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3-dicyanohydroquinone in 3 steps via 1,2-dicyanobenzene-3,6-bis(triﬂuorate) and 1,2-dicyanobenzene-3,6-thiophenols. The Q bands of
obtained compounds appeared in the near-infrared region. In particular,
1,4,8,11,15,18,22,25-octakis(thiophenylmethyl)phthalocyaninate lead
shows a Q band at 857 nm. Furthermore, non-colored transparent ﬁlms
in the visible region can be produced.
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μ-(dihydroxo)dipalladium(II) complex with N21,N22-etheno bridged tetraphenylporphyrin ligand was employed in the catalytic photooxidation of phenol derivatives in aerated homogeneous solution with visible light irradiation. The Pd
complex promoted degradation of p-tert-butylphenol and selective photooxidation of some phenol derivatives to afford the corresponding quinones. This Pd
complex showed higher light durability compared with ordinary porphyrin free
base and its Pd complex.

pp. 69–80
Morphology and radical reactions of Cu(II) and Co(II) sulfonated phthalocyanines covalently linked to poly(ethyleneamide)
Gustavo T. Ruiz, Alexander G. Lappin and Guillermo Ferraudi*
The tetrasulfonated CuII(tspc)4-, tspc = 4,4′,4″,4′″-phthalocyaninetetrasulfonate, and the
trisulfonated CoII(trspc)3-, trspc = n,n′,n″-phthalocyanine- trisulfonate where n, n′ and
n″ indicate the sulfonated positions of the various isomers, were covalently linked to
a poly(ethyleneimine). The redox reactions of the phthalocyanine pendants with pulse
radiolytically generated radicals (e-sol, C•H2OH, (CH3)2COHC•H2, CO2•-, N3• and SO4•-)
produce phthalocyanine radicals, Cu(I) and CoIII-hydroxyalkyl reaction intermediates.
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Self-assembled monolayer (SAM) ﬁlms of purposely synthesized zinc and magnesium diporphyrin derivatives, 1b and 1c, have been deposited on the surface
of gold-coated glass substrates. The SAM ﬁlms were characterized by RAIR and
ﬂuorescence spectroscopy. The potential for the ﬁlms to promote the oxidation of
tryptophan within human serum albumin upon irradiation with white light has been
demonstrated and attributed to the porphyrins acting as photosensitizers of oxygen
to form oxidizing species.
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An efﬁcient stereocontrolled synthesis of an A-B-C-tricycle fragment
for a structural model of tolyporphin is described. One of the two key
steps is a selective ring-opening reaction of the lactone cycle which
introduces the chirality into synthetic compounds. The other key step is
the combination of A ring with B-C-bicycle via a two-time Eschenmoser
sulﬁde contraction.
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Maria Abrantes*
A novel cobalt(II) porphyrin lipoic acid derivative was synthesized starting from
deuteroporphyrin(IX)bis-alcohol and enantiomerically enriched lipoic acid. The
two disulﬁde functionalities of the lipoic acid moieties allowed its immobilization
on gold by a self-assembly method. It was found that the Co(II) porphyrin selfassembled monolayer is electroactive and exhibits catalytic activity towards reduction of oxygen.

pp. 108–114
Synthesis, characterization and electrochemistry
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Three novel tetrathiafulvalene-annulated metalloporphyrazines with
electron-withdrawing pentoxycarbonyl groups at the periphery were
synthesized via the cyclotetramerization of dipentyl 6,7-dicyanotetrathiafulvalen-2,3-dicarboxylate in the presence of corresponding metal
salts (Zn(OAc)2·2H2O, Cu(OAc)2·2H2O and NiCl2) and in pentanol.
Solution electrochemical data showed one reductive and three oxidative
processes within a -2000 mV to +2200 mV potential window.
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W. Robert Scheidt*
We report syntheses, molecular structures and magnetic susceptibilities of three
meso-substituted high-spin iron(III) porphyrinate complexes ([Fe(TEtP)(Cl)],
[Fe(TPrP)(Cl)], and [Fe(THexP)(Cl)]). It was determined that the inter-ring interactions within each dimeric unit change upon alteration of the alkyl groups
at the meso positions. Magnetic exchange couplings between iron centers of the
dimers are in accord with the trends in structural inter-ring geometries.
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ABSTRACT: The preparation and optical properties of peripherally substituted phthalocyanines and their
analogs (i.e. naphthalocyanines, anthracyanines, aza-analogs of phthalocyanines, and tetraazaporphyrins)
have been widely discussed. This review highlights methodologies that have been published in poorly
known and mostly unavailable Russian journals.
KEYWORDS: substituted phthalocyanines, 1,2-naphthalocyanines, 2,3-naphthalocyanines, tetraazaporphyrins, antracyanines, aza-analogues of phthalocyanines, general UV-vis spectra trends.

INTRODUCTION
Since their accidental discovery in the early 1900s
[1–3] and accurate characterization in 1930s [4–8],
phthalocyanines (Fig. 1) have been widely used as blue
and green pigments in the paper and textile industries
because of their high thermal, chemical, and photochemical stabilities. Almost all early phthalocyanine complexes
were unsubstituted on the periphery and (taking into consideration their planarity and extended π-system) had
low solubility in the majority of known solvents. Indeed,
the typical solubility of unsubstituted phthalocyanines
in aliphatic and chlorinated hydrocarbons, alcohols, and
aprotic polar solvents is less than 10-6–10-7 M [9]. Even
in condensed aromatic solvents such as 1-chloro- and
1-bromonaphthalene, as well as quinoline, the solubility
of unsubstituted phthalocyanines remains low (~10-5 M).
Empirically, it was found that the best solvent for
unsubstituted phthalocyanines is sulfuric acid, which
easily gives a molar range concentration and can be
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used for puriﬁcation of the target unsubstituted phthalocyanine complexes [10]. Sulfuric acid, however, cannot be used for many labile phthalocyanine compounds
because of the demetalation reaction. In addition, it protonates meso-nitrogens in the phthalocyanine core, dramatically changing its optical and redox properties [10, 11].
In general, the phthalocyanines can be modiﬁed using
three major pathways: (i) by changing the central atom,
(ii) by changing the meso-atom and (iii) by modifying the
periphery of the phthalocyanine core [12–14]. The scope
and limitations of the ﬁrst two modiﬁcation approaches
are rather well explored and thus in this review we will
concentrate on the third possibility, i.e. peripheral modiﬁcation of phthalocyanine core. An introduction of the
peripheral substituents into phthalocyanine core allows
several key advantages [16, 20]. First, it can dramatically
increase the solubility of the target phthalocyanine in water
or common organic solvents. Peripheral substitution can
also be used for an accurate tuning of optical and redox
properties of desired phthalocyanine so it can be used in
speciﬁc high-tech applications. Finally, peripheral substituents can be used as an anchor or bridging groups for the
formation of controlled supramolecular assemblies and
similar applications (i.e. heterogenization of catalysts).
The blossoming of peripherally substituted phthalocyanines started in the middle of the 20th century,
when controlled degree of peripheral sulfonation of
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Probably one of the most used and most convenient
alkyl substituted phthalocyanines is the metal-free
phthalocyanine core resulted in production of a variety of
2,9(10),16(17),23(24)-tetra-tert-butylphthalocyanine and
–SO2XR substituted soluble phthalocyanines [9, 15, 16]. In
its metal complexes (Scheme 2). This phthalocyanine was
addition, in the 1960s, an effective strategy for preparation
introduced in the late 1960s when a variety of transitionof soluble in the most common organic solvents tert-butyl
metal and double-decker lanthanide compounds with this
substituted phthalocyanines by tetramerization reaction
macrocycle was described [17–19, 30–34]. Like other
of 4-tert-butylphthalonitrile was proposed [17–19]. Since
2,9(10),16(17),23(24)-tetrasubstituted phthalocyanines,
then, the introduction of peripheral alkyl-, aryl-, or hetthis compound consists of four possible constitutional
aryl substituents, halogens, thiols, amines, ethers, and
isomers presented in Fig. 2 [13]. Since the inﬂuence of
other groups has been the subject of an enormous number
tert-butyl substituents on the electronic structure and
of research papers. As a result, in addition to traditional
thus on spectroscopic properties of phthalocyanine core
applications as dyes and pigments [20], peripherally subis negligibly small, such isomeric mixture is suitable for
stituted phthalocyanines are currently used as industrial
the majority of applications.
catalytic systems [21]; photosensitizers for photodynamic
The original [34] (and currently industrial) synthesis
therapy of cancer [22]; materials for electrophotography,
of key precursor (4-tert-butylphthalonitrile 7) starts from
ink-jet printing, semiconductor, chemical sensors, and
inexpensive ortho-xylene 1, which undergoes the Friedelelectrochromic devices; functional polymers and liquid
Crafts reaction with formation of 2. An oxidation of
crystals; nanotechnology [23]; and nonlinear optics [24].
4-tert-butyl-ortho-xylene 2 leads to formation of 4-tertThe majority of these applications take advantage of the
butylphthalic acid 3, which represents the starting reagent
unique optical (speciﬁcally low-energy Q band) and redox
for so-called “acidic route” preparation of substituted
properties of phthalocyanines which can be ﬁne-tuned
phthalonitriles (substituted phthalic acid ĺ anhydride
using appropriate peripheral substituents [13, 14, 16, 20].
ĺ imide ĺ amide ĺ nitrile). This very time consuming
Peripheral substituents can be introduced into phthaloroute requires overall six steps and provides the typical
cyanine core using one of the two basic methods. The ﬁrst
yield of the target nitrile 7 of ca. 25%. Not surprisingly,
approach involves the modiﬁcation of an already existing
phthalocyanine core using, e.g. aromatic
electrophilic substitution reactions [9, 13,
O
NH
15, 16, 25]. This approach will only be
OH
brieﬂy discussed in this review. The second
R
NH
R
R
R
OH
basic approach involves tetramerization of
NH
N
O
the substituted phthalocyanine precursors
N
N
and leads to a controlled number of subN
M
N
stituents in the target phthalocyanine [9,
N
N
13, 14, 16, 20, 21]. The useful precursors
O
CN
for this method include but are not limited
R
N
R
O
CN
to substituted derivatives (i.e. anhydrides,
R
R
imides, amides, and nitriles) of orthoO
phthalic acid (Scheme 1). This approach
will be primarily discussed below. Since
one of the pioneer research laboratories in
O
O
CN
the ﬁeld of substituted phthalocyanines is
NH2
R
located in Russia, and taking into considR
NH2
R
NH
NH2
eration the poor availability of RussianO
O
O
language journals outside the former Soviet
Union countries, we will predominantly
Scheme 1. Synthetic pathways and typical precursors for preparation of substitry to highlight methodologies developed
tuted phthalocyanines
Copyright © 2010 World Scientific Publishing Company
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3

in phthalocyanines 10 results in dramatic
increase of solubility of these compounds
OH
in various common organic solvents, withOH
out signiﬁcant shift of Q band in UV-vis
1
2
O
3
spectra compared to that observed in corresponding unsubstituted analogs [35]. Sim8
ilarly, preparation of even more sterically
N
crowded 4-adamantylphthalonitriles and
N
N
corresponding 2(3),9(10),16(17),23(24)O
N
M
N
tetraadamantylphthalocyanes 11 (Fig. 3)
Br
O
N
N
has been reported in the early 80s [36].
Br
The attempt to control a favorable forN
O
4
9
mation of sterically less crowded C4h constitutional isomer of nickel 1,3,8,10(9,11),
10
15,17(16,18),22,24(23,25)-octa-tertO
butylphthalocyanine 12 (Fig. 4) failed [37].
O
CN
For instance, the yield of the least sterically
NH2
NH
CN
crowded C4h isomer is signiﬁcantly lower
NH2
from
that expected on a basis of statistical
7
O
O
6
distribution and close to that observed for
5
the most sterically crowded D2h isomer. In
Scheme 2. Synthetic pathway for the preparation of 2,9(10),16(17),23(24)this case, the isomer distribution pattern
tetra-tert-butylphthalocyanines 10
was tentatively explained as a result of
R
R
the speciﬁcity of template tetramerization of 3,5-di-tertR
R
butylphthalonitrile precursor which leads to the initial
N
N
formation of sterically unrestricted phthalonitrile-based
N
N
N
N
“dimers”.
N
N
M
M
N
N
Preparation of 2,3,9,10,16,17,23,24-octasubstituted,
N
N
N
N
1,4,8,11,15,18,22,25-octasubstituted and 1,2,3,4,8,9,10,
11,15,16,17,18,22,23,24,25-hexadecasubstituted phthaloN
N
R
cyanines allows to avoid the formation of any constituR
R
tional isomers shown in Fig. 2 and thus target substituted
R
C4h
Cs
phthalocyanines can be prepared as a single isomer [13,
20]. One of the possible synthetic pathways requires the
R
R
catalytic coupling of ortho-dihalobenzenes with approR
R
priate haloalkanes, followed by bromination and ﬁnally
N
N
the Rosenmund-von Braun reactions. Alternatively, cyclic
N
N
N
N
alkyl substituents can be introduced into the phthaloN
N
M
M
N
N
cyanine core by “acidic” methodology (compounds 13–18)
N
N
N
N
presented in Scheme 3 as was shown in the late 80s [38].
O

N

N

R

R

D2h

R

R

C2v

Fig. 2. Four possible constitutional isomers of 2(3),9(10),16(17),23(24)-tetrasubstituted phthalocyanines

N
N

the large-scale laboratory preparation of nitrile 7 was
later simpliﬁed by using a two-step procedure, which
ﬁrst requires the regioselective bromination of easily available tert-butylbenzene 8 followed by the classic
Rosenmund-von Braun reaction between 1,2-dibromo4-tert-butylbenzene 9 and CuCN (Scheme 2) [12] An
industrial preparation of 4-tert-butylphthalonitrile can
be achieved by the direct transformation of anhydride
4 using high-temperature catalytic ammonolysis reaction [12]. The presence of bulky tert-butyl substituents
Copyright © 2010 World Scientific Publishing Company
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Alternative reaction pathway for preparation of
this nitrile starts from the bromination reaction
of commercially available 19, followed by the
Rosenmund-von Braun reaction (Scheme 3) [39].
Phthalocyanines 21 as well as their alicyclic ﬁvemembered analogs [40] have comparable with
2,9(10),16(17),23(24)-tetra-tert-butylphthalocyanines 10 solubility in common organic solvents, while the presence of alicyclic substituents
in the molecule does not signiﬁcantly affect their
optical properties. Metal-free phthalocyanine 21
can be used as a luminescence sensor for laserinduced singlet oxygen generation in solution [41].
The dichloromaleo(fumaro)nitrile 23 [42] can
be used as an universal precursor for preparation
of the numerous substituted phthalonitriles 25
(Scheme 4). Nitrile 23 can be easily prepared by
the direct chlorination of inexpensive succinonitrile with chlorine gas at elevated temperature.
Diels-Alder reaction between 23 and substituted
dienes 22 leads to formation of the cyclic intermediate 24, which can be easily aromatized into
substituted nitrile 25 at elevated temperatures
with the formation of 2,3- (25a), 1,4- (25b), and
1,3- (25d) disubstituted phthalonitriles as well
as 1-substituted phthalonitriles 25c. The yield of
this reaction varies with the nature of substituted
diene and has been found to be between 16 and
73% [43].

O
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OH
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O
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N

O
O
O
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M
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15

+

N

Br

N
N
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O

O
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NH2
NH2
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O
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O

CN
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Scheme 3. Synthetic pathway for preparation of alicyclic phthalocyanines 21

Copyright © 2010 World Scientific Publishing Company

J. Porphyrins Phthalocyanines 2010; 14: 4–40

THE KEY ROLE OF PERIPHERAL SUBSTITUENTS IN THE CHEMISTRY OF PHTHALOCYANINES AND THEIR ANALOGS

R4

R4
R3

R3
+

NCC(Cl)=C(Cl)CN
R2

R2

R1

R1

22

23

5

R4

Cl
CN
CN
Cl

R3

-2HCl

CN
CN

R2
R1

25

24
25a: R2 = R3 = CH3, C6H5
25b: R1 = R4 = C6H5
25c: R1 = C6H5, o-CH3C6H4, C(CH3)3
25d: R2 = R4 = C(CH3)3

Scheme 4. Illustration of use of dichloromaleo(fumaro)nitrile for preparation of the substituted phthalonitriles 25a–25d using the
Diels-Alder reaction

Another pair of useful precursors for preparation of the
tetrasubstituted phthalonitriles 29 consists of well-documented tetrasubstituted cyclopentadienone (“cyclone”)
[44, 45] compounds 26 and chloromaleonitrile 27
(Scheme 5) [46]. Diels-Alder reaction between these
two precursors leads to formation of bicyclic intermediate 28, which upon heating in high boiling point solvents
(i.e. chlorobenzene) eliminates carbon monoxide and
hydrogen chloride with formation of the target tetrasubstituted nitrile 29 in high yields. Use of easily available tetrasubstituted cyclopentadienone precursors 26
allow the preparation of several tetrasubstituted phthalonitriles with both aryl- and alkyl-substituents in benzene ring. Sterically hindered nitriles 29 can be used for
preparation of the low-symmetry phthalocyanine analogs
using so-called sterically-controlled method (Scheme 6)

[47–53]. In this method, the low-symmetry phthalocyanines 30a–30d can be prepared by cross-condensation
of sterically hindered and sterically unhindered phthalonitriles A and B, respectively. Target compounds can be
easily separated by preparative TLC method, while an
isolated yield of the reaction products follows the order
of increase of steric hindrance, i.e. 30e > 30d > 30c >
30b > 30a [49]. Although the steric interactions between
phenyl groups located at 1,4-positions of each isoindole
fragment prevent direct formation of hexadecaphenylsubstituted transition-metal phthalocyanines, it has been
recently shown that analog zinc complexes substituted
at 1,4,8,11,15,18,22,25-positions can be prepared using
modiﬁed approach in low yield [54].
The preparation of another interesting sterically
crowded, so-called “concave” phthalocyanine complexes
O

R
Ph
O

+
Cl

Ph

CN

R
26

R

R CN
Ph
Cl
H
Ph
R CN

CN

27

-HCl

Ph

-CO

Ph

CN
CN
R
29

28
R = Ph, Me, Et, nPr

Scheme 5. Preparation of tetrasubstituted phthalonitriles 29 using tetrasubstituted cyclopentadienones 26
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+
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30c: R1 = R3 = Ph; R2 = R4 = H
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Scheme 6. Preparation of the low-symmetry phthalocyanines 30a–30d using sterically hindered tetraphenylphthalonitrile 29
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Scheme 7. Preparation of sterically crowded “concave” phthalocyanines 33

33 also includes the initial Diels-Alder reaction between
anthracene and generated in situ 4,5-dibromobenzyne
(Scheme 7) [55]. The resultant 2,3-dibromotriptycene 31
can be introduced into the Rosenmund-von Braun reaction
to afford 2,3-dicyanotriptycene 32 in moderate yield. Unlike
dibenzobarrelene analog discussed below, compound 32 can
be easily cyclized into respective sterically crowded phthalocyanine complexes 33 using general methods for the preparation of substituted phthalocyanines. The sterically crowded
triptycene carcass creates a double “concave” cavity while
not affecting optical properties of phthalocyanines 33.
Catalytic ammonolysis is an important synthetic
pathway for the multi-gram preparation of alkyl- and
aryl-substituted phthalonitriles in a single step, which is
useful for industrial-scale production (Scheme 8) [56].
Reaction is typically conducted using appropriate anhydrides or imides, gaseous ammonia and borophosphate

catalyst [57] at ca. 400 °C. The yields of target phthalonitriles vary between 45 and 80%, which is in a range of
yields known for multi-step preparation of corresponding
nitriles using the traditional “acidic” or Rosenmund-von
Braun reaction pathways.
Overall, introduction of the peripheral alkyl and
aryl substituents into phthalocyanine core can be achieved
via macrocyclization of the respective 3-, 4-, 4,5-, 3,5and 3,4,5,6-substituted nitriles prepared by “acidic”,
the Rosenmund-von Braun, the Diels-Alder, or catalytic
ammonolysis reaction pathways.
Phthalocyanines with electron-withdrawing groups
Introduction of the nitro group into α- or β-positions
of phthalocyanine core (Fig. 1) is a well-known method
for preparing transition-metal phthalocyanines with

O
catalyst
R

X

CN

CN

CN

CN

CN

CN

R
NH3, 400oC

O
CN

CN

CN

CN

Cl

CN
CN

CN

CN

CN

CN

Cl

R = Me, t-Bu, Cl, Br
Scheme 8. Catalytic ammonolysis reaction pathways for preparation of the alkyl and aryl substituted phthalonitriles
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four electron-withdrawing groups [13, 20, 58–62].
The preparation of both 1,8(11),15(18),22(25)- and
2,9(10),16(17),23(24)-tetranitrophthalocyanine can be
easily achieved using prepared by “acidic” method 3and 4-nitrophthalonitrile, respectively, although the ﬁrst
methods suggested at the end of the 1960s also used
more exotic treatment of 1,2-bis(dichloromethyl)-4nitrobenzene with gaseous ammonia in the presence of
transition-metal salts [63, 64]. In 1991, we developed
a new methodology for synthesis of transition-metal 1,
3,8,10(11,9),15,17(18,16),22,24(25,23)-octanitrophthalocyanines. The key precursor for preparation of these
compounds is 3,5-dinitrophthalonitrile 34, which can
be prepared by two different ways using nucleophilic
aromatic substitution reactions in either 1,2-dibromo-3,
5-dinitrobenzene or 2-hydroxy-3,5-dinitrobenzonitrile
(Scheme 9) [65]. Although both methods look similar
to each other, it is interesting to note that the nitrile 34
can be obtained in high yield only by using 2-hydroxy3,5-dinitrobenzonitrile but not 1,2-dibromo-3,5-dinitrobenzene because in this case copper 1,3,8,10(11,9),
15,17(18,16),22,24(25,23)-octanitrophthalocyanine is the
major reaction product. The presence of eight strong
electron-withdrawing groups at both α- and β-positions
of phthalocyanine ring results in very unusual redox
properties of these compounds. Speciﬁcally, no phthalocyanine-based oxidation was found within the solvent
range, while reduction potentials of these complexes
are ~1 V more positive compared to those observed in
alkyl-substituted complexes [66]. In general, transitionmetal
1,3,8,10(11,9),15,17(18,16),22,24(25,23)-octanitrophthalocyanines are so easily reduced that special
care should be taken for solvent puriﬁcation in order to
avoid any traces of minor reducing agents. For instance,
the traces of dimethylamine in regular grade DMF can
easily reduce cobalt(II) 1,3,8,10(11,9),15,17(18,16),22,
24(25,23)-octanitrophthalocyanine into corresponding
cobalt(I) compound, which was conﬁrmed by UV-vis
spectra compared to those obtained using spectroelectrochemical approach [65, 66]. Electrochemical and
NO2

O2N

CN

CuCN

Br

O2N

chemical reduction data indeed suggest that the eight
nitro groups presented in 1,3,8,10(11,9),15,17(18,16),
22,24(25,23)-octanitrophthalocyanines have more electron-withdrawing power compared to that observed
in 2,3,9,10,16,17,23,24-octacyanophthalocyanines [20,
67, 68]. A large stability toward oxidation makes transition-metal complexes of 1,3,8,10(11,9),15,17(18,16),
22,24(25,23)-octanitrophthalocyanine potentially useful
candidates for a variety of oxidative catalytic reactions,
for instance C-H bond activation in organic compounds
[69–71].
Low solubility of 1,8(11),15(18),22(25)-tetranitrophthalocyanines, 2,9(10),16(17),23(24)-tetranitrophthalocyanines and 1,3,8,10(11,9),15,17(18,16),22,24(25,23)octanitrophthalocyanines, which are soluble only in dipolar aprotic solvents and acids, stimulate exploratory work
on the preparation of nitro-groups containing phthalocyanines that are soluble in common organic solvents.
As a result, a synthetic pathway for the preparation of
1,8(11),15(18),22(25)-tetranitro-3,10(9),17(16),24(23)tetra-tert-butylphthalocyanines has been developed
(Scheme 10) [72, 73]. Nitration of readily available 4-tertbutyl-ortho-xylene results in formation of 5-tert-butyl-1,2dimethyl-3-nitrobenzene, methyl groups of which can be
oxidized into carboxylic one by potassium permanganate.
Treating 5-tert-butyl-3-nitro-ortho-phthalic acid sequentially with acetyl chloride, urea, concentrated ammonia
solution, and ﬁnally phosphorus oxychloride leads to
the target 5-tert-butyl-3-nitro-phthalonitrile 35. Nitrile
35 can also be obtained using 3-nitro-4,5-dibromo-tertbutylbenzene by the Rosenmund-von Braun reaction.
Macrocyclization of nitrile 35 results in the formation
of 1,8(11),15(18),22(25)-tetranitro-3,10(9),17(16),24(23)tetra-tert-butylphthalocyanines that are highly soluble
in common organic solvents [72, 73]. Similar to nitrile
35, the solubility of 1,8(11),15(18),22(25)-tetrabromophthalocyanines can be increased by introduction of
tert-butyl groups into β-positions of phthalocyanine
core. In this case, a key precursor, 5-tert-butyl-3-bromophthalonitrile can be obtained in two steps starting from
NO2

NO2
Br

NO2
CN

CuCN
O2N

Br

7

CN

CuCN
O2N

1. Py, EtOH
Br

NO2
OH

2. PBr3, DMF
O2N

CN

CN

34

Scheme 9. Synthetic pathways for the preparation of 3,5-dinitrophthalonitrile
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NO2

O
O
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O
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1. NH4OH
2. POCl3
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CN

2. AcCl
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Scheme 10. Synthetic pathway for preparation of 5-tert-butyl-3-nitrophthalonitrile
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salt of 2,9(10),16(17),23(24)-tetrasulfophthalocyaninebased photosensitizers prepared from the sodium salt of
4-sulfophthalonitrile has lower activity in PDT compared
to similar salts (1–3 sulfogroups) obtained by direct sulfonation of unsubstituted phthalocyanine core. It was
found that direct sulfonation of variety of metal-free or
metal-containing phthalocyanines using traditional sulfonation agents in trichlorobenzene leads to formation of
corresponding polysulfonated (n = 2–4) phthalocyanine
compounds. In the case when central metal is labile in
acidic conditions, central metal can be easily introduced
into the phthalocyanine cavity by treating metal-free
polysulfonated phthalocyanine or appropriate alkali metal
salt with the respective metal precursor (Scheme 12)
[79, 80]. Sodium salt of hydroxyaluminum tetrasulfophthalocyanine (“photosens”) is approved for PDT in
Russia and sodium salt of metal-free trisulfophthalocyanine (“phthalosens”) [81] is undergoing pre-clinical
studies [82–85]. Some results of PDT treatment with

2-bromo-4-tert-butyl-6-nitrobenzonitrile using ﬁrst its
nitro group reduction by tin(II) chloride, followed by
Sandmeyer reaction with cuprous cyanide [74].
Current commercial availability of 3- and 4-nitrophthalonitriles allows simple route for preparation of
respective 3- and 4-aminophthalonitriles. These nitriles
are excellent candidates for Sandmeyer reaction, which
can easily transform amino group into halogen, cyano,
sulfo or thiol substituents in 7–75% yields (Scheme 11)
[75, 76]. Cyclization of these nitriles leads to the formation of 1,8(11),15(18),22(25)- and 2,9(10),16(17),23(24)tetrasubstituted phthalocyanines with corresponding
electron-withdrawing groups.
Water-soluble phthalocyanines with peripheral electron-withdrawing groups are very important for photodynamic therapy of cancer (PDT) [20, 77]. In particular,
metal-free, aluminum, and zinc phthalocyanine sulfoacids alkali metal salts are widely investigated photosensitizers for PDT. It has been shown [78] that sodium

H2N

CN

CN

CN

CN
N2

1) H2SO4
2) BuONO in AcOH+ EtOH

R

CN

CN

R = I (20 %), CN (48 %), SO3H (75%), SH (42%)

or BuONO in HBF4 + EtOH
CN

CN

CN

CN

CN

CN

N2

NH2

R

R = I (34 %), Br (25 %), CN (32 %), p-NO2C6H4 (30 %), SO3H (45%), SH (7%)

Scheme 11. 3- and 4-substituted phthalonitriles prepared using Sandmeyer reaction
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Scheme 12. Synthetic pathways for preparation of water-soluble sulfonated phthalocyanines
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Table 1. Results of PDT treatments with “photosens” based on investigations in Russia (1994-2008)
Cancer localization

Patients

Full regression

Partial regression

1509

1014 (67%)

414 (27%)

72 (5%)

9 (1%)

880

209 (24%)

359 (41%)

272 (31%)

40 (4%)

Radical treatment
(skin, pharynx, tongue, lip, mucous membrane
of oral cavity, early cancer of stomach and
esophagus, vulva, urinary bladder etc.)
Palliative treatment
(MTS of breast cancer and melanoma,
malignant pleuritis, stomach and esophagus
cancer of III–IV stages etc.)

“photosens” photosensitizer collected over 14 years
are presented in Table 1, suggesting that “photosens” is
indeed very promising photosensitizer, which can be used
for the treatment of cancer of various localizations [86].
Photodynamic activity of sulfonated phthalocyanines
can be signiﬁcantly improved by the targeted delivery
of photosensitizer into cancer cells. One of the possibilities which has been explored in detail is the use of
bio-conjugates of water-soluble aluminum phthalocyanine with several proteins and growth factors. In particular, the conjugates of aluminium phthalocyanine with
oncofetal protein human alpha-fetoprotein and epidermal
growth factor exhibit much higher activity against different types of tumor cells in comparison with parent
water-soluble phthalocyanine [87, 88]. Another possible
way to improve the targeted delivery of photosensitizer
into cancer cells is to prepare biotin-linked phthalocyanine assemblies (Scheme 13) [89–92]. Such assemblies

Stabilization

No effect

can cause in vivo destruction of Ehrlich carcinoma tumor
tissue, with total necrosis of tumor tissue and expressed
vascular damage even at very low concentration (0.25
mg/kg) of body weight.
Some conjugates of phthalocyanines with oligonucleotides can also be used as reagents for photosensitized or catalytic DNA modiﬁcations. In this case, the
oligonucleotide parts of conjugate are responsible for
the recognition of selected complementary sequences
on the DNA target, while metal phthalocyanine induce
the DNA modiﬁcation [93]. Speciﬁcally, zinc and
aluminum complexes can act as regular photosensitizers, while cobalt analog promotes DNA oxidation
by molecular oxygen as a catalyst [94]. These results
suggest the possible use of phthalocyanine-oligonucleotide conjugates as novel artiﬁcial regulators of gene
expression and therapeutic agents for treatment of
cancer [95].
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Scheme 13. Preparation of biotinylated aluminum sulfophthalocyanine
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water-soluble sodium salt of cobalt 2,3,9,10,16,17,23,24octacarboxyphthalocyanine, so-called “theraphthal”
[103–105], is currently under clinical trials for catalytic
therapy of cancer. In this approach, molecular oxygen
can be involved in speciﬁcally triggered catalytic reaction with transition-metal phthalocyanines as catalysts
giving oxygen-reactive forms [106, 107]. Another potential use in cancer treatment therapy are the recently prepared water-soluble 2,3,9,10,16,17,23,24-octacarboxy
phthalocyanine complexes 36–39, shown in Fig. 5 [108,
109]. Similarly to sulfonated phthalocyanines discussed
earlier, anti-cancer activity of cobalt phthalocyanine-2,
3,9,10,16,17,23,24-octacarboxylate can be (at least
potentially) increased by preparation of the aqua complexes of covalent conjugates of appropriate phthalocyanine and platinum(II) (complex 39 and its analogs) [109,
110]. The pentanuclear tetraplatinate complex 39 can
be easily prepared by the reaction between octasodium
cobalt(II)
phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylate and K2PtCl4. In this case, the catalytic activity of
cobalt 2,3,9,10,16,17,23,24-octacarboxyphthalocyanine

Complementary to these water-soluble phthalocyanines, highly soluble in organic solvents, tetra- and octasulfonamide-containing phthalocyanines with –SO2NRR′
residues (R = H, R′ = Et, tert-Bu and R = R′ = Me, Et,
Bu) can be prepared either from dicyanobenzenesulfonamides or from the corresponding dibromides and CuCN
[96]. The alkylsulfamoyl groups increase the solubility
of the phthalocyanines in common organic solvents without signiﬁcantly affecting the absorption spectra [97].
Formation of sulfonamides from corresponding sulfochlorides is probably the most useful synthetic pathway
for heterogenization of transition-metal phthalocyanines
onto anchoring amino group containing silica gels and
carbons [98–101]. These heterogeneous catalysts can be
further used in a variety of catalytic transformations of
organic substrates, for instance in oxidation of organic
thiols into corresponding disulﬁdes (so-called “Merox”
process) [102].
Phthalocyanines substituted with carboxylic acid
residues represent another large group of macrocycles
with electro-withdrawing substituents. For instance,
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Fig. 5. Water-soluble carboxyphthalocyanine derivatives useful for potential application in PDT and catalytic therapy of cancer
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can be enhanced by cytotoxic properties of well-known
platinum(II) fragments.
A very convenient method for selective preparation
of the esters of phthalocyanine carboxylic acids starts
from the esteriﬁcation of 4,5-dibromophthalic anhydride
40, which then can be introduced into the Rosenmundvon Braun reaction with the formation of nitrile 41. This
nitrile can then be easily converted into respective transition-metal phthalocyanines 42, some of which show discotic liquid crystal properties typical of phthalocyanines
(Scheme 14) [108, 111–114].
The use of chloromaleonitrile [115] for preparing
methyl 2,3,4-trichloro-5,6-dicyanobenzoate is a rare
example of the Diels-Alder reaction used for synthesis of
precursors for phthalocyanines with electron-withdrawing groups (Scheme 15) [46]. A Diels-Alder reaction of
commercially available 1,2,3,4-tetrachloro-5,5-dimethoxycyclopenta-1,3-diene and chloromaleonitrile leads
to formation of bicyclic intermediate, which can be aromatized in two steps: in the ﬁrst, hydrogen chloride is
eliminated; in the second, methyl chloride from a second
unstable bicyclic reaction intermediate is eliminated.
N-substituted imides of 2,3,9,10,16,17,23,24-octacarboxyphthalocyanines can be prepared using two major
strategies. The ﬁrst utilizes transformation of respective
octa-4,5-carboxyphthalocyanine anhydrides by reaction
with an appropriate primary amino group. We used this
methodology for preparing a large number of water-soluble anionic and cationic conjugates of phthalocyanines
with α-, β-, and γ-aminoacids, di- and tripeptides, taurine, and β-diethylmethylammoniummethyl substituents
(Scheme 16) [116–118]. In the case of anionic conjugates
with α-, β-, and γ-aminoacids, di- and tripeptides, as well
as taurine reaction was conducted in N-methylpyrrolidone

11

and directly results in the target compound 43, while in
the case of cationic β-diethylmethylammoniummethyl
substituents the quaternary ammonium salt 44 can be
obtained by an additional alkylation step using appropriate alkylating agent. The electronic absorption spectra of
the quaternary salts indicated their considerable aggregation in aqueous solution and can be controlled by adding
polar aprotic solvents such as DMSO. These compounds
were or are currently being tested as potential reagents
for biological applications.
The derivatives of phthalonitrile-4,5-dicarboxamides
can be prepared by similar method starting from 4,5-dibromophthaloyl chloride using the standard Rosenmundvon Braun reaction (Scheme 17). The terminal ester
groups in the target phthalocyanines 44 can be selectively
hydrolyzed with formation of water-soluble terminal carboxylic acids 45. The presence of eight substituents in
phthalocyanines 44 improves their solubility compared
to that observed for anionic imide analogs 42.
The water-soluble amides of phthalocyanine octacarboxylic acid 45 are complementary to reported N-monoand N-disubstituted amide derivatives of phthalocyanine
tetra- and octacarboxylic acids 46 that are highly soluble
in organic solvents (Fig. 6) [119–121].
An application of phthalocyanines in organic photovoltaic cells and pH sensors requires the presence of speciﬁcally designed peripheral substituents [122]. Some of
such recent examples are the rhodamine-phthalocyanine
conjugates, which have different optical and electrontransfer properties at different values of pH (Fig. 7) [123,
124]. An appropriate Rhodamine B, and 6G substituents
can be linked to the phthalocyanine core via electronwithdrawing imide- or sulfonyl groups with the formation of respective N-alkylimide or sulfamoyl bonds.
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Scheme 14. Preparation of selected esters of transition-metal octacarboxyphthalocyanines
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Scheme 16. Preparation of anionic and cationic water-soluble phthalocyanineimides
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Scheme 17. Preparation of octaamido-substituted phthalocyanines
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Fig. 6. Derivatives of tetra- and octasubstituted phthalocyanine amides that highly soluble in organic solvents
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Fig. 7. The open and closed forms of conjugate of tetra-4-sulfo substituted zinc phthalocyanine with spirolactame of N-(2-aminoethyl)rhodamine 6G

In neutral and alkaline media these compounds have
electronic absorption spectra typical of phthalocyanines and dominated by Q and B bands; the inﬂuence of
closed form of rhodamine is negligible. In acidic conditions, however, the lactame ring of rhodamine substituents transforms into open ionic form, resulting in new,
characteristic for rhodamine band at 530 nm in addition to phthalocyanine-based transitions. Taking into
account bandwidths of these transitions, the whole range
between 480 and 720 nm is covered by rhodamine and
phthalocyanine absorption bands. Of course, interplay
between open and closed forms of rhodamine substituents depends on the nature of a speciﬁc rhodamine. For
instance, the conjugates with rhodamine B 2-aminoethyl
ester perchlorate preserve their spectral characteristics
independently of acidity. Another very interesting observation is that the luminescent properties of rhodamine
conjugates are predominantly dictated by central metal
atom in phthalocyanine core. For instance, the cationic
metal-free rhodamine 6G phthalocyanine conjugate
exhibits two equal intensity bands in emission spectrum,
with wavelength close to absorption maxima of phthalocyanine and rhodamine 6G (Fig. 8). On the other hand, an
emission spectrum of aluminum complex of rhodamine
6G phthalocyanine conjugate has only a single emission
band close to absorption band of phthalocyanine ligand,
Copyright © 2010 World Scientific Publishing Company

suggesting energy transfer from rhodamine substituents
to phthalocyanine core.
Fluorinated substituents are one of the most powerful
electron-withdrawing groups which can be introduced
into phthalocyanine core. The ﬁrst tetra-, octa-, and dodecasubstituted by triﬂuoromethyl groups phthalocyanine
compounds (Fig. 9) were reported at the end of the 1970s
by Oksengendler et al. [125–127]. The presence of triﬂuoromethyl groups in these complexes results in increase
of their solubility in chloro- and nitrobenzene, as well
as DMF, while solubility in common organic solvents
remains quite low. Triﬂuorosulfanyl and triﬂuorosulfonyl
substituted phthalocyanines can be prepared using the
respective 4-triﬂuoromethylsulfanyl-, 4-triﬂuoromethylsulfonyl-, and 4,5-di(triﬂuoromethylsulfanyl) phthalonitriles. Triﬂuoromethylsulfanyl substituted phthalonitriles
were prepared starting from the reaction between 4-iodoor 4,5-diiodo diethylphthalate and copper triﬂuoromethylthiolates, followed by amidation reaction with liquid
ammonia and ﬁnally by dehydration reaction with phosphorus oxychloride. Oxidation of triﬂuoromethylsulfanyl
group in the abovementioned compounds leads to formation of the 4-triﬂuoromethylsulfonyl- and 4,5-di(triﬂuoromethylsulfonyl) diethyl phthalates, of which only the
former can be amidated with liquid ammonia and eventually converted into substituted phthalocyanine. Again,
J. Porphyrins Phthalocyanines 2010; 14: 13–40
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Fig. 8. Room-temperature emission spectra of metal-free (1) and aluminum chloride (2) phthalocyanine conjugates with rhodamine
6G in ethanol-chloroform mixture

the solubility of triﬂuoromethylsulfanyl- and triﬂuoromethylsulfonyl substituted phthalocyanines in common
organic solvents remains low. Interestingly, introduction
of any of the ﬂuorinated substituents presented in Fig. 9
into phthalocyanine core has no signiﬁcant effect on the
position of Q band in UV-vis spectra of these complexes
compared to unsubstituted phthalocyanine analogs
although a small bathochromic effect was observed for
both types of substituents.
The solubility of ﬂuoroalkyl complexes can be signiﬁcantly increased by replacing triﬂuoromethyl substituents with ﬂuoroalkoxy one (Scheme 18) [128]. The
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N
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R1 = R4 = H, R2 = R3 = SCF3
R1 = R3 = R4 = H, R2 = SO2CF3

R3

M = 2H, Cu

Fig. 9. Triﬂuoromethyl-, triﬂuoromethylsulfanyl-, and triﬂuoromethylsulfonyl substituted phthalocyanines

preparation of target nitriles 47 requires nucleophilic
aromatic substitution of nitro group in commercially
available 4-nitrophthalonitrile. Since the nucleophilicity
of ﬂuorinated alcohols is very small, it is necessary to
transform these into respective alkoxides using appropriate base prior substitution conducted at elevated temperatures in aprotic polar solvents. Phthalocyanines 48
prepared from these nitriles are soluble in a variety of
organic solvents and have optical properties similar to
those of tetra-tert-butylphthalocyanines. The electronwithdrawing nature of ﬂuoroalkoxy groups can be clearly
seen from the ﬁrst oxidation potential of respective phthalocyanines 48. For instance, an oxidation potential of zinc
phthalocyanine substituted with four –OCH2CF3 groups
is ~200 mV higher compared to that observed in zinc
2,9(10),16(17),23(24)-tetra-tert-butylphthalo cyanine
[129].
An esteriﬁcation of 4-chlorosulfonylphthalonitrile
with ﬂuoroalkyl-containing alcohols leads to formation
of polyﬂuoroalkoxysulfonyl phthalonitriles 49, which
can be converted into appropriate 2,9(10),16(17),
23(24)-tetra(ﬂuoroalkylsulfonyl)phthalocyanines 50
(Scheme 19) [130]. These complexes are also highly soluble in a variety of organic solvents, which makes them
potential candidates for application in homogeneous
catalytic reactions. The polyﬂuoroalkoxysulfonyl groups
OR
OR
N

CN
O2N

CN

CN

RONa or ROH
HMPA, DMSO

RO

N

N
M

N
CN

N
N

N
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OR
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R = CF3CH2, H(CF2)2CH2, H(CF2)4CH2, H(CF2)6CH2, (CF3)2CH, (CF3)2CF, (CF3)2CCl, (CF3)2COH, (CF3)3C
M = Cu, Co

Scheme 18. Preparation of ﬂuoroalkoxy-substituted phthalocyanines

Copyright © 2010 World Scientific Publishing Company

J. Porphyrins Phthalocyanines 2010; 14: 14–40

THE KEY ROLE OF PERIPHERAL SUBSTITUENTS IN THE CHEMISTRY OF PHTHALOCYANINES AND THEIR ANALOGS

15

SO2OR
ROO2S
N
ClO2S

CN
+ ROH

NEt3 ROO2S

CN

CH2Cl2

CN

N
N

CN

N
M

N

N
N

49

N

R = CH2CF3, CH2CF2CF2H, CH2(CF2CF2)2H,
CH2(CF2CF2)3H, CH(CF3)2

50

SO2OR
ROO2S

M = Co, Zn

Scheme 19. Synthetic pathway for the preparation of polyﬂuoroalkoxysulfonyl phthalocyanines

in these complexes were shown to stabilize both HOMO
and LUMO of the complexes in comparison with alkoxyor polyﬂuoroalkoxy- substituted analogs. Although never
observed (because of the solvent electrochemical window limitations) the ﬁrst oxidation potential for zinc
2,9(10),16(17),23(24)-tetra(ﬂuoroalkyl)sulfonylphthalocyanines was estimated at between 1.47 and 1.65 V.
Phthalocyanines with electron-donating groups
The majority of methods for the preparation of phthalocyanines with electron-donating groups require useful
synthetic pathways for the preparation of respective phthalonitriles bearing electron-donating groups [13, 20]. One
of the most convenient methods which results in formation
of target phthalonitriles with electron donating-substituents utilizes nucleophilic aromatic substitution reaction
with nitro- or bromide-leaving group proven to be the
best in this reaction. Aromatic nucleophilic substitution of
the bromine atom in 4-bromophthalonitrile with secondary amines was discussed in the mid-1970s (Scheme 20)
[131–133]. Similarly, nucleophilic aromatic substitution
of bromine in the 3-bromo-5-tert-butylphthalonitrile leads
to formation of 3-(N,N-dimethylamino)-5-tert-butylphthalonitrile [132]. Alternatively, 3- and 4-(N,N-dimethylamino)phthalonitrile can be prepared by methylation of easily
available 3- and 4-aminophthalonitrile with dimethylsulfate
in aprotic polar solvents. Similar results can be obtained for
the nucleophilic substitution reactions of 3- or 4-nitrophthalonitrile with dialkylamino precursors in polar aprotic
solvents (Scheme 20). Substituted phthalonitriles obtained
this way can be easily introduced into reactions with appropriate metal salts to form respective tetrasubstituted phthalocyanines with electron-donor groups which are soluble in
various organic solvents.
CN
Lv

CN

Lv = Br or NO2

R2NH
DMF

CN
R2N

CN

R2NH = (CH3)2NH, HN

HN

O

Scheme 20. Synthetic pathway for preparation of dialkylamino
substituted phthalonitriles
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Although solubility of parent 1,8(11),15(18),22(25)and 2,9(10),16(17),23(24)-tetraaminophthalocyanines
is limited to polar aprotic and halogenated aromatic
solvents, these macrocycles have received much attention because they are potentially useful for preparation
of chemically modiﬁed electrodes for electrocatalytic
reactions and also are good candidates for immobilization of chemically modiﬁed surfaces [134–136]. Typically, tetraaminophthalocyanines can be prepared by
hydrolysis of appropriately protected amino groups
(i.e. acetylamide) or by reduction of nitro group in tetrasubstituted phthalocyanines [137–139]. In the mid-1980s,
we did report, however, an attempt for direct tetramerization of 3- and 4-aminophthalonitriles or corresponding
phthalimides into respective transition-metal phthalocyanines (Scheme 21) [140]. It has been found that
3-aminophthalonitrile can indeed, upon heating with
respective metal salt with or without urea, form target transition-metal 1,8(11),15(18),22(25)-tetraaminophthalocyanines. Reaction of 4-aminophthalonitrile with
transition-metal salts produces uncharacterized black
polymers, while similar reaction of 4-aminophthalonitrile in the presence of urea results in the formation
of 2,9(10),16(17),23(24)-tetraureidophthalocyanines. It
seems that the difference in reactivity of 3- and 4-aminophthalonitriles can be explained on the basis of steric
restrictions observed in the case of 3-aminophthalonitriles, which cannot form ureido derivatives as well as
cannot easily participate in the intermolecular nucleophilic attack of nitrile group. The ureido derivatives of
phthalocyanines are stable in diluted alkaline solutions
but partially hydrolyzed in concentrated acids. Complete
hydrolysis of these complexes with alkali metal hydroxides in triethylene glycol results in formation of the tetracarbamic acid derivatives, which are stable in solution but
could be thermally decomposed with elimination of CO2.
It is interesting to compare the reactivity of the nitro
groups in 3,5-dinitrophthalonitriles toward nucleophilic
aromatic substitution reactions with dialkylamines as
well as other nucleophiles [141]. Reaction of the 3,5dinitrophthalonitrile with piperidine in DMF in the presence of potassium carbonate as a base leads to formation
of all three expected nucleophilic substitution products
J. Porphyrins Phthalocyanines 2010; 14: 15–40
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substitute all chlorine atoms in tetrachlorophthalonitrile with alkyl- and aryl thiols,
N
while only three chlorine atoms can be substituted by aryloxy and pyridyloxy groups.
N
N
MXn
CN
Moreover, only two chlorine atoms can be
M
N
N
NH
CONH
substituted by cyclic secondary amines,
2
2
N
N
H2N
CN
while only one chlorine atom can be
N
replaced by monoalkyl-, monoaryl-, and
NHCONH2
dialkylamine nucleophiles (Scheme 23).
HNOCH2N
The ﬁrst point of substitution is indepenNH2
dent of the type of nucleophile and always
leads to the formation of 2,4,6-trichloro-5
N
-nucleophilophthalonitrile. When nucleoNH2
MXn
CN
N
N
philes are aryl and alkyl thiols, phenols and
M
N
N
cyclic secondary amines, an introduction
NH
CONH
2
2
CN
N
N
H2N
of the second group results in the formation
NH2
N
of 3,6-dichloro-4,5-dinucleophilophthalonitrile, while in the case of pyridin-3-ol
H 2N
as nucleophile both 3,6-dichloro-4,5-diScheme 21. Preparation of amino- and ureido substituted transition-metal
(3-pyridyloxy)oxyphthalonitrile and 3,5phthalocyanines
dichloro-4,6-di(3-pyridyloxy)oxyphthalonitrile were observed in the reaction mixture. Finally,
with one or two piperidine residues (Scheme 22). The
when three chlorine atoms are substituted by nucleomonosubstituted 3(5)-nitro-5(3)piperidinatophthalonitriles
philes, only 3-chloro-4,5,6-trinucleophilophthalonitrile
are interesting examples of precursors, which lead to prepwas observed in the reaction mixture.
aration of octasubstituted phthalocyanines with push-pull
Similar nucleophilic substitution in polychlorophthasubstituents in each isoindole subunit. It was shown that
lonitriles already substituted by electron-donor groups
an unreacted nitro group in 3(5)-nitro-5(3)-piperidinatocan result in substituted phthalonitriles with two differphthalonitriles can be further substituted with a different
ent electron-donating groups [142]. For instance, roomnucleophile, i.e. phenylthiolate with formation of 3-pipetemperature reaction of 3,4,6-trichloro-5-(phenylamino)
ridino-5-phenylsulfanylphthalonitrile (Scheme 22), which
phthalonitrile with one, two, or three equivalents of phenyl
is a useful precursor for the preparation of 1,8(11),15(18),
or butyl thiols results in formation of pure 3,6-dichloro-422(25)-tetrapiperidinato-3,10(9),17(16),24(23)-tetra(aryl- or alkylsulfanyl)-5-(phenylamino)phthalonitrile,
phenylsulfanylphthalocyanines.
3-chloro-5,6-di(aryl- or alkylsulfanyl)-4-(phenylamino)
Nucleophilic aromatic substitution of the chlorine
phthalonitrile, and 3,4,6-tri(aryl- or alkylsulfanyl)-5atoms in tetrachlorophthalonitrile by phenols, thiols, and
(phenylamino)phthalonitrile, respectively. Another example
amines is relatively new but very promising method of
of such a clean transformation is the reaction of 3,6-diintroducing electron-donating groups into phthalocyachloro-4,5-di(piperidin-1-yl)benzene-1,2-dinitrile with
nine core [142–145]. It was found that the selectivity
phenylthiol, which exclusively leads to formation of
and degree of substitution predominantly depends on
3,6-di(phenylsulfanyl)-4,5-di(piperidin-1-yl)benzene-1,
the nature of nucleophile. For instance, it is possible to
2-dinitrile. If an electron-donating group already present
NHCONH2
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Scheme 22. Aromatic nucleophilic substitution reactions in 3,5-dinitrophthalonitrile
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Scheme 23. Nucleophilic substitution reactions of tetrachlorophthalonitrile

in the substituted polychlorophthalonitrile is 3-pyridyloxy or phenylsulfanyl one, an additional nucleophilic
substitution leads to a variety of products which originate from scrambling reaction and thus are less useful from the synthetic point of view. 3,6-dichloro-4,
5-di(phenyl-or alkyl sulfanyl)benzene-1,2-dinitriles, 3,4,5,
6-tetra(phenylsulfanyl)benzene-1,2-dinitrile, 3,6-dichloro4,5-di(aryloxy)benzene-1,2-dinitriles, 3,5-dichloro-4,
6-di(3-pyridyloxy)benzene-1,2-dinitrile, 3,4,6-trichloro5-(3-pyridyloxy)benzene-1,2-dinitrile, and 3,4,6-trichloro5-aminobenzene-1,2-dinitrile can be readily tetramerized
into corresponding transition-metal or main group phthalocyanines, which in a majority of cases are only slightly
soluble in aprotic dipolar solvents. On the other hand,
puriﬁcation of transition-metals 2,3,9,10,16,17,23,24octa(substituted amine)-1,4-8,11,15,18,22,25-octachlorophthalocyanines was not successful because of the low
stability of target phthalocyanine complexes.
Aromatic nucleophilic substitution of nitro groups
in 3- and 4-mono, as well as 3,5-disubstituted phthalonitriles by phenols and thiophenols was reported in
1980 [146–149]. This reaction, which has become a
standard method for introducing ArO and ArS substituents into phthalonitriles and respective phthalocyanine
complexes, proceeds smoothly in aprotic polar solvents
in the presence of large excess of potassium carbonate
CN
O 2N

CN

R3

CN

PhOH or PhSH
K2CO3/DMF

as a base, affording phthalonitrile precursors in high
yields (Scheme 24) [146, 150]. The Q band in phenylsulfanyl derivatives located at longer wavelengths
compared to corresponding phenoxy complexes. 1,
8(11),15(18),22(25)-tetraphenylthio phthalocyanines
have Q band in NIR region and are potential candidates for
PDT application. Indeed, the liposomal form of one of these
complexes (so-called “thiosens”) is currently undergoing
preclinical trials as a PDT photosensitizer. Similar to heterobimetallic complex 39, the electron-donating pyridyloxy- substituents in zinc 2,9(10),16(17),23(24)-tetrakis
(3-pyridyloxy)phthalocyanine can be used as anchor
groups in preparation of tetraplatinum(II) derivatives with
PtCl2NH3 and PtCl2(dmso) fragments connected to the
phthalocyanine core via 3-pyridyloxy substituents [151,
152]. The platinum fragments in these heterobimetallic
complexes are stable in solution up to 90 °C, which makes
them excellent potential candidates for combined PDT/
chemotherapy treatments. Another interesting feature
of transition-metal 1,8(11),15(18),22(25)-tetramethoxyphthalocyanines is the prominent basicity of mesonitrogen atoms. For instance, meso-nitrogen atoms in
zinc 1,8(11),15(18),22(25)-tetramethoxyphthalocyanine
can be protonated even by water compared to basicity of
unsubstituted analog, which can be protonated by only
strong acids [153].
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Scheme 24. Examples of aromatic nucleophilic substitution of nitro group in 3- and 4-phthalonitriles by phenols and thiophenols
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Fig. 10. Examples of substituted with electron-donating groups phthalonitriles prepared using Rosenmund-von Braun reaction

The other useful precursors for preparation of dialkylamino substituted phthalocyanines are 3- and 4-dialkymamino substituted phthalimides, which can be easily
prepared in high yield by aromatic nucleophilic substitution of bromine or nitro groups in 3- and 4-substituted
phthalimides [154]. The Rosenmund-von Braun reaction
is a very simple reaction pathway for preparing substituted by electron-donating groups phthalonitriles which
was successfully exploited from the mid-1970s (Fig. 10)
[155, 156]. The reaction yields depend on the number
and type of substituents present in dibromo presursors
and it seems that in general, preparation of substituted
phthalonitriles bearing electron-donating groups is more
challenging compared to those substituted with electronwithdrawing groups.
Chloromethylation of the phthalocyanine core results
in formation of tetra- and octachloromethylphthalocyanine macrocycle as a mixture of unknown positional isomers. These chloromethylphthalocyanines can be used as
the universal precursors for preparation of a variety of
functionalized phthalocyanine derivatives. For instance,
phosphonate groups can be introduced into phthalocyanine core using tetrachloromethylphthalocyanine derivatives and trialkylphosphite followed (if necessary) by
hydrolysis (Scheme 25) [157, 158]. Similarly, eight phosphonate groups can be introduced into phthalocyanine
core using octachloromethylphthalocyanine precursors.
Sodium salts of anionic phosphomethyl Pc derivatives
absorb at longer wavelengths than sulfo phthalocyanines,
making them more suitable photosensitizers for PDT to
treat deeper located tumors.
The direct introduction of carbon-phosphorous bond
into phthalocyanine core can be achieved either by direct

ClH2C

CH2Cl

tetramerization of 4-phosphonophthalic acid in the presence of transition-metal salt and urea or by interaction of
unsubstituted aluminum or gallium phthalocyanine with
dialkyl phosphonites followed by basic hydrolysis [159,
160]. Obtained in this manner tetra(phosphono)phthalocyanine salts are soluble in water and are potentially useful candidates for PDT.
Similarly to the preparation of anionic phosphomethyl
phthalocyanines, water-soluble cationic phthalocyanines
can be prepared using octachloromethyl phthalocyanine
precursor (Scheme 26). In this case, the reaction of tertiary aliphatic amine or pyridine leads to formation of
quaternary ammonium or pyridinium salt which, when
other tertiary amino groups are present, can be transformed into dicationic (per substituent) derivative [161].
One of these derivatives, so-called “cholosens” is very
active in cancer PDT as well as in antimicrobial photodynamic treatment of biologically relevant substances and
water [162–164]. It is currently undergoing preclinical
tests for application as an antibacterial compound.
Use of tetra- and octachloromethyl phthalocyanine
precursors also provides a possibility for introducing
carborane cages useful in boron neutron capture therapy. Covalent conjugate of cobalt phthalocyanine with
carborane closocarboranyl phthalocyanine was prepared earlier starting from dimethyl(3,4-dicyanophenyl)
(o-carboranylmethyl)malonate [165] and other [166–
169] precursors. We have demonstrated that tetrakis
and octakis(chloromethyl)phthalocyanines when treated
with B12H11NH22- result in sodium salts of tetrakis and
octakis(undecahydro-closododecaboranylaminomethyl)
phthalocyanines which are soluble in water because of
the presence of anionic boranyl moieties [170].
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Scheme 25. Preparation of phosphomethyl phthalocyanine derivatives using tetrachloromethyl phthalocyanine precursor
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Scheme 26. Preparation of water-soluble cationic phthalocyanines using octachloromethyl phthalocyanine precursors

Peripherally substituted naphthalocyanines
larger annulated analogues

and

of 6-tert-butyl-2,3-dicyanonaphthalene (Scheme 27)
[174]. The reaction pathway starts from preparation of 4alkyl-ortho-xylene 51, which can be further brominated
by radical mechanism using N-bromosuccinimide to result
in formation of 4-tert-butyl-1,2-bis(dibromomethyl)benzene 52 in high yield. This compound as well as many
other substituted 1,2-bis(dibromomethyl)benzenes (for
instance 4-adamantyl-1,2-bis(dibromomethyl)benzene)
which can be prepared in a similar way are extremely
useful precursors for the Diels-Alder reaction between
4-tert-butyl-1,2-bis(bromomethylene)cyclohexadiene3,5 53 generated from them in situ and appropriate diene
(i.e. fumaronitrile 54). The reaction intermediate 55 can

Unsubstituted 2,3-naphthalocyanine complexes were
ﬁrst reported at the end of the 1930s; their stability and
optical properties were investigated at the end of the
1960s [171, 172]. Since it was found that the solubility of
unsubstituted metal-free and transition-metal 2,3-naphthalocyanines is very low in common organic solvents, the
early efforts on substituted 2,3-naphthalocyanines were
focused on the preparation of soluble 2,3-naphthalocyanine derivatives [173]. One of the most useful methods
for preparing 6-substituted 2,3-dicyanonaphthalenes was
explored at the beginning of 70s and used for the synthesis
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Scheme 27. Synthetic pathway for preparation of tetra-tert-butyl-2,3-naphthalocyanines
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Scheme 28. Synthetic pathways for preparation of 6-mono and 6,7-disubstituted 2,3-dicyanonaphthalenes

be easily aromatized by elimination of two hydrogen
bromide molecules with the formation of 6-tert-butyl-2,
3-dicyanonaphthalene 56, which under regular template
high-temperature reaction generates target tetra-tertbutyl-2,3-naphthalocyanines 57 [129, 174–176].
Similarly to the strategy presented in Scheme 27, various 6-mono- and 6,7-disubstituted-2,3-naphthalonitriles
have been prepared (Scheme 28) [38, 40, 129, 177–
179]. This strategy can also be used in the case when
1,2-dicyano precursor is located on the “diene” component of the Diels-Alder reaction, while dienophile
component provides substituents at 6 and 7 positions of
2,3-dicyanonaphthalene ring (Scheme 29) [180–183].
The last approach is very useful for preparing 2,3-naphthalocyanine octa-6,7-carboxylic acid derivatives. As
expected, an introduction of chlorine, bromine, nitro,
cyano, and triﬂuoromethyl groups into 2,3-naphthalocyanine core does not improve their solubility in common
NC
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RCH=CHR

R
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R = -COOH; -CN; -CONHCH2COOC2H5; O

;
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O

Scheme 29. Use of 4,5-bis(dibromomethyl)benzene-1,2dinitrile for preparation of 6,7-disubstituted derivatives of
2,3-dicyanonaphthalene

organic solvents. More interestingly, the best solvent
for tetra(perﬂuoro)-tert-butyl-2,3-naphthalocyanines is
concentrated sulfuric acid; their solubility in common
organic solvents remains very low [184].
Although in general substituted 2,3-naphthalocyanine
complexes have lower stabilities compared to similarly
substituted phthalocyanines in solution, it is possible
to hydrolyze terminal cyano or ester groups in octacyano- and octa(N-carboxymethylcarbamoyl)-2,3-naphthalocyanine to the respective terminal octacarboxylic
acids [185]. 1-Substituted 2,3-dicyanonaphthalenes and
respective tetrasubstituted 2,3-naphthalocyanines can be
prepared in two ways. The ﬁrst method is based on the
Diels-Alder reaction between 1,2-bis(dibromomethyl)
benzene and chloromaleonitrile, which leads to formation of 2,3-dicyanonaphthalene and 1-bromo-2,3dicyanonaphthalene (Scheme 30) [185]. The later can
not only be used for preparation of tetrabromo 2,3naphthalocyanines but also can be introduced in aromatic nucleophilic substitution reaction with secondary
amines, which results in formation of 1-dialkylamino2,3-naphthalenes. These nitriles can produce tetrasubstituted by dialkylamino groups 2,3-naphthalocyanines,
which have a very low energy Q band in UV-vis spectra
[35]. A second method for preparation of 1-substituted
2,3-dicyanonaphthalonitriles and respective 2,3-naphthalocyanine derivatives is based on a high-temperature
catalytic transformation of anhydride of 1-phenyl-2,3naphthalic acid or respective imide into 1-phenyl-2,3dicyanonaphthalene [186].
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Scheme 30. Preparation of 1-bromo- and 1-dialkylamino-2,3-dicyanonaphthalenes
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Scheme 31. Preparation of 5-substituted 2,3-dicyanonaphthalenes

5-Substituted 2,3-dicyanonaphthalenes can be prepared from parent 2,3-dicyanonaphthalene using aromatic
electrophilic nitration reaction as a ﬁrst step (Scheme 31)
[187]. The resultant 5-nitro-2,3-dicyanonaphthalene can
be reduced to 5-amino-2,3-dicyanonaphthalene, which
can be further converted into 5-bromo-2,3-dicyanonaphthalene using diazotization reaction or acylated by
acetyl chloride with formation of 5-acetylamide-2,3dicyanonaphthalene.
Commercially available 1,3-diphenylbenzofuran is
another useful precursor for preparation of 1,4-diphenyl-2,3-dicyanonaphthalene using the Diels-Alder reaction with fumaronitrile following elimination of water
molecule from bicyclic intermediate in acidic conditions [188]. Easily available substituted benzophenones
CH3

CH2Br

Br2 or NBS
R2 CCl4, hν

R1

- HBr
R2

R1

O

were also found to be an excellent starting material for
preparation of 1,6-disubstituted 2,3-dicyanonaphthalenes
(Scheme 32) [189]. Reaction sequence starts from radical
bromination of methyl group in appropriate benzophenone derivative, which follows intramolecular cyclization with formation of 1,6-disubstituted benzofuran. This
furan can be introduced into the Diels-Alder reaction
with respective dienophile to form bicyclic intermediate,
which can be easily aromatized into 1,6-disubstituted
derivatives of naphthalene 2,3-dicarboxylic acid.
Diels-Alder reaction again is very useful for preparation of 5,6,7,8-tetrasubstituted 2,3-dicyanonaphthalenes
and respective substituted 2,3-naphthalocyanines, with
two examples shown in Scheme 33 [180]. One interesting feature of these reactions is the high-temperature
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Scheme 32. Synthetic pathway for preparation of 1,6-disubstituted derivatives of naphthalene 2,3-dicarboxylic acid
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Fig. 11. Individual isomers of 1,2-naphthalocyanines

aromatization of tetrahydro intermediates, which can be
conducted in reﬂuxing trichlorobenzene.
Unlike linear 2,3-naphthalocyanines, macrocyclization reactions leading to formation of angular 1,2naphthalocyanines result in four possible geometrical
isomers, presented in Fig. 11 [190–194]. The key precursor for preparation of 1,2-naphthalocyanines is 1,2dicyanonaphthalene, which can be prepared in two steps:
ﬁrst, by transformation of 2-amino-1-naphthalene sulfonic acid into 2-cyano-1-naphthalene sulfonic acid using
Sandmeyer reaction, followed by cyanodesulfonation
reaction with potassium ferrocyanide [194, 195]. All four
pure isomers of magnesium or lutetium 1,2-naphthalocyanines can be separated using chromatography methods
[192, 193]. Spectroscopic data collected for individual
isomers show that, as expected, the degree of steric interactions increases in the following order: D2h > C2v ~ Cs >
C4h. The individual isomers mentioned above were used
for preparation of unsymmetric double-decker (1,2-Nc)
Lu(Pc) complexes, which were characterized by various
spectroscopic techniques.
Preparation of a large variety of ortho-dicyano aromatic compounds with extended π-system (Fig. 12)
and respective complexes of phthalocyanine analogues
was explored in detail in the 1970s [43, 196]. Nitriles
58 and 59 can be prepared in high yield using relatively

easy oxidative photodehydrogenation reactions of 4,5diphenylphthalonitrile and 1,2-(p-tert-butylphenyl)maleonitrile, respectively [197], while the initial synthetic
routes for the preparation of 9,10-bis(4-tert-butylphenyl)
anthracene-2,3-dicarbonitrile 60 [198] and 5,11-bis(4tert-butylphenyl)-2,3-dimethyl-6,12-diphenyltetracene
61 [199] were quite complicated. For instance, synthesis
of 61 starts from condensation of p-tert-butylphenylacetylene with benzophenone, which results in formation
of 3-(4-tert-butylphenyl)-1,1-diphenylprop-2-yne-1-ol.
This compound can be cyclized into 5,11-bis(4-tertbutylphenyl)-6,12-diphenyltetracene upon treatment with
thionyl chloride in 35% yield. Diels-Alder reaction of
5,11-bis(4-tert-butylphenyl)-6,12-diphenyltetracene with
dicyanoacetylene leads to formation of bicyclic intermediate, the -CH=CH- bridge of which can be ﬁrst reduced
by hydrogen and then -CH2-CH2- fragment eliminated at
elevated temperature (320–330 °C) to form target 5,11bis(4-tert-butylphenyl)-6,12-diphenyltetracene-2,3-dicarbonitrile 61.
An alternative synthetic pathway for preparation of 9,10diphenyl- and 1-methyl-9,10-diphenyl-2,3-dicyanoanthracenes was explored recently which involves the Diels-Alder
reactions between 1,3-diphenylisobenzofuran and appropriate dienophile, followed by aromatization step with the
yields of target nitriles ca. 55% (Scheme 34) [200].
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Fig. 12. Examples of ortho-dinitriles with extended π-system prepared in 70s
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Scheme 34. Synthetic pathways for preparation of 9,10-diphenyl- and 1-methyl-9,10-diphenyl-2,3-dicyanoantracene

Peripherally substituted nitrogen analogues of phthalocyanines
Although ﬁrst 2,3- and 3,4-tetrapyridoporphyrazines
were reported by Linstead in the late 1930s [201, 202],
an extensive study of preparation of unsubstituted as well
as alkyl substituted derivatives of 2,3- and 3,4-pyridinedicarbonitrile and investigation of optical properties of
respective metal-free and transition-metal pyridinoporphyrazines were conducted only in the early 1970s
[173]. The majority of the initial nitriles were prepared
by the classic “acidic” method used earlier for preparation of substituted phthalonitriles, i.e. transforming
unsubstituted or alkyl substituted pyridine 2,3- and pyridine 3,4-dicarboxylic acid into respective anhydrides,
imides, diamides, and ﬁnally dinitriles [173, 203, 204].
An interesting reaction pathway for preparation of
5,6-dimethypyridine-3,4-dicarbonitrile and 2,5,6-trimethylpyridine-3,4-dicarbonitrile, which was discovered in
1970 utilizes the Diels-Alder reaction between substituted
oxazoles and fumaronitrile, which results in formation of
bicyclic intermediate [205]. This bicyclic intermediate
can be easily aromatized by elimination of water molecule into 5,6-dimethylpyridine-3,4-dicarbonitrile and
2,5,6-trimethylpyridine-3,4-dicarbonitrile (Scheme 35).
Heating of 5,6-dimethypyridine-3,4-dicarbonitrile and
VCl3 in quinoline 8 h at 150–165 °C results in formation of vanadyl complex of tetrakis(5,6-dimethyl-3,
4-pyridino)porphyrazine in 52% yield. Interestingly, that
similar reaction with more sterically crowded 2,5,6-trimethylpyridine-3,4-dicarbonitrile does not result in formation of corresponding porphyrazine.
The most common strategy for preparation of alkyland arylsubstituted 2,3-dicyanopyrazines and respective
pyrazinoporphyrazines includes the condensation reaction of commercially available diaminomaleodinitrile and
α-dicarbonyl component in acetic acid or acetic acid-etanol
mixture as a solvent (Scheme 36) [201, 202, 206, 207].
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Scheme 36. Typical strategy for preparation of substituted 2,3dicyanopyrazine

Similar condensation reactions can also be used for
preparation of linearly and angularly annulated derivatives of quinoxaline-2,3-dicarbonitrile [208, 209]. In
this case, the appropriate aromatic diamino component
can be condensed with methyl or ethyl esters of 2,3dioxosuccinic acid. Formed in this way methyl or ethyl
esters of quinoxaline-2,3-dicarboxylic acid (Fig. 13)
can be transformed into respective dinitriles using usual
“acidic” synthetic pathway (ester to diamide to dinitrile)
[210].
Peripherally substituted tetraazaporphyrines
There are eight peripheral positions in tetraazaporphyrin which can be occupied by various substituents
(Fig. 14). Depending on the type of substituents, octasubstituted tetraazaporphyrins can be symmetric (R1 = R2)
or consist of a mixture of four possible positional isomers
(R1 ≠ R2).
Synthetic pathway for preparation of octaaryl substituted tetraazaporphyrins was ﬁrst developed by Linstead in 1937 and remains the most useful strategy [211].
The reaction starts from preparation of aryl substituted
acetonitrile, which can be coupled sequentially with
iodine and sodium methoxide and leads to formation
of target 1,2-diarylmaleo(fumaro)nitrile in moderate to
low yields (Scheme 37). These nitriles can be further
tetramerized into tetraazaporphyrins using magnesium
alkoxides or transition-metal salts with relatively high
yields despite the presence of both Z and E isomers of
nitriles in the reaction mixture [212–216].
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Scheme 35. Synthetic pathway for preparation of 2,5,6-trimethylpyridine-3,4-dicarbonitrile
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Fig. 13. Examples of esters of quinoxaline-2,3-dicarboxylic acid obtained by condensation between aromatic 1,2-diamines and
esters of 2,3-dioxosuccinic acid

yields, which then can be tetramerized into respective
octaalkyltetraazaporphyrins. Similarly, iodination of
phenyl- and ferrocenylacetylenes leads to formation of
both Z and E isomers of 1-phenyl-1,2-diiodoethylene
[220, 221] and 1-ferrocenyl-1,2-diiodoethylene [222],
which can be transformed into corresponding nitriles
under the Rosenmund-von Braun reaction conditions.
The Z isomers both of 1-phenyl-1,2-dicyanoethylene
and 1-ferrocenyl-1,2-dicyanoethylene can be introduced
into reaction with magnesium alkoxide with formation
of magnesium 2,7(8),12(13),17(18)-tetraphenyl- and
2,7(8),12(13),17(18)-tetraferrocenyltetraazaporphyrin,
respectively, while corresponding E isomers cannot
form target macrocycles [221, 223, 224]. Synthesis of
tetra-tert-butyl substituted tetraazaporphyrin and its transition-metal complexes requires preparation of tert-butylmaleonitrile as key precursor for macrocyclization reaction
(Scheme 38). The synthetic strategy for preparation of
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Fig. 14. Structure of substituted tetraazaporphyrins

The preparation of octaalkyl substituted tetraazaporphyrins was developed by Fitzgerald in the 1990s [217–
219]. The reaction pathway utilizes halogenation of
dialkylacetylenes followed by the Rosenmund-von Braun
reaction with formation of 1,2-dialkylfumaronitriles.
Since 1,2-dialkylfumaronitriles cannot directly form target tetraazaporphyrins, they should be photochemically
interconverted into 1,2-dialkylmaleonitriles in moderate
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Scheme 37. Synthetic pathway for preparation of octaaryl substituted tetraazaporphyrins
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Scheme 38. Preparation of tetra-tert-butyl tetraazaporphyrins
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this compound was developed in the late 1970s [225].
In the ﬁrst two reaction steps, 3,3-dimethylbutan-2one was converted ﬁrst into 2,2-dichloro-3,3-dimethylbutane, which was transformed into tert-butylacetylene. The
photochemical bromination of carbon-carbon triple bond
leads to formation of 1-tert-butyl-1,2-dibromoethylene,
which can be transformed into tert-butylmaleonitrile at
the standard Rosenmund-von Braun reaction conditions.
Template condensation of this nitrile using magnesium
butoxide leads to formation of the target magnesium tetra-tert-butyl tetraazaporphyrin. The central magnesium
atom in this compound can be easily removed by the
treatment of this macrocycle with acetic acid to result in
metal-free tetra-tert-butyl tetraazaporphyrin [225–227].
Finally, transition-metal ion can be introduced into macrocyclic cavity by treatment of metal-free tetra-tert-butyl
tetraazaporphyrin with respective transition-metal salts
(Scheme 38).
The smallest “conclave” type magnesium dibenzobarrelenotetraazaporphyrin can be prepared by tetramerization of 2,3-dicyano[5,6:7,8]dibenzobarrelene in the
presence of magnesium alkoxide in low yield. Its demetalation in acetic acid provides access to corresponding
metal-free compound, while its further treatment with
transition-meta salts results in formation of transitionmetal complexes [228, 229]. 2,3-dicyano[5,6:7,8]dibenzobarrelene can be prepared using three different ways.
The ﬁrst method is a single step direct reaction between
anthracene and dicyanoacetylene at 120 °C [229–231],
which has limited use because of the difﬁculties of
preparation of dicyanoacetylene and its high toxicity.
The second approach includes a single reaction between
anthracene and more stable and easier available (compared to dicyanoacetylene) chloromaleo(fumaro)nitrile
at 200 °C [232]. The third reaction pathway is probably the simplest method for preparation of target nitrile
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although it includes three steps. First, the Diels-Alder
reaction between anthracene and dimethyl ester of acetylene dicarboxylic acid leads to formation of dimethyl
ester of [5,6:7,8]dibenzobarreleno-2,3-dicarboxylic acid,
which upon treatment with ammonia can be transformed
into respective diamide in excellent yield. The diamide
of [5,6:7,8]dibenzobarreleno-2,3-dicarboxylic acid then
should be converted into target dinitrile using thionyl
chloride in DMF [233].
The parent tetra-tert-butyltetraazaporphyrin and its
transition-metal complexes can be introduced into electrophilic aromatic substitution reactions with appropriate electrophiles. For instance, metal-free as well
as copper and cobalt tetra-tert-butyltetraazaporphyrins can be nitrated by: (i) the mixture of fumic nitric
and glacial acetic acids; (ii) nitronium tetraﬂuoroborate in sulfolane; (iii) dinitrogen tetroxide in hexane
[234, 235]. The ratio of mono-, di-, tri-, and tetra nitro
tetra-tert-butyltetraazaporphyrins in reaction mixture depends on the speciﬁc reaction conditions. For
instance, nitration of metal-free tetra-tert-butyltetraazaporphyrin in 1:1 mixture of fumic nitric acid and
acetic acid for 3–4 minutes at 0 °C results in formation
of di-, tri-, and tetranitro tetra-tert-butyltetraazaporphyrin in 26, 23, and 37% yields, respectively, while
increase of the reaction time leads to further increase
of the yield of tetranitro product in reaction mixture
(Scheme 39). Metal-free 2,7(8),12(13),17(18)-tetratert-butyl-3-nitrotetraazaporphyrin can be obtained in
6% yield only when nitration is conducted using 2%
nitric acid in acetic acid. Nitration of cobalt and copper
2,7(8),12(13),17(18)-tetra-tert-butyltetraazaporphyrins
results in pure tetranitro derivative (52% yield) in the
case of cobalt, and the mixture of tri- and tetranitro
products (14 and 45% yields, respectively) in the case
of copper tetraazaporphyrin.
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Scheme 39. Nitration of metal-free tetra-tert-butyl tetraazaporphyrin
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Fig. 15. X-ray crystal structure of C2v isomer of copper 2,7,
13,18-tetrabromo-3,8,12,17-tetra-tert-butyl tetraazaporphyrin
[224]

Similarly, the bromination of the metal-free tetratert-butyl tetraazaporphyrin with N-bromosuccinimide in chloroform leads to formation of a mixture
of respective mono-, di-, tri-, and tetrabromo derivatives, which can be separated using thin-layer chromatography [235]. Use of 10–20 times excess of NBS in
this reaction leads to selective formation of metal-free
2,7(8),12(13),17(18)-tetra-bromo-3,8(7),13(12),18(17)tetra-tert-butyltetraazaporphyrin in 80% yield. The
recently solved crystal structures of two individual positional isomers of copper mono- and tetrabromo-tetratert-butyl tetraazaporphyrins (Fig. 15) conﬁrm that the
bromine atoms substitute only tetraazaporphyrin core.
Bromine atom in the bromo-substituted tetraazaporphyrins can be introduced into the numerous nucleophilic
substitution reactions with copper cyanide, secondary

amines, phenolates, and thiolates as nucleophiles as
well as coupling reactions with alkenes and copper alkynes to result in respective products shown in
Scheme 40 [223–235]. Similar nucleophilic substitution
or coupling reactions with dibromo tetra-tert-butyl tetraazaporphyrins and respective reagents (copper cyanide,
sodium thiolate, or copper ferroceneacetylenide) again
lead to the formation of expected disubstituted reaction
products [223].
Reaction of succinonitrile with phosphorous pentoxide at elevated temperatures leads to formation of chloromaleonitrile [115]. This nitrile can be used either for
direct macrocyclization reaction or as starting material
for nucleophilic substitution reaction with appropriate
nucleophiles. In the case of direct template tetramerization reaction, the nature of substituents in tetraazaporphyrin core is dictated by the reaction conditions. For
instance, when VCl3 was used as a template and trichlorobenzene as a solvent, vanadyl 2,7(8),12(13),17(18)tetrachloro tetraazaporphyrin is formed, while if the
reaction was conducted with magnesium amylate as
a template and amyl alcohol as a solvent, magnesium
2,7(8),12(13),17(18)-tetraamyloxy tetraazaporphyrin is
the only reaction product [236]. Another interesting
observation is that the nucleophilic substitution of chlorine atom in initial chloromaleonitrile can result in formation of not only expected substituted maleonitrile, but
also (in some cases) of substituted fumaronitriles with
product E:Z ratio depending on the nature of nucleophile
(Scheme 41) [237, 238]. Target substituted nitriles then
can be used for template preparation of corresponding
tetrasubstituted tetraazaporphyrins, which have different
optical properties and oxidation potentials as discussed
below. Because of the presence of bulky substituents in
tetraazaporphyrin core, the solubility of these complexes
in common organic solvents is much higher compared to
those in unsubstituted analogs.
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Scheme 41. Preparation of tetrasubstituted tetraazaporphyrins using nucleophilic substitution reaction of chloromaleonitrile

precursors for preparation of 2,7(8),12(13),17(18)-tetranitro-3,8(7),13(12),18(17)-tetra(aryl) tetraazaporphyrins [239]. The most common precursors for preparation
of 2,7(8),12(13),17(18)-tetracyano-3,8(7),13(12),18(17)tetra-R (R ≠ CN) octasubstituted tetraazaporphyrins
are substituted tricyanoethylenes. There are two major
synthetic routes for preparation of substituted tricyanoethylenes. The ﬁrst one requires preparation of benzylidenemalononitriles by condensation of appropriate
benzaldehyde with malononitrile. This intermediate
can be further converted into substituted tricyanoethane
using potassium cyanide in acetic acid. Finally, treatment of substituted tricyanoethane with bromine in
pyridine leads to formation of respective substituted tricyanoethylenes (Scheme 43) [240, 241]. As usually, the
magnesium complexes of 2,7(8),12(13),17(18)-tetracyano-3,8(7),13(12),18(17)-tetra-R tetraazaporphyrins can
be prepared by template cyclization with magnesium
alkoxide or hydroxide. Copper and vanadyl complexes
can be made by direct tetramerization with appropriate
transition-metal salts, while preparation of cobalt complex requires in situ demetalation of magnesium precursors with acetic acid in the presence of cobalt chloride.
Another common method for preparation of substituted tricyanoethylenes is the direct tricyanovinylation
reaction between tetracyanoethylene and N,N-dialkylanilines, tert-butylamine, chloromercurioferrocene, or ferrocene (Scheme 44) [242–245]. In the ﬁrst three cases,
reaction can be conducted at very mild conditions in

Radical photochlorination of succinonitrile at 140 °C
leads to formation of dichloromaleonitrile, which is
another excellent precursor for preparation of octasubstituted tetraazaporphyrins. Template condensation of
this precursor leads to formation of vanadyl octachlorotetraazaporphyrin. It was found that during the template
condensation of dichloromaleonitrile with magnesium
alkoxide in amyl alcohol, however, only two out of eight
chlorine atoms are substituted by amyloxide substituents
and the positions of these groups remains unclear [236].
Nucleophilic substitution of chlorine atoms in dichloromaleonitrile can result in substitution of one or both
chlorine atoms depending on reaction conditions and
nature of nucleophile (Scheme 42) [237]. Similarly to
nucleophilic substitution reactions of chloromaleonitrile,
usage of tert-amylthiolate or tert-butyl amine leads to
formation of substituted derivatives of maleo- or fumaronitriles. It is interesting that when thiolate is used as a
nucleophile, the disubstituted maleonitrile remains major
reaction product, while in the case of tert-butylamine,
disubstituted fumaronitrile is the major reaction product. Nitriles received using this reaction pathway can be
used for preparation of corresponding octasubstituted tetraazaporphyrins with high solubilities and speciﬁc redox
and optical properties.
Reaction of dinitrogen tetroxide and phenyl- and
p-tert-butylphenylmaleonitrile leads to formation of
1-nitro-2-phenyl- and 1-nitro-2-(p-tert-butylphenyl)1,2-dicyanoethylenes, which are potentially useful
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DMF or acetonitrile with medium to high yield of target
compounds. Direct reaction between ferrocene and tetracyanoethylene can be conducted in sulfolane at elevated
temperatures and proceeds via single-electron transfer
mechanism [244]. Template cyclization of obtained by
this method nitriles results in formation of respective
tetraazaporphyrins.
Finally, a large group of peripherally substituted
reduced tetraazaporphyrins (i.e. chlorins, bacteriochlorins, and isobacteriochlorins) has been reviewed by
Makarova and Lukyanets [246] and thus will not be discussed in this review.
General trends in optical spectra of substituted
phthalocyanines and their analogs
Tuning the optical properties of substituted phthalocyanines and their analogs is one of the most important
Copyright © 2010 World Scientific Publishing Company

tasks when optical limiting, PDT, and passive quality switching and mode locking of lasers applications
are considered [247–250]. Since in the predominant
majority of these applications the only long-wavelength
Q band position is exploited, the inﬂuence of different substituents on the energy of this band is discussed
below. An introduction of the classic (-CN, -NO2, -SO2Ph,
-NHCOCH3, -CF3, etc.) electron-withdrawing groups
into phthalocyanine core has little effect on the optical
properties of corresponding phthalocyanines [20, 35,
126, 141, 251]. For instance, the position of Q band
(or Qx and Qy bands in the case of metal-free compound)
in zinc and metal-free 1,8(11),15(18),22(25)-tetrasubstituted phthalocyanines is almost the same compared
to parent unsubstituted phthalocyanine with the largest
deviation of ~5 nm; a similar trend was observed for
other tetrasubstituted at α-positions (Fig. 1) phthalocyanines [20, 35, 252]. The presence of electron-withdrawing
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R2
substituents at β-positions of phthalocyanine core
R1
results in ~10–15 nm low-energy shift of approR2
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Q-band, nm
N
priate Q band. For instance, Qx-band position in
70 H
C 6H 5
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R1
metal-free 2,9(10),16(17),23(24)-tetranitrophthaN O N
p-ClC6H4 716
71 H
locyanine is observed at ~15 nm longer waveN
N
V
o-ClC6H4 707
72 H
H
723
73 C6H5
length compared to unsubstituted phthalocyanine
N
N
R1
74 p-ClC6H4 H
731
complex [35, 141, 252]. It is interesting that Q
N
75 o-ClC6H4 H
704
band position in 2,9(10),16(17),23(24)-tetraniR2
R1
trophthalocyanines and 1,3,8(11),10(9),15(18),1
R2
7(16),22(25),24(23)-octanitrophthalocyanines is
Fig. 17. Inﬂuence of position and coplanarity of substituents aromatic
the same (within an experimental error) conﬁrmring on position of Q band
ing negligible effect of the nitro groups located at
α-positions [141, 252]. An inﬂuence of the substituents
and 75), Q band position is almost indistinguishable from
with electron-withdrawing inductive effect, but positive
that in unsubstituted vanadyl phthalocyanine 63. The
mesomeric effect (–I/+M substituents, i.e. chlorine atom)
partial π-orbital overlap between aromatic substituents
on the position of Q band in UV-vis spectra of phthaand phthalocyanine core in complexes 71, 72, and 74,
locyanines is more complex (Fig. 16) [253]. Indeed,
however, results in appreciable (11–27 nm) red shift of Q
introduction of four chlorine atoms into β-positions (64)
band. Similarly to chlorine substituted phthalocyanines
results in a small (6 nm) hypsochromic shift of Q band,
discussed above, the inﬂuence of aromatic substituents
while introduction of eight chlorine atoms into the same
at β-positions is signiﬁcantly smaller compared to those
β-positions (68) leads to small (8 nm) red shift of Q band.
located at α-positions. In the case of 2,3,9,10,16,17,23,24Substitution of hydrogen atoms by chlorine atoms at
octaphenylphthalocyanine complexes two phenyl groups
α-positions of phthalocyanine core has more consistent
are located next to each other, forcing these substitubathochromic effect (5 nm for tetra- and 22 nm for octaents from the phthalocyanine plane. As a result, it can
substituted vanadyl complexes 65 and 67, respectively).
be expected that Q band in these compounds will be
Finally, hexadecachloro complex 69 has the lowest energy
close to the position of Q band in 2,9(10),16(17),23(24)Q band at 745 nm. Similar trends were also observed in
tetraphenylphthalocyanines. Indeed, Q band is located
the case of ﬂuorosubstituted copper phthalocyanine comat 691 nm in copper 2,9(10),16(17),23(24)-tetrapheplexes although stronger electron-withdrawing nature of
nylphthalocyanine, while it is observed at 698 nm in copﬂuorine substituents cause larger bathochromic shift of
per 2,3,9,10,16,17,23,24-octaphenylphthalocyanine.
Q band [35, 125].
The inﬂuence of non-planarity of phthalocyanine
Similarly to ortho-substituted biphenyl compounds,
macrocycle on observed position of Q band was the subit can be expected that the phenyl substituents in pheject of investigations starting from the early 1990s and
nylsubstituted phthalocyanines will not be coplanar with
can be illustrated using low-symmetry complexes 76–80
phthalocyanine core and thus position of Q band in UV(Fig. 18) [255]. These low-symmetry phthalocyanines
vis spectra of these compounds should not be signiﬁcantly
have unexpected accidental ﬁrst excited state degenaffected. The inﬂuence of coplanarity on the position of
eracy, which results in a singe Q band in their UV-vis
Q band in tetraphenylsubstituted phthalocyanines was
spectra. Such degeneracy allows direct observation of
ﬁrst investigated at the end of the 1960s (Fig. 17) [35,
inﬂuence of non-planarity of phthalocyanine core on
254]. First, when π-conjugation between phthalocyanine
position of Q band. Indeed, position and intensity of
core and aromatic substituents is broken because of presQ band in planar complexes 76–78 are almost the same.
ence of chlorine atom in ortho-position of phenyl ring,
The presence of two or three adjusted tetraphenylisoinwhich brings the substituent’s and macrocyclic phenyl
dole fragments in complexes 79 and 80, respectively,
rings to nearly perpendicular positions (complexes 72
cause the deviation of the phthalocyanine core from planarity as a result of steric interactions between
R2
R3
R4
R1
neighboring phenyl substituents at different isoinR1 R2 R3 R4 Q-band, nm
R3
R2
dole units. Because of such deviations, Q band
N
63 H H H H
704
gradually shifted to the lower energy and loses its
R
4
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N O N
64 H Cl H H
698
intensity. The loss of Q band intensity can be eas65 Cl H H H
709
N
N
V
ily explained on the basis of worsening of π−π
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Cl
Cl
H
H
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N
N
R1
R4
67 Cl H H Cl 736
overlap within phthalocyanine core, while its red
68 H Cl Cl H
712
N
shift reﬂects smaller HOMO-LUMO energy gap
69 Cl Cl Cl Cl 745
R2
R3
in these complexes.
R4
R1
R3
R2
Unlike introduction of electron-withdrawing
groups, which have little effect on the posiFig. 16. Wavelength of Q band in chlorinated vanadyl phthalocyanines
tion of Q band in substituted phthalocyanines,
as a function of number and positions of chlorine substituents
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peripheral electron-donating groups can signiﬁcantly
effect of the four substituents at α- and four substituents
affect its energy [35, 252]. For instance, the presat β-positions of phthalocyanine core resulting in Q band
ence of four alkoxy or aryloxy groups at α-positions
position at 750 nm [35]. Finally, it seems that introducof 1,8(11),15(18),22(25)-tetrasubstituted phthalocyation of sixteen phenylsulfanyl substituents into phthalonines results in ~15–20 nm red shift of Q band comcyanine core results in “saturation” of substituent’s donor
pared to unsubstituted analogs [252, 256, 257]. Adding
effect. Indeed, Q band position in copper hexadecaphefour more alkoxy groups at α-positions leads to formanylsulfanylphthalocyanine (783 nm) is almost the same
tion of 1,4,8,11,15,18,22,25-octaalkoxyphthalocyanine,
as in 1,4,8,11,15,18,22,25-octabutylsulfanylphthalocyain which Q band is 60–90 nm red-shifted compared to
nine (780 nm) [145].
unsubstituted analogs [35, 252, 257–259]. Not surprisProbably the most dramatic changes in the position
ingly, these complexes are green rather than blue in
of phthalocyanine Q band can be observed in the case
color. Similar introduction of four or eight alkyl- or pheof amino and dialkylamino substituted phthalocyanines
nylsulfanyl groups into α-positions of phthalocyanine
(Fig. 19) [35, 132, 140, 263]. Similar to the other elecmacrocycle results in even larger red shift of Q band
tron-donating groups discussed above, an introduction
position [35, 146, 252]. For instance, Q band was observed
of amino or substituted amino groups into α-positions
at 670, 709, and 780 nm in the case of zinc phthalocyanine,
of phthalocyanine core has signiﬁcantly more prominent
1,8(11),15(18),22(25)-tetrabutylsulfanylphthalocyainﬂuence on Q band position compared to the introducnine, and 1,4,8,11,15,18,22,25-octabutylsulfanylphthaltion of the same number of substituents into phthalocyaocyanine, respectively, with the last macrocycle having Q
nine β-positions. For instance, in the case of complex 81
band located in spectrum region traditional for 2,3-naphQ band was observed at ~50 nm longer wavelength comthalocyanines. The presence of alkyl- and aryloxy as well
pared to that in β-substituted complex 83 and at ~120 nm
as alkyl- and arylsulfanyl substituents at β-positions of
longer wavelength compared to unsubstituted vanaphthalocyanine core has signiﬁcantly smaller effect on
dyl phthalocyanine. It is interesting that sterically more
the position of Q band [146, 260–262]. For instance,
crowded octasubstituted complex 84 actually has a blueboth zinc 2,9(10),16(17),23(24)-tetrabutoxy- and 2,3,9,
shifted Q band compared to tetrasubstituted analogue 83
10,16,17,23,24-octabutoxyphthalocyanines have Q band
and the same situation was observed for the respective
located at 674 nm, just 5 nm lower in energy compared
copper compounds. Introduction of the bulky tert-butyl
to that in unsubstituted analog [35, 252]. Again, alkyl- or
groups (complex 82) does not signiﬁcantly affect posiarylthio substituents shift Q band to lower energy more
tion of the Q band compared to that observed in the parprominently compared to alkyl- and aryloxy groups. For
ent complex 81 (7 nm difference). Similarly, it seems
instance, Q band in zinc 2,9(10),16(17),23(24)-tetrabuthat inductive electron-donor effect of N-alkyl groups
tylsulfanyl- and 2,3,9,10,16,17,23,24-octabutylsulfanyl
is relatively small (13 nm for complexes 83 and 88 as
phthalocyanine is red-shifted for 17 and 37 nm, respecwell as 15 nm for complexes 82 and 86). An inﬂuence
tively [35, 252]. It is interesting that when
R2
R3
comparison between alkylthio and arylthio
R1
Q, nm
substituents located at the same positions
R3
R2
N
828
81 R1 = NMe2 R2 = R3 = H
of the phthalocyanine ring is possible, Q
821
82 R1 = NMe2 R2 = H R3 = t-Bu
band position is located at the same posiR1
N O N
83 R1 = R3 = H R2 = NMe2
775
tion (within experimental error), suggestN
N
760
84 R1 = H R2 = R3 = NMe2
V
ing that electron density shift originating
85 R1 = NH2 R2 = H R3 = t-Bu
806
N
N
R1
704
86 R1 = R3 = H R2 = NHCOCH3
from alkyl- or aryl groups attached to
730
87 R1 = R3 = H R2 = NHCONH2
N
the sulfur atom is negligibly small. The
R2
R3
88 R1 = R3 = H R2 = NH2
762
inﬂuence of phenylsulfanyl substituR1
R3
R2
ents in 1,3,8(11),10(9),15(18),17(16),
22(25),24(23)-octaphenylsulfanylphthaloFig. 19. Structures and Q-band positions of selected amino and dialkylamino
cyanines can be seen as an accumulative
vanadyl phthalocyanines
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R2
R3
of the substituents directly attached to
Cl
R1
the nitrogen atom can be further explored
R3
R2
Q, nm
using complexes 83 and 86–88 as an
N
example. Indeed, Q band position in tetraCl
R1
89 R1 = R2 = R3 = OPh M = Zn
700
N
N
N-acyl complex 86 is exactly the same as
90 R1 = R2 = Cl R3 = NHPh M = Zn 714
N
N
M
714
91 R1 = Cl R2 = R3 = NEt2 M = Zn
in unsubstituted vanadyl phthalocyanine.
N
N
746
92 R1 = Cl R2 = R3 = SPh M=Cu
R1
Cl
Q band in tetraureido phthalocyanine 87
741
93 R1 = Cl R2 = R3 = SBu M = Cu
N
is ~25 nm red-shifted, suggesting overall
R
R3
2
electron-donor effect of these substituents,
Cl
R1
R
R2
3
which is stronger than alkoxy but weaker
than alkylthio groups located at the same
Fig. 20. Q-band position in selected examples of chlorinated phthalocyanines
positions. Another ~30 nm red shift of Q
with electron-donating groups
band can be achieved by complete deprocompared to corresponding phthalocyanine compounds
tection of amino groups (88), while additional ~10–15
[35, 192, 193]. For instance, Q band in zinc phthalonm red shift can be gained by alkylation of remaining
cyanine and 1,2-naphthalocyanine was observed at 687
NH protons (83). As it can be expected, the protonation
and 691 nm, respectively. More interestingly to follow Q
of peripheral amino groups in complexes 81–85 and 88
band position and its splitting into Qx and Qy components
eliminates nitrogen atom lone-pair-macrocycle conjugawhen it is possible to separate four individual positional
tion and results in a blue shift of Q band.
isomers of 1,2-naphthalocyanines (Fig. 11). Following
One of the examples of substituted phthalocyanines
ﬁrst-order perturbation theory, it is expected that Q band
in which both electron-donating and electron-withsplitting in the individual isomers of 1,2-naphthalocyadrawing groups are present in each isoindole fragment
nine will follow the following order: D2h > Cs ~ C2v >
is copper 1,8(11),15(18),22(25)-tetrapiperidino-3,10(9),
C4h (no splitting), while its gravity center should remain
17(16),24(23)-tetranitrophthalocyanine [35, 252]. This
the same [20, 264]. In excellent agreement to this prediccomplex has Q band observed at 759 nm, suggesting
tion, it was found that in the case of individual positional
(as expected) that the energy of this π−π∗ transition is
isomers of magnesium 1,2-naphthalocyanine Q band is
dominated by the electron-donor effect of substituents
centered at 684 ±1 nm, while Q band splitting follows the
located at α-positions of phthalocyanine ring, while the
order D2h (13 nm) > Cs (5 nm) > C2v = C4h (no splitting).
inﬂuence of electron-withdrawing nitro groups located at
Unlike in 1,2-naphthalocyanines, the linear benβ-positions is negligibly small.
zannelation of phthalocyanine results in formation of
The inﬂuence of the chlorine atoms present in amino-,
2,3-naphthalocyanines, the Q band position of which
aryloxy-, and alkyl(aryl)thio substituted phthalocyafollows the well-recognized “100 nm” rule: each sucnines is very interesting (Fig. 20) [142–145]. In the case
cessive linear benzannelation of tetraazaporphyrin core
of tetrachloro dodecaphenoxy zinc phthalocyanine
leads to ~100 nm low-energy shift of Q band [20, 35,
89 Q band is slightly blue-shifted (7 nm) compared to
173]. Indeed, Q band in vanadyl 2,3-naphthalocyanine is
that observed in 1,8(11),15(18),22(25)-tetramethoxyobserved at 820 nm, which is ~100 nm lower in energy
phthalocyanine analogue. Since Q band in vanadyl
than Q band observed in phthalocyanine analogue (704
1,4,8,11,15,18,22,25-octachlorophthalocyanine and 2,3,
nm) [172, 265]. Again alkyl or dibenzobarrelene substitu9,10,16,17,23,24-tetra(N,N-dimethylamino)phthaents located at sixth and seventh positions of naphthalene
locyanine are signiﬁcantly red-shifted (32 and 54 nm,
rings do not signiﬁcantly affect position of Q band in UVrespectively) compared to unsubstituted phthalocyavis spectra [35, 174, 178]. The inﬂuence of substituents
nine, it can be ex pected that cumulative effect of both
located at α-positions of 2,3-naphthalocyanine core folchloro and substituted amino groups will result in
lows similar trend discussed for phthalocyanine analogs,
large red shift of Q band in phthalocyanines 90 and 91.
i.e. electron-donating groups lead to signiﬁcant red-shift
The observed Q band, however, again is blue-shifted
of Q band position, while electron-withdrawing as well
(16 nm) compared to that observed in transition-metal
as alkyl groups have only a little inﬂuence (Fig. 21) [35,
2,3,9,10,16,17,23,24-tetra(N,N-dimethylamino)phthalo173, 187, 258]. Indeed, Q band position in complex 99
cyanines. In both cases, it seems that σ-acceptor propis close to that observed in unsubstituted complex 93,
erties of chlorine substituents dominate over π-donating
while the presence of aryl groups at the same position
abilities, resulting in overall electron-withdrawing effect.
(complexes 95 and 96) brings Q band to ~850 nm region
This situation is quite different from that observed in
similarly to the inﬂuence in α-phenyl substituted phthaloregular chlorinated phthalocyanines 64–69 in which it
cyanines. Primary (98) and secondary (97) amine groups
seems that π-donor properties of chlorine substituents
located at the same position signiﬁcantly shift Q band
play a signiﬁcant role in observed position of Q band.
to the low-energy region, with the shift magnitude being
An angular benzannulation of phthalocyanine core
large for primary amines (160 vs. 90 nm, respectively).
leads to formation of 1,2-naphthalocyanine derivatives.
The presence of substituents at ﬁfth and sixth positions of
Q band position in these complexes is almost the same
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Fig. 21. Position of Q band in selected vanadyl 2,3-naphthalocyanines

naphthalene ring has less effect on the position of Q band
in UV-vis spectra of corresponding 2,3-naphthalocyanine
complexes. For instance, primary amine substituents at
ﬁfth position of naphthalene ring result in only 70 nm red
shift of Q band (complex 101), while the same substituents located at ﬁrst position of naphthalene ring provide
160 nm (complex 98) red shift of Q band. It is interesting
to note that the amino group at sixth and ﬁfth positions
of the naphthalene ring is close to each other (complexes
100 and 103 as well as 102 and 104). Finally, electronwithdrawing substituents located at ﬁfth, sixth, and seventh positions of naphthalene ring (complexes 105–107)
have a negligible inﬂuence on the position of Q band.
In agreement with the “100 nm” rule, substituted
transition-metal anthracyanine complexes have Q band
at 930–950 nm area [266, 267]. Almost all known anthracyanine complexes have cobalt, copper, vanadium, or
aluminum ions as a central metal, while anthracyanine
complexes with other transition-metals are not stable
enough in solution. Where direct comparison is possible
(Fig. 22) vanadyl complexes always have red-shifted
Q band compared to corresponding copper compounds,
while as expected, introduction of tert-butyl substituents
into phenyl rings located at ninth and tenth positions of
anthracene ring does not affect signiﬁcantly the Q band
position (compounds 108 and 109). Naturally, elimination of aromatic conjugation in anthracenes leads to
signiﬁcant blue shift of Q band. For instance, Q band in
R
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R
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vanadyl tetra-2,3-(9,10-anthraquinono)tetraazaporphyrin
110 was observed at 758 nm, suggesting that there is still
some additional conjugation provided by anthraquinone
group [268] and similar changes in UV-vis spectra of
anthracyanines were observed upon their photochemical
degradation in the presence of oxygen.
As discussed above, UV-vis spectra of angularly
annelated 1,2-naphthalocyanines are close to those
of their parent phthalocyanines. Similarly, the position of Q band (and UV-vis spectra in general) in
tetra-(2,3-phenantro)-tetraazaporphyrins and tetra-4,
5-(9,10-phenantro)-tetraazaporphyrins are close to
those observed in corresponding 2,3-naphthalocyanine
complexes [35, 197, 212]. For instance, Q band was
observed at 700 nm in the case of copper tetra-4,5-(9,
10-phenantro)-tetraazaporphyrin, which is red-shifted
for only 29 nm compared to that in copper tetra-tertbutylphthalocyanine.
Aza-substitution of one or two carbon atoms in phthalocyanine, naphthalocyanine, or anthracyanine core
leads to formation of corresponding pyridino-, pyrazino-,
quinoxalino-, and benzo[g]quinoxalinoporphyrazines,
respectively (Fig. 23) [35, 173, 268–272]. In all of these
complexes, Q band is blue-shifted compared to respective carbon analogs and the degree of this shift depends
on the nature of the substituents. Thus, Q band position
in tetra-3,4-pyridoporphyrazines 112 is close to that
observed in parent phthalocyanine complexes, while it is
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Fig. 22. Q band position in selected anthracyanines
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~40 nm blue-shifted in the case of tetra-2,3-pyridoporphyrazine complexes 111. Further ~20 nm blue shift of Q
band can be achieved in tetra-2,3-pyrazinoporphyrazines
113 in which two aromatic carbon atoms in parent phthalocyanine molecule are substituted by nitrogens. Q band
position in quinoxalinoporphyrazines is strongly inﬂuenced by the orientation of the heteroaromatic ring with
respect to tetraazaporphyrin core. In the case of tetra-[b]
quinoxalinoporphyrazines 114, Q band position is indeed
closer to that observed in respective phthalocyanines
rather than that observed in 2,3-naphthalocyanines. On
the other hand, Q band position in tetra-[g]quinoxalinoporphyrazines 115 is only ~20 nm blue-shifted compared
to that in copper 2,3-naphthalocyanine. Finally, Q band
in both vanadyl and copper complexes of tetra- benzo[g]
quinoxalino-porphyrazines 116 is blue-shifted (80–95
nm) compared to that observed in respective anthracyanine analogs.
Tuning of optical properties of tetraazaporphyrins is
probably the most interesting and challenging task in
the chemistry of phthalocyanine analogs [20, 35, 173].
Unsubstituted magnesium tetraazaporphyrin has Q band
located at 591 nm, in agreement with “100 nm” rule [35,
273]. Similarly to phthalocyanines and related compounds
discussed above, an introduction of tert-butyl groups into
tetraazaporphyrin core results in a small (7 nm) bathochromic shift of Q band [225], while stepwise adding of
four [221] and eight [215] phenyl groups leads to a graduated red-shift of Q band on ~40 and ~60 nm, respectively
making latter complexes close (from absorption point of
view) to pyrazinoporphyrazines. Unlike the majority of
phthalocyanines and tetraazaporphyrins, UV-vis spectrum of sterically hindered “conclave’ dibenzobarrelenotetraazaporphyrins has very close shapes in solution and
in a solid state, suggesting negligible aggregation in both
cases [274]. An introduction of single ethynylferrocenyl
group into magnesium tetra-tert-butyltetraazaporphyrin
results in small shift of Q band from 591 to 602 nm,
probably because of weak electron-donating effect of
this substituent or/and its extended π-system [224]. Tetraazaporphyrins with electron-withdrawing substituents
have similar to parent macrocycle position of Q band
[35]. For instance, introduction of four carboxylic acid or
cyano groups into vanadyl 2,7(8),12(13),17(18)- tetra-tertbutyltetraazaporphyrin leads to small (8–12 nm) shift of
Copyright © 2010 World Scientific Publishing Company

Q band [240]. In analogy, vanadyl 2,7(8),12(13),17(18)tetrachloro- and octachlorotetraazaporphyrins have 12 and
18 nm red-shifted Q band, respectively [236]. Similarly
to phthalocyanines, an introduction of electron-donating
groups into tetraazaporphyrin core can result in large
red shift of Q band. Again, red shift follows the order:
alkoxy < thio < amine [237]. For instance, magnesium
2,7(8),12(13),17(18)-tetra-tert-butoxytetraazaporphyrin,
2,7(8),12(13),17(18)-tetra-tert-amylthiotetraazaporphyrin, and 2,7(8),12(13),17(18)-tetra-tert-butylaminotetraazaporphyrin have Q bands located at 612 (28 nm red
shift), 649 (65 nm red shift), and 740 nm (156 nm
red shift), respectively. Moreover, an introduction of
the electron-withdrawing triﬂuoromethyl groups into
alkoxy substituents results in the blue shift of Q band
compared to its position in traditional tetraalkoxytetraazaporphyrins. Thus, Q band was observed at 612,
595, and 598 nm in magnesium 2,7(8),12(13),17(18)-tetratert-butoxytetraazaporphyrin, 2,7(8),12(13),17(18)-tetra(hexaﬂuoro-iso-propoxy)tetraazaporphyrin, and 2,7(8),
12(13),17(18)-tetra-(1,1,1,3,3,3-hexafluoro-2-phenyliso-propoxy)tetraazaporphyrin, respectively [238]. It
is interesting to compare Q band energies in tetra- and
octasubstituted by electron-donating groups tetraazaporphyrins [237]. In the case of tert-amylthio substituents,
an introduction of the additional four electron-donating
groups is almost negligible (Q band is observed at 649 nm
for tetra- and 651 nm for octasubstituted magnesium
complexes). In the case of magnesium tetraazaporphyrins
substituted by four or eight amino groups, an effect similar
to that discussed for aminosubstituted phthalocyanines was
observed, i.e. introduction of additional four tert-butylamino groups into tetraazaporphyrin core results in signiﬁcant
(17 nm) blue shift of Q band. One of the most intriguing
groups of tetraazaporphyrin complexes belongs to “pushpull” macrocycles in which each tetraazaporphyrin core
has four electron-withdrawing and four electron-donating
substituents (Fig. 24) [240, 241]. In this case, taking into
account that four electron-withdrawing groups can be considered as a constant, the position of Q band depends on
the electron-donor ability of the second set of substituents.
For instance, in the case of magnesium 2,7,12,17-tetracyano-3,8,13,18-tetraphenyltetraazaporphyrin Q band is
located at 666 nm, while its position for ﬂuorine-containing complexes 118–120 clearly correlated with relative
J. Porphyrins Phthalocyanines 2010; 14: 33–40
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cover the entire range available for phthalocyanines and
naphthalocyanines.

CONCLUSION

Fig. 25. UV-vis and MCD spectra of magnesium complexes
of 2,7(8),12(13),17(18)-tetracyano-3,8(7),13(12),18(17)-tetraferrocenyl- (blue) and 2,7(8),12(13),17(18)-tetraferrocenyltetraazaporphyrins (red)

electron-withdrawing properties of ﬂuorine-containing
groups. Introduction of additional electron-donating dimethylamino group into para-position of phenyl ring (complex 121) results in dramatic 168 nm red shift of Q band
position, while less electron-donor tert-butylamino group
(complex 122) shift Q band to 756 nm region.
The longest intense absorption band observed in
tetraazaporphyrins probably belongs to magnesium or
metal-free 2,7(8),12(13),17(18)-tetracyano-3,8(7),13(12),
18(17)-tetraferrocenyltetraazaporphyrins [224, 245]. In
this case, strong broad peak was observed at ~950 nm
region following another sharp and intensive peak at
~620 nm. The nature of this long wavelength band was
discussed on a basis of comparison with that observed
in 2,7(8),12(13),17(18)-tetraferrocenyltetraazaporphyrin (which has two of these bands located at ~722 and
~610 nm) and further conﬁrmed using MCD, electrochemistry, spectroelectrochemistry as well as DFT and
TDDFT calculations. It seems that the NIR band consists of several metal-to-ligand charge transfer transitions, while more intense and narrow band located at
~620 nm is indeed Q band (π−π* transition). Overall, the
ease of electronic structure perturbation in tetraazaporphyrins allows accurate tuning of the Q band position
within a large range of energies starting from ~580 nm
and continuing up to NIR area of 834 nm, which indeed
Copyright © 2010 World Scientific Publishing Company

The preparation and optical properties of peripherally
substituted phthalocyanines and their analogs (i.e. naphthalocyanines, anthracyanines, nitrogen analogs of phthalocyanines, and tetraazaporphyrins) have been discussed.
Speciﬁcally, an inﬂuence of the electron-withdrawing or
electron-donating nature of peripheral substituents, benzannulation of tetraazaporphyrin core, and introduction
of the heteroatoms into π-system of speciﬁc macrocycles
were discussed. In many cases, poorly known methodologies published in mostly unavailable Russian journals
were highlighted throughout the review.
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Syntheses and structural studies of Ș5-pentamethylcyclopentadienyl rhodium(III) and iridium(III) complexes of a
Schiff-base expanded porphyrin
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ABSTRACT: Reported here is the synthesis of new binuclear rhodium(III) and iridium(III) semisandwich complexes of a Schiff-base expanded porphyrin. Single crystals of these new complexes were
subject to X-ray diffraction analysis. The resulting structures revealed that the Schiff-base macrocycle
adopts a V-shape in which two {(Ș5-C5Me5)MCl} (M = Rh and Ir) fragments are accommodated within
the macrocyclic pocket. The coordination environment of the metal centers is typical to that of “piano
stool”-type complexes. The X-ray analyses and complementary NMR studies (carried out in CD2Cl2)
provide evidence for the existence of strong intramolecular hydrogen-bonding interactions between the
pyrrolic NH protons and the chloride counteranion both in solution and in the solid state.
KEYWORDS: Schiff-base expanded porphyrin, rhodium(III) and iridium(III) complexes, pentamethylcyclopentadienyl half-sandwich complexes, intramolecular hydrogen bonds.

INTRODUCTION
Exploiting the combined properties of metals and
hydrogen bonds is a common theme in the chemistry of
biological species. For example, the active sites of metalloenzymes usually exhibit several hydrogen-bonding
interactions, which enhance the properties of these natural metal complexes [1]. It is not surprising, therefore,
that there is a considerable interest in creating synthetic
metal complexes that take advantage of complementary
hydrogen-bonding features; such systems are attractive
since they could provide the basis for new materials,
more effective catalysts or reagents, and novel metalcontaining therapeutics. Indeed, over the past few years,
as the result of both accident and rational design, several
synthetic systems have been reported that underscore how
hydrogen-bonding interactions within a metal complex
can exert important structural and chemical effects [2].
Nevertheless, additional examples of such complexes are
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needed if the potential of this dual functional approach
is to be fully realized. We believe that one way this
can be done is via the use of core-expanded porphyrin
analogs.
Core-expanded porphyrins can be considered as a
special class of expanded porphyrins, a class of macrocycles that possess an inherently larger core than the
better-studied naturally-occurring tetrapyrrole pigments.
Over the last three decades, expanded porphyrins have
become increasingly recognized as useful metal-complexing ligands that have helped to expand the frontiers
of “porphyrin-like” coordination chemistry [3]. For
instance, expanded porphyrins have been used to stabilize non-labile lanthanide complexes [4] and to produce
complexes containing multiple cations [5]. Expanded
porphyrins also display a rich array of hydrogen-bonding donors, typically pyrrolic NH protons, a feature that
is largely responsabile for their well-recognized anion
binding behavior [6]. Owing to the combination of these
attributes, expanded porphyrins are promising platforms
for the creation of synthetic metal complexes that incorporate hydrogen-bonding interactions. Studies in the literature involving very different classes of materials lead
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Scheme 1. Synthesis of complexes 2 and 3

us to suggest that complexes incorporating this kind of
non-covalent interaction could play a role as functional
elements in organometallic chemistry [7].
Recently, we reported the syntheses of arene and
cyclopentadienyl ruthenium “piano stool”-type complexes based on the Schiff-base expanded porphyrin 1
(see Scheme 1) [8], organometallic species characterized
by unusual hydrogen bond interactions between the pyrrole NH protons and a metal-bound dioxygen or chloride
ligand. This original study did not, however, extend to the
corresponding rhodium and iridium half-sandwich complexes, even though these latter elements have proved
to be extremely useful in catalysis [9], the production
and storage of hydrogen [10], electrocatalysis [11], and
supramolecular chemistry [12]. Accordingly, we have
now prepared, and report here, the synthesis of new dicationic binuclear pentamethylcyclopentadienyl rhodium(III)
and iridium(III) Schiff-base expanded porphyrin complexes; as with the previously reported ruthenium complexes, these new species display strong intramolecular
hydrogen-bonding interactions.

RESULTS AND DISCUSSION
As depicted in Scheme 1 and detailed in the Experimental section, the dinuclear complexes [{Ș5-C5Me5)M(μ-Cl)Cl}2] (M = Rh and Ir) undergo a bridge cleavage reaction
with the Schiff-base macrocyle 1, in the presence of two
equivalents of NaBAr′4 (Ar′: 3,5-bis(triﬂuoromethyl)phenyl), to yield the dicationic complexes 2 and 3 after
chromatographic puriﬁcation. These complexes, soluble
in most organic solvents, were isolated as orange airstable crystalline solids. Both new compounds were
characterized by NMR spectroscopy (1H and 13C) and
microanalysis. In addition, their structures were elucidated using single X-ray diffraction methods.
The ORTEP drawings of the cations present in compounds 2 and 3 are shown in Figs 1 and 2, respectively.
Copyright © 2010 World Scientific Publishing Company

The crystal structures revealed that the macrocyclic
pocket is large enough to stabilize two {(Ș5-C5Me5)MCl}
(M = Rh, Ir) units simultaneously, affording binuclear
complexes in which the metallic centers are coordinated
to two nitrogens of the Schiff-base ligand, one chloride
anion, and the pentamethylcyclopentadienyl ligand in a
Ș5-fashion (Ș5-C5Me5); leading to a “piano stool” structure, wherein the iminic nitrogen and the chloride ligands
provide the “legs” and the C5Me5 moiety resemble the
“seat”. In both complexes, the macrocycle adopts a characteristic V-shape conformation where one of the pentamethylcyclopentadienyl ligands points to the interior
face of the cavity, and the other one is orientated to the
“outside” face. As a consequence, the structure of these
complexes is asymmetrical in the solid state.
In complex 2, the bond distances between the rhodium
and the chelated nitrogen atoms (2.141(6) Å, 2.148(6) Å,
2.119(6) Å and 2.124(6) Å) are similar to those seen
in complexes of the type [(N-N)(Ș5-C5Me5)RhCl] [13].
Likewise, the Rh-Cl (2.3862(19) Å, 2.4418(19) Å) distances, for which a signiﬁcant disparity ascribed to a
solid state effect is seen, fall within the range observed
for other complexes containing {(Ș5-C5Me5)RhCl} fragments [13]. The Ir-N (2.131(7) Å, 2.135(7) Å, 2.098(7) Å,
2.108(8) Å) and Ir-Cl (2.389(2) Å, 2.410(2) Å) bond
distances present in complex 3 also fall within the
range typically observed for complexes containing a
{(Ș5-C5Me5)IrCl} moiety [14]. The coordination mode
of the pentamethylcyclopentadienyl ligands is clearly
Ș5, as evidenced by the planarity of the rings, as well as
by the fact that there is no signiﬁcant difference in the
C-C bonds lengths within these latter rings (all are about
1.42 Å), and that the metal atom-to-ring carbon distances
are nearly equal.
Interestingly, the chloride ligands are engaged in strong
intramolecular hydrogen bonds with the pyrrolic NH
protons, as reﬂected in the solid state by geometries and
distances consistent with such interactions. The N···Cl
J. Porphyrins Phthalocyanines 2010; 14: 42–46
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Fig. 1. Top and side views of the cation present in complex 2 showing a partial atom labeling scheme. Displacement ellipsoids are
scaled to the 50% probability level. The BAr′4 counteranions and most hydrogens atoms have been omitted for clarity. Dashed lines
are indicative of H-bonding interactions

Fig. 2. Top and side views of the cation present in complex 3 showing a partial atom labeling scheme. Displacement ellipsoids are
scaled to the 50% probability level. The BAr′4 counteranions and most hydrogens atoms have been omitted for clarity. Dashed lines
are indicative of H-bonding interactions

distances, which fall in the range 3.087(6)–3.108(7) Å
for 2 and 3.047(7)–3.097(8) Å for 3, are exceptionally
short when compared to the corresponding distances seen
in previous crystallographically characterized adducts of
hydrogen-bonded chloride-containing species [15]. Nevertheless, no elongation of the M-Cl bonds is observed,
as noted above.
In the 1H NMR spectra of 2 (see Fig. 3) and 3, recorded
at room temperature in CD2Cl2, the signals for the methyl
groups of the C5Me5 ligands appear as two large nonequivalent singlets (at 1.50 and 0.75 ppm in complex 2,
and 1.50 and 0.80 ppm in complex 3, respectively). This
observation is ascribed to the presence of asymmetrical
complexes. Consistent with this interpretation, two different set of signals are also seen for the methyl groups, the
imine protons, and the pyrrolic NH protons. The inferred
lack of symmetry is also evident in the 13C NMR spectrum. Accordingly, the NMR spectroscopic data provide
support for the conclusion that the structures of 2 and 3
seen in the solid state are retained in solution. Presumably, the presence of the bulky Ș5-C5Me5 ligands serves to
lock the conformation of the two dicationic complexes 2
and 3, as previously observed for the analogueous ruthenium derivative [8].
Copyright © 2010 World Scientific Publishing Company

The iminic protons of complex 2 appear as doublets
(JRh-H = 3.1 and 2.8 Hz) in the 1H NMR spectrum due to
the coupling with the Rh center. Coupling is also seen
with the carbon atoms of the C5Me5 ring bound to the
metal center (JRh-C = 8.5 and 8.7 Hz) in the 13C NMR spectrum. Separate from this, the pyrrolic NH resonance is
found to undergo a considerable shift to lower ﬁeld in
the complexes (δ = 11.70 and 11.60 ppm in 2, and 11.50
and 11.30 ppm in 3), relative to the free ligand (δ = 9.83
ppm for 1), indicating the presence of strong hydrogenbonding interactions between these atoms and the anionic
chloride ligands. Again, taken in concert, these observations are consistent with the coordination mode seen in
the solid state being retained in solution.

EXPERIMENTAL
General
Prior to use, all glassware was soaked in KOH-saturated isopropyl alcohol for ca. 12 h and then rinsed
with water and acetone before being thoroughly dried.
Dichloromethane was freshly distilled from CaH2.
J. Porphyrins Phthalocyanines 2010; 14: 43–46
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Fig. 3. 1H NMR spectrum of complex 2 recorded at room temperature in CD2Cl2. Residual dichloromethane and water signals are
indicated by *

n-pentane was stirred over concentrated H2SO4 for more
than 24 h, neutralized with K2CO3, and distilled from
CaH2. The complexes [{Ș5-C5Me5)M(μ-Cl)Cl}2] (M=Rh
or Ir) were purchased commercially (Strem) and used
as received, the macrocycle 1 [16] and NaBAr′4 (Ar′:
3,5-bis(triﬂuoromethyl)phenyl) [17] were prepared following reported procedures. Solutions were stirred magnetically. Nuclear magnetic resonance (NMR) spectra
were obtained on a Varian Mercury 400 MHz. Elemental analyses were performed by Midwest Microlabs Inc.,
Indianapolis, IN.
Synthesis
Preparation of complex 2. [{Ș5-C5Me5)Rh(μ-Cl)
Cl}2] (31 mg, 0.05 mmol) and NaBAr′4 (88 mg, 0.10
mmol) were added to a suspension of the free base macrocycle 1 (30.0 mg, 0.05 mmol) in dry CH2Cl2 (30 mL)
under an argon atmosphere. The mixture was stirred for
8 h affording a dark orange solution. The solvent was
evaporated under reduced pressure. The air stable orange
solid obtained in this way was puriﬁed by column chromatography (silica gel, 10% MeOH/CH2Cl2). The ﬁrst
orange fraction was collected and the resulting product
was crystallized from CH2Cl2/n-pentane to yield 104 mg
of complex 2 (71%). mp > 200 °C. Anal. calcd. for 2.
C122H90B2Cl2F48N8Rh2: C, 50.91; H, 3.15; N, 3.89. Found:
C, 50.83; H, 3.37; N, 4.00. 1H NMR (400 MHz; CD2Cl2;
Me4Si): įH, ppm 11.70 (s, 2H, NH), 11.60 (s, 2H, NH),
8.68 (d, JRh-H = 3.1 Hz, 2H, CHN), 8.28 (d, JRh-H = 2.8 Hz,
2H, CHN), 7.72 (s, 16H, Ho BAr′4), 7.63 (m, 2H, Ar),
7.55 (s, 8H, Hp BAr′4), 7.50 (m, 2H, Ar), 7.34 (m, 4H,
Ar), 7.09 (m, 2H, pyrrolic CH), 7.03 (m, 2H, pyrrolic
CH), 6.65 (m, 2H, pyrrolic CH), 6.32 (m, 2H, pyrrolic
CH), 2.21 (s, 6H, CH3), 1.86 (s, 6H, CH3), 1.50 (s, 15H,
C5Me5), 0.75 (s, 15H, C5Me5). 13C NMR (100.6 MHz,
Copyright © 2010 World Scientific Publishing Company

CD2Cl2): įC, ppm 161.9 (q, J = 50.1 Hz), 156.3, 154.5,
153.1, 151.5, 150.5, 148.1, 134.9, 132.4, 131.1, 130.2,
129.2, 128.9, 128.8 (q, J = 31.5 Hz), 124.5 (q, J = 272.7
Hz), 123.1, 118.1, 117.7, 117.2, 111.0, 97.6 (d, J = 8.5),
97.2 (d, J = 8.7), 37.2, 31.0, 27.0, 9.1, 7.7.
Preparation of complex 3. [{Ș5-C5Me5)Ir(μ-Cl)Cl}2]
(40 mg, 0.05 mmol) and NaBAr′4 (88 mg, 0.10 mmol)
were added to a suspension of the free-base macrocycle
1 (30.0 mg, 0.05 mmol) in dry CH2Cl2 (30 mL) under an
argon atmosphere. After stirring for 8 h, a bright orangeyellow solution was formed. Evaporation of the solvent
under reduced pressure and puriﬁcation by column chromatography (silica gel, 10% MeOH/CH2Cl2) afforded
the compound 3 as an orange-yellow air-stable solid.
Crystals grew as orange-yellow cubes by slow difussion of n-pentane into a CH2Cl2 solution of compound
3. Yield 128 mg (84%), mp > 200 °C. Anal. calcd. for 3.
C122H90B2Cl2F48Ir2N8: C, 47.95; H, 2.97; N, 3.67. Found:
C, 47.79; H, 3.08; N, 3.67. 1H NMR (400 MHz; CD2Cl2;
Me4Si): įH, ppm 11.50 (s, 2H, NH), 11.38 (s, 2H, NH),
8.75 (s, 2H, CHN), 8.34 (s, 2H, CHN), 7.72 (s, 16H, Ho
BAr′4), 7.64 (m, 2H, Ar), 7.55 (s, 8H, Hp BAr′4), 7.48
(m, 2H, Ar), 7.32 (m, 4H, Ar), 7.09 (m, 2H, pyrrolic
CH), 7.04 (m, 2H, pyrrolic CH), 6.66 (m, 2H, pyrrolic
CH), 6.33 (m, 2H, pyrrolic CH), 2.15 (s, 6H, CH3), 1.86
(s, 6H, CH3), 1.50 (s, 15H, C5Me5), 0.80 (s, 15H, C5Me5).
13
C NMR (100.6 MHz, CD2Cl2): įC, ppm 161.9 (q, J =
50.1 Hz), 154.5, 153.4, 153.1, 151.6, 149.2, 134.9, 135.0,
133.3, 130.9, 128.9, 128.8 (q, J = 31.5 Hz), 125.9, 124.5
(q, J = 272.7 Hz), 122.5, 117.5, 116.4, 112.4, 111.3, 89.6,
89.1, 37.0, 30.9, 29.9, 8.9, 7.3.
X-ray structure determinations
The data were collected on a Nonius Kappa CCD
diffractometer using a graphite monochromator with
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Mo-Kα radiation (Ȝ = 0.71073 Å). The data were collected at 153 K using an Oxford Cryostream low temperature device. Data reduction were performed using
DENZO-SMN [18]. The hydrogen atoms on carbon were
calculated in ideal positions with isotropic displacements parameters set to 1.2 × Ueq of the attached atom
(1.5 × Ueq for methyl hydrogen atoms). The function,
Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 +
(0.0562*P)2 + (18.8245*P)] and P = (|Fo|2 + 2|Fc|2)/3.
The data were checked for secondary extinction but no
correction was necessary. In both cases some of the trifluoromethyl groups were disordered. In addition, several
ﬂuorine atoms exhibited highly anisotropic displacement
parameters. The disordered CF3 groups were all modeled
alike. The C-F bond lengths and the F-C-C bond angles
were restrained to be equivalent for all CF3 groups. For a
given CF3 group, the site occupancy factor for one component of the disorder was assigned the variable x, while
the site occupancy factor for the alternate component was
set to (1-x). A common isotropic displacement parameter
was reﬁned for all six F atoms. Once the variable x was
reﬁned, the site occupancies were ﬁxed and the displacement parameters were reﬁned. Anisotropic displacement parameters for all ﬂuorine atoms were reﬁned with
restraints to keep them approximately isotropic. One of
the dichloromethane molecules was also disordered in
both complexes. The disorder was the result of a rotation
about one of the Cl-C bonds. The geometry of the dichloromethane was restrained to be equivalent to the ordered
dichloromethane molecule throughout the reﬁnement.
The hydrogen atoms associated with these molecules
were not included in the reﬁnement model.
Crystallographic data have been deposited at the
CCDC, and copies can be obtained on request, free of
charge, by quoting the publication citation and the deposition numbers indicated below via www.ccdc.cam.ac.uk/
conts/retrieving.html or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK (fax: +44 1223-336-033 or email: deposit@
ccdc.cam.ac.uk).
Compound 2. C124H94B2Cl6F48Rh2N8. The data crystal
was cut from a larger crystal and had approximate dimensions of 0.35 × 0.17 × 0.07 mm; monoclinic, space group
P21, a = 13.5078(3) Å, b = 26.2580(8) Å, c = 18.6348(6)
Å, α = 90º, β = 104.457(2)°, γ = 90º. V = 6400.2(3) Å3.
Z = 2, ρcalcd = 1.582 Mg/m3. μ = 0.505 mm-1. F(000) =
3056. A total of 480 frames of data were collected using
ω-scans with a scan range of 0.8° and a counting time of
85 seconds per frame. A total of 26,327 reﬂections were
measured, 26,327 unique. The structure was reﬁned on F2
to 0.1425, with R(F) equal to 0.0689 and a goodness of
ﬁt, S = 1.054. The deposition number is 709220.
Compound 3. C124H94B2Cl6F48Ir2N8. The data crystal
was cut from a larger crystal and had approximate dimensions of 0.20 × 0.13 × 0.10 mm; monoclinic, space group
P21, a = 13.5372(2) Å, b = 26.2793(6) Å, c = 18.6279(4) Å,
α = 90º, β = 104.594(2)°, γ = 90º. V = 6414.3(2) Å3.
Copyright © 2010 World Scientific Publishing Company
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Z = 2, ρcalcd = 1.671 Mg/m3. μ = 2.320 mm-1. F(000) =
3184. A total of 397 frames of data were collected using
ω-scans with a scan range of 1.1° and a counting time of
102 seconds per frame. A total of 67,201 reﬂections were
measured, 27,926 unique (Rint = 0.0702). The structure
2
was reﬁned on F to 0.135, with R(F) equal to 0.0603
and a goodness of ﬁt, S = 1.11. The deposition number
is 709221.

CONCLUSION
In summary, the Schiff-base tetrapyrrolic macrocycle 1 has been used to prepare two new organometallic binuclear “piano stool”-type complexes 2 and 3,
which contain Rh(III) and Ir(III) centers, respectively.
Both complexes display strong intramolecular hydrogenbonding interactions, both in CD2Cl2 solution and in the
solid state. The results reported here serve to demonstrate
that Schiff-base expanded porphyrins, which allow metal
centers to be coordinated in close proximity to a rich
array of hydrogen-bond donors, are potential platforms
for the synthesis of novel complexes that combine the
features of traditional transition metal coordination and
ancillary hydrogen-bonding interactions.
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ABSTRACT: Phthalocyanines are used as various applications, including as organic charge carriers in
photocopiers, laser light absorbers in data storage systems, photoconductors in photovoltaic cells and
electrochromic displays, and non-colored transparent ﬁlm in visible region. The absorption maxima
of phthalocyanines are best if moved near the infrared region for these applications. The Q band of
phthalocyanines can be moved to bathochromic effects through extension of a π conjugation system such
as naphthalocyanines and anthracyanines. Yields of naphthalocyanines and anthracyanines are, however,
low. To solve the problem, novel metal phthalocyanines having non-peripheral S-aryl substituent were
synthesized. The novel phthalocyanines show a high strain structure and no liquid crystal property.
The target compounds were synthesized: 15 phthalocyanines from 2,3-dicyanohydroquinone in 3 steps
via 1,2-dicyanobenzene-3,6-bis(triﬂuorate) and 1,2-dicyanobenzene-3,6-thiophenols. The Q bands of
obtained compounds appeared in the near-infrared region. In particular, lead 1,4,8,11,15,18,22,25octakis(thiophenylmethyl)phthalocyanine shows a Q band at 857 nm. Furthermore, non-colored
transparent ﬁlms in the visible region can be produced.
KEYWORDS: S-aryl substituent, near-infrared absorption, non-peripheral position.

INTRODUCTION
Phthalocyanines, which are used as important greento-blue colorants, have attracted attention as functional
chromophores for various applications including organic
charge carriers in photocopiers, laser light absorbers in
data storage systems, photoconductors in photovoltaic
cells, electrochromic displays [1–6], and non-colored
transparent ﬁlms in the visible region. For these applications, absorption maxima of phthalocyanines, also called
Q bands, are best if moved to the near-infrared region. The
Q band absorption at around 650 nm is attributed to the
π-π∗ transition. In general, the Q band of phthalocyanines
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can be moved to longer wavelengths through extension of
π electron conjugation systems such as naphthalocyanines,
anthracyanines and anthraquinocyanines [7]. For naphthalocyanines and anthracyanines, syntheses are difﬁcult
and yields are low. Therefore, it is necessary to continue
investigate the synthesis of novel phthalocyanines of
which the Q band shows near-infrared absorption, for
example, to introduce an electron-donating substituent at
a peripheral (2,3,9,10,16,17,13,24) position [1–6].
Cook and co-workers reported that 1,4,8,11,15,18,22,25-octakis(hexylsulfanyl)phthalocyanines
were
moved in the Q band around 780 nm [8]. The substituents
located at a non-peripheral (1,4,8,11,15,18,22,25) position can show bathochromic effects through comparison
with the peripheral (2,3,9,10,16,17,23,24) position. Then,
alkyl substituents in phthalocyanines linked through oxygen and sulfur atoms have the important effect of moving
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the Q band absorption to the near-infrared region: 760
and 800 nm [9, 10]. The wavelength of absorption
maximum (λmax) of the Q band in 1,4,8,11,15,18,22,25octakis(hexylsulfanyl)phthalocyanine is dependent upon
its central metal [8]. Especially, lead phthalocyanines
show longer λmax of the Q band because of their shuttlecock-shaped molecule. However, Cook’s phthalocyanines
were anticipated to show discotic liquid crystal behavior
because of their long alkyl substitution. The phthalocyanines are thought to lack high heat resistance up to 300°C
on a solid body. The Cook’s phthalocyanines show red
color because the Q band moved to the near-red region
accompanying the Soret band [8].
In 2005, Kobayashi and co-workers reported synthesis of non-planar 1,4,8,11,15,18,22,25-octa(p-methoxyphenyl)phthalocyanines, of which the Q band was shifted
beyond 800 nm [11]. Although most metal phthalocyanines have a planar structure, the bathochromic effect of
the Q band observed for the octa(p-methoxyphenyl)phthalocyanines arises from ligand deformation and the electron-donating property of methoxy groups. Kobayashi’s
group also reported that 1,4,8,11,15,18,22,25-octaphenylated phthalocyanines have a high strain structure caused
by the steric hindrance of substituents [12].
Near-infrared absorption materials were ﬁrst reported
in patents [12]. Infrared-absorbed phthalocyanines were
obtained as a mixture of a constitutional isomer or regioisomers. The reason for the mixture of isomers is as
follows: raw materials were added onto the mode of preparation of materials to decrease manufacturing processing; the selected molecular structures were unfortunately
designed to include isomers and crude materials that cannot be easily separated into isomers. Even materials of the
same series of phthalocyanine isomers are known to show
different properties [13–16].
The authors reported a charge-transfer thin ﬁlm made
from organic varnish including aniline oligomer as a
charge-transfer material exhibiting organic electroluminescent (EL) properties [17]. Copper phthalocyanine is
used as a standard charge transfer material in the ﬁeld of
organic EL; it coats a surface with a thin ﬁlm using a dry
process such as a vacuum method because of the lower
solubility of copper phthalocyanine. Copper phthalocyanine, having high heat resistance and high light resistance, is required for application to wet processes such
as spin-coating, spraying, and ink-jet methods because
of the demand for large EL display manufacture. Copper phthalocyanine presents the disadvantageous point of
lower transmittance in the visible region because of its
strong absorption maxima.
In this study, to develop new charge transfer materials, we attempt to synthesize novel non-peripheral
S-aryl substituted phthalocyanines, 1,4,8,11,15,18,22,25octakis(thiophenyl)phthalocyanines, which show nearinfrared absorption, have high strain structure, with no
liquid crystal property and no isomers, linking through
sulfur atom electron-donating groups.
Copyright © 2010 World Scientific Publishing Company

EXPERIMENTAL
Equipments
Ultraviolet-visible (UV-vis) spectra were measured on
a Shimadzu UV-2400PC spectrometer. Each sample was
prepared in toluene at 5.0 × 10-5 M, and in chloroform at
5.0 × 10-5 M. Fluorescent spectra were recorded in DMF
on a Nihon Bunko Jasco FP-6600 spectroﬂuorometer.
Proton magnetic resonance (1H NMR) spectra were measured at 400 MHz on a Bruker Avance 400S in dimethyl
sulfoxide-d6 (DMSO-d6) using tetramethylsilane (TMS)
as the internal standard. Elemental analysis was carried
out using a Perkin-Elmer 2400CHN instrument. Mass
spectra were taken with a Nihon Denshi Joel JMS-AX500
mass spectrometer. Melting points were measured with a
stanford research system MPA100 optimelt automated
system. A differential thermobalance was carried out
using a MAC Science Tg-DTA 2000SR instrument. Measurement of the ionization potential (Ip) was performed
using a Riken Keiki AC-2 instrument. Thickness of ﬁlm
was measured with a Kosaka Laboratories Suppercorder
ET4000A instrument.
Materials
All chemicals were purchased from Aldrich or Tokyo
Chemical Industry Co. Ltd. They were used as received
without further puriﬁcation. For chromatographic separation, silica gel was used (60, particle size 0.063–0.200 nm,
7734-grade; Merck).
Synthesis
Phthalonitrile-3,6-ditriﬂate (1). 2,3-dicyanohydroquinone (4.80 g, 30 mmol) in dichloromethane (100 mL)
and pyridine (py) (5.93 g, 75 mmol) was treated with
triﬂuoromethanesulfonic anhydride (21.16 g, 75 mmol)
under nitrogen at –78°C. After the reaction, the mixture
was allowed to warm slowly to room temperature; stirring was continued for 24 h. The mixture was poured into
water (600 mL) and the organic layer was extracted using
dichloromethane (5 × 100 mL). The extract was washed
in turn with water, 2% hydrochloric acid, water, brine
and water, and dried on magnesium sulfate (MgSO4).
The ﬁltrate and the solvent evaporated. The crude product was recrystallized from dichloromethane to afford 1
(6.35 g, 50%) as colorless needles. Found: C, 28.32%; H,
0.48%; N, 6.59%. Calcd. for C10H2F6N2S2O6: C, 28.31%;
H, 0.48%; F, 26.87%; N, 6.60%; O, 22.63%; S, 15.12%.
IR (KBr): cm-1 3115 (νC-H), 2550 (νC-N), 1601 (νC-C), 1472
(νC-C), 1439 (νC-C), 1134 (νS=O). 1H NMR (400 MHz,
DMSO-d6): δ, ppm 8.44 (s, 2H).
3,6-bis(thiophenyl)phthalonitriles (2). In a mixture of
1 (0.85 g, 2 mmol), potassium carbonate (1.16 g) and dimethyl sulfoxide (DMSO) (15 mL), thiophenols (4 mmol)
such as p-toluenethiol, 4-methoxybenzenethiol and tertbutylthiophenol was added; the mixture was reacted
J. Porphyrins Phthalocyanines 2010; 14: 48–54
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at room temperature for 24 h in nitrogen atmosphere.
The reaction products were poured into water (300 mL),
and the organic layer extracted using dichloromethane
(5 × 100 mL), and dried on MgSO4. The ﬁltrate and the
solvent evaporated. The crude product was washed with
methanol (3 × 50 mL) and recrystallized from toluene
to afford 2 as a yellow solid. 3,6-bis(thiophenylmethyl)
phthalonitrile (2a) (0.27 g, 35%). Found: C, 70.90%; H,
4.30%; N, 7.50%. Calcd. for C22H16N2S2: C, 70.93%; H,
4.33%; N, 7.52%; S, 17.22. IR (KBr): cm-1 3050 (νC-H),
2970 (νC-H), 2218 (νC-N), 1600 (νC-C), 1535 (νC-C), 1490
(νC-C), 1435 (νC-C), 1210, 809 (δC-H). 1H NMR (400 MHz,
DMSO-d6): δ, ppm 7.54 (d, 4H), 7.46 (d, 4H), 7.35 (s2H),
2.66 (tt, 6H). 3,6-bis(thiophenylmethoxy)phthalonitrile
(2b) (0.28 g, 34%). Found: C, 65.30%; H, 4.00%; N,
6.93%. Calcd. for C22H16N2S2O2: C, 65.32%; H, 3.99%;
N, 6.93%; S, 15.82%; O, 7.91%. IR (KBr): cm-1 3050
(νC-H), 2970 (νC-H), 2216 (νC-N), 1600 (νC-C), 1540 (νC-C),
1487 (νC-C), 1430 (νC-C), 1210, 810 (δC-H). 1H NMR (400
MHz, DMSO-d6): δ, ppm 7.49 (d, 4H), 7.06 (d, 4H), 7.04
(s2H), 3.79 (s, 6H). 3,6-bis(thiophenyl tert-butyl)phthalonitrile (2c) (0.38 g, 42%). Found: C, 73.65%; H, 6.18%;
N, 6.11%. Calcd. for C28H28N2S2: C, 73.64%; H, 6.18%;
N, 6.13%; S, 14.04%. IR (KBr): cm-1 3040 (νC-H), 2960
(νC-H), 2210 (νC-N), 1600 (νC-C), 1500 (νC-C), 1460 (νC-C),
1210, 808 (δC-H). 1H NMR (400 MHz, DMSO-d6): δ, ppm
7.50 (d, 4H), 7.46 (d, 4H), 7.26 (s, 2H), 1.28 (s, 18H).
1,4,8,11,15,18,22,25-octakis(thiophenyl)phthalocyanines (3). A solution of 2 (0.25 mmol), metal
chlorides or metal acetate, 1,8-diazabicyclo[5.4.0]undec7-ene (DBU) as a catalyst and 1-pentanol (1-PeOH) was
reﬂuxed for 7 h. After cooling to room temperature, the
reaction products were poured into methanol to form a
precipitate, which was washed with water and methanol,
and chromatographed on silica gel with toluene as eluent.
1,4,8,11,15,18,22,25-octakis(thiophenylmethyl)phthalocyanines (3a); 3a-Cu (0.02 g, 18%). Found: C, 67.98%; H,
4.51%; N, 7.01%. Calcd. for C88H65N8S8Cu: C, 67.99%;
H, 4.21%; N, 7.21%; S, 16.50%; Cu, 4.09%. MS (FAB):
m/z 1554, calcd. 1554.59. 3a-Co (0.02 g, 24%). Found:
C, 68.10%; H, 4.20%; N, 7.25%. Calcd. for C88H65N8S8Co: C, 68.19%; H, 4.23%; N, 7.23%; S, 16.55%; Co,
3.80%. MS (FAB): m/z 1550, calcd. 1549.97. 3a-Ni (0.03
g, 28%). Found: C, 68.18%; H, 4.20%; N, 7.13%. Calcd.
for C88H65N8S8Ni: C, 68.20%; H, 4.23%; N, 7.23%; S,
16.55%; Ni, 3.79%. MS (FAB): m/z 1550, calcd. 1549.73.
3a-Zn (0.02 g, 24%). Found: C, 67.87%; H, 4.23%; N,
7.11%. Calcd. for C88H65N8S8Zn: C, 67.91%; H, 4.21%;
N, 7.20%; S, 16.48%; Zn, 4.20%. MS (FAB): m/z 1556,
calcd. 1556.43. 3a-Pb (0.04 g, 34%). Found: C, 62.29%;
H, 3.88%; N, 6.40%. Calcd. for C88H65N8S8Pb: C, 62.24%;
H, 3.86%; N, 6.60%, S, 15.11%; Pb, 12.19%. MS (FAB):
m/z 1699, calcd. 1698.24. 3a-H2 (0.04 g, 19%). Found:
C, 70.85%; H, 4.66%; N, 7.51%. Calcd. for C88H66N8S8:
C, 70.84%; H, 4.46%; N, 7.51%, S, 17.1%. MS (FAB):
m/z 1492, calcd. 1492.04. 1,4,8,11,15,18,22,25-octakis(thiophenylmethoxy)phthalocyanines (3b);3b-Cu (0.03 g,
Copyright © 2010 World Scientific Publishing Company
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27%). Found: C, 62.88%; H, 3.91%; N, 6.65%. Calcd.
for C88H65N8S8 O8Cu: C, 62.82%; H, 3.89%; N, 6.66%;
S, 15.25%; O, 7.61%; Cu, 3.77%. MS (FAB): m/z 1682,
calcd. 1682.58. 3b-Co (0.02 g, 21%). Found: C, 63.00%;
H, 3.89%; N, 6.59%. Calcd. for C88H65N8S8O8Co: C,
62.99%; H, 3.90%; N, 6.68%; S, 15.29%; O, 7.63%; Co,
3.51%. MS (FAB): m/z 1678, calcd. 1677.97. 3b-Ni (0.03
g, 25%). Found: C, 63.01%; H, 3.92%; N, 6.67%. Calcd.
for C88H65N8S8O8Ni: C, 63.01%; H, 3.92%; N, 6.67%;
S, 15.29%; O, 7.63%; Ni, 3.49%. MS (FAB): m/z 1678,
calcd. 1677.73. 3b-Zn (0.03 g, 29%). Found: C, 62.75%;
H, 3.95%; N, 6.65%. Calcd. for C88H65N8S8O8Zn: C,
62.75%; H, 3.89%; N, 6.65%; S, 15.23%; O, 7.60%;
Zn, 3.88%. MS (FAB): m/z 1684, calcd. 1684.42. 3b-Pb
(0.04 g, 35%). Found: C, 57.88%; H, 3.59%; N, 6.15%.
Calcd. for C88H65N8S8O8Pb: C, 57.88%; H, 3.59%; N,
6.14%; S, 14.05%; O, 7.01%; Pb, 11.33%. MS (FAB):
m/z 1827, calcd. 1826.23. 3b-H2 (0.02 g, 8%). Found: C,
65.24%; H, 4.11%; N, 6.93%. Calcd. for C88H66N8O8S8:
C, 65.24%; H, 4.11%; N, 6.92%, O, 7.90, S, 15.18%.
MS (FAB): m/z 1620, calcd. 1620.03. 1,4,8,11,15,
18,22,25-octakis(thiophenyl tert-butyl)phthalocyanines
(3c); 3c-Cu (0.02 g, 20%). Found: C, 71.13%; H, 6.05%;
N, 5.87%. Calcd. for C112H113N8S8Cu: C, 61.13%; H,
6.02%; N, 5.92%; S, 13.56%; Cu, 3.37%. MS (FAB):
m/z 1891, calcd. 1891.22. 3c-Co (0.02 g, 21%). Found:
C, 71.24%; H, 6.04%; N, 5.93%. Calcd. for C112H113N8S8Co: C, 71.30%; H, 6.04%; N, 5.94%; S, 13.60%, Co,
3.12%. MS (FAB): m/z 1886, calcd. 1886.61. 3c-Ni (0.03
g, 23%). Found: C, 71.31%; H, 6.04%; N, 5.89%. Calcd.
for C112H113N8S8Ni: C, 71.31%; H, 6.04%; N, 5.94%; S,
13.60%; Ni, 3.11%. MS (FAB): m/z 1886, calcd. 1886.37.
3c-Zn (0.03 g, 28%). Found: C, 71.00%; H, 6.01%; N,
5.92%. Calcd. for C112H113N8S8Zn: C, 71.06%; H, 6.02%;
N, 5.92%; S, 13.55%; Zn, 3.45%. MS (FAB): m/z 1893,
calcd. 1803.07. 3c-Pb (0.04 g, 34%). Found: C, 66.12%;
H, 5.63%; N, 5.53%. Calcd. for C112H113N8S8Pb: C,
66.11%; H, 5.60%; N, 5.51%; S, 12.61%; Pb, 10.17%.
MS (FAB): m/z 2035, calcd. 2034.88. 3c-H2 (0.02 g,
9%). Found: C, 73.55%; H, 6.26%; N, 6.13%. Calcd.
for C112H114N8S8: C, 73.56%; H, 6.28%; N, 6.13%, S,
14.03%. MS (FAB): m/z 1829, calcd. 1828.68.
Reference compounds (4–6). 1,4,8,11,15,18,22,25octakis(thiooctyl)phthalocyaninate copper, cobalt, nickel,
zinc and lead (4) were synthesized from 3,6-thiooctylphthalonitrile in accordance with a description in the literature [4]. 2,3,9,10,16,17,23,24-octakis(thiophenylmethyl)
phthalocyaninate copper, cobalt, nickel, zinc and lead (5)
were synthesized from phthalonitrile having thiophenylmethyl at a peripheral site [18]. Tetrakis(tert-butyl)phthalocyaninate copper (6) was synthesized. 4-Cu. Found: C,
73.90%; H, 7.65%; N, 4.76%. Calcd. for C144H177N8S8Cu:
C, 73.91%; H, 7.62%; N, 4.79%; S, 10.96%; Cu, 2.72%.
MS (FAB): m/z 2340, calcd. 2340.07. 4-Co. Found: C,
74.06%; H, 7.64%; N, 4.77%. Calcd. for C144H177N8S8Co:
C, 74.06%; H, 7.64%; N, 4.80%; S, 10.98%, Co, 2.52%.
MS (FAB): m/z 2335, calcd. 2335.46. 4-Ni. Found: C,
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74.02%; H, 7.64%; N, 4.77%. Calcd. for C144H177N8S8Ni:
C, 74.06%; H, 7.64%; N, 4.80%; S, 10.99%; Ni, 2.51%.
MS (FAB): m/z 2335, calcd. 2335.22. 4-Zn. Found: C,
73.85%; H, 7.65%; N, 4.78%. Calcd. for C144H177N8S8Zn:
C, 73.85%; H, 7.62%; N, 4.78%; S, 10.95%; Zn, 2.80%.
MS (FAB): m/z 2342, calcd. 2341.92. 4-Pb. Found: C,
69.63%; H, 7.18%; N, 4.41%. Calcd. for C144H177N8S8Pb:
C, 69.63%; H, 7.18%; N, 4.51%; S, 10.32%; Pb, 8.35%.
MS (FAB): m/z 2484, calcd. 2483.73. 5-Cu. Found: C,
68.00%; H, 4.28%; N, 7.29%. Calcd. for C88H65N8S8Cu:
C, 67.99%; H, 4.21%; N, 7.21%; S, 16.50%; Cu, 4.09%.
MS (FAB): m/z 1555, calcd. 1554.59. 5-Co. Found: C,
68.19%; H, 4.23%; N, 7.24%. Calcd. for C88H65N8S8Co: C,
68.19%; H, 4.23%; N, 7.23%; S, 16.55%; Co, 3.80%. MS
(FAB): m/z 1550, calcd. 1549.97. 5-Ni. Found: C, 68.21%;
H, 4.24%; N, 7.21%. Calcd. for C88H65N8S8Ni: C, 68.20%;
H, 4.23%; N, 7.23%; S, 16.55%; Ni, 3.79%. MS (FAB):
m/z 1550, calcd. 1549.73. 5-Zn. Found: C, 67.89%; H,
4.19%; N, 7.24%. Calcd. for C88H65N8S8Zn: C, 67.91%; H,
4.21%; N, 7.20%; S, 16.48%; Zn, 4.20%. MS (FAB): m/z
1556, calcd. 1556.43. 5-Pb. Found: C, 62.24%; H, 3.84%;
N, 6.57%. Calcd. for C88H65N8S8Pb: C, 62.24%; H, 3.86%;
N, 6.60%, S, 15.11%; Pb, 12.19%. MS (FAB): m/z 1699,
calcd. 1698.24. 6-Cu. Found: C, 72.03%; H, 6.05%; N,
14.01%. Calcd. for C48H48N8Cu: C, 72.02%; H, 6.04%; N,
14.00%; Cu, 7.94%. MS (FAB): m/z 801, calcd. 800.49.

RESULTS AND DISCUSSION

was synthesized from 2,3-dicyanohydroquinon and trifluoromethanesulfonic anhydride for 24 h in accordance
with a description from the literature [5]. Intermediates 2 were synthesized, respectively, from 1 and thiophenols such as p-toluenethiol, 4-methoxybenzenethiol
and tert-butylthiophenol at room temperature for 24 h
to obtain 3,6-bis(thiophenylmethyl)phthalonitrile (2a),
3,6-bis(thiophenylmethoxy)phthalonitrile (2b) and 3,6bis(thiophenyl tert-butyl)phthalonitrile (2c). Intermediates
1 and 2 were analyzed using IR and 1H NMR spectroscopy, and elemental analysis. Their analytical data showed
good agreement with the proposed structure.
The target compounds 1,4,8,11,15,18,22,25 octakis(thiophenylmethyl)phthalocyanines (3a), 1,4,8,11,15,18,22,25-octakis(thiophenylmethoxy)phthalocyanines (3b)
and 1,4,8,11,15,18,22,25-octakis(thiophenyl tert-butyl)
phthalocyanines (3c) were synthesized, respectively, from
corresponding intermediates 2a, 2b, and 2c and metal
salt in the presence of DBU as catalyst in 1-PeOH for 7 h
(Scheme 1). As metal salts, chloride or acetate of copper,
cobalt, nickel, zinc, and lead were chosen [12]. Metalfree compounds of 3 were obtained directly by reﬂuxing
2 in 1-PeOH. The products were isolated using column
chromatography on silica gel with toluene as eluent. The
most readily apparent feature of the 3 compounds is their
solubility in various solvents.
The target compounds 3 were analyzed using elemental analysis and MS spectroscopy. The analytical data
showed good agreement with the proposed structure.

Syntheses of target compounds

Syntheses of reference compounds

Target compounds, 1,4,8,11,15,18,22,25-octakis(thiophenyl)phthalocyanines (3) were synthesized in three steps
via intermediates, phthalonitrile-3,6-ditriﬂate (1) and
3,6-bis(thiophenyl)phthalonitriles (2). Intermediate 1

For comparison of properties, reference compounds
of three types were also synthesized. One kind of
reference compound included 1,4,8,11,15,18,22,25octakis(thiooctyl)phthalocyaninate copper, cobalt, nickel,
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zinc and lead (4) from 3,6-thiooctylphthalonitrile, in
accordance with a process described in the literature [7]
(Scheme 2).
Other reference compounds were 2,3,9,10,16,17,
23,24-octakis(thiophenylmethyl)phthalocyaninate copper,
cobalt, nickel, zinc and lead (5) synthesized from phthalonitrile having thiophenylmethyl at peripheral site
[15] (Scheme 3). The other reference compound was
tetrakis(tert-butyl)phthalocyaninate copper (6), which
included four regioisomers [19]. The tetra-tert-butyl
phthalocyaninate copper was synthesized from 4-tertbutylphthalonitrile. The reference compounds were analyzed using elemental analysis and MS spectroscopy. The
Copyright © 2010 World Scientific Publishing Company

analytical data showed good agreement of the proposed
structure.
UV-vis spectra
In substituted metal and metal-free phthalocyanines, strong absorption is detected in the visible region
between the 650 and 690 nm, termed the Q band, and
in UV between 320 and 370 nm, called the Soret band.
A typical value for the extinction coefﬁcient (ε) of the
Q band is around 105 cm2 . mol-1.
The absorption spectra of synthesized compounds 3
show typical shapes for phthalocyanine analogs (Figs 1–3).
J. Porphyrins Phthalocyanines 2010; 14: 51–54
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Fig. 1. UV-vis spectra of 3a

Fig. 2. UV-vis spectra of 3b

longer wavelength in comparison to unsubstituted metal
phthalocyanine and reference compounds. In the case of
3a, absorption maxima are moved to longer wavelengths
in the order of Co, Ni, Cu, Zn, and Pb. Compounds 3b
and 3c show similar phenomena. In comparison to the
same central metal, non-peripheral substituted phthalocyanines, 3a, 3b, and 3c show longer wavelengths than
peripheral substituted 5. Metal-free 3a, 3b, and 3c were
also synthesized. The Q band absorption peaks of 3a, 3b,
and 3c respectively appeared at longer wavelengths of
815, 820, and 816 nm. In general, metal-fee phthalocyanines show shorter wavelengths than corresponding metal
phthalocyanines. Metal-free 3a, 3b, and 3c, which have
remarkably bulky substituents, increase the distortion of
the molecule because the four central cavities cannot be
ﬁxed. Then, the Q band of metal-free 3a, 3b, and 3c were
not split. The Q band is known to split into two peaks
for high symmetry; the splitting Q band decreases with
decreasing symmetry. Metal-free 3a, 3b, and 3c display
decreased symmetry as a result of the molecular distortion. We leave a detailed discussion about these phenomena of Q band of metal-free 3a, 3b and 3c for another
opportunity. The Q band absorption data of phthalocyanines are presented in Table 1.
The Q band shifts depend upon the change in the
electron distribution in the phthalocyanine ring caused
by substituents and their position. These results suggest that the steric hindrance arising from the substituted
S-aryl groups appears to be as signiﬁcant as reported by
Kobayashi and co-workers [12]. However, a difference
of the Q band in 3 is low between substituents, methyl,
methoxy and tert-butyl. In this case, electron-donating
substituents only slightly affect the movement to a longer wavelength. Although the effect of the central metal
on the energy of Q band is usually small [20], absorption maxima of 3 are moved to longer wavelengths, and
apparently increase with the ionic radius of the central
metal, particularly lead. Lead complexes of 3 showed
ampliﬁed structural distortion.
Because non-peripheral S-aryl substituted phthalocyanines having lead as the central metal have an absorption
band near 500 nm, 3a-Pb, 3b-Pb, and 3c-Pb resembles
a red solution; the other central metals of 3a, 3b, and 3c
show a slightly reddish solution.
Heat resistance test

Fig. 3. UV-vis spectra of 3c

They also displayed strong absorption peaks in the visible region at around 800 nm. The strongest peaks in
the visible region are assigned as the Q band, which
were attributed to the allowed π−π∗ transition of the
phthalocyanine ring. The Q band absorption of synthesized compounds 3 shifted by 100–150 nm to a

Copyright © 2010 World Scientific Publishing Company

The respective heat resistance characteristics of 3
and 4 were estimated using a differential thermobalance
instrument (Tg-DTA 2000SR; Mac Science). Heat resistance testing was the following: the sample temperature
was raised from 30 to 400 °C by 1 °C every 1 min; the
temperature was recorded at a point to 5% weight less
per 400 mg sample weight. The target compounds 3a, 3b,
and 3c exhibited high 5% weight less temperature around
300°C, whereas reference compounds 4 showed a very
low temperature. Results show that 3a, 3b and 3c possess
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Table 1. Q band absorption data of target compounds 3a, 3b and 3c and reference compounds
Solvent

Chloroform

Toluene

Central metal

3a

3b

3c

4

λmax, nm

log ε

λmax, nm

log ε

λmax, nm

log ε

metal-free
Pb
Cu
Ni
Zn
Co

815
857
805
788
795
779

5.22
5.09
5.20
4.74
4.92
4.91

820
862
808
790
795
783

5.33
5.13
5.17
4.97
5.01
4.51

816
855
805
787
789
780

5.08
4.89
5.29
5.00
5.18
4.91

Pb
Cu
Ni
Zn
Co

838
791
777
792
775

5.15
5.01
5.09
4.20
4.71

846
796
782
790
778

5.18
5.06
5.10
4.34
4.89

836
790
776
782
774

5.08
5.01
4.94
4.86
4.89

λmax, nm

5
λmax, nm

log ε

754
716
706
715
708

4.89
4.96
4.99
5.11
4.70

818
783
782

Table 2. The 5% weight less temperature for 3a, 3b and 3c, and
reference compound 4

Table 3. Ionization potential for 3a, 3b and 3c, and reference
compound 5

Central metal

3a

3b

3c

4

Central metal

Pb
Cu
Ni
Zn
Co

298
305
305
312
303

298
302
301
306
301

291
300
296
303
299

73
81
80
75
78

Pb
Cu
Ni
Zn
Co

very high heat-resistance. All 3 compounds are able to
use an organic device and a thin ﬁlm coated onto a surface. The 5% weightless data are presented in Table 2.
Compounds 4 show behavior of anisotropic discshaped liquid crystals around 70°C because of their
longer alkyl side chains. These phenomena have been
reported for long alkyl group substituted phthalocyanines
[1, 2, 21].
Preparation of thin ﬁlms and their ionization potentials
Under a nitrogen atmosphere, 0.3 g of 3 was dissolved
in 5.0 g of 1,3-dimethyl-2-imidazolidinone. Cyclohexanol
(5.0 g) was added to the 1,3-dimethyl-2-imidazolidinonesolution to afford varnish (including 3% solid content).
The varnish was spin-coated onto an indium tin oxide
(ITO) glass basal plate, which was washed with ozone
for 40 min until immediately before spin-coating. The
spin-coated ITO glass basal plates were baked at 200°C
for 10 min to obtain 30-nm-thick thin ﬁlms. The thin ﬁlm
thickness was measured (Supercorder ET4000A; Kosaka
Laboratory). Prepared thin ﬁlms of 3 show no apparent
color difference from the solution phase.
Varnish of compound 5 is difﬁcult to prepare to the
same composition of the solvent to manufacture for 3.
For preparation of thin ﬁlms, the solvent 1,3-dimetyl2-imidazolidinone is an efﬁcacious solvent for solid
content, while cyclohexanol acts as a poor solvent. The
solubility in cyclohexanol of 5 was lower than that of 3.
Therefore, the poor solvent was changed to chloroform.
Copyright © 2010 World Scientific Publishing Company

3a

3b

3c

5

4.80
4.65
4.69
4.66
4.70

4.90
4.78
4.82
4.80
4.84

4.75
4.64
4.68
4.66
4.70

5.11
4.98
5.03
5.01
5.05

Non-peripheral substituted phthalocyanines show higher
solubility than peripheral substituted phthalocyanine
because 3a and 5 have identical substituents at differing
positions. By improving the poor solvent, 30-nm-thick
thin ﬁlms containing 5 can be made.
The Ip of thin ﬁlms were measured (AC-2; Riken Keiki
Co. Ltd.). In the case of 3, Ip were varied for the central
metal, and increased in the order of Cu, Zn, Ni, Co, and
Pb, which were independent of the S-aryl group type:
thiophenylmethyl, thiophenylmethoxy, and thiophenyl
tert-butyl. In comparison to the same central metal of 3,
the tendency of Ip shows a similar value for 3a and 3c,
and is apparently the highest for 3b. Comparison with Ip
of thin ﬁlms shows that those of 3 are lower than those
of 5 by 0.5 eV. Actually, Ip is known to be around 5.0 eV
for usually used non-substituted copper phthalocyanine
thin ﬁlms. The Ip of copper phthalocyanine shows a similar value for the peripheral substituted phthalocyanine,
such as 5. Because Ip means energy of Highest Occupied
Molecular Orbital (HOMO), non-peripheral S-aryl substituted phthalocyanines have the highest HOMO energy.
This result suggests that non-peripheral S-aryl substituted
phthalocyanines 3 removed a barrier of charge transfer
using the electrode.

CONCLUSION
Phthalocyanines having S-aryl at non-peripheral position can be synthesized. Their strong absorption peaks in
the visible region called the Q band show around 800 nm.
J. Porphyrins Phthalocyanines 2010; 14: 53–54

54

K. SAKAMOTO ET AL.

The synthesized phthalocyanines have high solubility for
organic solvents, high heat resistance without discotic
liquid crystal behavior, no absorption in visible region,
and a simple compound including no regio isomers.
Thin ﬁlms of synthesized phthalocyanine on ITO were
prepared. The Ip measurements show that those of 3
were lower than those of 5 and copper phthalocyanine by
0.5 eV. Synthesized phthalocyanines 3 were removed as a
barrier to charge transfer using an electrode.
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ABSTRACT: Recent discoveries from our research groups on the photophysics of a few cofacial
bisporphyrin dyads for through space singlet and triplet energy transfers raised several important
investigations about the mechanism of energy transfers and energy migration in light-harvesting
devices, notably LH II, in the heavily investigated purple photosynthetic bacteria. The key feature is
that for face-to-face and slipped dyads with controlled structure using rigid spacers or spacers with
limited ﬂexibilities, our fastest rates for singlet energy transfer are in the 10 × 109 s-1 (i.e. 100 ps time
scale) for donor-acceptor distances of ~3.5–3.6 Å. The time scale for energy transfers between different
bacteriochlorophylls, notably B800*ĺB850, is in the ps despite the long Mg···Mg separation (~18 Å).
This short rate drastically contrasts with the well-accepted Förster theory. This review focuses on the
photophysical processes and dynamics in LH II and compares these parameters with our investigated
model dyads build upon octa-etio-porphyrin chromophores and rigid and semi-rigid spacers. The recently
discovered role of the rhodopin glucoside (carotenoid) will be analyzed as possible relay for energy
transfers, including the possibility of uphill processes at room temperature. In this context the concept of
energy migration may be complemented by parallel relays and uphill processes. It is also becoming more
obvious that the irreversible electron transfer at the reaction center (electron transfer from the special pair
to the phaeophytin) renders the rates for energy transfer and migration faster precluding all possibility
of back transfers.
KEYWORDS: LH II, cofacial dyads, energy tranfer, bisporphyrin.

INTRODUCTION
Since the earlier reports of the X-ray structure of the
light-harvesting device II in the purple photosynthetic
bacteria (Rhodopseudomonas acidophila and Rhodopseudomonas molischianum) [1–3], the number of
experimental and theoretical studies on the photophysical properties and excited state dynamics of this supramolecular biological antenna have increased rapidly. All
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in all, both the supramolecular biostructure and ultrafast
excited state dynamics turn out to be fairly well understood in a general sense.
Over the past seven years, our groups have investigated large series of cofacial bisporphyrin dyads especially designed for through space singlet-singlet (S1) and
triplet-triplet (T1) energy transfers (ET; Scheme 1) [4–6].
Rate for S1 ET (S1 kET) turned out to be much slower than
that found for LH I and LH II. Rates ranging between
1–35 ps were reported in LH systems [7, 8] whereas our
fastest systems occur in the 70–100 ps time scale [5, 9].
While the Förster mechanism is invoked as the possible
S1 ET in the LH systems and cofacial bismacrocycles, the
key feature is that despite the much closer energy donoracceptor separations (i.e. ~3.5 Å at best) in the cofacial
model dyads in comparison to the various donor-acceptor
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transfer rate) will consequently be small as
well. Based on the energy gaps observed
in nature (such as the LH I and LH II systems discussed below), this process should
be dominant. However, this is not the case
because nature structurally organized her
chromophores in an extended energetically
downhill cascade fashion, so back energy
transfer becomes essentially improbable.

t-Bu

DPB

DPX

DPA

DPNH

Scheme 1.

frames in the living supramolecular structures (i.e. ~20 Å),
the S1 ET data are strikingly slower (two orders of magnitude). So the question is what is missing?
This mini review stresses some structural relevant
details recently investigated, notably with respect to
the carotenoid residue, rhodopin glucoside, along with
its role in the overall excited state dynamics in the biosuperstructures (LH I and LH II), all in the light of the
recent singlet excited state dynamics obtained for simple
but well-deﬁned and -controlled model dyads.
Before moving on to the main body of this review, a
comment about back energy transfer must be made. Back
energy transfer is a recently investigated phenomenon in
the area of porphyrins [10–12]. Conceptually, at room
temperature, the surrounding to the chromophore, very
often the solvent, gives its thermal energy to the latter.
The amount of energy is obviously modest and S0ĺS1
transitions are simply impossible. However, for small
energy gaps, for example S1(donor)-S1(acceptor), such a
process is possible. In conclusion, if the energy gap is
small, then the back energy transfer is more probable
and the observed overall rate of transfer (energy transfer
rate - back energy transfer rate = observed overall energy

DPOx

SUPRAMOLECULAR STRUCTURES OF LH I AND LH II

Using X-ray methods [1–3] and parallel investigations
such as AFM [13–15] and synchrotron small-angle X-ray
scatterings [16], many circular and ellipsoid structures for
LH I and LH II systems were elucidated. The photosynthetic membrane of the purple photosynthetic bacteria is
composed of many phospholipid-ﬁlled ring systems (LH
II) and several larger dissymmetric rings (LH I) stacked
like a honey comb, as schematically shown in Fig. 1.
Inside LH I is placed a protein called the reaction center (RC) where the primary photoinduced electron transfer arising from a special pair of bacteriochlorophylls a
(BChl a) takes place (Scheme 2). These doughnut-shaped
bio-architectures are set at a right angle with respect to
the cytoplasmic membrane.
The bio-nanomaterial LH II has diameter of ~10 nm
and is composed of a nonamer or an octema of
αβ-apoprotein pairs placed in a circular shape. The
α-apoprotein α-helices placed inside the ring are perpendicular to the intra-cytoplasmic plane while the outer
β-apoprotein α-helices make an 15° angle with the membrane plane. Each unit of αβ-apoproteins carry three
BChl a. One of them, called B800, is placed parallel to
the membrane plane and located at the polar lower end
of the αβ-apoprotein. It is held by a carboxylate group of

Fig. 1. Left: drawing shows two LH II sitting next to one LH I unit in Rhodopseudomonas acidophila. The gray circles are polypeptides and the bars are rings of interacting BChl a (called B850). In the middle of LH I is a protein called the reaction center (RC).
Right: drawing of a LH II ring showing only the BChl a for the B850 network, the non-interacting B800 bacteriochlorophylls, and
the glucoside rhodopins. Two of the B850 units were marked with turquoise arrows representing the transition moments of the
Q bands stressing the quasi-parallel relationship between the two. This is also true for the rest of the B850 ring. Note that the
Rhodopseudomonas molischianum is composed of eight apoproteins. It is not shown for simplicity

Copyright © 2010 World Scientific Publishing Company
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Scheme 2.

Fig. 2. Left: drawing of the bacteriochlorin macrocycle indicating the orientation of the transition moments associated with the Qx
and Qy bands. Right: absorption spectrum of the LH II supramolecular antenna of Rhodopseudomonas acidophila (left) stressing
the various components belonging to the rhodopin glucoside, and the B800 and B850 chromophores (in the Qx and Qy regions). The
band at 380 nm is the Soret band, also associated with B800 and B850 units

the N-terminal methionine residue via a Mg-O coordination bond (2.04 Å). The nearest B800 BChl a is placed at
21 Å (Fig. 1, bottom) and is not interacting with the latter
macrocycle. This arrangement gives rise to an absorption
spectrum at 800 nm in the Q region (Qy band in Fig. 2).
These αβ-apoproteins also contain two other perpendicularly oriented BChl a located towards the middle of
the apoprotein and are held in place by two histidines.
The local geometry consists of a slipped dimer of B850
macrocycles (Fig. 3) where perfect cofacial arrangement
is prevented by axial histidine ligands (Fig. 3, center) in
a quasi-C2h local symmetry. The closest C···C contacts
between the two B850 residues are 3.4 and 3.9 Å (Fig. 3,
Copyright © 2010 World Scientific Publishing Company

right). When the cyclic nonamer is formed (Fig. 1),
other close B850-B850 contacts occur (Fig. 3, left) with
similar C···C separations (4.0 and 3.9 Å). These contacts
promote inter-chromophoric interactions giving rise to a
red-shifted Qy band (850 nm; Fig. 2). This quasi-C2h local
symmetry also implies that the relative orientation of the
transition moments of the Qy band in the pair is oriented
in opposite directions (Fig. 1, right), and all around the
B850 ring as well.
In the original X-ray report [2], one carotenoid was
located per αβ-apoprotein pair (Fig. 1, right). This
all-trans carotenoid exhibits a twisted geometry and
stretches all across the apoprotein. Because the sugar
J. Porphyrins Phthalocyanines 2010; 14: 57–63
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Fig. 3. Left: local geometry of the two BChl a called B850 inside the αβ-apoprotein unit. The histidine residues are not shown and
the polypeptides α-helices are shown as ribbons for the sake of clarity. Middle: B850-histidine pair in a quasi-C2h local symmetry.
Right: local structure of one B850 unit with respect to the neighbouring B850 analogs stressing the closest C···C contacts

Fig. 4. Scheme showing the close C···C contacts between one of
the B850 units (in gray) and one neighboring rhodopin glucoside residues (in black; only a part of the chain is shown)

fragment is deeply anchored in one of the α-helice and
the carotenoid chain runs through the neighbouring
αβ-apoprotein, the rhodopin glucoside molecule acts as
an attaching device holding the supramolecular structure
of LH II in place. Beside this important property, the
rhodopin glucoside also exhibits important close van
der Waals contacts with all three BChl a included in the
pairs (Fig. 4). For the B800 units, a close contact is also
observed between the ketone of the bacteriochlorophyll
and one of the C atoms of the carotenoid chain. This
organization allows the carotenoid to also act as an efﬁcient photo-protective accessory against singlet oxygen
formation. Importantly, this long π-conjugated organic
chain behaves as a molecular solar panel and can contribute to the antenna effect of LH I and LH II, notably
because of the very close proximity with the neighboring pigments.

EXCITED STATE DYNAMICS OF LH I
AND LH II
When the LH II antenna absorbs light via one of the
BChl a chromophores, a series of complex non-radiative
photophysical processes take place to efﬁciently channel the excitation energy from the site of absorption to
the special pair in the reaction center. These photophysical events are of two types: energy migration (exciton)
Copyright © 2010 World Scientific Publishing Company

and energy transfer. These fast events occur in the
singlet state (S1) of the bacteriochlorophyll pigments.
However, the contribution of the carotenoid chains was
only recently elucidated. The carotenoids’ role turns
out to be important particularly with respect to the nonradiative energy transport event. Fig. 5 (left) illustrates
an example of a path for energy migration across the
LH II-containing membrane. The “hoping” of excitation
energy from one B850 chromophore to another inside
and outside the LH II supramolecular ediﬁce is in fact
a series of reversible energy transfer processes, here in
the S1 state. Ultimately, this excitation energy will very
efﬁciently end up in the special pair of the reaction center prior to triggering the primary photoinduced electron transfer that sustains life. The time scales for these
events are presented in Table 1. The difference between
an energy transfer and energy migration is described in
Fig. 5 (right).
Using primarily ultrafast ﬂash photolysis techniques
(transient absorption spectroscopy; UV-vis; luminescence; IR), the time scales for all inter-BChl a pigments
in the LH I and LH II complexes were recently determined (Table 1) [8]. These fs and ps events were the subjects of numerous theoretical investigations, notably with
respect to the Förster theory, the amplitude of interchromophore couplings and molecular orbital properties (see
for examples references 17–20).
Using X-ray data for LH II [1–3], the calculated electronic coupling constant between two B850 pigments
located within the same αβ-apoprotein is 320 cm-1. Similarly, the calculated coupling constant between two B850
pigments belonging to two different αβ-apotroteins is
255 cm-1. These two values are consistent with the different
intermolecular separations (Mg···Mg distances = 9.2 and
9.5 Å, respectively; Fig. 1 and Fig. 3) [18]. These coupling constants are large and ab initio molecular orbital
calculations on the B850 ring indicate a complete delocalisation of the orbitals [21]. Such properties explain
very well the ultrafast nanometer energy migration (fs
time scale) across the circular 18 B850 chromophores.
Concurrently, the intra LH II B800-B850 electronic
coupling constant is one order of magnitude smaller
(30 cm-1). This smaller value is consistent with the slower
rate of S1 energy transfer between B880 and B850
J. Porphyrins Phthalocyanines 2010; 14: 58–63
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Fig. 5. Left: scheme showing the path of the ultrafast energy migration (exciton) from one LH II complex to another, via the B850
rings. Right: typical state diagram for a diamagnetic molecule designated as “Donor” stressing all radiative (A = absorption, F =
ﬂuorescence, P = phosphorescence) and non-radiative processes (ic = internal conversion, isc = intersystem crossing, ip = intersystem crossing from the triplet state, ET = energy transfer from S1 or T1, if in the presence of an “Acceptor” molecule), and exciton
phenomenon (reversible energy transfer) between identical coupled chromophores (here “Donor”). In this example, the exciton
process is terminated by a downhill energy transfer rendering exciton reversibility less probable
Table 1. Time scales for energy migration and transfer between
B800 and B850 units of the LH I and LH II rings in the purple
photosynthetic membrane [8, 19]
Non-radiative photophysical event

Time scale, ps

B850 ĺ B850 (exciton in LH II)
B800 ĺ B800 (exciton in LH II)
LH II ĺ LH II (exciton)
B850 ĺ B850 (exciton in LH I)
B800 ĺ B850 (ET in LH II)
LH II ĺ B875 (ET in LH I)
B875 ĺ special pair

0.1–0.2
~0.5
~7
0.1–0.2
0.8–1.2
3–5
20–40

(~1 ps time scale) and is consistent with the longer
Mg···Mg separation (18.3 and 17.6 Å) [18].
Curiously, the rate for energy migration across the
B800 units in LH II appears particularly fast (time scale
of ~0.5 ps) when considering the rather long Mg···Mg
separation of 21.3 Å as compared with the other data
summarized in Table 1. Although rates were calculated
and agreed relatively well with this type of time scale
[19, 21], some discrepancies were noted throughout the
literature (including that for the B800 ĺ B800 energy
transfer process in LH II) [22–25]. Perhaps the largest
discrepancy comes from the B800 ĺ B800 energy migration and a mixing with the B800-B850 exciton levels was
proposed [24]. In search for another possible explanation, the role of the rhodopin glucoside (Scheme 2) in the
antenna effect is now presented.
Copyright © 2010 World Scientific Publishing Company

THE ROLE OF THE RHODOPIN GLUCOSIDE
The photophysical behaviour of the carotenoid in LH I
and LH II was the subject of recent intense investigations
(see for examples references 26–32). The key feature is
the presence of a close contact (C···O separation = 3.4 Å),
between the B800 unit and a C-H group of the rhodophin
glucoside (Fig. 6). Evidence for its role in the S1 energy
transfer carotenoid ĺ B800 was demonstrated [33]. The
binding energy was estimated to be about 2 kcal/mol.
Time-dependent density functional theory calculations
(TDDFT) of the B800-rhodopin glucoside dyad indicate a
red-shift (of about 2 nm) of the B800 Qy transition, along
with a substantial increase of its oscillator strength.
The through space S1 energy transfer mechanism from
the carotenoid to B800 and B850 units is well established. The absorption spectrum of this chromophore
spreads from 400 to 550 nm, between the Soret and
the Qx bands of the BChl a (Fig. 2). This vibronically
structured absorption is due to a S0ĺS2 radiative process
(1Ag−ĺ1Bu+), whereas the symmetry-forbidden S0ĺS1
analogue (1Ag−ĺ1Ag−) is optically silent in the singlephoton absorption spectra due to the C2h local symmetry.
The exact location of this “dark” S1 state (12550 ± 150
cm-1; i.e. 797 ± 10 nm) was determined by fs transient
and two photon absorption spectroscopy [34, 35]. There
is only a 3 nm difference (excluding the uncertainties)
between the B800 absorption and that evaluated for the
J. Porphyrins Phthalocyanines 2010; 14: 59–63
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Fig. 6. Left: drawing showing the presence of a contact between the ketone of the BChl a B800 and one of the neighboring protons of the rhodopin glucoside in LH II. Right: drawing of the local environment of the rhodopin glucoside residue (in black) with
respect to B800 and B850 units of LH II stressing the downhill S1 energy transfers (black arrows) and the possibility of slightly
uphill transfers

glucoside, reveals that the carotenoid induces an
increase in the B800-B850 coupling via a super
exchange mechanism [36]. This carotenoidmediated coupling explains, in part, the discrepancy between the measured rate for energy
transfer between B800 and B850 chromophores
and the calculated rates extracted from the traditional Förster theory. It becomes evident that,
in the light of these ﬁndings, the ~1 ps time
scale reported for the through space S1 energy
transfer between B800 and B850 (Table 1) for
a distance of about 21 Å (Mg···Mg separation)
appears unreasonably too fast, unless mediation
Fig. 7. State diagram of the carotenoid along with the Qx, Qy and S0
of the energy ﬂow (through the carotenoid; Qx
levels of the B800 and B850 chromophores in the LH II complex. The
B800 ĺ “hot S1” carotenoid ĺ Qx B850) occurs.
“hot S1” state is yet to be determined. Selected intramolecular relaEven if mediation occurs, the reported time scale
xation and intermolecular S1 energy transfer processes (i.e. energy
ﬂow) are indicated in gray arrows along with their corresponding time
of 30 ps (S1 carotenoid ĺ Qy B800; Fig. 7 [36])
scale (based on data extracted from references 36 and 37). The values in
appears on the slow side in comparison with the
percent indicate the relative population that uses this relaxation path
reported 1 ps time scale (Table 1). On the other
hand, the rates for the energy transfer originating from
“dark” S1 state of the carotenoid. If the absorption band
the S2 state are faster (0.2–0.3 ps time-scale; Table 1)
for this symmetry-forbidden transition is strong, then the
than that of the reported rates for Qy B800 ĺ Qy B850
spectral overlap between the two bands would be large.
(1 ps time scale), which appear reasonable, but this
The through space rates for S1 energy transfer from the
channel is inaccessible on an energy stand point since
rhodopin to B800 and B850, as well as the internal excited
S1 of B800 is placed lower than that for the carotenoid
state dynamics (i.e. internal conversion) are compared in
S2 manifold. The whole picture would perfectly be
Fig. 7 [36, 37]. The rates for intermolecular through space
accounted for if the energy transfer rates originating
S1 energy transfers are fast (fs and ps), notably from the
from the recently discovered but still undeﬁned “hot S1”
1
Bu+ state for which more than 40% of the S2 population
state could be in the appropriate time scale and that back
results in transfer to B800 and B850 Qx manifolds. Such
energy transfer and exciton processes would also occur
rates are consistent with the relatively close proximity of
with the B800 and B850 via the Qx levels (Figs. 6 and 7).
the chlorophyll and carotenoid chromophores shown in
This has never been described.
Figs 4 and 6. Concurrently, the rates for energy transfer
from the S1 state (1Ag−) to B800 and B850 are two orders
of magnitude slower.
INVESTIGATIONS USING COFACIAL
Ab initio calculations of the excited state properties
BISMACROCYCLE DYADS
of the 18 B850, nine B800 units, and nine rhodopin gluThe dyads are presented in Schemes 1 and 3, and
cosides show a large mixing between the chlorophyll a
Table 1. The dyads listed in Scheme 1 share a number
and carotenoid states. The computed B800-B850 couof similarities with the B850 pair. First, the closest C···C
lombic coupling, both with and without the rhodopin
Copyright © 2010 World Scientific Publishing Company
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separations in the pair shown (Fig. 3, center; 3.4 and 3.9
Å) resemble that of DPB and DPOx spacer-containing
dyads. Secondly, X-ray studies reveal almost invariably a
“slipped dimer” geometry, particularly for the DPB, DPX
and DPA species. Finally, the parallel orientation of the
S0ĺS1 transition moments in the dyads is also evident
(Fig. 8) with the small exception that in BChl a, there is
a signiﬁcant dipole moment, which is not the case for the
symmetric porphyrin series of Table 2. All in all, these
compounds are reasonable models in order to extract

through space S1 energy transfer rates that should adequately resemble that found in the LH I and II devices.
Moreover, two other semi-ﬂexible models were studied (Scheme 3, J. Weiss (Strasbourg) and P.D. Harvey)
[40]. The open conformer (“calix open”) is induced by
intramolecular H-bonds in the lower-rim between the
hydroxyl groups and O-atoms of the crown ether, whereas
the closed conformation (“calix closed”) is induced by
the presence of ethoxy instead of hydroxyl functions preventing H-bonds. In the later case, it possibly induces the
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Fig. 8. HOMO and LUMO drawings for a model compound, Zn2(DPNH) [4]. Right: scheme showing the parallel orientation of the
S0ĺS1 transition moment. The rigid spacer is DPNH as indicated in Scheme 1. Note that the electronic density does not shift from
one side of the molecule to the other like that found for BChl a, but rather concentrate in the middle. Do note the absence of density
in the HOMO at the N-atoms and central meso-carbons, and presence of electron density on these sites in the LUMO
Table 2. Rigid and flexible spacers used for the S1 energy transfers in cofacial dyads
Code

Name

Type

d(Cmeso···Cmeso)/Åa

DPB
DPX
DPA
DPO
DPS
DPNH
DPOx

1,8-biphenylenyl
4,5-(9,9-dimethylxanthenyl)
1,8-anthracenyl
4,6-dibenzofuranyl
4,6-dibenzothiophenyl
1,1′-(3,3′-di-tert-butylcarbazoyl)
2,2′-diphenylether

Rigid
Rigid
Rigid
Rigid
Rigid
Rigid
Flexible

3.80
4.32
4.94
5.53
6.30
5.8b
4.2c

a

These average distances are extracted from X-ray analyses from our research groups or from references included
in references 9 and 38. b Calculated value from DFT (B3LYP; 3-21G) from reference 4. c Calculated value from
DFT (B3LYP; 3-21G) from reference 5; other distances are N···N = 3.6 and C···Zn = 3.2 Å.

Copyright © 2010 World Scientific Publishing Company
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two porphyrins to get close to each other like a
scissor effect and to promote fast transfer due
to proximity.
The kET rates for through space S1 energy
transfer can be evaluated by ns and ps ﬂuorescence lifetime of quantum yield measurements
of the zinc porphyrin donor chromophore.
Because of the difﬁculty in measuring the
ﬂuorescence quantum yield of the donor (due
to extremely low emission intensity and inaccuracy in extracting the absorbance of the zinc
porphyrin component in the absorption spectrum), the measurements of the ﬂuorescence
lifetimes were performed instead. Using
Equation 1, one can evaluate kET [39]:
kET = (1/τF) - (1/τF0)

NH
N

NH
N

N
HN

O
N
N
N Zn N

N

kET = 20.8 (ns)-1, 298 K, 2MeTHF
kET = 15.4 (ns)-1, 77 K, 2MeTHF

H
EtO

O
O

H

O

O

(1)
EtO

N Zn N
N

kET > 9.4 (ns)-1, 298 K, 2MeTHF
kET = 6.7 (ns)-1, 77 K, 2MeTHF

N
Zn N
N
N

O
O

O

where τF is the ﬂuorescence lifetime of the
H
donor in the dyad and τF0 is the lifetime for a
closely related bismacrocycle (when possible)
where no energy transfer occurs. For example,
the model compound for the dyad ZnH2(DPNH) presented in Scheme 1 and Table 2, is Zn2(DPNH) (Fig. 8).
Hence the internal radiative and non-radiative rate constants (here kF, kic and kisc) for the dyads and donor-donor
models are equal and cancel out in Equation 1.
The fastest through space S1 energy transfer rates are
indicated below (Scheme 4) [5, 9, 40]. These systems
are ZnH2(DPB), where the rigid spacer exhibits a short
Cmeso···Cmeso separation, ZnH2(DPOx), where the absence
of rigidity promotes a collapse of the cofacial structure,
and the “opened calix” of Scheme 3, where ethanol and low
temperature promote intermolecular H-bonds and strong
hydrophobic intermacrocycle interactions (changing for
a “closed conformer”). In these cases, the time scale
spreads in a window of 50–100 ps (i.e. for rates ranging
from 10–20 × 109 s-1 or 10–20 (ns)-1) for systems where
geometry is promoting the strongest cofacial intermacrocycle interactions possible. Clearly, two to three orders of
magnitude difference are noted for the ET rates measured
for the cofacial dyads (Scheme 4) and those reported
within the LH I and LH II complexes (Table 1 and Fig. 8),
despite the similar interchromophore distances.
The answer can be found in the back energy transfer
(or uphill energy transfer). On some occasions, back
energy transfers were observed and the rates measured
in the LH II systems [41], bisporphyrins [42] and polyporphyrin assemblies [43]. In the energy transfer dyads
(Schemes 1 and 3), the overall observed rates include
both the forward and back transfers. In the LH I
and LH II complexes, the exciton process dissipates the
excitation energy very rapidly. In this way, the rate for
back energy transfer from the acceptor chromophore
to the donor is greatly reduced. Ultimately, the energy
ﬂow migrates from the LH II device to the LH I system, and then to the reaction center inside the photosynthetic membrane. Inside the reaction center, the primary
Copyright © 2010 World Scientific Publishing Company
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electron transfer takes place, followed by a series of
thermodynamically downhill subsequent electron transfers. Overall, the energy migration becomes irreversible
and the phenomenon discussed earlier in the introduction
becomes highly improbable. In the designed models for
the cofacial systems, such a process (downhill energy cascade) is not present, and so back energy transfer is possible. The presence of back energy transfer contributes to
the slowing down of the overall observed rate. Improvement in the future should include fragments for energy
delocalization away from the donor in order to increase
the rate of transfer.

CONCLUSION
A close examination of the literature on LH II and
the carotenoid excited dynamics, in parallel with welldeﬁned and structurally addressable dyads allowed one
to question some aspects of the apparent “long range”
through space S1 energy transfer, notably between B800
and B850, and secondly to stress on the outmost importance of the role of the exciton process (excitation energy
migration) on the excited state dynamics of these supramolecular bio-organisations. It became clear that the
downhill cascade energy migration along with the excitonic processes contribute greatly to the efﬁciency of
transfer. Also, based on the comparison of the molecular
structures of the BChl a and porphyrin, it is also obvious
that the larger transition moment in the former also contributes to the faster rate of energy migration in the LH II
system. Finally, nature made sure that there was no atom
nor group of at least a minimal amount to ensure that the
rates for excitation energy dissipation through the lightharvesting complexes were maximum. Again, simple
cofacial dyads clearly demonstrated that.
J. Porphyrins Phthalocyanines 2010; 14: 62–63
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ABSTRACT: μ-(dihydroxo)dipalladium(II) complex with N21,N22-etheno bridged tetraphenylporphyrin
ligand was employed in the catalytic photooxidation of phenol derivative in aerated homogeneous
solution with visible light irradiation. The Pd complex promoted the degradation of p-tert-butylphenol
as well as Cu phthalocyanine under basic conditions and it worked as a photosensitizer even in neutral
conditions in contrast with Cu phthalocyanine. Some phenol derivatives afforded corresponding quinones
selectively in this photooxidation. The present Pd complex coordinated by the bidentate porphyrin ligand
showed higher photosensitizing ability than tetraphenylporphyrin free-base and ordinary tetradentate
tetraphenylporphyrin palladium(II) complex for photooxidation of 2,6-di-tert-butylphenol. This
bidentate Pd complex showed higher light durability even under the conditions where photodegradation
of porphyrin free-base and tetradentate Pd porphyrin were observed by extensive irradiation.
KEYWORDS: bridged porphyrin, μ-(dihydroxo)dipalladium complex, photooxidation, phenol
derivative.

INTRODUCTION
Palladium complexes with weakly coordinating
anions have been known to activate substrates in organic
transformations [1]. As an example, μ-(dihydroxo) and
μ-(dialkoxo)dipalladium(II) complexes have been drawing much interest and their usage as catalyst for substitution, carbonylation and Mannich-type reactions is known
[2]. We have reported the synthesis and the reactions of
unique μ-(dihydroxo) dipalladium(II) bisporphyrin (2)
that was obtained by the reaction of dicationic bis(aqua)
Pd(II) complexes of N21,N22-etheno bridged porphyrin
(1) with NaOH or triethyamine (Scheme 1) [3]. Since
palladium(II) porphyrin is a coordinatively saturated metal
complex having a tetradentate ligand, it is not useful for
metal-catalyzed reactions that require coordination sites
for substrates. By using N21,N22-etheno bridged porphyrin


SPP full member in good standing

*Correspondence to: Yuko Takao, email: yuktakao@omtri.
or.jp, fax: +81 06-6963-8049 and Jun-ichiro Setsune, email:
setsunej@kobe-u.ac.jp, fax: +81 078-803-5770

Copyright © 2010 World Scientific Publishing Company

as a bidentate ligand, we have been investigating the
coordination chemistry and organometallic chemistry of
palladium porphyrin complexes [4], and showed that the
N21,N22-bridged porphyrin ligand strongly coordinated to
Pd and inﬂuenced the dynamic behavior of the coexisting
ligand [5, 6]. It is of interest to make use of N21,N22-bridged
porphyrins considering a role of palladium catalysts with
bidentate ligands in modern organic synthesis, though
there is concern about palladium porphyrins with regard
to their photophysical and electrochemical properties [7].
In this paper we report the application of the
μ-dihydroxo complex of dimeric palladium(II) porphyrin for photooxidation of phenol derivatives. Though
the oxidation of several substrates with porphyrin analogs as photosensitizers have been developed [8, 9],
the oxidation of phenol derivatives is of special interest because the oxidized products of phenol derivatives
such as quinone derivatives are known to be important
chemicals in the pharmaceutical and dye industries [10],
and because some phenol derivatives such as chlorinated or
p-alkylated phenols are known to be pollutants that accumulate in the environment and thus sustainable methods
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bridged TPP (1) was also prepared according to a previously reported procedure [4].
Tetradentate (tetraphenylporphyrinato)Pd(II)
[(TPP)Pd] was prepared as follows: A solution
of tetraphenylporphyrin [TPPH2] (0.1 mmol)
in CHCl3 (14 mL) was added to a solution
of Pd(OAc)2 (0.2 mmol) in propionic acid
(10 mL). The mixture was reﬂuxed for 6 h,
then evaporated, followed by column chromatography on silica gel with dichloromethane.
The product was recrystallized from dichloromethane and n-hexane to afford (TPP)Pd as
a red solid (yield: 71%). Solvents were puriﬁed prior to use by conventional methods.
Scheme 1. Preparation of μ-(dihydroxo)dipalladium(II) complex with
Cupper(II) phthalocyanine-3,4′,4″,4′″-tetraN21,N22-(diphenyletheno) bridged porphyrin dimer
sulfonic acid, tetrasodium salt [(Pc)Cu] and
other chemicals were of reagent grade. CDCl3 was
passed through basic Al2O3 before use.
for their decomposition are needed [11–13]. So oxidation of several phenol derivatives has been studied
Measurement
using porphyrins or phthalocyanines in the presence
of various oxidants, for example, oxygen [8b, 14],
1
H NMR spectra were recorded on JEOL AL-300 spechydrogen peroxide [11, 12, 15] or potassium monotrometer. Chemical shifts were referenced with respect
peroxysulfate [11, 15]. Furthermore, photooxidations
to (CH3)4Si (0 ppm) as an internal standard. Gas
using a singlet oxygen photosensitizer are regarded
chromatography was carried out using a HiCap-CBP1
as a friendly process for environment by considering
(25 m × 0.53 mm × 1 μm) Shimadzu capillary column
minimum usage of toxic chemicals, use of oxygen from
on a Shimadzu-14B chromatography. GC analysis was
air and visible light which has the largest energy denrun at 140°C; detector temperature 250°C, injector temsity in solar radiation as unlimited natural resources. A
perature 250°C. Absorption spectra were measured on
number of examples have been reported for the use of
Shimadzu UV-3100B instrument.
classic dyes such as Methylene Blue and Rose Bengal
as photosensitizers in these reactions. However, there is
Photoreactivity study
a problem of photodegradation of sensitizer upon extensive irradiation. Thus it is important to develop efﬁcient
The solution containing a substrate and a sensitizer
and stable photosensitizers [10, 16]. With this purpose
was placed into a 1 cm optical cell with external water
in mind, effective photooxidations using new phthalocooling and ﬁlled with oxygen gas, and then irradiated
cyanine and porphyrin derivatives have been developed
by a 500 W xenon lamp through cut-ﬁlters (350 nm < λ
[8, 13, 17].
< 800 nm). In the case of measurement by GC, 3 mL of
Here, the photooxidations of some phenol derivatives
acetonitrile solution containing substrate (0.5 mM) and a
using μ-dihydroxo complex of dimeric palladium(II)
sensitizer (5 × 10-5 M) was irradiated. A 0.05 mL amount
porphyrin are described, and the oxidation activity and
of the solution was diluted 3.5 times and passed through
photostability of the bidentate porphyrin complex are
a little silica gel, and then analyzed. In the case of obsercompared with those of a tetradentate normal metal porvation by 1H NMR spectrometry, a mixture of a substrate
phyrin and a free-base porphyrin.
(3 mM) and a sensitizer (0.03–0.3 mM) in a deuterated
solvent was irradiated. A 0.5 mL amount of sample solution was analyzed and content of product was calculated
EXPERIMENTAL
from integral values of signals.
Materials and synthesis

Photostability study

μ-(dihydroxo)dipalladium(II) complex with N ,N (diphenyletheno) bridged TPP (tetraphenylporphyrin)
dimer (2) was prepared by the reaction of dicationic
bis(aqua)Pd(II) complexes of N21,N22-etheno bridged
porphyrin with NaOH or triethyamine according to the previously reported procedures [3]. Bis(perchlorato)bis(aqua)
palladium(II) complex of N21,N22-(diphenyletheno)
21

Copyright © 2010 World Scientific Publishing Company
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To study the photostability of sensitizers, 0.3 mL of
the CH2Cl2 solution containing a sample (2.5 × 10-5 M)
was placed into a 1 mm optical cell with external cooling, and irradiated by a xenon lamp. The intact optical
cell was set in the spectrophotometer, and the absorbance
at the Soret band was measured to monitor the change of
concentration of samples.
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RESULTS AND DISCUSSION
The photocatalytic activities of the compound 1, 2,
(TPP)Pd, TPPH2 and copper phthalocyanine ((Pc)Cu)
were examined in the photooxidation of some phenol
derivatives such as 3 and 5 as shown in Scheme 2. At
ﬁrst, the solution of p-tert-butylphenol (3a; 0.5 mM) in
3:5 (v/v) water-acetonitrile binary mixture containing
photosensitizers (0.05 mM) was irradiated by a xenon
lamp (350 nm < λ < 800 nm). The concentration of 3a
was measured by GC analysis to monitor the photodegradation of 3a (Fig. 1).
Addition of complex 2 without photoirradiation
resulted in little change in the concentration of 3a after
3 h (ﬁlled square, Fig. 1). But under photoirradiation the
concentration of 3a decreased rapidly, especially in the
presence of NaOH (open circle, Fig. 1). The efﬁciency
of complex 2 was compared with that of (Pc)Cu and
they similarly promoted photodegradation of 3a under
basic conditions (open triangle, Fig. 1). On the other
hand, it is noteworthy that complex 2 showed 94% of
photodegradation of 3a (ﬁlled circle, Fig. 1) though
(Pc)Cu showed only 20% of photodegradation (ﬁlled
triangle, Fig. 1) after 3 h under neutral conditions. This
result means that 2 works as a photosensitizer without
adding some bases and is suitable for water treatment;
e.g. photodegradation of phenols in normal water.
In the case of photooxidation of 3a oxidized products
were of complex mixtures, while in the photooxidation of
2,6-di-tert-butylphenol (3b) the conversion of substrate
to products was conﬁrmed by monitoring with 1H NMR
spectroscopy. Figure 2 shows the 1H NMR spectrum on
the photooxidation process of 3b in acetonitrile after 15
min irradiation in the presence of 2. Then it was proved
that almost single product was formed selectively as an

Fig. 1. GC analysis of photosensitized degradation of 3a (5 ×
10-4 M) in MeCN-H2O with irradiation with a 500 W xenon lamp
at 80 cm distance. [photosensitizer] = 5 × 10-5 M; [NaOH] =
5 × 10-3 M

Fig. 2. 1H NMR spectrum in CD3CN of the reaction mixture
after irradiating 3b (3 × 10-3 M) with a 500 W xenon lamp for
15 min in acetonitrile in the presence of 2 (0.1 molar equiv.)

Scheme 2. Photooxidation of some phenol derivatives

Copyright © 2010 World Scientific Publishing Company

initial product under such conditions. Although 2,6-ditert-butyl-1,4-benzoquinone (4b) and 3,3′,5,5′-tetratert-butyl-4,4′-diphenoquinone were formed as oxidized
products in thermal oxidation of 3b with porphyrin complexes [13], only one product was formed in this photooxidation and identiﬁed as 4b by comparing the chemical
shifts of the product with those of the standard 2,6-di-tertbutyl-1,4-benzoquinone. The inﬂuence of the amount of
complex 2 as a photosensitizer on the conversion of 3b
to 4b was also examined after 60 min of irradiation in
acetonitrile. When 2 was added to the solution of 3b in
the molar ratio of 0.1, 0.01 and 0.001 to 3b, the formation
of 4b was 94%, 73% and 25%, respectively.
The photooxidation efﬁciency of sensitizers was evaluated by the measurement of formation of 4b in the photooxidation of 3b. Table 1 shows the yield of 4b determined
J. Porphyrins Phthalocyanines 2010; 14: 66–68
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Table 1. Dependence of the photooxidation efficiency on the
sensitizer and solventa
Por.

Molar ratio
(Por./3b)

Solvent

Yield of
4b, %b

2

0.05

CH3CN

90

2

0.005

CH3CN

68

2

0.005

CH3CN(7%CHCl3)

56

(TPP)Pd

0.01

CH3CN(7%CHCl3)

39

TPPH2

0.01

CH3CN(7%CHCl3)

24

1

0.01

CH3CN(7%CHCl3)

44

2c

0.05

CH3CN(20%H2O)

0

2d

0.05

CH3CN(33%CHCl3)

0

[3b] = 3 × 10 M, irradiation with a 500-W xenon lamp at
80 cm distance, b after 40 min, c NaN3 was added, d [3b] =
1 × 10-3 M, β-carotene was added.
a

-3

by 1H NMR spectrum after 40 min irradiation. The best
result was obtained (90%) under the conditions in which
10 mol.% of Pd atom in the form of 2 was added into
acetonitrile solution. For the purpose of comparison of
the photooxidation efﬁciency with other related porphyrin derivatives, the molar ratio of the sensitizers to 3b was
decreased to 0.01 and chloroform was added to the solution (7%) by considering the solubility of other sensitizers such as TPPH2. The conditions resulted in decrease of
yield of 4b from 56% by using 2 to 39, 24, and 44% yield
by using (TPP)Pd, TPPH2 and 1, respectively, while 3b
did not react in the absence of sensitizers under otherwise
the same conditions. When aqueous NaN3 or β-carotene
was added to the acetonitrile solution as a singlet oxygen scavenger, the photooxidation of 3b was inhibited.
These experiments might suggest that singlet oxygen is
involved in the present oxidation reactions.
The photooxidation of some other phenol derivatives
such as 1,2,4-trimethylphenol (3c) and naphthols (5) were
also carried out because the corresponding quinones 4c and
6 are regarded as intermediates for the syntheses of biochemicals, physiologically active substances or starting
materials for preparing antiviral and antitumor agents [10a].
The results of photooxidation in the presence of 5 mol.% of
2 under some conditions are shown in Table 2. The oxidation products, 4c, 6a and 6b, were identiﬁed on the basis of
the reported spectroscopic data [10]. These photooxidation
yields were dependent on the structures of substrates and
reaction solvents. It was found that reactions in MeCN were
much faster than those in CHCl3 and DMSO by monitoring
with 1H NMR spectroscopy, while 3b did not react in the
absence of sensitizers in both MeCN and CHCl3 under the
same irradiation conditions. 3b and 5a could be converted
to the corresponding quinones in excellent yields (96%)
though the conversion of 3c and 5b was low.
The photostability of porphyrin sensitizers was
evaluated by measuring the relative absorbance at the Soret
band with irradiation time. The decreasing of the relative
absorbance of 2 by irradiation was also compared with
Copyright © 2010 World Scientific Publishing Company
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Table 2. Photooxidation of some phenol derivativesa
Substrate

Solvent

Time, min

Product yield, %

3b

MeCN

40b

3

3b

MeCN

40c

0

3b

MeCN

60

96

3b

CHCl3

120

48

3b

DMSO

40

6

3c

MeCN

40

15

3c

CHCl3

120

13

3c

DMSO

120

0

5a

MeCN

5

96

5b

DMSO

120

25

a
[Substrate] = 3 × 10-3 M, [2] = 1.5 × 10-4 M, irradiation with a
500 W xenon lamp at 80 cm distance, b not irradiated c no
sensitizer.

those of TPPH2 and (TPP)Pd under the same conditions.
As shown in Fig. 3, complex 2 was the most photostable
and remained unchanged after 100 min irradiation, while
TPPH2 was almost completely photodecomposed under
the same conditions. This remarkable difference in the
photostability among 2, TPPH2 and (TPP)Pd was not
reﬂected in the photoactivity examined in Table 1, because
the yield data were taken while photosensitizers are alive.
Thus, the photooxidation of phenol derivatives proceeded under mild conditions in neutral solution at room
temperature using complex 2. It is noteworthy that it works
without a base as a photosensitizer probably because the
OH ligand of the Pd2(OH)2 core of 2 acted as a base, which
was conﬁrmed from previous experiments that 2 reacted
with an acidic substrate such as methyl 3-butenoate to give
(p-methoxycarbonylallyl)Pd complexes by deprotonation
under neutral conditions [3].

Fig. 3. The change in the absorbance at the Soret bands of
porphyrins (2.5 × 10-5 M) with time through irradiation with a
500 W xenon lamp at 80 cm distance in CH2Cl2
J. Porphyrins Phthalocyanines 2010; 14: 67–68
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8.

9.

Fig. 4. UV-vis absorption spectrum of 2 in MeCN

Photooxidation of phenol derivatives was promoted by
the Pd complex of the bidentate porphyrin using visible
light energy. Moreover, complex 2 showed a slightly more
superior efﬁciency and much higher photodurability as a
photosensitizer than tetradentate (TPP)Pd and free-base
TPPH2. The UV-vis absorption spectrum of 2 in Fig. 4
shows split Soret bands and absorption bands extending
to 700 nm in the Q-band region. This spectral pattern is
very different from those of TPPH2 and (TPP)Pd and the
photophysical properties should be of interest in relation
to the present photooxidation reactions. We are planning
to study the photophysical properties of 2.

10.

11.
12.

13.
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ABSTRACT: The tetrasulfonated CuII(tspc)4-, tspc = 4,4′,4″,4″′-phthalocyaninetetrasulfonate, and
the trisulfonated CoII(trspc)3-, trspc = n,n′,n″-phthalocyanine-trisulfonate and n, n′ and n″ indicate the
sulfonated positions of the various isomers, were covalently linked to a polyethyleneimine, Mn ~ 10000
and Mw ~ 25000, backbone. A fraction of the amine groups in a strand was converted to CuIIpc(-SO3)3
(-SO2N<)\3- or CoIIpc(-SO3)2(-SO2N<)\2- pendants and the remaining were acetylated. Strands of the
polymers, poly(K3CuIItspc) and poly(K2CoIItrspc), formed spherical bundles with diameters ~1000 nm
for poly(K3CuIItspc) and ~100 nm for poly(K2CoIItrspc). The stability of the bundles is metal-dependent.
Poly(K2CoIItrspc) forms the most stable bundles with respect to hydrolytic and redox reactions. ESR and
optical spectroscopies as well as reactions of the pendants with pulse radiolytically generated radicals,
namely e-sol, C•H2OH, (CH3)2COHC•H2, CO2•-, N3• and SO4•-, revealed a distribution of pendants between
isolated and aggregated forms in a bundle. The reduction of the Cu(II) to Cu(I) in aqueous solutions
of the poly(K3CuIItspc) was associated with pendants present in a mostly hydrophobic environment.
Unstable phthalocyanine pendants with CoIII-carbon bonds are formed when CoIIpc(-SO3)2(-SO2N<)\2reacted with C-centered radicals, (CH3)2COHC•H2 and C•H2OH. The species with CoIII-carbon bonds
were precursors to the formation of CoIpc(-SO3)2(-SO2N<)\3- pendants. The redox reactions of the
pendants in these polymers are compared with those of K4CuIItspc and K3CoIItrspc.
KEYWORDS: phthalocyanine-derivatized poly(ethylenimine), copper, sulfonated phthalocyanine,
cobalt, phthalocyanine radicals, pulse radiolysis, reaction kinetics, reaction intermediates.

INTRODUCTION
Past and present interest in the metallated and metalfree phthalocyanines has been motivated by their extensive applications to numerous fields of chemistry [1].
The use of phthalocyanines bonded to organic polymers
as catalysts of reactions in homogeneous and heterogeneous phase figures among these fields. Works in
the literature on polymers derivatized with transition
metal complexes have followed two general strategies
for the preparation of these polymers [1t, 2–4]. One is
*Correspondence to: Guillermo Ferraudi, email: ferraudi.1@
nd.edu, tel: +1 (574)-631-7676
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based on the polymerization of pendent groups present
in a ligand of the complex [3]. In the other, the phthalocyanine is covalently bonded to a preformed polymer
[2, 4]. In the latter, pendent phthalocyanine groups can
change the morphology of the preformed polymer. For
example, pendent -CO2RhIII(pc) groups in the derivatized
poly(acrylate) stabilize the strand’s hypercoiled structure
[4]. Moreover, the incorporation of the phthalocyanines
in a preformed polymer has a marked effect on the thermal and photochemical reactivity of the phthalocyanine
pendants. In the previously studied polyacrylate derivatized with -CO2RhIII(pc) [4], redox reactions with radicals and transition metal complexes mostly changed the
oxidation state of the phthalocyanine ligand and formed
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pendent phthalocyanine radicals. The radical attack on
the phtalocyanine ligand instead of the metal center is a
consequence of the unfavorable redox potentials of the
Rh(II)/Rh(III) and Rh(III)/Rh(IV) couples with respect
to the ligand couples.
In some applications, the metal-centered redox reactions of the phthalocyanine pendants can be more advantageous than the phthalocyanine-centered reactions
[5, 6]. In contrast to the Rh(III) in -CO2RhIII(pc) pendants
of the derivatized poly(acrylate), the more positive redox
potentials of the Cu(II) and Co(II) metal centers in the
corresponding phthalocyanines favor the metal-centered
redox reactions [1s, 7]. A potential shortcoming of a
change in the oxidation state of the metal center is that
it can make it ligand-substitution labile and the ensuing
solvolysis may detach the pendants from the polymeric
backbone. One way to address this possible cause of
polymer instability is to have the phthalocyanine ligand
covalently linked to the polymeric backbone. To explore
some of these points, polymers containing pendent Cu(II)
and Co(II) phthalocyanines, covalently bonded through a
sulfonamide group to a polyamide backbone, were prepared and their chemical reactions were investigated.
The chemistry of their nanometric aggregates in aqueous
solution and the species formed when they reacted with
radicals were investigated using steady state and timeresolved spectroscopies.

EXPERIMENTAL
Unless explicitly stated, the spectroscopy and redox
reactions of the polymeric compounds described below
were investigated with freshly prepared aqueous solutions where KOH was added to make the pH = 10.

radiolytic pulse
- N2

+ N2O, + H+

OH•
X-

OHX•

X- = HCO2-, SO42-, N3-, CH3OH, (CH3)3COH;
X• = CO2•-, SO4•-, N3•, C•H2OH, (CH3)2COHC•H2

Scheme 1. Flow chart descibing the radiolytic preparation of
radical reactants

the radiolytically generated OH• radicals with N3-, SO42-,
methanol or 2-propanol were used for the preparation
of reactive radicals, e.g. N3•, CO2•-, SO4•-, C•H2OH and
(CH3)2COHC•H2 (Scheme 1). Other experiments, where
the simultaneous generation of (CH3)2COHC•H2 and e-sol
was desired, were conducted with N2-deaerated solutions
containing 0.1 M (CH3)3COH as a scavenger of the radiolytically generated OH• radicals.
In order to radiolyze a fresh sample with each radiolytic pulse, an appropriate flow of the solution through
the reaction cell was maintained during the experiment. Because the radiolyzed solutions had a pH = 10,
the radicals C•H2O- and C•H2OH radicals were produced in a molar relationship 1:5. This mixture of the
C•H2O- and C•H2OH radicals produced at pH = 10 will
be generically described as C•H2OH radicals in the following sections. Other conditions used for the timeresolved spectroscopy of the reaction intermediates or
in the investigation of the reaction kinetics are given in
the Results section.

Pulse-radiolytic procedures
Pulse radiolysis experiments were carried out with a
model TB-8/16-1S electron linear accelerator following
previously described methods [4, 8]. The instrument and
computerized data collection for time-resolved UV-vis
spectroscopy and reaction kinetics have been described
elsewhere in the literature [9]. Thiocyanate dosimetry
was carried out at the beginning of each experimental
session. The details of the dosimetry have been reported
elsewhere [9, 10]. The procedure is based on the concentration of (SCN)2•- radicals generated by the electron
pulse in a N2O saturated 10-2 M SCN- solution. In the procedure, the calculations were made with G = 6.13 and an
extinction coefficient, ε = 7.58 × 103 M-1.cm-1 at 472 nm,
for the (SCN)2•- radicals [10]. In general, the experiments
were carried out with doses that in N2 saturated aqueous
solutions resulted in (2.0 ± 0.1) × 10-6 M to (6.0 ± 0.3) ×
10-6 M concentrations of e-sol. In these experiments, solutions were deaerated with streams of the O2-free gas, N2
or N2O that was required for the experiment. Reactions of

Copyright © 2010 World Scientific Publishing Company

Electrophoresis
A commercial Owl separation system, apparatus
model A1, was used for the electrophoretic analysis. The
beds for the separations, a gel of 3.0% agarose in Owl’s
1 × TBE running buffer, pH = 8.3, had 80 cm3 slab-shaped
indentations for the placing of the samples. Separations
were made with the beds immersed in the 1 × TBE running buffer under those current and voltages specified by
the manufacturer for the apparatus. Comparisons were
made between solutions of the pure or impure polymers,
and blank solutions made with pure Cu(II) or Co(II)
tetra- and tris-sulfonated phthalocyanines. Nearly the
same concentrations of phthalocyanine were used in the
sample and blank solutions. The slab-shaped indentation
made in the bed with the Teflon combs provided with the
apparatus accommodated volumes of sample too small
for a preparative scale. A Teflon comb to make 10 cm3
slab-shaped indentations in the bed was house-made and
used in preparative electrophoresis.
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TEM microscopy
A drop of the sample solution was placed on a 400
mesh cooper grid covered with collodion. It was kept on
the grid 5 min and the excess liquid was then removed
by placing the grid on filter paper. The preparations were
investigated at 100 K in a transmission electronic microscope JEM 1200 EX II (JEOL) at the Servicio Central de
Microscopía Electrónica of the Facultad de Ciencias Veterinarias, UNLP. Stock solutions of the polymers were
prepared by dissolving the polymers in basic medium
and diluting them as necessary for the preparation of the
sample solutions.
Cyclic voltammetry
A computerized BAS CV-1B cyclic voltammograph
apparatus with a three electrode cell was used for the
electrochemical measurements. Platinum discs, polished to a mirror finish, were used as working electrodes.
Potentials were measured against a Ag/AgCl/KClsat reference electrode. A 0.1 M concentration of NaClO4 was
used as supporting electrolyte and oxygen was removed
by bubbling purified N2 for at least 30 min prior to each
experiment.
Spectroscopic measurements
ESR spectra were recorded with a Bruker ER 080
spectrometer fitted with a TE102 wavebridge and interfaced to a Gateway 2000 computer. UV-vis-NIR spectra
were recorded with a Shimadzu UV-3101PC spectrophotometer. IR spectra were recorded with a Bio-Rad FTS
175 Spectrometer.
Materials
The Cu(II) tetrasulfonated phthalocyanine Na4[CuII(tspc)],
tspc = 4,4′,4″,4″′-phthalocyaninetetrasulfonate, and CoII
pc, both from Eastman, were available from previous
works. A procedure described in literature was followed
for the sulfonating of the Co(II) phthalocyanines with
chlorosulfonic acid [11–13]. The elemental analysis of
sulfur and cobalt showed that the method produced trissulfonated Co(II) phthalocyanine, Na3[CoII(trspc)], trspc
= n,n′,n″-phthalocyanine-trisulfonate where n, n′ and n″
stand for the sulfonated positions of the isomers contained in the product. Calcd. for Na3CoC32N8H13O9S3, S:
10.96, Co: 6.72. Found, S: 11.20, Co: 6.35.
Chlorosulfonated phthalocyanines. Chlorosulfonated derivatives of Na4[CuII(tspc)] and Na3[CoII(trspc)],
namely CuII(chltspc) and CoII(chltrspc), were prepared
by the thionylchloride-DMF method in the literature
and used as obtained for the preparation of the polymers
[13, 15]. Water free polyethyleneimine, Mn ~ 10000 and
Mw ~ 25000, and acetylbromide from Aldrich were used
as received.
Polyethyleneimine-amide, PAAMr where r = 0.07
or 0.2. Polyethyleneimine, 5 g (~0.12 mol of amine
Copyright © 2010 World Scientific Publishing Company
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groups) was dissolved in 500 cm3 of THF which already
contained 27.6 g of K2CO3 (0.2 mol). The solution was
stirred a couple of hours and chilled in an ice bath.
Acetylbromide, 8 cm3 (13 g, 0.11 mol) or 4 cm3 (6.5 g,
0.055 mol) were dissolved in 80 cm3 of THF and added
dropwise to the polyethyleneimine solution with a vigorous stirring under a N2 atmosphere. The mixture was
warmed up to room temperature, refluxed overnight and
brought back to room temperature before exposing it
to air. The solid was removed by filtration and the filtrate, mainly THF, was discarded. In order to remove the
polymer from the solid, it was thoroughly washed with
EtOH. Rotovaporation of the ethanolic solution yield the
solid products. The polymers were dried under vacuum
overnight. Approximately ~95% yields of polymers,
PAAMr, containing both amine and acetamide groups
were obtained with this procedure. Elemental analyses
were used for the evaluations of the number of amine
groups relative to the amide groups in each preparation.
The PAAMr polymers respectively obtained with the
two masses of acetylbromide had an average number r
of amine groups relative to the number of amine plus
amide groups, r = 0.07 (1 amine in 15 groups) and r =
0.2 (1 amine in 5 groups). In a larger scale preparation of
PAAM0.07, 7.8 g of polyethleneimine and 45.5 g K2CO3 in
700 cm3 of THF and 12.5 cm3 of acetylbromide in 100 of
THF were used instead of the quantities described above.
The same steps of the previous preparation were followed until the solid was obtained by rotovaporation of
the ethanolic solution. To further remove impurities, the
solid was thoroughly washed with 15% (v:v) EtOH in
CH2Cl2 and dried under vacuum.
Phthalocyanine containing polymers, poly(K3CuIItspc). In the preparation of the polymer,
CuII(chltspc), 10 g, was dissolved in 500 cm3 of CH2Cl2
containing 1.5 g of K2CO3. A solution containing 1.6 g of
PAAM0.2 in 100 cm3 of 10% (v:v) EtOH in CH2Cl2 was
added dropwise and with a vigorous stirring to the former
solution. The mixture was first stirred at room temperature for 10 h and then refluxed for 1 h. Rotovaporation of
CH2Cl2 to dryness left ~13 g of a solid that was washed
with 3 L of H2O until the filtrate became colorless. The
insoluble solid, ~9 g, was suspended in 500 cm3 of 0.08
M K2CO3 and kept at 60 °C for 40 min. Electrophoresis
revealed that a solid obtained after centrifugation of the
suspension, ~1.9 g, was a mixture of monomeric phthalocyanine and the desired polymer. Preparative electrophoresis or GPC on column grade Sephadex G50 was used
for the separation of the polymer from the mixture. A
95 cm3 volume of a saturated solution was loaded on a
column, 64 cm in length and 3 cm in diameter, and eluted
with H2O. The fraction containing the polymer eluted
ahead of the monomeric phthalocyanines. Rotovaporation of the elutant to dryness and drying the solid under
vacuum for 72 h yield 0.6 g of the pure polymer. The
nature of the product was confirmed by UV-vis, IR and
ESR spectroscopies and by electrophoresis. Anal. calcd.
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containing 1.0 g of PAAM0.07 in 450 cm3 of 10% (v:v)
EtOH in CH2Cl2 was added dropwise and with a vigorous
stirring to the former solution. CH2Cl2 was added to the
mixture until the total volume of the mixture was 1.5 L.
The mixture was first stirred at room temperature for
10 h under a N2 atmosphere and then refluxed for 2 h.
Rotovaporation of CH2Cl2 to dryness left a solid that was
dried under vacuum for three days. The solid, ~7.5 g, was
washed with 5.7 L of water at room temperature until
the filtrate became colorless. To purify the polymer by
GPC, a fraction of the remaining solid was dissolved in
~160 cm3 of a solution containing 6.1 mmol of KOH.
The phthalocyanine solution, pH = 7, was divided in two
80 cm3 fractions. Each fraction was separately loaded on a
column, 64 cm in length and 3 cm in diameter, of column
grade Sephadex G50 and eluted with H2O. The fraction
containing the polymer eluted ahead of the monomeric
phthalocyanines. Rotovaporation of the elutant to dryness
and drying the solid under vacuum for 72 h yield 120 mg
of the pure polymer. The polymer obtained in this manner
contained carbonate ions that were removed by recrystallization from warm 0.1 M CH3CO2H. The solid was kept
at 50 °C under vacuum for 72 h. Acetate and elemental
analyses showed about four acetate ions and one phthalocyanine pendant per 15 -CH2CH2N< groups in the repeating unit, (II) in Fig. 1 without the acetates anions. Anal.
calcd. for the repeating unit H138C102N24O31S3K2Co, H,
5.72; C, 50.42; N, 13.84; S, 3.96; Co, 2.43. Found H,
5.64; C, 49.97; N, 12.49; S, 3.46; Co, 2.55. The nature
of the product was confirmed by UV-vis, IR and ESR
spectroscopies and by electrophoresis.
Other materials and solvents were reagent grade
and used without further purification. Solutions for the
experiments described herein were prepared with triple
distilled water.

RESULTS
The redox reactions of poly(K2CoIItrspc) and
poly(K3CuIItspc) (Fig. 1) will be better understood after
some consideration is given to the physical properties and
morphologies of these materials. Therefore, the structural
observations are communicated ahead of a study of the
polymers redox reactions in the following sections.
Fig. 1. Average composition of the repeating unit of
poly(K3CuIItspc), (I), and poly(K2CoIItrspc), (II), without the
acetate anions. A balls and cylinders model of the repeating unit
in poly(K3CuIItspc) is shown at the bottom of the ﬁgure

for the repeating unit, (I) and bottom of the Fig. 1,
H44C50N13O15S4K3Cu, Cu, 4.62; S, 9.32. Found Cu, 4.31;
S, 8.93.
Poly(K2CoIItrspc). This was prepared by a procedure
similar to the one described above for the poly(K3CuIItspc)
synthesis. CoII(chltrspc), 6.3 g, was dissolved in 500 cm3
of CH2Cl2 containing 0.9 g of K2CO3. A solution
Copyright © 2010 World Scientific Publishing Company

Strand morphology
In order to ascertain the morphologies of
poly(K2CoIItrspc) and poly(K3CuIItspc), TEM observations were made on various preparations of the polymers. Rosettes with ~1000 nm diameter were observed
in the preparations of poly(K3CuIItspc) (Fig. 2a). Smaller
but similarly shaped structures with an average diameter of ~120 nm were observed in the preparations of
poly(K2CoIItrspc). Because of the large size of these
structures, they must be bundles of polymer strands which
could be reminiscent of micelles in aqueous solution.

J. Porphyrins Phthalocyanines 2010; 14: 72–80

MORPHOLOGY AND RADICAL REACTIONS OF CU(II) AND CO(II) SULFONATED PHTHALOCYANINES

73

the elongated structures over a period of days are most
likely due to chemical reactions, such as the hydrolysis
of the sulfonamide group in the poly(K3CuIItspc) polymer. In agreement with this interpretation, the chemical
reactions were evidenced by changes in the optical spectrum of the chromophores in the aged solutions and by
electrophoresis experiments. Both showed the formation
of free CuIItspc4- in concentrations that increased with
the age of the solutions. The poly(K2CoIItrspc) proved to
be more stable not showing such structural changes over
several days. Due to the changing morphologies of the
polymers some precautions were taken. In order to work
with solutions of poly(K2CoIItrspc) and poly(K3CuIItspc)
of known composition and morphologies, all the experiments described herein were carried out with freshly
prepared solutions of the polymers and were completed
when these solutions had aged less than several hours.
Pendants oligomers
ESR and UV-vis spectroscopies were used in a study of
the state of the pendants in the bundle. The ESR spectra of
powder samples of Na4[CuII(tspc)] and poly(K3CuIItspc)
were recorded at 298 and 77 K. The respective spectra recorded at room temperature are shown in Fig. 3.
Regardless of the temperature, the presence of weak
hyperfine resonances was observed in the ESR spectrum of poly(K3CuIItspc). Also the signal of the tetragonal Cu(II) metal center in the pc macrocycle is slightly
broader in the polymer than in the powder spectrum of
Na4[CuII(tspc)] [14]. Modeling of the polymer’s ESR
spectrum suggested that the weak hyperfine signals and
the broadening of the spectrum are due to the presence
of a significant number of magnetically diluted CuIIpc
(-SO3)3(-SO2N<)\3- pendants in the bundles of polymer. A
large fraction of the pendants must be forming, however,
π-π stacks similar to those of CuII(tspc)4- in homogeneous
solution [7]. The ESR spectrum of the CoIIpc(-SO3)2
(-SO2N<)\2- pendants was recorded with powder samples

Fig. 2. (a) Rosettes with ~1000 nm diameter were observed in
preparations of poly(K3CuIItspc). (b) Elongated structures with
~1000 nm length and ~70 nm width were observed in preparations made from solutions of poly(K3CuIItspc) aged for 24 h.
(c) Circular shapes, ~400 nm diameter, appear superimposed
with the elongated structures in preparations made from solutions aged several days

Preparations made from solutions of poly(K3CuIItspc)
that were aged for 24 h showed elongated structures with
~1000 nm length nm and ~70 nm width (Fig. 2b). Circular shapes, ~400 nm diameter, appear superimposed
with the elongated structures in preparations made from
solutions aged several days (Fig. 2c). The TEM observations show, therefore, that the rosette-shaped structures
of poly(K3CuIItspc) are unstable with respect to the elongated shapes over a 24 h period. Changes experienced by
Copyright © 2010 World Scientific Publishing Company

Fig. 3. ESR powder spectra of (a) poly(K2CoIItrspc) at 77 K,
(b) poly(K3CuIItspc), and (c) Na4[CuII(tspc)] at room temperature. Markers indicate the calculated hyperﬁne positions of
magnetically diluted CuIIpc(-SO3)3(-SO2N<)\3- pendants in the
bundles of poly(K3CuIItspc)
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Fig. 4. Electronic spectra of (a) poly(K3CuIItspc) and
(b) [CuII(tspc)]4- in aqueous solution. The inset shows the dependence of 666 nm absorbance on the pendant concentration. It is
consistent with an intra-bundle and/or intra-strand stacking of
the pendants

of poly(K2CoIItrspc) at 77 K and was in agreement with
the spectra of axially symmetric low spin Co(II) complexes [14, 15]. By comparison to the ESR spectrum of
CoIIpc, some broadening of the hyperfine lines and in the
general shape of the spectrum can be attributed, like in
the ESR spectrum of poly(K3CuIItspc), to similar stacking of pendants within the spherical bundles.
The presence of the stacks of pendants is evidenced
also by the shape of the Q band in the UV-vis absorption spectrum of poly(K3CuIItspc) (Fig. 4). In aqueous
solution, the Q band in the spectrum of the pendants is
broader than that of the monomeric Cu(tspc)4- [7, 16].
Superimposed with the Q band, a much sharper absorption band at ~666 nm must be assigned to the fraction
of CuIIpc(-SO3)3(-SO2N<)\3- pendants not forming the
π-π stacks. In order to investigate the existence of a
mobile association equilibrium between the monomeric
and oligomeric CuIIpc(-SO3)3(-SO2N<)\3- pendants, the
dependence of the absorbance of poly(K3CuIItspc) on the
concentration of pendants was investigated with solutions
of the polymer where the ionic strength was adjusted with
10-3 M NaClO4. A linear dependence of the absorbance
on the pendant’s concentration was observed at λob = 217,
345, 666 and 753 nm when the concentration was equal
to or less than 10-4 M. Such a linear behavior shows that
the Beer’s law is obeyed over a 10-4 to 0 M concentration range and that the distribution of pendants between
monomeric and oligomeric forms is fixed by the bundles
morphology and not by mobile equilibria.
The staking of pendants was also revealed by the UV-vis
absorption spectrum of poly(K2CoIItrspc) in aqueous solution (Fig. 5). In the UV-vis spectrum of poly(K2CoIItrspc)
as in the spectrum of poly(K3CuIItspc), the shape of the
Q band is accounted for a large fraction of CoIIpc(-SO3)2
(-SO2N<)\2- pendants associated in stacks.
Copyright © 2010 World Scientific Publishing Company

Fig. 5. Electronic spectra of (a) poly(K2CoIItrspc) and
(b) [CoII(trspc)]2- in aqueous solution

Cyclic voltammograms of the poly(K2CoIItrspc) and
poly(K3CuIItspc) were respectively recorded in aqueous
solutions, saturated in either polymer and buffered at
pH = 10. The corresponding voltammograms exhibited
broad anodic waves at ~1.26 and 1.33 V vs. NHE near
the potentials where the one-electron oxidation of the
phthalocyanine ligand is expected [1s, 7]. No discernible
catodic waves were observed with sweep rates between
90 and 200 mV.s-1. The decay of the phthalocyanine radicals formed in the anodic process account for the absence
of a cathodic wave. Waves observed at ~1.0 V vs. NHE
were attributed to the reduction of the product formed
by the decay of the phthalocyanine radicals. The results
of the cyclic voltammograms with poly(K2CoIItrspc) and
poly(K3CuIItspc), contrasted against those of CuII(tspc)4-,
support the existence of aggregates of the phthalocyanine
pendants. Indeed features in the voltammograms of the
polymers are similar those in the cyclic voltammogram of
Cu(tspc)4- saturated solutions buffered at pH = 10 where
oligomers of CuII(tspc)4- are in equilibrium with monomer. The cyclic voltammogram of the Cu(tspc)4- solution
showed anodic and cathodic waves, ΔEpeak = 0.052 V, with
a half wave potential, E1/2 = 1.237 V vs. NHE. However
the observed waves were considerably wider than those
recorded under experimental conditions where only the
monomeric species exists in solution.
Ligand vs. metal-centered
poly(K3CuIItspc)

redox

reactions

of

Fast reactions of the pulse radiolytically generated
radicals e-sol, CO2•- and C•H2OH reduced poly(K3CuIItspc)
(Table 1). The solutions of the polymer used for the
kinetic and spectroscopic studies contained a 10-4 M
concentration of CuIIpc(-SO3)3(-SO2N<)\3- pendants. To
study the reactions of CO2•- and C•H2OH radicals, N2Osaturated solutions containing either 0.1 M in NaHCO2 or
0.1 M CH3OH in 0.1 M NaClO4 were used in pulse radiolysis. N2-saturated solutions containing the polymer and
0.1 M NaClO4 were used in the study of the e-sol reactions.
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Table 1. Reduction potentials, E0, and rate constants, k, of the radicals reacting with CuIIpc(-SO3)3(-SO2N<)\3and CoIIpc(-SO3)2(-SO2N<)\2- pendants
Radical

E0, Volt

k, M-1.s-1
CuIIpc(-SO3)3(-SO2N<)\3Reaction product

-

a

e sol

-2.75
• -

CO2

a

-1.20

II

Cu pc•(-SO3)3(-SO2N<)\4II

•

\4-

Cu pc (-SO3)3(-SO2N<)

3.5 × 1010
8.6 × 108

+
CuIpc(-SO3)3(-SO2N<)\4C•H2OH

-0.92a

CuIIpc•(-SO3)3(-SO2N<)\4- -

1.0 × 108

N3

1.7

Cu pc (-SO3)3(-SO2N<)

2.7 × 109

SO4•-

2.43c

CuIIpc•(-SO3)3(-SO2N<)\2-

4.0 × 109

•

b,

II

•

\2-

CoIIpc(-SO3)2(-SO2N<)\2Reaction product
(CH3)2COHC•H2

0.6a

((CH3)2COHCH2)CoIIIpc(-SO3)2(-SO2N<)\2-

1.0 × 1010

C•H2OH

1.29a

(HOCH2)CoIIIpc(-SO3)2(-SO2N<)\2-

8.0 × 109

•

N3

1.7

b

III

\2-

XCo pc(-SO3)2(-SO2N<)

3.7 × 109

Reduction potentials for A/Radical couples vs. NHE. Values from reference 17. b Reduction potential for
Radical/A couples vs. NHE. Value from reference 18. c Reduction potential for Radical/A couples vs. NHE.
Value from reference 19.
a

In contrast to e-sol and C•H2OH which only
reduced the phthalocyanine ligand, the CO2•radical reduces both the metal center and the
ligand of the pendants with an overall rate
constant, k = 8.6 × 108 M-1.s-1 (Scheme 2). The
different positions of their absorption bands
in the visible region of the UV-vis spectrum
of CuIpc(-SO3)3(-SO2N<)\4- and the ligandradical, CuIIpc•(-SO3)3(-SO2N<)\4- (Fig. 6a),
made possible the observation of these species transformations [7, 16, 20]. In a longer
time-scale ranging from ms to s, the decay of
the CuIpc(-SO3)3(-SO2N<)\4- pendants further
bleached the Q-band and increased the absorbance at ~500 nm (Fig. 6b). This change in
the solution’s spectrum is consistent with a
transformation of the CuIpc(-SO3)3(-SO2N<)\4pendants into the ligand-radical CuIIpc•
(-SO3)3(-SO2N<)\4- pendants (Scheme 2). The
transformation of the Cu(I) product to the
ligand radical exhibited a first order kinetics
with a rate constant, k = 1.4 × 10 s-1.
N2O-saturated solutions containing 2.4 ×
10-5 M CuIIpc(-SO3)3(-SO2N<)\3- pendants
were used for a study of the reactions of
poly(K3CuIItspc) with pulse radiolytically
generated N3•, SO4•- and (CH3)2COHC•H2 radicals were investigated with. The ionic strength
of the solutions was adjusted to 0.1 M with
NaN3, K2SO4 or NaClO4. By comparison to
changes in the UV-vis absorption spectrum
Copyright © 2010 World Scientific Publishing Company

Scheme 2. Metal-centered and ligand-centered reduction of CuIIpc(-SO3)3
(-SO2N<)\3- pendants by CO2•- radicals and the interconversion of the Cu(I)
product into the more stable phthalocyanine radical. The polyamide backbone and bonds of the pendants are represented by doted lines

J. Porphyrins Phthalocyanines 2010; 14: 75–80

76

G.T. RUIZ ET AL.

(-SO2N<)\2- pendants at times longer than a millisecond.
A decrease of the solution’s absorbance was observed
between 500 and 550 nm where the absorption band of
the radical CuIIpc•(-SO3)3(-SO2N<)\2- is placed. In addition to this change in the spectrum, a simultaneous recovery of the absorbance took place at ~700 nm, i.e. where
the Q band of the CuIIpc(-SO3)3(-SO2N<)\3- pendant is
placed. These changes in the absorption spectrum of the
solution are consistent with the transformation of a fraction of the ~1.5 × 10-5 M CuIIpc•(-SO3)3(-SO2N<)\2- generated in the experiment to ~0.75 × 10-5 M CuIIpc(-SO3)3
(-SO2N<)\3- pendants. Such a stoichiometry is expected if
the CuIIpc•(-SO3)3(-SO2N<)\2- pendants disproportionate
to reform CuIIpc(-SO3)3(-SO2N<)\3- (Equation 2).
2 CuIIpc•(-SO3)3(-SO2N<)\2→ CuIIpc(-SO3)3(-SO2N<)\3- + CuIIL(-SO2N<)

(2)

II

Fig. 6. Reduction of poly(CuIItspc)\3- by pulse radiolytically
generated CO2•- radicals. The time-resolved formation of the
metal-reduced, CuIpc(-SO3)3(-SO2N<)\4- and the ligand-radical,
CuIIpc•(-SO3)3(-SO2N<)\4- is shown in (a). In (b), further changes
in the spectrum correspond to the transformation of CuIpc(-SO3)3
(-SO2N<)\4- into ligand-radical CuIIpc•(-SO3)3(-SO2N<)\4- pendants. Delays from the radiolytic pulse are indicated in the ﬁgure

of solutions containing oligomers of CuII(tspc)4-,
[7, 16, 20] changes in the spectrum of polymer’s solution
revealed the formation of CuIIpc•(-SO3)3(-SO2N<)\2- pendants as the product of the reactions with N3•, SO4•- and
(CH3)2COHC•H2 radicals (Equation 1).
R• + CuIIpc(SO3)3(SO2N<)\3→ R- + CuIIpc•(SO3)3(SO2N<)\2•
R = N3•, SO4•-, (CH3)2COHCH2•

(1)

No reactions between these radicals and groups in
the PAAMr polymers were apparent in blanks made by
replacing poly(K3CuIItspc) with an equivalent concentration of PAAMr. It was concluded that the reactions of the
radicals with PAAMr were slower than the radicals’ disproportionation and/or dimerization reactions and those
of the radicals with CuIIpc(-SO3)3(-SO2N<)\3- pendants.
The kinetics of the reactions of the N3• and SO4•- radicals
with CuIIpc(-SO3)3(-SO2N<)\3- pendants were investigated
at the maximum, λmax = 500 nm, of the CuIIpc•(-SO3)3
(-SO2N<)\2- spectrum under a pseudo-first order regime.
A nearly diffusion-controlled rate was exhibited by
both reactions (Table 1). The calculated rate constants
for each reaction are k = 2.7 × 109 M-1.s-1 for N3• and
k = 4.0 × 109 M-1.s-1 for SO4•-. Further spectral changes
resulted from the decay of the radical CuIIpc•(-SO3)3
Copyright © 2010 World Scientific Publishing Company

The Cu L(-SO2N<) product represents a complex of
the open-cycle macrocyclic ligand L(-SO2N<) with weak
absorption bands, i.e. extinction coefficients ε < 102 M-1.
cm-1, at any of the probing wavelengths, λob > 400 nm
[7]. The formation of CuIIL(-SO2N<) in the radiolyzed
solutions was confirmed when Cu2+aq tested positive after
it was liberated from its L(-SO2N<) complex with 0.1 M
HClO4. In accordance with the disproportionation of
the CuIIpc•(-SO3)3(-SO2N<)\2- pendants (Equation 2), the
reaction rate, investigated at λob = 500 and 700 nm, exhibited a second-order dependence on the concentration of
CuIIpc•(-SO3)3(-SO2N<)\2-. The rate constant, 2k = 8.1 ×
107 M-1.s-1, of Equation 2 was calculated from the slope
of plots of the reciprocal of the concentration vs. time
and the initial concentration of CuIIpc•(-SO3)3(-SO2N<)\2-.
Initial concentrations of CuIIpc•(-SO3)3(-SO2N<)\2- were
estimated on the basis of the dosimetry. A comparative
study was made on the disproportionation of the oligomeric radicals (CuII(tspc)\4-)n-1CuII(tspc•)\3- (Equation 3),
generated when (CuII(tspc)\4-)n reacted with N3• radicals
under the same medium conditions and CuII concentrations given above for the polymer.
2 CuIIpc•(-SO3)3(-SO2N<)\2→ CuIIpc(-SO3)3(-SO2N<)\3- + CuIIL(-SO2N<)
2 (CuII(tspc)\4-)n-1CuII(tspc•)\3→ (CuII(tspc)\4-)n + (CuII(tspc)\4-)n-1CuIIL’

(2)
(3)

The second order rate constant , 2k = 1.3 × 10 M .s-1,
was calculated for the (CuII(tspc)\4-)n-1CuII(tspc•)\3- disproportionation. It is almost two orders of magnitude smaller
than the rate constant, 2k = 8.1 × 107 M-1.s-1, of the
CuIIpc•(-SO3)3(-SO2N<)\2- pendants disproportionation
(Equation 2), suggesting that Equations 2 and 3 proceed
through different mechanisms.
6

-1

Reactions of radicals with poly(K2CoIItrspc) forming
CoIII-hydroxyalkyl and CoI products
The reactions of poly(K2CoIItrspc) with radiolytically generated C-centered radicals and N3• radicals have
similar spectroscopic features (Fig. 7). Minor differences
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Fig. 7. Changes in the absorption spectrum when
poly(K2CoIItrspc) reacts with N3• and (CH3)2COHCH2• radicals
forming respectively the XCoIIIpc(-SO3)2(-SO2N<)\2- (X = N3 or
OH) and ((CH3)2COHCH2)CoIIIpc(-SO3)2(-SO2N<)\2-. pendants.
A key to the reactions is in the ﬁgure and experimental conditions are communicated elsewhere in the text

between the spectrum of the Co(III) phthalocyanine
pendants produced with N3• radicals or C-centered radicals were attributed to the coordination of the reduced
oxidants to the metal center. Indeed, specific ligand-toCo(III) charge transfer transitions superimposed with the
intense phthalocyanine-centered electronic transitions
account for the differences in the spectrum. These spectra also show similarities with those of the CoIIItrspc2- and
CoIIItspc3- [20, 21].
The reaction of N3• radicals with poly(K2CoIItrspc)
(Equation 4), was investigated in N2O-saturated solutions
containing 2 × 10-5 M CoIIpc(-SO3)2(-SO2N<)\2- pendants
and 0.1 M NaN3.
N3• + CoIIpc(SO3)2(SO2N<)\2→ XCoIIIpc(SO3)2(SO2N<)\2X = N3, OH

(4)

The concentration of N3• radicals generated in these
experiments produced ~10% oxidized pendants of the
total pendant concentration. Therefore, the kinetics of
the XCoIIIpc(-SO3)2(-SO2N<)\2- pendants formation was
investigated under a pseudo-first order regime. A second-order rate constant, k = 3.7 × 109 M-1.s-1, was calculated using oscillographic traces recorded at various
wavelengths, λob = 295, 425 and 665 nm. The rate constants of the reactions of the radicals with CoIIpc(-SO3)2
(-SO2N<)\2- have been collected in Table 1.
The reactions of poly(K2CoIItrspc) with C-centered
radiolytically generated radicals exhibited some differences with those of [CoII(tspc)]2\8- [20, 21]. In a 1 to 100
ms time domain, the reaction of 2-methyl-2-hydroxy-1propyl radicals, (CH3)2COHC•H2, with poly(K2CoIItrspc)
Copyright © 2010 World Scientific Publishing Company

77

Fig. 8. Changes in the absorption spectrum due to the transformation of ((CH3)2COHCH2)CoIIIpc(-SO3)2(-SO2N<)\2- pendants into CoIpc(-SO3)2(-SO2N<)\3- pendants. Experimental
conditions are indicated elsewhere in the text

solutions containing 2 × 10-5 M CoIIpc(-SO3)2(-SO2N<)\2pendants in 0.1 M (CH3)3COH and 0.1 M NaClO4 forms
unstable species (Fig. 8). The difference spectrum exhibited absorption bands with λmax = 290 and 460 nm. No
bleach of the Q band, λmax = 650 nm, indicative of a
phthalocyanine-centered radical was observed. Because
of these spectroscopic features and the resemblance
to the spectrum of a Co(III) product generated when
poly(K2CoIItrspc) reacted with N3• radicals (Equation 4),
the unstable species was assigned as a pendant with
CoIII-C bonds, namely the Co(III)-hydroxyalkyl moiety
((CH3)2COHCH2)CoIIIpc(-SO3)2(-SO2N<)\2- instead of
CoIIpc•(-SO3)2(-SO2N<)\3- (Equation 5).
(CH3)2COHC•H2 + CoIIpc(SO3)2(SO2N<)\2→ ((CH3)2COHCH2)CoIIIpc(SO3)2(SO2N<)\2-

(5)

A second order rate constant, k = 1.0 × 1010 M-1.s-1, for
the reaction of poly(K2CoIItrspc) with (CH3)2COHC•H2
radicals was calculated under a pseudo-first order regime
from oscillographic traces recorded at λob = 290 and
460 nm. CoIpc(-SO3)2(-SO2N<)\3- pendants (Equation 6),
were produced when the Co(III) species formed in Equation 5, decayed in a time scale t > 1 ms.
((CH3)2COHCH2)CoIIIpc(SO3)2(SO2N<)\2-

OH
—→
(CH3)2COHCH2OH
+ CoIpc(SO3)2(SO2N<)\3I

(6)

\3-

The Co pc(-SO3)2(-SO2N<) pendants formed in
this reaction were identified by means of the appearing
spectroscopic features between 350 and 450 nm (Fig. 8),
which are characteristic of Co(I) phthalocyanine
[20, 21]. Analysis of the traces collected in these range
of wavelengths showed that the rate law of the reaction
was first order on the Co(III) concentration with a rate
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constant, k = 5.3 × 10 s-1. An additional experiment was
carried out in order to verify that Co(III)-alkyl pendants
were converted to CoIpc(-SO3)2(-SO2N<)\3- (Equation 6).
In the experiment, both e-sol and (CH3)2COHC•H2 radicals were simultaneously generated by the radiolysis of
poly(K3CoIItrspc) in a N2-saturated solution containing
2 × 10-5 M CoIIpc(-SO3)2(-SO2N<)\2- pendants, 0.1 M
(CH3)3COH and 0.1 M NaClO4. Changes in the absorption spectrum of the solution showed the formation of the
((CH3)2COHCH2)CoIIIpc(-SO3)2(-SO2N<)\2- and CoIpc
(-SO3)2(-SO2N<)\3- pendants in a time scale equal to or
shorter than 40 μs. The two products are produced by
the respective reactions of the (CH3)2COHC•H2 and e-sol
radicals with the Co(II) pendants. The decay of the
((CH3)2COHCH2)CoIIIpc(-SO3)2(-SO2N<)\2- pendants was
investigated in the 1 to 102 ms time domain and the spectra recorded with 40 and 80 ms delays revealed only the
spectroscopic features of the CoIpc(-SO3)2(-SO2N<)\3spectrum. Based on the absorbance changes caused by
the disappearance of ((CH3)2COHCH2)CoIIIpc(-SO3)2
(-SO2N<)\2-, it was estimated that the conversion of the
latter to CoIpc(-SO3)2(-SO2N<)\3- pendants was equal to
or larger than 95%.
Spectroscopic changes observed when C•H2OH radicals reacted with poly(K2CoIItrspc) (Fig. 9), were similar to those observed when (CH3)2COHC•H2 radicals
reacted with the polymer (Equations 5 and 6). The reaction was investigated with N2O-saturated solutions of
poly(K2CoIItrspc) containing 2 × 10-5 or 1.33 × 10-5 M
CoIIpc(-SO3)2(-SO2N<)\2- pendants in 0.1 M CH3OH and
0.1 M NaClO4. In the reaction with C•H2OH, a transient
species also mediates the formation of the CoIpc(-SO3)2

Fig. 9. Changes in the absorption spectrum observed when
C•H2OH radicals reacted with poly(K2CoIItrspc). The change
at 50 μs, was assigned to the formation of (HOCH2)CoIIIpc
(-SO3)2(-SO2N<)\2- pendants and those observed at 70 ms were
assigned to the formation of Co(I) pendants, CoIpc(-SO3)2
(-SO2N<)\3-

Copyright © 2010 World Scientific Publishing Company

(-SO2N<)\3- pendants. Similarities between the spectrum
of the precursor of the Co(I) pendants and the Co(III)hydroxyalkyl pendants in Equation 4 suggest that the precursor are (HOCH2)CoIIIpc(-SO3)2(-SO2N<)\2- pendants
(Equation 7).
C•H2OH + CoIIpc(SO3)2(SO2(SO2N<))\2→ (OHCH2)CoIIIpc(SO3)2(SO2N<)\2-

(7)

The assignment of transient spectra recorded in a 1
to 100 μs time domain to the formation of (HOCH2)
CoIIIpc(-SO3)2(-SO2N<)\2- pendants is consistent with
their slow transformation into Co(I) pendants and CH2O.
The transformation was observed in a time scale t >
2 ms by means of changes in the spectrum, from that
of (HOCH2)CoIIIpc(-SO3)2(-SO2N<)\2- recorded early in
the reaction to the CoIpc(-SO3)2(-SO2N<)\3- pendants. In
agreement with this proposition, the formation of CoIpc
(-SO3)2(-SO2N<)\3- is kinetically of a first order in
(HOCH2)CoIIIpc(-SO3)2(-SO2N<)\2- concentration and
with a rate constant, k = 3.7 × 10 s-1, slighthly smaller
than the rate constant of Equation 4.

DISCUSSION
Based on the known tendency of the phthalocyanines
to form π-π stacks, the different morphologies of the
poly(K3CuIItspc) and poly(K2CoIItrspc) in solid state
must be attributed to the different interactions of the
CuIIpc(-SO3)3(-SO2N<)\3- and CoIIpc(-SO3)2(-SO2N<)\2pendants in the respective polymers (Fig. 2). In terms of
the sizes of the structures visualized in Fig. 2, they must
represent aggregates of strands in bundles of different
shapes. The rosette shapes (Fig. 2a) can be visualized as
an aggregation of strands which are randomly oriented
and/or coiled inside the bundle. A preminent side-on
association of strands may lead to a more elongated
bundle (Fig. 2b).
Since a spherical aggregation of strands maximizes the
volume of material enclosed by the sphere’s surface, it can
be expected that a spherical aggregation will be favored
when the ionic charge provided by the phthalocyanine
pendants cannot compensate for the hydrophobic character of the polymer’s strand. Differences in the stability of
the π-π stacks and the hydrophilicity of the CuIIpc(-SO3K)3
(-SO2N<)\3- and CoIIpc(-SO3)2(-SO2N<)\2- must control
the conversion of the rosette shaped aggregates (Fig. 2a)
to the elongated bundles (Fig. 2b).
Regardless of the morphologies in solid or solution
phase, the UV-vis and ESR spectroscopies show that the
CuIIpc(-SO3)3(-SO2N<)\3- and CoIIpc(-SO3)2(-SO2N<)\pendants in the respective bundles of poly(K3CuIItspc)
and poly(K2CoIItrspc) are isolated as well as form π-π
stacks. A distribution of monomeric and oligomeric pendants exposed to the protic medium of the solution and
to a less protic inner space of the bundle accounts for the
chemical reactions discussed below and the cyclic voltammograms of the polymers. Indeed, similarities between
J. Porphyrins Phthalocyanines 2010; 14: 78–80
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the oxidation waves in the cyclic voltamograms of the
polymers and the oligomers [MII(tspc)]n\(4•n)-, M = Cu, Co,
suggest that the redox processes of the polymers involve
pendants in the surface of the bundle rather than in the
interior.
The presence of pendants in different media helps
to rationalize the formation of different products
when CuIIpc(-SO3)3(-SO2N<)\3- pendants react with radiolytically generated CO2•- radicals. The simultaneous
formation of CuIpc(-SO3)3(-SO2N<)\4- and CuIIpc•(-SO3)3
(-SO2N<)\4- pendants was observed only when CO2•- reacted
with poly(K3CuIItspc) (Scheme 2). Cu(I) phthalocyanines
were previously generated when [CuII(tetrakis(N-ocatadecylsulfamoyl) phthalocyanine)]2, (CuII(tsapc))2, was
photolyzed in non-aqueous media (Equation 8) [21].
(CuII(tsapc))2 + hν

(solvent CH 2Cl 2)

+ CuIIItsapc+

CuItsapc(8)

In contrast to the reaction in non-aqueous medium,
the electrochemical reduction of CuII(tspc)\4- in DMSO
and the photoredox dissociation of (CuII(tspc)\4-)2 in
aqueous solution produced Cu(II)-ligand radical species
[7, 16, 20]. It is possible, therefore, that a large contributing factor to the formation of the CuIpc(-SO3)3(-SO2N<)\4is the presence of CuIIpc(-SO3)3(-SO2N<)\3- pendants
with peculiar solvation inside the bundle. Although the
solvation of the pendants must be one factor directing
the reduction of the CuIIpc(-SO3)3(-SO2N<)\3- pendants,
it cannot be the determining. If it were the sole factor,
e-sol, and C•H2OH will also reduce the Cu(II) center in
an appreciable proportion. Kinetic effects, illustrated by
the dependence of the reaction rate constant on the redox
potential of the radical in Table 1, and the coordination
of CO2•- to the Cu(II) center, i.e. in a process similar
to those observed with poly(K2CoIItrspc) (Equations 5
and 7), must be regarded as additional factors that determine the reaction pathway.
The reactions of the C-centered radicals, C•H2OH and
(CH3)2COHC•H2, with poly(K2CoIItrspc) have in common the formation of CoIII-alkyl pendants, (HOCH2)
CoIIIpc(-SO3)2(-SO2N<)\2- and ((CH3)2COHCH2)CoIIIpc
(-SO3)2(-SO2N<)\2-, as intermediates in the formation of
the CoIpc(-SO3)2(-SO2N<)\3- product. In contrast to these
reactions, those of [CoII(tspc)]2\8- with radicals in aqueous
solution mainly reduced the phthalocyanine to ligandradical species in a first step. The transfer of the electron from the ligand-radical to the CoII center occurs in a
slower second step [7, 21]. Conditions, such as the media
where the pendants of poly(K2CoIItrspc) are placed in the
bundle, must favor the coordination of the C-centered
radicals to the Co(II) over the reduction of the phthalocyanine ligand. Indeed, the rate constant for the formation of the Co(III)-hydroxyalkyl intermediates (Table 1)
is larger than the rate constants for the reduction of the
phthalocyanine ligand [7] and has values expected for a
diffusion-controlled process. The formation of the CoI
Copyright © 2010 World Scientific Publishing Company

79

products through paths involving the coordination of
the radical to the Co(II) center or the reduction of the
phthalocyanine ligand is as expected on thermochemical grounds. Both paths yield the stable Co(I) product
as electrochemical experiments have previously demonstrated [4].

FINAL REMARKS
Marked differences have been observed between
the redox reactions of the phthalocyanine pendants in
poly(K3CuIItspc) and poly(K2CoIItrspc) and those of
the [MII(tspc)]2\8-, M = Cu, Co. These differences are
caused by various factors which include stacking of the
phthalocyanine pendants, the medium inside the polymer bundle and other kinetic and thermochemical factors. Although the final products of the redox reactions
are those expected from a thermochemical standpoint,
these combined effects lead to new reaction pathways.
In spite of CoIIpc(-SO3)2(-SO2N<)\2- and CuIIpc(-SO3)3
(-SO2N<)\3- pendants being both covalently linked to the
polymer backbone, the latter is prone to redox degradations which must be taken into consideration in applications of the polymer to the catalysis of redox processes.
The medium inside the bundle and the coordination of
reactants such as radicals to the metal center is a function
of the organic backbone’s nature. Therefore, groups other
than the acetamide ones must be used to induce major
changes in the thermal and photochemical reactivity of
the phthalocyanine pendants. For example, the polyethyleneimine can be derivatized with reactants producing
functional groups much more hydrophilic or hydrophobic than the acetamide groups or functional groups with
a particular affinity for the metal center of the pendants.
The experimental observations show that phthalocyanine
polymers tailored to specific applications, such as the
catalyzed reduction of CO2 in aqueous media, [5, 6] can
be prepared using a judicious selection of the functional
groups in the polymer backbone and the transition metal
ion in the phthalocyanine pendant.
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ABSTRACT: The zinc and magnesium metalated derivatives of 5,5′-[12,12′-di(thiododecyloxy)-4,4′phenyl)]-10,10′,15,15′,20,20′-hexakis(3,3′,4,4′,5,5′-hexakisdecyloxyphenyl)diporphyrin, 1b and 1c,
have been synthesised and deposited to form self-assembled monolayer (SAM) ﬁlms on the surface
of gold-coated glass substrates. The SAM ﬁlms have been characterized by RAIR spectroscopy and
ﬂuorescence spectroscopy. The potential for the porphyrin ﬁlms to catalyze the oxidation of tryptophan
within human serum albumin upon irradiation with white light has been demonstrated and attributed to
the porphyrins acting as photosensitizers of oxygen to form oxidizing species.
KEYWORDS: porphyrin self-assembled monolayers, SAM ﬁlms on gold, photodynamic surface.

INTRODUCTION
The anchoring of molecules onto the surface of a solid
substrate to form self-assembled monolayers (SAMs) is
now an established and well documented technology [1].
Molecules designed for particular applications contain a
“functional core”, i.e. a moiety that provides a desired
effect or response to external stimuli, and a means for
attaching it to a solid surface [2]. The latter frequently, but
not invariably, exploits a tether chain that terminates with
a functional group that reacts or interacts with the surface.
A common combination for anchoring molecules to surfaces uses a thiol- or disulﬁde-terminated tether to form
a thiolate linkage to gold; a second approach employs
a silyl function to react with a silica/silicon surface
[1, 2]. In previous work, one of our laboratories exploited
both of these approaches to develop examples of phthalocyanine SAMs [3, 4]. SAMs deposited onto the surface
of gold, supported on a glass slide, were investigated for
optically based gas-sensing devices [5]. More recently
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these studies were extended to the surface coating of gold
nanoparticles with a zinc phthalocyanine derivative in the
presence of tetraoctylammonium bromide [6]. This construct has been exploited as a drug delivery system within
a photodynamic therapy (PDT) protocol. Irradiation of
these nanoparticle conjugates within HeLa cells induced
substantial cell mortality through the photodynamic production of singlet oxygen [7].
We now report some parallel work using singlecomponent porphyrin SAMs on the surface of gold and
thus contribute to the burgeoning body of research into
the characterization and applications of this type of SAM
[8–11]. An interesting development has been the application of porphyrin SAMs for heterogeneous oxidation
catalysis and this has exploited, for example, the redox
behavior of Mn [9] and Co [10] contained within the
macrocycle core. To our knowledge there has been no
focus on exploiting porphyrin SAM surfaces for photodynamic oxidations. The present paper addresses this area,
describing the synthesis of purpose-designed porphyrin
derivatives and their deposition onto a gold surface supported on a glass slide. The role of these constructs in
providing a ‘‘photodynamic surface’’ is demonstrated by
the photooxidation of the tryptophyl residue in human
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serum albumin (HSA) when the ﬁlms are illuminated
with white light.

RESULTS AND DISCUSSION
Design of compounds
The non-symmetrically tetra-aryl substituted porphyrin
derivatives investigated for deposition as SAM ﬁlms, 1b
and 1c (Scheme 1), contain two porphyrin moieties linked
through one of their aryl rings via a tether terminated with
a disulﬁde unit. Three long-chain alkoxy groups on each
of the remaining three aryl rings per porphyrin unit were
incorporated to minimize self-association and the detrimental quenching effects this has on the electronically
excited states of the porphyrin. Zinc and magnesium were
chosen as central metals because of their limited adverse
toxic properties so long as these ions are incorporated
into the tetrapyrrolic macrocycle [12]. The route to prepare the compounds 1b and 1c proceeds via the synthesis
of a non-symmetrically substitued metal-free porphyrin
derivative with a tether terminated with a hydroxyl group
2b. This functionality was deemed suitable for subsequent
introduction of the disulﬁde moiety via the mesylate 2c.
Metalation of the ring with zinc and magnesium provided
the ﬁnal step of the synthetic work.

Synthesis
Aldehydes. The required aromatic aldehyde derivatives
for the synthesis of the desired porphyrins were prepared
from 4-hydroxybenzaldehyde and 3,4,5-trihydroxybenzaldehyde. Yields were improved compared to those reported
in the literature [13] by using a combination of both a
phase-transfer catalyst, tetra-n-butylammonium iodide, to
facilitate the substitution and a high boiling solvent.
Condensation. The mixed cyclotetramerization reaction (Step iv in Scheme 1) was ﬁrst attempted using BF3etherate as the acid and p-chloranil as the oxidant. No
porphyrins were obtained by this method. The reaction
was therefore carried out using propionic acid under aerobic conditions. The efﬁciency of the reaction was further
improved by using an oxidizing co-solvent, nitrobenzene
[14]. Under these conditions there was no evidence of
chlorin formation. However, on using 4-(12-hydroxydodecyloxy)benzaldehyde it was found that the product
was partially esteriﬁed to form the propionate leading to
mixtures and non-reproducible preparations. The acetate
derivative of 4-(12-hydroxydodecyloxy)benzaldehyde
(i.e. X = OCOCH3 in Step iv) was therefore preferred
as a precursor. Higher yields for the cyclotetramerization were obtained and puriﬁcation of the product 2a was
straightforward. This compensated for the inclusion of
the extra step required to deprotect 2a to afford 2b.
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Scheme 1. Synthesis of compounds 1b and 1c. In all cases R = C10H21. Reagents: i. Br(CH2)12OH, MEK, K2CO3, KI, tetra-nbutylammonium iodide; ii. Ac2O; iii. n-bromodecane, MEK, KI, K2CO3, tetra-n-butylammonium iodide; iv. pyrrole, propionic acid,
nitrobenzene; v. NaOH; vi. Methanesulfonylchloride, Et3N; vii. 1) Thiourea, 2) aq. NaOH; viii. Zn(OAc)2; ix. Mg(ClO4)2, dry
pyridine
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Metal-free porphyrin disulﬁde 1a. The free hydroxyl
group of 2b was converted into a mesylate, to afford 2c,
which was reacted with thiourea under aerobic conditions. The porphyrin disulﬁde derivative 1a was obtained
after hydrolysis using aqueous sodium hydroxide. The
use of an aqueous solution of NaOH proved to be a satisfactory alternative to an NaOH solution in ethanol which
led to a product whose 1H NMR spectrum contained an
unexplained extra set of signals.
Metalated porphyrin disulﬁdes 1b and 1c. Finally,
the metalated derivatives 1b and 1c were obtained by
reﬂuxing the metal-free compound 1a in reﬂuxing THF
and dry pyridine containing zinc acetate and magnesium
perchlorate respectively. Expected changes in the UV-vis
spectra were observed upon the introduction of the metal
into the macrocycle. The four weak absorption bands at
516.0, 552.5, 592.5 and 650.5 nm present in the metalfree porphyrin 1a are replaced by two weak bands at
557.0 and 598.0 nm, and 569.0 and 615.0 nm for the Zn
and Mg derivatives, 1b and 1c, respectively. Similarly,
the Soret band was shifted from 423.0 nm in the metalfree compound to 427.5 nm for the zinc derivative and
432.0 nm for the magnesium derivative.
Both products were characterized by 1H NMR spectroscopy which showed the signal corresponding to
the protons α to the sulfur atom as a triplet at 2.71 and
2.6 ppm for 1b and 1c, respectively. MALDI-TOF mass
spectra showed isotopic clusters at 4601 [M+] for 1b and
4518 [M+] for 1c. Satisfactory C, H, N elemental analysis
data conﬁrmed the structures and attested to the purity of
the compounds.
Formation and spectral characterization of selfassembled monolayer ﬁlms of 1b and 1c
Conditions for the preparation of the gold-coated glass
substrates are described in the Experimental section.
The deposition of 1b and 1c to form SAM ﬁlms on the
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substrates was undertaken by immersing substrates into a
solution of each compound in cyclohexane at concentrations of ca. 2.5-5 × 10-7 M for 20 hours. The constructs
were then rinsed with cyclohexane and allowed to dry
in air. Reference (blank) substrates, i.e. without a SAM
coating, were similarly immersed in neat cyclohexane for
20 hours and dried as above. Reﬂection-absorption infrared spectroscopy (RAIRS) was used to detect formation
of SAM ﬁlms on the gold surface.
Figure 1 shows the RAIR spectra (2600–3200 cm-1
region) of an example of a SAM ﬁlm of 1b. Comparable
spectra were obtained for SAMs of 1c. The absorption
bands shown in Fig. 1 are assigned to the aliphatic C-H
stretches associated with the peripheral alkyloxy chains
viz. CH3 (νAS) at 2959 cm-1, CH2 (νAS) at 2926 cm-1, and
CH2 (νS) at 2857 cm-1. Assignments of other bands in the
spectra were not attempted. Intensities of the absorption
bands showed good reproducibility over different regions
of the ﬁlm and from one ﬁlm to another prepared in the
same batch. The nature of the central metal ion does not
seem to have any effect on SAM formation.
The thickness of the gold coating precluded acquisition of UV-vis absorption spectra. However, ﬂuorescence
emission spectra of the ﬁlms and ﬂuorescence excitation
spectra were recorded. Examples of these are shown in
Figs 2 and 3, respectively. The emission spectrum (Fig. 2)
shows the ﬂuorescence spectrum obtained upon irradiation at 415 nm. The emission is weak and gives rise to
a broad band spectrum, not unexpected and comparable
to that observed for phthalocyanine SAMs [5]. There is
a narrower peak centered at ca. 620 nm which we tentatively assign to a Raman band. Evidence in support of
this is that the band position varies with the irradiating
wavelength. Its intensity can be ascribed to the effect of
the gold surface, as exploited in surface enhanced resonance Raman scattering (SERRS) measurements. Estimation of the ﬂuorescence quantum yields was attempted
by comparing band intensities assigned to ﬂuorescence

Fig. 1. RAIR spectrum of a SAM ﬁlm of 1b showing the 3100–2700 cm-1 region
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errors of the order of +/- 0.01. The low
values may reﬂect a degree of quenching
of the ﬁrst excited singlet state of the molecules within the ﬁlms through a variety
of possible pathways, arising for example
from their proximity to the gold surface or
self-quenching through close association
of the molecules despite the presence of
the long alkoxy chains substituents [11,
15]. The occurrence of ground state interactions between porphyrin molecules in
the SAMs is suggested by the broadness
of the Soret band in the excitation spectrum and the presence of at least two
maxima for such bands (Fig. 3); moreover,
the poorly resolved emission bands above
700 nm (Fig. 2) is suggestive of the formation of weakly ﬂuorescent side-by-side
porphyrin dimers [12].
Photodynamic oxidation studies
The photosensitizing efﬁciency of the
two types of porphyrin SAMs was tested
against a tryptophan model, because the
indole side chain of this amino acid is
susceptible to photooxidative attack by
both type I (radical-involving) and type II
(singlet oxygen-involving) pathways [12,
16–18]. Thus, a kinetic study of its photosensitized modiﬁcation provides reliable
information on the photoefﬁciency of the
porphyrin derivatives that is independent
of the speciﬁc mechanism of the photoprocess. In particular, we selected a widely
diffused protein, albumin, as a substrate
since the three-dimensional structure of
the polypeptide chain provides a “biological” microenvironment for the tryptophan (human serum albumin contains one
tryptophyl residue per protein molecule).
Most conveniently, the time-course of the
photosensitized modiﬁcation of tryptophyl
residues can be readily followed by spectrophotoﬂuorimetric analysis, namely by
following the decrease in the intensity of
the 290 nm-excited ﬂuorescence emission
in the 360 nm wavelength interval. Tryptophan is known to be largely converted into
Fig. 3. Excitation spectrum of a ﬁlm of 1b (emission at 620 nm)
photooxidation products that are kynurenine or hydroxyindole based [18]. These do not interfere
emission and band intensities in the excitation spectra
with the determination of tryptophan ﬂuorescence, since
with spectral data from solutions of haematoporphytheir absorption and emission are shifted to the 400–500
rin IX used as a ﬂuorescence standard (quantum yield
nm spectral region [19]. For both SAMs, the photooxida0.11 in a non-associated state in EtOH). This indirect
tion (white light irradiation) of the albumin-bound trypapproach, using data for seven ﬁlms of 1b and six ﬁlms
tophan sensitized by the porphyrin occurred according
of 1c, gave consistent data which indicated that for both
to ﬁrst-order kinetics, as represented by semilogarithmic
types of SAM the quantum efﬁciency was ca. 0.02 with
Fig. 2. Fluorescence emission spectrum from a SAM of 1b upon irradiation at
415 nm
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Fig. 4. Typical example of photokinetic plot describing the photosensitized oxidation of the tryptophyl residue in albumin for 1c

plots (see Fig. 4). The slope of the plots allows the calculation of the rate constant k for the photoprocess; hence, k
can be taken as a parameter deﬁning the photosensitizing
efﬁciency of the porphyrin SAMs. Under our experimental conditions, the rate constant for the photoprocesses
is of the order of 2 × 105 s-l; this value is about 20-fold
smaller than those found for the photosensitized modiﬁcation of tryptophan by free porphyrins [12, 20]. The
decrease in the efﬁciency of a photosensitizer molecule,
once it is immobilized on a solid matrix, is to be expected
[17]. However, it is worth emphasizing that the photoefﬁciency of the immobilized porphyrins 1b and 1c is
unusually large when compared with that observed for
other matrix-bound photosensitizing agents [17].

EXPERIMENTAL
Equipment
1

H NMR spectra were measured in CDCl3 at 270 MHz
on a Jeol EX 270 or at 300 MHz on a Varian Gemini-300
using TMS as the internal reference. Mass spectra were
obtained using the MALDI technique in Dithranol matrix
or the FAB technique in Noba matrix. UV-vis spectra of
solutions were measured in THF (unless otherwise speciﬁed) using a Hitachi U-3000 spectrophotometer. RAIRS
experiments were performed using a Bio-Rad FTS40 Fourier transform infrared spectrometer. Fluorescence emission and ﬂuorescence excitation spectra were obtained
using a Perkin Elmer MPF4 spectrophotoﬂuorimeter.
Materials
12-bromododecanol. 1,12-dodecanediol (50 g, 0.25
mol) in hydrogen bromide 48% (220 ml) was continuously extracted with petroleum ether (bp 80–100°C)
(300 ml) for 18 h. The solvent was evaporated and the
crude oil was ﬁltered through silica gel (eluent: petroleum
ether (bp 40–60°C)). A colorless fraction was obtained
containing 1,12-dibromododecane (10.2 g, 13%). The
Copyright © 2010 World Scientific Publishing Company
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silica gel was then eluted with acetone. A pale yellow
oil was obtained after evaporation of the solvent which
crystallized upon cooling. The title product was recrystallized from petroleum ether (bp 40–60°C). Yield 43.1 g
(65%). 1H NMR (60 MHz): δ, ppm 3.62 (t, 2H), 3.42
(t, 2H), 1.4 (brs, 21H).
4-[12-hydroxydodecyloxy]benzaldehyde. A mixture
of 12-bromododecanol (15 g, 57 mmol), 4-hydroxybenzaldehyde (6.9 g, 57 mmol), potassium carbonate
(excess), catalytic amounts of potassium iodide and tetran-butylammonium iodide was reﬂuxed in methyl ethyl
ketone (50 ml) for 16 h. After cooling, the solid was ﬁltered off and washed with acetone. The combined organics were concentrated under reduced pressure. Diethyl
ether was added to the oil and the ﬂask placed in the
fridge. The precipitate was ﬁltered. Yield 12.5 g (72%).
1
H NMR (60 MHz): δ, ppm 9.9 (s, 1H), 7.9 (d, 2H), 7.0
(d, 2H), 4.1 (t, 2H), 3.62 (t, 2H), 1.3 (brs, 21H).
4-[12-acetyloxydodecyloxy]benzaldehyde. 4-[12-hydroxydodecyloxy]benzaldehyde (1.1 g, 3.6 mmol) was
reﬂuxed in acetic anhydride (15 ml) for 90 min. After
cooling, the solution was poured into water with stirring.
A precipitate formed which was ﬁltered, washed with
water and dried. Yield 1.1 g (88%). 1H NMR (60 MHz):
δ, ppm 9.82 (s, 1H), 7.8 (d, 2H), 7.0 (d, 2H), 4.0 (t, 4H),
2.02 (s, 3H), 1.3 (brs, 20H).
3,4,5-trisdecyloxybenzaldehyde. A mixture of 3,4,5trihydroxybenzaldehyde (2 g, 13 mmol), 10-bromodecane (15 ml, excess), potassium carbonate (excess),
catalytic amounts of potassium iodide and tetra-n-butylammonium iodide was reﬂuxed in methyl ethyl ketone
(25 ml) for 16 h. After cooling, the solution was ﬁltered
and the solid washed with acetone. The solvent was
evaporated leaving an oil. This was ﬁltered through silica
gel (eluent: petroleum ether (bp 40–60°C)). Excess bromodecane was obtained after evaporation of the solvent.
The silica gel was then eluted with acetone. The solvent
was evaporated leaving a pale yellow oil which was used
without further puriﬁcation. Yield 7 g (93%). 1H NMR
(60 MHz): δ, ppm 9.8 (s, 1H), 7.1 (s, 2H), 4.1 (brt, 6H),
1.3 (brs, 48H), 0.9 (t, 9H).
5-(12-acetyloxydodecyloxyphenyl)-10,15,20-tri(3,4,5-trisdecyloxyphenyl)porphyrin (2a). 3,4,5-trisdecyloxybenzaldehyde (3.51 g, 6 mmol) and 4-(12-acetyloxydodecyloxy)benzaldehyde (0.71 g, 2 mmol) were
heated in propionic acid (40 ml) containing nitrobenzene
(10 ml) to 130°C. Pyrrole (0.55 g, 8 mmol) was added
at once and the temperature maintained for 3 h. The
solution was then cooled and excess methanol added.
The ﬂask was placed in the fridge overnight. The dark
oil at the bottom of the ﬂask was separated and washed
with methanol. The product was separated by column
chromatography over silica gel (eluent: petroleum ether
(bp 40–60°C)/THF 10:1) twice. The sample was used
in the next stage without further puriﬁcation. 1H NMR
(270 MHz): δ, ppm 8.86–8.94 (m, 8H), 8.1 (d, J = 8 Hz,
2H), 7.42 (s, 6H), 7.27 (d, J = 8 Hz, 2H), 4.29 (brt, 8H),
J. Porphyrins Phthalocyanines 2010; 14: 85–88
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4.08 (t, 14H), 2.26 (s, 3H), 1.2–2.0 (m, 164H), 0.91 (t,
9H), 0.83 (t, 18H), -2.79 (s, 2H).
5-(12-hydroxydodecyloxyphenyl)-10,15,20-tri(3,4,5trisdecyloxyphenyl)porphyrin (2b). 5-(12-acetyloxydodecyl-oxyphenyl)-10,15,20-tri(3,4,5-trisdecyloxyphenyl)
porphyrin obtained above was reﬂuxed in THF
(10 ml). Ethanolic NaOH (excess) was added. The
reaction was followed by tlc (eluent: petroleum ether
(bp 40–60°C)/THF 10:1) until complete (rf starting material = 0.8, rf product = 0.2). The solvent was evaporated
and the residue was chromatographed over silica gel
(eluent: petroleum ether (bp 40–60°C)/THF 4:1). Yield
0.49 g (11% from benzaldehydes). 1H NMR (270 MHz):
δ, ppm 8.85–9.0 (m, 8H), 8.1 (d, J = 8 Hz, 2H), 7.43 (s,
6H), 7.3 (d, J = 8 Hz, 2H), 4.3 (t, 8H), 4.09 (t, 12H), 3.65
(brt, 2H), 1.2–2.05 (m, 164H), 0.91 (t, 9H), 0.84 (t, 18H),
-2.77 (s, 2H).
5-(12-methanesulfonyloxydodecyloxyphenyl)-10,
15,20-tri(3,4,5-trisdecyloxyphenyl)porphyrin (2c). 5(12-hydroxydodecyloxyphenyl)-10,15,20-tri(3,4,5trisdecyloxyphenyl)porphyrin (0.193 g, 86 μmol) was
dissolved in dichloromethane (8 ml) and the solution
cooled with a water bath. Et3N (1 ml) was added, followed by methanesulfonylchloride (20 drops). The reaction was stirred at rt for 1 h. The organics were washed
with a dilute HCl solution, brine, dried (MgSO4), ﬁltered
and the solvent removed under reduced pressure. The
residue was puriﬁed by column chromatography over
silica gel (eluent: petroleum ether (bp 40–60°C)/THF
4:1). Yield 0.159 g (80%). 1H NMR (270 MHz): δ, ppm
8.85–9.0 (m, 8H), 8.1 (d, J = 8 Hz, 2H), 7.43 (s, 6H), 7.28
(d, J = 8 Hz, 2H), 4.2–4.35 (m, 10H), 4.09 (t, 12H), 2.97
(s, 3H), 1.1–2.0 (m, 192H), 0.91 (t,9H), 0.84 (t, 18H),
-2.77 (s, 2H).
5,5′-(12,12′-dithiodidodecyloxyphenyl)-10,10′,
15,15′,20,20′-hexa(3,3′,4,4′,5,5′-hexa kis decyloxyphenyl) diporphyrin (1a). 5-(12-methanesulfonyloxydodecyloxyphenyl)-10,15,20-tri(3,4,5-trisde cyloxyphenyl)-porphyrin (159 mg, 0.07 mmol) and thiourea
(excess) were reﬂuxed in 1-pentanol (5 ml) until tlc (eluent: petroleum ether (bp 40–60°C)/THF 4:1) indicated no
starting material was left (approx. 1 h) (rf product=0). Ethanol was added (2 ml) followed by aqueous NaOH (10%)
(2 ml) and reﬂux continued for 5 min. The solution was
left to cool and then added to dil. HCl (10%) and the
organics were extracted with dichloromethane, washed
with brine, dried (MgSO4), ﬁltered and the solvent evaporated. The residue was chromatographed over silica gel
(eluent: petroleum ether (bp 40–60°C)/THF 4:1). Yield
114 mg (74%). 1H NMR (270 MHz): δ, ppm 8.87–9.0
(m, 8H), 8.11 (d, J = 8 Hz, 2H), 7.44 (s, 6H), 7.3 (d, J =
8 Hz, 2H), 4.31 (t, 8H), 4.27 (t, 2H), 4.1 (t, 12H), 2.71
(t, 2H), 1.2–2.05 (m, 164H), 0.92 (t, 9H), 0.85 (t, 18H),
-2.76 (s, 2H). UV-vis (THF): λ, nm 650.5, 592.5, 552.5,
516.0, 423.0.
5,5′-(12,12′-dithiodidodecyloxyphenyl)-10,10′,15,
15′,20,20′-hexa(3,3′,4,4′,5,5′-hexakisdecyloxyphenyl)Copyright © 2010 World Scientific Publishing Company

diporphyrinatozinc (1b). 5,5′-(12,12′-dithiodidodecyloxyphenyl)-10,10′,15,15′,20,20′-hexa(3,3′,4,4′,5,5′hexakisdecyloxyphenyl)diporphyrin (114 mg, 25 μmol)
was reﬂuxed in THF (5 ml). Zinc acetate dihydrate
(20 mg, 90 μmol) was added and reﬂux continued for
30 min. The solvent was evaporated and the residue
chromatographed through a short column over silica gel
(eluent: petroleum ether (bp 40–60°C)/THF 4:1). Yield
116 mg (99%). 1H NMR (270 MHz): δ, ppm 8.9–9.1 (m,
8H), 8.1 (d, J = 8 Hz, 2H), 7.42 (s, 6H), 7.27 (d, J =
8 Hz, 2H), 4.29 (t, 8H), 4.24 (t, 2H), 4.09 (t, 12H), 2.67
(t, 2H), 1.2–2.05 (m, 164H), 0.91 (t, 9H), 0.83 (t, 18H).
UV-vis (THF): λ, nm (ε × 105 M-1.cm-1) 598.0 (0.12),
557.0 (0.38), 427.5 (12.6), 406.5 (0.86). MALDI-MS:
isotopic clusters at m/z 4601 [M]+ and 2300 ([M]2+,
100%). Anal. calcd. for C292H462N8O20S2Zn2: C, 76.25; H,
10.12; N, 2.44%. Found: C, 76.39; H, 10.39; N, 2.12.
5,5′-(12,12′-dithiodidodecyloxyphenyl)-10,10′,
15,15′,20,20′-hexa(3,3′,4,4′,5,5′-hexakisdecylo xyphenyl)diporphyrinatomagnesium (1c). 5,5′-(12,12′dithiodidodecyloxyphenyl)-10,10′,15,15′,20,20′-hexa
(3,3′,4,4′,5,5′-hexakisdecyloxyphenyl)diporphyrin (100
mg, 22 μmol) was reﬂuxed in pyridine (10 ml, dried over
KOH) under N2 atmosphere. Magnesium perchlorate
(10 mg, 80 μmol) was added and reﬂux continued for
4 h. After cooling, the mixture was poured onto water and
extracted with diethyl ether. The organics were washed
twice with dil. HCl (20%), brine, dried (MgSO4), ﬁltered
and the solvent evaporated. The product was puriﬁed by
column chromatography over silica gel (eluent: petroleum ether (bp 40–60°C)/THF 10:1). Yield 92 mg (93%).
1
H NMR (270 MHz): δ, ppm 8.8–9.1 (m, 8H), 8.1 (d, 2H),
7.25–7.5 (m, 8H), 3.9–4.4 (m, 22H), 2.7 (t, 2H), 1.1–2.1
(m, 164H), 0.8–1.0 (m, 27H). UV-vis (THF): λmax, nm
(ε × 105 M-1.cm-1) 615.0 (0.23), 569.0 (0.26), 432.0 (10.77).
MALDI-MS: isotopic clusters at m/z 4518 ([M]+, 100%)
and 2260 [M]2+. Anal. calcd. for C292H462N8O20S2Mg2: C,
77.63; H, 10.31; N, 2.48%. Found: C, 77.39; H, 10.28;
N, 2.42.
Deposition of SAM ﬁlms
Glass microscope slides (BDH Ltd.) were used as the
substrates for the SAMs. The glass surface was wiped
clean with a soft, detergent-free tissue and then washed
with a stream of methanol in order to remove any bulk
surface contamination. The glass substrates were then
immersed into a solution of potassium hydroxide in
aqueous methanol (100 g of potassium hydroxide was
dissolved in 100 ml of Millipore water, then diluted to
250 ml with methanol) for 12 hours. The substrates were
rinsed with fresh Millipore water and then dried in a
stream of reﬂuxing propan-2-ol. The resultant clean substrates were stored in sample jars, with air-tight lids.
The cleaned, dried glass substrates were then coated
with a layer of chromium (99.999% purity, Johnson Matthey Ltd., 1 nm) followed by a layer of gold (99.999%
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purity, Johnson Matthey Ltd., 45 nm). The chromium
layer was deposited to ensure a good adhesion of the gold
onto the glass surface. Both the chromium and gold layers were deposited by thermal evaporation under vacuum
using an Edwards Auto 306 vacuum evaporator.
The SAMs were formed by immersing the freshly
prepared gold-coated substrates into a solution of known
concentration of porphyrin, typically between 2.5 × 10-7
and 5 × 10-7 M in cyclohexane at room temperature for
20 h.
Reference substrates for the SAMs were fabricated by
immersing freshly prepared gold-coated substrates into
cyclohexane for 20 h. The SAMs and the references were
then washed in fresh cyclohexane, dried in air and subsequently stored in clean amber jars with air-tight lids.
Spectroscopic characterization of SAM ﬁlms
The BioRad RAIR spectrometer housed a liquid
nitrogen cooled MCT detector and was coupled with a
Spectra-Tech FT85 reﬂectance unit. RAIR spectra of the
ﬁlms were acquired using p-polarized light at an incidence angle of 85°. For further details see reference 3c.
The spectra were obtained from the co-addition of 1024
scans at a resolution of 4 cm-1. Measurement of the ﬂuorescence emission and ﬂuorescence excitation spectra of
the ﬁlms was achieved using a Perkin Elmer MPF4 spectrophotoﬂuorimeter equipped with accessories for frontsurface ﬂuorescence detection.
Photooxidation studies
Typically, a glass slide decorated with the SAM was
placed in a Petri dish and covered by 2 ml of a phosphatebuffered (pH 7.4) aqueous solution of HSA; the initial
protein concentration was 0.1 mM. The system thus
obtained was irradiated, during gentle magnetic stirring,
by full spectrum visible light emitted from a quartz/halogen lamp (Teclas, Lugano, Switzerland), which was operated at a ﬂuence rate of 50 mW/cm2. The light source was
equipped with a heat-reﬂecting ﬁlter and a cut-off ﬁlter
at 390 nm to eliminate any UV radiation. The light beam
was piloted to the irradiation site by means of a bundle of
optical ﬁbers (external diameter = 0.8 cm). During irradiation, the temperature of the HSA solution was kept
at 25°C by circulating thermostated water. At predetermined time intervals after the beginning of the irradiation, 0.1 ml aliquots of the HSA solution were taken and
the tryptophan ﬂuorescence emission was measured in
a Perkin Elmer MPF4 spectrophotoﬂuorimeter using
290 nm excitation and 360 nm emission; the excitation
and emission slits were ﬁxed at 7 nm.

CONCLUSION
The research has demonstrated that SAM ﬁlms of
derivatives of Zn and Mg metalated tetraphenylporphyrins (TPPs) substituted with three long alkoxy chains on
Copyright © 2010 World Scientific Publishing Company
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each of three of the benzenoid rings, with a tether chain
on the fourth, can serve as photodynamic surfaces. The
choice of highly substituted TPP derivatives was made
to disrupt or at least minimize close porphyrin-porphyrin
ring interactions and this, together with a long tether to
maintain a signiﬁcant distance of the core from the gold
surface, has ensured that the photoreactive electronically
excited states of the molecules are not fully quenched.
The latter has been demonstrated by the observation of
ﬂuorescence from the ﬁlm and further by the photooxidation of the tryptophan moiety within human serum
albumin. The efﬁciency of the porphyrin SAMs as heterogeneous catalysts for photooxidations has potential
applications within chemical synthesis and also within
medical therapies. Thus other porphyrin derivatives,
deposited onto appropriate surfaces, could in principle be
incorporated within medical devices or implants where a
photodynamic effect could be advantageous.
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Efficient synthesis of an A-B-C-tricycle fragment
for a structural model of tolyporphin
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ABSTRACT: An efﬁcient stereocontrolled synthesis of an A-B-C-tricycle fragment 7 for a structural
model of tolyporphin 3 is described. All the rings were prepared from readily available starting materials.
One of the two key steps is a selective ring-opening reaction of the lactone cycle in bicyclolactamlactone 17 to cyanopyrrolidone 18, which introduces the chirality into synthetic compounds. The
other key step is the combination of A ring with B-C-bicycle via a two-time Eschenmoser sulﬁde
contraction. A-B-C-tricycle fragment 7 allows a new approach toward tolypophin compounds and
other uroporphinoids.
KEYWORDS: tolyporphin, structural model, selective ring-opening reaction, sulﬁde contraction.

INTRODUCTION
Tolyporphin A was isolated in 1992 by Moore and
co-workers from the lipophilic extract of the blue-green
microalga Tolypothrix nodosa [1]. This structurally
unique porphyrin, which may strengthen the cytotoxicity
of adriamycin or vinblastine in human ovarian adenocarcinoma cells at doses as low as 1 μg.mL-1, is characterized as a multidrug resistance (MDR) reversing agent [2].
Subsequently, ten additional tolyporphins (B-K) which
have chromophoric skeleton similar to that of tolyporphin A were isolated and were found to possess varying
degrees of anti-MDR ability [3, 4]. On the basis of extensive spectroscopic studies, the structure of tolyporphin
A, the representative member of the tolyporphin class of
natural products, was concluded to be 1, which belongs
to bacteriochlorins [1]. In 1997 Minehan and Kishi proposed a concept and a synthesis of a chromophore model
of tolyporphin 2 [5], and accordingly reported a total
synthesis of tolyporphin A O,O-diacetate with a “2+2”
method [6, 7]. According to the synthesis, the bulk tetrahydropyrane-ring side chains in the cycle A and C of 1
which were introduced by the building blocks of pyrrole
derivatives, respectively, participate in the whole process
*Correspondence to: Hu B. Cheng, email: hubingcheng@
yahoo.com
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of the formation of the tetrapyrrolic macrocycle and seriously affect the transformation and yield of the reaction
[8]. Here, we propose a new structural model of tolyporphin 3, which reﬂects better the steric conﬁguration of
the natural tolyporphin compounds than 2. Tolyporphin 3
can be used to synthesize various tolyporphins by transforming the methyl acetate side chains in the cycle A and
C into other groups, which is very important to study the
biological activity of tolyporphins. This synthetic route
has the advantage of dispelling the steric hindrance effect
of the tetrahydropyrane side chain on the reaction and
promoting the process greatly. In this paper, we report
our work on the synthesis of A, B and C rings and their
combination A-B-C-tricycle fragment, unambiguously
establishing the absolute conﬁgurations of the key building blocks for 3.

RESULTS AND DISCUSSION
Strategy and retrosynthetic analysis. The A-B-Ctricycle strategy
It is known from the work of Montforts et al. [9]
that the “3+1” method has clear superiority over other
methods in syntheses of cyclic tetrapyrroles, such as
porphyrins, chlorins and corrins. The method, namely,
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amide acetal Claisen rearrangement with N,N-dimethylacetamide-dimethylacetal from alcohol 5. Hydrolysis of
amide 4 followed by oxidation could provide diester 3.
Retrosynthetic analysis of 7

Scheme 1

synthesizing the linear tripyrrole intermediate A-BC-tricycle fragment ﬁrstly, then combining it with the
monomer D ring to afford the target compound (B-C-Dtricycle and A ring can also be used as the intermediates),
adopts the way of connecting the pyrrole monomers
one by one, which is convenient for adjusting their
positions and joining sequence [8]. Consequently, we
decided to use a convergent and ﬂexible A-B-C + D
strategy in the synthesis of 3 and utilize four pyyrole
derivatives, 9a, 10, 11 and 8, as the elementary building
blocks (Scheme 2).
The four pyrrole derivatives, the rings A, B, C, and
D, could be synthesized individually from readily available starting materials, and then connected together in a
deﬁnite sequence to form 6. Here, the conversion from 6
to 5 could be realized via acetyl substitution with acetylhalide followed by stereospeciﬁc reduction of the acetyl
group. Amide 4 could be formed via a stereospeciﬁc

In our synthesis plan for A-B-C-tricycle fragment 7,
2-pyrrolinone 10 is in the central position. According to
the protocol developed by Eschenmoser et al. in the synthesis of corrins [10], the electrophilic carbonyl group of
pyrrolinone 10 should be connected with thione 9a via a
selectively splitable, nucleophilic ester 12. Coupling of
the nucleophilic 5-position of pyrrolinone 10 with the
aldehyde group of pyrrole 11 could be easily realized via
a base-catalyzed condensation [11].
Synthesis of A ring (9a)
For the synthesis of thionone 9a, we used a ﬁvestep route from 2,3-butanedione 13 and malononitrile
14 (Scheme 3). Condensation of 2,3-butandione with
malononitrile gave bicyclolactam 15. Under acidic condition 15 was hydrolyzed to bicyclolactone 16, which converted to bicyclolactam-lactone 17 upon treatment with
concentrated aqueous ammonia. In the molecule of 17
C-1 atom is very reactive as it connects simultaneously
with electronegative oxygen and nitrogen atoms. It is liable for the C-O bond on C-1 atom to split by the action of
nucleophilic reagents [12–14]. By the action of strongly
nucleophile hydrogen cyanide 17 was easily converted

Scheme 2
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Scheme 3

to cyanopyrrolidone 18 via substitution. We have shown
that P4S10/NaHCO3, rather than Lawesson’s reagent, is
the effective promoter in the sulfurization of 18 [15]. Little target product was observed with Lawesson’s reagent
as the sulfurizing agent, which might be caused by partial
hydrolysis of the reagent in the reaction. By the action
of the reagent P4S10/NaHCO3 in THF cyanopyrrolidone
18 was smoothly converted to thionone 9 in 78% yield.
Without sodium hydrogen carbonate very low yield of
thionone 9 was observed. Here, cyanopyrrolidone 18
and thionone 9 are both diastereoisomeric mixtures. The
mono-isomeric 9a and 9b, whose absolute conﬁgurations were determined via differential 1H NOE (nuclear
Overhauser effect) spectroscopy, were obtained via semipreparative HPLC separation from the diastereoisomeric
mixture 9 in 64.9% and 34.3% yield, respectively [16].

Homologation to lactam 23 was accomplished by substitution with triphenyl phosphine followed by addition
with polyformaldehyde (Wittig-reactions) and ﬁnally by
ammoniation. Unfortunately, though we had tried various ways to carry out the transformation from lactam 23
into pyrrolinone 10, we failed to acquire the target
product. The result shows that the exocyclic double bond
in 23 is more stable than the endocyclic double bond in
10 [17].
This caused us to investigate an alternate method of
preparing pyrrolinone 10 (Scheme 5). Reaction of oxalacetic ester 24 with ethyl acetate followed by aminoacetone condensation provided pyrrole 26, which was
converted to pyrrole 27 via morpholine. After oxidation with hydrogen peroxide to pyrrolinone 28, the C-4
acetate side chain was removed via decarboxylation
reaction to afford 10.

Synthesis of B ring (10)
In our ﬁrst approach to the synthesis of pyrrolinone
10, we have successfully prepared its important precursor
lactam 23 in 18% overall yield (Scheme 4). Starting from
commercially available γ-butanolide 19, bromide 20 was
synthesized via bromination with bromine and phosphor.

The synthesis of C ring (11)
The synthesis of C ring (11) is shown in Schemes 6
and 7. For the synthesis of dimethylpyrrole 35, we used
a novel one-pot three-component reaction which simpliﬁes the preparation process remarkably. Thus, treatment

Scheme 4
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Scheme 5

Scheme 6

of the nitrosation reaction mixture of acetacetic ether 29
with the Claisen condensation reaction mixture of ethyl
formate 32 and butanone 33 gave dimethylpyrrole 35 in
60% yield, in the process of which the nitrosation product hydroximino-ester 30 was reduced by the action of
zinc powder to amino ester 31 ﬁrstly.
We have shown that bromo-formylpyrrole 11 can be
formed from dimethylpyrrole 35 preferably via bromization before oxidation. Thus, dimethylpyrrole 35 was
ﬁrstly converted to the bromide 36 on treatment with liquid bromine. We have found that the solvent has notable
effect on the bromization. With carbon tetrachloride as
the solvent the yield of bromide 36 reached as high as
87%, while the yield was not more than 53% with other
solvents, such as dichloromethane, chloroform, ethanol
and acetic acid. The conversion from bromide 36 to bromo-formylpyrrole 11 involves a selective oxidation for
α-alkyl substituents of pyrroles, in which the oxidation
depth of the α-methyl substituent in 36 should also be
controlled as changing it into formyl rather than carboxyl
substituent. Consequently, the crux of this reaction lies in
selecting an appropriate oxidizer [18]. We have investigated various oxidizers for their reactive behavior in this
oxidation and found that ammonium ceric nitrate (ACN)
is the most effective reagent with 90% yield of bromoformylpyrrole 11, while other selected oxidizers such as
sulfuryl chloride, lead tetraacetate, sodium periodate and
hydrogen peroxide afforded bromo-formylpyrrole 11 in
yields ranging from 6 to 73%.
We have also investigated an alternative way, namely
via oxidation before bromization, to synthesize bromoformylpyrrole 11 from dimethylpyrrole 35, and found
that the yield of bromization drops greatly. From the
Copyright © 2010 World Scientific Publishing Company

Scheme 7

result it is concluded that the α-electron-withdrawing
group of pyrroles can restrain their β-bromization
(β-electrophilic substitution) while the α-electrondonating group can promote the β-bromization
(β-electrophilic substitution).
Synthesis of B-C-bicycle fragment (39)
Many dipyrrylmethenes may be synthesized via the
base-catalyzed condensation between pyrrolinones or
N-acyl pyrrolinones and α-pyrryl-aldehydes. For the
condensation of pyrrolinone 10 and bromo-formylpyrrole 11, the existence of base can also cause the ester
group of the condensation product 38 to hydrolyze and
decrease the yield of product (Scheme 8). In view of the
above, we have investigated various bases and found that
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) is the most
effective reagent with 65% yield of bicycle 38, while
other organic bases such as piperidine, dimethylaminopyridine, tetrabutylammonium bromide and triethylamine afforded bicycle 38 in yields from 16 to 50%,
inorganic alkalis such as sodium hydroxide, sodium ethylate and potassium tert-butoxide provided only a little
of product.
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According to our synthesis strategy, the next work
was to incorporate the saturated A ring 9a into the B-Cbicycle 38 via sulﬁde contraction. Therefore, bicycle 38
must be converted to its thioanalog 39. By the action of
P4S10/NaHCO3 in THF the sulphurization went on very
smoothly in 82% yield.
Synthesis of an A-ring precursor enamine 43 via sulﬁde contraction
The sulﬁde contraction was originally developed by
Eschenmoser and Fischli during the synthesis of vitamin
B12 [19], which in principle represents an intramolecular
aza-analogous Claisen condensation. According to the
protocol developed by Eschenmoser et al. [10], treatment
of a mixture of thionone 9a and the selective splitable
malonic ester 12 with dibenzoyl peroxide furnished the
stable thioiminoester 41 (Scheme 9). This reaction is presumably initiated by the formation of disulﬁde 40, which
is in situ cleaved by a nucleophilic attack from malonic
ester 12. Thereby thionone 9a is regenerated and can be
oxidized with dibenzoyl peroxide again. On being heated
in triethyl phosphite (80 °C, 8 h), 41 was desulfurized
to form enamine 42, as a mixture of E, Z-isomers. By
the action of piperidine/Pd(PPh3)4 in THF, enamine 42
was converted via elimination of the allyl ester and decarboxylation into the single Z-isomer enamine 43, which is
thermodynamically stabile owing to one intramolecular
hydrogen bridge. Isomerically pure 43, whose purity was
conﬁrmed via HPLC, was obtained in 58% yield from
thionone 9a after column chromatography separation.

Synthesis of A-B-C-tricycle fragment (7)
The next synthetic target was the linkage of the B-Cbicycle 39 with the vinyl carbon atom of A-ring precursor enamine 43 via sulﬁde contraction (Scheme 10). We
have gained excellent connection results by means of
“brominated connection” [20]. Thus, enamine 43 was
brominated at its vinyl position on treatment with N-bromo-succinimide (NBS) to form a purple brown bromide
44, which was immediately and without puriﬁcation
connected with bicycle 39 by the action of DBU. The
latter operation is essential to the preparation of tricyclic sulﬁde 46, because bromide 44 is extremely sensitive to light and oxygen. We once attempted to separate
bromide 44 from the reaction mixture, as a result ﬁnding
that most of the separated product decomposed. Presumably, bromoenamine 44 wss converted to bromoimine 45
before reacting with bicycle 39, in the course of which an
equilibrium existed between 44 and 45. As a mild base,
DBU can incline this equilibrium to the creation of bromoimine 45 as well as enhance the reactivity of bicycle
39 via deprotonation.
Although two E, Z-isomers of the tricyclic sulﬁde
can be formed, only the thermodynamically favored
E-conﬁgurated product 46 was observed because of the
intramolecular hydrogen bridge between the tert-butoxycarbonyl group and the enamine-hydrogen. According
to an improved sulﬁde contraction method developed by
Rasetti et al. [21], the C-C-connected tricycle 7 was successfully generated from the sulfur-bridged tricycle 46
upon treatment with CF3COOH and P(CH2CH2CN)3 under

Scheme 9

Copyright © 2010 World Scientific Publishing Company

J. Porphyrins Phthalocyanines 2010; 14: 93–100

94

B.C. HU ET AL.

Scheme 10

reﬂux for 3 h. Presumably, this new sulﬁde contraction
proceeds via a tandem reaction mechanism as tert-butoxy
cleavage-decarboxylation-desulfuration. In the presence
of the strongly thiophilic reagent P(CH2CH2CN)3, which
played a decisive role in this acid-catalyzed reaction,
sulﬁde 46 was desulfurated after the loss of the tert-butoxycarbonyl group. After isolation by chromatography
on silica gel/aluminum oxide with dichloromethane/petro-ether 2:1 as eluents, the sterically identical tricycle 7,
which conjecturally possesses via intramolecular hydrogen bridges stabilized Z,Z-conﬁguration, was obtained as
ﬁne orange-red needle-like crystals in about 48% yield
from sulﬁde 46. Spectroscopic data, 1H NMR, UV-vis,
IR, MS and elemental analysis, conﬁrmed the structure
shown in Scheme 2.

EXPERIMENTAL
Melting points determined on a Koﬂer hot-stagemicroscope were uncorrected. IR spectra were recorded
on a Perkin-Elmer Paragon 500 FT-IR in KBr. 1H NMR
spectra were run using a Brucker DPX-200 (or DPX-360)
spectrometer, with tetramethylsilane and CDCl3 as the
standard and the stated solvent, respectively; chemical
shift values are quoted on a δ scale relative to tetramethylsilane as δ = 0. MS spectra were measured on a Finnigan MAT-8200 with ion-bombardment-energy 70 eV
(or ThermoFinnigan TSQ Quantum Ultra AM with ESI
ion source). Elemental analysis was completed on a
Perkin-Elmer PE-2400. Analytical thin-layer chromatography was carried out on commercial Fluka plates
coated with silica gel 60 F254 (0.25 mm). The diameter and aperture of the silica gel (ICN Biomedicals)
for column chromatography are 32–63 μm and 6 nm,
respectively.
1,5-dimethyl-2,8-diaza-3,7-dioxo-bicyclo[3.3.0]
octane-4,6-dinitrile (15). To a solution of 3.45 g (150
mmo1) of natrium in 300 mL of dry ethanol were successively added 12.9 g (150 mmo1) of butanedione 13 and
19.8 g (300 mmo1) of malononitrile 14 in 150 mL of dry
ethanol at 0 °C over 1 h. After 4 h under argon at 5 °C, the
mixture was acidiﬁed with HCl (37%) until the pH was
1.0 and laid aside for 1 h. The precipitate was ﬁltered,
washed with water and dried to give 10.36 g (48 mmo1,
Copyright © 2010 World Scientific Publishing Company

32%) of bicyclolactam 15 as colorless crystals: mp >
220 °C (decomposed). 1H NMR (200 MHz, DMSO-d6):
δH, ppm 1.29 (3H, s, 5-CH3), 1.35 (3H, s, 1-CH3), 4.62
(1H, s, CHCN), 4.84 (1H, s, CHCN), 9.22 (1H, s, NH),
9.38 (1H, s, NH). IR (KBr): ν, cm-1 3313 (s, N–H), 2989
(w, C–H), 2902 (s, C–H), 2255 (s, C≡N), 1750 (s, C=O,
lactam), 1710 (s, C=O, lactam). MS (EI, 70 ev): m/z (%)
218 ([M]+, 15), 217 ([M+ - H], 14), 203 ([M+ - CH3], 20),
175 (63), 160 (23), 147 (18), 135 (100). Anal. calcd. for
C10H10N4O2: C, 55.04%; H, 4.62%; N, 25.68%. Found: C,
55.16%; H, 4.69%; N, 25.88%.
1,5-dimethyl-2,8-dioxo-bicyclo[3.3.0]octane-3,7dione (16). Bicyclolactam 15 (8.80 g, 40 mmol) was dissolved in 400 mL of boiling HBr (48%). After 1 h under
reﬂux, the solvent was removed by rotary evaporation
and the residue was dissolved in 100 mL of CH2Cl2. The
solution was ﬁltered and concentrated to give a sticky red
residue. Puriﬁcation by silica gel chromatography (95:5
CH2Cl2/CH3OH, Rf = 0.29) afforded 3.41 g (20 mmo1,
50%) of bicyclolactone 16 as colorless crystals: mp 128–
129 °C. 1H NMR (200 MHz, CD3Cl): δH, ppm 1.40 (3H,
s, 5-CH3), 1.71 (3H, s, 1-CH3), 2.72 (4H, q, AB-system,
2
J = 6.8 Hz, 2 × CH2). IR (KBr): ν, cm-1 2993 (s, C–H),
2954 (s, C–H), 1794 (s, C=O, lactone), 1778 (s, C=O,
lactone). MS (EI, 70 eV): m/z (%) 171 ([M+ + H], 24),
126 ([M+ - CO2], 14), 113 (16), 100 (26), 82 (34), 55 (73),
43 (100). Anal. calcd. for C8H10O4: C, 56.47%; H, 5.92%.
Found: C, 56.24%; H, 6.07%.
1,5-dimethyl-2-aza-8-oxa-bicyclo[3.3.0]octane-3,7dione (17). Bicyclolactone 16 (3.06 g, 18 mmo1) was
suspended in 90 mL of concentrated aqueous ammonia
at room temperature (rt), from which a limpid solution
emerged in a short time. After 28 h under argon at rt,
the solvent was removed by rotary evaporation. The yellow residue was puriﬁed by silica gel chromatography
(95:5 CH2Cl2/CH3OH, Rf = 0.52) to produce 2.63 g (15.5
mmo1, 86%) of bicyclolactam-lactone 17 as colorless
crystals: mp 192–193 °C. 1H NMR (200 MHz, CD3Cl):
δH, ppm 1.34 (3H, s, 5-CH3), 1.62 (3H, s, l-CH3), 2.47
(2H, q, AB-system, 2J = 7.2 Hz, 6-CH2), 2.73 (2H, q, ABsystem, 2J = 7.6 Hz, 4-CH2), 6.77 (1H, s, NH). IR (KBr):
ν, cm-1 3210 (s, N–H), 2975 (s, C–H), 2888 (s, C–H), 1779
(s, C=O, lactone), 1698 (s, C=O, lactam). MS (EI,
70 eV): m/z (%) 170 ([M+ + H], 5), 125 ([M+ - CO2], 42),
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110 ([M+ - C2H3O2], 100), 82 (40). Anal. calcd. for
C8H11NO3: C, 56.78%; H, 6.56%; N, 8.28%. Found: C,
56.65%; H, 6.63%; N, 8.36%.
5-cyano-2,3,4,5-tetrahydro-4,5-dimethyl-4-methoxycarbonylmethyl-1H-pyrrol-2-one (18). A solution
of 2.37 g (14 mmol) of bicyclolactam-lactone 17 in 160
mL of dry methanol was treated under argon with 1.82 g
(28 mmol) of KCN. After 20 h at rt, about 3/4 of the solvent were removed by rotary evaporation and the remainder was transferred to a solution of 120 mL of NaH2PO4
(2 M). At 0 °C, H3PO4 (85%) was added to the mixture
until the pH was 2.0. After being saturated with NaCl,
the mixture was extracted with acetic ether (3 × 100 mL).
The combined organic layers were dried (Na2SO4), ﬁltered and concentrated. The obtained colorless oily liquid
was dried under vacuum and then dissolved in 80 mL of
dry methanol. A solution of 50 mL of diazomethane in
diethyl ether (0.5 M) was added at 0 °C to the mixture in
45 min. After 1 h at rt, the superﬂuous diazomethane and
the solvents were removed by rotary evaporation. Column
chromatography on silica gel (95:5 CH2Cl2./CH3OH)
afforded 2.59 g (12.3 mmol, 88%) of colorless crystalline
cyanopyrrolidone 18 as a diastereoisomeric mixture: mp
127–128 °C. UV-vis (MeOH): λmax, nm (ε) 207 (12400).
IR (KBr): ν, cm-1 3180 (s, N–H), 3115 (s, N–H), 2975
(s, C–H), 2230 (m, C≡N), 1735 (s, C=O, ester), 1684 (s,
C=O, lactam). MS (EI, 70 eV): m/z (%) 210 ([M]+, 18),
179 ([M+ - OCH3], 47), 142 (28), 114 (100), 86 (29).
For the purpose of analysis, 0.181 g of the diastereoisomeric mixture 18 was separated via semi-preparative
HPLC (polygosil 60–10, 10:14 n-hexane/acetic ther,
3 mL.min-1, test wavelength 207 nm, column temperature
40 °C) to give 0.118 g (65.2%, tR = 5.4 min) of trans-isomer 18a and 0.062 g (34.2%, tR = 7.2 min) of cis-isomer
18b. 18a. TLC (silica gel, 10:13 n-hexane/methylacetate): Rf = 0.54. 1H NMR (200 MHz, CD3Cl): δH, ppm
1.20 (3H, s, 4-CH3), 1.70 (3H, s, 5-CH3), 2.78 (2H, q,
AB-system, 2J = 6.4 Hz, 3-CH2), 3.06 (2H, q, AB-system,
2
J = 6.6 Hz, 4-CH2), 3.74 (3H, s, O-CH3), 8.11 (1H, s, br,
NH). Anal. calcd. for C10H14N2O3: C, 57.13%; H, 6.71%;
N, 13.32%. Found: C, 57.24%; H, 6.55%; N 13.45%.
18b. TLC (silica gel, 10:14 n-hexane/methylacetate):
Rf = 0.50. 1H NMR (200 MHz, CD3Cl): δH, ppm 1.48 (3H, s,
4-CH3), 1.68 (3H, s, 5-CH3), 2.72 (2H, q, AB-system,
2
J = 6.6 Hz, 3-CH2), 3.01 (2H, q, AB-system, 2J = 6.8 Hz,
4-CH2), 3.75 (3H, s, O-CH3), 8.36 (1H, s, br, NH).
5-cyano-2,3,4,5-tetrahydro-4,5-dimethyl-4-methoxycarbonylmethyl-1H-pyrrol-2-thione (9). A suspension of 2.67 g (6 mmol) of P4S10 and 6.06 g (72 mmol) of
NaHCO3 in 80 mL of dry THF was treated under argon
with 2.52 g (12 mmol) of cyanopyrrolidone 18 in 100
mL of dry THF. After being reﬂuxed under argon for 2 h,
the mixture was cooled, ﬁltered and washed with CH2Cl2.
The organic layer was dried (Na2SO4), ﬁltered and concentrated. Column chromatography on silica gel (4:1
CH2Cl2/ethyl acetate) afforded 2.15 g (9.5 mmol, 79%)
of colorless crystalline thionone 9 as a diastereoisomeric
Copyright © 2010 World Scientific Publishing Company
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mixture. Through semi-preparative HPLC (polygosil
60-10, 65:35 n-hexane/acetic ther, 2 mL.min-1, test wavelength 265 nm, column temperature 40 °C), 2.020 g of
the diastereoisomeric mixture 9 were separated to afford
1.311 g (64.9%, tR = 4.1 min) of trans-isomer 9a and
0.692 g (34.3%, tR = 4.9 min) of cis-isomer 9b. thionone 9: mp 118–119 °C. UV-vis (CHCl3): λmax, nm (ε) 270
(15200). IR (KBr): ν, cm-1 3449 (s, N–H), 3115 (s, N–H),
2982 (m, C–H), 2233 (w, C≡N), 1734 (s, C=O, ester),
1516 (s, C=S, thiolactam). MS (EI, 70 eV): m/z (%) 227
([M+ + H], 11), 226 ([M]+, 74), 211 ([M+ - CH3], 13),
195 ([M+ - CH3O], 15), 167 ([M+ - C2H3O2], 8), 153 ([M+
- C3H5O2], 100). 9a. TLC (silica gel, 65:35 n-hexane/
methylacetate): Rf = 0.61. 1H NMR (200 MHz, CD3Cl):
δH, ppm 1.23 (3H, s, 4-CH3), 1.70 (3H, s, 5-CH3), 2.80
(2H, q, AB-system, 2J = 6.0 Hz, 3-CH2), 3.09 (2H, q, ABsystem, 2J = 5.8 Hz, 4-CH2), 3.74 (3H, s, O-CH3), 8.24
(1H, s, br, NH). Anal. calcd. for C10H14N2O2S: C, 53.08%;
H, 6.24%; N, 12.38%; S 14.17%. Found: C, 52.86%; H,
5.83%; N, 12.43%; S, 13.66%. 9b. TLC (silica gel, 65:35
n-hexane/methylacetate): Rf = 0.55. 1H NMR (200 MHz,
CD3Cl): δH, ppm 1.44 (3H, s, 4-CH3), 1.66 (3H, s, 5-CH3),
2.67 (2H, q, AB-system, 2J = 6.2 Hz, 3-CH2), 3.04 (2H,
q, AB-system, 2J = 6.0 Hz, 4-CH2), 3.71 (3H, s, O-CH3),
9.18 (1H, s, br, NH).
The conﬁgurations of cyanopyrrolidone 18a,b and
thione 9a,b were determined via differential 1H NOE
spectroscopy. In the NOE tests, the protons irradiated
by a second radio-frequency ﬁeld were the 5-methylprotons and the value of the correlated time between
molecules (τm) was 2 s. Intensity of the NOE effect
was expressed as increment percentage of the peak
area of the observed protons. The results are shown in
Tables 1 and 2.
4-methyl-3-ethoxycarbonyl-1H-pyrrole-2-carboxylic
acid (26). To a solution of 3.45 g (150 mmo1) of natrium
in 300 mL of dry ethanol were added 21.92 g (150 mmo1)
of diethyl oxalate 24 and 14.10 g (160 mmo1) of
ethyl acetate at 0 °C over 1 h. After 2 h under argon at
40 °C, the solvent and the superﬂuous ethyl acetate were
removed by rotary evaporation. The residue was treated
with an ice cold solution of 100 mL of glacial acetic acid
and 150 mL of water, and then extracted with diethyl
ether (3 × 100 mL). The aqueous layer was exacted again
with diethyl ether (2 × 100 mL). The combined organic
layers were dried (Na2SO4), ﬁltered and concentrated to
give 19.47 g (103.5 mmol, 69%) of diethyl oxaloacetate
25 as colorless crystals. The obtained diethyl oxaloacetate
25 was dissolved in 200 mL of CH2Cl2 and then treated
with 13.14 g (120 mmol) of acetonylamine hydrochloride (prepared in our own laboratory). NaOH (1.0 M) was
added to the mixture until the pH was 8.5–8.8. After 2 h
under reﬂux, the mixture was cooled, acidiﬁed with HCl
(37%) until the pH was 2.0, and laid aside for 1 h. The
aqueous layer was extracted with CH2Cl2 (3 × 100 mL).
The combined organic layers were dried (Na2SO4), ﬁltered and concentrated. Recrystallization from CH2Cl2/
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Table 1. Determination of configurations of 18a and 18b via 1H NOE test
Irradiation of a second
radio-frequency field
Compound
18a
18b

Observed data of NOE
Area increment of
absorption peak, %

δ, ppm

Position

δ, ppm

Position

1.70

5-CH3

1.20

4-CH3

0

3.06

4-CH2

3.4

1.48

4-CH3

9.8

3.01

4-CH2

0

1.68

5-CH3

Table 2. Determination of configurations of 9a and 9b via 1H NOE test
Irradiation of a second
radio-frequency field

Observed data of NOE

δ, ppm

Position

δ, ppm

Position

Area increment of
absorption peak, %

9a

1.70

5-CH3

1.23

4-CH3

0

3.09

4-CH2

4.7

9b

1.66

5-CH3

1.44

4-CH3

11.2

3.04

4-CH2

0

Compound

petrol-ether afforded 15.37 g (78.0 mmol, 52% from 24)
of pyrrole 26 as colorless crystals: mp 132–133 °C. UVvis (CH3OH): λmax, nm (ε) 206 (11480), 265 (6210). 1H
NMR (200 MHz, CD3Cl): δH, ppm 1.47 (3H, t, 3J = 7.2
Hz, CO2CH2CH3), 2.29 (3H, s, 3-CH3), 4.48 (2H, q,
3
J = 7.1 Hz, CO2CH2CH3), 6.82 (1H, s, =CH), 9.95 (1H,
br, NH), 14.75 (1H, br, COOH). IR (KBr): ν, cm-1 3420
(s, N–H), 3014 (s, N–H), 2895 (s, C–H), 1778 (s, C=O,
ester), 1682 (s, C=O, acid), 1605 (m, C=C). MS (EI, 70
eV): m/z (%) 197 ([M]+, 48), 152 ([M+ - CO2H], 37),
107 ([M+ - CO2H - OC2H5], 100), 79 ([M+ - CO2H CO2C2H5], 14). Anal. calcd. for C9H11NO4: C, 54.80%;
H, 5.63%; N, 7.11%. Found: C, 54.65%; H, 5.74%; N,
7.23%.
4-methyl-1H-pyrrole-3-carboxylic ethyl ester (27).
A solution of 13.00 g (66 mmol) of pyrrole 26 in 150 mL
of DMF was treated with 16.80 g of morpholine. After
5 h under reﬂux, the mixture was cooled, ﬁltered and
washed with DMF. The ﬁltrate was concentrated, dried
and recrystallized from CH2Cl2/petrol-ether to give 6.57 g
(42.9 mmol, 65%) of pyrrole 27 as colorless crystals: mp
151–152 °C. UV-vis (CH3OH): λmax, nm (ε) 210 (14215),
276 (5630). 1H NMR (200 MHz, CD3Cl): δH, ppm 1.56
(3H, t, 3J = 8.2 Hz, CO2CH2CH3), 2.39 (3H, s, 3-CH3),
4.58 (2H, q, 3J = 7.3 Hz, CO2CH2CH3), 6.24 (1H, s, 5-H),
8.38 (1H, s, 2-H), 10.97 (1H, br, NH). IR (KBr): ν, cm-1
3430 (s, N–H), 2914 (s, C–H), 1724 (s, C=O, ester), 1613
(m, C=C). MS (EI, 70 eV): m/z (%) 153 ([M]+, 67), 124
([M+ - C2H5], 54), 108 ([M+ -OC2H5], 100), 80 ([M+ CO2C2H5], 19). Anal. calcd. for C8H11NO2: C, 62.71%;
H, 7.24%; N, 9.15%. Found: C, 62.54%; H, 7.35%; N,
9.28%.
Copyright © 2010 World Scientific Publishing Company

1,5-dihydro-3-methyl-4-ethoxycarbonyl-3H-pyrrol-2-one (28). A solution of 6.12 g (40 mmol) of pyrrole 27 in 100 mL of redistilled pyridine was quickly
treated with 15 mL of H2O2 (30%) at rt. After 2 h under
reﬂux, the mixture was cooled and concentrated. The
residue was dissolved in 100 mL of CH2Cl2 and the pH
was adjusted with NaOH (1.0 M) to 8. The organic layer
was concentrated, dried and recrystallized from CH2Cl2/
petrol-ether to give 3.92 g (23.2 mmol, 58%) of pyrrolinone 28 as colorless crystals: mp 148–149 °C. UV-vis
(C2H5OH): λmax, nm (ε) 216 (17326), 283 (7148). 1H NMR
(200 MHz, CD3Cl): δH, ppm 1.93 (3H, t, 3J = 7.2 Hz,
CO2CH2CH3), 2.27 (3H, s, 3-CH3), 4.33 (2H, q, 3J =
6.4 Hz, CO2CH2CH3), 4.50 (2H, q, AB-system, 2J =
5.8 Hz, 5-H2), 7.88 (1H, br, NH). IR (KBr): ν, cm-1 3450
(s, N–H), 3056 (m, N–H), 2973 (s, C–H), 1732 (s, C=O,
ester), 1642 (s, C=O, lactam), 1608 (m, C=C). MS (EI,
70 eV): m/z (%) 169 ([M]+, 54), 154 ([M+ - CH3], 26),
124 ([M+ - OC2H5], 100), 96 ([M+ - CO2C2H5], 78). Anal.
calcd. for C8H11NO3: C, 56.78%; H, 6.56%; N, 8.28%;
Found: C, 56.63%; H, 6.68%; N, 8.40%.
1,5-dihydro-3-methyl-3H-pyrrol-2-one (10). A solution of 6.77 g (40 mmol) of pyrrolinone 28 in 80 mL of
dry methanol was treated with a solution of 5.61 g (100
mmol) of KOH in 20 mL of dry methanol at rt. After 2 h
under reﬂux, the mixture was cooled and ﬁltered. The ﬁltrate was extracted with CH2Cl2 (3 × 100 mL). The combined organic layers were dried (Na2SO4), ﬁltered and
concentrated. Recrystallization from CH2Cl2/petrol-ether
to give 2.83 g (29.2 mmol, 73%) of pyrrolinone 10 as
colorless crystals: mp 63–64 °C. UV-vis (C2H5OH): λmax,
nm (ε) 276 (13380). 1H NMR (200 MHz, CD3Cl): δH,
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ppm 2.28 (3H, s, 3-CH3), 4.48 (2H, m, 5-H2), 6.45 (1H,
m, 4-H), 8.32 (1H, br, NH). IR (KBr): ν, cm-1 3440 (s,
N–H), 3180 (s, N–H), 2945 (s, C–H), 1694 (s, C=O, lactam), 1602 (m, C=C). MS (EI, 70 eV): m/z (%) 97 ([M]+,
49), 68 ([M+ - CH3N], 100). Anal. calcd. for C5H7NO: C,
61.82%; H, 7.27%; N, 14.43%. Found: C, 61.68%; H,
7.19%; N, 14.61%.
4,5-dimethyl-1H-pyrrole-2-carboxylic ethyl ester
(35). (a) Preparation of the reagent I: a solution of 13.01 g
(100 mmol) of ethyl acetoacetate 29 in 60 mL of glacial acetic acid was treated with a solution of 8.16 g (118
mmol) of NaNO2 in 20 mL of water at 5 °C. After 2 h at
0 °C, the obtained solution (I), which contained hydroximino-ester 30, was laid aside at rt overnight. (b) Preparation of reagent II: a solution of 4.6 g (200 mmol)
of natrium in 60 mL of dry ethyl ether was treated with
a mixture of 14.8 g (200 mmol) of ethyl formate 32 and
14.4 g (200 mmol) of butanone 33 at 5 °C. After 2 h under
reﬂux, the mixture was cooled and ﬁltered to give a yellowish solid (II), which contained aldehyde-ketone 34.
A suspension of 13.73 g (210 mmol) of zinc powder in
60 mL of water was treated with the reagents I and II at rt.
After 1 h under reﬂux, the mixture was poured into 200 g
of crushed ice, stirred and ﬁltered. The yellow precipitate was recrystallized from CH2Cl2/ethylacetate to give
10.03 g (60 mmol, 60%) of dimethylpyrrole 35 as colorless crystals: mp 111–112 °C. UV-vis (CH3OH): λmax,
nm (ε) 221 (10670), 263 (5943). 1H NMR (200 MHz,
CD3Cl): δH, ppm 1.25 (3H, t, 3J = 5.8 Hz, CO2CH2CH3),
2.17 (3H, s, 4-CH3), 2.31 (3H, s, 5-CH3), 4.37 (2H, q, 3J
= 7.0 Hz, CO2CH2CH3), 6.75 (1H, s, =CH), 8.72 (1H, br,
NH). IR (KBr): ν, cm-1 3306 (s, N–H), 2983 (s, C–H),
2923 (s, C–H), 1675 (s, C=O, ester), 1595 (m, C=C). MS
(EI, 70 eV): m/z (%) 167 ([M]+, 87), 138 ([M+ - C2H5],
100), 122 ([M+ - OC2H5], 76), 94 ([M+ - CO2C2H5], 18).
Anal. calcd. for C9H13NO2: C, 64.63%; H, 7.84%; N,
8.38%. Found: C, 64.47%; H, 7.78%; N, 8.52%.
4,5-dimethyl-3-bromo-1H-pyrrole-2-carboxylic
ethyl ester (36). A solution of 8.36 g (50 mmol) of
dimethylpyrrole 35 in 60 mL of CCl4 was treated with a
solution of 8.68 g of Br2 (55 mmol) in 40 mL of CCl4 at
rt. After 2 h under reﬂux, the mixture was cooled and ﬁltered. After the solvent being removed by rotary evaporation, the residue was chromatographed on silica gel (95:5
CH2Cl2/ethylacetate) to afford 10.66 g (43.5 mmol, 87%)
of bromide 36 as yellowish crystals: mp 136–137 °C.
UV-vis (CH3OH): λmax, nm (ε) 239 (12734), 287 (8152).
1
H NMR (200 MHz, CD3Cl): δH, ppm 1.34 (3H, t, 3J =
6.8 Hz, CO2CH2CH3), 2.03 (3H, s, 5-CH3), 2.29 (3H, s,
4-CH3), 4.33 (2H, q, 3J = 7.4 Hz, CO2CH2CH3), 10.24 (1H,
br, NH). IR (KBr): ν, cm-1 3313 (s, N–H), 2983 (s, C–H),
2917 (s, C–H), 1678 (s, C=O, ester), 1604 (w, C=C). MS
(EI, 70 eV): m/z (%) 245 ([M]+, 82), 216 ([M+ - C2H5],
14), 200 ([M+ - OC2H5], 100), 172 ([M+ - CO2C2H5], 25),
121 ([M+ - Br - OC2H5], 34), 93 ([M+ - Br - CO2C2H5],
91). Anal. calcd. for C9H12NO2Br: C, 44.08%; H, 4.94%;
N, 5.72%. Found: C, 44.12%; H, 4.78%; N, 5.81%.
Copyright © 2010 World Scientific Publishing Company
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4-methyl-5-formyl-1H-pyrrole-2-carboxylic ethylester (37). To a mixture of 50 mL of CCl4, 45 mL of glacial acetic acid and 40 mL of water 3.34 g (20 mmol) of
dimethylpyrrole 35 and 44.8 g (80 mmol) of CAN were
added at 0 °C. After 1 h at 0 °C, the mixture was poured
into 300 mL of water, washed with saturated NaHCO3
solution (100 mL) and then extracted with CH2Cl2 (3 ×
100 mL). The combined organic layers were dried (Na2SO4),
ﬁltered and concentrated. Recrystallization from CH2Cl2/
ethylacetate to give 2.93 g (16.2 mmol, 81%) of formylpyrrole 37 as colorless crystals: mp 106–107 °C. UV-vis
(CH3OH): λmax, nm (ε) 230 (11085), 276 (5267). 1H NMR
(200 MHz, CD3Cl): δH, ppm 1.72 (3H, t, 3J = 8.8 Hz,
CO2CH2CH3), 2.47 (3H, s, 4-CH3), 4.58 (2H, q, 3J =
7.6 Hz, CO2CH2CH3), 6.33 (s, 1H, =CH), 9.38 (1H, br,
NH), 10.57 (1H, s, CHO). IR (KBr): ν, cm-1 3442 (s, N–H),
2932 (s, C–H), 2884 (m, C–H), 1725 (s, C=O, aldehyde),
1618 (s, C=O, ester), 1592 (m, C=C). MS (EI, 70 eV):
m/z (%) 181 ([M]+, 75), 152 ([M+ - C2H5 or CHO], 88),
136 ([M+ - OC2H5], 100), 108 ([M+ - CO2C2H5], 27), 64
(34). Anal. calcd. for C9H11NO3: C, 59.64%; H, 6.12%;
N, 7.73%. Found: C, 59.47%; H, 6.18%; N, 7.85%.
3-bromo-4-methyl-5-formyl-1H-pyrrole-2-carboxylic ethyl ester (11). To a mixture of 50 mL of CCl4,
45 mL of glacial acetic acid and 40 mL of water were added
4.90 g (20 mmol) of bromide 36 and 44.8 g (80 mmol) of
CAN at 0 °C. After 1 h at 0 °C, the mixture was poured into
300 mL of water, washed with saturated NaHCO3 solution (100 mL) and then extracted with CH2Cl2 (3 × 100
mL). The combined organic layers were dried (Na2SO4),
ﬁltered and concentrated. Recrystallization from CH2Cl2/
ethylacetate to give 4.66 g (18.0 mmol, 90%) of bromoformylpyrrole 11 as colorless crystals: mp 134–135 °C.
UV-vis (CH3OH): λmax, nm (ε) 264 (13127), 311 (6735).
1
H NMR (200 MHz, CD3Cl): δH, ppm 1.40 (3H, t, 3J =
6.8 Hz, CO2CH2CH3), 2.32 (3H, s, 4-CH3), 4.41 (2H, q,
3
J = 7.2 Hz, CO2CH2CH3), 9.78 (1H, br, NH), 10.43
(1H, s, CHO). IR (KBr): ν, cm-1 3320 (s, N–H), 3210 (s,
N–H), 2983 (s, C–H), 2931 (s, C–H), 1700 (s, C=O, aldehyde), 1680 (s, C=O, ester), 1615 (w, C=C). MS (EI, 70
eV): m/z (%) 259 ([M]+, 82), 230 ([M+ - C2H5 or CHO],
12), 214 ([M+ - OC2H5], 41), 186 ([M+ - CO2C2H5], 100),
157 (186 - CHO, 8), 107 (186 - Br, 19). Anal. calcd. for
C9H10NO3Br: C, 41.70%; H, 3.89%; N, 5.41%. Found: C,
41.52%; H, 3.78%; N, 5.60%.
Synthesis of bromo-formylpyrrole 11 from formylpyrrole 37. A solution of 1.81 g (10 mmol) of formylpyrrole 37 in 15 mL of CCl4 was treated with a solution of
1.74 g of Br2 (11 mmol) in 10 mL of CCl4 at rt. After
2 h under reﬂux, the mixture was cooled and ﬁltered.
After the solvent being removed by rotary evaporation, the residue was chromatographed on silica gel (9:1
CH2Cl2/ethylacetate) to afford 1.51 g (5.8 mmol, 58%) of
bromo-formylpyrrole 11 as colorless crystals.
5-(2,5-dihydro-4-methyl-5-oxo-1H-pyrrol-2ylidenmethyl)-3-bromo-4-methyl-1H-pyrrol-2carboxylic ethyl ester (38). To a solution of 2.33 g
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(24 mmol) of pyrrolinone 10 and 6.22 g (24 mmol) of
bromo-formylpyrrole 11 in 60 mL of dry THF were added
7.48 mL (7.61 g, 50 mmol) of DBU and 3.70 g of molecular sieve (3 Å). After 8 h under argon, the mixture was
cooled, washed successively with saturated NaH2PO4,
NaHCO3 and NaCl solution, and then ﬁltered to separate the molecular sieve. The ﬁltrate was extracted with
150 mL of CHCl3. The aqueous layer was extracted again
with CHCl3 (3 × 100 mL). The combined organic layers were dried (Na2SO4), ﬁltered and concentrated. The
brown residue was recrystallized from CHCl3/n-hexane
to give 5.32 g (15.7 mmol, 65%) of lactam 38 as ﬁne yellow needle-like crystals: mp 241–242 °C. TLC (neutral
aluminum oxide, 7:1 CH2Cl2/CH3COOC2H5): Rf = 0.34.
UV-vis (CH3OH): λmax, nm (ε) 251 (13870), 275 (6120),
368 (18860), 404 (19720). 1H NMR (200 MHz, CDCl3):
δH, ppm 1.46 (3H, t, 3J = 6.6 Hz, CO2CH2CH3), 1.98 (3H,
s, 4-CH3, ring B), 2.29 (3H, s, 4-CH3, ring C), 4.46 (2H,
q, 3J = 6.9 Hz, CO2CH2CH3), 8.82 (1H, s, methine-bridge
CH), 9.26 (1H, s, 3-H, ring B), 10.71 (1H, s, br, NH, ring
C), 11.24 (1H, s, br, NH, ring B). IR (KBr): ν, cm-1 3320
(m, N–H), 3084 (w, N–H), 2980 (s, C–H), 1757 (s, C=O,
ester), 1685 (s, C=O, lactam), 1616 (s, C=C). MS (ESI,
+c 40 eV): m/z (%) 361 ([M + Na+], 16), 316 ([M - OC2H5
+ Na+], 64), 288 ([M -CO2C2H5 + Na+], 50), 282 ([M Br + Na+], 37), 252 ([M - Br - 2CH3 + Na+], 25), 186
([M - CO2C2H5 - Br+], 100), 108 (41). Anal. calcd. for
C14H15N2O3Br: C, 49.70%; H, 4.47%; N, 8.29%. found:
C, 49.54%; H, 4.56%; N, 8.17%.
5-(2,5-dihydro-4-methyl-5-thioxo-1H-pyrrol2-ylidenmethyl)-3-bromo-4-methyl-1H-pyrrol-2carboxylic ethyl ester (39). (a) Preparation of the reagent
P4S10/NaHCO3: to 40 mL of dry THF were added 1.34 g
(3 mmol) of P4S10 and 3.02 g (36 mmol) of NaHCO3 at rt.
The mixture was stirred at rt for 30 min to give a yellow solution. (b) Sulﬁdation process: to a solution of
2.03 g (6 mmol) of lactam 38 in 30 mL of dry THF the
reagent P4S10/NaHCO3 prepared in (a) was added under
argon and vigorous stirring. After 45 min under reﬂux
and 1 h at rt, the mixture was transferred to 150 mL of
CH2Cl2. The aqueous layer was extracted again with
CH2Cl2 (3 × 100 mL). The combined organic layers were
dried (Na2SO4), ﬁltered and concentrated. Column chromatography (silica gel, 10:1 CH2Cl2/ethyl acetate) gave
an orange-yellow eluate which contained the product. The
eluate was concentrated and recrystallized from CH2Cl2/nhexane to give 1.73 g (4.89 mmol, 82%) of thiolactam 39 as
orange crystals: mp 214–215 °C. UV-vis (C2H5OH): λmax,
nm (ε) 285 (15575), 290 (14210), 446 (19180). 1H NMR
(200 MHz, CDCl3): δH, ppm 1.51 (3H, t, 3J = 6.9 Hz,
CO2CH2CH3), 1.97 (3H, s, 4-CH3, ring B), 2.36 (3H, s,
4-CH3, ring C), 4.56 (2H, q, 3J = 7.2 Hz, CO2CH2CH3),
8.91 (1H, s, methine-bridge CH), 9.37 (1H, s, 3-H, ring B),
10.54 (1H, s, br, NH, ring C), 11.37 (1H, s, br, NH, ring B).
IR (KBr): ν, cm-1 3410 (m, N–H), 2982 (s, C–H), 2905 (m,
C–H), 1724 (s, C=O, ester), 1603 (s, C=C), 1228 (s, C=S,
thiolactam). MS (ESI, +c 40 eV): m/z (%) 377 ([M + Na+],
Copyright © 2010 World Scientific Publishing Company

13), 345 ([M - S + Na+], 27), 332 ([M - OC2H5 + Na+], 64),
304 ([M - CO2C2H5 + Na+], 53), 298 ([M - Br + Na+], 36),
236 ([M - Br - S - 2CH3 + Na+], 19), 202 ([M - CO2C2H5
-Br+], 100), 124 (28). Anal. calcd. for C14H15N2O2SBr:
C, 47.46%; H, 4.27%; N, 7.91%; S, 9.03%. found: C,
47.65%; H, 4.39%; N, 7.76%; S, 9.18%.
(5-cyano-2,3,4,5-tetrahydro-4,5-dimethyl-4-methoxycarbonylmethyl-1H-pyrrol-2-ylidene) acetate t-butyl
ester (43). A suspension of 1.00 g (4.42 mmol) of thiolactam 9a and 2.44 g (17.65 mmol) of powdery K2CO3
in 50 mL of dry acetonitrile was treated under argon with
1.18 g (4.87 mmol) of dibenzoyl peroxide at 0 °C for
15 min. After 30 min under argon at 0 °C, 1.06 g (5.29
mmol) of malonic ester 12 were injected. The mixture
was continuously stirred at 0 °C for 30 min and at rt for
4 h, washed with saturated NaHCO3 solution (100 mL)
and then extracted with 100 mL of CH2Cl2. The aqueous
layer was extracted again with CH2Cl2 (3 × 80 mL). The
combined organic layers were dried (Na2SO4), ﬁltered
and concentrated to give thioiminoester 41 as a yellow
oily liquid. Under argon the thioiminoester 41 was dissolved in 20 mL of freshly redistilled P(OC2H5)3. After
being stirred for 8 h at 80 °C, the solvent was removed
by rotary evaporation. The remained yellow oil, namely
the enamine 42, was dissolved in 20 mL of dry THF. To
this solution under argon were added 2 mL of freshly
redistilled piperidine and 0.2 g of Pd(PPh3)4. After 2 h
at rt, the mixture was neutralized with 60 mL of 2 N
HCl and extracted with 100 mL of CH2Cl2. The aqueous
layer was extracted again with CH2Cl2 (3 × 80 mL). The
combined organic layers were dried (Na2SO4), ﬁltered
and concentrated. The residue was puriﬁed by column
chromatography (silica gel/neutral aluminum oxide, 9:1
CH2Cl2/petrol-ether, Rf = 0.30). The obtained yellowish
product-contained fraction was puriﬁed again by column
chromatography (silica gel, 9:1 petrol-ether/ethyl acetate,
Rf = 0.41) to afforded a colorless oil, whose purity was
supervised via HPLC. After being laid aside for one week
at -18 °C, the oil was crystallized to give 0.79 g (2.56
mmol, 58%) of enamine 43 as colorless crystals: mp
61–62 °C. HPLC (polygosil 60–10, 9:1 petrol-ether/ethyl
acetate, 1.5 mL/min, UV 270 nm, tR = 3.8 min). UV-vis
(C2H5OH): λmax, nm (ε) 270 (24360). 1H NMR (200 MHz,
CDCl3): δH, ppm 1.12 (3H, s, 4-CH3), 1.46 (9H, s, t-butyl), 1.53 (3H, s, 5-CH3), 2.27 (1H, d, AB-system, A-part,
2
J = 7.4 Hz, 3-CH2), 2.58 (1H, d, AB-system, A-part, 2J =
7.4 Hz, 3-CH2), 2.72 (1H, d, AB-system, A-part, 2J = 5.6
Hz, O=C-CH2), 3.04 (1H, d, AB-system, B-part, 2J = 5.6
Hz, O=C-CH2), 3.72 (3H, s, O-CH3), 4.62 (1H, s, =CH),
7.67 (1H, s, br, NH). IR (KBr): ν, cm-1 3360 (m, N–H),
3026 (w, N–H), 2972 (s, C–H), 2230 (m, C≡N), 1678 (s,
C=O), 1620 (s, C=C). MS (70 eV): m/z (%) 309 ([M +
H+], 5), 308 ([M]+, 29), 251 ([M+ - C4H9], 48), 236 ([M+
- C4H9 - CH3], 25), 220 ([M+ - C4H9 - OCH3], 100), 148
([M+ - CO2C4H9 - CO2CH3], 26), 121 (9). Anal. calcd. for
C16H24N2O4: C, 62.32%; H, 7.84%; N, 9.08%. Found: C,
62.47%; H, 8.03%; N, 8.92%.
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5 - { 5 - [ ( t - bu t y l o x y c a r b o n y l ) ( 5 - C y a n o - 2 , 3 ,
4,5-tetrahydro-4,5-dimethyl-4-methoxycarbonylmethyl-1H-pyrrol-2-ylidene)methylthio]-4-methyl-2Hpyrrol-2-ylidenmethyl}-3-bromo-4-methyl-1H-pyrrol-2-carboxylic ethyl ester (46). A solution of 0.65 g
(2.1 mmol) of enamine 43 in 15 mL of dry CH2Cl2 was
treated in the dark with 0.38 g (2.2 mmol) of N-bromosuccinimide under argon at 0 °C. After 20 min at 0 °C
and 2 h at rt, the mixture was concentrated and dried to
produce a purplish brown raw bromide, which was immediately and without puriﬁcation dissolved in 15 mL of dry
acetonitrile. To this solution were under argon added 1.25
mL (1.28 g, 8.4 mmol) of DBU and 0.71 g (2.0 mmol) of
thiolactam 39. After 2 h at rt, the mixture was transferred
to 150 mL of saturated aqueous NaHCO3 solution and
extracted with 100 mL of CH2Cl2. The aqueous layer was
extracted again with CH2Cl2 (3 × 80 mL). The combined
organic layers were dried (Na2SO4), ﬁltered and concentrated. Puriﬁcation by column chromatography (neutral
aluminum oxide, 3:1 CH2Cl2/petrol-ether, Rf = 0.35)
afforded 1.12 g (1.70 mmol, 85%) of sulﬁde 46 as yellow
crystals: mp 184–185 °C. UV-vis (CH3OH): λmax, nm (ε)
270 (27854), 436 (18012). 1H NMR (200 MHz, CDCl3):
δH, ppm 1.05, 1.55 (6H, 2s, 2CH3, ring A), 1.39 (9H, s,
t-butyl), 1.47 (3H, t, 3J = 6.7 Hz, CO2CH2CH3), 1.92 (3H,
s, CH3, ring B), 2.28 (3H, s, CH3, ring C), 2.47, 2.82 (2H,
AB-system, J = 9.3 Hz, CH2, ring A), 2.90, 3.17 (2H,
AB-system, J = 10.8 Hz, -H2CCOO), 3.78 (3H, s, CH3,
CO2CH3), 4.53 (2H, q, J = 7.1 Hz, CO2CH2CH3), 8.85
(1H, s, methine-bridge CH), 9.30 (1H, s, =CH, ring B),
10.26, 11.71 (2H, 2s, br, NH). IR (KBr): ν, cm-1 3298 (m,
N–H), 3043 (w, N–H), 2980 (s, C–H), 2218 (m, C≡N),
1768 (s, C=O), 1688 (m), 1610 (m, C=C), 1583 (s). MS
(ESI, +c 30 eV): m/z (%) 683 ([M + Na+], 17), 626 ([M C4H9 + Na+], 34), 610 ([M - CO2C2H5 + Na+], 9), 604
([M – Br + Na+], 17), 599 ([M -C4H9 – HCN + Na+], 26), 553
([M - C4H9 - CO2C2H5 + Na+], 19), 547 ([M - C4H9 – Br +
Na+], 13), 451 ([M - C4H9 -CO2C2H5 - Br+], 100), 436
(451 - CH3, 31), 424 (451 - HCN, 14), 374 (451 - CO2 SH, 31). Anal. calcd. for C30H37N4O6SBr: C, 54.53%;
H, 5.65%; N, 8.48%; S, 4.84%. Found: C, 54.68%; H,
5.60%; N, 8.37%; S, 4.93%.
5-{5-[(5-cyano-2,3,4,5-tetrahydro-4,5-dimethyl4-methoxycarbonylmethyl-1H-pyrrol-2-ylidene)
methyl]-4-methyl-2H-pyrrol-2-ylidenmethyl}-3bromo-4-methyl-1H-pyrrol-2-carboxylic ethyl ester
(7). To a mixture of 80 mL of dry CH2Cl2 and 6 mL of
CF3COOH under argon were added 1.00 g (1.51 mmol)
of sulﬁde 46 and 2.34 g (12.13 mmol) of P(CH2CH2CN)3.
After 3 h under reﬂux, the mixture was cooled, carefully
transferred to 300 mL of ice-cold saturated NaHCO3
solution (CO2-giving off) and then extracted with 100 mL
of CH2Cl2. The aqueous layer was extracted again with
CH2Cl2 (3 × 80 mL). The combined organic layers were
dried (Na2SO4), ﬁltered and concentrated. The residue was
puriﬁed by column chromatography (silica gel/neutral
aluminum oxide, 2:1 CH2Cl2/petro-ether, Rf = 0.42) to
Copyright © 2010 World Scientific Publishing Company
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give three fractions. Firstly the orange product fraction,
secondly a middle fraction composed of the product and
P(CH2CH2N)3 and ﬁnally the pure colorless phosphorous
compound were eluted. The middle fraction was puriﬁed again by column chromatography (neutral aluminum oxide, 4:1 petrol-ether/ethyl acetate, Rf = 0.33) to
elute the product. The combined product fractions were
recrystallized from CH2Cl2/n-hexane to give 0.383 g
(0.73 mmol, 48%) of the tricycle 7 as ﬁne orange-red
needle-like crystals: mp 135–136 °C. UV-vis (C2H5OH):
λmax, nm (ε) 238 (13082), 290 (27964), 447 (25332), 473
(18650). 1H NMR (200 MHz, CDCl3): δH, ppm 1.12, 1.65
(6H, 2s, 2CH3, ring A), 1.49 (3H, t, J = 7.2 Hz, CH3,
ethylester), 1.90 (3H, s, CH3, ring B), 2.32 (3H, s, CH3,
ring C), 2.52, 2.84 (2H, AB-system, J = 8.7 Hz, CH2,
ring A), 2.89, 3.20 (2H, AB-system, J = 10.5 Hz, H2CCOO-), 3.77 (3H, s, CH3, methylester), 4.55 (2H, q,
J = 7.5 Hz, CH2, ethylester), 8.51 (1H, 1s, methine-bridge
CH between ring A and ring B), 8.93 (1H, 1s, methinebridge CH between ring B and ring C), 9.32 (1H, s, =CH,
ring B), 10.20–11.93 (2H, m, very broad, NH). IR (KBr):
ν, cm-1 3440 (w, sharp, N–H), 3360 (s, br, N–H), 2972
(s, C–H), 2210 (w, C≡N), 1754 (s, C=O), 1600 (s, C=C).
MS (ESI, +c 25 eV): m/z (%) 551 ([M + Na+], 15), 520
([M - OCH3 + Na+], 14), 506 ([M -OC2H5 + Na+], 8), 478
([M - CO2C2H5 + Na+], 23), 472 ([M - Br + Na+], 31),
376 ([M - CO2C2H5 - Br+], 100), 361 (376 - CH3, 17),
349 (376 - HCN, 23). Anal. calcd. for C25H29N4O4Br: C,
56.80%; H, 5.53%; N, 10.61%. Found: C, 56.69%; H,
5.60%; N, 10.52%.

CONCLUSION
In this paper, we describe the successful construction of the A-B-C-tricycle skeleton 7 which incorporates
most of the appropriate functionality for conversion to
the structural model of tolyporphin 3. The three precursors to this skeleton were synthesized in a concise and
stereocontrolled manner and were then connected via a
two-time Eschenmoser sulﬁde contraction. Although the
ﬁnal tolyporphin compound has not been gained, very
signiﬁcant progress has been made toward this goal, and
the feasibility of the approach has clearly been demonstrated. With the important intermediate 7 at hand, we
feel in a good position to complete total syntheses of 3
and other tolyporphins.
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ABSTRACT: A novel Co(II) porphyrin lipoic acid derivative was synthesized starting from the
commerically available red blood pigment hemin. The disulﬁde functionalities of the lipoic acid moieties
allowed its immobilization on gold by a self-assembly method. The Co(II) porphyrin self-assembled
monolayer (SAMs) on gold (111) surfaces were characterized electrochemically through monolayer
reductive desorption and evaluation of the redox properties of the immobilized molecules in organic
medium, and by scanning tunneling microscopy (STM). It was found that after assembly the Co(II)
porphyrin is electroactive exhibiting the typical redox processes observed for its precursor without the
appended lipoic acid in solution. A coverage of 2.7 × 10-10 mol.cm-2 has been estimated assuming that
four electrons (one per each sulfur atom) are involved in the process. The porphyrin-modiﬁed gold
electrodes exhibit catalytic acitivity demonstrated towards the reduction of molecular oxygen in acidic
solution.
KEYWORDS: Co(II) porphyrin lipoic acid derivative, self-assembled monolayers, electrochemistry,
scanning tunneling microscopy, electrocatalytic activity.

INTRODUCTION
Surface modiﬁcation by self-assembly of sulfur derivatives onto gold has been massively employed in the last
decade in a wide range of applications, including chemical and biochemical sensors [1], optoelectronic devices
[2, 3] and electrocatalysis [4]. The main motivation
for using self-assembled monolayers (SAMs) for the
attachment of speciﬁc molecules on the surface, is their
well-known stability, ease of preparation, organization and molecular control. With the view of designing
electrocatalytic systems based on SAMs, the aim of the
study presented here is to be able to transfer the recognized catalytic properties of individual molecules, such
as porphyrins, to the electrode surface in an organized
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monolayer array. In this sense, efforts must be employed
to synthesize and investigate new molecules bearing
appropriate groups for an efﬁcient one-step linkage to
the surface. A great number of investigations have been
reported on SAMs of porphyrins with distinct tail and
anchor groups [5–9], most of them employing as macrocycles tetraphenylporphyrin derivatives and a thiol or
a disulﬁde as anchor groups. The catalytic activity of
the immobilized porphyrins towards the oxygen reduction reaction with the formation of hydrogen peroxide or directly to water, has been discused based on
the different metal centres [10] and also on the different macrocycle orientations [4]. In previous studies we
demonstrated that specially synthesized Co [11] and Fe
[12] porphyrin containing one disulﬁde binding group
could be successfully immobilized on gold, preserving
their catalytic activity. One novelty of the work was to
address the formation of self-assembled monolayers
using a different class of porphyrins than tetraphenylporphyrin derivatives, structurally more related to the hemes

102

C.S. EBERLE ET AL.

Scheme 1. Synthesis of Co(II) deuteroporphyrin bis-lipoic acid ester 5. Reagents and conditions: (a) Co(II) acetylacetonate, THF,
reﬂux, 24 h, 65%. (b) (R)-lipoic acid, n-propylphosphonic acid anhydride (PPA), DMAP, NEt3, THF, 0 °C to rt, 12 h, 52%

and recalling natural systems, also displaying a metalcentred catalytic performance. In the current work the
synthesis and characterization of a self-assembled monolayer formed from a novel Co(II) porphyrin, with distinct anchor groups, also based on biomimetic porphyrin
derivatives, onto Au (111) electrodes is investigated. For
this purpose the Co(II) porphyrin 5 (Scheme 1) with two
covalently linked lipoic acid moieties was synthesized.
The two dithiolane groups per porphyrin unit should
allow a very strong binding to the gold surface by four
sulfur gold linkages. Surface attachment of the metalloporphyrin has been studied by cyclic voltammetry
through the electrochemical behaviour of the modiﬁed
electrodes in organic solution and by electrochemical
reductive desorption. The electrocatalytic properties of
the modiﬁed electrodes have been tested for the oxygen
reduction reaction. Scanning tunneling microscopy has
been used for the morphological characterization of the
functionalized gold surface with the Co(II) porphyrin
lipoic acid derivative.

RESULTS AND DISCUSSION
Synthesis of Co(II) porphyrin lipoic acid ester
derivative
The deuteroporphyrin bis-alcohol 3 [13] was prepared
in few reaction steps according to literature procedures
Copyright © 2010 World Scientific Publishing Company

from the red blood pigment hemin 1 (Scheme 1). The
cobalt insertion [Co(II) porphyrin 4] followed standard
procedures for porphyrin complexation using Co(II)
acetylacetonate as complexing reagent. The alcohol
functions of the Co(II) porphyrin were subsequently
esteriﬁed with (R)-lipoic acid. The enantiomerically
enriched (R)-lipoic acid was obtained by enzymatic
resolution of a racemic mixture of the lipoic acids [14].
Enantiomerically pure (enriched) lipoic acid was chosen to achieve a higher order of SAMs on the metal
surface. For the esteriﬁcation step the lipoic acid was
activated by n-propyl phosphonic acid anhydride, which
leads to the desired Co(II) porphyrin lipoic acid derivative 5. The activation reagent has the advantage that it
could be removed easily from the reaction mixture by
aqueous extraction, which facilitated the whole work
procedure.
Electrochemical characterization of self-assembled
monolayers
The successful immobilization of metalloporphyrin
lipoic acid derivative 5 was primarily conﬁrmed through
electrochemical monolayer reductive desorption (Fig. 1).
The ﬁrst cycle reveals a sharp peak at -1.100 V (Table 1)
attributed to the desorption of the dithiolane groups from
the gold substrate, similar to the observation for alkylthiols on gold [15]. The desorption process occurs at a
potential value of approximately -0.210 V more negative
J. Porphyrins Phthalocyanines 2010; 14: 102–107

NOVEL COBALT(II) PORPHYRIN LIPOIC ACID DERIVATIVE ON GOLD

Fig. 1. Cyclic voltammetry of gold (111) modiﬁed with Co(II)
porphyrin lipoic acid derivative in 0.1 M NaOH, ν = 20 mV.s-1

than the one observed for Co(II) porphyrin disulﬁde
derivative 6, previously investigated by us [11]. The
signiﬁcant difference in the electrochemical desorption is fully reproducible, clearly conﬁrming a stronger
linkage of the molecule to the gold surface, once it can
be attached via four sulfur atoms, or/and second showing a better molecular packing arising from stronger
chain-chain interaction in compound 5 compared to the
slightly shorter disulﬁde derivative [11]. This observation discloses the high surface stability for the novel
Co(II) porphyrin SAM under study. As shown in Table 1,
a coverage of 2.7 × 10-10 mol.cm-2 was estimated from
the integration of the cathodic peak observed in the
ﬁrst cyclic voltammogram (Fig. 1), assuming that four
electrons (one per each sulfur atom) are involved in the
molecule desorption from gold. In spite of the different
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desorption potential, similar surface coverages (Γ) could
be achieved for the two Co(II) porphyrin derivatives.
According to the estimated coverage, each Co(II) porphyrin derivative claims an average area of 61 Å2, which
is closer to the predicted value for molecules displaying
a perpendicular orientation, relative to the surface plane
(30 Å2), rather than a parallel position (170 Å2), indicating
a relatively packed and oriented monolayer. As shown
in Fig. 1, the second cycle shows a less intense and negative reduction peak, at -1.015 V, as a result of a partially
re-adsorption of the dithiolane groups on the reverse
sweep of the ﬁrst cycle, a behaviour typically observed
for SAMs of thiols on gold [16].
The redox properties of the modiﬁed electrode in
organic medium were investigated in order to check
whether the surface immobilization affects the electrochemical response of the catalytic centre and compared
to the electrochemical behavior of its Co(II) precursor in
solution (Scheme 1, compound 4), as illustrated in Figs 2
and 3, respectively. The ill-deﬁned peaks obtained for
the modiﬁed gold electrode are due to the extremely low
concentration (2.3 × 10-10 mol.cm-2) of Co(II) deuteroporphyrin (DP) moiety on the surface inherent to the method
of self-assembly. Notwithstanding, one can detect some
of the typical processes of synthetic metalloporphyrin and of the precursor 4; Table 2 shows the potential
values for the oxidation and reduction peaks revealed
in Figs 2 and 3. The assignment of the peaks was performed in agreement to previous studies involving the
electrochemical characterization of synthetic metalloporphyrins [17, 18]. It can be observed that both the
porphyrin ring and the cobalt centre are still electrochemically active upon immobilization through the dithiolane
functionalities.

Table 1. Comparision of the electrochemical desorption data of immobilized metalloporphyrin derivatives
Epred, V

n e-/molecule

Γ, mol.cm-2

Au/Co(II) porphyrin lipoic acid derivative (5)

-1.10

4

2.4 × 10-10

Au/Co(II) porphyrin disulfide derivative (6)

-0.89

2

2.5 × 10-10

Modified electrode

Fig. 2. Cyclic voltammetry of modiﬁed gold (111) with Co(II) porphyrin lipoic acid derivative in 0.1 M tetrabutylammonium
perchlorate/propylene carbonate solution; (a) ν = 10 mV.s-1; (b) ν = 50 mV.s-1
Copyright © 2010 World Scientific Publishing Company
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Fig. 3. Cyclic voltammetry of 0.5 mM Co(II) porphyrin precursor 4 on bare gold (111) in 0.1 M tetrabutylammonium perchlorate/
propylene carbonate solution; ν = 50 mV.s-1

Table 2. Comparison of the electrochemical processes of the Co(II) porphyrin precursor 4 and the immobilized Co(II)
porphyrin derivative 5 on gold (111)
I DP/DP•-

II Co(II)/Co(III)

III DP/DP•+

IV DP/DP2+

E½I = -1.01 V

Epox,II = 0.16 V

Epox,III = 0.38 V

E½IV = 0.98 V

Epox,III = 0.33 V

Epox,IV = 1.06 V

Electrochemical process
Co(II) porphyrin precursor (4)

Epred,II = -0.03 V
Modified gold with Co(II) porphyrin (5)

Ep

red,I

= -0.97 V

Scanning Tunnelling Microscopy
STM has been uttered in the morphological characterization of the modiﬁed electrode. Figure 4 depicts
the images of the modiﬁed electrode (b and c) in comparison with a bare gold substrate (a). After a ﬂameannealing procedure the substrate exhibits terraces with
a vertical distance of 0.24 nm, which is characteristic
for gold (111) atomic steps. On the modiﬁed electrode,
in spite of the clearly visible monoatomic steps, there
is a marked increase in the surface roughness with the
appearance of pits, one gold atom dip, typically found
as ﬁngerprint for sulfur adsorption on gold [11], thus
conﬁrming the immobilization of the porphyrin derivative via the dithiolane moieties. The larger size of
the terminal porphyrin groups in this SAM compared

Epred,II = -0.09 V

to pure alkylthiol monolayers must be the reason for
the absence of large ordered domains with the SAM,
which are absolutely required for the observation of
molecular resolution. Notwithstanding, a smaller scan
of the functionalized gold surface (as shown in Fig.
4c) depicts some bright spots, which according to the
size might well correspond to individual porphyrin
molecules. Due to the high noise levels observed in the
images, it is not possible to infer directly the organization and packing of the molecules.
Electrocatalysis
As it is well known, the metalloporphyrins are recognized as catalytic centres for a number of redox reactions [19], including the reduction of molecular oxygen

Fig. 4. Scanning Tunnelling Microscopy images of bare gold (a) and after being modiﬁed with the lipoic acid Co-porphyrin derivative (b) and (c); z = 1–2 nm in all images. The inset in ﬁgure (a) corresponds to the cross section signed on the image

Copyright © 2010 World Scientific Publishing Company
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Fig. 5. Cyclic voltammogram of bare gold and gold modiﬁed
with Co(II) porphyrin lipoic acid derivative in aerated and
deoxygenated 0.5 M H2SO4 at 20 mV.s-1

[4, 10, 11, 20] directly to water or partially to hydrogen
peroxide. In order to ensure that the immobilized Co(II)
porphyrin was still reactive, a preliminary study has been
performed in a 0.5 M H2SO4 aerated solution, towards
the reduction of molecular oxygen (Fig. 5). After surface
modiﬁcation a clear reduction peak can be detected at
-0.035 V, which is attributed to the molecular oxygen
reduction. In a deoxygenated solution this process is
not detected. A bare gold electrode does not show any
deﬁned peak in the same potential window, and the large
cathodic current observed in Fig. 5 is most probably due
to the hydrogen evolution reaction, possibly with some
contribution of oxygen reduction. It is worth noting that
it is not surprising that on the modiﬁed gold electrode
the hydrogen evolution reaction is shifted towards more
negative potentials due to the presence of a relatively
well-packed porphyrin monolayer.
Taking into account the results reported before for a
similar Co(II) porphyrin it should be expected that hydrogen peroxide is being formed in the reaction. However a
more detailed electrochemical study must be undertaken
in order to unravel the mechanism and number of electrons involved in the oxygen reduction reaction. Work is
now in progress to study the redox properties and electrocatalytic ability of various metal-centered porphyrins in
monolayers onto Au (111).

EXPERIMENTAL
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Ultra pure water was obtained from a puriﬁcation system Sartorious, nominal resistivity 18.2 MΩcm at 25 °C.
Deuteroporphyrin-(IX)-dimethylester 2 was prepared
as reported in reference [19]. All reactions were carried
out under argon. All solvents were puriﬁed and dried by
standard methods. 1H NMR spectra: Bruker DPX-200
spectrometer; AVANCE NB-360 MHz and DPX-200
ADVANCE (υ: 1H = 200 MHz); all chemical shifts were
referenced to TMS lock signal (δH = 0). MS and HR-MS:
Finnigan MAT 8200 spectrometer (EI (70 eV) and ESI).
IR: Perkin-Elmer Paragon 500 FT-IR spectrometer. UVvis: Varian Cary 50 spectrophotometer. Optical activity:
Perkin-Elmer polarimeter 243. Column chromatographic
separations were performed on silica gel (32–63 μm,
60 Å, ICN) or aluminum oxide (activity grade II–III,
neutral, ICN).
Substrates. 200 nm of gold evaporated on glass
with a pre-layer of 2–4 nm of chromium (Gold Arrandee, Gmbh) were cleaned in “piranha” solution for few
minutes, thourougly rinsed with ethanol and water and
ﬂame-annealed in an oxygen-gas ﬂame to produce a ﬂat
surface with a predominant (111) crystallographic orientation, as conﬁrmed by STM. An average value for
roughness factor of the gold substrates of 1.2 has been
estimated by the iodine chemisorption method [21] and
is in conformity with the values reported by other authors
[22, 23] for similar thin-layer gold electrodes.
Electrode modiﬁcation. The gold substrates were
immersed in a 1 mmol dm-3 ethanol solution of the Co(II)
porphyrin derivative for ~20 h at RT. After self-assembly,
the electrodes were rinsed with copious amounts of ethanol and water.
Electrochemistry. All glassware was cleaned using
a chromic acid solution followed by thorough rinsing
with puriﬁed water. Cyclic voltammetry was performed
using a PARSTAT 2263 (Perkin Elmer). A one compartment Teﬂon cell, ﬁtted with a Pt foil counter electrode
and a saturated calomel reference electrode (SCE) was
used. The Au slides were clamped against an O-ring,
which deﬁned the geometric area of the working
electrode as 0.57 cm2. The electrolyte solutions were
degassed 1 hour with nitrogen (99.9999%) prior to each
experiment.
Scanning Tunnelling Microscopy. The measurements were carried out with a Nanoscope IIIa Multimode
Microscope (Digital Instruments, Veeco) ﬁtted with a
STM head, at room temperature and in air. Pt/Ir STM
tips were mechanically cut before each experiment.

General remarks
Starting materials were either prepared according
to literature procedures or were purchased from Fluka,
Merck, Acros Organics or Sigma Aldrich and used without further puriﬁcation. Tetrabutylammonium perchlorate (TBAP), sodium hydroxide, and absolute ethanol
had analytical grade quality and were used as received.
Propylene carbonate was distilled in vacuo prior to use.
Copyright © 2010 World Scientific Publishing Company

Synthesis
Preparation of [13,17-bis(3-hydroxypropyl)-2,7,12,18tetramethyl-21H,23H-porphyrinato]-cobalt(II) 4. 13,17bis(3-hydroxypropyl)-2,7,12,18-tetramethylporphyrin 3 [14]
(299 mg, 0.62 mmol) and Co(II) acetylacetonate (957 mg,
3.72 mmol, 6 equiv.) in 80 mL THF were reﬂuxed with
exclusion of light under argon for 24 h. After evaporation
J. Porphyrins Phthalocyanines 2010; 14: 105–107
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of the reaction mixture it was partitioned between dichloromethane and brine. The aqueous phase was extracted
again with dichloromethane and the combined organic
extracts were ﬁltered over dry cotton wool. After evaporation of the solvents the residue was chromatographed
over aluminium oxide (activity grade II–III, neutral, ICN)
with methanol. After removal of the eluent and drying the
residue in vacuo using an oil pump pure Co(II) porphyrin
bis-alcohol 4 was obtained. Yield: 216 mg (0.40 mmol,
65%), mp > 300 °C, TLC (aluminium oxide, methanol) Rf
= 0.93. 1H NMR (CDCl3): δ, ppm 2.30 (m, 4 H, J = 6.60
Hz, 13′′-, 17′′-H), 3.42, 3.46, 3.55, 3.58 (4s, 12 H, 2-, 7-,
12-, 18-CH3), 3.74 (t, 4H, J = 5.80 Hz, 13′-, 17′-H), 4.08
(dt, 6H, J = 5.79 Hz, 13′′′-, 17′′′-H, 2 OH), 9.12, 9.15, 9.91,
9.96, 10.01, 10.48 (6 s, 6 H, 3-, 5-, 8-, 10-, 15-, 20-H). IR
(KBr): ν, cm-1 3422, 2918, 2841, 1629, 1575, 1557, 1507,
1457, 1435, 1383, 1248, 1122, 1036, 986, 844, 795. UV-vis
(CH2Cl2): λmax, nm (log ε, M-1.cm-1) 392 (5.16), 416 (5.28),
527 (4.39), 554 (4.36). MS (EI, 70 eV, direct inlet): m/z 539
(25) [M]+, 494 (15), 449 (17) and other fragments. HRMS
(EI, C30H32N4O258Co): calcd. 538.18572; found 538.18576.
Preparation of {13,17-bis{3-(5′-[(3′′R)-(1,2-dithiolan3′′-yl]-pentanoyl)-oxy-propanyl}-2,7,12,18-tetramethyl21H,23H-porphyrinato}-cobalt(II) 5. Cobalt(II) deuteroporphyrin bis-alcohol 4 (25 mg, 46 μmol), (3′R)-5-(1′,2′dithiolan-3′-yl)pentanoic acid [(R)-lipoic acid] 1 (126 mg,
0.61 mmol) and dimethylaminopyridine (DMAP) (13 mg,
0.11 mmol) were dissolved in 30 mL dry tetrahydrofurane.
After 10 min stirring at room temperature under argon,
3 mL of dry triethylamine were added to the reaction mixture at 0 °C. Then 1 mL of a solution of 50% n-propyl
phosphonic acid anhydride (PPA) in ethyl acetate was
slowly added through a syringe and the reaction mixture
was ﬁrst stirred for further 45 min at 0 °C then overnight at
room temperature under argon. To this mixture was added
50 mL of dichloromethane and the mixture was extracted
with H2O and NaHCO3. All organic phases were collected
and ﬁltered through cotton wool. After removal of the solvent in an rotatory evaporator, the crude product was chromatographed on silica gel (32–63 μm, 60 Å, ICN) eluting
with CH2Cl2/MeOH/n-hexane (19:1:1). Evaporation of the
eluents and drying of the product fraction in vacuo of an
oil pump gave an dark red oil. Isothermic recrystallization
from CH2Cl2/n-pentane gave the product as reddish brown
crystals. Yield: 22 mg (24 μmol, 52%), mp > 164.2 °C, TLC
(silica gel, CH2Cl2/MeOH/n-hexane (19:1:1)) Rf = 0.63. 1H
NMR (CDCl3/pyridine-d5): δ, ppm 1.0–2.3 and 2.8–3.0
(m, 30H, lipoic acid part, 13′-, 13′′-, 17′-, 17′′-H), 2.50 (s,
4H, lipoic acid part) 3.51, 3.52, 3.54, 3.60 (4s, 12H, 2-, 7-,
12-, 18-CH3), 4.13 (s, 4H, 13′′′-, 17′′′-H), 9.24, 9.27, 9.99,
10.05, 10.09, 10.12 (6s, 6H, 3-, 5-, 8-, 10-, 15-, 20-H). IR
(KBr): ν, cm-1 2922, 2856, 1777, 1634, 1505, 1436, 1383,
1228, 1126, 1096, 1062, 912, 801, 737. [α]D 20 +3.9 (c =
0.002 in CH2Cl2). UV-vis (CH2Cl2): λmax, nm (log ε, M-1.
cm-1) 396 (5.32), 404 (5.48), 470 (4.41), 532 (4.56), 570
(4.51). MS (ESI, CH2Cl2/MeOH(1:10)): m/z positive mode
915 [M + H]+.
Copyright © 2010 World Scientific Publishing Company

CONCLUSION
The successful immobilization of Co(II) porphyrin
lipoic acid derivative was conﬁrmed by the electrochemical behaviour of the surface-conﬁned moiety in organic
medium, from electrochemical reductive desorption and
by STM. Electrochemical reductive desorption potential
showed that the novel Co(II) porphyrin lipoic acid bisesters 5 form packed and more stable SAMs compared
to SAMs of a formerly investigated Co(II) porphyrin
disulﬁde derivative [3]. The charge corresponding to
the monolayer desorption process strongly supports that
all four sulfur atoms are involved in the self-assembly
process, thus signiﬁcantly increasing SAM stability and
consistent with a coverage of 2.7 × 10-10 mol.cm-2. The
immobilized Co(II) complexes revealed to be catalytic
for the oxygen reduction reaction, showing that this class
of porphyrins has potential applications in this ﬁeld.
Whether hydrogen peroxide or water are formed during
the reaction, still needs to be disclosed with more detailed
electrochemical studies.
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ABSTRACT: Three novel tetrathiafulvalene-annulated metalloporphyrazines with electron-withdrawing
pentoxycarbonyl groups at the periphery were synthesized via the cyclotetramerization of dipentyl 6,7dicyanotetrathiafulvalen-2,3-dicarboxylate in the presence of corresponding metal salts (Zn(OAc)2·2H2O,
Cu(OAc)2·2H2O, and NiCl2) and in pentanol. Molecular structures were fully characterized by 1H NMR,
FT-IR, UV-vis, MALDI-TOF mass spectra and elemental analysis. These newly synthesized macrocyclic
dyes were sufﬁciently stable in air during the puriﬁcation process and also in further experiments.
Electron-withdrawing substituents reduced the ability of tetrathiafulvalene groups to form radical cations.
Solution electrochemical data showed one reductive and three oxidative processes within a -2000 mV to
+2200 mV potential window. The four couples observed were assigned to Pz-2/Pz-3 (I), TTF+•/TTF (II),
TTF+2/TTF+• (III) and Pz-1/Pz-2 (IV).
KEYWORDS: tetrathiafulvalenedinitrile, metalloporphyrazines, electrochemistry, tetramerization,
aggregation.

INTRODUCTION
Porphyrins and phthalocyanines (Pcs) represent a
major class of dyes and are applied extensively in biological systems and in material science because of their
unique molecular assembly properties and excellent
optical and electrical properties [1,2]. A lot of work has
been done on the modiﬁcation of the Pcs and porphyrins
so that they may be used for various applications [3–5].
For example, substituted Pcs containing hydrocarbon
chains and/or crown ether (CE) units self-assembled
into highly organized columnar aggregates are used for
one-dimensional charge and ion transport [6].
Various tetrathiafulvalene (TTF)-modiﬁed Pcs and
porphyrins have been developed since the ﬁrst report
*Correspondence to: Bingzhu Yin, email: zqcong@ybu.edu.
cn, tel: +86 433-2732298, fax: +86 433-2732456 and Ren-gen
Xiong, email: xiongrg@seu.edu.cn
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of a symmetrically-functionalized Pc with eight (TTF)
units appeared in 1996 [7–19]. These compounds exhibited interesting optical and electrical properties such as
photoinduced electron transfer followed by ﬂuorescence.
This behavior results from the combination of Pc or porphyrin units and TTF units into a single molecule. The
unique redox properties of TTF is characterized by a
sequential and reversible oxidation to a radical cation
(TTF+•) and a dication (TTF+2) [20–22]. Interestingly,
a tetra(thiafulvalene-crown-ether) phthalocyanine was
found to self-assemble into helical tapes (nanometers in
width and micrometers in length) and showed potentially
novel electronic and structural properties [23]. Although
TTF annulated macrocycles have received less attention, they are believed to be more attractive candidates
for various applications than ensembles of TTF and
Pcs or porphyrins linked by spacers because they can
self-assemble into various organized aggregates [24–29].
Normally, Pcs or porphyrins that are directly annulated
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Scheme 1. Synthetic route for tetrathiafulvalene-annulated metalloporphyrazines (4–6)

with four TTF units do not show luminescence because
of the presence of fused electron-donating TTF units.
Their ﬂuorescent forms can, however, be achieved
if the TTF units are oxidized using various chemical oxidants or an electrochemical method. Hence
they could be regarded as electro-switchable ﬂuorescent molecules. Electro-switched luminescence has
been observed in a mono TTF-annulated porphyrin
and tetrakis-TTF-Pc molecules [25–26, 30]. The synthesis of tetrakis-TTF-porphyrin resulted in a mixture
of the neutral porphyrin and its corresponding radical cation. We have recently also reported the synthesis of novel porphyrazines (Pzs) annulated with four
TTF units that also contain electron-donating alkylthio groups. These molecules spontaneously form TTF
group radical cations during the separation process
[31]. This hindered an accurate assessment of their
photophysical and electrochemical properties.
To investigate the effect of peripheral substituents
on the stability of TTF annulated Pzs we introduced
electron-withdrawing pentoxycarbonyl groups onto TTF
annulated Pzs. Three novel TTF-annulated Pz dyes, as
shown in Scheme 1, were thus synthesized and we evaluated their photophysical and electrochemical properties.

EXPERIMENTAL
General
NMR spectra were recorded in CDCl3 with a Bruker
AV-300 Spetrometer (300 MHz for 1H and 75 MHz for
Copyright © 2010 World Scientific Publishing Company
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C), and chemical shifts were referenced relative to tetramethylsilane (δH/δC = 0). The UV-vis spectra were recorded
on a Hitachi U-3010 spectrophotometer in CHCl3 (c =
2 × 10-5 M). Mass spectrometry was performed on a Hewlett Packard 1100-HPLC/MSD instrument (APCI mode).
HRMS data were obtained by a JEOL JMS SX 102A apparatus. MALDI-TOF-MS data were obtained by a Shimadzu
AXIMA-CFRTM plus mass spectrometry, using a 1,8,9anthracenetriol (DITH) matrix. Cyclic voltammetry was
carried out on a Potentiostat/Galvanostat 273A instrument
in CH3CN-CH2Cl2 with 0.1 M Bu4PF6 as supporting electrolyte and the scan rate was 100 mV.s-1. Counter and working
electrodes were made of Pt and Glass-Carbon, respectively,
and the reference electrode was calomel electrode (SCE).
IR spectra were recorded on a Shimadu FT-IR 1730 instrument (KBr pressed disc method). Mass spectrometry was
performed on a Hewlett Packard 1100-HPLC/MSD instrument. The ESR spectra were recorded using a FA200GEOL
spectrometer at 25 °C. Crystal data were measured on a
Rigaku SCXmini diffractometer with Mo KĮ radiation
(λ = 0.71073 Å) by Ȧ scan mode at 293(2) K.
Synthesis
All reagents and solvents were of commercial quality and distilled or dried when necessary using standard
procedures. All reactions were carried out under argon
atmosphere. Starting materials 1 [32], 4,5-dicyano-1,3dithiol-2-one [33] and 2a [34] were prepared according
to methods described in referenced literature.
Dipentyl 2-thioxo-1,3-dithiole-4,5-dicarboxylate (2b).
A mixture of 1 (1000 mg, 4 mmol) and K2CO3 (100 mg,
J. Porphyrins Phthalocyanines 2010; 14: 109–114

110

F. LENG ET AL.

0.15 mmol) in 10 mL pentanol was stirred for 72 h at room
temperature. Methanol produced was removed uninterruptedly under reduced pressure. The reaction mixture was
concentrated in vacuum to yield yellow oil, which was puriﬁed by column chromatography (silica gel, CH2Cl2/P.E. =
1:1, Rf = 0.74) to give pure 2b as yellow oil. Yield 1160
mg (80.3%).1H NMR (300 MHz; CDCl3; Me4Si): δH, ppm
0.94 (3H, s, -CH2-CH3), 1.37 (4H, s,-CH2-CH2-CH3), 1.73
(2H, t, J = 6.6 Hz, -CH2-CH2-), 4.30 (2H, t, J = 6.6 Hz,
-O-CH2-). 13C NMR (75 MHz; CDCl3; Me4Si): δC, ppm
13.92 (-CH2-CH3), 22.23 (-CH2--CH3), 27.87 (-CH2-CH2CH2-), 27.96 (-CH2-CH2-), 67.44 (O-CH2-), 138.36 (C=C),
157.56 (C=O), 207.44 (C=S). MS (APCI): m/z 362.0448
(calcd. for [M + H]+ 363.53).
Dialkyl
2,3-dicyanotetrathiafulvalenes-6,7-dicarboxylate (3a-3b). According to literature procedure
[34], an equimolar mixture of 4,5-dicyano-1,3-dithiol-2one (2 mmol) and 2 (2 mmol) in 60 mL toluene was added
dropwise to a reﬂuxing mixture of 10 mL P(OEt)3 and 20 mL
toluene. The mixture was reﬂuxed for 1 h. After cooling
to room temperature, the solvent was removed in vacuum
and the red oily residue obtained was chromatographed on
a silica gel column (CH2Cl2/P.E. = 1/1, v/v) to afford dark
red solid 3. Compound 3a: recrystallization from petroleum ether gave 3a as dark red needles. Yield 122 mg
(13.6%), mp 66–67 °C. Anal. calcd. for C18H18N2O4S4: C,
47.56; H, 3.99; N, 6.16. Found: C, 47.55; H, 3.71; N, 6.00.
1
H NMR (300 MHz; CDCl3; Me4Si): δH, ppm 0.96 (3H,
t, J = 7.2 Hz, -CH2-CH3), 1.34–1.47 (2H, m, -CH2-CH3),
1.64–1.73 (2H, m, -CH2-CH2-), 4.26 (2H, t, J = 6.6 Hz,
-O-CH2-CH2-). 13C NMR (75 MHz; CDCl3; Me4Si): δC,
ppm 13.62 (-CH2-CH3), 18.99 (-CH2-CH3), 30.27 (-CH2CH2-), 67.07 (COO-CH2-CH2-), 101.94 (C-CN), 108.85
(NC-C=C-CN), 118.71 (-S-C=C-S-), 121.10 (S-C=C-S),
131.76 (OOC-C=C-COO-), 158.64 (-C-COO-). IR (KBr
pellets): νmax, cm-1 2959 (C-H), 2870 (C-H), 2216 (CαN),
1734 (C=O), 1705 (C=O), 1579, 1294, 1252, 1026. MS
(APCI): m/z 477.0 (calcd. for [M + Na]+ 477.61). Compound 3b: recrystallization from petroleum ether gave 3b
as a dark red needles. Yield 214 mg (22.2%), mp 64.7 °C.
Anal. calcd. for C20H22N2O4S4: C, 49.77; H, 4.59; N, 5.80.
Found: C, 49.55; H, 4.73; N, 5.57. 1H NMR (300 MHz;
CDCl3; Me4Si): δH, ppm 0.92 (3H, t, J = 3.0 Hz ,-CH2CH3), 1.35 (4H, br, -CH2-CH2-CH3), 1.70 (2H, br, -CH2CH2-), 4.25 (2H, t, J = 6.6 Hz, -CH2-COO-). 13C NMR (75
MHz; CDCl3; Me4Si): δC, ppm 13.95 (-CH2-CH3), 22.23
(-CH2-CH3), 27.84 (-CH2-CH2-), 28.81 (-CH2-CH2-),
67.36 (COO-CH2-CH2-), 101.97 (C-CN), 108.88 (NCC=C-CN), 118.72 (-S-C=C-S-), 120.93 (-S-C=C-S-),
131.79 (OOC-C=C-COO-), 158.64 (-C-COO-). IR (KBr
pellets): νmax, cm-1 2954 (C-H), 2860 (C-H), 2210 (CαN),
1740 (C=O), 1701 (C=O), 1290, 1224. MS (APCI): m/z
483.0 (calcd. for [M + H]+ 483.66).
{2,3,7,8,12,13,17,18-tetrakis[6,7-bis(alkyloxycarbonyl)tetrathiafulvalene]porphyrazines} M(II)
(M = Zn for 4, Cu for 5 and Ni for 6). A mixture of 97 mg
3b (0.2 mmol) and the appropriate metal salt (0.1 mmol)
Copyright © 2010 World Scientific Publishing Company

(Zn(OAc)2·2H2O for 4, Cu(OAc)2·2H2O for 5, anhydrous
NiCl2 for 6) was heated in 10 mL n-pentanol at 145 °C
for 4 h. The color of reaction solution changed from dark
red to black. The solvent was concentrated in vacuum
to give 4 as black powder. The solid obtained was puriﬁed on silica gel column chromatography (gradient of
CH2Cl2/MeOH = 1/0 → 50:1, v/v) to give 4. Compound
4: reprecipitation from CH2Cl2-MeOH gave 4 as dark
blue powder. Yield 56 mg (56%), mp 260 °C (decomposed). Anal. calcd. for C80H88N8O16S16Zn: C, 48.14;
H, 4.44; N, 5.61. Found: C, 48.32; H, 4.23; N, 5.80. 1H
NMR (300 MHz; CDCl3; Me4Si): δH, ppm 0.95 (24H, br,
-CH2-CH3), 1.39 (32H, br, -CH2-CH2-CH3), 1.68 (16H,
br, -CH2-CH2-), 4.22 (16H, br, -CH2-COO-). 13C NMR
(75 MHz; CDCl3; Me4Si): δC, ppm 13.97 (-CH2-CH3),
22.39 (-CH2-CH3), 27.97 (-CH2-CH2-), 66.66 (COOCH2-CH2-), 130–134 (br), 157-160 (br). IR (KBr pellets):
νmax, cm-1 2955–2856 (C-H), 1730 (C=O), 1575, 1462,
1250, 1094. UV-vis (CHCl3): λmax, nm (log ε) 291 (4.53),
358 (4.52), 605 (4.35). MS (MALDI-TOF): m/z 1996.81
(calcd. for [M + H]+ 1997.05). Compound 5: reprecipitation from CH2Cl2-MeOH gave 5 as dark purple powder.
Yield 52 mg (52.4%), mp 250 °C (decomposed). Anal.
calcd. for C80H88CuN8O16S16: C, 48.18; H, 4.45; N, 5.62.
Found: C, 48.27; H, 4.36; N, 5.54. 1H NMR (300 MHz;
CDCl3; Me4Si): δH, ppm 0.92 (24H, br, -CH2-CH3), 1.35
(32H, br, -CH2-CH2-CH3), 1.68 (16H, br, -CH2-CH2-),
4.32 (16H, br, -CH2-COO-). 13C NMR (75 MHz; CDCl3;
Me4Si): δC, ppm 13.92 (-CH2-CH3), 22.26 (-CH2-CH3),
27.88 (-CH2-CH2-), 28.07 (-CH2-CH2-), 66.73 (COOCH2-CH2-), 130-133 (br), 157-160 (br). IR (KBr pellets):
νmax, cm-1 2955-2862 (C-H), 1726 (C=O), 1576, 1460,
1246, 1088. UV-vis (CHCl3): λmax, nm (log ε) 290 (4.78),
317 (4.76), 567 (4.33), 601 (4.31). MS (MALDI-TOF):
m/z 1994.44 (calcd. for [M + H]+ 1995.18). Compound 6:
reprecipitation from CH2Cl2-MeOH gave 6 as dark purple powder. Yield 24.5 mg (24.6%), mp 250 °C (decomposed). Anal. calcd. for C80H88N8NiO16S16: C, 48.30;
H, 4.46; N, 5.63. Found: C, 48.19; H, 4.45; N, 5.44. 1H
NMR (300 MHz; CDCl3; Me4Si): δH, ppm 1.05 (24H, br,
-CH2-CH3), 1.48 (32H, br, -CH2-CH2-CH3), 1.80 (16H,
br, -CH2-CH2-), 4.25 (16H, br, -CH2-COO-). 13C NMR
(75 MHz; CDCl3; Me4Si): δC, ppm 14.13 (-CH2-CH3),
22.47 (-CH2-CH3), 28.08 (-CH2-CH2-), 29.69 (-CH2CH2-), 66.56 (COO-CH2-CH2-). IR (KBr pellets): νmax,
cm-1 2955–2862 (C-H), 1730 (C=O), 1578, 1642, 1230,
1113. UV-vis (CHCl3): λmax, nm (log ε) 291 (4.78), 325
(4.79), 557 (4.55), 593 (4.40). MS (MALDI-TOF): m/z
1988.49 (calcd. for [M + H]+ 1989.48).

RESULTS AND DISCUSSION
Synthesis and characterization
The synthesis of target compounds 4–6 is shown in
Scheme 1. The ﬁrst step in the synthetic procedure is the
J. Porphyrins Phthalocyanines 2010; 14: 110–114
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Fig. 1. ORTEP plot of the molecule of 3a

synthesis of dicyanotetrathiafulvalene 3 that contains
electron-withdrawing ester groups. The cross-coupling
reaction of 4,5-dicyano-1,3-dithiol-2-one and dialkyl
1,3-dithiol-2-thione-4,5-dicarboxylate (2a–b) in a mixture of triethyl phosphite and toluene at reﬂux and under
argon leads to key intermediates 2,3-dicyano-6,7-bis(pentyloxycarbonyl) TTF (3a–b) in 14% and 22% yields,
respectively.
Red crystals that were suitable for X-ray diffraction
analysis of intermediate 3a was obtained by the slow
evaporation of a petroleum ether (30–60 °C) solution of
3a at room temperature. Compound 3a crystallizes in a
monoclinic space group (P21/c) and the 1, 3-dithiole-4,5dicarbonitrile unit is almost coplanar with the ester substituent dithiole ring [dihedral angle = 2.9(2)°] (Fig. 1).
In the crystal structure, intermolecular S…O interactions
[S3...O2 = 3.013 Å] create dimers between neighboring
molecules in the ac plane. In addition, a weak ʌ···ʌ stacking interaction exists between adjacent dithiole rings,
with centroid-centroid distances of 4.075 Å, and chains
formed along the b axis (Figs S1–S2, see Supporting
information section).
Using the building block 3b, we synthesized TTF
annulated metallo-Pzs (4–6) by a metal templated
tetramerization in 1-pentanol and obtained yields of 56%
for Zn-TTF-Pz 4, 52% for Cu-TTF-Pz 5 and 15% for NiTTF-Pz 6, respectively. As expected, the TTF annulated
Pz dyes were sufﬁciently stable for puriﬁcation and for
further experiments. The compounds are soluble in common organic solvents such as hexane, benzene, toluene,
CHCl3, CH2Cl2, DMF, acetone and THF. The compounds
are insoluble in alcohols and DMSO. We were unable
to demetallate the metallo-Pzs 4–6 using acidic reaction
conditions because the ester groups decomposed [35].
1
H NMR spectra of 4–6 in CDCl3 displayed four very
broad signals which could be explained by considering
that slow tumbling results from aggregation in concentrated solutions (Fig. S2) [24, 33]. The MALDI-TOF
mass spectra of 4–6 showed peaks at m/z = 1996.81 (M+ =
1996.05) for 4, 1994.44 (M+ = 1994.18) for 5 (Fig. S3)
and 1988.49 (M+ = 1988.48) for 6. Results from elemental analysis conﬁrmed the proposed structures of
compounds 4–6.
Copyright © 2010 World Scientific Publishing Company

Fig. 2. Absorption spectra of 4–6 in CHCl3 (2 × 10–5 M)

Photophysical properties
UV-vis spectra of TTF annulated Pzs 4–6 in CH2Cl2
are shown in Fig. 2. Compounds 4–6 show typical Pz
electronic spectra, consisting of two strong absorption
regions. Broadening of the Q and B bands is attributed
to n-π* transitions of non-bonding electrons, that are
associated with peripheral S and N atoms [36], and also
attributed to aggregation of the macrocyclic system. The
B band (or Soret band) of metallo-Pz rings in the ultraviolet region for compound 4 arises from deep π LUMO
transitions (between a2u and eg orbitals). TTF absorption
in this region thus leads to superimposed bands. In the
visible region, 4 had an intense Q band at 605 nm with a
shoulder at around 574 nm and this corresponds to monomeric and aggregated Pz in chloroform, respectively. The
indistinct shoulder band at about 574 nm, arising from the
dimer, is attributed to a π→π* transition from the HOMO
to the LUMO of the Pz2- ring. For 5 the Q band of the
dimer at higher energy was centered at 566 nm and the
Q band arising from the monomer was at a lower energy
and centered at 601 nm as a weak shoulder band. The
absorption bands of 6 are similar to those of 5 except that
the sharper component of the Q band at higher energy
is less intense in 5 and the monomer shoulder band is
stronger in 5. This indicates that there is a higher degree
of face-to-face interaction in 6 compared with the interactions in 4 and 5 and this is typical of metallated symmetrically substituted Pzs with D4h symmetry [37].
In order to address the donor properties of target compounds, 4 was selected and dope with TCNQ in CH2Cl2.
However no CT band was observed at 600–1000 nm
region. This might be attributed to the presence of eight
strongly electron-withdrawing pentoxycarbonyl groups
onto TTF annulated Pzs. Whereas, doping of F4TCNQ to
a CH2Cl2 solution of 4 (2 × 10-5 M) resulted in the appearance of two new CT absorption bands, centered on λmax =
756 nm and λmax = 863 nm in the UV-vis spectrum (Fig.
3). These new bands corresponds to the SOMO-LUMO
transition of the cation radical species of the TTF moieties
[23]. The formation of F4TCNQ-•/TTF+• charge-transfer
J. Porphyrins Phthalocyanines 2010; 14: 111–114
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Fig. 3. Absorption spectra of 4 (2 × 10-5 M) in the CH2Cl2 after
addition of different equiv. F4TCNQ

complex in the mixture F4TCNQ-4 (4:1) in CH2Cl2 was
also conﬁrmed by the FT-IR and ESR spectra. A FT-IR
spectrum showed the nitrile stretch of the F4TCNQ radical anion at 2212 cm-1 [38] compared to the neutral state
of 2222 cm-1. In addition, an electron paramagnetic
resonance (ESR) spectrum of 4 was centered around

g = 2.007 and 2.002, which are in the region characteristic of both a TTF radical cation [39] and a F4TCNQ radical anion [38]. These results show that in solution some
CT takes place between the TTF unit(s) and F4TCNQ
(Fig. S4).
Cyclic voltammetric (CV) studies were performed
on compounds 4–6 and their intermediates 3a–b in a
mixture of CH3CN-CH2Cl2. The data are collected in
Table 1. As seen in Table 1, the cyclic voltammograms of
3a–b reveal that all redox processes are quasi-reversible.
Each oxidation wave of the precursor compounds 3a
and 3b is assigned to a one-electron process. By comparison to tetrathiafulvalene [40], both oxidation peaks
were shifted signiﬁcantly to higher oxidation potentials
(1.034 and 1.275 V for 3a and 1.035 and 1.278 V for
3b, respectively) because of the electron-withdrawing
effect of the cyano and alkoxycarbonyl groups. For the
electrochemical characterization of compounds 4–6,
the cyclic voltammograms were indistinct because of
aggregation in solution. This behavior has previously
been reported in the literature [26, 41]. Differential pulse
voltammetry (DPV) provided more detailed information. Figure 4 shows cyclic (a) and differential pulse voltammograms (b) of 4 within a -2000 mV to +2200 mV
potential window. Compound 4 shows redox processes

Table 1. Cyclic voltammetric data for M-TTF-Pzs 4–6 and intermediates 3a–b in a mixture of CH2Cl2 and
CH3CN (4:1, v/v)
Compound

E11/2(ΔE)/V

E21/2(ΔE)/V

E31/2(ΔE)/V

TTF[40]

0.36

0.77

3a

1.034 (0.073)

1.275 (0.089)

3b

E4pa/V

1.035 (0.077)

1.278 (0.087)

4

-0.813 (0.273)

0.914 (0.088)

1.308 (0.150)

1.786

5

-0.802 (0.283)

0.972 (0.106)

1.304 (0.137)

1.784

6

-0.836 (0.283)

0.998 (0.102)

1.313 (0.106)

1.784

Fig. 4. Cyclic (a) and differential pulse voltammogram (b) of compound 4 in CH3CN-CH2Cl2 (1:4, v/v) containing 0.1 M Bu4PF6.
Scan rate was 100 mV.s-1

Copyright © 2010 World Scientific Publishing Company
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at E1/2 = -0.813 (I), 0.914 V (II), 1.308 V (III) and 1.786 V
(IV) vs the SCE and all processes are not completely
reversible in terms of ΔE, the shift of Ep at different
scanning rates and the ratio of anodic to cathodic peak
currents (ipa/ipc) [42]. Process I which is assigned to a
reduction of the porphyrazine ring system (Pz-2/Pz-3) is
irreversible because of the excessive anodic to cathodic
peak separation (ΔE > 200 mV) and the difference of
anodic to cathodic peak currents. Processes II and III are
quasi-reversible because the anodic to cathodic peak currents are near unity while ΔE for II and III are 88 mV
and 150 mV, respectively. These processes represent the
two four-electron oxidation processes of the TTF moieties. Interestingly, 4 shows similar behavior to its phthalocyanine analog [25] with negative shifts in oxidation
potentials for the radical cations of TTF (0.12 V). The
splitting of the ﬁrst oxidation wave (process II) arises
from the molecular system where the donor moieties
interact through conjugation and/or through space. On
the other hand, compound 4 is distinct from its phthalocyanine analogs and an irreversible one-electron wave is
observed at 1.786 V (IV), which is assigned to oxidation
of the Pz ring system (Pz-1/Pz-2). The redox processes of
compounds 5 and 6 are similar to 4 except that their ﬁrst
oxidation waves are not split.
In summary, we developed an efﬁcient synthetic
route to the novel porphyrazines that are annulated with
tetrathiafulvalene having pentoxycarbonyl substituents. Efﬁcient modulation of macrocycle stability was
achieved by the introduction of electron-withdrawing
pentoxycarbonyls. Ability of 4 to function as a donor
for F4TCNQ was established and the formation of TTF+/
F4TCNQ- charge-transfer complex was conﬁrmed by the
UV-vis, FT-IR and ESR spectral. Compounds 5 and 6
showed similar cyclic voltammetric behavior with one
reduction process and three oxidation processes. These
were assigned to Pz-2/Pz-3 (I), TTF+•/TTF (II), TTF+2/
TTF+• (III) and Pz-1/Pz-2 (IV). The synthesis, self-assembly and ﬁlm forming properties of TTF-annulated
Pzs with longer alkyls and containing oxyethylenes are
under investigation.
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ABSTRACT:Syntheses, molecular structures and magnetic susceptibilities of three meso-substituted
high-spin iron(III) porphyrinate complexes ([Fe(TEtP)(Cl)], [Fe(TPrP)(Cl)], and [Fe(THexP)(Cl)])
are described. It was determined that the inter-ring interactions within each dimeric unit change
upon alteration of the alkyl groups at the meso positions. Magnetic exchange couplings between
iron centers of the dimers are in accord with the trends in structural inter-ring geometries. Crystal
data for [Fe(TEtP)(Cl)]: a = 10.1710(5) Å, b = 11.309(3) Å, c = 12.170(3) Å, Į = 91.774(9)°, ȕ =
113.170(14)°, Ȗ = 112.149(9)°, V = 1165.2(4) Å3, triclinic, P1-, Z = 2, R1 = 0.0844 and wR2 = 0.2073
for observed data. Crystal data for [Fe(TPrP)(Cl)]: a = 13.040(2) Å, b = 15.221(2) Å, c = 14.6681(9)
Å, ȕ = 109.997(11)°, V = 2735.9(7) Å3, monoclinic, P21/n, Z = 4, R1 = 0.0477 and wR2 = 0.1176 for
observed data. Crystal data for [Fe(THexP)(Cl)]: a = 10.246(7) Å, b = 12.834(4) Å, c = 17.420(15)
Å, Į = 69.74(3)°, ȕ = 87.52(4)°, Ȗ = 84.89(3)°, V = 2140(2) Å3, triclinic, P1-, Z = 2, R1 = 0.1024 and
wR2 = 0.2659 for observed data.
KEYWORDS: iron(III)meso-tetraalkylporphinates, inter-ring interaction, magnetic exchange couplings,
crystal structures.

INTRODUCTION
It is well-known that ʌ-ʌ interactions between two or
more porphyrin molecules in close proximity are present in photosynthetic proteins, including light-harvesting
chlorophyll arrays [1] and the photosynthetic reaction
center special pair [2]. The interactions have played
a critical role in electron (or energy) transfer in photosynthetic proteins. Scheidt and Lee [3] surveyed the interring geometry for all structurally characterized neutral
porphyrin dimers. They noted that the observed lateral
shifts tend to cluster around speciﬁc values rather than
display a continuous distribution. It has been shown that
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such dimerizations have a strong effect on the chemical
reactivity and spectroscopic properties of the porphyrinato complexes [4–6].
Studies on the replacement of meso-aryl substituents in metallotetraryl-porphyrins by alkyl groups have
attracted much attention recently owing to the fact that
the alkyl-substituents may profoundly inﬂuence the
molecular and electronic structure as well as catalytic
properties of the resulting complexes [7–28]. In the present work, we describe the synthesis and characterization of a series of meso-(tetraalkylporphinato)iron(III)
chloride complexes. Their molecular structures indicate
that inter-ring interactions change with alteration of the
alkyl group substitutions in the meso positions. We have
also investigated the effect of such inter-ring interaction
on magnetic exchange interactions between the iron
centers of these meso-alkyl substituted porphyrinates.
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EXPERIMENTAL
General information
Dichloromethane was distilled over potassium carbonate and hexanes were distilled over sodium benzophenone. All other chemicals were used as received
from Aldrich or Fisher. meso-tetra-n-propylporphyrin
(H2TPrP) was prepared according to Neya’s method [29],
while meso-tetraethylporphyrin (H2TEtP) and meso-tetra-n-hexylporphyrin (H2THexP) was prepared according
to Lindsey’s method [30]. Iron was inserted into the three
H2-meso-tetraalkylporphyrinato derivatives by standard
methods [31]. UV-vis spectra were recorded on a PerkinElmer Lambda 19 spectrometer and IR spectra on a Perkin-Elmer model 883 as KBr pellets. EPR spectra were
obtained at 77 K on a Varian E-12 spectrometer operating
at X-band.
Structure determinations
Single crystals of [Fe(TPrP)(Cl)] [32] and [Fe(TEtP)
(Cl)] were obtained by slow diffusion of hexanes into a
CH2Cl2 solution of the metalloporphyrin, whereas single
crystals of [Fe(THexP)(Cl)] were obtained by slow evaporation of a concentrated CH2Cl2 solution. X-ray diffraction data for all the complexes were collected on a Nonius
FAST area detector diffractometer with a Mo rotating
anode source (Ȝ = 0.71073 Å). Our detailed methods and
procedure for small molecule X-ray data collection have
been described previously [33].
The structure of [Fe(TPrP)(Cl)] was solved by Patterson methods, while [Fe(TEtP)(Cl)] and [Fe(THexP)(Cl)]

were solved by direct methods [34]. All remaining nonhydrogen atoms were located by difference Fourier synthesis. The structures were reﬁned against F2 using the
program SHELXL-93 [35], in which all data collected
were used including negative intensities. Hydrogen atoms
of the porphyrin ligands and the solvent molecule were
idealized with the standard SHELXL-93 idealization
methods. A modiﬁed [36] version of the absorption correction program DIFABS and extinction were applied for
[Fe(TEtP)(Cl)] and [Fe(THexP)(Cl)]. For [Fe(THexP)
(Cl)], it was found that three hexyl substituents were
disordered. One hexyl chain is disordered over two halfoccupied positions (C(80) to C(85) and C(90) to C(95)).
The last three carbon atoms of another hexyl group are
disordered; C(4) to C(6) have reﬁned occupancies of
0.76, while C(41) to C(61) have occupancies of 0.24. In
the third disordered hexyl group, the ﬁnal methyl group
is disordered over two positions (C(24) and C(240)) with
reﬁned occupation factors of 0.63 and 0.37, respectively.
There is one dichloromethane molecule with an occupancy factor of 0.10. Brief crystallographic data for all
three complexes are listed in Table 1. Complete crystallographic details are available from the CCDC (see
Supporting information section).
Magnetic susceptibility measurements
Magnetic susceptibility measurements were obtained
on ground samples (immobilized in Dow Corning silicone grease) in the solid state over the temperature range
6–300 K on a Quantum Design MPMS SQUID susceptometer. Measurements at two ﬁelds (2 and 20 kG)
showed that no ferromagnetic impurities were present

Table 1. Crystallographic details for [Fe(TalkylP)(Cl)] complexes
Molecule
Formula
FW, amu
a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
V, Å3
Crystal system
Space group
Z
Dc, g/cm3
F(000)
μ, mm-1
Radiation (λ, Å)
Temperature, K
R indices [I > 2σ(I)]
R indices (all data)
Goodness-of-fit on F2

Copyright © 2010 World Scientific Publishing Company

[Fe(TEtP)(Cl)]
C28H28ClFeN4
511.84
10.1710(5)
11.309(3)
12.170(3)
91.774(9)
113.170(14)
112.149(9)
1165(4)
triclinic
P1
2
1.459
534
0.787
MoKα (0.71073)
130(2)
R1 = 0.0884,
wR2 = 0.2073
R1 = 0.1060,
wR2 = 0.2254
1.055

[Fe(TPrP)(Cl)]
C32H36ClFeN4
567.95
13.040(2)
15.221(2)
14.6681(9)
90
109.997(11)
90
2735.9(7)
monoclinic
P21/n
4
1.379
1196
0.678
MoKα (0.71073)
130(2)
R1 = 0.0477,
wR2 = 0.1176
R1 = 0.0556,
wR2 = 0.1235
1.052

[Fe(THexP)(Cl)]
C44H60ClFeN4·0.1CH2Cl2
744.75
10.246(7)
12.834(4)
17.420(15)
69.74(3)
87.52(4)
84.89(3)
2140(2)
triclinic
P1
2
1.156
790
0.448
MoKα (0.71073)
130(2)
R1 = 0.1024
wR2 = 0.2659
R1 = 0.1647
wR2 = 0.3239
1.026
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and that preferential orientation of unpaired
spins was not taking place. ȤM was corrected for
the underlying porphyrin ligand diamagnetism
according to previous experimentally observed
values [38]; all remaining diamagnetic contributions (Ȥdia) were calculated using Pascal’s
constants [39, 40]. All measurements included
a correction for the diamagnetic sample holder
and the diamagnetic silicone grease.

RESULTS
The molecular structures of three mesoalkyl substituted (chloro)iron(III) porphyrinate derivatives have been determined. The
three iron porphyrin complexes differ in the
length of the alkyl side chains with meso-substituents
of ethyl, [Fe(TEtP)(Cl)], n-propyl, [Fe(TPrP)(Cl)], and
n-hexyl, [Fe(THexP)(Cl)]. A labeled ORTEP diagram
of [Fe(TPrP)(Cl)] is shown in Fig. 1. Labeled ORTEP
diagrams of [Fe(TEtP)(Cl)] and [Fe(THexP)(Cl)] can be
found in Figs 2 and 3. Table 1 details selected crystallographic details for all three complexes.
Bond distances and bond angles around the iron(III)
atom in the three derivatives are listed in Table 2.

Fig. 3. Labeled ORTEP diagram of [Fe(THexP)(Cl)]

Figure 4a–c presents formal diagrams of the porphinato
cores in [Fe(TEtP)(Cl)], [Fe(TPrP)(Cl)], and [Fe(THexP)
(Cl)], respectively, displaying the perpendicular displacements of each atom from the 24-atom mean plane of the
porphinato core. Figure 4 also contains the average bond
lengths and bond angles (including standard deviations)
for each complex. The porphyrin core of [Fe(TEtP)(Cl)]
(Fig. 4a) is planar, while the porphyrin cores of [Fe(TPrP)(Cl)] and [Fe(THexP)(Cl)] are S4-rufﬂed
(Fig. 4b,c).
Solid-state ʌ-ʌ dimer formation is seen
in all three [Fe(TalkylP)(Cl)] complexes.
Figure 5a–c shows edge views and top views
of the closest interacting pair of porphyrin
dimers for [Fe(TEtP)(Cl)], [Fe(TPrP)(Cl)],
and [Fe(THexP)(Cl)], respectively. The interring geometries for each dimer, including
Fe···Fe and Ct···Ct distances, lateral shifts
(L.S.), and mean plane separations (M.P.S.),
are summarized in Table 3.
Temperature-dependent magnetic susceptibility measurements were carried out on the
Fig. 1. Labeled ORTEP diagram of [Fe(TPrP)(Cl)]. Ellipsoids are drawn to
[Fe(TEtP)(Cl)] and [Fe(TPrP)(Cl)] complexes
illustrate 50% probability surfaces
over the temperature range 6–300 K. Figure 6
shows the temperature-dependent magnetic
moments for both complexes.

DISCUSSION
Crystal structures

Fig. 2. Labeled ORTEP diagram of [Fe(TEt)(Cl)]. Ellipsoids are drawn to
illustrate 50% probability surfaces

Copyright © 2010 World Scientific Publishing Company

The general trends in bond lengths and
bond angles for all three [Fe(TalkylP)(Cl)]
complexes are similar to those found in
[Fe(TPP)(Cl)] [41] and [Fe(OEP)(Cl)] [42].
The coordination geometry of the iron centers in the [Fe(TalkylP)(Cl)] complexes is
characteristic of high-spin iron(III) porphyrins. The equatorial Fe-Np bond lengths in
J. Porphyrins Phthalocyanines 2010; 14: 117–122
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Table 2. Select bond distance (Å) and angles (°) for [Fe(TalkylP)(Cl)] complexes
[Fe(TEtP)(Cl)]
A. Bond lengths (Å)
Fe(1)-N(1)
Fe(1)-N(2)
Fe(1)-N(3)
Fe(1)-N(4)
Fe(1)-Cl
B. Bond angles (deg)
N(1)-Fe(1)-N(2)
N(1)-Fe(1)-N(4)
N(2)-Fe(1)-N(3)
N(3)-Fe(1)-N(4)
N(1)-Fe(1)-N(3)
N(2)-Fe(1)-N(4)

2.060(3)
2.052(3)
2.048(3)
2.051(3)
2.2644(13)
86.66(14)
87.54(14)
87.49(14)
87.45(14)
154.47(14)
155.21(14)

[Fe(TPrP)(Cl)]
2.063(1)
2.054(1)
2.055(1)
2.062(1)
2.2332(6)
86.30(6)
86.88(6)
87.16(6)
86.50(6)
152.24(6)
152.31(6)

[Fe(THexP)(Cl)]
2.068(4)
2.063(5)
2.056(4)
2.054(5)
2.2375(18)
87.32(17)
86.31(17)
86.41(17)
87.23(18)
152.14(17)
153.32(17)

Fig. 4. Unique 24-atom mean-plane diagrams of (a) [Fe(TEtP)(Cl)], (b) [Fe(TPrP)(Cl)] and (c) [Fe(THexP)(Cl)]

Copyright © 2010 World Scientific Publishing Company
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Fig. 5. Edge views and top views of the dimeric units of (a) [Fe(TEtP)(Cl)], (b) [Fe(TPrP)(Cl)] and (c) [Fe(THexP)(Cl)]. Ellipsoids
are drawn to illustrate 30% probability surfaces for [Fe(TEtP)(Cl)], 65% probability surfaces for [Fe(TPrP)(Cl)], and 30% probability
surfaces for [Fe(THexP)(Cl)]

[Fe(TEtP)(Cl)], [Fe(TPrP)(Cl)], and [Fe(THexP)(Cl)]
(2.053(5) Å, 2.058(8) Å, and 2.060(6) Å, respectively)
ﬁt nicely into the category of typical high-spin Fe-N distances ( 2.045 Å) [43]. A close inspection of bond angles
reveals signiﬁcant differences in the Fe-N-C(a) angles
when comparing [Fe(TEtP)(Cl)] to [Fe([Fe(TPrP)(Cl)] and
[Fe(THexP)(Cl)] (Fig. 4). In [Fe(TEtP)(Cl)], the two types
of Fe-N-C(a) angles are nearly equivalent [126.5(2)° and
125.7(4)°] and are similar to those found in [Fe(TPP)(Cl)]
Copyright © 2010 World Scientific Publishing Company

[41] [126.9(8)° and 125.8(6)°] and [Fe(OEP)(Cl)] [42]
[126.3(6)° and 126.5(5)°]. In contrast, [Fe(TPrP)(Cl)] and
[Fe(THexP)(Cl)] have two distinct types of Fe-N-C(a)
angles with one of the angles being larger than the other:
[128.1(2)° and 124.5(7)° for [Fe(TPrP)(Cl)] and 127.4(2)°
and 124.9(3)° for [Fe(THexP)(Cl)]]. The differences in
Fe-N-C(a) angles are apparently the result of the change
in macrocyclic conformations among these complexes.
In [Fe(TEtP)(Cl)], the macrocycle is basically planar, as
J. Porphyrins Phthalocyanines 2010; 14: 119–122
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Table 3. Summary of inter-ring geometries for [Fe(TalkylP)(Cl)] complexesa
Complex
[Fe(TEtP)(Cl)]
[Fe(TPrP)(Cl)]
[Fe(THexP)(Cl)]

Fe· · ·Fe

Ct· · ·Ctb

M.P.S.c

L.S.d

Group

Δe

5.56
6.44
6.36

5.04
5.64
5.77

3.34
3.66
3.64

3.79
4.29
4.48

I
W
W

0.48
0.57
0.55

a
Values in Å. b Ct is the center of the 24-atom porphyrin ring. c The average mean plane separation for the two
24-atom cores of the dimer. d The lateral shift between the two 24-atom cores of the dimer. e The out-of-plane
displacement relative to the 24-atom mean plane.

Fig. 6. Comparison of observed and calculated values of μeff/
monomer vs. T for (a) [Fe(TEtP)(Cl)] and (b) [Fe(TPrP)(Cl)].
The solid lines are model calculation with the parameters-axial
zero-ﬁeld splitting D = 6.95 cm-1, anti-ferromagnetic coupling
with J = -0.45 for (a) and J = -0.17 cm-1 for (b)

evidenced by an average deviation of the macrocycle carbon atoms from the 24-atom mean plane of 0.03 Å, and a
maximum displacement of 0.06 Å (Fig. 4a). The macrocycles of [Fe(TPrP(Cl)] and [Fe(THexP)(Cl)] are rufﬂed
to reduce steric interactions between the meso-alkyl and
neighboring pyrrole groups. The average and maximum
deviations of the macrocycle carbon atoms from the
24-atom mean plane of [Fe(TPrP)(Cl)] and [Fe(THexP)
(Cl)] are 0.18 Å and 0.38 Å, and 0.15 Å and 0.33 Å, respectively. Thus, rufﬂing of the macrocycles of [Fe(TPrP)(Cl)]
and [Fe(THexP)(Cl)] contributes to the signiﬁcant differences in Fe-N-C(a) angles found in these two complexes.
The effects of ring rufﬂing are also reﬂected in the coordination environment of the iron centers; the out-of-plane
displacement of the Fe atom in planar [Fe(TEtP)(Cl)]

(0.48 Å) is slightly smaller than those found in rufﬂed
[Fe(TPrP)(Cl)] and [Fe(THexP)(Cl)] (0.57 Å and 0.55 Å,
respectively). Additionally, compared to planar [Fe(TEtP)
(Cl)], an increase of the Fe-Np distances accompanied by
a decrease of the Fe-Cl bond lengths is observed in rufﬂed
[Fe(TPrP)(Cl)] and [Fe(THexP)(Cl)] (see Table 2).
In addition to the differences in ring conformations,
the inter-ring interactions among the [Fe(TalkylP)(Cl)]
dimers are dramatically different. The lateral shift values increase from ethyl to hexyl groups (Table 3). The
lateral shift of [Fe(TEtP)(Cl)] is 3.79 Å, which falls into
the intermediate (I) group, as deﬁned by Scheidt and
Lee [3], whereas the dimeric units of [Fe(TPrP)(Cl)]
and [Fe(THexP)(Cl)] show weaker interactions (Group
W) with larger lateral shifts (4.29 Å and 4.48 Å, respectively). The differences in lateral shifts among these
complexes can be attributed to the orientation of the
meso-substituents of the porphyrin rings. Each porphyrin
in [Fe(TEtP)(Cl)] has two ethyl groups pointing up and
two pointing down in an orientation as to favor inter-ring
overlap. However, [Fe(TPrP)(Cl)] and [Fe(THexP)(Cl)]
have alternating up and down meso-substituents which
leads to less favorable inter-ring overlap.
Magnetic susceptibility measurements
Temperature-dependent magnetic susceptibility measurements were carried out on [Fe(TEtP)(Cl)] and
[Fe(TPrP)(Cl)] to investigate the differences in magnetic
exchange between the high-spin iron(III) metal centers
of these porphyrinate dimers. To date, high-spin ferric
porphyrin complexes have been thoroughly investigated
by using physical techniques such as EPR, Mössbauer,
and NMR; however, relatively few detailed and accurate magnetic susceptibility measurements of high-spin

Table 4. Summary of inter-ring coupling for various iron dimersa
Complex
[Fe(TPP)(B11CH12)]·C7H8
[Fe(OEP)(2-MeHIm)]ClO4·CH2Br2
[Fe(OEP)(2-MeHIm)]ClO4·CHCl3
[Fe(TEtP)(Cl)]
[Fe(TPrP)(Cl)]

Fe· · ·Fe

M.P.S.b

L.S.c

J, cm-1

Reference

5.49
4.28
4.60
5.56
6.44

3.83
3.31
3.42
3.34
3.66

3.67
1.49
2.15
3.79
4.29

+3.0
+0.85
+0.8
+0.45
+0.17

d
e
e
this work
this work

a

Values in Å. b The average mean plane separation for the two 24-atom cores of the dimer. c The lateral shift between
the two 24-atom cores of the dimer. d Inorg. Chem. 1987; 26: 3022–3030. Sign adjusted to +JS1 · S2 J. Chem. Phys.
1985; 83: 5945–5952. Sign adjusted to + J S1 · S2
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mononuclear iron(III) porphyrins have been carried out
over a wide range of temperatures. For example, magnetization studies of ferric tetraphenylporphyrins were carried out at ﬁeld strengths of up to 50 kG but were only
studied between a narrow temperature range (2–20 K)
[44]. Original magnetic susceptibility data for [Fe(OEP)
(Cl)] [42] were reported at only a few temperatures and
showed large scatter; recently, more accurate data for
this compound has been reported from 4–100 K [46].
Although it is the lower temperature region that is most
informative concerning the magnitude of the magnetic
exchange interaction, large temperature ranges are helpful in determining a model that more thoroughly describes
the magnetochemistry of the complex.
The temperature-dependent magnetic susceptibility
plot (6–300 K) for [Fe(TPrP)(Cl)] (Fig. 6) is characteristic of a high-spin iron(III) complex; the room temperature μeff value of 5.90 corresponds with the spin-only
moment for a S = 5/2 center, and the zero-ﬁeld splitting
parameter (6.95 cm-1) is typical for this class of compounds [47]. The coupling constant derived from ﬁtting
the magnetic data for [Fe(TPrP)(Cl)] implies that there
is an anti-ferromagnetic magnetic exchange interaction
J S1 · S2 between iron centers of J = +0.17 cm-1. The
temperature-dependent magnetic susceptibility plot for
[Fe(TEtP)(Cl)] shows similar high-spin iron(III) characteristics (assuming a zero-ﬁeld splitting parameter
identical to that found in the [Fe(TPrP)(Cl)] case), but
is best described as having a magnetic exchange coupling constant about two times larger than that found in
[Fe(TPrP)(Cl)].
As can be seen in Table 3, there is a relatively large difference between the intermolecular geometric parameters
of [Fe(TPrP)(Cl)] and [Fe(TEtP)(Cl)]. Most importantly,
the Fe···Fe separation in [Fe(TEtP)(Cl)] (5.60 Å) is much
smaller than that found in [Fe(TPrP)(Cl)] (6.44 Å). Also,
as can be seen in Fig. 5a and b, the porphyrin overlap
pattern is different for these two complexes. Thus, there
is apparently a correlation between proximity of the iron
centers of the dimeric unit and magnitude of magnetic
exchange for these two complexes; stronger magnetic
interaction between the iron centers of [Fe(TEtP)(Cl)] is
most likely due to the closer proximity of the magnetic
centers within the dimeric unit.
Thus, magnetic exchange coupling is found to be sensitive to modest structural changes between porphyrin
dimer geometries, and this exchange interaction must
be included in any detailed analysis of the data. In fact,
it was reported that, in [Fe(OEP)(2-MeHIm)]ClO4 [45],
consideration of this anti-ferromagnetic interaction was
needed for a good ﬁt with the experimental data. Similarly, a small but signiﬁcant anti-ferromagnetic exchange
between iron centers has been noted in [Fe(TPP)(Cl)] (J =
+0.14 cm-1) [46], [Fe(OEP)(Cl)] (J = +0.02 cm-1) [46] and
hemin chloride (J = +0.08 cm-1) [47]. It should be noted
that these coupling parameters are determined assuming
a mean ﬁeld model J S1 · S2. rather than a dimer-only
Copyright © 2010 World Scientific Publishing Company
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coupling scheme J S1 · S2 thus care must be taken in
comparing the coupling strengths.

SUMMARY
We have prepared a series of meso-(tetraalkylporphinato)
iron chloride complexes (alkyl = ethyl, n-propyl and
n-hexyl). Their molecular structures indicate that interring interactions change with alteration of the alkyl group
substitutions in the meso positions. Magnetic exchange
couplings between iron centers of the dimers are in accord
with the trends in structural inter-ring geometries.
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