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ortho-Quinone methide (0o-QM): a highly reactive,
ephemeral and versatile intermediate in organic
synthesis

Maya Shankar Singh,* Anugula Nagaraju, Namrata Anand and Sushobhan Chowdhury

Since its first observation in 1907, ortho-quinone methide (0-QM) has occupied a strategic place within the
framework of reactive intermediates in organic synthesis. In recent years, 0-QM has enhanced its importance
as a versatile reactive intermediate, and its applications in organic synthesis, material chemistry, fine chemicals,

Received 24th June 2014 . . . . . . . . .
Accepted 7th October 2014 and pharmaceuticals are increasing rapidly. This critical review summarizes the key concepts behind o-QMs
and provides an overview of current applications in organic synthesis to provide an appropriate background

DOI: 10.1039/c4ral1444b for synthetic, medicinal and combinatorial developments. This review covers the literature from its origin to

Published on 07 2014. Downloaded on 03.10.2024 18:20:58.

www.rsc.org/advances the mid of 2014 (112 references).

Department of Chemistry, Faculty of Science, Banaras Hindu University, Varanasi 221
005, India. E-mail: mssinghbhu@yahoo.co.in; Fax: +91-542-2368127; Tel: +91-542-
6702502

Maya Shankar Singh born in
1960, received his MSc degree in
Organic Chemistry from Banaras
Hindu University, Varanasi, India
in 1981, where he also earned his
PhD degree in 1986 working under
the tutelage of Professor K. N.
Mehrotra. After his postdoctoral
work, he joined Vikram University
Ujain in 1990 as Assistant
Professor in Organic Chemistry,
and moved to Gorakhpur Univer-
sity as Associate Professor in 1998,
then to Banaras Hindu University in 2004, where he is currently
Professor in Organic Chemistry since 2006. During his sabbatical, he
visited the Chemistry Department of the University of Arizona, Tucson,
USA; Nagoya Institute of Technology, Nagoya, Japan; Loughborough
University, UK and University of Leicester, UK. His research interests
are centered on synthetic Organic chemistry with special emphasis in
the development of novel building block precursors, new eco-compatible
synthetic methods, multicomponent domino/tandem reactions, and
structural studies. Fifteen students have completed their PhD degrees
under his supervision. He has published 125 research articles and four
reviews in journals of high status. Additionally, Prof. Singh has also
authored three textbooks in organic chemistry published from Pearson-
Education and Wiley-VCH, Weinheim, Germany. He has been elected
as a fellow of the Indian Academy of Sciences, India in 2013.

55924 | RSC Adv., 2014, 4, 55924-55959

1. Introduction

ortho-Quinone methides (0-QMs) are short-lived, highly reactive
and versatile intermediates in organic synthesis, material
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chemistry, fine chemicals, and pharmaceuticals." The ortho-
quinone methide (0-QM) was first suggested by Fries in 1907
and is generally formed by the reaction of phenol with aldehyde
in the presence of an acid or a base. The first direct evidence was
given by Gardner in 1963 by trapping it at —100 °C. After 1963,
its use as a versatile intermediate in organic synthesis increased
enormously, particularly in many tandem [4 + 2] cycloaddition
reactions with a variety of dienophiles. However, there are
abundant indirect evidences for the in situ generation of ortho-
quinone methides. Most indirect evidence comes from the
structural identification of the products that result from
dimerization, trimerization, intramolecular and intermolecular
[2 + 2] cycloadditions as well as the nucleophilic trapping of
0-QMs.? The chemical behaviour of 0-QMs resembles that of a,
B-unsaturated ketones due to the presence of a 1,3-cyclo-
hexadiene core substituted with a carbonyl and an exo-
methylene group. They react very rapidly with nucleophiles
and undergo efficient Diels-Alder reactions with electron-rich
olefins. Expansive reactivity of the 0-QM can be used in the
linchpin reaction for the construction of various natural
products.?

Compared to carbocations, carbanions, radicals, carbenes,
nitrenes and so forth, ortho-quinone methides are relative
newcomers to the family of inherently reactive species. Quinone
methides exist in three isomeric forms o-, m-, and p-quinone
methides (also known as o-, m-, and p-QMs) (Fig. 1). meta-
Quinone methide is actually a resonance hybrid of two canon-
ical forms, one of which is a zwitterionic form stabilized by
aromatic conjugation, increasing its polarity and thus
enhancing its reactivity. The importance of o- and p-quinone
methides in organic synthesis and their role in biochemistry
have been studied in detail. Unlike benzoquinones, o- and
p-quinone methide derivatives are highly polarized compounds,
usually observed with difficulty or postulated as reactive inter-
mediates because of the facile reactions driven by the formation
of aromatized phenol derivatives.

ortho-Quinone methides are highly versatile intermediates
that have been extensively harnessed by nature (Fig. 2). A variety
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Fig. 1 Isomeric forms of quinone methides.
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Fig. 2 ortho-Quinone methides.

of plants, animals, and insects capitalize upon these types of
compounds as a mean of defence. However, despite general
knowledge of 0-QMs for over a century, these intermediates still
lie outside the synthetic mainstream. Pettus and Water'*
reviewed 0-QMs, particularly its preparation, the benefits and
limitations associated with each method as well as the appli-
cations in total synthesis.

ortho-Quinone methide exists in E/Z geometric isomers that
are fluxional in nature, and behaves as a combination of a
charged zwitterionic and biradical structures (Fig. 3). The
distribution among these geometric isomers is believed to result
from the differences between non-bonded interactions. If from a
steric point of view, R" substituent is smaller than oxygen, then
the E-configuration is preferred. However, increasing the size of
R' substituent can cause the Z-configuration to predominate.
The E/Z ratio proves important in governing the diaster-
eoselective outcome for Diels-Alder cycloadditions.
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Fig. 3 Geometric, zwitterionic and biradical structures of o-QM.

Quinone methides (QMs) are common reactive intermedi-
ates in chemistry, as well as in the photochemistry of phenols,
attracting considerable attention recently owing to their bio-
logical activity.* Although the partial zwitterionic character of
QMs makes them both electrophilic and nucleophilic, their
reactivity with nucleophiles is particularly important in bio-
logical systems. It has been demonstrated that QMs react with
amino acids® and proteins,® and inhibit the action of some
enzymes. Moreover, they have been implicated as the ultimate
cytotoxins responsible for the function of agents such as anti-
tumor drugs, antibiotics, and DNA alkylators in biological
chemistry.”® Later on, it was shown that QMs are not the
responsible reagents for cross-linking DNA, but they are prob-
ably involved in the metabolic formation of formaldehyde.® To
understand the chemistry of anthracycline antitumor antibi-
otic, a simple stable 0-QM has been constructed and entirely
characterized. Reaction of quinone methide with nucleophiles,
including 2/,3'-isopropylideneadenosine has been examined.*

Several important clinical drugs like cisplatin, psoralens,
and mitomycin C are known to induce DNA ISC (interstrand
cross-links) formation, which can disrupt cell maintenance and
replication.” Both reductive and oxidative metabolisms form
quinone methides and have become a very important topic in
drug design and drug safety. Even though ortho-quinone
methides were investigated in detail 50 years ago, the last few
years have brought about a renaissance in their chemistry. This
review summarizes the recent developments in this field and
highlights key historical contributions.

2. Generation of ortho-quinone
methides

ortho-Quinone methides are highly reactive species that have
attracted considerable attention because of their intriguing
structure and properties. A number of methods for the genera-
tion of 0-QMs have been developed till date, enabling the
straightforward construction of diverse aromatic molecules with
successful applications to a number of complete syntheses of
complex natural products. In the past decade, the most popular
methods were photochemical initiation of o-(a-phenyl)
substituted phenols or thermal initiation of various substituents
on the benzene ring of ortho-methyleneacetoxy phenols. Lewis
acid, base, and chemical oxidants were also used to generate
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0-QMs. Thus, the method of generation of the 0-QM becomes
intimately linked with the manner in which it is to be utilized.

2.1. Thermal generation

Among the used procedures to generate 0-QMs, the most
common ones are thermal and base initiations, in which good
to excellent stereoselectivity with excellent yields of the corre-
sponding products have been obtained. Only a limited number
of accounts have been reported where acid is used to generate
the 0-QMs. This is mainly due to the low compatibility of acid
with the dienophiles, and because of the greater ionic character
of the reaction conditions that result in a product with low
stereoselectivity. Baldwin and co-workers™ introduced an effi-
cient method for the generation of 0-QM from ortho-methyl-
eneacetoxy phenols that was used for the biomimetic synthesis
of (£)-alboatrin (Scheme 1). Alboatrin 1 is a phytotoxic natural
product, and its biosynthesis has been realized through hetero
Diels-Alder reaction of an orcinol derived o-quinone methide 2
and (R)-4,5-dihydro-2,4-dimethylfuran 3.

Baldwin assumed that dehydration of the corresponding
hydroxymethyl orcinol derivative 4 would give 0-QM.
Compound 4 was obtained by the reduction of precursor 6b,
which was found to be unstable and rapidly decomposed under
the reaction conditions. Then a diacetate 5 was prepared, which
was reduced to its alcohol and consequently underwent trans-
esterification by itself to give an ortho-methyleneacetoxy phenol
6a under thermal conditions (Scheme 2). Subsequently, simple
heating of 6a in the presence of dimethylfuran 3 afforded ace-
tylalboatrin 7 as the major product (63%), acetyl epi-alboatrin
(5%), and an inseparable mixture of diastereoisomers 8 (25%).
Deacylation of 7 yielded the desired (£)-alboatrin, for which

- LY

Scheme 1 Retrosynthesis of Alboatrin.
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Scheme 2 Synthesis of acetylated (+)-alboatrin (7).
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spectral data was found to be identical to the natural
(£)-alboatrin. Intramolecular hydrogen bonding might facili-
tate the elimination of acetic acid upon heating through a six-
member transition state, furnishing the o-quinone methide.

Christopher D. Bray"® reported the generation of 0-QM from
deprotonation of ortho-hydroxybenzyl acetate 9 with PrMgCl
under mild anionic reaction conditions, which reacts with exo-
enol ethers 10 as 27 partners in hetero Diels-Alder (HDA)
reactions, furnishing mono-benzannelated spiroketals 11
(Scheme 3). This rapid and simple strategy is clearly applicable
to the synthesis of a wide range of natural products, including
berkelic acid, chaetoquadrin A and cephalostatin.

Rosellon and co-workers™ developed a method for the
generation of ortho-quinone methides 13 via fluoride-induced
desilylation of silyl derivatives of o-hydroxybenzyl iodides 12
under mild experimental conditions (Scheme 4).

Dolatowska and Wojciechowski*® reported the thermal extru-
sion of sulfur dioxide from 1,3-dihydrobenzo[c]thiophene-2,2-
dioxides 16a and 1,3-dihydro-2,1-benzisothiazole-2,2-dioxides
16b to generate the corresponding quinodimethanes 17a and
quinonemethyleneimines 17b, which undergo Diels-Alder reac-
tion with alkene 18 to give the compound 19 (Scheme 5).

The sultone of 2-hydroxytoluene-a-sulfonic acid 20 after
extrusion of SO, upon photochemical irradiation gave
o-quinone methide 21, which upon reaction with N-phenyl
maleimides 22 afforded the respective adducts 23 (Scheme 6).

Scheme 3 Generation of 0-QM using o-hydroxybenzyl acetate and
'PrMgClL.
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Scheme 4 Formation of 0-QMs via fluoride-induced desilylation.
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Scheme 5 Generation of 0-QMs 17 by thermal extrusion of sulfur
dioxide.
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Ohwada and co-workers'® reported a retro-Diels-Alder reac-
tion of 4H-1,2-benzoxazines 24 to generate 0-QMs 25 under the
thermal conditions, which undergoes the Diels-Alder reaction
with vinyloxy cyclohexane 26 to afford the chroman derivative
27 (Scheme 7). They also presented a mechanistic study of the
retro Diels-Alder reaction of benzoxazines 24 with various
substituted benzene rings. In general, 0-QMs are too unstable to
be isolated and observed spectroscopically, unless they are
trapped with metal complexes such as Cp*Ir. In all the previ-
ously reported methods, 0-QMs were generated in situ, and
underwent 1,4-conjugate addition with nucleophiles or cyclo-
addition reaction with suitable dienophiles.

0-QMs may be generated through a diverse range of initia-
tion methodologies (Scheme 8). Perhaps the most commonly
encountered method for the generation of 0-QM is the elimi-
nation of a stable molecule, typically a benzylic substituent, to
generate the methylene and o-carbonyl functionalities with
concomitant dearomatisation. Various precursors have been
utilized for the thermolytic generation of ortho-quinone
methides. It should be noted that all thermal generation tech-
niques preclude the application of nucleophiles that are ther-
mally unstable. With any given precursor, there is a substantial
temperature range for initiation that depends upon the
substituents. In general, if the process involves significant non-
bonded interactions, then the temperature requirements are
higher, while extended conjugation or other stabilizing factors
lower the overall temperature requirements (Scheme 8).

2.2. Photochemical generation

Apart from the thermal generation of 0-QM intermediates in the
presence of different basic or acidic reagents, photochemical
energy sources have also been extensively used to generate
0-QMs. In general, 0-QM intermediate 29 is generated by light-
induced water elimination from ortho-hydroxybenzyl alcohols
28 or by excited state intramolecular proton transfer (ESIPT) in
ortho-hydroxystyrenes 30 (Scheme 9).

The majority of B-cyclodextrin inclusion complexes undergo
photohydration of the olefin, preventing the formation of 0-QM
by insertion of a methylene group between the phenol and the
olefin moieties. Miranda et al."” reported the formation of an
0-QM via C-C fragmentation of a zwitterion formed by excited
state intramolecular proton transfer (ESIPT) from an ortho-
allylphenol derivative 31, for the first time (Scheme 10). The
mechanism has been explained in terms of the formation of the
zwitterionic intermediate 32A by the initial ESIPT from the
phenolic subunit to the double bond. Thus, subsequent C-C
bond formation with concomitant ring opening elucidates the
generation of the 0-QM 32B, which would be trapped by solvent
methanol to give compound 33. The direct involvement of an
0-QM intermediate has been confirmed by laser flash photoly-
sis. Use of 266 nm excitation wavelengths in acetonitrile solvent
gave a well defined signal with two maxima around 300 and
400 nm.

Generation of 0-QM by flash photolysis of ortho-hydroxy-
benzyl substrates 34 in aqueous solution has also been reported
(Scheme 11). Hydrogen-ion catalyzed hydration of 0-QM

RSC Adv., 2014, 4, 55924-55959 | 55927
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Scheme 7 Formation of o-QM via retro-Diels—Alder reaction of 4H-
1,2-benzoxazines 24.
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Scheme 10 Generation of o-QM via C-C fragmentation of
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furnished back to the ortho-hydroxybenzyl alcohol, which was
anticipated to ensue through the initial fast equilibrium
protonation of the carbonyl oxygen followed by trapping with
water. The slower uncatalyzed hydration proceeds through
nucleophilic attack of water on the QM methylene group.*®
0-Quinone o-phenylmethide was produced as a short-lived
transient species in aqueous solution by flash photolysis of
ortho-hydroxy-a-phenylbenzyl alcohol, and its rate of decay was
measured in HCIO, and NaOH solutions as well as in CH;CO,H,
H,PO, , and HCO; buffers. Results showed that the hydration
of quinone methide back to its benzyl alcohol precursor occurs
by acid-, base-, and un-catalyzed routes. Kresge and co-workers*
reported the generation of 0-QMs 35 and 36 by photo-
dehydration of the corresponding ortho-hydroxybenzyl alcohols
37 and 38. ortho-Hydroxybenzyl-p-cyanophenyl ether 39 after
photo-cleavage gave 0-QMs 36 (Fig. 4). Flash photolytic tech-
niques have been used to monitor the progress of the reactions
because the reactions of quinone methides are very fast.

o
+ HOX
_—
OH
2 _ HOX
34a: X = OH, 0-QM

34b: X = O( p-CNCgHy)
34c: X = (CHa)N'T

Scheme 11 Flash photolysis of o-hydroxybenzyl substrate 34 to give
o-QM.
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Lukeman and Wan*® observed predominate D,O exchange at
the 2/-position irrespective of D,O (MeOD) content during the
study of the photochemical incorporation of deuterium on
phenylphenol 40 in D,O (CH3;0D)-CH;CN solutions with
varying D,O (CH;0D) content. Exchange at the 2'-position (but
not at the 4’-position) was observed when crystalline samples of
compound 40 (deuterated OH ie. OD) were irradiated
(Scheme 12).

No deuterium exchange was observed in case of compounds
49-52, whereas 2,2"-biphenol 48 underwent similar photo-
exchange reaction as compound 40 (Fig. 5).

Wan and co-workers** reported the generation of quinone
methide 54 by ESIPT, in which naphthyl group acts as the
proton acceptor (Scheme 13). The reaction has been carried out
in a variety of solvents, as well as in the solid state, illustrating
that the proton transfer is intrinsic (proton transfer does not
require water).

Zhan and co-workers* have reported the generation of
o-thioquinone methide 59 by flash photolysis of benzothiete 58
in aqueous medium (Scheme 14). The hydration rates of the
quinone methide 59 to ortho-mercaptobenzyl alcohol 60 were
measured in perchloric acid solution using H,0 and D,O as the
solvent in acetic acid in the presence of tris(hydroxymethyl)
methylammonium ion buffers.

The solvent isotope effects on hydronium-ion catalysis of
hydration for the two substrates are different. Solvent isotopic

Ph

Ph An
(ﬁ <:\f .
¢} [0} OH
35 36

37

An An
OH OH
38 39

Fig. 4 Structures of o-hydroxybenzyl alcohols and their photo-
dehydrated o-QMs.
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Fig. 5 Structure of compounds which do not undergo deuterium
exchange.
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Scheme 13 Generation of 0o-QM by ESIPT.

effect for the oxygen quinone methide 61 is ky/kp = 0.42,
whereas for the sulfur substrate 59 is ky/kp = 1.66. The inverse
isotope effect (kuy/kp < 1) in the oxygen containing system
specifies pre-equilibrium proton-transfer reaction mechanism
by which protonation of the substrate on its oxygen atom being
fast and reversible, and capture of the benzyl-type carbocationic
intermediate is observed. On the other hand, the normal
isotope effect (ku/kp > 1) in the sulfur system indicates that the
protonation of the substrate on its sulfur atom is rate-
determining and carbocation capture is fast (Scheme 15).
Matsumoto and co-workers® reported that the thermal and
photochemical generation of 0-QM was accelerated by the
presence of water molecules in the reaction solvents via the

OH
Dzo o O O
_ >
CH3CN O O

40 (40-0D) l

Scheme 12 Photochemical incorporation of deuterium on phenylphenol.

This journal is © The Royal Society of Chemistry 2014
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Scheme 14 Generation of o-thioquinone methide 59.

formation of anionic micelles and vesicles. According to their
report, amino phenanthrol 65 and their naphthalene analogues
act as precursors and transforms to QM 68 in the presence of
light (Scheme 16).

Popik and Arumugam?* reported the efficient generation of
quinone methide from 2-hydroxymethyl phenol 69. Isomeric
3-hydroxy-2-naphthalenemethanol 70 and  2-hydroxy-1-
naphthalenemethanol 72 resulted the respective naph-
thaquinone methides, 2,3-naphthoquinone-3-methide 71 and
1,2-naphthoquinone-1-methide 73 (Scheme 17). During the
generation of ortho-naphthaquinone methides (0-NQMs) 71 and
73 in the flash photolysis of ammonium precursors 70c and 72¢
ensues within the duration of a laser pulse, irradiation of 70a
and 72a as well as their ethoxy derivatives 70b and 71b provides
evidence for the detection of a kinetic precursor to 0-NQMs. The
rate of formation of 0-NQMs does not depend on the pH of the
solution. Furthermore, the generation of cyclohexadienone 75

+ H0*

OH ’ OH
rds
fast + H,0
-H* OH
+
62 63

SH
rds fast SH
+ H,0f — + H,O ——
. H* OH

Scheme 15 Solvent isotope effects on 0-QM and o-thioquinone
methide.

66
l H,0

_ -

O OH
O NHMe,
-
o
O OH
68 67

in micelle and
protic solvent

Scheme 16 Generation of QMs by the formation of anionic micelle
and vesicle.
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Scheme 17 Generation of 0-QM by using phenolic derivatives.

and 76 by the photochemical irradiation of three different
precursors 74a-c and 76a-c have been reported (Scheme 17).

Wan and co-workers® tactically substituted the hydroxy-
methyl phenols with 2-hydroxy-2-adamantyl moiety and
explored their photochemical reactivity. Upon the excitation of
AdPh derivative 78 to its singlet excited state, it undergoes a
intramolecular proton transfer at first, followed by the loss of
H,0 to give quinone methide 80, which has been detected by
laser flash photolysis (CH;CN-H,O 1 : 1, t = 0.55 s) and UV-vis
spectroscopy (Scheme 18). The quantum yield of QM formation
has been increased by three fold, and the lifetime is enhanced
by the introduction of the adamantyl substituent on the ortho-
hydroxymethyl phenol moiety.

Freccero and co-workers* reported the photogeneration of
new Binol quinone methides 83 and 84. They also explored
mono- and bisalkylation of free nucleophiles by product
distribution analysis and laser flash photolysis in water solution
using Binol quaternary ammonium derivatives 81 and 82 as
photoactivated precursors (Scheme 19).

(H,0)n
1
(H0)n
/H H\ |
? 0 ol O—H
3:1
( ) 79
hv | -HO
o]
Nu
further transformation «——— =

80

Scheme 18 Formation of adamantyl substituted o-QM 80.
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Excitation of anthracene derivative 85 to S, initiates photo-
dehydration giving the corresponding quinone methide 86 that
was detected by laser flash photolysis (LFP) in 2,2,2-tri-
fluoroethanol.”” The QM decays by protonation giving a cation
87, which subsequently reacts with nucleophiles to give
compound 88 (Scheme 20). QMs of the anthrol series is
important for its potential use in biological systems because
the chromophore absorbs at wavelengths > 400 nm.
Anti-proliferative investigations conducted with 2-anthrol
derivative 85 on three human cancer cell lines showed higher
activity for irradiated cells.

The vinylidene-quinone methides 92 and 93 were generated
by irradiation of 2-alkynylphenols 89 and 90, respectively, which
were detected by laser flash photolysis in organic solvents and
aqueous acetonitrile (Scheme 21).%® It was also shown that the
UV-vis properties and the electrophilicity are enhanced by a
B-silicon effect and solvent polarity.

X=NMe, 81 83 84
NMe,? 82

Scheme 19 Photochemical generation of binol quinone methide.
OH
OH —Hzo “(
85 Pr" Ph TFE
OO - “‘;

Scheme 20 Formation of QM by photodehydration of hydroxylated

anthracene.
@K ESIPT <:\E

w{

@\,\/
91

92,R = H
89, R = H ReH
90, R = SiMe; R 93, R = SiMe;

RNH, CH CN or CH,Cl,

@%

Scheme 21 Photochemical generation of vinylidene-QMs.
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3. Reactions of ortho-quinone
methides

The transient nature of ortho-quinone methides is due to their
propensity to undergo rapid rearomatisation, either by the
Michael addition of nucleophiles or often more usefully by the
cycloaddition with 27t partners or via oxa-6m-electrocyclisation.
Surprisingly, this rapid reactivity was historically seen as a
deterent to synthetic development in the field, with the poten-
tial for dimerisation and trimerisation sometimes being major
stumbling block. To avert this, it is common to employ an
excess of the nucleophilic or dieneophilic components and the
localized 0-QM concentration is often kept low.

0-QMs, being labile intermediates, have been stabilized by
metal coordination. The examples of simple isolated quinone
methides are rare. In fact, in condensed phases, the parent
compound has only been characterized spectroscopically at
lower temperatures because it is extremely reactive. Spectro-
scopic evidence of the zwitterionic form of the 0-QM derived
from vitamin E has only been possible at —78 °C, through the
stabilization by interaction with N-methylmorpholine N-oxide.
These results show how difficult it is to isolate quinone
methides. para-Quinone methides have been discussed as
intermediates in the chemistry of lignins and have been used in
organic synthesis as electrophiles or electron acceptors. Because
the parent 0-QM molecule is unstable, NMR spectroscopic data
are not available. Therefore, the metalated parent ortho-quinone
methide complex was examined using two-dimensional NMR
spectroscopic techniques to understand its structure and reac-
tivity. 0-QMs are also believed to be key intermediates in the
action of several antitumor and antibiotic drugs.

3.1. Electrocyclisation and cycloadditions

3.1.1. [4+ 2] electrocyclisation and cycloadditions. Baldwin
and Adler* have reported a proficient process for the synthesis
of 2,2-dimethyl-2H-chromenes in a single step from the corre-
sponding phenol and 3-methyl-2-butenal via microwave irradi-
ation in CDCl;. These reactions generated a transient 0-QM
intermediate 99, which upon in situ electrocyclization gave the
final bicyclic chromenes 100 in good yields (Scheme 22).

ortho-Quinone methides are versatile intermediates
involving a minimum of seven carbon atoms, which are mainly
involved in 1,4-Michael type additions as well as aza-Michael
reactions with various nucleophiles. 0-QMs also give Diels—
Alder and hetero-Diels-Alder cycloaddition products
(Scheme 23). 0-QM especially derived from 4-hydroxycoumarin
undergo [4 + 2] cycloaddition reaction with penta-fulvenes to
afford pyranocoumarin and pyranopyrone.*

Ploypradith et al.** reported the generation of 0-QMs by the
reaction of compound 103 with p-TsOH on silica. Hetero Diels—
Alder (HDA) reaction of in situ generated 0-QMs 104 with
styrenes 105 and 106 gave the corresponding arylchromans 107
and 108 in good yields (Scheme 24).

Sajiki and co-workers® established a FeCl,-catalyzed method
for the synthesis of 1-naphthoquinone-2-methides 112a from
dihydronaphthalenes 109 and further transformation of the
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Scheme 23 Reactivity of ortho-quinone methide with alkenes.

products in an annulation reaction with various allyl silanes to
afford biologically useful dihydronaphthopyran derivatives. The
annulation can proceed via an 0-NQM intermediate. The
site-selective cleavage of one C=O0O bond is promoted by the
coordination of the two oxygen atoms of 109 to the Lewis acid to
give a five-member ring, which is then cleaved to give the
zwitterionic intermediate 110. Subsequent migration of the
siloxymethyl group (-CH,OTBS) and aromatization provides the
2-siloxymethyl-1-naphthol 112. Further, Lewis acid induced
elimination of the silanol (TBSOH) leads to an 0-NQM 112a,
which undergoes annulation with allyl-TMS through a hetero-
Diels-Alder reaction to furnish 113 (Scheme 25).

Lindsley et al.*® reported the total synthesis of polemannones
B 114 and C 115, which are highly oxygenated benzox-
anthenones derived from Polemannia montana, by employing a
catalytic Cu(u)/sparteine oxidant system for pB,B-phenolic
couplings and cascade Diels-Alder reaction by tandem inverse-
electron demand, producing 75-90% yield (Fig. 6).

The polemannones are unique because there is an extra
electron donating ether moiety. Compounds containing

X
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Scheme 24 Acid-catalysed generation of 0-QMs and their HDA
reaction with styrenes.
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Scheme 25 FeCls-catalyzed synthesis of 1-naphthoquinone-2-
methides.

electron-donating ether moieties para to the phenol, such as
116, stabilize the 0-QM intermediate and provide the ‘push’ in
the inverse-electron demand in the Diels-Alder reaction during
the synthesis of 118 via 0-QM 117 (Scheme 26). If two electron-
donating ether moieties are present, the second one is always
located at meta to the phenol.

But exceptionally, it is interesting that the o-methoxy group,
as in 119, equally stabilizes the 0-QM intermediate and provides
the ‘push’ in the inverse electron demand in the Diels-Alder
reaction to provide the unnatural benzoxanthenone 121
(Scheme 27).

Jha and co-workers®** reported the synthesis of naphthopyr-
ans 133 from 2-naphthol 129, a secondary amine 124, and
3-hydroxy-2,2-dialkylpropanal 122 in the presence of a catalytic
amount of p-toluenesulfonic acid. This reaction is a one-pot

114
Polemannone B

Polemannone C

Fig. 6 Structure of polemannones.

116

o)
O
I A

carpanone

Scheme 26 Synthesis of carpanone via electrocyclization of
0-QM 117.
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retro-aldol disintegration of 3-hydroxy-2,2-dialkylpropanal
followed by formation of a Mannich base intermediate 130
from 2-naphthol, a secondary amine, and formaldehyde (retro-
aldol product). The Mannich base undergoes disproportion-
ation to give a QM intermediate 132 and a secondary amine.
Compound 125 reacts with amine 124 to generate enamine 128.
QM intermediate undergoes electrocyclization with enamines
to generate the final product 133 (Scheme 28).

3,3-Dialkyl-2-morpholino-3,4-dihydro-2H-naphtho[1,2-b]-
pyrans 137 were synthesized by the reaction of 1-naphthol 134,
morpholine 135 and compound 136 in the presence of a cata-
lytic amount of p-TSA (Scheme 29).

Lee et al.*® have reported an efficient one-pot approach for
the synthesis of benzopyranobenzo pyrans and naphthopyr-
anobenzo pyrans. Resorcinol and naphthols undergo a domino
aldol type reaction followed by a hetero Diels-Alder reaction
with the benzaldehyde. The reaction of compound 139 with
resorcinol 140 in the presence of ethylenediamine diacetate
(EDDA)/TEA first gives intermediate 141 as an aldol-type
product. TEA promoted the dehydration of intermediate 141
to form quinone methides 142a and 142b. Because of a
sp’>-geminal effect, the endo-transition structure 142b may be
more favourable than the exo-transition structure 142a due to
the 1,3-allylic strain. The regiospecificity is attributed to the
products 143a and 143b due to possibility of hydrogen bonding
between the hydroxyl group and carbonyl group (Scheme 30).

ortho-Quinone methide 147 arising from a formal [2 + 2]
cycloaddition between aryne 144 and DMF was found to

OMe
Ph3PCH,CH,Br
OH 3PCH,CHy
" . =
n-BuLi,THF, it~ MeO CHs
9
CcHO % OH 120
119
10 mol % CuCl, | 4 A° MS, MeOH
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Scheme 27 Synthesis of benzoxanthenone 121.
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Scheme 28 Synthesis of naphtha pyrans 133 via electrocyclization of
0-QM with enamines.
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undergo a [4 + 2] cycloaddition with ester enolate 148 or kete-
nimine anion to produce diverse coumarins 150 (Scheme 31).%®

Silver oxide-mediated oxidation of phenol substrates 151 for
the synthesis of 0-QMs 152 has been developed by Lei et al.*” for
the biomimetic syntheses of novel trimeric natural products,
(£)-schefflone and tocopherol trimers 153 (Scheme 32).

Bharate and Singh® have reported the synthesis of anti-
malarial robustadials A and B 159 starting from the commer-
cially accessible phloroglucinol. A biomimetic three-component
reaction that involves the in situ generation of an 0-QM via the
Knoevenagel condensation followed by the Diels-Alder cyclo-
addition with (—)-B-pinene 157 gave robustadials A and B. A
retrosynthetic pathway is shown in Scheme 33.

Robustadials A and B have been anticipated to be formed
biogenetically from the Diels-Alder cycloaddition of 0-QM 158
with (—)-B-pinene 157. The key intermediate 0-QM 158 could be
generated by the oxidation of diformylated synthon 154 or by
the coupling of phenol 155 and aldehyde 156 via a Knoevenagel
condensation (Scheme 34).

The treatment of 155 with 156 and (—)-B-pinene 157 in the
presence of sodium acetate in acetic acid under microwave
irradiation (1000 W) for 4 min resulted in the formation of the

142a, exo 142b, endo

l hetero Diels-Alder l

143a 143b

Scheme 30 Synthesis of benzopyranobenzo pyrans and naph-
thopyranobenzo pyrans.
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Scheme 32 Silver oxide-mediated generation of o-QM for the
synthesis of tocopherol trimers.

desired products in a combined yield of 68% (Scheme 34).
Similar results were obtained when the reaction was carried out
under conventional heating at 80 °C for 2 h. The 0-QM 158 is
produced in situ by the addition of phloroglucinol 155 with
isovaleraldehyde 156 followed by dehydration (Knoevenagel-
like condensation). Then 157 can undergo the cycloaddition

View Article Online
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reaction with 0-QM 158a and 158b via two different orienta-
tions, and each can lead to two pairs of diastereoisomers 159a
and 159b. The formation of two isomers is attributed to the
attack of the oxygen of the QM only to the more substituted
terminus of the pinene double bond (Scheme 34).

The biosynthesis of the meroterpenoid guajadial 163 has
been achieved via the hetero-Diels-Alder reaction between car-
yophyllene 160 and an 0-QM.* Biomimetic synthesis of guaja-
dial 163 and psidial A 164 involved a three-component coupling
reaction between caryophyllene 160, benzaldehyde 161, and
diformylphloroglucinol 162 in an aqueous medium
(Scheme 35). It has been envisaged that t