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molecular hetero-Diels-Alder and electrocyclization reactions.
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INTRODUCTION

Chromane and chromene substructures (Fig. 1) are fre-
quently found in naturally occurring compounds, many of
which exhibit useful biological activity [1–3]. Most of the
time, the heterocyclic moiety is associated with an aromatic
ring, forming 2,3- or 3,4-dihydrobenzopyran systems. From
the position of the double bond, the chromene ring can be
divided into two classes: 2H-chromene and 4H-chromene.
Chromane is the saturated analog of chromene (Fig. 1).

In general, a number of biologically active chromenes

and chromanes have been isolated from several natural

sources. These substances have been identified as apo-

ptosis-inducing agents [4], anti-HIV agents [5,6], modu-

lators of the estrogen receptors [7], antibacterials [8],

and antifungals [9].

For example, chromenes 1 and 2 (Fig. 2) were iso-

lated from the leaves of Peperomia serpens (Sw.)

Loudon [10] of genus Peperomia (Piperaceae) and pre-

sented antifungal activities against Cladosporium clado-
sporioides and C. sphaerospermum. Kawahara et al. in

1988 [11] isolated 2,2-dialkyl-substituted chromenes 3

and 4, which exhibited antibacterial activity, from spe-

cies of the fungi Crucibulum, Lactarius, Aspergillus sil-
vaticus, and Cylindrocarpon (Fig. 2).

Some other important examples isolated from such

diverse natural sources such as fungi, marine organisms,

and plants are depicted in Figure 3. Compound 5, which

was isolated from the fungus Daedalea quercina, proved
to have antioxidant and anti-inflammatory activities

[12]. Chromenes with isoprenoid side chains are fre-

quently found in nature [13], being structural analogs of

prenylated coumarins, chalcones, and cannabinoids

[14,15]. Cordiachromene (6) is a chromene with an iso-

prenoid chain that was isolated from Cordia alliodora
Ruiz and Pav [16] and marine organisms Aplidium antil-
lense [17] and Aplidium constellatum [18]. It exhibits

antibacterial activity against Staphylococcus aureus and

anti-inflammatory activity [19].

The most well-known class of naturally occurring 2H-
chromenes are the precocenes, which are divided in two
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subclasses: precocene I (7a) and II (7b), also called

ageratochromenes. These latter compounds were initially

isolated from Ageratum houstonianum [2] but later

found in several Ageratinae species. They are well

known for their insecticidal activity and for inducing

precocious metamorphosis [20], meaning they have

properties as an antijuvenile hormone by reducing the

length of larval life in sensitive species and preventing

ovarian development in some adult insects [21].

The chromane moiety is present in other natural prod-

ucts [22–24], such as tocopherols and cannabinoids. a-
Tocopherol (8—vitamin E) is found in the oil of wheat

germ and it is reported that the chromane moiety is re-

sponsible for the antiandrogenic properties of vitamin E

[25]. 40-Methoxy-bavachromanol (9) was isolated from

propolis and was found to be a more powerful antioxi-

dant than lipoxygenases found in soybeans [26]. Among

the constituents present in Cannabis sativa, tetrahydro-
cannabinol (10) is responsible for the plant’s strong hal-

lucinogenic activity (Fig. 4).

Substances that have the chromene or chromane ring

fused with ortho- or para-quinones represent a special

class of naturally occurring compounds that are present

in many plants, fungi, and insects [27]. Xiloidone, 3,4-

dihydro-a-lapachone (11) and its isomer, 3,4-dihydro-b-
lapachone (12), are the most representative substances

of the chromene-fused quinone class. These naphthoqui-

nones are minor components in the extract of lapachol

(13) [28–42]. Rodrigues and coworkers obtained 11 and

12 along with lapachol from Tabebuia avellanedae by

using supercritical fluid extraction [43]. Gonçalves et al.
[44,45] reported that xiloidone (11) has antibiotic activ-

ity against Gram-negative bacteria of the genus Bru-
cella. Recently, Kuster et al. demonstrated that xiloi-

done (11) has potent antibacterial activity against multi-

resistant Staphylococcus aureus strains [46]. Cho et al.

isolated xiloidone (11) from Catalpa ovata stems and

demonstrated it had activity against some plant patho-

genic fungi [47].

The biogenetic route to naphthoquinone chromenes

seems to have originated from lapachol (13) which is very

abundant in many plants. D’Albuquerque et al. in 1972

and later in 2004 Jassbi et al. demonstrated that xiloidone

can be obtained by FeCl3 oxidation of lapachol in the

presence of pyridine and acetic anhydride [48,49]. Indeed,

several pathways for the formation of dihydro-a-lapa-
chone from lapachol involving oxidative dehydrogenation

[50] and photoirradiation [51] have been suggested. There

are other natural and synthetic, biologically active naph-

thoquinones derived from lapachol (13).

The most important substances of the chromane-fused

quinone class are a- (14) and b- (15) lapachones (Fig.

5). These compounds are the 2H hydrogenated analogs

of compounds 11 and 12. Thus, the development of val-

uable methods for the preparation of naphthoquinone-

2H-chromene would also provide access to many ana-

logs and derivatives of these substances.

Briefly, quinones have been the subject of much inter-

est for a number of years due to their various biological

activities [52–54]. For example, quinones have been

studied for antitumor [55,56], molluscicidal [57–59],

leischmanicidal [60], anti-inflammatory [61], antifungal

[62], and trypanocidal [63,64] activities. It is described

in the literature that the biological profiles of these mol-

ecules are centered on its ortho- or para-quinonoid moi-

ety [65]. This group generally accepts one and/or two

Figure 1. Chemical structures of the systems 2H-chromene, 4H-chro-
mene, and chromane.

Figure 2. Structures of chromenes isolated from the plant Peperomia serpens (1–2) and from fungi (3–4).

Figure 3. Precocens isolated from different natural sources.
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electrons (redox cycling) [66] to form the corresponding

radical anion or dianion species in situ. In such way, the

semi-quinone radicals accelerate the intracellular

hypoxic condition by producing a superoxide anion [67–

69]. Because of this mechanism, quinones show cyto-

toxic activity against cancer cells (and also to normal

cells) by interfering with enzymes such as topoisomer-

ases, which are critical for DNA replication [70].

Lapachol (13) is a natural naphthoquinone that occurs

in the grain of several wooden trees of the Bignoniaceae

family and is widely used in American folk medicine

for the treatment of several diseases. It was first isolated

in 1882 from Tabebuia Avellanedae [71], but it occurs

in several other species of the genus Tabebuia
(Tecoma). These trees are commonly known in South

America as ‘‘ipês,’’ but also as Lapacho, Pau d’Arco,

Lapacho roxo, and Taheebo [72,73]. It also occurs in

many other families such as Verbenaceae, Proteaceae,

Leguminosae, Sapotaceae, Scrophulariaceae, and Malva-

ceae [68,73]. Since the discovery that lapachol (13)

[74], a natural naphthoquinone, proved to have antitu-

mor activity against Walker-256 carcinoma, several

structural modifications were performed [75,76] in order

to find new compounds with other activities [73,77–81].

b-Lapachone (15), also known as ARQ501 [82] (Fig.

5), is a natural pyran-ortho-naphthoquinone originally

obtained from the heartwood of the Lapacho tree, which

belongs to the genus Tabebuia (Bigoniaceae) and which

grows throughout the South America. This compound

has been demonstrated to have many different pharma-

cological effects including promising anticancer activity

[70]. Currently, it is undergoing multiple Phase II clini-

cal trials. Several possible mechanisms to explain the

cytotoxic effect against cancer cells have been proposed.

The most recent proposal suggests that a redox cycle

between NAD(P)H and quinone oxireductase 1 (NQO1)

enzyme causes the depletion of NAD(P)H and NADH in

the cells. This consequently decreases ATP and

increases cytochrome C and cytosolic Caþ2, which then

affect other pathways in the cell cycle checkpoint result-

ing in the selective apoptotic cell death of cancer cells. It

has also been suggested that the generation of ROS affects

the kinases that are involved in cell cycle progression,

leading to cell death. b-Lapachone has also been consid-

ered as a coadjuvant in killing human cancer cells during

radiotherapy treatment. It seems that it inhibits sublethal

radiation damage repair. Regarding anticancer activity, it

presents significant antineoplasic [83] activity against

human cancer cell lines from leukemia [84], prostate [85],

malignant glioma [75], hepatoma [86], colon [87], breast

[88], ovarian [89], lung [90], and pancreatic [91] tumors,

at concentrations in the range of 1–10 lM (IC50). It has

also been intensely investigated as a possible drug against

the flagellate protozoan Trypanosoma cruzi, which is the

etiological agent of Chagas disease, in both acute and

chronic infections [92–96]. This compound inspired a

search for new derivatives with a better therapeutical

index. Several heterocyclic derivatives (oxyranes

[92(a,b)], oxazoles [64], imidazoles [92(c)], and phena-

zine [97]) of b-Lapachone (15) have been synthesized.

Some of them have lower side effects and improved tryp-

anocidal activity.

Because of the multiple uses and variety of biological

activities of chromenes, the synthesis of this heterocyclic

substructure has been the subject of intense investigations.

Several new synthetic methods and improvements in

existing and classical methods have been reported

recently. In general, phenols and salicylaldehydes have

been used in the preparation of chromenes. Table 1 sum-

marizes some methods. The preparation of chromanes can

be achieved by simple hydrogenation of the double bond

of the chromenes. Nevertheless, there are several proce-

dures that target the chromane ring directly, such as: (a)

sequential [3þ3] cyclization and Williamson’s reaction

[98] from salicylaldehydes [99,100], phenols [101], prop-

argylic phenols [102], and 1,2-benzoxazines [103]; (b) io-

dine-catalyzed cyclocondensation [104]; (c) ring-closing

olefin metathesis [105]; (d) via Wittig intermediates

[106]; and (e) electrochemistry [107].

Figure 5. Derivatives of lapachol (13) containing rings 2H-chromenes

and chromanes.

Figure 4. Chromanes isolated from different natural sources.
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Table 1

Phenols and salicylaldehydes used in preparation of chromenes.

Phenols and salicylaldehydes Product Yield (%) Ref.

[108]

[108]

[100]

[104]

[109]

[105a]

[110]

[111]
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o-QUINONE METHIDES: GENERALITY

In general, ortho-quinone methides (o-QMs) possess a

hexadiene ring with a carbonyl group and a methylene

unit in the ring. With these two different functional

groups, the molecule becomes highly polarized and is

very reactive. With both cationic and anionic centers,

the molecule can act either as a nucleophile or electro-

phile. In addition to quinone methides being excellent

partners in Diels-Alder reactions, the structures are also

present in many molecules with biological activity. A

great variety of plants, animals, and fungus use these

substances for defense.

o-QMs have been extensively used for the preparation

of 2H-chromene and chromane substructures. Chro-

menes are obtained through electrocyclization reactions

[eq. (1), Scheme 1] and chromanes by inter or intramo-

lecular hetero-Diels-Alder reactions [eqs. (2) and (3),

Scheme 1]. In both cases, quinone methides are the key

intermediates (Fig. 6).

o-QMs are involved in a large number of chemical

reactions and biological processes such as enzyme inhi-

bition, reactions with phosphodiesters, DNA alkylation

[112], and crosslinking [113,114]. Their electrophilic-

ities towards amines, thiols, water, amino acids, and

peptides have also been used for interactions with nucle-

obases of DNA [115]. Several important clinical anti-

cancer drugs (e.g., cisplatin, psoralens, and mitomycin

C) are known to induce DNA ISC formation, which can

disrupt cell maintenance and replication by a mechanism

that involves o-QM intermediates. Similarly, o-QMs

have been detected in daunomycin and have been shown

to function as alkylating agents [116]. The formation of

o-QMs as reactive intermediates in biologically active

natural products has been reviewed [117,118]. Apart

from their involvement in biological processes, o-QMs

are also very versatile intermediates in organic synthesis

[119–124], but until now they have been less utilized in

total syntheses [125]. Since they are ephemeral species

[126], they must be generated in situ by processes that

involve photolysis of o-, m-, or p-hydroxybenzyl alco-

hols [127], thermal reactions [128,129], thermal extru-

sion of sulfur dioxide [128] and anionic triggered reac-

tions [130,131]. In this regard, Amouri et al. synthesized
the first metal-stabilized o-QM and found that it is reac-

tive toward alkenes [132,133]. Nevertheless, there are

some nonmetal stabilized o-QMs that can also be iso-

lated. For example, in 1969, Sullivan et al. [134]

showed that 9,10-phenanthrenequinone (16) reacts with

several Wittig reagent (Carbethoxyethylidene) triphenyl-

phosphorane (17) reagents to produce o-QM derivatives

of phenanthrene which were quite stable toward isola-

tion. The authors found that their stabilities were de-

pendent on the electronegativity and bulkiness of the

substituents on the o-QM moiety. Later on, Nicolaides

et al. [135] revisited the reaction and prepared other o-
QMs (e.g., 18) (Scheme 2).

Very recently, Da Silva et al. prepared several stable

o-QMs (19a–e, 20a–b) from b-lapachone (15) [136]

under conditions that allowed for Aldol condensation

with one of the carbonyls (Scheme 3).

The o-benzoquinone methide moiety (21) is a reactive

intermediate that has potential synthetic utility as

reported in many articles [137]. In 1976, Heldeweg and

Hogeveen showed that o-benzoquinone methides pre-

pared by pyrolysis of o-hydroxybenzyl alcohols (22) at

180�C in the presence of 2 equiv of [Rh(CO)2Cl]2
afforded 2[3H]-benzofuranone (23) in 12% yield [138].

Therefore, it is common that o-benzoquinone methides

cannot be isolated, even though they can be observed

via low temperature infrared [139], UV [140] or photo-

electron spectroscopy [141] (Scheme 4).Figure 6. General structure of o-quinone methide.

Scheme 1 Scheme 2
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SYNTHETIC METHODOLOGY FOR PREPARING

2H-CHROMENES AND CHROMANES

This review will focus specifically on current strat-

egies involving the construction of chromene and chro-

mane rings via o-QMs that are mainly coupled with a

quinone nucleus (Scheme 1).

SYNTHESIS OF 2H-CHROMENES AND

CHROMANES BY TRAPPING OF o-QMS

VIA ELECTROCYCLIZATION

In 1969, Dudley and Chiang [50] reported a one-step

synthesis of 2,2-dimethyl-2H-chromenes by exposing

isolapachol (24) to an equimolar quantity of DDQ in

benzene, resulting in oxidative cyclization to a mixture

of the dehydro-a and -b-lapachones (11 and 12, Fig. 5).

Consideration of the possible mechanisms by which

chromenes 11 and 12 might arise led to the postulate

that the isomeric o-quinone methide intermediates 25

and 26 might undergo a 6p-electrocyclic reaction. This

simple procedure proved to be a facile entry into the

lapachone series and was further simplified by the obser-

vation that 12 can be converted to 11 by treatment with

acid. The authors proposed that the two isomeric o-QMs

are involved as the key intermediates in the reaction

mechanism and that their electrocyclization leads to the

formation of the chromene moiety (Scheme 5).

A new route for introducing the chromene moiety,
based on the formation of an o-QM intermediate (27)
through a tandem Knoevenagel-electrocyclic reaction,

was reported by Ferreira et al. in 1980 [142]. The reac-
tion of lawsone (28) with a,b-unsaturated aldehydes
exclusively produced a-dehydrolapachones (29–31) in

an average yield of 33%. The same synthetic route and
conditions were used by De Oliveira et al. [143] for the
preparation of the naturally occurring dihydro-a-caryop-
terone (32) and its isomer, 6-hydroxy-dehydro-a-lapa-
chone (33) (Scheme 6).

Recently, the reaction of lawsone (28) with 3-

methyl-2-butenal (34) utilizing several bases and

Lewis acid catalysts was reinvestigated in order to

improve the yield of dehydro-a-lapachone (11) [144].

This study found that indium (III) chloride (10 mmol

%) and ytterbium (III) triflate (10 mol %) catalysts in

acetonitrile produced the desired compound in very

low yields. However, by using Yb(OTf)3 in DMF at

100�C, the desired compound was produced in higher

yield (55%). By using pyridine as a catalyst and sol-

vent, the product was formed in 54% yield. The best

condition found was with ethylenediamine diacetate

(10 mol %) as the catalyst in MeOH (75%) or benzene

(80%) (Scheme 7) [145]. As previously observed

by Ferreira et al. in 1980, only the dehydro-a-lapa-
chones were formed under these reaction conditions

(Scheme 6).

Scheme 3

Scheme 4
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Although the aforementioned tandem-Knoevenagel-

electrocyclic reaction with a,b-unsaturated aldehydes

exclusively produced dehydro-a-lapachones quite suc-

cessfully, Hayashi et al. found that in sharp contrast, the

reaction of lawsone (28) with acrolein (35) does not

even undergo cycloaddition [146]. Instead, two products

were formed. The major isolated compound was o-QM
(36), which is very stable. These products arose from

two different possible condensations between acrolein

and lawsone, a Claisen-Schmidt reaction and a Michael

reaction, leading to 36 or 37, respectively, after acetali-

zation. Tournaire et al. [147] revisited this condensation

under several acidic conditions and isolated 36 and 37,

as previously reported, along with some other products.

When the reaction was performed in the presence of an

excess of hydrochloric acid, 39 was isolated in less than

10% yield. Compound 39 is presumably produced via
the formation of o-QM (38), followed by chlorination of

a double bond (Scheme 8).

Other research groups soon became attracted to the

opportunities presented by these tandem Knoevenagel-

electrocyclic reactions. For instance, Hua et al. reported
the condensation of various 6-substituted 4-hydroxypyr-

ones with 1-cyclohexenecarboxaldehydes in the presence

of L-proline in ethyl acetate gave high yields of

substituted 1H,7H-5a,6,8,9-tetrahydro-1-oxopyrano[4,3-

b][1]benzopyrans [148]. And the next advance was dis-

closed by Snieckus and coworkers. They reported a fac-

ile procedure for preparing 2H-chromenes (e.g., 40,

Scheme 9) by coupling commercially available phenols

(41) and naphthols (e.g., 42) with a,b-unsaturated alde-

hydes (43) under the influence of phenylboronic acid

[149]. This reaction protocol was extended to a synthe-

sis of b-lapachone (15) [150,151], which illustrates the

rapid access to these types of molecules by this method.

An interesting strategy for the synthesis of epoxy-

naphthopyranoquinone (45), a xiloidone derivative, was

reported by Tapia and coworkers [152]. The authors

synthesized benzopyran quinone (46) using the tandem

Knoevenagel-electrocyclic protocol via an o-QM inter-

mediate (47). Their synthetic route started from 2,5-

dimethoxyphenol (48) that had its phenolic group pro-

tected as a tetrahydropyranyl (THP). This intermediate

was transformed to o-hydroxy-c,c-dimethyl allyl alcohol

(49) by reaction of 50 with 3-methyl-2-butenal (34)

under basic conditions. The mild hydrolysis of the THP

protecting group and dehydration of 50 led to formation

of the o-QM intermediate, which upon intramolecular

electrocyclization, formed benzopyrane (46). The latter

compound was transformed in three steps to epoxynaph-

thopyanoquinone (45) (Scheme 10).

More recently, Dintzner and coworkers [153] reported

for the first time a direct condensation of phenols with

a,b-unsaturated aldehydes catalyzed by clays. The reac-

tion between 3-methyl-2-butenal (34) and sesamol (51)

Scheme 8

Scheme 5

Scheme 6

Scheme 7
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was used as the model reaction in order to prepare

methylenedioxyprecocene (52), which as mentioned pre-

viously, exhibited antijuvenile hormone activity in some

insects. Acidic montmorillonite K10 clay promoted the

electrophilic aromatic addition yielding the desired 2H-
chromene (52) through an o-QM intermediate (53). The

optimal conditions for this process involved the reaction

of the substrate on basic clay (K10–Kþ) at 110�C, with-
out solvent, under microwave irradiation (Scheme 11).

Parker and Mindt developed a very useful one-step

procedure for synthesizing chromenes (54a–c) by a ther-

mally induced 6p-electrocyclization of the enolizable

vinyl quinone (55) via an intermediate quinone methide

(56). The enolizable vinyl quinones are the products of

Stille coupling. Application of this method led to the

total synthesis of an Ageratum juvenile hormone

(Scheme 12) [110].

Very recently, Da Silva and coworkers [154] devel-

oped a new general methodology that involves the

reaction of ortho-naphthoquinones with allyltriphenyl-

phosphonium salts 58a and 58b in the presence of an

aqueous solution of NaOH and chloroform. The reaction

proceeded via in situ formation of an ylide, and subse-

quent reaction with an ortho-naphthoquinone to produce

o-QM intermediate 59, which cyclizes to a 2H-chro-
mene, as outlined in Scheme 13. With this selective and

general one-pot synthesis, several 2H-chromene deriva-

tives (60, 61, and 62) were obtained from the appropri-

ate ortho-naphthoquinones and allyltriphenylphospho-

nium in yields ranging from 47 to 85%. It should be

noted that the attack of the phosphorus ylide occurred

exclusively at the more reactive 1- or a-position of the

carbonyl carbon of the ortho-naphthoquinone. No prod-

ucts were detected from attack at the 2- or b-carbonyl.

SYNTHESIS OF 2H-CHROMENES

AND CHROMANES VIA o-QMS

HETERO-DIELS-ALDER REACTIONS

The unique feature of the Diels-Alder reaction of con-

structing up to four new stereogenic centers in one step

has made this reaction one of the most important tools

in the field of organic synthesis. It is not surprising, con-

sidering its scope, that Diels-Alder reaction continues to

be important for constructing polycyclic ring systems of

complex natural product targets [155]. Its broad reaction

possibilities have led to an enormous number of varia-

tions, both intermolecular and intramolecular [156,157],

with high levels of stereocontrol, as summarized in sev-

eral review articles [158].

A very important variation of the typical Diels-Alder

reaction is the hetero-Diels-Alder reaction. In this varia-

tion, heteroatoms, such as a carbonyl group, replace a

carbon–carbon double bond in either the diene or dieno-

phile [159–162].

o-QMs are hetero-dienes suitable for [4 þ 2] cycload-

ditions with a wide range of dienophiles in either inter

or intramolecular processes (Fig. 7). This reaction would

lead directly to the chromane substructures. However,

the intermolecular process has two major problems that

must be overcome (among others): the fast dimerization

of the o-QMs to spiro compounds [163,164] and that o-
QMs generation and trapping must be done in situ.

SYNTHESIS OF 2H-CHROMENES AND

CHROMANES VIA o-QMS AND INTERMOLECULAR

HETERO-DIELS-ALDER REACTIONS

The first example that generated and made use of an

o-QM in an intermolecular hetero-Diels-Alder reaction

Scheme 9

Scheme 10

Scheme 11
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was reported by Brougidou and Christol [165,166], who

reacted o-QMs with butadiene (63) to obtain 2-vinyl-

chromans (64) as the only reaction product. Chapman

and Mcintosh in 1971 (Scheme 14) [167] demonstrated

that the dimerization of o-QMs could be a useful meth-

odology to prepare natural products. In this regard, they

produced an o-QM by photodecarbonylation of the un-

saturated lactone (65), which was then efficiently

trapped with 1,l-dimethoxyethylene (66) producing an

ortho-lactone (67) with high yield (>90%). Very

recently, this reaction was reinvestigated, but the genera-

tion of o-QM (68) and subsequent hetero-Diels-Alder

reactions was under mild, anionic conditions to prepare

benzopyrans (69a–d) [168].

Baldwin and coworkers developed a biomimetic syn-

thesis of Lucidene (71) based upon the fact that both

this compound and humulene (72) were isolated from

the root bark of Uvaria lucida ssp. lucida and 71 could

be formed as the products of a double Diels-Alder reac-

tion with two molecules of o-benzoquinone methide

[169]. In a subsequent work, the same group synthesized

pycnidione and epolone B using an o-QM derived from

benzotropolone (73) via a hetero-Diels-Alder reaction

with humulene [170]. More recently, they reported a

biomimetic hetero-Diels-Alder reaction between humu-

lene and a novel tropolone o-QM (74) to give a deoxy

analog of epolone B (75) (Scheme 15) [171].

The search for new in situ methods to generate o-QM
intermediates without side reactions or with long reac-

tion times and at low temperatures continues to be

desired. In this regard, Baldwin and coworkers explored

reductive transesterification with an aldehyde (76) to

produce o-methyleneacetoxy-phenol (77), which under

thermal conditions generated an o-quinone methide that

cyclized (78). They applied this methodology to the syn-

thesis of (6)-alboatrin (79) [172] and (6)-lucidene (71)

(Scheme 16) [173].

SYNTHESIS OF 2H-CHROMENES AND

CHROMANES VIA o-QMS

AND INTRAMOLECULAR

HETERO-DIELS-ALDER REACTIONS

Chapman and coworkers demonstrated that palladium

chloride induced dimerization of o-vinylphenol (80) to

generate an o-QM (81), which undergoes intramolecular

hetero-Diels-Alder cyclization. They applied this useful

methodology to prepare the natural product carpanone

(82) in one step following a biomimetic pathway

(Scheme 17) [174].

Much research has been focused on developing new

and better methods for generating o-QM intermediates

that can be trapped by an intramolecular Diels-Alder

reaction. Hug and coworkers [175] reported that thermal

dehydration of o-hydroxybenzyl alcohol (83) led to three

products that could only be produced through an inter-

mediate o-QM (84) generated in situ, followed by an

intramolecular Diels-Alder cycloaddition. The authors

proposed that the formation of the o-QM (84) occurs by

an initial dehydration and concerted [1,5]-hydrogen

shift, which is followed by a [4 þ 2] cycloaddition to

produce the product (85, 86, and 61) in 69% yield.

Later, Boekelheide and Mao [176] performed flash

Scheme 12

Scheme 13
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pyrolysis experiments of 84 at 700�C and found only

product 85, but in only 12% yield (Scheme 18).

Tietze and coworkers described the intramolecular

Diels-Alder reaction between 1,3-cyclohexadione (88)

and citronellal (89). They obtained tricyclic dihydro-

pyran (90) with trans stereochemistry via an exo-E-anti
transition state [177–179]. It is worthy to note that this

structure was proved by X-ray structure analysis. The

investigation into the conformation of the transition state

was extended to benzylidenepyrazolones and benzylide-

neisoxazolones. The same exo-E-anti stereochemistry

was also observed for these products (Scheme 19)

[180,181].

Ferreira and Pinto [182] in 1980 reported a novel

preparation of tetracyclic a- and b-pyranaphthoquinones
using an o-QM intermediate, generated in situ, followed

by a tandem Knoevenagel/hetero-Diels-Alder reaction.

The authors, instead of reacting natural a,b-unsaturated
aldehydes with lawsone (28) (e.g., citral) [142], reacted
lawsone with an aldehyde bearing a remote double bond

(e.g., citronellal—89). In the later case, the o-QMs (91

and 92) underwent an intramolecular hetero-Diels-Alder

reaction with the double bond to form tetracyclic a- and
b-pyranaphthoquinones (93 and 94) in 70% yield. In

order to obtain b-pyranaphthoquinone (94), a tetracyclic

derivative of b-lapachone, the mixture was treated with

H2SO4 (Scheme 20). Recently, Jiménez-Alonso and

coworkers performed the asymmetric version of this

reaction with (s)-(-)-citronellal, producing compounds

93 and 94 in a 1:1 ratio with 94% overall yield [183].

By using Yadav’s methodology [184], they extended

this reaction to other prenylated aromatic aldehydes

with the double bond at an appropriate distance to gen-

erate new naphthoquinones. It should be noted that aro-

matic aldehydes furnished only cis adducts due to an

endo-E-syn transition state. For instance, compounds 95

and 96 were obtained in 72% at a 1:1 ratio (Scheme

20).

Other research groups soon became attracted to the

opportunities presented by these aforementioned thermal

dehydrations of o-hydroxybenzyl alcohols that gave

products that could only be produced through an o-QM
intermediate followed by an intramolecular Diels-Alder

cycloaddition. In 1985, Talley [185] studied this reaction

both thermally and photochemically, starting with (R)-

Scheme 14

Scheme 15

Figure 7. o-QMs as hetero-dienes for the construction of chromanes.

Scheme 16
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citronellal (89), in order to obtain informations about

the transition state of the cycloaddition. The reactions

were very successful in the generation of substituted o-
QMs by the thermal dehydration of o-hydroxybenzyl
alcohol derivatives (97) and subsequent intramolecular

Diels-Alder reaction. The dehydration of o-hydroxyben-
zyl alcohol followed by intramolecular Diels-Alder reac-

tion proceeded with excellent regio and stereospecificity.

The presence of a chiral center on the alkyl side chain

resulted in a high degree of stereocontrol during the

cycloaddition reaction. The trans stereochemistry was

the same as observed by Pinto and Ferreira and is

thought to proceed via a pseudoequatorial conformation

adopted by the chair-like exo transition state during the

intramolecular Diels-Alder cycloaddition (Scheme 21).

Given the success of the preliminary results

[152,186], Tapia’s group [187] showed an interesting

approach to obtain 2H-benzopyrans by using a Tandem

Knoevenagel hetero-Diels-Alder reaction with citral

(a,b-unsaturated aldehyde) instead of a Tandem Knoe-

venagel electrocyclization. Their protocol involved the

addition of a suitably protected aryl lithium derivative

of citral, followed by deprotection and cyclization via
an o-QM to produce the chromane (100) [188]. In two

more steps, the latter compound was transformed to an

a-lapachone derivative (101). It is also clear from their

results that the cis stereochemistry of 101 is opposite of

that found by Hug [175], Ferreira [182] and Talley

[185]. This is likely because of the endo transition state

is favored due to conjugated double bond with o-QM
moiety (Scheme 22).

o-Quinone methides (106) can also be efficiently pro-

duced by photoirradiation of phenolic Mannich bases

(107) in aqueous solvents at neutral pH, by irradiation

with >300 nm light and rapid trapping by ethyl vinyl

ether (108) via an intermolecular hetero-Diels-Alder

reaction [189]. This strategy has been used to prepare a

series of chromane derivatives such as compounds 109

and 110 in Scheme 23. This procedure was also applied

to the formation and trapping of bisquinone methide

(111), although in low yield (Scheme 23).

Ye and coworkers conveniently developed an interest-

ing protocol for the synthesis of 5-one heterocyclic sys-

tems via heterocyclic quinone methides. A wide variety

of pyrano[3,2-c]quinolines (114a–d) possessing different

functional groups have been prepared successfully by

the tandem Knoevenagel condensation of 4-Hydroxyqui-

nolin-2(1H)-ones (115) with aldehydes (116). The for-

mation of the products was rationalized by an initial

Aldol condensation, to form the methide intermediate

(117). This then undergoes a Michael-type-1,4-addition

of the enolate anion followed by an intramolecular cy-

clization (Scheme 24) [190].

Similarly, Nair and coworkers reported a series of

articles exploring the reactivity profile of o-QMs [191]

generated in situ from lawsone (28), 4-hydroxycoumarin

(118) and 4-hydroxyquinoline (119) and their subsequent

intermolecular Diels-Alder reaction. This protocol over-

comes the limitation regarding the use of appropriately

substituted aldehydes in the tandem Knoevenagel/intra-

molecular hetero-Diels-Alder cycloaddition methodology.

Scheme 17

Scheme 18

Scheme 19

Scheme 20
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Scheme 23

Scheme 24

Scheme 21

Scheme 22
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Scheme 25

Scheme 26

Table 2

Intermolecular hetero Diels-Alder to obtain a- and b-pyranaphthoquinones.

Entry R1 R2 R3 Conditions Time (h) Yield % Ratio a/b (139:140) a (cis:trans) b (cis:trans)

1 H H H EtOH/H2O (1:1) 6 94 3.1 – –

2 H CH3 H EtOH/H2O (1:1) 6 95 3.8 – –

3 H CH3 Me EtOH/H2O (1:1) 6 97 4.7 – –

4 4-NO2Ph CH3 H EtOH/H2O (1:1) 5 50 1.4 37:63 18:82

5 2-Thiophene CH3 H EtOH/H2O (1:1) 8 60 0.8 54:46 0:100

6 Ph CH3 H EtOH/H2O (1:1) 8 52 0.6 20:80 12:88

7 H H H Dioxane/HOAc 4 96 2.2 – –

8 4-NO2Ph CH3 H Dioxane/HOAc 5 55 1.1 35:65 17:83
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In the first approach, Nair and Treesa [192] described a

new, general three-component reaction for the synthesis

of a wide variety of derivatives of a- and b-lapachone
and other heterocyclic compounds. The reaction involved

the Knoevenagel condensation between lawsone reagent

(28) and paraformaldehyde (120) leading to the o-QM
(121), which reacts in situ with several possible olefins to

generate products in moderate to good yields. The latter

methodology offers several alternative approaches for the

syntheses of a- (122, 123, 124, and 125) and b-lapachone
(126, 127, and 128) derivatives as illustrated in the

selected examples shown in the Scheme 25.

In related studies, the same group extended this three

component methodology for the preparation of pyrano-

pyrone derivatives (129) [Scheme 26, eq. (1)] [193].

They also demonstrated the potential of this protocol by

applying it to the synthesis of pyranquinolines (e.g.,
130) via quinoline quinone methide (131) as the key in-

termediate [Scheme 26, eq. (2)] [191].

Despite the good yields achieved in previous reactions

with formaldehyde, aromatic aldehydes did not work

even at reflux for periods exceeding 48 h. Aiming to

improve the scope of this reaction and thus, to obtain

various derivatives of lapachones, Ferreira and cow-

orkers investigated the effect of solvents and found that

reaction was accelerated in ethanol/water (1:1) at reflux

[194]. With this improved methodology, it was possible

to obtain b-pyranaphthoquinones more selectively, in

better yields and with lower reaction times. Addition-

ally, this methodology allowed the use of other alde-

hydes, not just formaldehyde (Table 2).

This reaction protocol was extended to the synthesis

of silyl enol ethers to give a series of siloxy-containing

naphtho[2,3-b]pyran-5,10-dione derivatives (139a–c) in

moderate to high yields (Scheme 27) [195]. As

expected, the reaction regioselectively produced a-lapa-
chone derivatives. The authors rationalized these results

by calculating the parameters of the frontier molecular

orbital. This indicated that interaction of the o-QM with

the silyl enol ether is a more energetically favorable

pathway.

A very interesting variation of the protocol for in
situ formation of o-QMs followed by Diels-Alder

cycloaddition was reported by Sabitha et al. [196,197].
In this work, it was shown that the reaction of O-
prenyl and N-prenyl aldehydes with Meldrum’s acid

led to cis-fused lactones (140–142) in excellent yields.

Aliphatic aldehydes, such as citral, could also be used

in this reaction, but as expected, the product 143 is

trans (Scheme 28).

Scheme 27

Scheme 28
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CONCLUSIONS AND OUTLOOK

This review has given ample evidence that o-QM
intermediates have developed into a useful synthetic

tool for preparing chromene and chromane rings over

recent years. Major progress has been made in terms of

substrate scope and the development of efficient proce-

dures for their preparation. All these developments have

led to extensive use of o-QM intermediates in inter and

intramolecular hetero-Diels-Alder and electrocyclization

reactions in the field of total synthesis. The reaction

even turned out to be a key tool for the preparation of

pyran naphthoquinones. However, these reactions still

have some drawbacks. For example, intermolecular reac-

tions with o-QMs are, by far, more difficult to achieve,

which is often due to reaction reversibility. Despite the

improved methods for generation of o-QMs, their use

with aldehydes has been difficult. Only very recently

has this problem been partly addressed by modifying

the conditions in the tandem processes. There is still a

need for even more general reaction protocols, espe-

cially in the areas of intermolecular reactions and

enantioselectivity.
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[45] Gonçalves, O. L.; D’Albuquerque, I. L.; Lima, C. G.; Maia,

M. H. D. Rev Inst Antibiot Univ Recife 1972, 12, 317.

[46] Machado, T. B.; Pinto, A. V.; Pinto, M. C. F. R.; Leal, I.

C. R.; Silva, M. G.; Amaral, A. C. F.; Kuster, R. M.; Netto-dos Sa, K.

R. Int J Antimicrob Agents 2003, 21, 279.

[47] Cho, J. Y.; Kim, H. Y.; Choi, G. J.; Jang, K. S.; Lim, H.

K.; Lim, C. H.; Cho, K. Y.; Kim, J. C. Pest Manage Sci 2006, 62,

414.

[48] D’Albuquerque, I. L.; De Araujo, M. C. M.; Maciel, M. C.

M.; Maciel, G. M. B.; Lacerda, A. L.; Martins, D. G. Rev Inst Antibiot

Univ Recife 1972, 12, 25.

[49] Jassbi, A. R.; Singh, P.; Jain, S.; Tahara, S. Helv Chim

Acta 2004, 87, 820.

[50] Dudley, K. H.; Chiang, R. W. J Org Chem 1968, 34, 120.

[51] Ettlinger, M. G. J Am Chem Soc 1950, 72, 3666.

[52] Hassani, M.; Cai W.; Holley, D. C.; Lineswala, J. P.;

Maharjan, B. R.; Ebrahimian, G. R.; Seradj, H; Stocksdale, M. G.;

Mohammadi, F; Marvin, C. C.; Gerdes, J; Beall, H. D.; Behforouz, M.

J Med Chem 2005, 48, 7733.

[53] Lee, J. H.; Cheong, J. H.; Park, Y. M.; Choi, Y. H. Pharma-

col Res 2005, 51, 553.

[54] Skibo, E. B.; Xing, C. J Med Chem 2001, 44, 3545.

[55] Liu, K. C.; Li, J.; Sakya, S. Mini Rev Med Chem 2004, 4,

1105.

[56] Asche, C. Mini Rev Med Chem 2006, 5, 449.

[57] Santos, A. F.; Ferraz, P. A. L.; Pinto, A. V.; Pinto, M. C. F.

R.; Goulart, M. O. F.; Sant’Ana, A. E. G. Int J Parasitol 2000, 30,

1199.

[58] Dos Santos, A. F.; Ferraz, P. A. L.; de Abreu, F. C.; Chiari,

E.; Goulart, M. D. F.; Sant’Ana, A. E. G. Planta Med 2001, 67, 92.

[59] Barbosa, T. P.; Camara, C. A.; Silva, T. M. S.; Martins, R.

M.; Pinto, A. C.; Vargas, M. D. Bioorg Med Chem 2005, 13, 6464.

[60] Teixeira, M. J.; Almeida, Y. M.; Viana, J. R.; Holanda

Filha, J. G.; Rodrigues, T. P.; Prata, J. R. C., Jr.; Coelho, I. C. B.;

Rao, V. S.; Pompeu, M. M. L. Phytoterapy Res 2001, 15, 44.

[61] Almeida, E. R. J Ethnopharmacol 1990, 29, 239.

[62] Garnier, S.; Wolfender, J. L.; Nianga, M.; Stoeckli-Evans,

H.; Hostettmann, K. Phytochemistry 1996, 42, 1315.

[63] Pinto, C. N.; Dantas, A. P.; De Moura, K. C. G.; Emery, F.

S.; Polequevitch, P. F.; Pinto, M. C. F. R.; De Castro, S. L.; Pinto,

A.V. Arzneim Forsc (Drug Res) 2000, 50, 1120.

[64] De Moura, K C. G. F.; Emery, S.; Neves-Pinto, C.; Pinto,

M. C. F. R.; Dantas, A. P.; Salomão, K.; De Castro, S. L.; Pinto,

A. V. J Braz Chem Soc 2001, 12, 325.

[65] Monks, T. J.; Hanzlik, R. P.; Cohen, G. M.; Ross, D.; Gra-

ham, D. G. Toxicol App Pharmacol 1992, 112, 2.

[66] (a) Kappus, H. Biochem Pharmacol 1986, 35, 1; (b) De

Abreu, F. C.; Ferraz, P. A. L.; Goulart, M. O. F. J Braz Chem Soc

2002, 13, 19.

[67] Santos, E. V. M.; Carneiro, J. W. M.; Ferreira, V. F. Bioorg

Med Chem 2004, 12, 87.

[68] Da Silva, M. N.; Ferreira, V. F.; de Souza, M. C. B. V.

Quim Nova 2003, 26, 407.
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