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Abstract—The microwave irradiation technique was applied to the Diels–Alder reaction of tetrakis(pentafluorophenyl)porphyrin
with pentacene and naphthacene. Both reactions proceed within minutes to afford the corresponding monoadducts in 83% and
23% yield, respectively. When compared with the yields obtained under classical heating (22% and no reaction, respectively), this
represents an impressive improvement of these reactions. Bisadducts (bacteriochlorins and isobacteriochlorins) are also obtained
in the reaction with pentacene; these compounds are not formed under classical heating.
� 2005 Elsevier Ltd. All rights reserved.
In the last few years intensive work has been done in
the study of cycloaddition reactions with porphyrins1

and, more recently, with corroles.2 We have found that
porphyrins react with dienes such as ortho-benzoquino-
dimethane or pentacene, under thermal conditions, to
give mainly the corresponding Diels–Alder monoad-
ducts (chlorins).3,4 Such reduced porphyrins are espe-
cially important since their long-wavelength absorption
bands (kmax ffi 650 nm) make them potential photosensi-
tizers for the photodynamic therapy (PDT) of cancer.5

It is well-known that cycloaddition reactions with por-
phyrins can be used as a simple and easy strategy to pro-
duce chlorins and other reduced porphyrins. However
this method presents some experimental limitations:
long reaction times and sometimes low yields. These lim-
itations are directly associated with the comparatively
low reactivity of the porphyrins. Higher yields are ob-
tained when porphyrins with meso withdrawing groups
(pentafluorophenyl group, for instance) are used.

Microwave-assisted organic synthesis (MAOS) has been
used with great success to improve several difficult cyclo-
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addition reactions.6 It has been postulated that the short
reaction times associated with microwave activation
avoids the decomposition of the reagents and the prod-
ucts and prevents the polymerization of the diene or
dienophile, giving rise to significant improvements in
the reaction yields. In order to evaluate the benefits of
microwave irradiation in the synthesis of barrelene-
fused chlorins, we decided to explore the application
of this technique in the Diels–Alder reaction of tetra-
kis(pentafluorophenyl)porphyrin with pentacene and
naphthacene. Under classical heating conditions por-
phyrin 1 reacts with pentacene to give chlorin 2 in very
low yield (22%, after 8 h at 200 �C);4 with naphthacene
no reaction is observed.

Our first experiment was carried out in 1,2-dichlorobenz-
ene (DCB) and 3 equiv of pentacene were used. The
reaction was performed in a single mode microwave
cavity using sealed vessel conditions at 200 �C during
30 min. Under these conditions chlorin 2 was isolated
in 64% yield. This represents a significant increase
of the reaction yield and a shortening of the reaction
time (Scheme 1).

Since the dielectric loss of the solvent is an important
factor for the efficient absorption of microwave energy,6

we tried to increase the reaction yield by using two
different solvent systems with higher loss tangents
(tand): 1-methyl-2-pyrrolidone (NMP: tand = 0.275)
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and DCB (tand = 0.280), doped with an ionic liquid
(1-butyl-3-methyl-imidazolium hexafluorophosphate).7

Unfortunately none of these experiments gave better
results. We have also tried to perform the reaction under
solvent-free �dry-media� conditions using graphite as
solid support.8 However, the porphyrin has shown to
be very sensitive to these experimental conditions and
most part of the starting material was destroyed.

Attempts to increase the reaction yield by using higher
temperatures failed. This is due to the retro-Diels–Alder
process at temperatures above 200 �C. To confirm this a
sample of chlorin 2 was submitted to microwave heating
in DCB: heating at 200 �C for 10 min leads to the forma-
tion of a small amount of the starting porphyrin 1 while
irradiation at 250 �C for 10 min leads to the complete
regeneration of the porphyrin 1. This was also con-
firmed by differential scanning calorimetry (DSC) experi-
ments in the solid state.

We also tried to favour the formation of chlorin 2 by
using a very concentrated reaction mixture. In fact,
when we added 3 equiv of pentacene to 0.1 and 0.2 M
solutions of porphyrin 1 in DCB, and irradiated the
resulting mixtures with microwaves at 200 �C for
20 min, chlorin 2 was obtained in 66% and 77% yield,
respectively. Furthermore, in both cases, a small amount
of bisadducts 4 and 5 was also isolated; this contrasts
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with the results obtained by conventional heating where
no bisaddition was observed.4

An even higher yield of chlorin 2 was obtained when the
reaction was performed by adding the pentacene in
small portions (3 · 1 equiv).9 In this case the chlorin
2 was isolated in 83% yield (bisadducts were also
formed) after purification by column chromatography
(Scheme 1).10

The UV–vis and the 1H NMR spectra of the bisadducts
show them to be mixtures of the two positional isomers
isobacteriochlorin 4 and bacteriochlorin 5. These two
compounds could not be separated by preparative
TLC but were separated by preparative HPLC.11 The
first fraction was identified as 4 (major compound)12

and the other as 5. Both the 1H NMR spectrum and
the HPLC chromatogram of compound 4 shows that
it is a pure compound and not a mixture of the possible
�cis� and �trans� isomers. The HPLC chromatogram of
compound 5 also shows it to be a single isomer. This
means that the addition of the second dienophile mole-
cule is not site-selective but is completely stereo-
selective.

The UV–vis spectra of compounds 4 and 5 (Fig. 1) are
typical of isobacteriochlorins and bacteriochlorins,
respectively.13
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In order to promote the formation of compounds 4
and 5, we carried out the reaction of a 0.2 M solution
of the monocycloadduct 2 in DCB with 3 equiv of
pentacene (irradiation at 200 �C for 20 min). After
the usual chromatographic separation, a mixture of
compounds 4 and 5 was isolated in 7% yield. Unchanged
chlorin 2 (65%) and regenerated porphyrin 1 (16%,
formed by retro-Diels–Alder reaction) were also
recovered. Although the bisadducts are obtained in
low yields, this is also a significant improvement since
such compounds are not available from conventional
heating conditions.

The reaction with naphthacene was also performed by
adding small portions of this reagent (3 · 1 equiv) to a
solution of porphyrin 1 in DCB and irradiating it for
45 min (total time) at 180 �C. Under these conditions,
a ca. 3:2 mixture of chlorins 3a and 3b was isolated in
23% yield. This reaction was carried out at a lower tem-
perature because we observed retro-Diels–Alder reac-
tion at temperatures above 180 �C. Chlorins 3a and 3b
were separated by HPLC11 and characterized by UV–
vis, MS and 1H NMR.14

In conclusion, microwave irradiation was successfully
applied to the Diels–Alder reaction of porphyrin 1
with pentacene to yield chlorin 2 in higher yield and in
a shorter period of time when compared with the same
reaction under traditional heating. This new method
also allowed the formation of the bisadducts 4 and 5.
The reaction with naphthacene gave chlorins 3a and
3b, which could not be obtained by the conventional
heating method. Further microwave-assisted cycloaddi-
tion reactions of porphyrins with other cycloaddition
partners are currently being evaluated in our
laboratories.
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