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Abstract—Several bis-pyrano-l,4-benzoquinones have been synthesized by a double domino Knoevenagel hetero Diels–Alder reaction. The
synthetic approach is highly efficient allowing the construction of complex polycyclic scaffolds with six new s-bonds. These reactions per-
formed more efficiently and more rapidly using microwave irradiation. The resulting bis-pyrano-1,4-benzoquinones are the first examples of
a double domino Knoevenagel hetero Diels–Alder reaction. Our approach represents a novel contribution to the chemistry of 2,5-dihydroxy-
l,4-benzoquinones and the first general method for the synthesis of bis-pyranobenzoquinones.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Among the strategies that can lead to the discovery of new
drugs, the identification and use of privileged structures
have gained particular attention, in an attempt to shorten
the time required to find new drugs.1 Driven by our interest
in antitumoral compounds,2 we decided to explore the pos-
sibility of preparing new bis-pyranobenzoquinones. These
systems present benzopyran and benzoquinone cores, both
designated as privileged structures in medicinal chemistry.1

Many antitumoral compounds contain a 1,4-benzoquinone
core (e.g., isoasterriquinone,3 irisquinone,4 nakijiquinones,5

geldanamycin6) or a benzopyran nucleus (e.g., tephrosin,7

acronycine,8 calanone,9 seselin10), but there are no many ex-
amples containing both building blocks. Dactyloquinones11

and hydnuferrugin12 are the only natural compounds with
a pyranobenzoquinone structural framework known so far.
On the other hand, only one synthetic compound having
a bis-pyrano-benzoquinone structure has been reported,13

and it was obtained in low yield.

During the last years, the use of domino reactions has
emerged as a powerful and efficient tool for the synthesis
of structurally diverse compounds along with biologically
active natural products and drugs.14 One of the most

Keywords: Domino reactions; Cycloaddition; Privileged structures; Multi-
component reaction; Quinones.
* Corresponding authors. Tel.: +34922318576; fax: +34922318571; e-mail

addresses: aestebra@ull.es; agravelo@ull.es
y http://www.icic.es.
0040–4020/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2007.01.033
successful applications, known as the domino Knoevenagel
hetero Diels–Alder approach (DKHDA), involves a sequence
of two in depth investigated and well recognized reactions.15

It consists of a Knoevenagel condensation of an aldehyde
with a 1,3-dicarbonyl compound with formation of a 1,3-
oxabutadiene as an intermediate, which undergoes a hetero
Diels–Alder reaction with either an enol ether or an alkene.
Tietze et al. have exploited this particular way to construct
fused heterocycles, usually in a stereoselective manner.16

The DKHDA reaction can be performed as a two-, three-
or four-component transformations, being the stereoselec-
tivity more pronounced in the case of the two-component
transformations. Solid-phase three-component DKHDA
has been also achieved using a resin-linked 1,3-dicarbonyl
compound.17 The resulting dihydropyrans were obtained in
12–37% overall yield and the selectivity from 1:1 to 1:5 in
favour of the cis-product depending on the applied aldehyde.

With this background, we report the synthesis of bis-pyrano-
l,4-benzoquinones, having two well known privileged struc-
tures, through a direct and highly efficient approach based on
DKHDA.

2. Results and discussion

Most of the examples of DKHDA use three 1,3-dicarbonyl
compounds18 (Fig. 1): N,N-dimethyl barbituric acid (A),
Meldrum’s acid (B) and dimedone (C). Besides these com-
pounds, other useful 1,3-dicarbonyl compounds for
the domino Knoevenagel hetero Diels–Alder reaction are
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4-hydroxy coumarins (D),19 4-hydroxyquinolinones (E)20

and hydroxy pyridones (F).21

We use in our approach 2,5-dihydroxy-1,4-benzoquinone
as an adequate and symmetric synthetic equivalent to 1,3-
dicarbonyl compound. In this case, the Knoevenagel
condensation of 2,5-dihydroxy-1,4-benzoquinone 1 and para-
formaldehyde leads to a reactive intermediate 2 (Scheme 1),
which undergoes a double hetero Diels–Alder reaction
with diverse electron-rich alkenes as dienophiles, yielding
the corresponding bis-pyrano-1,4-benzoquinone derivatives
in one-pot reaction. The formation of the two pyran rings
may occur simultaneously starting from the intermediate 2
or, alternatively, one of the two pyran rings is formed first
to give a second intermediate 2a, which then undergoes the
second hetero Diels–Alder reaction.
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Scheme 1. Plausible formation of bis-pyranobenzoquinones.

The hypothetical intermediates 2 and 2a show similarities
with o-quinone methides that constitute other examples
of highly reactive and ephemeral intermediates.22 These
transient species are known to react with nucleophiles in
1,4-Michael-type fashion and with a range of dienophiles,
to perform [4+2] cycloadditions. The synthesis of the natural
compounds like xyloketal D23 and (�)-alboatrin24 is an
illustrative application of hetero Diels–Alder cycloaddition
through o-quinone methide derivatives.

The preparation of pyranobenzoquinones generally requires
several steps and the generation of the quinonic moiety from
oxidation of the corresponding 1,4-dihydroxy derivatives.25

Our approach represents a novel contribution to the chemis-
try of 2,5-dihydroxy-1,4-benzoquinone and the first general
method for the synthesis of bis-pyranobenzoquinones.

Initially, we examined the reaction of 1 and ethyl vinyl ether
under different conditions. Some results are summarized in
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Figure 1. Typical carbonyl compounds in DKHDA.
Table 1. Acceptable yields were obtained only when a large
excess of paraformaldehyde and dienophile were employed;
the best results were achieved with the following ratio
1/(CH2O)/ethyl vinyl ether (1/24/9). When the reaction
was carried out with 1,4-dioxane under reflux (entry 1),
the corresponding adduct was obtained in 28% yield. This
result was improved using a sealed tube at 110 �C (entry
2). The use of a 37 wt % water solution of formaldehyde
instead of paraformaldehyde decreased the yield (32%).

We also used TAMA (N-methylanilinium trifluoroacetate)
and 1,3,5-trioxane as an equivalent controlling aldol conden-
sation of formaldehyde,26 but we did not get good results. We
also explored the possibility of microwave irradiation since it
is known to accelerate a wide variety of transformations.27

We were pleased to find that in the presence of microwaves,
the domino Knoevenagel hetero Diels–Alder reaction pro-
ceeds remarkably fast and clean, specially when 1,2-dichloro-
ethane is used as solvent. Ratio of reagents, power, temperature
and time were optimized for a monomode CEM-Discover
microwave. We also carried out the reaction without the sol-
vent (neat media) (entry 6) but the yield did not improve.

To the best of our knowledge, this paper presents the first
example of benzoquinone derivatives’ formation through
3,6-dimethylene-cyclohexane-1,2,4,5-tetraone intermediate
(2). In the mass spectra of the adducts, we found a peak at
m/z 164 with the molecular formula C8H4O4 (HRMS) attrib-
utable as a retro-Diels–Alder fragment of the intermediate 2.
This polyfunctional intermediate has two heterodiene sys-
tems that in the presence of appropriate dienophiles give
the corresponding hetero Diels–Alder reactions. There are
two possibilities. In one of them the two heterodienes in
contiguous disposition react to afford angular bis-pyrano-
1,2-benzoquinones. In the other case the two heterodienes
in not contiguous disposition act to yield lineal bis-pyrano-
1,4-benzoquinones (Scheme 2).

The process was regioselective since we have not found
traces of the angular regioisomers bis-pyrano-1,2-benzoqui-
nones. The adducts were obtained as a mixture of 1:1 dia-
stereomers with different Rf and, surprisingly, with identical
1H and 13C NMR spectroscopic data. Similar behaviour has
been detected in the synthesis of iptycene quinone adducts.28

One of them is achiral because of the existence of a centre of
symmetry, and the other one is chiral (�) and presents a C2

symmetry (Fig. 2). These diastereomers are formed from
the suprafacial approaches in the cycloaddition process.29

To further demonstrate the versatility of this methodology,
several bis-pyrano-1,4-benzoquinone cores have been

Table 1. Reaction of 1 with ethyl vinyl ether under various conditions

Entry
1/CH2O/

OEt Solvent Conditions Yield (%)

1 1/24/9 Dioxane Reflux, 24 h 28
2 1/24/9 Dioxane Sealed tube, l10 �C 88
3a 1/24/9 DCE MW, 20 min, 200 �C 97
4a 1/16/9 DCE MW, 20 min, 200 �C 88
5a 1/12/9 DCE MW, 20 min, 200 �C 73
6a 1/24/9 — MW, 20 min, 200 �C 52

a The reactions were carried out in a CEM-Discover monomode micro-
waves apparatus.
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Scheme 2. Heterodiene systems.
prepared under different conditions using a set of dieno-
philes. The structures of the adducts and the yields obtained
are detailed in Table 2. The resulting bis-pyrano-1,4-benzo-
quinones obtained represent the first examples of a double
domino Knoevenagel hetero Diels–Alder reaction.

Table 2 shows how the presence of microwaves greatly
improves the rate of reaction and the yields. In all cases
we obtained a 1:1 ratio of diastereomers.30 We did not find
variations in these ratios from heating to microwave irradia-
tion. It is possible to increase the structural complexity of
the adducts using cyclic dienophiles. For example, from
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Achiral diastereomer with a centre of symmetry Chiral diastereomer with C2 symmetry 

Figure 2. Diastereomers formed.

Table 2. Bis-pyranobenzoquinone derivatives

Entry Dienophile Adducts (1:1) Yield (%)a D Yield (%)b MW
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(continued)
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Table 2. (continued)

Entry Dienophile Adducts (1:1) Yield (%)a D Yield (%)b MW
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a Heating using a sealed tube at 110 �C and 1,4-dioxane as solvent.
b Heating using a CEM-Discover microwave and DCE as solvent.
3,4-dihydro-2H-pyran, (1R)-(+)-a-pinene and indene (en-
tries 6–8), molecules with five or seven rings are achieved.
Consequently, the synthetic efficiency of this approach also
gives access to structurally diverse and complex molecules,
which are essential for lead generation.31 The cis-fusion of
the pyran rings in diastereomers 13 and 14 was determined
by the coupling constant (3J¼2.3 Hz), as well as by the
NOE effect detected in the ROESY spectrum. The structure
of 17 and 18 was confirmed on the basis of the HMBC
correlations, which established the orientation of the five-
membered ring, with the methylene opposite to the hetero-
cycle oxygen. Low yields were obtained with the chiral
enol ether32 (entry 5) (22%) and with the hindered (1R)-
(+)-a-pinene (entry 7) (40%). The latter is similar to the
yield obtained by Baldwin et al. when (1R)-(+)-a-pinene
reacted with an o-quinone methide intermediate generated
in situ.24 As for the former, the adducts turned out to be
unstable under purification conditions. The structures of 4
and 15 were confirmed by X-ray crystal analysis (Fig. 3).

When the reaction was carried out in the presence of 2,3-di-
methyl-1,3-butadiene (entry 9), it yielded an unexpected and
complex derivative, which presents three carbonyl groups,
a dihydropyran ring and a spiro moiety. The structure of
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Figure 3. X-ray crystal structures of 4 and 15.
19 was unequivocally determined by 2D NMR studies. The
formation of this compound is plausible considering that two
different pericyclic reactions have occurred. The spiro
moiety results from a normal demand Diels–Alder reaction
between 2,3-dimethyl-butadiene as homodiene and one of
the methylene groups of the intermediate 2. The pyran ring
is formed by the expected hetero Diels–Alder reaction
between one of the double bonds of 2,3-dimethyl-1,3-buta-
diene and the remaining heterodiene.

We also found that the reaction with 2-methyl-furan did not
give the expected bis-pyrano derivative, rather, the com-
pound showed in entry 10 was obtained as a result of
a 1,4-conjugate addition. Pettus and Lindsey have recently
reported the formation of various interesting and unexpected
1,4-conjugated addition adducts from the reaction of o-
quinone methides with electron-rich oxazoles.33 These two
unexpected results reveal how our approach allows a rapid
assembly of molecular diversity.

3. Conclusions

In short, the domino Knoevenagel hetero Diels–Alder reac-
tion can be used as a simple and efficient approach towards
the synthesis of bis-pyrano-1,4-benzoquinones. The reaction
allows the rapid construction of complex polycyclic scaf-
folds with six new s-bonds (four C–C s-bonds and two
O–C s-bonds). These reactions performed more efficiently
and more rapidly using microwave irradiation. The strategy
can be easily extended to other aldehydes with a suitable
double bond to achieve the corresponding intramolecular
version. These two-component DKHDA reactions and the
antitumoral assays of the bis-pyrano-1,4-benzoquinones
are in progress and will be reported elsewhere.

4. Experimental

4.1. General methods

All solvents and reagents were purified by standard tech-
niques reported in Ref. 34 or used as supplied from commer-
cial sources as appropriate. Reactions were monitored by
TLC (on silica gel POLYGRAM� SIL G/UV254 foils). Puri-
fication by column flash chromatography used Merck Kiesel
60-H (0.063–0.2 mm) as adsorbent and different mixtures of
hexanes/ethylacetate as eluent. Pre-coated TLC plates SIL
G-100 UV254 (Machery–Nagel) were used for preparative-
TLC purification. 1H NMR spectra were recorded in
CDCl3 or C6D6 at 300 and 400 MHz, using Bruker
AMX300 and Bruker AMX400 instruments. For 1H NMR
spectra, chemical shifts are given in parts per million
(ppm) and referenced to the residual solvent peak. The fol-
lowing abbreviations are used: s, singlet; d, doublet; t, trip-
let; q, quartet; m, multiplet; br, broad. Proton assignments
and stereochemistry are supported by 1H–1H COSY and
ROESY where necessary. Data are reported in the following
manner: chemical shift (multiplicity, coupling constant if
appropriate, integration). Coupling constants (J) are given
in hertz (Hz) to the nearest 0.5 Hz. 13C NMR spectra were
recorded at 75 and 100 MHz using Bruker AMX300 and
Bruker AMX400 instruments. Carbon spectral assignments
are supported by DEPT-135 spectra, 13C–1H (HMQC) and
13C–1H (HMBC) correlations where necessary. Chemical
shifts are quoted in parts per million and referenced to the
appropriate residual solvent peak. MS and HRMS were
recorded at VG Micromass ZAB-2F. All compounds were
named using ACD40 Name-Pro program, which is based
on IUPAC rules. Melting points were recorded using a Buchi
B540 capillary apparatus and are uncorrected. IR spectra
were taken on a Bruker IFS28/55 spectrophotometer.

4.2. Microwave irradiation experiments

All microwave irradiation experiments were carried out in
a Discover�-CEM monomode microwave apparatus, operat-
ing at a frequency of 2.45 GHz with continuous irradiation
power from 0 to 300 W with utilization of the standard
absorbance level of 300 W maximum power. The reactions
were carried out in 10-mL glass tubes, sealed with alumin-
ium/Teflon crimp tops, which can be exposed up to 250 �C
and 20 bar internal pressure. Temperature was measured
with an IR sensor on the outer surface of the process vial.
After the irradiation period, the reaction vessel was cooled
rapidly to ambient temperature by air jet cooling.

4.3. Analytical HPLC method

In order to corroborate the ratio of the diastereomers result-
ing from some DKHDA reactions, several samples were an-
alyzed by HPLC employing a Jasco system (Tokyo, Japan)
equipped with a PU-980 pump, a photodiode array detector
model MD-2010 Plus, a Rheodyne (California, US) 7725i
manual injector and a Supelco Discovery column C-18 re-
verse phase (250�4.6 mm I.D.), packed with 5 mm particles.
The mobile phase was a mixture of 65:35 (v/v) CH3CN/H2O,
eluted isocratically at a flow rate of 1 mL/min at room
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temperature and detection conducted at 220 nm. The ratio of
CH3CN/H2O was altered to 70:30 when necessary to opti-
mize separation of some of the mixtures. The mobile phase
ingredients were of HPLC grade, and prior to use were fil-
tered through a 0.45 mm nylon filter and degassed. Under
these analytical conditions elution times of the different
diastereomers ranged from 3–4 min to a maximum of 14–
18 min for other mixtures. It was determined that the propor-
tion of the diastereomers formed was 1:1 in all cases.

4.4. General procedure by heating (procedure A)

2,5-Dihydroxy-1,4-benzoquinone, dissolved in dioxane
(20 mL/mmol), was treated with 24 equiv of paraformalde-
hyde and 9 equiv of the corresponding alkenes. The reaction
mixture was heated in a sealed tube at 110 �C for 24 h. The
solvent was removed under reduced pressure, then the resi-
due was treated with a saturated solution of Na2S2O5 and
extracted with CH2Cl2. The combined organic extracts
were washed with brine and dried over MgSO4, filtered
and the solvent was removed under vacuum. The residue
was purified by silica gel column chromatography.

4.5. General procedure by MW irradiation
(procedure B)

2,5-Dihydroxy-1,4-benzoquinone (50 mg, 0.36 mmol),
24 equiv of paraformaldehyde and 9 equiv of the corre-
sponding alkenes were suspended in 2 mL of 1,2-dichloro-
ethane in a 10 mL reaction glass containing a stirring
magnet. The vial was sealed tightly with an aluminium/
Teflon crimp top. After the irradiation period, the reaction
vessel was cooled rapidly to ambient temperature by air jet
cooling. The solvent is removed under reduced pressure,
then the residue is treated with a saturated solution of
Na2S2O5 and extracted with CH2Cl2. The combined organic
extracts were washed with brine and dried over MgSO4,
filtered and the solvent was removed under vacuum. The res-
idue was purified by TLC-preparative chromatography.

4.6. Characterization data

4.6.1. 2,7-Diethoxy-3,4,8,9-tetrahydro-2H,7H-pyr-
ano[2,3-g]chromene-5,10-dione (3, 4). Following the pro-
cedure A described above, 150 mg of 2,5-dihydroxy-1,4-
benzoquinone (1 mmol) was treated with 24 equiv of
paraformaldehyde (720 mg, 24 mmol) and 9 equiv of ethyl
vinyl ether (0.86 mL). The crude was purified by flash chro-
matography on silica gel with 8.5:1.5 Hex/AcOEt to obtain
273 mg (88%) of 3 and 4 (1:1). Following the procedure B de-
scribed above, the reaction mixture was irradiated for 20 min
at a pre-selected temperature of 200 �C, with an irradiation
power of 225 W. The crude was purified by preparative-
TLC using Hex/EtOAc (7:3) to provide 107 mg (97%) of 3
and 4 (1:1). Compound 3: amorphous white solid, compound
4: crystalline yellow solid. Mp¼182–183 �C. Rf (hexanes/
AcOEt; 4:1) 3¼0.64; 4¼0.56. HPLC (C-18 reverse phase,
65%, acetonitrile/H2O, 1.0 mL/min) 3¼9.39, 4¼8.37. 1H
NMR (300 MHz, CDCl3) d: 1.20 (t, 3J¼6.90 Hz, 6H), 1.77
(m, 2H), 2.03 (m, 2H), 2.45 (m, 4H), 3.68 (dq, 2J¼9.6 Hz,
3J¼7.0 Hz, 2H), 3.90 (dq, 2J¼9.6 Hz, 3J¼7.0 Hz, 2H),
5.40 (t, 3J¼1.1 Hz, 2H) ppm. 13C NMR (75 MHz, CDCl3)
d: 13.5 (t), 15.5 (q), 25.1 (t), 64.8 (t), 98.3 (d), 117.1 (s),
150.8 (s), 181.3 (s) ppm. MS (70 eV, EI) m/z (%): 308 (M+,
11), 263 (M+�C2H5O, 18), 236 (M+�C4H8O, 28), 164
(C8H4O4, 18), 72 (C4H8O, 53). HRMS calculated for
C16H20O6: (M+) 308.1259, found: 308.1237. IR (CHCl3)
nmax (cm�1): 2360, 1658, 1605, 1253, 948.

4.6.2. 2,7-Bis-phenylsulfanyl-3,4,8,9-tetrahydro-2H,7H-
pyrano[2,3-g]chromene-5,10-dione (5, 6). Following the
procedure A described above, 100 mg of 2,5-dihydroxy-
1,4-benzoquinone (0.7 mmol) was treated with 24 equiv
of paraformaldehyde (504 mg, 16.8 mmol) and 9 equiv of
phenyl vinyl sulfide (0.78 mL). The crude was purified by
flash chromatography on silica gel with 7:3 Hex/AcOEt to
obtain 50 mg (17%) of 5 and 6 (1:1). Following the proce-
dure B described above, the reaction mixture was irradiated
for 20 min at a pre-selected temperature of 200 �C, with an
irradiation power of 150 W. The crude was purified by pre-
parative-TLC using Hex/EtOAc (7:3) to provide 155 mg
(98%) of 5 and 6 (1:1). Compounds 5 and 6: amorphous yel-
low solids. Rf (hexanes/AcOEt; 7:3) 5¼0.59; 6¼0.42. HPLC
(C-18 reverse phase, 70%, acetonitrile/H2O, 1.0 mL/min)
5¼3.99, 6¼3.81. 1H NMR (300 MHz, CDCl3) d: 2.24 (m,
4H), 2.55 (m, 4H), 5.82 (t, 3J¼3.6 Hz, 2H), 7.30 (m, 6H),
7.55 (dd, 4J¼2.0 Hz, 3J¼7.9 Hz, 4H) ppm. 13C NMR
(75 MHz, CDCl3) d: 15.6 (t), 26.1 (t), 85.0 (d), 117.1 (s),
128.2 (d), 129.2 (d�2), 132.6 (d�2), 151.3 (s), 180.4
(s) ppm. MS (70 eV, EI) m/z (%): 438 (M++2, 23), 436
(M+, 9), 408 (M+�CO, 42), 327 (M+�C6H5S, 90), 218
(M+�2�C6H5S, 26), 164 (4), 136 (100). HRMS calculated
for C24H20O4S2 (M+): 436.0803, found: 436.0817. IR
(CHCl3) nmax (cm�1): 2926, 1657, 1608, 1439, 1364,
1253, 1209, 1096, 1026, 939, 864, 809, 748, 690.

4.6.3. 2,7-Diphenyl-3,4,8,9-tetrahydro-2H,7H-pyr-
ano[2,3-g]chromene-5,10-dione (7, 8). Following the
procedure A described above, 150 mg of 2,5-dihydroxy-
l,4-benzoquinone (1.0 mmol) was treated with 24 equiv of
paraformaldehyde (720 mg, 24 mmol) and 9 equiv of sty-
rene (1.0 mL). The crude was purified by flash chromato-
graphy on silica gel with 9:1 Hex/AcOEt to obtain 43.2 mg
(12%) of 7 and 8 (1:1). Following the procedure B described
above, the reaction mixture was irradiated for 15 min at a
pre-selected temperature of 200 �C, with an irradiation
power of 140 W. The crude was purified by preparative-TLC
using Hex/EtOAc (7:3) to provide 70.8 mg (54%) of 7 and 8
(1:1). Compounds 7 and 8: amorphous orange solids. Rf

(hexanes/AcOEt; 7:3) 7¼0.3; 8¼0.2. HPLC (C-18 reverse
phase, 65%, acetonitrile/H2O, 1.0 mL/min) 7¼18.13, 8¼
12.0. 1H NMR (300 MHz, CDCl3) d: 1.98 (m, 2H), 2.30 (m,
2H), 2.55 (m, 4H), 5.22 (dd, 3J¼9.6 Hz, 3J¼2.7 Hz, 2H),
7.35 (m, 10H) ppm. 13C NMR (75 MHz, CDCl3) d: 17.8 (t),
28.0 (t), 79.6 (d), 112.6 (s), 125.5 (d�2), 128.2 (d), 128.6
(d�2), 139.2 (s), 158.2 (s), 178.4 (s) ppm. MS (70 eV, EI)
m/z (%): 372 (M+, 2), 344 (M+�CO, 54), 268 (M+�C8H8,
14), 240 (M+�C8H8�CO, 50), 164 (19), 104 (100). HRMS
calculated for C24H20O4: (M+) 372.1362, found: 372.1357.
IR (CHCl3) nmax (cm�1): 2928, 1646, 1600, 1409, 1287,
1209, 1115, 1970, 976, 921, 753, 699.

4.6.4. 2,7-Bis-(3,4,5-trimethyl-phenyl)-3,4,8,9-tetra-
hydro-2H,7H-pyrano[2,3-g]chromene-5,10-dione (9, 10).
Following the procedure A described above, 50 mg of 2,5-
dihydroxy-l,4-benzoquinone (0.36 mmol) was treated with
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24 equiv of paraformaldehyde (240 mg, 8 mmol) and
9 equiv of 2,4,6-trimethylstyrene (0.48 mL). The crude
was purified by flash chromatography on silica gel with
4:1 Hex/AcOEt to obtain 48 mg (30%) of 9 and 10 (1:1).
Following the procedure B described above, the reaction
mixture was irradiated for 20 min at a pre-selected tempera-
ture of 200 �C, with an irradiation power of 225 W. The
crude was purified by preparative-TLC using Hex/EtOAc
(7:3) to provide 136.1 mg (83%) of 9 and 10 (1:1). Com-
pounds 9 and 10: amorphous yellow solids. Rf (hexanes/
AcOEt; 8.5:1.5) 9¼0.6; 10¼0.4. HPLC (C-18 reverse phase,
70%, acetonitrile/H2O, 1.0 mL/min) 9¼16.0, 10¼13.0. 1H
NMR (300 MHz, CDCl3) d: 2.08 (m, 2H), 2.14 (s, 6H),
2.26 (s, 12H), 2.42 (m, 2H), 2.65 (dd, 2J¼17.9 Hz, 3J¼
4.5 Hz, 4H), 5.38 (dd, 3J¼11.6 Hz, 3J¼2.8 Hz, 2H), 6.90
(s, 4H) ppm. 13C NMR (75 MHz, CDCl3) d: 18.7 (t), 20.4
(q�2), 20.8 (q), 24.7 (t), 77.8 (d), 115.6 (s), 131.8 (d�2),
132.0 (s), 135.9 (s), 137.5 (s), 153.8 (s), 180.9 (s) ppm.
MS (70 eV, EI) m/z (%): 458 (M++2, 15), 456 (M+, 10),
428 (M+�C6H3(CH3)3, 5), 310 (M+�2�C6H3(CH3)3, 15),
282 (310�CO, 12), 164 (1), 146 (100). HRMS calculated
for C30H32O4: (M+) 456.2301, found: 456.2302. IR
(CHCl3) nmax (cm�1): 2928, 2361, 1734, 1653, 1603,
1449, 1356, 1258, 1150, 1069, 947, 848, 753.

4.6.5. 2,7-Bis-(2-phenyl-cyclohexyloxy)-3,4,8,9-tetra-
hydro-2H,7H-pyrano[2,3-g]chromene-5,10-dione
(11, 12). Following the procedure A described above,
150 mg of 2,5-dihydroxy-l,4-benzoquinone (1.0 mmol) was
treated with 16 equiv of paraformaldehyde (480 mg,
16 mmol) and 9 equiv of (1R,2S)-(�)-trans-2-phenyl-l-
cyclohexyl vinyl ether32 (181.9 mg). The crude was purified
by Sephadex column with 2:1:1 Hex/MeOH/CHCl3 to ob-
tain 41.2 mg (7%) of 11 and 12 (1:1). Following the
procedure B described above, the reaction mixture was irra-
diated for 15 min at a pre-selected temperature of 200 �C,
with an irradiation power of 160 W. The crude was purified
by preparative-TLC using Hex/EtOAc (7:3) to provide
26.3 mg (22%) of 11 and 12 (1:1). Compounds 11 and
12: amorphous yellow solids. Rf (hexanes/AcOEt; 4:1)
11¼0.7; 12¼0.6. Compound 11: [a]D

20 �120 (c 0.11,
CHCl3). Compound 12: [a]D

20 �6 (c 0.15, CHCl3). 1H
NMR (300 MHz, CDCl3) d: 0.84 (m, 2H), 1.20–1.50 (m,
8H), 1.50–2.00 (m, 10H), 2.25 (m, 4H), 2.40 (m, 2H),
3.77 (m, 2H), 4.67 (t, 3J¼2.35 Hz, 2H), 7.13–7.28 (m,
10H) ppm. 13C NMR (75 MHz, CDCl3) d: 13.3 (t), 23.0 (t),
23.8 (t), 24.6 (t), 32.4 (t), 34.2 (t), 51.3 (d), 83.8 (d), 99.5
(d), 116.7 (s), 126.4 (d), 127.8 (d�2), 128.8 (d�2), 130.9
(s), 143.9 (s), 181.4 (s) ppm. MS (70 eV, EI) m/z (%): 570
(M++2, 16), 568 (M+, 12), 540 (M+�CO, 13), 412 (M+�2�
C6H5, 6), 410 (M+�2�C6H5�2H, 20), 382 (412�CH2O,
100). HRMS calculated for C36H40O6: (M+) 568.2807,
found: 568.2825. IR (CHCl3) nmax (cm�1): 2931, 2856,
1658, 1610, 1448, 1253, 1179, 1105, 1038, 937, 755, 700.

4.6.6. 3,4,4a,10,11,11a,12,14a-Octahydro-2H,5H,7aH,
9H-l,7,8,14-tetraoxa-pentacene-6,13-dione (13, 14). Fol-
lowing the procedure A described above, 150 mg of 2,5-
dihydroxy-l,4-benzoquinone (1.0 mmol) was treated with
24 equiv of paraformaldehyde (720 mg, 24 mmol) and
9 equiv of 3,4-dihydro-2H-pyran (0.82 mL). The crude
was chromatographed on silica gel with 9:1 to 7:3 Hex/
AcOEt to obtain 81.6 mg (25%) of 13 and 14 (1:1).
Following the procedure B described above, the reaction
mixture was irradiated for 15 min at a pre-selected tempera-
ture of 200 �C, with an irradiation power of 130 W. The
crude was purified by preparative-TLC using Hex/EtOAc
(7:3) to provide 87.7 mg (74%) of 13 and 14 (1:1). Com-
pounds 13 and 14: amorphous orange solids. Rf (CH2Cl2/
AcOEt; 9:1) 13¼0.6; 14¼0.4. 1H NMR (300 MHz,
CDCl3) d: 1.47 (m, 2H), 1.67 (m, 6H), 2.20 (m, 2H), 2.45
(m, 4H), 3.74 (m, 2H), 3.95 (m, 2H), 5.36 (d, 3J¼2.3 Hz,
2H) ppm. 13C NMR (75 MHz, CDCl3) d: 2.7 (t), 23.6 (t),
23.8 (t), 30.6 (d), 62.7 (t), 98.3 (d), 114.2 (s), 151.5 (s),
180.6 (s) ppm. MS (70 eV, EI) m/z (%): 334 (M++2, 6),
332 (M+, 18), 314 (M+�H2O, 20), 304 (M+�CO, 18), 248
(M+�C8H5O, 100), 230 (248�CO, 5), 164 (5). HRMS cal-
culated for C18H20O6: (M+) 332.1260, found: 332.1254. IR
(CHCl3) nmax (cm�1): 2936, 1653, 1602, 1339, 1280, 1248,
1151, 1068, 977, 940, 914, 846.

4.6.7. Adducts obtained from the reaction of 2,5-di-
hydroxy-l,4-benzoquinone and (1R)-(D)-a-pinene (15,
16). Following the procedure A described above, 50 mg of
2,5-dihydroxy-l,4-benzoquinone (0.36 mmol) was treated
with 24 equiv of paraformaldehyde (240 mg) and 9 equiv
of (1R)-(+)-a-pinene (0.45 mL). The crude was chromato-
graphed on silica gel using Hex/AcOEt (9:1) to obtain
55.8 mg (23%) of 15 and 16 (1:1). Following the procedure
B, the reaction mixture was irradiated for 15 min at a pre-
selected temperature of 200 �C, with an irradiation power
of 130 W. The crude was purified by preparative-TLC using
Hex/EtOAc (7:3) to provide 59.8 mg (40%) of 15 and 16
(1:1). Compound 15: crystalline yellow solid. Mp¼230–
232 �C. Compound 16: amorphous yellow solid. Rf (hex-
anes/AcOEt; 4:1) 15¼0.4; 16¼0.3. Compound 15: [a]D

20

+266 (c 0.1, CHCl3). Compound 16: [a]D
20 +326 (c 0.1,

CHCl3). 1H NMR (300 MHz, CDCl3) d: 0.7–1.0 (m, 6H),
1.25 (s, 6H), 1.37 (s, 6H), 1.8–2.8 (m, 12H) ppm. 13C NMR
(75 MHz, CDCl3) d: 19.8 (t), 22.7 (q), 28.5 (q�2), 29.0 (t),
29.7 (d), 35.0 (t), 39.5 (s), 40.7 (d), 54.4 (d), 86.7 (s), 112.7
(s), 154.3 (s), 180.9 (s) ppm. MS (70 eV, EI) m/z (%): 438
(M++2, 100), 436 (M+, 33), 408 (M+�CO, 54), 300
(M+�C10H16, 15), 164 (3), 136 (M+�2�C10H16, 17).
HRMS calculated for C28O4H36: (M+) 436.2614, found:
436.2631. IR (CHCl3) nmax (cm�1): 2921, 1655, 1608, 1445,
1376, 1339, 1295, 1278, 1225, 1125, 1087, 1011, 965, 754.

4.6.8. 4b,7,7a,8,12b,15,15a,16-Octahydro-indeno[l,2-
b]indeno[20,l0:5,6] pyrano[2,3-g]chromene-6,14-dione
(17, 18). Following the procedure A described above,
50 mg of 2,5-dihydroxy-1,4-benzoquinone (0.36 mmol)
was treated with 24 equiv of paraformaldehyde (240 mg,
8.9 mmol) and 9 equiv of indene (0.37 mL). The crude was
chromatographed on silica gel with 8.5:1.5 Hex/AcOEt to
obtain 108 mg (76%) of 17 and 18 (1:1). Following the pro-
cedure B, the reaction mixture was irradiated for 20 min at
a pre-selected temperature of 200 �C, with an irradiation
power of 220 W. The crude was purified by preparative-
TLC using Hex/EtOAc (7:3) to provide 110 mg (80%) of
17 and 18 (1:1). Compounds 17 and 18: amorphous yellow
solids. Rf (hexanes/AcOEt; 4:1) 17¼0.5; 18¼0.4. 1H NMR
(300 MHz, CDCl3) d: 2.15 (dd, 2J¼17.8 Hz, 3J¼5.5 Hz,
2H), 2.75 (m, 4H), 3.08 (dd, 2J¼16.6 Hz, 3J¼7.3 Hz, 2H),
5.60 (d, 3J¼4.9 Hz, 2H), 7.25 (m, 6H), 7.49 (d, 3J¼6.8 Hz,
2H) ppm. 13C NMR (75 MHz, CDCl3) d: 19.3 (t), 35.2 (d),
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36.5 (t), 81.92 (d), 113.7 (s), 124.9 (d), 125.6 (d), 127.0 (d),
129.2 (d), 141.2 (s), 141.5 (s), 153.3 (s), 180.8 (s) ppm. MS
(70 eV, EI) m/z (%): 396 (M+, 1), 368 (M+�CO, 6), 280
(M+�C9H8, 9), 252 (M+�C9H8�2CO, 8), 164 (2), 106
(M+�2C9H8�2CO, 100), 115 (M+�281, 50). HRMS calcu-
lated for C26H20O4: (M+) 396.1362, found: 96.1368. IR
(CHCl3) nmax (cm�1): 2944, 1732, 1655, 1613, 1461, 1372,
1242, 1110, 1071, 1023, 951, 884, 751.

4.6.9. Adduct obtained from the reaction of 2,5-di-
hydroxy-l,4-benzoquinone with paraformaldehyde and
2,3-dimethyl-buta-l,3-diene (±) (19). Following the proce-
dure A described above, 100 mg of 2,5-dihydroxy-l,4-
benzoquinone (0.7 mmol) was treated with 24 equiv of
paraformaldehyde (480 mg, 16 mmol) and 9 equiv of 2,3-di-
methyl-l,3-butadiene (0.7 mL). The crude was chromato-
graphed on silica gel with 9:1 Hex/AcOEt to obtain
14.1 mg (7%) of 19. Following the procedure B, the reaction
mixture was irradiated for 20 min at a pre-selected tempera-
ture of 200 �C, with an irradiation power of 220 W. The
crude was purified by preparative-TLC using Hex/EtOAc
(4:1) to provide 65 mg (56%) of 19. Rf (hexanes/AcOEt;
4:l)¼0.25. 1H NMR (300 MHz, CDCl3) d: 1.49 (s, 3H),
1.51 (s, 3H), 1.61 (s, 3H), 1.68 (s, 3H), 1.90–2.10 (m, 3H)
2.10–2.80 (m, 4H), 4.75 (br s, 1H), 4.81 (br s, 1H) ppm.
13C NMR (75 MHz, CDCl3) d: 16.3 (t), 18.1 (q), 18.8 (q),
18.7 (q), 26.3 (q), 28.6 (t), 29.7 (t), 30.6 (t), 31.1 (t), 65.5
(s), 84.1 (s), 112.0 (t), 122.4 (s), 123.5 (s), 124.8 (s), 144.1
(s), 158.7 (s), 183.0 (s), 189.8 (s), 192.8 (s) ppm. MS
(70 eV, EI) m/z (%): 328 (M+, 44), 313 (M+�CH3, 5), 286
(M+�C3H6, 73), 246 (M+�C6H10, 100), 218 (246�CO,
89), 203 (246�CO, 33). HRMS calculated for C20H24O4:
(M+) 328.1667 found: 328.1675. IR (CHCl3) nmax (cm�1):
2927, 2360, 1668, 1599, 1388, 1278, 1133, 755.

4.6.10. 2,5-Dihydroxy-3,6-bis-(5-methyl-furan-2-yl-
methyl)-[l,4]benzoquinone (20). Following the procedure
A described above, 150 mg of 2,5-dihydroxy-l,4-benzoqui-
none (1.0 mmol) was treated with 24 equiv of paraformalde-
hyde (720 mg, 24 mmol) and 9 equiv of 2-methylfuran
(0.82 mL). The crude was chromatographed on silica gel
with 4:1 Hex/AcOEt to obtain 238 mg (73%) of 20. Follow-
ing the procedure B, the reaction mixture was irradiated for
20 min at a pre-selected temperature of 200 �C, with an irra-
diation power of 225 W. The crude was purified by prepara-
tive-TLC using Hex/EtOAc (7:3) to provide 88.6 mg (75%)
of 20. Amorphous orange solid Rf (hexanes/AcOEt;
4:l)¼0.33. 1H NMR (300 MHz, CDCl3) d: 2.18 (s, 6H),
3.70 (s, 4H), 5.70 (d, 3J¼2.6 Hz, 2H), 5.88 (d, 3J¼2.6 Hz,
2H), 6.69 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3) d:
13.3 (q), 21.2 (t), 105.9 (d), 106.8 (d), 112.0 (s), 149.0 (s),
150.8 (s) ppm. MS (70 eV, EI) m/z (%): 328 (M+, 100),
286 (M+�C3H6, 3), 246 (M+�C5H6O, 92), 164
(M+�2�C5H6O, 4). HRMS calculated for C18H16O6: (M+)
328.0947, found: 328.0959. IR (CHCl3) nmax (cm�1):
3312, 1614, 1322, 1296, 1207, 1034, 771, 693.

4.7. X-ray crystallographic data

4.7.1. Crystal structure analysis. Intensity data were
collected at 293 K on an Enraf–Nonius Kappa CCD diffrac-
tometer with graphite monochromated Mo Ka radiation
(l¼0.71070 Å). Data reduction and cell parameter
refinement were carried out with the programs COLLECT35

and DENZO.36 The two structures were solved by direct
methods using SIR97.37 Refinement was performed with
SHELXL-9738 using full-matrix least squares with aniso-
tropical thermal parameter for all non-H atoms. The hydro-
gen atoms were placed at calculated positions. Molecular
graphics were computed with PLATON.39

4.7.2. Crystal data for 4. C16H20O6, MW¼308.3, triclinic,
space group P-1, a¼6.150(9), b¼8.499(8), c¼8.993(11) Å,
V¼394.5(8) Å3, Z¼l, rc¼1.30 gm cm�3, F(000)¼164.0,
m (Mo Ka)¼0.10 mm�1, R¼0.0573, wR¼0.1597 and S¼1.06
for 1594 observed reflections of 1694 unique (94.1%),
qmax¼27.4�, I>2s(I) criterion and 101 parameters. Maxi-
mum and minimal residuals in the final difference map:
0.24 and 0.18 e/Å3.

4.7.3. Crystal data for 15. C28H36O4, MW¼436.6, mono-
clinic, space group P21 a¼9.157(5), b¼10.386(9),
c¼12.903(7) Å, V¼1218.2(14) Å3, Z¼2, rc¼1.19 gm cm�3,
F(000)¼472.0, m (Mo Ka)¼0.08 mm�1, R¼0.0446, wR¼
0.0471 and S¼1.02 for 2788 observed reflections of 2917
unique (95.6%), qmax¼27.5�, I>2s(I) criterion and 290
parameters. Maximum and minimal residuals in the final dif-
ference map: 0.23 and 0.16 e/Å3.

4.7.4. Crystallographic data. Data (excluding the structure
factor tables) have been deposited with the Cambridge Crys-
tallographic Data Center, deposition numbers 298212 and
298213. Copies of the data can be obtained free of charge,
on application to the CCDC Director: 12 Union Road, Cam-
bridge, CB2, 1EZ, UK [fax: +44 (0)1223 306033 or e-mail:
deposit@ccdc.cam.ac.uk].
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