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ortho-Quinone methides as key intermediates in cascade
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Development of new methods of heterocyclic synthesis is still a topical issue. In this connection, the trend related to the use of
highly reactive o-quinone methides for the synthesis and functionalization of heterocycles appears rather promising. Since
most of o-quinone methides are unstable, the choice of precursors and generation conditions is highly important for
subsequent transformations involving them. Various methods of generation of o-quinone methides and cascade hetero-
cyclizations in which the formation of these compounds is a key step are surveyed in the review. The trends of using o-quinone
methides in the synthesis of various heterocycles are analyzed and the heterocyclization reactions involving these compounds

are classified.
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Development of efficient synthetic routes with elucidation
of the design patterns for oxygen-containing fused hetero-
cycles is currently an important fundamental problem of
organic chemistry. The efforts of synthetic chemists are
aimed, on one hand, at searching for reaction conditions
that would provide nearly quantitative yields in each step
and, on the other hand, at minimizing the number of
separate steps. Modern methods for the synthesis of organic
compounds should not only be based on simple and

decrease the cost of target products, but also considerably
mitigate the environmentally adverse consequences of pro-
cess implementation.

These requirements are reflected in the interest of
organic chemists in one-pot syntheses, which has sharply
increased in recent years.!>> Among transformations of this
type are cascade reactions, which are also called domino or
tandem reactions in the literature.

Also, the choice of an accessible substrate offering a
great synthetic potential has been and is still a key problem
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of the molecular design of novel heterocyclic systems.?
Owing to the presence of several reaction centres, ortho-
quinone methide (0-QM, 1) and its derivatives are valuable
intermediates in the synthesis of benzannulated oxygen-
containing systems, which are of interest as photochromic
materials # and biologically active compounds.>~7 The pres-
ence of l-oxabutadiene moiety with an invariable cisoid
conformation in 0-QMs and the formation of stable aro-
matic products from these species account for their high
reactivity towards a broad range of dienophiles and nucle-

ophiles.
/O
A

1

Structure 1

The properties and the synthetic potential of 0-QMs
have been vigorously studied in recent years; most of all,
this is related to their specific structure, high reactivity and
an important role in many chemical and biochemical
processes. The key aspects of 0-QM reactivity were covered
in the pioneering studies of Turner®° back in the 1960s.
However, a considerable increase in the number of publica-
tions on this topic took place only in the last two decades.
Several reviews consider various aspects of the synthesis and
application of these intermediates. Classic reviews!0-11
describe the key methods for generation and chemical
reactivity of 0-QMs. Being potent electrophiles, 0-QMs
can alkylate many nucleophiles, including carbohydrates,
nucleophilic sites of enzymes and DNA, and this has also
been considered in the literature.!? 13

The accumulated knowledge on the application of
0-QMs, including the aspects described above, and on
investigation of their properties and use in medicinal chem-
istry and biology have been covered most comprehensively
in a book !4 edited by Rokita. The paper of Bolton,!?
describing QM bioactivation routes essential for medicinal
chemistry deserves attention; however, it is mainly devoted
to para-isomers. A review of Basari¢ et al.'® demonstrates
the pathways of photochemical generation of quinone
methides and their applications in medicinal chemistry.
Analysis of the role of QMs in the lignin chemistry is also
noteworthy.!” Finally, the most recent reviews illustrate the
methods for 0-QM generation !® and stabilization via com-
plex formation,'® the use of these intermediates in asym-
metric synthesis,?~23 preparation of chromenes and
chromans,?* total synthesis of natural compounds 2’ and in
some other reactions.?® However, the publications noted
above present only a superficial consideration of the cas-
cade heterocyclization reactions involving 0-QMs. The large
amount of accumulated information concerning the prepa-
ration of various fused heterocycles from 0-QMs brings
about the necessity to systematically describe these reac-
tions.

Many authors use the terms ‘tandem’, ‘cascade’ and
‘domino’ reactions interchangeably, without drawing a
borderline between them. However, there are actually
different views on how the reactions of this type should be
classified. According to Ho,?” tandem processes are combi-
nations of two or more reactions that occur in a definite
order; if the addition of extra reagents is required, their
fragments are integrated into the product. According to
Nicolau et al.,?® cascade reactions include several trans-

formations in one process operation; this is done using only
one solvent (solvent system) and a single isolation of the
product. According to Denmark and Thorarensen,?® tan-
dem reactions can be divided into three types:

1) all reactions occur without addition of extra reagents
or catalysts and the reaction conditions do not change
(domino or cascade reactions);

2) the intermediates formed in the first reaction have all
necessary functional groups for the subsequent steps to
proceed, but additional energy (heating or irradiation) is
required to overcome the energy barrier;

3) intermediates formed in the first reaction also have
the necessary functional groups, but extra reagents or
catalysts are needed for the subsequent transformations.

Reactions of the first type usually involve the formation
of highly reactive intermediates, which are very difficult or
impossible to isolate. In the second and third cases, the
intermediate compounds are, most often, relatively stable.

In the opinion of Tietze et al.,3°~ 32 a domino reaction is
a reaction consisting of two or more bond-forming trans-
formations, which occur under the same conditions without
addition of any other reagents or catalysts, the subsequent
reactions involving the reaction centres formed in the
previous steps. According to this definition, most of domino
reactions fall into the more extensive class of tandem
processes.

An important advantage of cascade reactions is the
possibility of participation of sensitive and unstable inter-
mediates. Since the reactive intermediates do not decom-
pose as they are generated, because they are further
consumed, the final products are most often formed in
good yields. Thus, the cascade strategy as applied to the
synthesis of heterocycles is a potent tool for increasing the
complexity of a molecular structure starting from simple
initial compounds.

In this review, we adhered to the definition of domino
reactions proposed by Tietze’s group and used it as a
synonym for cascade reactions. The 0-QM generation step,
which is often the retro-Michael reaction, was not taken
into account as a separate process. Most of the cascade
reactions involving 0-QMs reported in the literature can
formally be assigned to one of three groups (Fig. 1).

However, we do not use this classification, because
transformations that are similar in essence are often classi-
fied as different types. The classification based on the
mechanism of separate steps of a domino process is also
hardly suitable, because of the large diversity of chemical
transformations even within one cascade. Therefore, in this
review, the cascade reactions are grouped together in terms
of the type of transformations of 0-QMs that directly result
in the construction of a heterocyclic system. This classifica-
tion gives a clear view of the synthetic applicability of
0-QMs and can be useful for selection of the lines for
further research.

The approach of complementary coupling of two ambi-
philes also appears promising for the synthesis of cyclic
structures.?® According to a definition,3* ambiphilic
reagents are compounds containing reaction centres of the
opposite nature in one molecule. In a publication of Yudin
and co-workers,33 ambiphilic reagents are called amphoteric
compounds; among them, the authors distinguish thermo-
dynamic amphoteric organic compounds (for example,
a-amino acids) and kinetic amphoteric compounds, which
have both electrophilic and nucleophilic centres with no



D.V.Osipov, V.A.Osyanin, Yu.N.Klimochkin  Russ. Chem. Rev., 2017, 86 (7) 625—687 627

1. One-component reactions:
A —> [O-QM] — X, —> X, —>
A —>=X; —> [0-QM] —> X, —> -

[0-QM]

X; — > X, (trimerization)

[0-QM]
A —> [o-QM] —>

2. Two-component reactions:

B
A —> [()_QM] — X, —> X, —>
A+ B —X; —> [()—QM] —> X, —> -
3. Three-component reactions:

C
A+B —=X; — [0-QM] —> X, —> -

(for C = B pseudo-three-component reaction)

Figure 1. Types of cascade reactions involving reactants A —C and
generation of o-quinone methides (0-QMs), resulting in products
X

proton transfer between them. o-Quinone methides can be
regarded as 1,4-ambiphilic reagents, which allows them to
be used in cascade heterocyclizations to give five-, six-,
seven- and eight-membered oxygen-containing heterocycles
(Fig. 2). However, the range of appropriate ambiphilic
substrates for 0-QMs still remains rather narrow. Since no
systematic analysis of 0-QMs as 1,4-ambiphiles in the
construction of benzannulated heterocycles has been carried
out to date, we considered many reactions also from this
standpoint.

40 (O ¥ (0]
<> + ) —

\ +

\CHZ CH» - CH;

0-QM (1)

1,4-ambiphile 1, n-ambiphile

Figure 2. Scheme of the synthesis of oxygen-containing cyclic
systems involving o-quinone methide as a 1,4-ambiphile.

It should be mentioned that this review almost exclu-
sively describes the transformations of 0-QMs that have a
6-alkylidenecyclohexa-2,4-dien-1-one moiety distinguish-
able in the molecule. We do not consider unsaturated
substrates A —C, including heterocyclic ones, which contain
an additional carbonyl group, because their reactivity
differs substantially from the behaviour of classic 0-QMs.
For the same reason, structures D with a heteroatom at the
exocyclic carbon atom are barely considered; in particular,
the review does nor cover the insertion reactions of arynes

Structures A—D
? g
_0 0. 0 N O 0
0 Do P
5 5 5 v

A B C D (Y = OR, SR, NR»)

into formamides followed by the formation of heterocycles,
which are described in detail by Miyabe.3¢

This review addresses cascade reactions giving rise to
cyclic structures based on 0-QMs and starts with the brief
description of the most efficient methods for generation of
0-QMs and their chemical properties (Section II).
Section III presents the cascade reactions initiated by 1,4-
addition. Section IV deals with the cascade processes based
on Diels—Alder reactions, including oligomerization of
0-QMs. Section V covers the cascade reactions that com-
prise electrocyclization. Section VI describes the heterocyc-
lizations initiated by sigmatropic shifts. The domino
reactions that do not fall into any of the above types are
considered in Section VII.

II. The reactivity and generation methods of
o-quinone methides

As has already been noted, 0-QMs can alkylate many
nucleophiles, including those occurring in nature.!! For
example, willow bark and leaves contain salicortin, which
inactivates the pest B-glucosidase via the formation of
0-QMs. The antitumour action of natural antibiotics, dau-
nomycin, adriamycin and menogaril, is ascribed to 0-QM
generation in vivo during their reductive bioactivation.
Vitamin K; and ubiquinones (coenzyme Q,) play a key
role in the electron transfer and energy transport by means
of their o-quinone methide tautomers.!! Also, 0-QM gen-
eration underlies the use of some linkers in the solid-phase
synthesis.?” Worthy of note are the key role of these
intermediates in the production of phenol formaldehyde
resins 3% and their increasing significance in the develop-
ment of new bioorthogonal and click reactions.3’
0-Quinone methides were mentioned for the first time in
a publication of Fries and Kann4® (1907) in relation to
oligomerization of 2-halomethylphenols. Meanwhile, the
synthesis of 14H-dibenzo[a, j]xanthenes 2 from 2-naphthol
and aromatic aldehydes reported back in 1883 is one of the
first cascade transformations involving 0-QMs and giving a
heterocycle (Scheme 1).4!
Scheme 1

Ar
OH H+
2 + ArCHO —————>
—2H,0
(0]

2

Apart from the non-charged structure 1, 0-QM can be
depicted as a singlet form representing resonance-stabilized
benzyl carbocation 1° and as triplet biradical form 1"
(Fig. 3). In addition to the aromatic conjugation, the
dipolar species is stabilized by the field effect. The elec-
tron-donating effect of the oxygen atom makes 0-QM:s less
electrophilic, but kinetically more stable and more selective
towards nucleophiles as compared with benzyl carboca-
tions.

Unlike o-benzoquinones, 0-QMs are highly polarized,
which accounts for their higher reactivity.*> Apart from the
lack of participation in radical reactions, these compounds
differ from o-quinodimethane 3 by the very small number of
known cases of cyclization. For example, irradiation of
substituted salicyl alcohol 4a (0-QM precursor) at 6.5K
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Figure 3. Singlet dipolar and triplet biradical forms of o-quinone
methide.

with a high-pressure mercury lamp yields benzoxete 5,
which is thermodynamically less stable than 0-QMs

(Scheme 2).43
(=
S
3

Scheme 2

—_—
—H>0

4a

A direct spectroscopic investigation of the unsubstituted
0-QM (1) is possible only in an argon matrix at 10 K or by
using laser flash photolysis technique. The simplest 0-QMs
are too unstable and rapidly polymerize as their dilute
solutions are concentrated. However, the 0-QM stability is
increased in the presence of electron-withdrawing or aryl
groups at the exocyclic carbon atom, upon elongation of the
conjugation chain, in particular, as a result of benzannula-
tion, in the presence of several electron-donating groups in
the ring and/or sterically bulky substituents in the vicinity
of the carbonyl group as well as the possibility of intra-
molecular hydrogen bonding.** Furthermore, 0-QMs can be
stabilized as transition metal (Ir, Os, Rh) complexes; how-
ever, the reactivity of these complexes usually markedly
differs from that of free 0-QMs.'” As examples of stable
0-QMs, including naturally occurring ones, consider com-
pounds 6-—14 (the 0-QM moiety is marked by bold
lines).45—32

0-Quinone methides occupy a unique place among
Michael acceptors. The addition of nucleophiles (NuH) to
these species directly gives an aromatic system and, there-
fore, it is thermodynamically favourable. In the related
benzoquinones and quinodimethanes, the formation of an
aromatic system requires an additional enolization step in
the former case, while in the latter case, the conjugate
addition of nucleophiles affords benzyl carbanions, which
are less stable than phenoxide ions (Scheme 3).

Scheme 3
Nu

CH,
(X =Y = CH»)

Nu~ o-

(X =CHyY =0)

CH

(XYO)

When there are appropriate substituents, the adducts
initially formed from 0-QMs can undergo subsequent cycli-

zation to give fused heterocyclic systems. Furthermore,
Scheme 4
OH
NuH
nucleophilic Nu
addition
X
R! R? (0] R!
©io/ 7;
[4 + 2]-cyclo- 2
X addition R
X
1
X = CH=CHR!

(0) R
Ly

electrocyclization

/H\
o o H
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Structures 6—14

0 (o)

<);

O AN
10 OMe

=N /—\ NN ‘Q

N\ 7/ NN\ \

13

C(O)NEt,



D.V.Osipov, V.A.Osyanin, Yu.N.Klimochkin  Russ. Chem. Rev., 2017, 86 (7) 625—687 629
Sch 5
O cheme
| OBoc (ONy O. OH
R )‘( N
OH o ‘ /
‘ R
O R R R R
(X = BAr, C=0,
S=0, CRY)
hy ButMgCl | — BocOMgCl,
—BuH —X=0 —~R'CN Az0 | —Ag, —H0
0 — i
©/ PhsP— CHR 7 )R
o —PhsP=0 7
OH 40
OH
X “ RCHO ©/
—HX —H,O
R! R
(X = Hal, OR’, SR/, NR}, NR}Hal) O
O
OTBDMS F- T O
X ~TBDMSF, — X~ R
hv or Pd"-H
R
R
(X = Hal, ONO») @:ﬁ OH
/
R 7
R

R, R’ = Alk, Ar, etc.; Boc = C(O)OBu!, TBDMS = SiMe,Bu!

0-QMs can be stabilized by cycloaddition and o-vinyl
derivatives are stabilized via electrocyclization
(Scheme 4).%!

The chemical properties of 0-QMs and phenols are
tightly connected, which is manifested most clearly in the
methods for 0-QM generation from phenol derivatives and
in 0-QM conversion to phenol derivatives upon reactions
with nucleophiles and dienophiles. As compared with the
para-isomers, 0-QMs are formed, as a rule, under more
drastic conditions due to higher polarization and lower
stability.** The generation of 0-QMs is performed by
chemical (on treatment with oxidants, acids or bases),
thermal, photochemical, electrochemical or enzymatic
routes. Most often, 0-QMs are generated by thermolysis of
various precursors, such as salicyl alcohols and ethers,
Mannich bases, quaternary ammonium salts, 2-halomethyl-
phenols, 2-mercaptomethylphenols, 2-allylphenols, 4 H-ben-
zole][1,2]oxazines, 4 H-benzo[d][1,3,2]dioxaborinines and so
on (Scheme 5).

Most of the methods developed to date provide good
results if the generated 0-QMs are involved in subsequent
intramolecular reactions. However, the application of these
species in intermolecular reactions is usually complicated by
the formation of oligomerization products.

The use of high temperature often induces undesirable
side reactions, in particular, decomposition of nucleophiles
and/or final products or change in the reaction stereo-
chemistry. Since 0-QMs are electrophilic, their generation
is facilitated by electron-donating substituents and impeded
by electron-withdrawing ones. In addition, thermolysis
proceeds under milder conditions if the resulting 0-QMs
are stabilized by additional conjugation. The ease of gen-

eration of 0-QMs is markedly affected by the nature of the
leaving group at the benzyl carbon atom in the precursor.
For each precursor, there is an optimal temperature range
for the generation of 0-QMs, which depends on the nature
of substituents in the molecule.

III. Cascade processes initiated by 1,4-addition

A major route of 0-QM stabilization in a nucleophilic
medium is the conjugate addition of various Michael
donors. The Michael donors used most often include CH-
acids, allylsilanes, aliphatic and aromatic amines, amino
acids, electron-enriched arenes and heterocycles, phenols,
carboxylic acids, alcohols and some other compounds. An
important factor for these reactions is the choice of the
solvent, which, on the one hand, can compete with the
nucleophile in the addition reactions and, on the other
hand, can facilitate the 0-QM generation step. The nucleo-
phile addition to 0-QMs is formally reversible, but the
equilibrium is considerably shifted, almost in all cases,
towards the products, and this dictates the ultimate out-
come at any equilibrium constant of the 0-QM generation
step. The reported cascade reactions that include the
Michael addition as one of the steps afford, most often,
five- and six-membered heterocycles.

II1.1. Michael reaction —nucleophilic addition

II1.1.a. Synthesis of benzofurans

The carbon atom of the isonitrile group possesses simulta-
neously electrophilic and nucleophilic properties; therefore,
isonitriles can be considered as 1,1-ambiphilic reagents for
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the synthesis of fused furans in the reactions with 0-QM
precursors (Scheme 6).

R—N=C- N\
—_— NHR
O

It was found that heating of a mixture of 1- and
2-naphthols with aromatic aldehyde and aliphatic isonitrile
gives the corresponding 2-alkylaminonaphthofurans 15 and
16 in high yields (Scheme 7).3

Scheme 6

Scheme 7

180°C,1.5h
ArCHO + R— N cCcC —

& 5

15 (90% —95%)
Ar NHR

OH —
°
——

16 (83% —89%)

R = cyclo-C¢H;y, But

The mechanism of this reaction is similar to that of the
transformation of phenolic Mannich bases 17 into amino-
benzofurans 18 under the action of aliphatic isonitrile in the
presence of 1,2-dibromoethane and catalytic amounts of
lithium perchlorate (Scheme 8).°* Under these conditions,
the retro-Michael reaction takes place to give the corre-
sponding 0-QM, which undergoes the Michael addition to
isonitrile, and the subsequent cyclization furnishes 2-amino-
benzofurans 18.

The ambiphilic nature of the cyanide ion allows the use
of inorganic cyanides in the synthesis of 2-aminobenzofu-
rans unsubstituted at the amino group (Scheme 9). The
thermolysis of 2,4-di-tert-butylphenol Mannich bases 19 in
sulfolane results in generation of 0-QMs 20, which undergo
the Michael addition to the cyanide anion. o-Hydroxyben-
zyl cyanides 21 thus formed are converted to 2-amino-
benzofurans 22 as a result of the intramolecular Pinner
cyclization followed by tautomerization.>>

Attention is attracted by the fact that this method for
the preparation of 2-aminobenzofurans has been applied
only to sterically hindered Mannich bases.

II1.1.b. Synthesis of dihydroarenofurans

Dihydroarenofurans can formally be obtained from 0-QMs
and 1,1-ambiphiles complementary to them (Scheme 10);
these may be singlet carbenes or carbenoids or their syn-
thetic equivalents, in particular, diazo compounds.

Scheme 10

©/ X*(.fHorX;\LG(—LG*) mx
NS

o 0

1

Various precursors of 0-QMs, in particular, Mannich
bases obtained by aminomethylation of 1- and 2-naphthols,
4-hydroxyacetanilide, 2,4-dimethylphenol and their quater-
nary salts, react with diazomethane or dimethylsulfoxonium
methylide to give the corresponding 2,3-dihydronaphtho-
furans.’® The product yields depend considerably on the
nature of the leaving group in the 0-QM precursor. Usually,
the yields increase when quaternized derivatives of Mannich
bases are employed. In addition, dimethylsulfoxonium
methylide is a much more efficient reagent for the prepara-
tion of various dihydrofuran systems than diazomethane.
However, the latter is applicable if the initial substrate
contains functional groups sensitive to bases.

As an example of such transformation, consider the
reaction of quaternary ammonium salts 23 and 24 with
dimethylsulfoxonium methylide in the presence of dimsyl

Scheme 8
/NAlk NHAIk
OH Ar 0 /_\ 4
Br(CH,),Br (2 equiv.), [~ ¥ N O O\
N/\ AIKNC (2 equiv.) SAr C=N—AlK Ar| g+ Ar
R > —_—
N Ph LiClOy4 (cat.)
R2 K/ ~ R2 R2 R2
R! 17 R! R! R!
18 (25% —76%)
R2 = H: R! = H, Me, CO;Me; R!'-R2is benzo
N') Scheme 9
Nl NH:
OH LG H OH C O \
But But! But But Ar
Ar  gylfolane, 120 °C Z" "Ar NaCN Ar
_— > NG —
—HLG H,0
But Bu! But But
19 20 21 22 (77% —99%)

LG (leaving group) = NMe,, cyclo-N(CHb»)s
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Scheme 11
R R R 0 R
R + - + - R - + R (\g + R
NMeid  NaCHSOM ~ HCSOMe 5
—DMSO, > —DMSO g
OH —Nal, —MesN 0 o-
23,24 25.26

R = H (23; 25, 47% vield); R - R is benzo (24; 26, 50%)

sodium, resulting in the synthesis of dihydrobenzo- (25) and
naphthofurans (26) (Scheme 11).57

Treatment of 2-diethylaminomethyl-1-naphthol (27)
with diazomethane or dimethylsulfoxonium methylide gen-
erated from trimethylsulfoxonium iodide gives rise to 2,3-
dihydronaphtho[1,2-b]furan (28) (Scheme 12).5¢ However,
whereas the reaction of 2,5-bis(dimethylaminomethyl)-
hydroquinone dimethiodide (29) with trimethylsulfoxonium
iodide in the presence of NaH afforded tetrahydro-
benzo[1,2-b:4,5-b']difuran (30), no such reaction took place

with diazomethane.
OO NEt OO
28

_ .
NMesl MesS(0)I, NaH o
MesN —_—
DMSO0,60°C 0

30 (27%)

Scheme 12
(0]

aorb
—_—

(@) CHaNa, 3 °C, 24 h (4% yield); (b) MesS(O)1, NaH, 60 °C, 16 h (53%)

Bladé-Font>® investigated the reaction of colchicine
derivative 31 with excess diazomethane. The author pro-
posed several possible reaction mechanisms involving the
corresponding 0-QM (Scheme 13). One option includes
conjugate addition of diazomethane to 0-QM followed by
intramolecular nucleophilic substitution. An alternative
mechanism implies [2+ 1]-cycloaddition of the carbene
generated from diazomethane at the exocyclic double bond
of 0-QM to give a spirocyclic adduct, which is stabilized via
cyclopropane ring opening and rearrangement to a dihy-
drofuran system 32.

+ _
NMesl

HO
P
MeO
MeO
NS
O

31 SMe

CH2C17
MeOH

L0
NHAc
m CH:N» J MeO
7 MeO o
O \O
SMe

Retrosynthetic analysis of 2-acyl-2,3-dihydronaph-
tho[2,1-b]furans indicates that these compounds can be
prepared from 0-QMs and acyl carbenes by formal [4+ 1]-
cycloaddition (Scheme 14). Nitrogen or sulfur ylides, which
are usually generated from the appropriate salts by the
action of bases, can serve as synthetic equivalents (shown by
double-headed arrows) of acyl carbenes.

Scheme 14

4+1] 0

\O R

O -
OH

Carbonyl-stabilized pyridinium ylides can be utilized as
I,1-ambiphiles in the construction of trans-disubstituted
dihydroarenofurans. The successful use of this approach
was first illustrated in relation to 7-methylenequinolin-8-
one (34) generated from 7-(piperidinomethyl)quinolin-8-ol
(33a) (Scheme 15).>° Pyridinium ylides 36 formed in situ
from pyridinium salts 35 under the action of 1,1,3,3-tetra-
methylguanidine (TMG) or 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) react with 0-QM 34 according to Michael
addition pathway; the subsequent intramolecular nucleo-
philic substitution gives rise to 2-acyl-2,3-dihydrofuro[3,2-/]-
quinolines 37.

Later this approach was extended to various 0-QM
precursors such as Mannich bases derived from 2-naphthol
(38) and phenol (39), Mannich base methiodides (23),
2-hydroxybenzyl (salicyl) alcohol (4b, R?>= H) and its

]
~

Scheme 13

—N2 MeO 32 (12%)
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SN SN
OH TMG, MeCN, A \ (’ o TMG or
O . >0 DBU — »
—cyclo-HN(CHb»)s
o)
N Q ‘S
33a

Py
. \_)/\
36

Scheme 15

R = 1-Ad (55% yield), Bu' (42%), cyclo-C3Hs (34%); Ad is adamantyl, Py is pyridine

Scheme 16
R! R2 1+’y Br—
R! = R¢
(35
R;
X
~o
T 5 42, 43 (34% —90%)
+ _
OH
R! R2 . NMesl . R2
R] n n
NMe, R? OAc
OH OH OH OAc
38,39 23 4b, 40 a1

R!—R!is benzo (38, 43), R! = H (39, 42); R = H, Ar; R} = H,
5-CHO, 5-NO,, 5-CO,Me, 6-CO>Me, 5-Ac, 5,6-Me,, 7-OMe, 5-Br, 6-Br;
R# = Alk, Ar, NH;; B is base

analogues 40 (R? = Alk, Ar), as well as their diacetates 41.%°
The reactions diastercoselectively give dihydrobenzo- (42)
and dihydronaphthofurans (43) (Scheme 16; here and below
the positions of substituents in the product are indicated).

The developed method was successfully tested in the
total synthesis of a natural product, (4)-7-methoxyanoden-
droate (44) (Scheme 17).90

Aryl methylides containing electron-withdrawing

groups in the benzene ring can be utilized in this cascade
reaction instead of carbonyl-stabilized pyridinium ylides
(Scheme 18). The reaction of pyridinium salts 45 with
compounds 38a,b [R?=H (a), Ph (b)] gave 2-aryl-2,3-
dihydronaphtho[2,1-b]furans 46a—c, while using the appro-
priate heterocyclic precursors of 0-QMs provided dihydro-
furans 47 and 48.60

Scheme 17

NMCzl \\A O DBU, MeCN

MCOzc

OMe
MeO,C
MeMgCl
—78 °C —25°C
OMe (69%)
MeOzC

OMe 44 (78%)

Carbonyl-stabilized sulfur ylides, which can be both pre-
formed and generated in situ from the appropriate sulfo-
nium salts, can also function as efficient synthetic equiv-
alents of acyl carbenes in the synthesis of rrans-2,3-
dihydrobenzofurans 42 (Scheme 19). Several more synthetic
routes to substituted 2,3-dihydrobenzofurans have been
developed, starting from 2-(1-tosylalkyl)phenols 49,°!
o-alkylphenols 50 under oxidative conditions%? (the pres-
ence of electron-donating groups in the 0-QM precursor
molecule is necessary) or [2-(bromomethyl)phenoxy](zert-
butyl)dimethylsilane 51 with the participation of sulfur
ylides 52.63 When dimethylsulfonium methylide was intro-
duced in this reaction, 2-unsubstituted 2,3-dihydrobenzo-
furans were obtained.

It is worth noting that a moderate enantioselectivity was
attained when chiral sulfonium salt 53 was used in the
synthesis of 2,3-dihydrobenzofuran 54 (Scheme 20).%3

Scheme 18
R2 NMe,
OH
OO (38a,b)
Me;N Ac — >
HO
Mes>N
MeCN A €2 CO,Et
MeCN A HO N\
( NO’) N
48 (37%) \
I N
(R'=NOy)

46: R! = NO2: R2 = H (a, 45% yield), Ph (b, 29%);
= CO>Me, R2 = H (c, 40%)

47 (33%)
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10) (0]
+
& ‘ ‘ Br~ 4»]3 MeZS\/H\
MCzS\/\Rl ~ R!
52

@ i
C52C03 R; O Rl

42 (67% —99%)

R! = OEt, OMe, OBn, Ph, NEt,; R?2 = Alk, Ar; R3 = H, Br, OMe;
Ts = SOZC(,H4M€'4

m
I %

»

2

AgzO KzCO"& 3 O Rl

R30
42 (70% —98%)

= OEt, OMe, Ph, NEt,; R? = Ar, CH=CHPh;
R3* R3 = (CHz)z, CHz

\Qf\ BunNF \©j>—\
OTBDMS

42 (42% —95%)
= Ar, Het, OEt, Ph, NH»; R2 = H, Br

””'}U

Scheme 19

A high enantiomeric excess (ee¢) was attained in the
synthesis of dihydrobenzofurans 55a—m directly from car-
bonyl-stabilized sulfur ylides 52 in the presence of urea-
based chiral catalyst 56.54

It should be mentioned, however, that the use of
carbonyl-stabilized sulfur ylides together with 0-QM pre-
cursors in the synthesis of 2-acyl- or 2-aroyl-2,3-dihydro-
benzofurans and 1,2-dihydronaphtho[2,1-b]furans was
demonstrated by Cadona and Croce® back in 1976. This
approach was also successfully used to prepare some other
fused dihydrofurans,®®%7 including naturally occurring
ones. 68 69

1,2a-Disubstituted tetrahydro-3 H-cyclobuta[c]Jchromen-
3-ones 57 and 1-substituted dihydrocyclopropalc]Jchromen-
2-ones 58 containing electron-withdrawing substituents in
positions 2a and la react with dimethylsulfoxonium meth-
ylide to give tetrahydrodibenzo[b,d]|furan-4-ols 59 and dihy-
dro-1H-cyclopenta[b]benzofuran-3-ols 60, respectively
(Scheme 21).79=72 Presumably, 0-QMs are key intermedi-
ates in this rearrangement, higher yields being observed in
the case of naphthoquinone methides (R?—R? is benzo).

An attempt to perform the Wittig reaction with 9,10-
phenanthrenequinone (61) and benzylidenetriphenylphos-
phorane (62a) resulted in the isolation of 0-QM 63a as an
unstable solid, which was rapidly converted to dimer 64 on

Scheme 20
(53) Br- ©j>_\ Compound 55 R? Yield (%) ee (%)
NEt, a Ph 96 78
51 — b 4-MeCgH,4 95 78
Mezsvu\ (52) ¢ 4-MeOCeHs 93 66
©j>_< d 4-FCeH, 96 66
e 4-CIC¢Hy4 96 54
55a-m f 3-CIC¢H4 98 68
(a) BujNF, Cs,CO3, CH,Cly, rt; g 3-BrCgHy 98 82
(b) 56 (20 mol.%), CsF, 18-crown-6, PhMe, —20 °C; h 2,4-F>C¢H3 96 4
i 2-Th 97 46
Q j 2-Fu 70 44
s6 — N [Ar = 3,5-(CF3)>CsH3]; K Bu! 98 50
ArHN NH Ar 1 PhCH=CH 70 40
m Et,N 90 50
= H (25% yield, 63% ee), Me (69%, 60% ee);
Th is thienyl, Fu is furyl
+ Scheme 21
./ MexO)S
00 Hchs\:o H
EWG - s ~H"
R2
, HOR2
R' 57 58
Mex(0)S
HO ‘ <Ag/\
EWG =
Rl

n=1(57;59, 21% —93% yield), 0 (58; 60, 26% — 89%); R = Ar, Alk; R2 = H, R2— R2is benzo; EWG = CO,Alk, C(O)Ar, C(O)Alk, CN;

EWG is an electron-withdrawing group
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Ar

O\ ‘ thP CHAr O\
T e, ‘O

61 63a,b

+
Ph3P(CHzC6H4MC-4)B1’ -
LiOH

OMe

66 (69%)

Ar = Ph (a), 4-MeOCqH. (b)

Scheme 22

heating (Scheme 22).73 However, treatment of phenanthre-
nequinone 61 with excess phosphorane 62a afforded 2,3-
diphenyldihydrophenanthrofuran (65a) in 86% yield. A
similar transformation was also observed in the case of
4-methoxybenzylidene(triphenyl)phosphorane (62b): keep-
ing of an equimolar mixture of 62b with 0-QM 63b (or a
mixture of 9,10-phenanthrenequinone 61 and phosphorane
62b in 1:2 ratio) for 5 days resulted in the isolation of cis-
2,3-bis(4-methoxyphenyl)-2,3-dihydrophenanthro[9,10-b]furan
(65b). Treatment of a mixture of 0-QM 63b and 4-methyl-
benzyl(triphenyl)phosphonium bromide with an aqueous
solution of LiOH afforded compound 66 in 69% yield.”*

Sterically hindered 3,5-di-fert-butyl-o-benzoquinone
(67) reacts with benzylidenetriphenylphosphorane 62a, gen-
erated in situ from the corresponding salt in a two-phase
system, to also afford dihydrobenzofuran derivative 68
(Scheme 23).7°

Shaikh and Varvounis 7¢77 developed a method for the
synthesis of substituted 2,3-dihydrobenzofurans based on
the generation of 0-QMs from 2-bromo-1-[2-(triisopropylsi-
lyloxy)phenyljethyl nitrates 69 on treatment with fluoride
ions in the presence of various C-, N-, O- and S-nucleo-
philes (diethyl malonate, ethyl cyanoacetate, amines, alco-
hols, thiols, thiophenols, sodium azide) (Scheme 24). The
reaction includes the Michael addition and intramolecular
nucleophilic displacement of bromine to yield products 70.

The reaction of 4-nitro-2-[(triethylammonio)methyl]-
phenoxide (71) with 2-chloro-1,3-dicarbonyl compounds

Br R
NuH, Bu4NF
ONO;
778 'C
OTIPS
69

NuH
OH

Scheme 23
But (0] *
Ph;PBnCl—

=
No NaOH, BujNCI, CH,Cl,, H,0

But
67
Ph

But! _CHPh But
= 62a

> s Ph

%O —Ph3p O

Bu* Bu! 68

72a—c in the presence of triethylamine provided the syn-
thesis of 5-nitro-2,3-dihydrobenzofurans 73a—c
(Scheme 25).78

Keeping aminal 74 and bromonitromethane in benzene
at room temperature gives rise to 2-nitro-2,3-dihydronaph-
tho[1,2-b]furan 75, which is then deaminated on heating to
afford 2-nitronaphtho[1,2-b]furan 76 (Scheme 26).7° A pos-
sible mechanism of formation of compound 75 includes the
conjugate addition of the bromonitromethane anion to the
generated 1,2-naphthoquinone-2-methide 77 followed by
intramolecular nucleophilic substitution.

One more 1,1-ambiphilic reagent that can be used for
the construction of 2-nitroarenofuran systems is potassium
trinitromethanide.® In this case, 0-QMs react with the
trinitromethanide anion at the carbon atom as a soft

Scheme 24

70 (59% —88%)

R = COzEt, H; NuH = cyclo-HN(CHb»)s, 4-MeOCsHsNH>, MeOH, PriOH, EtSH, PhOH, PhSH, HSCH>CO>Me, NCCH,CO,Et, NaNs;

TIPS = SiPr}
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Scheme 25
(02 ﬁ le)
N\ pi Cl
NEts BN = _) R 02N CO)R! 0.N C(O)R!
+ Cl + Cl —> T»
/) R2 o C(O)R? N o C(O)R?
NO, NO, 0 73a-c
7 72a7c
R! = Me: R? = Me (a, 65% yield), OEt (b, 85%); R! = R2 = OEt (¢, 41%)
Scheme 26
OoH Mor
CH
—_—

Mor / Mor ~
OO ’ Br/\N02 I, I5h O‘

NO
(A 2
Br 0
Mor S Mor
—Br—
Cl 75

Cl 74

O,N
o N

nucleophilic centre. Potassium trinitromethanide acts as a
synthetic equivalent of 1,1-dipolar one-carbon synthon 78
or dinitrocarbene 79 (Scheme 27).

N Scheme 27
CH»
v
) C[ + C\
o NO, o- 02N NO,
78
0 : o
\ ©
NO; T 0N "NO,
(¢} X0
79

KC(NO»)s

N02 + MOI‘Hz

PhH
A 1h

+ MorH

The reaction of Mannich base methiodides 23 (as 0-QM
precursors) with potassium trinitromethanide furnishes
nitro-substituted benzofurans (Scheme 28). This is a cas-
cade reaction, with the first step being the generation of
0-QMs upon elimination of trimethylamine from quater-
nary salts; the subsequent Michael addition of the trinitro-
methanide anion gives rise to trinitromethyl derivatives 80,
which undergo 5-exo-tet-cyclization yielding 2,2-dinitro-
2,3-dihydrobenzofurans 81. The elimination of nitrous
acid gives 2-nitrobenzofurans 82. This reaction pathway is
confirmed by the isolation of compounds 81a,b and 83a,b in
the case where 2-chloromethylphenols are used as 0-QM
precursors.

The reaction was also accomplished with some other
precursors of 0-QMs (Scheme 29).

Ashfeld’s group®! has shown that 1,2-dicarbonyl com-
pounds 84 act as latent ambiphilic reagents in the presence
of  hexamethylphosphorous triamide and 0-QMs
(Scheme 30). The reaction of hexamethylphosphorous tri-

Mor is morpholino

o
g

Scheme 28
NOz NO>
OH K* O~ O NO: O \
. NO»
NMe;I Eth KC(NO2)3
- 5 NO» —_—
—EtN-HL Ozlj) ~KkNo, —EGNH, —NO3
R, 23 —MesN R, Et"‘N R,

80

82 (36% —79%)

R, = 5-Bn, 5-Ac, 5-CHO, 5-Cl, 5-NO», 5,6-Mes, 5-CO2Me, 6-CO2Me, 5,7-Bu}, 5-(1-Ad), 7-(1-Ad), 5-OMe, 7-OMe

NO,
OH NO,
Cl kN0 C(NO2)s DMSO, rt
MeCN, rt
R R 83ab R  8lab

R = NO; (81a, 71% yield; 83a, 50%), Ac (81b, 50%:; 83b, 43%)
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Scheme 29
mNOv ‘j&N@
R = H (46%),
R Br(51%) (46%) (56%)
NO; 4 + -
OAc NMe;l
OAc | MeOH, MeCN, A MeCN, A
"
0 +NE13
R
KC(NO2)s
MeCN, A
MesN OH NMe, HO NMe;
CO,Et
HO N \  NH
N
N ol o n ©
v
0N
— COzEt
(0]
A\
|
(41%) (52%) (39%)
Scheme 30
N
O 9 pMey /Uf\’w[%)2 FPNMe2)s +
€2)3 ~ -
Yy =Y e RIO)C
Ar R! >:< >—< O C(O)R! o Ar
84 Ar R Ar (R' (36) A 2
85 s . I R
o R —O0=P(NMez); R}
R
— OMe, Me, Ph: R? = H, Ar, Me, C=CPh; R} 87 (30%-92%)
R} = H, 6-OMe, 5,6-CH,OCHa,, 5-OBoc, 6-OBoc,
7-OBoc, 4-Me, 5-Cl, benzole] R}
amide with compounds 84 involves the intermediate for- Scheme 31
mation of dioxaphospholene 85 occurring in equilibrium 2,8
with zwitter-ion form 86, which then undergoes conjugate S\N/R2 OAc  BuINF. THF
addition to 0-QMs. The subsequent cyclization with elimi- @[ A " @f\ Sy
nation of phosphine oxide produces 2,3-dihydrobenzofur- : F OTBDMS MW, 100°C
ans 87. R 88 89
. . - o 00 .,
IIL.2. Michael reaction —nucleophilic substitution SNAr R! R
(8-exo-trig-cyclization) N
Microwave (MW) irradiation of o-fluorobenzenesulfon-
amides 88 and o-silyloxybenzyl acetate 89 in the presence 0

of tetra-n-butylammonium fluoride generates the
formal [4 + 4]-cycloaddition products — 6,7-dihydrodiben-
zo[b,g][1.,4,5]oxathiazocine 5,5-dioxides 90 (Scheme 31).33
The reaction mechanism includes the following key
steps: the generation of the sulfonamide anion, the forma-
tion of 0-QM from o-silyloxybenzyl acetate 89 initiated by
desilylation under the action of the fluoride ion, the sub-
sequent 1,4-addition to the 0-QM and intramolecular nucle-

90 (71% —94%)

R' = H, 4-Br, 5-Cl; R? = Ar, Bu", Bui, cyclo-C3Hs,
CH,C=CH, All, CH(Pr)CO-Me, CH(Bui)CO>Me; All is allyl

ophilic substitution proceeding via the formation of the
Meisenheimer complex (Scheme 32).
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o o) Scheme 32
N\ 5 N\ 2
(LA -
F F
Rl Rl
88
— >
TBDMS\O
(6}
O A AT
F- OAc
—TBDMSEF,
—AcO~
89 1
O
1 \\S// R2
R \N
—

—> 90

II1.3. Michael reaction — 6-exo-trig- or 6-exo-dig-cyclization
I11.3.a. Synthesis of 2H-1,3-benzoxazine-2-(thi)ones
2H-1,3-Benzoxazin-2-ones and -2-thiones are formally the
products of addition of isocyanic or isothiocyanic acid to
0-QM (Scheme 33).

/
- I-oor
X0 Q 0 XX
1
X=0,8

Scheme 33

Urea can serve as a synthetic equivalent of isocyanic
acid. The condensation of urea with o-phenol (39) and
naphthol (38a) Mannich bases in DMF yields 3,4-dihydro-
2H-1,3-benzoxazin-2-ones 91 and 1,2-dihydro-3H-naph-
tho[1,2-¢][1,3]oxazin-3-ones 92 (Scheme 34).82

OH
R!
Rl NMCZ

(39) . O\fO

Scheme 34

DMEF, 145 °C NH
R2

91 (40% — 55%)

CO(NH,), — NMe H
O e

(38a) E
DMF, 145 °C OO
92 (65%)
R! = H, Me, OMe; R2 = H, Me, Cl

Presumably, thermolysis of Mannich base 39a leads to
generation of 0-QM, which acts as a Michael acceptor in the

NMez

S
—Me,NH
H
39a 1

/ HN N7 ONH @? NH2
o

reaction with urea. N-(o-Hydroxybenzyl)urea (93) formed
intermediately undergoes 6-exo-trig-cyclization giving 1,3-
benzoxazine 91 (Scheme 35).

Potassium cyanate can be used instead of urea, while
Mannich bases can be replaced by their quaternary salts 23.
In the case of potassium cyanate, 3,4-dihydro-2H-1,3-ben-
zoxazine-2-thiones 94 have been isolated (Scheme 36).83-84
The reactions are carried out in aprotic polar solvents such
as acetonitrile, nitromethane, butanone and 1,2-diethoxy-
ethane.

Scheme 36
o 0
KOCN, A j¢
NH
OH
I 91 (38% —78%)
NMesX o g
=
R KSCN, A i
L >

94 (49% —74%)
R = 5-Me, 6-Me, 7-Me, 6-Cl, 7-Cl; X = I, MeOSO3

The three-component condensation of 2-naphthol, aro-
matic aldehydes and urea or methyl carbamate carried out
under various conditions results in 1,2-dihydronaphthoxa-
zin-3-ones 95 (Scheme 37).85-90 Instead of 2-naphthol, the
reaction has also been carried out with 1-naphthol,®®
6-hydroxyquinoline and dibenzofuran-2-ol.°!

Scheme 37

e @5

(a) for X = CH, R = OMe: I, 80 °C (90—96% yield);
(b) for X = CH, R = NH: TsOH (58% —64%) or MW (69% —82%);
(¢) for X = CH, N; R = OMe: H»0, Et3BnNF, 80 °C (74% —85%)

ArCHO, HzN R

a,orb,orc

II1.3.b. Synthesis of azolobenzoxazines

If a good leaving group is present in the nucleophilic agent
molecule, the Michael adducts 96 formed initially can be
further cyclized to afford benzannulated fused heterocyclic
systems 97. This type of cascade transformations involving
0-QMs and consisting of the aza-Michael reaction and
subsequent intramolecular nucleophilic substitution has
been described in relation to a variety of 1H-azoles and
indoles (Scheme 38).92 The latter can be considered as 1,2-
heteroambiphiles in reactions with 0-QM:s.

The use of 3,5-dibromo- and 3-chloro-1,2,4-triazoles as
Michael donors in reactions with various 0-QM precursors
allows the preparation of 1,2,4-triazolo[5,1-b][1,3]benzoxa-
zines 98a—m (Scheme 39, Table 1).°3°* Compounds used to
generate 0-QMs in this reaction include phenolic Mannich

NH
—_ R
Qﬂz —NH; o
(6]
O-y

Scheme 35
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h 3
Michael reaction Scheme 38
OH
N/A\\B N/A\\B
~ / ~ /
oﬂ\D X
97 96
SNAr-cyclization
_0 NA
- + | B
x D
~ /
v Asp
1 H-Azoles, indoles
A,B,D = N, CH; D = CH, A=B is benzo;
X = Cl, Br, SMe; Y = OH, NMe,, NMesl
OH Scheme 39
R! XN Y
G VU R N
NH-N N~ N
R2 )< > X
K»CO3, DMF, A _, N
R R o
1
4,23,39 RT 98a-m

bases [for example, 39b (R' = R3 = Bu!, R? = H)], their
quaternary salts (23) and salicyl alcohols [for example,
4b.c (R? = R3 = H: R! = H (b), OMe (¢)].

This reaction is general, it can be performed for salicyl
alcohols with bulky substituents at the exocyclic carbon
atom (see the preparation of compounds 99a,b in
Scheme 40). It is also applicable to the preparation of
more complex heterocyclic systems such as naphthalene
(100), indole (101) and bis(triazoloxazino)benzene (102)
derivatives.??- 94,93

— +
IMesN
CO,Et
HO
EtO,C A\
— N

<
B
r N;\O

101 (39%)

Me;N DMF, A

HO OH

NMCQ

N._-©O NN
Br{\NjN/ ) )QN\>*Br

102 (72%)

K>CO3

Table 1. Synthesis of 1,2,4-triazolo[5,1-b][1,3]benzoxazines 98a —m (see
Scheme 39).

Com- R! R2 R? X Y LG Yield Ref.
pound (%)

98

a But H But Br Br NMe, 47 94
b H Me Me Br Br NMesl 82 94
c H H But Br Br NMesl 77 94
d H H Bn Br Br NMesl 69 94
e H H 1-Ad Br Br NMesl 80 94
f H H CO;Me Br Br NMesl 24 94
g H H OMe Br Br NMel 72 94
h 1-Ad H Me Br Br NMe;l 84 94
i 2-Ad H H Br Br NMesl 79 94
j I-Ad H Me H Cl NMesl 70 94
k H H H Br Br OH 84 93
1 H H H H Cl OH 87 93
m OMe H H Br Br OH 71 94

The cyclization is facilitated by the presence of K>COs3
in the reaction mixture. The reactions of 3,5-dibromo-1,2,4-
triazole and 2,6-bis(hydroxymethyl)phenols 103a,b in the
absence of a base afford 2-bromo-5-[(3,5-dibromo-1H-1,2,4-
triazol-1-ylmethyl]-9H-[1,2,4]triazolo[5,1-b][1,3]benzoxazines
104a,b as a result of tandem generation of 0-QMs
(Scheme 41).92-°4 This transformation is a domino process
including five steps (two dehydrations, two Michael addi-
tions and one nucleophilic substitution). The reaction can
be accomplished under milder conditions if 4-nitro-2-[(tri-
ethylammonio)methyl]phenolate (71) is used as the precur-
sor for 0-QM 105 (Scheme 42).92-%4 It is noteworthy that
this compound is one of the best precursors for the highly
electrophilic nitro-substituted 0-QM. The reaction gave
heterocycle 106. The reactions of salicyl alcohols®%-°¢ and
naphthol Mannich bases®’ with 3.4,5-tribromopyrazole
afforded benzo[e]pyrazolo[5,1-b][1,3]oxazines 107a—d and
naphtho[1,2-¢]pyrazolo[5,1-b][1,3]oxazines 108a—c in up to
85% yields (Scheme 43). On heating of an equimolar

Scheme 40

OH
OH N
— N \>—Br
0 N
99a (61%)
OH Ph Ph
N @OH N
Br\(/ Br K,CO; )N\ N Br
. .
HN—N DMF, A LG O
o 99b (67%)
5 e
DR,
e ey
: o~_)

— +
100a: LG = NMesI, R = H (55%);
100b: LG = NMe», R = 1-Ad (81%)
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OH OH OH O OH|p N 5 B
g <
DME, A | HN-N /N

Ve N
— H,O >7
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Br O Br— N _Br Br
I ~

74
N \
¥
Br

R = Cl (a, 55% yield), But (b, 65%)

Scheme 41
OH OH

OH Br 0~ "N

R Br R 104ab

+ Scheme 42
NEt;
O~ MeCN-H,O (1:1), 80°C
—Et;N-HBr
O,N
71
B
40
Qi/\'/ s
O:N
105 106 (64%)
Scheme 43
OH OH
Rl
R!
(4) Br
(0]
— O
»—Br
R2 N\N
107a—d
R3 NMe, Br
N=
Br Br OO R3 N__/—Br
(38)

ﬁ K2C03 0O
Br N DMF, A OO
R4

N
H
108a—c
OH
Cf NMe,
- Y&
109 (75%)
Com- R! R2 Yield Com- R? R*  Yield
pound (%) pound (%)
107 108
a H H 82 a H H 68
b H Br 85 b H 1-Ad 55
c Br 1-Ad 53 c 4-MeOCsH4 H 70
d CH,OH OMe 65

mixture of 3,4,5-tribromopyrazole and 3-hydroxy-2-(dime-
thylaminomethyl)pyridine, 9H-pyrazolo[5,1-b]pyrido[2,3-¢][1,3]-
oxazines 109 are formed.®?> The presence of K,COs3, first,
increases the pyrazole nucleophilicity as a result of depro-
tonation and, second, accelerates the transformation of the
intermediate 2-(3,4,5-tribromo-1H-pyrazol-1-ylmethyl)phe-
nols and -naphthols into pyrazolo[5,1-b][1,3]oxazines.

Benzo[1,2-¢]- (110a,b) and 12H-naphtho[l,2-¢]pyra-
zolo[5,1-b][1,3]oxazines (111a,b) were prepared by the reac-
tion of 3,5-dibromo-4-nitropyrazole with salicyl alcohols
4b,d [R = H (b), Br (d)] or Mannich bases derived from
2-naphthol 38a,c [R = H (a), 4-MeOCsHy4 (c¢)], respectively
(Scheme 44).°2:%4 In this case, heterocyclization does not
require a base, as the nitro group present in the pyrazole
moiety substantially increases the nucleophilic mobility of
bromine atoms.

Like in the case of 1,2,4-triazole and pyrazole deriva-
tives, if an appropriate substituent is present in the o
position to the NH group of (benz)imidazole, intramolecu-
lar heterocyclization of the intermediate 2-[(benz)imidazol-1-
ylalkyl]phenols is possible (Scheme 45). 5H-Imidazo[2,1-
b][1,3]benzoxazines 112 were synthesized by the reaction of
2-bromo-4,5-diphenylimidazole with salicyl alcohols 4,
while a number of 12H-benzimidazo[2,1-b][1,3]benz-
oxazines 113 were obtained using 2-chlorobenzimidazole.
Heating of 2-chloro-5,6-dinitrobenzimidazole with salicyl

Scheme 44
O,N Br
\
HO / N
HO R o N
(4b,d)
02N Br
Y DMF, A R.__NMe, r Ho0ab
Br
B N O OH
N |O N—=
H
(38ac) R N/ TNO,
L >

110: R = H (a, 80% yield), Br (b, 75%); 111: R = H (a, 65%),
4-MeOCeHy (b, 53%)
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N R* R!
Ph
Ph/z/;\lﬂ\ Br Rr3
c1%N©[NOZ H )N\ \—ph
NO: N NN 160170 °C o N
NO 4 R2
@N 2 DMF, A R OH 112 (67% —91%)
- —-H0 —H0 N R!
O)\N (Rl =R2= R3 R2 N>\k Cl R
114 (68%) R¥=R*=H) 4 H N
170 °C )QN
(0]
(R*=H)
R? 113 (68% - 85%)
R!, R* = H, Me; R2 = H, 1-Ad, NO,, Bu; R3 = H, Me, Br, NO», Ac ° °
Scheme 46
’ \
_ + NMCz
HEt
HO NMP, A

EtO,C

117 (57%)

NMP is N-methyl-2-pyrrolidone

A\
1;11 N
P N |
N% DMF, A @:N%SMC HO NMe.
H \_ NH Q\

115 (47%)

N \
H O

DMF, A
116 (68%)

Scheme 47
I OH
I §\ + 1O
—_—
O,N N —H,0
H R
4d,e
0N T O:N N
\ T
I/Z» >\ O N
—_— N >
—HI
R
OH
118a,b . R 119ap

R = Br (4d; 118a; 1192, 66% yield), NO (4e; 118b; 119b, 51%)

alcohol gives rise to 8,9-dinitro-12H-benzimidazo[2,1-
b][1,3]benzoxazine 114 in a moderate yield.”8 100

2-(Methylthio)benzimidazole was found to be suitable,
along with 2-chlorobenzimidazole, for the construction of
benzimidazobenzoxazines 113 mentioned above and more
complex heterocycles 115117 (Scheme 46).92- 101,102

4-Todo-2-methyl-5-nitroimidazole reacts with substi-
tuted salicyl alcohols 4d,e to give addition products
118a,b, which are converted to 9H-imidazo[5,1-b][1,3]ben-
zoxazines 119a,b (Scheme 47).103

The reactions of 2-bromo- and 2,4-dibromomelatonins
120a,b with 2-(dimethylaminomethyl)phenol methiodides
23 afford substituted indolo[2,1-b][1,3]benzoxazines
121a—c¢ (Scheme 48).104

II1.3.c. Reactions with CH acids

Trapping of 0-QMs with CH-acids (1,3-dicarbonyl com-
pounds, methylene-active nitriles and so on) is an efficient
approach to the synthesis of substituted chromans and
chromenes. The reactions of 0-QMs with enamines derived
from 1,3-dicarbonyl compounds functioning as 1,2-ambi-
philic reagents are also considered in this Section.

Scheme 48
NHACc NHAc
R! 1
+ _ R
R! NHAc OH NMesl MeO N MeO
R2 Br \ 0
K->CO 2
MeO N + S N OH . N R
Br DMF, A R2
N R} R3
H R4
120a.,b 3
23 R 121a-¢ R*
L R* ]
120: R! = H (a), Br (b); 121: R! = R2 = R3 = H, R* = OMe (a, 54% yield); R' = Br, R* = Me: R?2 = H, R3 = Me (b, 43%);

R2 = 1-Ad, R = H (¢, 63%)
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OH OH
A _CH:0.NaOAe | OAc
. —_—
oH AcOH, 80 °C, 16 h OH — AcOH
122 123
e
=
H
AN
OH le) .
Ac ]
O
OH Ny
HO R

Scheme 49

e
HOY

(124)

R

Ac

S

R = H (a; yields: 93% from 123 and 46% from 122), CO,H (b, 86% from 123)

Spence and George 195 described the total synthesis of
unusual naturally occurring polyketides from resorcinol
derivative 122. The multicomponent cascade reaction of
resorcinol derivative 123, generated from compound 122
and formaldehyde, with substituted tetronic acid 124 results
in the synthesis of ent-penilactone A (125a) and penilactone

B (125b) (Scheme 49). This process, which comprises the
formation of four C—C bonds, one C—O bond and two
stereo centres, includes phenol hydroxymethylation, alcohol
esterification, two Michael additions and, finally, hetero-
cyclization, which occurs via nucleophilic addition to the
carbonyl group (formation of a hemiketal). The 0-QM

Scheme 50
OH

127 (25%)

SEt

O o

128

CHz(COzEt)v
NaOH, 160-170 °C

EtO,C Scheme 51

COzEt
“ CH(COzEt)2
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precursor formation step can be combined with the subse-
quent reactions, the synthesis being conducted in refluxing
toluene.

The condensation of 3,4,5-trimethoxybenzaldehyde, 3.4-
methylenedioxyphenol and tetronic acid 126 (Scheme 50)
affords hydroxylactone 127.1°¢ It is noteworthy that this
reaction could not be carried out with other aromatic
aldehydes.

On heating of l-ethylthiomethyl-2-naphthol (128) with
excess diethyl malonate, spirocyclic benzocoumarin 129 was
prepared (Scheme 51).197 The reaction includes two succes-
sive 1,4-addition and 6-exo-trig-cyclization cascades.

Under similar conditions, diethyl acetamidomalonate is
converted to lactone 130, which is formed as a mixture with
2-hydroxy-1-naphthylmethyl acetamidomalonate 131 in
3:1 ratio (Scheme 52).107

Scheme 52
AcHN CO,Et
C COEt EtO,C
_0 NHAc
AcNHCH(CO:E),
728 —M o + OH
NaOH, 190200 °C OO OO
130 (42%) 131

1-(Dimethylaminomethyl)-2-naphthol (38a) was also
reacted with various CH-acids to give benzochromanones
132a—¢.198-110 Katritzky and co-workers!!! demonstrated
the possibility of using benzotriazole as the leaving group in
the generation of 0-QM from compound 133, which reacts
with dimethyl methylmalonate to give chroman 134
(Scheme 53).

The reaction of Mannich base 38a with diethyl malonate
was extended to some other B-dicarbonyl compounds; this
resulted in the synthesis of heterocycles 135—137; benzo-
coumarin 129 was prepared from 138 (Scheme 54).112. 113

0-Quinone methides generated by treatment of salicyl
alcohols 40 with calcium trifluoromethylsulfonate (triflate,
OTY) in the presence of tetra-n-butylammonium hexafluoro-
phosphate react with various CH-acids to give products
139, 140 or 141a,b. An important feature of these processes
is that they can be conducted in water!'* or without a
solvent or catalyst with microwave activation
(Scheme 55).113

A similar reaction with naphthols resulted in the syn-
thesis of benzoxanthenes 142, 143.

A &
: Q0

COEt
= N
0 _0
- (138)
(0] Mg(OEt),,
PhCL, A

129 (32%) o R!

PhCl, A

Scheme 53
R!
NMCZ 0
—
OH R! 1) Na, xylene -
O
+ < 2) xylene,
CO,R2  100-110°C
38a 1322 ¢
R? = Et: R! = COEt (a, 78% yield), CN (c, 85%);
R! = CO,Bn, R2 = Bn (b, 62%)
CO,Et
N
Ph N7~ Ph [e)
N COEt g(ONa, EtOH 4
OH N 44 (o)
t 4 de
sepliiive
133 134 (56%)

On treatment of 2-phenyl-4H-benzo[d][1,3,2]dioxabo-
rinine 144 with diethyl malonate in the presence of TiCly,
dihydrocoumarin 145 was isolated (Scheme 56).11¢

Monosubstituted isopropylidene malonates 146a—c
react with 1-(dimethylaminomethyl)-2-naphthol (38a) in
the presence of acetic anhydride giving rise to benzo[f]-
chromenones 147a—c¢ (Scheme 57),''7 which are structural
analogues of splitomicin (R = H) modulating the histone
deacetylase (HDAC) activity.!'8

Recently, on the basis of reactions of o-hydroxystyrenes
148 and azlactones 149, a method for the synthesis of chiral
dihydrocoumarins 150 has been developed (Scheme 58).119
Chiral phosphoric acid 151 and chiral guanidine 152 (a
base) as catalysts provide high stercoselectivity of the
reaction (ee up to 92%). Apparently, the action of chiral
guanidine induces the formation of enolyzed azlactone,
which undergoes Michael addition to 0-QM, generated
from hydroxystyrene under the action of chiral phosphoric
acid. The subsequent 6-exo-trig-cyclization and opening of
the intermediate thus formed afford dihydrocoumarins 150
in high yields. However, when R! is changed from methyl to
the ethyl group, the product yield decreases. Furthermore,
dihydrocoumarins are nor formed if R! = H or Bn and if
azlactone contains non-aromatic substituents (R3 = Me,
Bn). Chen and co-workers '?° showed that o-hydroxybenzyl

Scheme 54
Bz
O O 40
PhM OEt o
—_— >
NMe, Mg, EtOH,
PhCl, A
135 (60%)

6]
Ly

136 3%)

R' = R2 = H (a, 61% yield), Me (b, 55%); R' = H: R2 = Me (c, 30%), Ph (d, 26%)
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L
L

142 [72% — 85% (b),

83% —95% (d)] OH
RS 40

5
h
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-

bord
(R*=H)

d
(R! = Ar, R? = H)

143 (82% — 94%) RS

() Ca(OTH): (5 mol.%), [BuIN]JPFg, H0, 110 °C; (b)) MW, 140 °C;
(¢) Ca(OTH), (5 mol.%), [BujNJPFs, DCE, A; (d) Ca(OTf)> (5 mol.%),
[BuINJPFs, MW, 110 °C; R! = Ar, All; R2 = H, OMe; R® = H, Me;
R* = Me (a), OEt (b); R’ = H, Br; R =

H, OMe; DCE is 1,2-dichloroethane; 0-Tol = 2-MeCgHy4

e} Scheme 55

R!
3
0% .
R3
—_— >
a R}
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OH R' O

(R! = 0-Tol, R? = H)

141a.b (90, 94%)

MO Ph Scheme 56
_— >
o) B
CO,FEt 20 °C, 48 h
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MeO (0] _0
—
CO,Et
145 (25%)
NMe, Scheme 57
OH { A0 O R
+ R >< ‘
N
o (@]
146a—c

147a—c
146, 147: R = Me (a, 74% yield), Et (b, 89%), Ph (¢, 71%)

alcohols can also serve as 0-QM precursors in the reactions
with azlactones.

A related reaction of 0-QMs generated from 2-(1-tosyl-
alkyl)phenols 153 under the action of bases with 5-substi-
tuted 2(3H)-furanones 154 leads to 3,4-dihydrocoumarins

Scheme 58

1

| o
R3
R3
R! N N~
L e LB
A OH o7 o & o~ o
148 149

150 (42% —99%)

|
kf\l \ymﬂ

151 152

(a) 151 (20 mol.%), 152 (10 mol.%), MgSO4, PhMe; R! = Me, Et;
R2 = H, 6-F, 6-Cl, 6-Br, 6-Me, 6-OEt, 6-OMe, 7-F; R3, R* = Ar;

H
N N
(6] =
( ; 152 — Bulmmg\)‘Bul
OH N

(G is anthracen-9-yl)

Scheme 59
Ar R“ Ar
(154) R S e R ‘C"
156 (10 mol. %) W | H
0= N
"NaxCOs, CHCT, R2 X © N
30°C F
R! 156 = wl W _NH CF;
155 (52% —98%)
MeO
NazCO3 i T F3C
Ar N
R3 / WY,
\ 4 1 — R3 — - R2 — .
. A >R R R. H; R2 = OMe;
R2 (6] [¢) R!-R2is benzo; R2—R3 = OCH-O0;

R* = Me, Et, Bu", Bn, Ph, 3-O,NCsHa4
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0 Ie) Scheme 60 Scheme 61
R! H R! ‘
“ NaCH(CO:Et),
) OH HMPA, 195°C /
R2 H R3 R2 R3 S
(6] OH OH
1572 ¢ 158a—¢ ®
H O (0]
Et0.C. _COsEt CO,EL \ ‘
OH 0 ,
R! R! —H,0
157 ™ 2 0
- OH O
R R R2 R 161 (43%)
OH OH
1592 —c 155 as a result of the carbo-Michael reaction, which is
0 catalyzed by chiral squaramide 156, and intramolecular
‘ CO,Et transesterification (Scheme 59).12!
0 | OH Smith and co-workers !22-124 demonstrated that alkyl-
R! R! substituted p-benzoquinones 157a—c¢ (including 2,3-
+ dimethyl-1,4-naphthoquinone) are tautomerized to 0-QMs
R2 R3 R2 R3 158a—c, which undergo the Michael condensation with the
OH OH enolate of diethyl malonate to afford dihydrocoumarins
160 159a—c. The latter are dehydrogenated during the reaction
a-e to coumarins 160a—c via oxidation with the initial quinone
R! = Me, R? = Br: R2 = Me (a), Br (b); R! - R?is benzo, R = Me (¢) (Scheme 60). Reaction of this type can also be carried out
for sodium ethyl acetoacetate.!?>
Scheme 62
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2,3,4,9-Tetrahyro-1H-xanthen-1-one (161) was prepared
from salicyl alcohol (4b) and cyclohexane-1,3-dione in
hexamethylphosphoramide (HMPA) (Scheme 61).!2¢ The
reaction includes the intermediate generation of 0-QM
from salicyl alcohol, the addition of cyclohexane-1,3-dione
enol form to it, intramolecular cyclization and dehydration.
Instead of salicyl alcohol, 1-(dimethylaminomethyl)-2-
naphthol (38a) can be used, with the reaction being carried
out in chlorobenzene.!??

B-Enamino ketones can serve as synthetic equivalents of
1,3-dicarbonyl compounds in the reactions with 0-QMs. By
reactions of enamines based on dimedone (162) and cyclo-
hexane-1,3-dione (163) with salicyl alcohols, Mannich bases
or quaternary ammonium salts, 2,3,4,9-tetrahydro-1H-
xanthen-1-one derivatives 164 and 165, were synthesized
(Scheme 62).92-128

In all cases, 0-QMs were generated thermally. The
developed procedure for the synthesis of tetrahydroxan-
thenes was extended to more intricate 0-QM precursors; this
resulted in the preparation of heterocycles 166—
170.9%:129-130 Heating of a mixture of tris(dibenzylamino-
methyl)phloroglucinol (171) and enamines 162, 163 in 1:3
molar ratio affords dodecahydro-1H,6H,12H-dichro-
meno[2,3-a:2,3-c]xanthene-1,7,13-triones 172,'3! structur-
ally related to natural xyloketal A.!32

A similar reaction could be accomplished on irradiation
of substituted p-benzoquinone 173 in the presence of enam-
ine 162 (Scheme 63). The first step is cyclization of com-
pound 173 to isomeric benzoxazoline 174; this is followed
by generation of 0-QM 175, which is trapped with enamine,
resulting in the formation of hydrogenated pyrrolo[2,1-

Structure of xyloketal A

blxantheno[3,2-d]oxazol-10-one 176. It is noteworthy that
the initial p-benzoquinone 173 can itself react with 0-QM to
give compound 177.133

In the case of addition of cyclic enaminones to 0-QMs
catalyzed by chiral phosphoric acids 178 and 179, the
reaction can follow two alternative routes (Scheme 64): in
the presence of the electron-withdrawing acetyl group at the
nitrogen atom, the addition occurs at the C(2)=C(3) bond
and gives tetrahydroxanthenone 180,'34 whereas aryl sub-
stituents at nitrogen promote cyclization at the C(1)—C(2)
bond to give imines 181.133

Recently, this reaction was conducted using o-hydroxy-
styrenes as 0-QM precursors and chiral phosphoric acid 182
as the catalyst; this provided a high enantioselectivity of the
formation of products 183 at temperatures of up to 130 °C
(Scheme 65).136

The reaction of 4-hydroxycoumarin 184 with salicyl
alcohols 4a.f,g in the presence of HCl or POCI; afforded

Scheme 63
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‘ Scheme 65
I
R 182 (10 mol. %)
+ _—
PhCl, 110 °C
OH ArHN
SiPh;
L Q0
~ 0.0

\P/

182 =
® o
: CC

183 (61% —88%, 70% —90% ee) SiPh3

R = H, Me, OMe, F, Cl

benzopyrano[2’,3':4,3]coumarins 185a—c¢, which were iso-
lated in rather low yields (Scheme 66).137

Scheme 66
OH OH Cl OH
1 R!
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_— R ——
— HCI
R2 4dafg R2
OH
(0] OH
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N
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185a—c
35%); R! = OMe: R? = All (4f; 185b, traces),

—
—H,0

R! = R? = Me (4a; 185a,
Me (4g; 185¢, 6% yield);

6-Substituted uracils 186a,b can serve as synthetic
equivalents of 1,3-dicarbonyl compounds. Heating of their
mixtures with various 0-QM precursors (salicyl alcohols,
phenol and naphthol Mannich bases and the corresponding
methiodides) gives rise to 1,5-dihydrochromeno[2,3-d|pyr-
imidinediones 187 via the addition reaction followed by
elimination of hydrogen chloride or ammonia from the
initially formed adducts 188a,b (Scheme 67).9%- 138,139 On
the other hand, the reactions of 0-QM with uracils 186a.b,
and with enamines based on 1,3-dicarbonyl compounds can

[DBU-H]*

OH DBU ‘9;
R + - —>|R + —
NMesl NMesl
N4

Scheme 67
R,
40
—_—
—HLG
4,23, 38—-40 186a.b
R3
R, R} |
CQU be4
“hx N.
[ F
RZ O

188a,b 187 (35% —85%)

LG = OH (4, 40), NMe: (38, 39), NMesl (23); R} = H, 7-NO»,
benzo[5,6], etc.; R2 = H, Pri, Ar; R3 = H, Me; X = Cl (a), NH> (b)

be regarded as asynchronous [4 + 2]-cycloaddition followed
by elimination (see Section IV.1).

0-Quinone methides actively react with malononitrile to
give 2-amino-4 H-chromene-3-carbonitriles 189, which are
important for medicinal chemistry.!40-141 This cascade
process was accomplished for the first time with quaternized
Mannich bases 23 as 0-QM precursors °> 142 under base
catalysis; the best results were obtained using DBU
(Scheme 68). An important feature of this reaction is the
possibility to use ‘green’ solvents such as water and ethanol.

Scheme 68
4 _
R! NMesl R!
2 2 CN

R + CHyCN), —= R |

R3 OH R3 o NH,
R* R*
23 189 (61% —88%)

(a) DBU, EtOH or H,O:;
R! = H: R2 = OMe, 1-Ad, Me, Bu!, CO;Me, Bn, Cl, CH=CHCO:Me;
R!-R2is benzo; R3 = H, Me, CO,Me; R* = H, 1-Ad, OMe

The reaction mechanism includes the generation of the
corresponding 0-QM, which is formed upon thermal decom-
position of quaternary ammonium salts 23 in the presence
of a base. The subsequent Michael addition of the malono-
nitrile anion furnishes 2-hydroxybenzylmalononitrile. After
that, Thorpe—Ziegler heterocyclization (or the intramolec-
ular version of the Pinner reaction) leads to generation of
imine, a tautomer of the final chromene 189 (Scheme 69).

The generation of 0-QMs from phenolic Mannich bases
requires either high temperature or photochemical activa-

Scheme 69

O _
R < [DBU-H]* CH(CN),
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tion. Upon irradiation of 2-(dimethylaminomethyl)phenols
39 or salicyl alcohols 40 in the presence of malononitrile,
chromenes 189 were isolated in up to 90% yields.'** How-
ever, 0-QMs based on 2-naphthol are generated in refluxing
ethanol, which is associated with their higher stability due
to increasing conjugation length. It is also of interest that
these precursors can be converted to 0-QMs even at room
temperature; however, the reaction time increases from 1 h
to 48 h.'# The ethanol boiling point is sufficient to generate
0-QMs from phenolic Mannich base methiodides. Indeed,
two successive generations of 0-QM from quaternary salt
190 yield bis(2-amino-4H-chromene-3-carbonitrile) 191
(Scheme 70).°2

Scheme 70

CN

R! - NH,

R! NMe,

CH»(CN),, EtOH

OH ——— ~" O

o OO
R2

orrt,48 h
189 (72% —90%)

OH NMe3l (O
CHa(CN)z (2 equiv.)
Ie DBU, EtOH, A Ie
NMe3I

191(77%) CN
R! = H, Ar, Het; R2 = H, 1-Ad

Two key approaches have been developed for asymmet-
ric addition of malononitrile, 1,3-dicarbonyl compounds
and some other CH-acids to 0-QMs. One approach has
been proposed by Schneider and co-workers 4% and consists
in the use of chiral phosphoric acids [e.g., acid 192 based on
1,1’-binaphthalene-2,2"-diol (BINOL)] as catalysts of asym-
metric addition (Scheme 71). The CH-acids are reacted with
various salicyl alcohols 40 serving as 0-QM precursors. The
main advantages of this method are the possibility of using
readily accessible initial compounds and easy scalability of
the process. The authors assume that the initially formed
product of addition of CH-acid to 0-QM is cyclodehydrated
under the action of p-toluenesulfonic acid; however, the
structure of the intermediate adduct 193 has not been
reliably confirmed. The yields of products 194 and stereo-
selectivity of the reaction depend on the nature of the 1,3-
dicarbonyl compound.

Rueping and co-workers!#¢ developed a related
approach using cyclic esters and BINOL-based phosphor-
amides and subsequent treatment of the reaction mixture
with FeCls; this approach gives similar results. The
researchers proved unambiguously that the reaction pro-
ceeds via the formation of the corresponding cyclic hemi-
ketal, introduction of the acid catalyst being required only
for dehydration. Apparently, the reaction described by
Schneider and co-workers '4° follows a similar mechanism.

Scheme 71
R \
OH ) 192 (5mol.%)
+ n —.
CHCl3
OH O X
Ar 0O Ar
R I R H
) TsOH, 40 °C )
‘ n
X
O
194
C(,H7M62 2 6-But-4
192 o \OH ; R = H, OMe, Alk, Br;
C(,HzMez 2 6- Bu‘ 4
n X Yield (%) ee (%)
1 CH» 89-98 90-96
(0] 62-93 90-98
S 59-68 92-98
0 CH» 62-94 86-96

The second approach with the use of 2-(arylsulfonylme-
thyl)phenols 195 as the 0-QM precursors was proposed
independently by two research groups.!47-148 The reaction
is initiated by a base and proceeds at room temperature, the
best results being attained with squaramide derivatives 156
and 196 as catalysts (products 197 —-199 were obtained in
the highest yields and with the highest ee) (Scheme 72). It is
noteworthy that for the use of acetylacetone, 1,3-ketoesters
or dimedone, the subsequent dehydration requires that the
reaction mixture be treated with p-toluenesulfonic acid.
When Meldrum’s acid is used, chroman-2-ones 200 are
formed under similar conditions via elimination of acetone
and carbon dioxide.

Later, it was shown that stable 0-QMs can be introduced
into the reaction with malononitrile catalyzed by chiral
squaramide to give the corresponding 2-amino-4H-chro-
mene-3-carbonitriles.!4® The reaction retains the enantiose-
lectivity when scaled up to gramme amounts, with the
catalyst amount being only 2 mol.%.

Squaramide-based catalysts are also used in the oxida-
tive generation of 0-QMs from 2-alkylphenols in the
presence of CH-acids such as malononitrile, 2-(arylsulfo-
nyl)acetonitrile and fert-butyl cyanoacetate.!>® The cascade
is initiated by oxidation of the CH bond on treatment with
manganese dioxide to give 0-QMs; the subsequent Michael
addition and cyclization afford 4 H-chromenes. A drawback
of the method is that only electron-enriched compounds are
suitable for the generation of 0-QM:s.

The reactions of various precursors of 0-QMs with
excess malononitrile afford 9,11-diamino-12H-ben-
z0[5,6]chromeno[2,3-b]pyridine-10-carbonitriles 201a.,b
and  2,4-diamino-5H-chromeno[2,3-b]pyridine-3-carboni-
triles 202a—c¢ (Scheme 73).142. 151 The pseudo-three-compo-
nent reaction proceeds via the intermediate formation of
B-enaminonitriles 189, which are then condensed with a
second equivalent of malononitrile.



648

D.V.Osipov, V.A.Osyanin, Yu.N.Klimochkin Russ. Chem. Rev., 2017, 86 (7) 625—687

R? 2
| R
Rn NazCO3
SO,Ar or NaHCO; = 156 or 196
T |R, T
OH 0

195

R} = 6-Me, 6,7-(OMe),, benzo[h]; R2 = Ar, Alk;

Scheme 72
R} R
n =
NC_R? [R? = CN, CO,Pri, Bz, SO,Ar
(R2= Ph) \ (64% —97% vyield, 85% —98% ee)]

(X = R* = Me,
90%, 86% ee;

X = R* = OMe,
72%, 87% ee;

X = OH, R*= OBu};
71%, 89% ee)

—_—
(H) 2) TSOH, 100 °C ‘ (91% —98%, 90% —95% ee)
H (0)
Et o= N 199
TN N CeH(CF3)-3.5
196 = LS o NH p 90 R, 4r
¢ L (70% —83%, 82% —96% ee)
2) TsOH, 100 °C o %O
N 200
Scheme 73 .
NMe, 4H-Chromenes 203a,b can also be obtained by the
Wittig reaction of 0-QMs with phosphorus ylides. This is a
OH domino process comprising the formation of 0-QMs from
OO precursors 38a and 33b and their reaction with phosphorus
R ylide followed by elimination of triphenylphosphine oxide

38a.,d

201a,b

(@) CH»(CN), (2 equiv.), DMF, 120 °C, 6 h;
R = H (38; 201a, 83% yield), 1-Ad (38d; 201b, 68%)

2 + - 2
BOGakl
|
R! OH R! 0

NH,
23a-c¢ 189
NH
R?_ ‘ CN He
— | —
NS
R! 0~ N7 NH
H
NH,
2
R X CN
R! 0~ 'N° "NH;
202a—c¢

(a) CHa(CN),, EtOH, A, 4 h;
R! = R? = Me (a, 43%); R! = H: R> = OMe (b, 51%), Cl (¢, 30%)

(Scheme 74).152

On treatment of stable phenanthrene-derived 0-QM 63b
with an equimolar amount of ethoxycarbonylmethylene-
(triphenyl)phosphorane  (204), two phenanthro[9,10-
blpyran-2-one derivatives were isolated — compounds 205
and 206 (Scheme 75).74 On the one hand, conjugate addi-
tion of ylide to 0-QM, Hofmann elimination of triphenyl-
phosphine and the subsequent lactonization yield minor
a,B-unsaturated lactone 205. On the other hand, the nucleo-
philic attack of the phenoxide anion on the carbonyl carbon
atom of the ester group produces betaine 207, which
eliminates triphenylphosphine oxide being converted to
unstable cyclic ketene acetal 208. The latter is hydrolyzed
during the subsequent workup to lactone 206.

The reaction of 0-QMs generated in situ from compound
40 and oxonium ylides in the presence of chiral phosphoric
acid 209 and Rh>(OAc)4 leads stereoselectively to polyfunc-
tional chromans 210 (Scheme 76).'53 The oxonium ylide is
formed on treatment of diazo ester with rhodium acetate
followed by the addition of water, which is subsequently
eliminated upon 0-QM generation from salicyl alcohol
under the action of catalyst 209. The conjugate addition of
the ylide to the 0-QM and the subsequent cyclization
furnish the target chromans 210. It is noteworthy that the

AN PhMe, A, 6 h XS
i ‘ — >
= o~ NHMe: = ‘ BQO
NMe, D)
+ Ph
Pth/Y
L 0

X = CH (38a; 203a, 20% yield), N (33b; 203b, 20%)

33b, 38a

- Scheme 74
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Scheme 75
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5O H,0 O 40 Ar
- \ ‘ — | —_— 207
PPh; —Ph;P=0 —EtOH
Ar Ar O Ar
208
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R! =

H, OMe, Bu'; R} = H, 3.4-(OMe)s, 2,4-Alka, 4-Ph, 4-F, 4-Cl; R? = Alk

210 (55% —87%,
78% —96% ee)

reaction does not occur if there is a substituent in the ortho-
position of the aryl group of the diazo ester.
Structure 209

209

I11.4. Three-component reactions of naphthols, aromatic
aldehydes and CH-acids. Synthesis of naphthopyrans

In recent years, increasing attention has been paid to the
development of new three-component reactions of 2-naph-
thol, aldehydes (most often, aromatic) an various CH-acids
(Scheme 77). Although reactions of this type do not differ
fundamentally from the two-component reactions consid-
ered above, they are collected in a separate Section, because
there are quite a few such reactions and they are highly
valuable for the synthesis of naphtho-fused heterocycles.
The nature of CH-acids is varied most often in three-
component processes of this type. Published data describe
condensations of 2-hydroxy-1,4-naphthoquinone,!>4~164
6-aminouracils,'®>  barbituric  acid,'®®~1%°  cyanoace-

tic 170-173 and acetoacetic acid derivatives,!74-175 1 3-dike-
tones (acetylacetone, cyclopentane-1,3-dione, 76179
cyclohexane-1,3-dione,!80 indane-1,3-dione 181 —183),
4-hydroxycoumarin,'84-187 acetophenones !®® and some
other. According to researchers cited, in most transforma-
tions presented in the Scheme, the yields of products
211220 reach or exceed 90%.

These three-component reactions proceed by similar
mechanisms (Scheme 78) comprising the initial hydroxyal-
kylation of 2-naphthols with aromatic aldehydes. This
yields unstable alcohols 221, which are dehydrated with
generation of o-arylidenenaphthoquinones 222. The subse-
quent conjugate addition of CH-acid in the enol form to
compounds 222, heterocyclization and water or ammonia
elimination afford fused and/or functionally substituted
benzo[ f]lchromenes. The reactions are catalyzed, most
often, by protic acids or Lewis acids.

Most researchers believe that the above-listed trans-
formations occur via the intermediate generation of 0-QMs
222. Some other deem that the reaction starts with the
Knoevenagel condensation of aldehyde with the CH-acid,
and after that, the product acts as the Michael acceptor with
respect to naphthol, e.g., as shown in Scheme 79.

However, despite the large number of studies devoted to
these reactions, in none of them, do the authors present any
evidence in favour of one or another mechanism. Presum-
ably, the first step of these cascade transformations is
determined by the relative nucleophilicity of 2-naphthol
and CH-acid, which varies over a broad range.

The reaction of 2-naphthol, ethyl acetoacetate and
aromatic o-hydroxyaldehydes salicylaldehydes and
2-hydroxynaphthaldehyde — follows a more complex path-
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way and results in the formation of benzo[d]naphtho[l,2-
gl[1,3]dioxocine derivatives 223a,b (Scheme 80).!%° The reac-
tion presumably includes the formation of chromenes 224a.b,
which are protonated and undergo 6-exo-trig-cyclization.

Benzo[ f]chromen-3-ones 225 were obtained by the reac-
tion of 2-naphthol, aromatic aldehydes and Meldrum’s acid
in the presence of CeCl; (Ref. 190) or tetra-n-butylammo-
nium fluoride '°! (Scheme 81).

Scheme 81
Ar OH
H
OH ArCHO o
7H20
AT oo O
/O O (0]
- OQ
0: O/
Ar lo) Ar 40
OH 0

> O B —
Oo —CO,, —MexCO OO
225

A considerable drawback of the above methods for the
synthesis of a naphtho-fused system is the competing
formation of dibenzoxanthenes 2, which is especially pro-
nounced in the presence of electron-withdrawing substitu-
ents in aromatic aldehydes.!?? It is also noteworthy that the
Betti bases, which are direct precursors of 0-QMs, can be
converted to 14H-dibenzo[a,j]xanthenes 2 in moderate
yields in acetic acid in the absence of foreign nucleophiles
(Scheme 82).193. 194

Scheme 82
Ar NMe, NMe>
OH Ac
AcO~
38

H+l — Me:NH» —[ArCH=NMe;]* AcO~

40
OHO
AL
—>
7H20
O
OH

2 (36% -50%)

It was found that 2-(2-hydroxy-1-naphthyl)pyrrolidine-
I-carboxamides 226 react with 2-naphthols with pyrrolidine
ring opening to give dibenzoxanthenes 227 (Scheme 83).!93
Note that initial carboxamides can be prepared from nitro-
gen-containing acetals and 2-naphthol.!?®

Scheme 83
JNHR
N\
(6]
OH 4+ OO CF3CO:H
CC =
RHNwéO
NH
(0
988
227 (53% —83%)
R = H, Ph, Alk

Transformations of this type should be taken into
account while using naphthol Mannich bases in acid
medium.

14-Aryl- or 14-alkyl-14H-dibenzo[a, j ]xanthenes 2 were
prepared in rather high yields by pseudo-three-component
condensation of 2-naphthol (2 equiv.) with aromatic or
aliphatic aldehyde (1 equiv.) in the presence of protic acids
or Lewis acids (P2Os, InCl;, TsOH and so on)
(Scheme 84).197-200 The cascade process consists of consec-
utive steps including hydroxyalkylation of 2-naphthol, gen-
eration of 0-QM, Michael addition of a second 2-naphthol
molecule and cyclodehydration.

Scheme 84

R
OH
5 RCHO, LA orH*
_— >
—2H>0
o

R = Alk, Ar; LA is Lewis acid 2

1-Naphthol is less reactive in these transformations.
Nevertheless, three-component reactions of I1-naphthol
and aromatic aldehydes with cyclic 1,3-diketones,!”® aceto-
phenones '8 and ethyl cyanoacetate 7> have been reported.

II1.5. Michael reaction—7-exo-trig-cyclization

The reactions of 0-QMs with 1,3-ambiphiles represent a
promising approach to the preparation of seven-membered
oxygen-containing benzannulated heterocycles. However,
data on reactions of this type are scarce.

Ye’s 20! and Scheidt’ 292 groups independently devel-
oped similar methods for the synthesis of 2,3,4,5-tetrahy-
drobenzo[b]oxepine derivatives using N-heterocyclic
carbenes (NHC). It was found that stable 0-QMs 228
react with c o,B-unsaturated aldehydes in the presence of
catalytic amounts of NHC precursor 229 and a base to
give mainly the cis-isomers of benzo-g-lactones 230
(Scheme 85).2°! In the other procedure,?0? 2-(tert-butyl-
dimethylsilyloxy)benzyl bromides 231 are used as 0-QM
precursors in the presence of caesium fluoride and NHC
precursor 232. In the presence of substituents at the
exocyclic carbon atom in 0-QM, the trans-isomer of
benzo-g-lactone 233 was isolated as the major diaster-
eomer. However, in this case, a minor side product
resulting from [4+ 2]-cycloaddition of cinnamaldehyde
to 0-QM was also formed.
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Scheme 85
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(a) 229 (10 mol.%), KOAc (10 mol.%), dioxane, rt;
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BF;

OTBDMS

R,
Br

231 R?

233 (56% —85%)
(b) 232 (20 mol.%), CsF, 18-crown-6, BuyNOAc, THF, —18 °C;
R,l, =H, 7,8—(0Me)2, 6,7- Alk?‘ R? = H, Alk;

/
3 Q/ + N,,,,,%Bm

The reaction mechanism includes the following key steps
(Scheme 86). The NHC is generated from azolium salt 232
under the action of tetra-n-butylammonium acetate, which

\\\‘

acts as a soft base (here and below, the 1,2,4-triazole moiety
of the carbene is shown for the sake of simplicity); then
NHC adds to the carbonyl carbon atom of «,B-unsaturated
aldehyde and, after proton transfer, vinylic Breslow inter-
mediate 234 (a synthetic equivalent of the homoenolate ion)
is formed. Meanwhile, 0-QM is generated from precursor
231 under the action of the fluoride ion, and intermediate
234 adds to 0-QM according to Michael. The subsequent
tautomeric transformation and intramolecular O-acylation
of the phenoxide ion produce benzoxepinones 233.

II1.6. Michael reaction — 6-exo-tet-cyclization

Heating of 2-aminomethylphenol 235 and vinyl ethyl ether
at 100 °C results in not only the classic Diels— Alder
product, 2-ethoxychroman 236, but also hemiaminal 237
in 1:2.5 ratio (according to '"H NMR spectroscopy).?°3 The
hemiaminal is formed upon the Michael reaction of 2-ami-
nomethylphenol with 0-QM followed by the addition of
dibenzylamine 238 to vinyl ethyl ether and heterocyclization
(Scheme 87). At 140 °C, only ethoxychroman 236 was
isolated in a low yield.

II1.7. Michael reaction— oxidative dearomatization

1-Methyl-2-naphthols react with phenols in the presence of
air oxygen and optically active iron complexes to give
spirocyclic dihydrobenzofurans 239 in good yields and
with high enantioselectivity (Scheme 88).2°4 This reaction
can be performed for phenols with a broad variety of
substituents. However, the presence of a methyl group in
position 1 of 2-naphthols is critical, and 1-ethyl-2-naphthols
are unable to undergo this reaction. The aerobic generation
of 0-QM from 1-methyl-2-naphthol catalyzed by Fe com-
plex 240, the subsequent Michael addition of phenol and
asymmetric oxidative dearomatization of the naphthol moi-
ety lead to dihydrobenzofurans 239. Since the naphthol
moiety is oxidized more easily than the phenol group, the

Scheme 86
H OH OH
/ () / /
RN RN N N o)
\“{N\N WH'/ N N (0]
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)}/}N R2  OTBDMS 05
LN N F- |
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Scheme 88
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R! = Me, Pr®, All; R2 H, 5-But, 5-NO», 5-Br, 5-CO,;Me, 5-CN, 4,6-Me», 5,7-Me», etc.; Cat is catalyst

potentially possible formation of spirocyclic structures of
type 241 does not take place.

I11.8. Intramolecular Michael reaction
The generation of 0-QM from a precursor containing an
additional nucleophilic centre may be followed by hetero-
cyclization (Scheme 89).

The reaction of 4-hydroxycoumarins and 2-arylmethyl-
5-methoxy-1,4-benzoquinones 242 comprising a number of
intermediate steps (Michael reaction, oxidation to give

Ar 243

Scheme 89
Nu Nu
/
—
X0 OH

quinones 243 and hydroquinones 244, isomerization of
quinones 243 to ortho-arylidene derivatives 245 and intra-
molecular 6-endo-trig-cyclization) resulted in the synthesis

Scheme 90

\
At O 245
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of 6H,11H-[2]benzopyrano[4,3-c][1]benzopyran-11-ones
246a—c (Scheme 90).20°

It is noteworthy that this reaction conducted in pyridine
gives, apart from compounds of type 246, other products
isomeric to 246. Apparently, quinone 242 isomerizes in
pyridine to give 0-QM 247, which then adds hydroxycou-
marin. The subsequent oxidation of adduct 248 and intra-
molecular 6-endo-trig-cyclization afford product 249 as
diacetate 250 (Scheme 91).205

The oxidation of trimethylsilylmethyl-p-benzoquinone
251 with Ag>O involving the intermediate generation of
the corresponding 0-QM and the subsequent intramolecular
7-endo-trig-cyclization and dehydrogenation give rise to
7,8-dimethoxy-2,3-dihydro-5H-4,1-benzoxathiepine-6,9-di-
one 252 and dimeric product 253 (Scheme 92).206

Scheme 92
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_—
OH MeCN, H,O
MeO | S/\/
O
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0 0
HO/\/S OMe MeO \ o
OMe )
MeO ‘ S
MeO o
252 (40%)
McO S/\/Ol-l
O 253 (30%) TMS = SiMe;

The oxidative demethylation of 3,4-dihydro-1H-benzo-
[glisochromene 254 on treatment with ammonium -ceri-
um(IV) nitrate, tautomerization of the resulting quinone
255 to 0-QM 256 and intramolecular conjugate addition of
the carboxylate anion give y-lactone 257 as a result of 5-exo-
trig-cyclization (Scheme 93).2°7 The total yield of products
255 and 257 (1:4 ratio) is 89%.

Scheme 93
OMe (‘)‘
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I
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254 255
OH OH
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IV. Diels — Alder reaction

The inverse electron demand [4 + 2]-cycloaddition is one of
the most popular reactions of 0-QMs. The 0-QM molecule
usually functions as a heterodiene and the reactions result in
the formation of various fused oxygen-containing rings.
These reactions represent a convenient and general method
for the synthesis of chromene and chroman systems. The
high value of this approach is obvious, because a consid-
erable complication of the carbon skeleton with a moiety
encountered in many natural compounds occurs in one step.
However, reactions of 0-QMs with electron-deficient dien-
ophiles are rare 298211
Cycloaddition is usually stereoselective and gives one
adduct (Scheme 94).
Scheme 94

R

Rl (

OR = OR R
X
O OR O O OR

However, in some cases, especially in acid medium, the
stereochemistry is violated. On the one hand, this is related
to the participation of the protonated 0-QM form in the
reaction, and on the other hand, the formation of a cyclo-
adduct can be a non-concerted process because of the high
degree of polarization of reactants (Scheme 95).

Scheme 95
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H

The selectivity of formation of Diels—Alder reaction
products depends on three factors: diene and dienophile
orientation in the transition state (endo- or exo-approach),
0-QM geometry (E- or Z-configuration) and stability of the
corresponding diastereomers. If the substituent X is smaller
than the oxygen atom, E-configuration is preferred for
steric reasons; otherwise, Z-isomer is preferred (Scheme 96).

Scheme 96
X Ez R X R X
= L + R
NS NS
O O~ (@)
E-configuration Z-configuration
X <0 X>0)

If 0-QM in the E-configuration and monosubstituted
alkene undergo [4+ 2]-cycloaddition, then the kinetically
controlled cis-isomer is formed as the major product. In the
case of thermodynamic control, the frans-isomer is formed
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Figure 4. Schemes of formation of trans- (a) and cis-2,4-disubsti-
tuted chromans (b).

(Fig. 4).212:213 Usually, the higher the temperature of 0-QM
generation, the lower the diastereoselectivity of cycloaddi-
tion.

The aromatization of the quinone methide moiety is the
driving force of most cycloaddition reactions. This fact
represents the fundamental distinction between 0-QMs and
other a,B-unsaturated carbonyl compounds, which can be
illustrated in relation to reactions of acrolein and 0-QM
with butadiene (Schemes 97, 98).214

Scheme 97

-0

(90%) (0.5%)

Scheme 98
<X + —
N N =
O? © ©

IV.1. Cascade processes comprising the intermolecular
version of [4 + 2]-cycloaddition

The domino processes with the hetero-Diels— Alder reaction
being the final step are widely covered in the literature; their
diversity is determined by the steps preceding the generation
of 0-QM. This step may be the initial nucleophilic addition
to the carbonyl group. On treatment of 0-OBoc-benzalde-
hydes 258 with organometallic compounds, in particular,

Grignard reagents, 0-QM is already generated at a temper-
ature of —78 °C. The cascade includes nucleophilic addi-
tion of the organometallic compound to the carbonyl
group, cyclization, migration of the Boc group and elimi-
nation of Mg(OBoc)Br, which subsequently decomposes
with evolution of CO,. If the 0-QM is generated in the
presence of a dienophile (vinyl ethers, enamines, styrene),
[4 + 2]-cycloaddition products 259 are formed under very
mild conditions (Scheme 99).215-217 In the case where
R2 = Ph, R? = Et, the cis- to trans-isomer ratio is >20:1.
Note that using organolithium compounds it is impossible
to generate the corresponding 0-QM because of the strong
coordination of the lithium ion to the oxygen atom of the
phenolate from which the 0-QM is directly generated. This
sequence of transformations was also extended to the
optically active vinyl ether 260 and was one of the first
examples of enantioselective [4+ 2]-addition to 0-QM to
give product 261.218

Scheme 99
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The reaction of 2-naphthol, secondary amine and 2,2-
dialkyl-3-hydroxypropanals 262 proceeds in the presence of
catalytic amounts of TsOH (Scheme 100).2!° This cascade
reaction consists of the retro-aldol degradation of 2,2-di-
alkyl-3-hydroxypropanal 262 and the subsequent formation
of the Mannich base from 2-naphthol, secondary amine and
formaldehyde, which is formed in the retro-aldol reaction.
The Mannich base undergoes the retro-Michael reaction to
give 0-QM and secondary amine, which is converted to
enamine 263 upon the reaction with the second retro-aldol
reaction product — 2,2-dialkylacetaldehyde. In the last
step, 0-QM reacts with enamine 263 to give the final 2,2-
dialkyl-3-dialkylamino-2,3-dihydro-1H-naphtho[2,1-b]pyr-
ans 264. This reaction is also applicable to 1-naphthol.

The three-component reaction of 2-naphthol, formalde-
hyde and substituted styrenes affords 2,3-dihydro-1H-naph-
tho[2,1-b]pyrans 265 (Scheme 101).?2° Under similar
conditions, phloroglucinols are converted to substituted
flavans 266a —c.??!
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HTH

R! R? (6]
Ho%/H .
262 O R2
H RzNH
R! ‘ )\/NRz
TsOH

N l 2
OH R
NR}
T RNH 7R7NH O O

Scheme 100

264 (45% —72%)

= Alk; R2 = Alk, Ph;
NRZ = Mor, pyrrolidino, piperidino

Scheme 101
R!
O »
OH O R2 2
OH CH:0, AOH R 0 R?
100 °C,3h —H2O

265 (41% —70%) R!

R! = H, MC; R2= I‘l7 Me, Cl, F, But HO e} Ar

R! S ’ R
Ph HCIO4, Sl(:z, HO OH OH
MeCN 80 °C Ar HCIO,, SiO»
o nr + CH.O + ‘r — 266a (76% —94%)
= R?=H, , MeCN, 80 °C
Ar = Ph) R Ac
OH O Ph

266¢ (35%)

R!, R2 = CHO, Ac, C(O)Bui; R2 = H: R! = H, Ac

>

(R', R? =Ac, C(O)Bu, CHO)

2

(R! = Ac,R? = H, Ar = Ph)
(0]

Ph  266b (52%)

Later this reaction was used for the preparation of
polysubstituted chromans from 1,1-diarylethylenes, aro-
matic aldehydes and nucleophiles such as 2-naphthol,
indoles and 1,3,5-trimethoxybenzene.??> The process was
conducted with acidic ionic liquids as catalysts without a
solvent.

Heating of 1-(2-carboxyphenyl)-3,3-dimethyltriazene
(267) with an excess of benzaldehyde leads to a mixture of
cis- and trans-2,4-diphenyl-1,3-benzodioxins (268) in a low
yield (Scheme 102).223 Thermolysis of triazene 267 is
accompanied by generation of dehydrobenzene, which
undergoes [2 + 2]-cycloaddition reaction with benzaldehyde
to give benzoxete 269 and then 0-QM is formed upon

Scheme 102
N NMe: PhCHO
_— > ‘ _—
CO.H — Nz, — CO»,
—Me,NH

Noas ~O -
—
269

- @rYPh @YPh '

cis-268 (19%) trans-268 (8%)

cycloreversion. The [4 + 2]-cycloaddition involving a second
benzaldehyde molecule gives 1,3-benzodioxins 268. It is also
noteworthy that since the synchronous thermal [2+2]-
cycloaddition is forbidden by the Woodward — Hoffmann
rules, benzoxete 269 is apparently formed in two steps via a
zwitter-ionic intermediate.

Of great interest is the synthesis of 9-arylxanthenes 270
from arynes and aromatic aldehydes. Arynes are generated
in situ from o-(trimethylsilyl)phenyl triflate (271) under the
action of the KF — 18-crown-6 system (Scheme 103).224 This

(0
OTf

Scheme 103

KF, 18-crown-6

THF, 0 °C
271
Q] K
— _—

LD

270 (22% —70%)

4+2
\O [4+2]

is followed by the reaction with aromatic aldehydes, which
proceeds via zwitter-ion and benzoxete formation steps and
gives 0-QMs. The subsequent [4+ 2]-cycloaddition to a
second dehydrobenzene molecule affords 9-arylxanthene
270. The yields of xanthenes increase in the presence of
electron-donating substituents in aromatic aldehydes.
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#—k Scheme 104
\B/o Ao OH Br
HzOz, Hzo
e .
Br 37°C,24h
R
R o
i
| A og @\/j\
(0] OEt
R R 273

The oxidation of arylboronates 272 with hydrogen
peroxide in a mixture of acetonitrile and phosphate buffer
in the presence of vinyl ethyl ether gives Diels— Alder
adducts 273 in moderate yields (Scheme 104).225 Com-
pounds 273a—d obtained by this method are presented
below.

Structures 273
HO  273a(16%) 273b (11%)
273¢ (21%) 273d (26%

The photosensitized electrochemical oxidation of 2-(1-
phenylthioalkyl)phenols 274a,b in the presence of methyl-
ene blue and B-pinene provides an approach to the synthesis
of spirochromans 275a.,b as mixtures of four diastereomers.
Apparently, these compounds are formed upon skeletal
rearrangement of the initially formed Diels
(Scheme 105).22¢

—Alder adducts

| (280)
<«————— PhCHO +
AcOH, NaOAc,
80°C, 120 h
CHO
281 [(£)-guajadial B, 43%]

282 (19%)

HO

Scheme 105
OH SPh ‘(‘)
Bu ~~ “Bul @\
MeO R2 MeO R?
R! R!
(0]
S0y
R' 2753 p

(a) LiClO4, MeNO>, methylene blue, 0.85 V, visible light
(>360 nm), 100 W;
R! = H, R? = OMe (a, 80% yield); R' = MeO, R? = H (b, 91%)

On heating of caryophyllene (276) (10 equiv.) with
benzaldehyde (2 equiv.) and diformyl phloroglucinol
(1 equiv.), three stereoisomeric products 277279, includ-
ing two naturally occurring compounds, were isolated in
21% total yield (Scheme 106).227 The initial product of
benzaldehyde and diformylphloroglucinol condensation is
dehydrated to give 0-QM. The latter undergoes the Diels—
Alder reaction in which the endocyclic double bond is more
reactive due to the strain in the nine-membered ring. A
cyclic triene, humulene (280), was used as the dienophile in
this reaction to accomplish the biomimetic synthesis of
racemic guajadial B (281) as a mixture with its epimer
282,228

Robustadials A (283) and B (284) were synthesized by a
similar chart using three-component condensation of
B-pinene, isovaleraldehyde and diformylphloroglucinol
(Scheme 107).2%°

The condensation of diformylphloroglucinol, benzalde-
hyde and bicyclogermacrene (285) in trifluoroethanol
affords psiguadial D (286) in a yield of 10%. When hexa-
fluoroisopropyl alcohol is used as the solvent, a mixture of
the products of [4+ 2]-cycloaddition (286) (7% yield) and

Scheme 106

OH

H

(276)

OH 100°C, 15h

CHO

OH | OH

CHO CHO

278 279 (psidial A)
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Scheme 107
OH Bu! Bu
@ + BuCHO + CHO , com, Acona P OH . B \ PH
N HO OH A ¢ CHO ¢ CHO
CHO
OHC OH OHC OH
283 (robustadial A, 68%) 284 (robustadial B)
Scheme 108

MeHN  NHMe
(20 mol.%)

[

25°C,1h

@\+ PhCHO + /@:

285 (bicyclogermacrene)

formal [4 + 3]-cycloaddition (psiguadial A, 287, 1% yield) is
formed (Scheme 108).23° Evidently, with such yields, this
method requires further development; however, it is fairly
promising for the synthesis of some natural compounds
with a related skeleton.?31-232

The three-component synthesis of rhodomyrtosone B
(288) was performed using 2,4,6-trihydroxyphenyl isobutyl
ketone (289), isovaleraldehyde dimethyl acetal and syn-
carpic acid methyl ether (290) with scandium(IiIl) triflate
combined with camphorsulfonic acid (CSA) as the catalyst
(Scheme 109).233

Scheme 109
(0] OH (0]
‘ OMe ‘
Bui Sc(OTf)s, CSA
+ i+ - >
MeO  Bu 5. PriOH,80°C,6h
HO OH MeO O
289
290
(0] Bu OH
|
— g
=
o~ 0 OH
¥ )
0~ “Bu

288 (rhodomyrtosone B, 64%)

287 (psiguadial A)

286 (psiguadial D)

Other examples of transformations of this type can be
found in a review.?3#

2H-Chromenes 291 are dimerized in the presence of
FeCl; in dichloromethane (Scheme 110).235 Under these
conditions, one half of the 2H-chromene molecules is
converted via oxa-6m-electrocyclic rearrangement to
0-QMs (Z)-292, which occur in equilibrium with the E-iso-
mers, while the other half undergoes a hydride shift, thus
being isomerized to 2-flavene 293, which is an active
dienophile. The subsequent [4 + 2]-cycloaddition gives chro-
meno[2,3-b]chromenes 294.

However, the use of 2H-chromenes containing electron-
donating groups in position 7 results in the predominant
formation of chromeno[4,3-b]Jchromenes 295a—e as single
diastereomers; this approach was used for the synthesis of
dependensin (295d) (Scheme 111, Table 2).235.236

It is noteworthy that the reactions of 2-(4-methoxy-
phenyl)-4 H-chromenes with 2-(4-alkoxyphenyl)-2H-chro-
menes in the presence of FeCl3-6H>O produce
chromeno[2,3-b]chromenes 294, irrespective of the nature
of substituent at the C(7) atom of 2H-chromene.?33

A related acid-catalyzed reaction was carried out with
diphenylethylene 296.237 The reaction starts with diphenyl-
ethylene 296 tautomerization to 0-QM 297, which reacts
with a second equivalent of diphenylethylene 296 to afford
polysubstituted chroman 298. The subsequent protonation
of chroman induces elimination of 3-methoxyphenol giving
rise to chromene 299 (Scheme 112). In the case of TsOH

FeCl3-6 H,O

—_— >

[1,3-H]-shift

i FCCI; 6H20

m
wsw ﬁsf

(2)-292 (E)-292
Ar = 4-MeOCgHy; R! = H, Me, Br, O;N, MeO; R2 = H, CI, Me;NCO»

Scheme 110

[4+2] R!

294 (66— 89%)
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Scheme 111

291
—
[4+2]
(E)-292 ’
—
Table 2. Synthesis of chromeno[4,3-b]chromenes 295a—e (see
Scheme 111).235.236
Com- R! R? R3 R* R> Reaction Yield
pound conditions (%)
295
a H H OMe H OMe FeCl3-6H,O 82
b H OCH-,O H OMe FeCl3-6H,O 64
c OMe H OMe OMe H FeCl3-6 HO 62
d OMe H OMe OMe OMe conc. HCI, 72
MeOH
e H H See? H See?® conc. HCI, 92
MeOH

20Ac in the initial compound and OH in the product.

used as the catalyst, the intermediate chromans 298 can be
isolated.?37

The D6tz reaction of Fischer carbene 300 and alkyne
301 directly results in a 2,4-trans-substituted chroman type
[4+2]-dimer (Scheme 113).23® Probably, the intermediate

R!

(@ H*, PhCl, 50 °C, 3 h; R = H, R? = OMe; R> = H: R! =

H, F, Me, But, OMe; R!—

phenol 302 is thermally degraded to give both 0-QM 303a in
the Z-configuration and the corresponding styrene 303b as
a result of [1,5]-hydride shift. The subsequent endo-addition
of styrene to 0-QM gives cycloadduct 304.

A unique cascade transformation comprising the Claisen
rearrangement, generation of 0-QM and intermolecular
Diels— Alder reaction involving (—)-sabinene (305) resulted
in the synthesis of the tetracyclic core of (—)-spirooliga-
nones A (178, 306a) and B (17R, 306b) possessing antiviral
activity (Scheme 114).23°

Scheme 113
OTBDMS —
—N OH
—N ~ o
OTBDMS ~— =
MeO
CdCOk OEt OFEt
302
+ —
OMe MeO
OEt
303b

304 (68%)

In most examples presented above, cycloaddition was
the final step of the cascade process. However, if the cyclo-
adduct formed initially is unstable, it may eliminate some
small fragment. The formation of an additional multiple
bond is usually thermodynamically favourable as this
increases the conjugation length. Possible reagents for
implementing this strategy are so-called push-pull alkenes
307, which are compounds containing electron-donating
and electron-withdrawing substituents at different ends of
the double bond. The electron density redistribution caused
by the substantial charge transfer from the donor to

Scheme 112

299 (71% —95%)

R2 = OCH-0, benzo



660 D.V.Osipov, V.A.Osyanin, Yu.N.Klimochkin Russ. Chem. Rev., 2017, 86 (7) 625—687

T OAc Scheme 114

OAc OAc

OAc 160 °C, 1 h

(6]
.0
OAc B OAc ﬁ
OAc & Pr
- (305)
OH  —AcOH o
OAc
— > —
(6]
‘ Pri
(79%)

Stereoisomers:: 175 (a), 17R (b)

acceptor substituent leads to C=C bond elongation, polar-
ization and susceptibility to both nucleophilic and electro-
philic attacks.?*° Therefore, alkenes of this type can be used
in heterocyclization reactions.?#!-242 From the standpoint of
ambiphilicity concept, the push-pull alkenes are 1,2-ambi-
philes and react with 0-QMs by the addition—elimination
mechanism. The first step of the reaction may occur as
either asynchronous but concerted [4 + 2]-cycloaddition or
as a stepwise reaction via the formation of zwitter-ionic
intermediate 308, which would be converted to benzopyran
derivative 309 upon 6-exo-trig-cyclization and elimination
of an H-EDG group (Scheme 115).

ﬂ/EWG =

| +

EDG™ * X0
307

o -
(6] EDG

Scheme 115

—>

EWG
@\/j/
O
309

T H-EDG
EWG
AN
o~ EDG
+
308

EDG is electron-donating group

For example, cycloaddition of enamines 310, which
contain various electron-withdrawing substituents (nitro,
aldehyde, trifluoroacetyl or another substituent) in the
B-position, to 0-QMs generated from salicyl alcohol (4b)
or naphthol Mannich bases 38 can be used to prepare
substituted chromenes 311 (Scheme 116).92.243 247

3-Amino-2-nitro-1H-benzo[ f]lchromenes 312a,b were
synthesized by the reaction of 1-(dimethylaminomethyl)-2-
naphthol (38a) with nitroketene N,S-acetals 313a,b combin-
ing conjugated electron-donating, electron-withdrawing
and good leaving groups as well as C-nucleophilic and
C-electrophilic centres in the molecule (Scheme 117).92

After the reaction of Mannich base 39b (obtained from
2,4-di-tert-butylphenol) with malononitrile, the expected
chromene 189a and chromenopyridine 202d were isolated
together with unexpected dimer 314a resulting from addi-
tion of the corresponding 0-QM to chromene 189a.!4?> The

Scheme 116
R! LG
OH Ac>0 and(or) AcOH
RZ — =
1
R! R3 R! R3
| RN b
o
_0 31 X
—
R2 R

311 (26% — 87%)

LG = CIl, OH, NMe,, NMe;l; R! = H, Ar; R,% = 6,7-Me,, 6-OMe,
8-OMe, 6-(1-Ad), 8-(1-Ad), 6-Me, 6-But, 6-Ac, 6-NO», benzo[/],
benzo[ /], etc.; R3 = H, Me; RIN = Mor, NMey; X = NO,, CHO, Ac,
C(O)CFs, C(O)Ar

Scheme 117
NO,
NMe, X NHR
OH NO, 0O
MeCN, A
CLy e L, 2 O
MeS~ “NHR —MeSH.
—Me,NH
38a 313a.b 312a,b

312,313: R = Bn (a, 34% yield), 4-MeCgH, (b, 40%)

reaction was extended to other Mannich bases 39c—g. The
mechanism includes the thermal generation of 0-QM 3185, its
1,4-addition to the malononitrile anion and cyclization to
2-amino-4 H-chromene-3-carbonitrile 189. The subsequent
cycloaddition of a second equivalent of 0-QM 315 to
aminonitrile 189, which acts as a heterodienophile, affords
chromeno[2,3-b]chromenes 314a—f as single cis-diaster-
eomer (Scheme 118).24% 2-Amino-4H-chromene-3-carboni-
triles 189 can be regarded as push-pull alkenes.

It is noteworthy that unsymmetrical chromeno[2,3-5]-
chromene 316 cannot be isolated even in a low yield, which
is attributable to its further degradation according to the
retro-Diels— Alder reaction pathway to give a mixture of
two  symmetrical chromeno[2,3-b]chromenes  314a.,b
(Scheme 119). In this case, the formation of unsymmetrical
derivative 316 was detected only by chromatography —mass
spectrometry of the reaction mixture.”> Meanwhile, in the
case of compounds 189gh, unsymmetrical chromeno[2,3-5]-
chromenes 317a,b were isolated in moderate yields (see
Scheme 119).
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Scheme 118
OH NMe;
CH(CN),
_—
DBU, DMF
189a (9%)
39 202d (25%)
R3 R3 R3
DMEF, A | R? 0O CHyCN), R? O _NH: | 315 R?
\
NMe; R! \ R! CN Rl
39— g 189b — f
Compounds R! R? R3 Yield of 314 (%)  Compounds R! R? R3 Yield of 314 (%)
39c, 189b, 314b Me Me H 44 391, 189, 314e But! H 1-Ad 49
39d, 189c, 314c¢ MeO H H 37 39g, 189f, 314f H CO,Me H 39
39e, 189d, 314d 1-Ad H H 46
Scheme 119 An unusual example of a [4 + 2]-cycloaddition —elimina-
tion —[4 + 2]-cycloaddition cascade is the reaction of 0-QMs
NH2 generated from naphthol Mannich bases 38a and 324 with
O ~NHa 5, a-chloroacrylonitrile to give pyrano[3,2-e]pyrans
\ — (Scheme 121).250
CN Bu!
189b Scheme 120
316 O
2 O H
NMe, NAN
0 45
150°C b (118)
AN ©\ V>
189a 315a ”T 0
i 39 i 189 319
But But
NH, NH7
ol o C(O)NH,
o0, e O OO 000 - 00D
ut But! N o N~ HO N o
N | | | 320 (189
314a 314b 322 (25%) 321 (18%)
NH2 Bu' V
O.__NH, —H*
LN -
o = 10X O : e
R CN But O O
189g.h Ho
317a,b

R = Bn (189g; 317a, 18% yield), But (189h; 317b, 20%)

The reaction of 0-QM (1) generated from 2-(dimethyl-
aminomethyl)phenol (39a) with tetrahydropyridine 318
affords a mixture of cyclic products. Presumably, all of the
products are formed via phenolate 319, which is able to
cyclize directly to compound 320 or eliminate a proton from
the amide group (leaving as cyanic acid) to give intermedi-
ate 321, which is in turn converted to chromeno[2,3-b]piper-
idine 322 or its benzylated derivative 323 (Scheme 120).24°
This reaction indirectly confirms the high degree of asyn-
chronicity of 0-QM addition to highly polarized alkenes.

()
N O N O

323 (2.5%)

The secondary amine formed upon decomposition of the
naphthol Mannich base reacts with a-chloroacrylonitrile to
give a-cyanoenamine, which reacts with 0-QM according to
the Diels—Alder reaction pathway. The process is accom-
panied by elimination of an HCN molecule to give 3-amino-
naphthopyrans 325a,b, which undergo again the Diels—
Alder reaction with a second 0-QM molecule, resulting in
the formation of benzannulated pyrano[3,2-e]pyrans 326a.b.
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Scheme 121
RoN ‘
" : O\
———
O —NHR»
38a, 324
cl NR»
:{ + 2HNR, —> —— + Ro,NH-HCI
CN CN
Oy, RoON
I )| ne
NR,
:< EE—. 0 B —
—HCN
ox )
NR»
oo

326a.b I

NR> = NMe; (38a; 325a; 326a, 68% yield), Mor (324; 325b; 326b, 75%)

ROe (
— _— >

325a.b

This reaction is probably the first example of the cyclo-
addition of 0-QM to a captodative alkene, represented by
o-cyanoenamine.

It was proposed to use 1,1-bis(morpholino)ethylene
(327) as an alternative to toxic a-chloroacrylonitrile in the
synthesis of symmetrical chromeno[2,3-b]chromenes
326b—d (Scheme 122).°2

The Diels— Alder reactions of 1-(dimethylaminomethyl)-
2-naphthol (38a) or 2-(dimethylaminomethyl)phenol (39a)
and enamines 328 yield 2,3-polymethylenebenzo(naphtho)-
pyrans 329 or 330 (Scheme 123).23!

A number of addition reactions of 0-QMs to various
enamines giving xanthene derivatives have been
reported. 34214

The reaction of 5-nitrosalicylaldehyde morpholinal 331
with cycloheptanone and cyclooctanone follows an intricate
pathway, resulting in 3,3'-polymethylene-2,2"-spirobipyrans
332a,b (Scheme 124).2°2 The cascade process includes
[4 + 2]-cycloaddition between the initially generated 0-QM
333 and enamine, elimination of two morpholine molecules,
[4 + 2]-cycloaddition of one more molecule of 0-QM 333 to
intermediate 334 and finally elimination of morpholine. In

Mor
O2N. H

Mor @
+ —_—
OH .
331
O;N X
- D)
(0]

334
n =3 (a, 41% yield), 4 (b, 34 %)

Scheme 122

R = H (38a; 326b, 75% yield), Ph (38b; 326d, 43%)

NMe, Scheme 123

OH

(38a) ‘
—_—
dioxane, A NMe, ! o) -
( N d 329

n

OH
328 (39a)
L >
o

330

n=1-3

the presence of an excess of ketone, the reaction can be
stopped after the formation of compound 334.233

Pyrolysis of pyridoxine (335) in the presence of morpho-
linocyclohexene (336) resulted in the isolation of chro-
meno[2,3-c]pyridine  derivative 337 in 33% yield
(Scheme 125).25* The reaction comprises the generation of
pyridine-based 0-QM, asynchronous cycloaddition of
enamine to the 0-QM, dehydrogenation and the subsequent
elimination of the morpholine molecule.

Meanwhile, there are known examples of the addition of
enamines generated in situ to 0-QMs that is not accompa-
nied by elimination; the reaction products formed in this
case are 2-aminochromans.?35-2%7

An efficient method has been proposed for the prepara-
tion of dihydrocoumarins from 0-QMs generated in situ and

Scheme 124
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Scheme 125
H Mor
OH 190-200°C (336)
Mor
N7 X 0
—> ‘ —_— _—
_ —2[H] —MorH
OH
N7
s ‘
N

OH 337 (33%)

enamines 338 based on substituted acetaldehydes and pyr-
rolidine.?%® The Diels— Alder adducts 339 formed initially
are oxidized with pyridinium chlorochromate (PCC) to give
dihydrocoumarins 340 in 48% —87% yields over two steps.
A similar reaction carried out with (R)-2-benzhydrylpyrro-
lidine (341) taken in a quantity of 20 mol.% affords
dihydrocoumarins 340a,b with a moderate enantioselectiv-
ity (Scheme 126).

Dihydrocoumarins 340 or 341 were successfully synthe-
sized with the participation of NHC in the reaction of
0-QMs with N-acylimidazoles 25 or carboxylic acids in the

1) E:NH

(20 mol. %), R!

BujNF, AcOH, @fj/Rz
>
o~ o

CH2C12
340 (48% —87%)

Scheme 126

2) PCC, CH)Cl,

i :OTBDMS sz

i BuNF —Hzoi E:NH
T PCC
Rl
) w
| = j )[4+2] m
R + ‘ A
NS
\O R2 138 2) H-O o OH
339

340: R!' = H, 5-F, 6-Cl, 6-Br, 8-Me, 6-Bu'; R = Alk, Ar, CH>Ar

) U,,,,(Ph
N

o H Ph (341),
BuNF, AcOH, CH>Cl,

Rl
\@j\]: j
+
OTBDMS R?

R!

2) PCC, CH,Cl,

2
W R

X
(6] (6]

340a,b
= Cl, R2 = Bn (a, 54% yield, 64% ee);
R! = H, R? = Pr* (b, 44%, 48% ee)

presence of condensing agents (Scheme 127).2%° The use of
chiral precursors of NHC — salts 342a,b — provides
dihydrocoumarins with high enantio- and diastereoselectiv-

ity.

Scheme 127
N
R} >\
&Br &/N o 342a(20 mol.%), CsF
+ zY —
18-crown-6, AcOK,
OTBDMS j CPME, 4 °C

R2

R!
u \\\\R2 — 1\\] N
. 342a = N No
N Bn Mes
o .

[¢) BF;
340 (56% —80%, 50% —86% ee)

R} = H, 6,7-Me», 5-F, 6-F, 6-Cl; R2 = Me, Pri, Bui, CH,Ar;
CPME is cyclopentyl methyl ether

342b (15 mol.%), Cs,CO3

H
< g + R2 €O HATU, CHCl, —5°C
O ~N
°©r
= \Rz
—
< Y
o~ o
341 (53% —80%, 79% —99% ce )
0
—N
R! = 4-MeCgHy, 4-MeOCgHs, N NL
7
PhCH=CH; 20h N " Mes
R2 = Et, Ar; N BF; ’
N
MezN NMCZ

Y

N
HATU = (I+ /\/N PF; ; Mes is 2,4,6-trimethylphenyl
N

N \
o-

The reaction of NHC generated from azolium salts
342a,b under the action of bases with carboxylic acid
derivatives followed by deprotonation gives rise to enolate
343, which then reacts with 0o-QM. It has not been found out
whether this reaction is concerted or stepwise, involving the
conjugate addition of the enolate to 0-QM and subsequent
6-exo-trig-cyclization. The elimination of NHC from inter-
mediate 344 yields dihydrocoumarins 340 (Scheme 128).

An efficient method has been developed for the synthesis
of cyclic N,O-acetals; the method consists in microwave
irradiation of a mixture of an aromatic aldehyde with
compounds 345 — Mannich bases of phenol or 2-naphthol
(Scheme 129).2¢! The reaction starts with the generation of
0-QM with elimination of cyclic amine 346, which reacts
with the aldehyde to give hemiaminal 347, then azomethy-
lide 348 and endocyclic iminium cation 349, and finally
enamine 350. N,O-Acetal 351 is formed in the Diels— Alder
reaction of enamine 350 with the 0-QM.

Spirocyclic chromans containing an N,O-acetal moiety
were obtained by the three-component acid-catalyzed reac-
tion of substituted phenols, imidazolidin-4-ones 352 and
paraformaldehyde (Scheme 130).22 The domino process
includes hydroxymethylation of phenol with paraformalde-
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Scheme 128
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R! R!
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— X/H+ RE > X/H+ RY > XJ\ RY
)\//N ~ ANN )\/N
R! R! i @)
348 _
HO<_~» 349 350
N
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R! = H, Me; R2 = H, CO3Et, Ph, 4-CIC¢H.; N Ry
R} = H, 4-OMe, 4-Cl, benzo[f]; R!
R} = 4-Me, 4-OMe, 2-Cl, 3-Cl, 4-Cl, 2,6-Cl, OH
Scheme 130
OH <‘)
a =
—
7H20
1
R R! PhMe
e,
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o / o /
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>< o Ji >< . R! = H, Alk, OMe, OBn, Hal, CN;
N R TP AN o~ R R2, R3 = Alk
A M \ 383 354 (33%—89%)
352

hyde and dehydration of salicyl alcohol to 0-QM. At the
same time, imidazolidin-4-ones 352 react with paraformal-
dehyde with elimination of water to be converted to

arylideneimidazolidin-4-ones 353, which react with 0-QM
to give spirochromans 354.
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IV.2. Intramolecular Diels — Alder reaction
The intramolecular Diels— Alder reaction involving o-qui-
none methides is shown in the general form in Scheme 131.

Scheme 131

o o

Most of the intramolecular Diels—Alder reactions
reported in the literature refer to the synthesis of natural
products or structurally related compounds. For example,
the reaction of methyl 2,4-dihydroxybenzoate (355a) with
(R)-(+)-citronellal [(R)-356] catalyzed by ethylenediamino-
diacetate (EDDA) gives rise to tricyclic product 357a as a
result of consecutive hydroxyalkylation, dehydration (with
the generation of 0-QM 358) and intramolecular [4+ 2]-
cycloaddition reactions (Scheme 132). It is noteworthy that
since resorcinols behave similarly to cyclic 1,3-diketones in
many transformations, the first step of this cascade process
can be classified as the Knoevenagel reaction.?%3 The stereo-
specific formation of only the trans-adduct can be attrib-
uted to the pseudo-equatorial orientation of 0-QM 358 in
the energetically more favourable exo-transition state.?%4
The regiospecific generation of 0-QM 358 is caused by the
presence of an intramolecular hydrogen bond between the
hydroxyl hydrogen atom and the ester carbonyl oxygen
atom. A similar sequence of transformations was applied

for the synthesis of compound 357b from orcinol (355b).263
m-Styrylresorcinol 359 was reacted with (S)-(—)-citronellal
[(S)-356] to give (+)-machaeriol A (360),2°¢ which has been
isolated from the bark of the Machaerium multiflorum
tree.267

Along with resorcinols, naphthols can also be involved
in this reaction to give naphthopyran derivatives. In this
case, phenylboronic acid ''%-2%% and quinoline2%° are also
used as catalysts.

Using O-allyl salicylaldehyde derivatives 361, 6a,12b-
dihydro-6 H,7 H-chromeno[3,4-c]chromenes 362 and naph-
thopyranobenzopyrans 363 were prepared from 4-acetylre-
corcinol and 1-naphthol, respectively (Scheme 133).27° The
cis-configuration of the products is associated with the fact
that exo-transition state 364 is less favourable due to 1,3-
allylic strain.?7!

Zhao et al.?’? succeeded in constructing the furo[3,2-
c]benzopyran nucleus by condensation of various substi-
tuted salicylaldehydes and a-prenyl alcohols 365 catalyzed
by benzenesulfonic acid; most often, this gave only one
diastereomer 366 (Scheme 134). Hemiacetal 367 formed in
the first step eliminates a water molecule to give the
corresponding 0-QM, which is then involved in the intra-
molecular Diels— Alder reaction.

Trauner’s group?’? accomplished a cascade process
initiated by desilylation. The process included oxidation of
compound 368 to 1,4-naphthoquinone 369, tautomerization
of the latter to 0-QM 370 and spontaneous intramolecular
[4 + 2]-cycloaddition. The subsequent demethylation of
product 371a afforded rubioncolin B (371b) (Scheme 135).

Scheme 132
[ ] R! R2
_EDDA. ELN HO o g o
xylene A, 24h H T X R!
Q H
(R)-356
355a,b ] 0 R2
L H
357a,b
w oo BN
xylene A
(S)-356
360 (75%)
= CO,Me, R2 = H (a); R! = H, R? = Me (b)
Scheme 133

OH
Ac
EDDA, ElzN
+ Ac
xy]ene A, 24h
OH CHO

361

EDDA, Et;N
xylene A,24h

“@t%

364 362 (64%)

363 (94%)
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Scheme 134
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0 o OMe
0= TASF
MeO,C - >
’ PhI(OAc), MCOQC /O
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P Scheme 136
G J
H = ~ X = N OBn
N OR2 OR?
((5)-374)  OR® L (($)-373) OTBDMS H
H < (0C)sCr= ,
1) EtPryN, PhMe — 1) EtPryN, PhMe, e}
0 2) FeCly DMF | 100°C,48h Ph
R! 372 2) FeCl;- DMF
376 (40% — 60%, 88% —94% ee) (3RAR)-375 (43% 94% ee)
= Ph, benzofuran-2-yl; R? = Me, Bn; R? = TIPS, TBDMS, Ph;C
The D6tz reaction involving Fischer carbenes 372 and Scheme 137

alkynes 373 and 374 leads to tricyclic pyrans 375 and 376 via
the generation of 0-QMs (see Section V.3) and intramolec-
ular Diels— Alder reaction (Scheme 136).274

Recently, it was shown that oxidation of
2-(2-acylphenyl)benzofurans 377 with oxone
(KHSO4-2KHSOs5-K»S04) in the presence of sodium
hydrogen carbonate affords heterocyclic system 378 that is
difficult to prepare by other methods. The cascade of
reactions includes epoxidation, valence isomerization to
0-QMs 379 and [4 + 2]-cycloaddition (Scheme 137).275

The last-mentioned reaction occurs with the participa-
tion of two electron-depleted moieties: 0-QM as a hetero-
diene and the carbonyl group as a dienophile. This process
was used as the key step in the synthesis of naturally
occurring integrastatin B (380), which exhibits anti-HIV

activity.276
Structure 380
Oy 0 o
/
MeO o
HO OMe
HO OH

380

oxone, NaHCO3

—_—
It

R2 379 378 (77% —97%)
3
R EWG_ H
\ oxone, NaHCO3;
B
o It
EWG 381

382 (57% —77%)
R', R2 =H, Alk; R? = Me, Et; EWG = Ac, Bz, CO,Et, NO,

A similar cascade of transformations can also be accom-
plished for various 2-(2-vinylphenyl)benzofurans 381 to
give products 382 (see Scheme 137).
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IV.3. Oligomerization of o-quinone methides

A key stabilization pathway of 0-QMs in the absence of
active nucleophiles or dienophiles is the Diels— Alder type
self-condensation. This transformation is a typical cascade
process. The first step usually includes elimination of a low-
molecular-weight compound (water, secondary amine, ter-
tiary amine hydrohalide and so on), giving rise to highly
reactive 0-QM. The intermediate formed in this step reacts,
most often, with a second 0-QM molecule at the exocyclic
double bond to give a dimer. The driving force of the
process is re-aromatization of one of the carbocycles. This
fact accounts for the ease of this reaction as compared, for
example, with acrolein dimerization. The frequently formed
dimer reacts with one more 0-QM molecule to give the
corresponding trimer. Reactive 0-QMs can also undergo
further oligomerization, resulting in a complex mixture of
products.

One of the first examples of 0-QM dimerization was
reported by Hultzsch 2?7 back in 1941. Dimerization (and
subsequent oligomerization) of sterically unhindered 0-QMs
is so an active cascade process that it occurs even at low
temperature. Indeed, the simplest 0-QM (1) was prepared by
flash vacuum thermolysis (FVT) from unsubstituted chro-
man.?’® The absorption bands of the monomeric 0-QM
were detected by UV spectroscopy. However, at temper-
atures above —100 °C, a new set of absorption bands
already appears and the sample rapidly changes from
yellow-coloured to colourless, which is associated with the
formation of dimer 383 (Scheme 138). As the mixture
warms up to —15 °C, the set of IR absorption bands for
the dimer disappears, but another set appears, which
corresponds to tetramer 384 according to the data of mass
spectrometry. It is noteworthy that up to room temperature,
the IR spectrum of the mixture always contains a weak
absorption band at 1681 cm—!, which has been assigned to
trimer 385.

0-Quinone methide 386 and the products of its oligome-
rization 387 —389 were prepared in a similar way by flash

OH

OH FVT > 650°C

Scheme 138
9 (1

FVT, 1000 °C
> —100 °C

(0]
(IJ —CyHy4 \
1

By

Ox
O
—~J
38

3

vacuum thermolysis from 4,6-dimethylsalicyl alcohol
(4a).27° 1t was shown that complete conversion of salicyl
alcohol 4a to 0-QM takes place at 650 °C, while trimer 388
is converted to 0-QM at 850 °C. Trimer 388 and tetramer
389 in approximately equal molar amounts (98% total
yield) were isolated upon pyrolysis carried out at 800 °C
(Scheme 139). Trapping of 0-QM at — 30 °C resulted in the
isolation of dimer 387 and trimer 388.

Trimerization also takes place in the oxidation of
o-alkylphenols with Ag>O or K5[Fe(CN)g].280-28! Treatment
of espintanol 390 with Ag>O induced, first, the in situ
generation of 0-QM 391, which provided the synthesis of
natural triterpenoid (&£)-schefflone (392) (Scheme 140) 282
and a number of tocopherol trimers.?%3

0-Quinone methide trimers were also prepared from
unstable o-halomethylphenols.?84-285 For example, heating
of 2,6-bis(bromomethyl)-4-methylphenol (393) for 100 h
affords trimer 394. The subsequent crystallization of 394

Scheme 139

386
—H,0 o o U
| X —30°C
Z 386 0
> _ 86 ]
~30°C 287
—_—>
387 rt
FVT, 850 °C 386 (100%)
Scheme 140
OMe OMe
o OH pgo | PT 0 g P 301
I — —
MeO MeO X MeO
390 391

392 [(+)-schefflone]
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Scheme 141

Br OH Br

TiCly,
dioxane

MeOH
(2 equiv.)
—_ >

—2HBr

leads

from methanol
(Scheme 141).

Trimer 396 was prepared in a high yield by heating
sterically crowded 0-QM precursor 23d in refluxing DMF
(Scheme 142).28¢ This reaction is the first example of the
selective formation of 0-QM trimerization product upon
thermolysis of a quaternary ammonium salt.

to dimethoxy derivative 395

Scheme 142

23d

396 (85%)

Products of 0-QM oligomerization were also isolated
upon pyrolysis of 4H-benzo[d][1,3,2]dioxasilines>$7 and
4H-benzo[d][1,3,2]dioxaborinines.>88

The Mannich reaction—[4+ 2]-cycloaddition cascade
underlies the synthesis of spirocyclic phenanthrene type
dimers. For example, aminomethylation of 9-phenanthrenol
397 with dimethylamine and formaldehyde can be used for
the preparation of the corresponding cycloadduct 398 in
43% yield (Scheme 143).>8° With catalytic amounts of
pyridine instead of dimethylamine, the dimer can be isolated

r Scheme 143
NM€2
HO CH-0, NHMe,, |HO
_— > _—
‘ —H,0 ‘ —NHMe,
397 399

398 (43%)

in a yield of 40%; conduction of this reaction without any
base also gives the dimer (36% yield). The ease of deami-
nation of Mannich base 399 is attributable, on the one
hand, to the formation of 0-QM 400, which is fairly stable
owing to the long conjugation chain present in the molecule,
and, on the other hand, to the fact that generation of the
0-QM does not require high energy expenditure, as two
n-electron sextets are present in both the Mannich base and
the corresponding 0-QM.

When L-proline was used instead of dimethylamine,
analogous spirodimers of type 398 were isolated in up to
85% yields.??° Generally, the product yields tend to increase
with increasing number of electron-donating alkoxy groups
in 9-phenanthrenol.

A fairly mild method for the generation of 0-QM 401
from spirocyclic oxirane 402 and chlorotrimethylsilane has
been developed (Scheme 144).2°! As a result, head-to-head
dimer 403 was isolated in an almost quantitative yield. The
authors assume that this domino process involves the
intermediate formation of salicyl alcohol-derived phenolate
404, which reacts with a second equivalent of Me3SiCl to
generate 0-QM 401.

Scheme 144
gl\*TMS
OH O~
M O\/Cl
- >
—TMSOH
404

401

403 (95%)

The driving force of the process is the formation of a
stronger Si—O bond [bond energy (E,) = 443 kJ mol—']

Scheme 145

OH
CH,0, K,CO;3 0 ‘O
Br O

Br 405
Br

NG
o)
R

H
CH,0, HBr
_— >
AcOH, 20°C

OO

407a,b Br

D

406a,b OH
R =H (a), Bu! (b)
instead of the Si—C bond (Ey = 313 kJ mol—'). An advant-

age of the method is the possibility to conduct the synthesis
at room temperature without oxidants, acids or bases;
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Scheme 146
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however, it is obvious that the range of suitable substrates is
rather limited.

Spirocyclic dimers of this type can be obtained from
4-substituted 1-naphthols. For example, Ashram er al.?°?
prepared dimer 405 directly from 4-bromo-1-naphthol and

Scheme 148
MeO OMe o
PhO ‘
___ MeO
— \\O PhMe " "OPh
O
A,2.5h
EO e P
rﬂ
fl ©
414
P 413

415 (38%)

formaldehyde (Scheme 145). This is also an example of a
cascade reaction. Using a somewhat modified method, the
same authors converted 3-hydroxymethyl-2-naphthols
406a.b to dimers 407a,b.

An unusual example of formation of a different type of
dimer is the synthesis of carpanone (408) from 6-[(1 E)-prop-
1-enyl]-1,3-benzodioxol-5-ol (409) (Scheme 146). The proc-
ess includes the recombination of radicals formed upon the
oxidation of phenol and the intramolecular Diels—Alder
reaction. o-Quinone methide 410 is generated under the
action of molecular oxygen in the presence of cobalt(I)
complexes 2?3 or PdCl,.2%4

In addition, carpanone and its structural analogues,
polemannones B and C, were synthesized in 79% —91%
yields in the presence of CuCl, and (—)-sparteine.?%>

Scheme 147
OMe

Non-trivial results were obtained on heat treatment of
squaric acid derivative 411.2°¢ The product of rearrange-
ment and dimerization of the initial cyclobutenone 411 —
compound 412 — was isolated in a yield of 37%. The
hypothetical mechanism of the process is presented in
Scheme 147.

The thermal rearrangement of cyclobutenone 413 gives
0-QM 414 phenoxide-substituted at the methylene moiety;
the [4 + 2]-cycloaddition of 414 yields head-to-tail dimer 415
(Scheme 148).>°7 This route of dimerization can be
explained by steric factors.

Scheme 149
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1 Scheme 150
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Heating of squaric acid derivatives 416a,b in refluxing Scheme 152
toluene was used to synthesize a close analogue of the H
triterpenoid (£)-schefflone 417 in 49% and 72% yields, Ph Ph
respectively (Scheme 149).297 X0 MeMgCl
. . . . + N _— N
On heating of enediyne 418 in refluxing chlorobenzene, J‘ Et,0, —78 °C /J
Bergman type rearrangement of dehydrobenzene (419) BocO OBoc Ph BocO o~ “mpp,
takes place to give 0-QM 420, which is then trimerized to 426 a7 428 (94%, dr = >20:1)
form compound 421 (Scheme 150).2°% Apart from the gene-
ration of 0-QM, side reaction giving alkene 422 takes place
as a result of unpaired electron transfer to the butyl group. Scheme 153
R* R*
IV 4. Reactions of o-quinone methides with imino dienophiles \\ R! \\ R!
ot . . P Cu(OAc),-H,0 [ !
The [4 +2]-cycloaddition reactions of 0-QMs with azome- [\ ! _R? (5 mol.%) 3 _R2
thines represent a convenient method for the preparation of ) N cmerr N
heterocyclic hemiaminals. K , ijygr(lﬁgc O/i\R‘
Thermolysis of 3-methyl-4H-1,2-benzoxazine (423) fur- OH R a H
nishes tetracyclic 1,3-benzoxazino[3,2-b]-1,2-benzoxazine 429 430 (47% —93%)
424, which can further be converted to isomeric heterocycle R*
425.2%° The formation of these systems includes successive [‘\\ R!
retro-Diels — Alder and Diels—Alder reactions. The inter- 8 i . _R?
mediate formation of 0-QM was confirmed by [4 + 2]-cyclo- ‘N
addition with vinyl ethyl ether (Scheme 151). \O”'/—__ R?

0-Quinone methide formed from o-OBoc-benzaldehyde
426 reacts with imine 427 to give 3,4-dihydro-2H-1,3-ben-
zoxazine 428 with high diastereoselectivity (Scheme 152, dr
is the diastereomer ratio).!?

Various Mannich bases 429 are converted to the corre-
sponding dihydro-1,3-oxazines 430 on treatment with cop-
per(Il) acetate in the presence of air oxygen

R! = H, Ar, Het; R2—R® = (CH)), (n = 3, 4),
(CHz)zOCHz, 0-[(CH2)2]C(,H4; Rz, R3 = H, Me, Et, Bn, Ph;
R* = H, OAIk, Br

(Scheme 153).3%0 A similar cyclization was accomplished in
the presence of Cul (10 mol.%) and L-proline (20 mol.%)
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as catalysts 3°! and under the action of Bu'OOH in the
presence of molecular iodine.302
The redox neutral a-oxygenation of cyclic secondary
amines 431 with salicylaldehydes, o-hydroxybenzo- or ace-
tophenones leads to polycyclic N,O-acetals 432 via the
possible generation of the corresponding 0-QMs
(Scheme 154).303
Scheme 154

R4
R2 ﬁ

R] n:
R2 ‘

n

R4
432

(a) AcOH, PhMe; n = 0-2; R' = H, Me, Ph; R,% = H, 3-Alk, 4-Alk,
5-Alk, 6-Alk, 3-OMe, 5-OMe, 3-Br, 5-Br, 5-Cl, 5-NO,, 5-CO,Me,
benzo[e]; R* = H, Ph; R* = H, R4~ R*is benzo

The retrosynthetic analysis of 1,3-benzoxazines and
their fused analogues indicates that they can be regarded
as products of [4+ 2]-cycloaddition of 0-QMs to nitriles.
However, nitriles are, most often, poor dienophiles, while

Scheme 155

B
=
I\

+
zZ o w Z

X = OH, NMe»

unstable 0-QMs usually act as heterodienes only in the
presence of electron-rich alkenes. These difficulties can be
avoided by conducting this reaction with stable 0-QM
precursors — phenol (naphthol) Mannich bases — and
carboxylic acid imino esters widely used in the synthesis of
nitrogen heterocycles 304 as synthetic equivalents of nitriles
(Scheme 155). The nitrogen atom in imino esters is nucleo-
philic and the adjacent electron-deficient carbon atom is
electrophilic; hence, the initial imino compounds can be
regarded as 1,2-ambiphiles.

Heating of the imidates of aromatic carboxylic acids,
including heterocyclic ones, with naphthol Mannich bases
(38) results in the formation of 1H-naphthol[1,2-¢][1,3]oxa-
zines 433 (Scheme 156). It should be emphasized that good
yields of naphthoxazines are attained by the use of even
1 equiv. of imino dienophile, whereas for attaining reason-
able yields in the reactions of 0-QMs with dienophiles, a
large excess of the latter is usually required.30%-39¢ The
cycloadduct formed initially eliminates a methanol molecule
giving rise to naphthoxazines 433. It is noteworthy that the
reaction proved to be general and was extended to several
other 0-QM precursors; this resulted in the synthesis of
heterocyclic systems 434 —438.92:307 The use of ethanol as
the solvent was less successful.308

Br Scheme 156

2 Mez HO
N
\
O
433 (65% —90%) = H (37%), Ph (76%)]
(R® = H, Ar, Het) (iH MeO.__NH R4
|
N fe) Ph N NMe;
| [ R PP,
N/ N (LG = OH, NMe>)
435 (32%) Me,N CoE R! MeN 436 (22% —86%)
LEt 2
/ (R' = H, Br, HO NH  (R* = H, 6-Cl, 6-Alk, 7-Alk, 8-Alk,
COzEt CFs. Me) \ 8-OMe, 8-CO,Me)
4> /
437 (711%)

H 438 (56%
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NMe, Scheme 157
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A similar reaction of 0-QM can also be performed for
1,3,3-tetramethylguanidine widely used as a strong non-
nucleophilic base, which formally acts as an imino dieno-
phile; the reaction gives fused 2-dimethylamino-1,3-
benzoxazines 439 (Scheme 157).8%-92 The possible 0-QM
precursors include salicyl alcohols 4 and 40 (even sterically
crowded ones) and Mannich bases of phenol (39) and
naphthol (38) and also of carboline, indole and pyridine
(see, for example, synthesis of compound 440). The succes-
sive generation of 0-QM from bis-Mannich bases in the
presence of TMG affords 1,3-benzoxazines 441 and 442.°2
In the reactions of 0-QM with 1,1,3,3-tetramethylguani-
dine, the initially formed Diels—Alder adduct eliminates a
dimethylamine molecule, which results in the formation of
2-dimethylamino-4H-1,3-benzoxazines.

V. Electrocyclic reactions

The major transformation of 0-QMs containing an addi-
tional double bond in conjugation is the easy and, as a rule,
spontaneous oxa-6m-electrocyclization to give 2H-benzo-
pyrans (Scheme 158).

Scheme 158
= ‘ X
o 0

The cascade processes reported in the literature that
include electrocyclic transformations of 0-QMs are classi-
fied more conveniently in terms of the mechanisms of the
steps that precede 0-QM generation. The 0-QMs needed for
electrocyclization are prepared most often in situ from
phenols (as a rule, containing donor substituents) or naph-
thols and o,B-unsaturated aldehydes. Yet another impor-
tant method is the Claisen rearrangement involving aryl
propargyl ethers.

V.1. Hydroxyalkylation — electrocyclization

An efficient method for the preparation of 2,2-dimethyl-2 H-
chromenes 443 is the microwave-assisted reaction of phe-
nols and 3-methylbut-2-enal (Scheme 159).3%° The process
occurs in the absence of a catalyst in a neutral medium,
which allows conducting this reaction for substrates sensi-
tive to acids and bases. Products 443 are formed as a result
of phenol hydroxyalkylation, dehydration and oxa-6m-elec-
trocyclization.

Scheme 159
ont 0 OH
I MW, OH __,
+ H/j\CDCb end “H,0
EDG X
2 0
—> EDG —>
Qe _

EDG = OH, OMe, OCH>OMe

The reaction involving Mg or Ti phenoxides and o,B-
unsaturated carbonyl compounds in refluxing toluene
resulted in the synthesis of a broad range of 2H-benzopyr-
ans.310-311 'When cinnamaldehyde is used, the initially
formed 2-phenyl-2H-1-benzopyrans 444 are often isomer-
ized to flavenes 445 under the reaction conditions
(Scheme 160).312

OMgBr PhMe, A
Q/ T TNy >
R
O Ph O Ph
s —> ‘
_—
R

444 R s

R = 5-Alk, 7-Alk, 8-Alk, 6-OH, 7-OH

Scheme 160

The reaction of orcinol with 3-methylbut-2-enal cata-
lyzed by ethylenediamine diacetate gave benzopyran 446 as
the major product accompanied by a pyrano[2,3-f]chro-
mene 447 impurity (Scheme 161).313.314

This reaction was extended to naphthols3!> and 1(4)-
hydroxycarbazoles.?'® Instead of EDDA, the synthesis of
the natural product siccanochromene A was catalyzed by
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Scheme 161

EDDA

/@\ )\/\H PhMe—xylene, A, Sh
OH OH OH
— = /@/\)\
NS
o

OH

OH
. AN
+
(6]
446 (55%)
)\/(\)k 447 (5%)
Ay - EDDA T

PhMe—xylene, A, 5h

oxalic acid in aqueous THF,3!7 the synthesis of pyrano- and
dihydropyranoxanthones was catalyzed by Ca(OH),,?'® and
for the synthesis of 2H-chromene derivatives 448 and 449,
montmorillonite K10,3!° phenylboronic acid in the presence
of propanoic or acetic acid, and arylboronic acids in the
presence of organic Brensted acids were employed
(Scheme 162).116,320-323

Scheme 162

_ PhBOH),
AcOH, PhMe, A

BESS Y

- R;11 G
[e) RIII (0)
448 (6% —95%)

R, = 5,7-Me,, 7-C(O)NEt,, 6-OAlk, 7-OAlk, 8-OAlk, 6-Br,
7-OC(O)NEt,, benzo[ /], benzo[h], dibenzo[ £, 4]; R = H, Me

R3 R4

HO

OH

449 (14% —79%)
(@) PhB(OH),, EtCOH, PhH, A; R! = H, Me;

R2 = H; R2-R3 = (CH,)3; R3 = H, Me, Ph,
(CHz)ch:CMez; R3-R*4 = (CH2)4, (CH2)5, k@ ; R4 = H, MC, Ph

Apart from o,B-unsaturated aldehydes, their synthetic
equivalents can also be used in this reaction, e.g.,
B-hydroxyacetals 324 or o, B-unsaturated acetals;3?> however,
in this case, the yields of 2H-chromenes are often unsat-
isfactory.

It should be specially emphasized that most of the
methods for 2H-chromene synthesis listed above are appli-
cable only to highly electron-rich substrates — resorcinol,
phloroglucinol and naphthol derivatives. Nevertheless, het-
ero-domino processes comprising hydroxyalkylation of
electron-rich aromatic compounds and 6m-electrocycliza-
tion are successfully used in the synthesis of natural chro-
menes. As an example, consider the biomimetic synthesis of
panduratin B (450) (Scheme 163).32¢

Scheme 163

450 (panduratin B, 86%)

A reaction proceeding via the intermediate formation of
cyclic borate 451 and vinyl 0-QM 452 resulted in the
synthesis of smenochromene D (453) (Scheme 164).327

According to a similar approach, methylhydroquinone
was reacted with citral 454 to give intermediate 455, which
was converted to (+)-verrubenzospirolactone (456) over five
steps.3?® The reaction of aldehyde 457 with phloroglucinol
in the presence of calcium hydroxide affords a mixture of
diastereomers 458a.b (3:1 ratio; 46% yield) via a unique
cascade consisting of the Knoevenagel condensation (gen-
eration of 0-QM), oxa-6m-electrocyclization, intramolecular
Diels—Alder  reaction and  oxa-Michael reaction
(Scheme 165).

The biomimetic approach was also utilized to prepare
daurichromenic acid (459)32° and deoxybruceol (460). The
formation mechanism of the latter includes [1,5]-sigma-
tropic shift and [4+2]-cycloaddition (Scheme 166).330-331
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MeO OH / _
453 [(+)-smenochro-
P 452 mene D, 26%]
) 451

Scheme 164
OMe

(0]

454)

=
PhB(OH),, AcOH,
PhMe, 110°C

OH

OH

HO
OH HO

Scheme 165

456 [(+)-verrubenzo-
spirolactone, 11%)]

1) CaCly, EtsN, MW (60% yield)

Scheme 166

HO OH

2) BujNF (94% yield)

460 (deoxybruceol)

The cascade reaction of resorcinols with citral (454) or
farnesal opens up the route to a group of polycyclic
compounds related to rubranine and deoxybruceol).331-333

Treatment of tectol (461) with copper acetate triggers
the oxidation to quinone 462, electrocyclic opening of one
2H-pyran ring and finally 6m-electrocyclization involving
the carbonyl group of the o-methylenequinone moiety to
give tecomaquinone I (463) (Scheme 167).334

V.2. Sigmatropic rearrangement —electrocyclization

An important method for the synthesis of 2H-chromenes is
the rearrangement of propargyl phenyl ethers,33%33% which
can cyclize in high-boiling solvents, for example, N,N-di-
ethylaniline at 210-230 °C to give chromenes
(Scheme 168).340-345 The reaction mechanism includes
[3,3]-sigmatropic rearrangement, tautomerization to the
corresponding 0-QM and the subsequent electrocyclization.
Phenol derivatives containing electron-withdrawing groups



D.V.Osipov, V.A.Osyanin, Yu.N.Klimochkin  Russ. Chem. Rev., 2017, 86 (7) 625—687 675

461 (tectol)

Scheme 167

463 (tecomaquinone I, 60%)

R2
=
O/ PhNEt>, A 4
—— !
R3 R3 [3.3] "
R)ll
R
[1.3]i
8 R3
7 O R
« ®
6 _— NN
15
R” R2

R,l, = H, 5-OMe, 6-OMe, 7-OMe, 8-OMe, 6-Cl, 7-Cl, 8-Cl, 6-NO», 6-Ac, benzo[h]; R? = H, Ph, CH,OAc; R?* = H, Me

are usually converted to 2H-chromenes in moderate
yields.34¢ The acid-catalyzed reaction of phenols with prop-
argyl alcohols, which occurs via the formation of allenes,
also affords benzopyrans, with their yields usually being
<10%.347-34% Upon the use of 1,1-disubstituted propargyl
alcohols in the presence of BF3-Et,O, the corresponding
2 H-chromenes were isolated in 64% —90% yields.3>°

This sequence of transformations was used to prepare a
natural chromene, desoxymorellin,?>! and in the synthesis
of 5,8-difluoro-2 H-chromene on heating of 2-(prop-2-yn-1-
yloxy)-1,4-difluorobenzene in silicone 0il.3*2> A number of
most recent works on the synthesis of naphtho[2,1-b]pyrans
are considered in a review.?>3

Thermolysis of pentafluorophenyl allyl ether 464
includes the steps of Claisen rearrangement, HF elimina-
tion, resulting in the generation of 0-QM, and the subse-
quent electrocyclization (Scheme 169).3>* This affords
fluorinated 2H-benzopyran 465. Similar naphthalene 466
and pyridine 467 derivatives can also participate in this
reaction. In the former case, product 468 is formed in a
satisfactory yield, while in the latter case, allyl group
migration to the carbon atom adjacent to nitrogen takes
place predominantly to furnish isomer 469a. Note that
thermolysis in the gas phase selectively gives a different
isomer (469b).3%5

Heating of cyclopropalc][1]benzopyrans 470 in N,N-di-
ethylaniline at temperature >250 °C induces a rearrange-
ment to 2H-benzopyrans 471 (Scheme 170).3%¢ The rate-
limiting step is the electrocyclic ring opening, which is
followed by fast [1,5]- and [1,7]-sigmatropic shifts and
6m-clectrocyclization. Similar transformations occur on
refluxing 4-ethoxy derivative 472 with the subsequent dis-
tillation, giving rise to 4-ethoxy-2-methyl-2H-benzopyran
473 in a quantitative yield.?>’

It was shown that heating of 2-(penta-1,3-dien-1-yl)phe-
nols 474a,b affords 2-ethyl-2H-chromenes 475a.b.3%¢ cis-

Scheme 168
IE OH R?
—> eri )\
// R3 JCQ// R3
2 R2
[1,5]
TLA,A
R R} R OH
/o .
s 2 1
R? R!
Scheme 169
O/\/
F F KF.DMF, A
F
F
464
F
F _ | F N
N\
F ~o F 0
F
_—
0/\/

KF, sulfolane
> F

155-162°C

F
‘ ~N KF, sulfolane
182°C

467 469a (34%)

469b (1%)

Deuterophenol 474a is cyclized via [1,7]-sigmatropic shift
and electrocyclization. Meanwhile, trans-deuterophenol
474b can undergo successive [1,5]- and [1,7]-sigmatropic
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Cl—
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shifts, which gives a mixture of deuterochromenes 475b.
Chromenes of this type can be prepared from o-hydroxy-
substituted aromatic aldehydes and (2-hydroxyethyl)- or
(2-hydroxypropyl)triphenylphosphonium chloride in the
presence of a base; this reaction gives chromene 471a
(X =Y =CH) and its aza analogues 476 via a number of
intermediate steps, the first one being the Wittig alkenyla-
tion 33° (Scheme 171).

V.3. Miscellaneous cascade processes comprising
electrocyclization

Irradiation of benzofuranone 477 leads to xanthene (478a)
in a low yield. Probably, the reaction includes the gener-
ation of 0-QM as a result of CO extrusion, electrocycliza-
tion and [1,3]-shift.?¢®® On dehydration above 110 °C,
2-hydroxytriphenylmethanol 479 is irreversibly converted
to 9-phenylxanthene (478b) (Scheme 172).3¢!

Recently, a fundamentally new method has been devel-
oped for the construction of a chromene system from o,f3-
unsaturated Fischer carbenes 480 (as chromium complexes)
and propargyl ethers 481 containing an alkenyl group at the

0 hiv, MeCN
—co

477 Ph

0

Ph OH 479

>110°C
—H,0

OH OH
+ PhsP —
M > } —Ph;P=0 kx/ I~

Y\O
LS

471a (X = Y = CH), 476

propargyl carbon atom (Scheme 173).362 The cascade proc-
ess includes the construction of the benzene ring by the
Dotz reaction, generation of 0-QM 482 and oxa-6m-electro-
cyclization. The subsequent oxidative treatment of the
resulting chromium carbene complexes 483 affords chro-
menes 484 in average yields of 70% —80%. This annulation
method was utilized in the synthesis of several natural
compounds (e.g., lapachenole and vitamin E).

An unusual example of the cascade process is the
condensation of salicylaldehydes with acetone and secon-
dary amines in ethanol, which includes several intermediate
steps (aldol-crotonic condensation, Michael reaction, addi-
tion of the secondary amine at the carbonyl groups, gen-
eration of 0-QM, electrocyclization and cyclization to N,O-
acetal) and results in the formation of chromanylmethyl-
chromenes 485 (Scheme 174).363

The oxidation of o-propenylphenol 486 with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in refluxing
benzene affords 3-methylspirobi[2H-1-benzopyran] 487
(Scheme 175).364

Scheme 172

H
_0 o) 3] o)
L —_—> _
\ —
R = H (a), Ph (b)
R R R

478a.b
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A convenient method for the synthesis of 12H-ben-
zo[a]xanthenes has been developed on the basis of the
acid-catalyzed reaction of 2-tetralone and 2-hydroxy-sub-
stituted aromatic aldehydes. The hypothetical mechanism of
this reaction includes aldol-crotonic condensation, isomer-
ization of o,B-unsaturated ketones to 0-QM 488, clectro-
cyclization, elimination of water and [1,5]-sigmatropic shift
to give 12H-benzo[a]xanthenes 489 (Scheme 176).363

On treatment of phosphonium salt 490 with sodium
methoxide, benzopyran derivative 47la was isolated
(Scheme 177).3%¢ The reaction proceeds via the formation
of phosphorus ylide 491 and cyclization to betaine 492,
which is then protonated and dehydrated to vinylphospho-
nium salt 493. The subsequent B-elimination, protonation

6m-electro-
cyclization

487 (60%)

and electrocyclization of 0-QM give rise to ion pair 494,
which is then converted to product 471a as a result of
Michael addition of the hydroxide anion and elimination of
the Ph3;PO molecule.

Peroxide 495 obtained upon the photosensitized oxida-
tion of 1-benzoxepine is converted to benzopyran-2-carbal-
dehyde 496 on treatment with trimethyl phosphite
(Scheme 178).3¢7

Three-component condensation of salicylaldehydes with
secondary amines and alkenylboronic acids or alkenyltri-
fluoroborates in protic solvents can be used for the syn-
thesis of 2H-chromenes. The possible mechanism of this
reaction includes transfer of the alkenyl group to the
iminium cation 497 (generated from amine and aldehyde)
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to give Mannich base 498, which is deaminated to form
0-QM 499. Electrocyclization of the latter affords 2H-
chromenes 500 (Scheme 179).368,369

It was found that secondary amines can be replaced by
tertiary amines. The initial product of amine addition to
carbonyl group 501 reacts with alkenylboronic acid, which
acts as a hydroxide ion acceptor, to yield ion pair 502
(Scheme 180). The subsequent conjugate addition of the
alkenyl group to 0-QM produces zwitter-ionic intermediate
503, which is deaminated to give another 0-QM 504 fol-
lowed by electrocyclization of the latter.3¢8

(‘)H

CHO Bw — S
HO™ R2 or KF3B___
@[ + NHBn, TR}A -

R OH 70-90 °C

3 3
] _ R 1 R
_ s R, ‘ —> R,
NS
¢} R? O 'R?

499 500 (75% —99%)

1
Rn

Later, the asymmetric synthesis of substituted chromans
by three-component condensation of aromatic aldehydes,
sesamol (505) and alkenylboronates 506 catalyzed by chiral
binaphthol 507 was shown to be possible (Scheme 181).370
cis-Chromans 508 are formed in moderate yields
(49% —72%) and with good enantio- [enantiomer ratio (er)
up to 89:11] and diastereoselectivities (dr up to 2.8:1). It
should be noted that the use of diisopropyl styrylboronate
results in an increase in the cyclization time to 24 h, increase
in the diastereoselectivity (dr = 20:1) and decrease in the
product yield to 32%. This supports the assumption that

Scheme 179
Bn +_Bn Bn Bn
N ) ~. ~
& R
K\ R3 = R2
_7 I R3 =
O/B OH —HBO, —NHBn;
< g~ "oH
O\H " 498

497

R} = H, 8-OH, 6-Br, 6,8-Cl,, 8-OMe, 6,8-Bu}, 5,7,8-Mes, 6-OBn,
benzo[f]; R? = Alk, Ar; R? = H, Me
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511 (22% —98%)
cyclization takes place after protonation of the alkene. Apparently, hydrolysis of lactone 512, which is oxidized

Although this process does not include electrocyclization, to quinone 513 under the reaction conditions, can also be
a common feature of this reaction and the reaction consid-  classified as a cascade reaction (Scheme 183).374 The sub-
ered above is vinyl group transfer to 0-QM. sequent decarboxylation results in 0-QM 514, the electro-
Tetrachlorodehydrobenzene (509) generated from tetra-  cyclization of which gives resistorubone (515).
chloroanthranilic acid and isoamyl nitrite (Am‘ONO) reacts  Unfortunately, the authors did not present any experimen-
with aldehydes to be converted to benzoxete, which under-  tal details.
goes cycloreversion followed by electrocyclization to give Among cascade transformations, noteworthy is the
tetrachlorinated 2 H-benzochromenes 510 metal radical method for the synthesis of 2H-chromenes
(Scheme 182).371-372 According to this procedure, the yields (19 examples) based on the reactions of salicylaldehyde
of products 510 are 4% —38%. A more efficient method for ~ N-tosylhydrazones 516 with terminal alkynes in the pres-
the preparation of 2H-chromenes 511 is based on gener- ence of a base and a Co!! porphyrin metal radical catalyst
ation of dehydrobenzene from o-trimethylsilylphenyl tri- 517 (Scheme 184).37° This method offers wide opportunities
flates.373 for the variation of substituents and, as a rule, gives
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products in good yields. This and some other metal-cata-
lyzed methods for 2 H-chromene synthesis involving 0-QMs
are covered in a review.376

Rl Rl
Ar N
R AwO
OO OH xylene A

522
R!, R? = H, Me, Ph; R'-

Ar
[1,6]-H .
“/O “ “ ool

A unique example is the preparation of 4-amino-sub-
stituted 2H-chromenes reported by Yang et al.?”7 The
initial Lewis-acid catalyzed [2+ 2]-cycloaddition of
ynamines 518 to 0-QMs 519 at the exocyclic double bond
is followed by 4m-electrocyclic ring opening and then
6m-electrocyclization of intermediate 520 to give 4-amino-
2H-chromenes 521 (Scheme 185). Note that the use of
ynamines with a terminal triple bond results in classical
[4 + 2]-cycloaddition to give isomeric 2-amino-4H-chro-
menes.

VI. Heterocyclizations initiated by sigmatropic
shifts

A relatively small group of cascade reactions includes those
where the heterocyclization step is preceded by sigmatropic
shifts involving 0-QMs.

The oxidation of Mannich bases of 2-naphthol 522 with
silver(I) oxide in refluxing xylene (in some cases, at room
temperature) resulted in the preparation of naph-
tho[1,2-¢][1,3]oxazines 523 (Scheme 186). This method for
a-C —H functionalization of amines, including heterocyclic
ones, consists of oxidative generation of o-naphthoquinone
methide 524, [1,6]-hydride shift, proton transfer and dia-
stereoselective cyclization to give oxazines 523 in the trans-
configuration. In the case of electron-withdrawing groups in
the aryl substituent, the yields of oxazines increase owing to
stabilization of ylide 525.378

Heating of (2-naphthyloxy)magnesium bromide (526)
with isobutyric aldehyde induces ortho-hydroxyalkylation
followed by generation of 0-QM 527 and [1,2]-hydride shift,
resulting in the formation of zwitter-ionic intermediate 528,
the cyclization of which affords dihydronaphthofuran 529
(Scheme 187).37 When (aryloxy)magnesium bromides of

Scheme 186
R 1 Rl R!

-

N .R?

W W

523 (45%-95%)

R? = CH,N(Me)CH,, CH;OCH,, (CHa), (n = 2—5)



D.V.Osipov, V.A.Osyanin, Yu.N.Klimochkin  Russ. Chem. Rev., 2017, 86 (7) 625—687 681

Br

\
\/ H
)H/ OMgBr [1 2-H
A,24h — Mg(OH)Br O‘ OO OO

Scheme 187

529 (80%)

R3
1 PhH, or
R //O /L T™S PhMe or

/ N 7 p xylene

RO R
530

j\(Q/ -

= OMe, R2 = OBu!, R? = TMS (a, yield >90%); R!

the benzene series are used, 2,2-dialkyldihydrobenzofurans
are formed in <10% yields, while 2-alkenylphenols and
2,2'-alkylidenebisphenols are the major reaction products.
Probably, in the case of more stable 1,2-naphthoquinone-1-
methide, the [1,2]-hydride shift is more favourable than the
[1,5]-shift. On the contrary, in the case of 1,2-benzoquinone
methides, the [1,5]-hydride shift prevails, giving rise to
2-alkenylphenols.

Silyl-substituted 4-allenylcyclobutenones 530 undergo
electrocyclic ring expansion in refluxing benzene, toluene
or p-xylene to give 0-QMs 531. The subsequent migration of
the methyl group from silicon to carbon and ring
closure afford 2,3-dihydrobenzo[d][1,2]oxasiloles 532
(Scheme 188).380

VII. Miscellaneous types of cascade
transformations involving o-quinone methides

0-Quinone methide 533, which is stable at reduced temper-
ature, reacts with tetracyanoethylene, through valence iso-
merization to epoxybenzofuran 534 and generation of 1,3-
dipole 535, to give 1,3-dipolar cycloadduct 536. On heating
to room temperature in solution, it dimerizes to 1,4-dioxane
537 (Scheme 189). Meanwhile, the product of methanolysis
of 0-QM 533 can be formed either upon nucleophilic

Ph Ph
&
SN 0
N —— —
MeO ~o MecO o MeO
533 534 535

MeO o
538 (83%)

Scheme 188
%
o) &Sl* Slf 0-Si R
1 "
—
Rl RZ
OH
531 532a,b

= OPri, R2 = OMe, R® = Ph (b, 94%)

cleavage of the epoxide ring or upon 1,4-addition of
methanol to the 0-QM and subsequent cyclization to hemi-
ketal 538 as a mixture of diastereomers.38!

Sterically hindered o-benzoquinone 67 reacts with
2-methylbenzimidazole in refluxing o-xylene (Sche-
me 190).382 It can be assumed that the initial condensation
(similar to aldol-crotonic one) of quinone 67 with 2-meth-
ylbenzimidazole as the methylene component affords o-QM
539. The subsequent 1,6-addition of a second 2-methylben-
zimidazole molecule as a Michael donor yields bis(benzimi-
dazole) derivative 540a, which is oxidized with the initial
o-benzoquinone to give polycyclic isoquinoline derivative
541a. The use of 5-substituted 2-methylbenzimidazoles
resulted in bis-products 540b,c, which are oxidized to
polyheterocycles 541b,c (formed as mixtures of isomers).

The condensation of I-bromomethyl-2-(tetrahydro-
pyran-2-yloxy)naphthalenes 542 with tetrachloro- or tetra-
bromopyracatechol 543 in ketone type solvents in the
presence of K>COj affords a mixture of spirodihydropyrans
544a,b in a low yield (Scheme 191).383 Although the tetra-
hydropyranyl group is stable against bases, in this case, it is
eliminated with generation of 1,2-naphthoquinone-1-
methide 545. In refluxing acetone in the presence of
K>COs, this product is converted to a mixture of dimeric
spironaphthalenones 544a,b, while in the absence of a base

Scheme 189
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(in the presence or absence of pyrocatechols), it reacts with
dihydropyran formed during the reaction to give the [4 + 2]-
cycloaddition product — tetrahydrobenzo[ f]pyrano[2,3-b]-
chromene 546. When all of the above-listed reagents are
used together, the transformation follows a more complex
route. It includes the Michael addition of tetrahalopyroca-
techol anion to 1,2-naphthoquinone-1-methide 545, intra-
molecular halide ion displacement by the nucleophilic sub-
stitution mechanism, conjugate addition of the resulting
adduct to a second 1,2-naphthoquinone-1-methide molecule
545, elimination of the halide ion and hydrogen halide and
the subsequent nucleophilic addition of the ketone to give
spiro compounds 547.

George’s research group 3% developed a biomimetic
approach to the synthesis of a meroterpenoid, liphagal
(548), from siphonodictyal B (549). Epoxidation of com-
pound 549 with m-chloroperoxybenzoic acid (m-CPBA)
followed by ring opening leads to generation of 0-QM 550
(Scheme 192). The subsequent transformation of the six-
membered carbocycle to a seven-membered one and 5-exo-
trig-cyclization furnish benzofuran 548. This method for
liphagal synthesis supplements the range of modern syn-
thetic routes to benzofurans.383

VIII. Conclusion

Analysis of the published data on cascade reactions of 0-QMs
provides the conclusion that the construction of oxygen-con-
taining heterocyclic systems (benzopyrans, benzofurans and so
on) via these intermediates has been studied in considerable
detail." Meanwhile, much less attention has been devoted to the
use of 0-QMs in the synthesis of fused N,O-heterocycles. This is
largely related to the instability and high reactivity of 0-QMs and
to incompatibility of 0-QM generation conditions and stability
of the products formed. The reactions of 0-QMs with hetero-
dienophiles have been scarcely studied. Data on both the
possible pathways of the reactions between 0-QMs and nucleo-
philic agents and dienophiles and the mechanistic details of these
reactions are currently fragmentary and contradictory. In some
cases, the question of whether these reactions proceed via
generation of the o-hydroxybenzyl carbocation or via generation
of 0-QMs remains open. The reactivity of 0-QMs containing
electron-withdrawing groups has been studied to a much lesser
extent than that of their analogues with electron-donating
substituents. Furthermore, persistent interest is aroused by the
development of new methods for the generation of 0-QMs from
available precursors, especially with the use of chiral catalysts.
Thus, the development of new approaches to the synthesis of
benzannulated heterocyclic systems and polyfunctional phenol
derivatives (as the initial substrates for heterocyclization) based
on cascade transformations involving 0-QMs is an important
task in both the chemistry of phenols and the chemistry of
heterocyclic compounds. The introduction of reactions of this
type into industrial synthetic schemes would make it possible to
markedly reduce in the future the number of steps in the
syntheses of such compounds and, hence, the amount of hazard-
ous emissions to the environment, which is fully compatible with
the green chemistry concept.

This review was written with the financial support of the
Ministry of Education and Science of the Russian
Federation (Agreement No. 02.203.21.0008) and Council
for Grants at the President of the Russian Federation
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