, a
single regioisomer 108 was formed with 9-methylanthracene

H” “COOR* R*00C”~ “H
103

after purification > 99.5 : 0.5

‘\ n-CsH{4MgB
-Cshq1MIgbr
103 —— =
H CHO

104

flash vaccum pyrolysis M‘/H
“OH

Scheme 29.

H11Cs
106
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Scheme 30. Reagents and conditions: (i) MeCN, Sc(OTf)s, rt.

4 in the presence of Sc(OTf); at room temperature
(Scheme 30).'7* This catalyst has also been successfully
employed in Diels—Alder reactions with benzoquinone.'®>

A number of chiral carbinol-derived 9-substituted anthra-
cene derivatives have been used in the Cu(OTf),-catalysed
Diels—Alder cycloadditions with a variety of symmetrical
and non-symmetrical dienophiles with good diastereo-
selectivity and regioselectivity.!”> The origins of the
selectivity were shown to be electrostatic repulsions
between the dienophile carbonyl oxygen atom and the
alkoxy oxygen atom on the C-9 substituent. Subsequent
studies into the facial selectivity of the Diels—Alder
cycloaddition reaction and the acceleration of this reaction
by additional substitution in the C-10 position of anthracene
were also carried out.!”®

5.3. Additions to 9,10-disubstituted anthracene

Examples of Lewis acid-catalysed Diels—Alder cyclo-
addition reactions with 9,10-disubstituted anthracene
derivatives are limited. The addition of Mg(ClOy), to a
solution of p-benzoquinone and 9,10-dimethylanthracene in
acetonitrile at room temperature has been found to vastly
increase the rate of the cycloaddition reaction which,
without catalysis, was very sluggish.!”” Similar results
were obtained with Sc(OTf)5.!63
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