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Suzuki–Miyaura cross-coupling reaction has been used for the synthesis of tricyclic architectures based on trans-A2B2-porphyrins and bisaminal-protected
polyazamacrocycles. An example of assemblies using a DABCO linker is given.
Deprotection of these compounds afforded porphyrin-bis(polyazamacrocycle)
triads.

1

1

1

1

1

1

1

1

pp. 49–57
Synthesis and characterization of bis-[PcRu(CO)]
[Ru2(ap)4 &Ł&&5H4N)2]
Machima Manowong, Eric Van Caemelbecke, M. Salomé
Rodríguez-Morgade, John L. Bear, Karl M. Kadish* and Tomás
Torres*
A tetra-ruthenium complex containing two ruthenium(II) phthalocyanines and
one metal–metal bonded diruthenium(III,III) unit was synthesized and investigated as to its electrochemical and spectroscopic properties in non-aqueous
media. The electrochemical and spectroscopic data suggest a weak electronic
interaction between the diruthenium unit of [Ru2(ap)4(C{C5H4N)2] and the two
externally linked Ru(II) phthalocyanines of the title compound.

pp. 58–66
Density functional theory prediction for the secondorder nonlinear optical responses of phenanthrolinefused phthalocyanine derivatives
Chao Chen, Lijuan Zhang, Luyang Zhao, Dongdong Qi* and
Jianzhuang Jiang
A new type of potential second-order nonlinear optical blocking materials, depending on the NH2-phthalocyanine-phenanthroline D-S-A electronic structure,
is proposed on the basis of density functional theory.

pp. 67–75
Self-organized porphyrin arrays on surfaces: the case
of hydrophilic side chains and polar surfaces
Vivien Rauch, Jonas Conradt, Mayuko Takahashi, Masatoshi
Kanesato, Jennifer A. Wytko, Yoshihiro Kikkawa, Heinz Kalt and
Jean Weiss*
Phenanthroline strapped porphyrin derivatives substituted with hydrophilic side
chains show afﬁnity for semi-conducting metal oxides and suggests that noncovalent interactions may be used as an alternative grafting method in porphyrin
based dye sensitized solar cells.

J. Porphyrins Phthalocyanines 2014; 18: 1–172

CONTENTS
pp. 76–86
Electronic tongue formed by sensors and biosensors
containing phthalocyanines as electron mediators.
Application to the analysis of red grapes
Cristina Medina-Plaza, Gema Revilla, Raquel Muñoz, José Antonio
Fernández-Escudero, Enrique Barajas, Germán Medrano, José
Antonio de Saja and Maria Luz Rodriguez-Mendez*
An electronic tongue based on sensors and biosensors containing phthalocyanines has been used to analyze musts prepared from grapes of different varieties. The capability to discriminate grapes according to their sugar and their
polyphenolic content has been evidenced using Principal Component Analysis.
The selectivity and the capability of discrimination are clearly improved when
biosensors containing glucose oxidase or tyrosinase are included in the array.

pp. 87–93
Structure and optical properties of fullerene C60 complex
with dipyridinated iron(II) phthalocyanine [Fe(II)Pc(C5H5N)2]
C604C6H4Cl2. First structure of bisaxially coordinated iron(II)
phthalocyanine complex with acetonitrile Fe(II)Pc(CH3CN)2
Dmitri V. Konarev*, Alexey V. Kuzmin, Sergey V. Simonov, Salavat S.
Khasanov and Rimma N. Lyubovskaya
Molecular complex of fullerene C60 with dipyridinated iron(II) phthalocyanine [Fe(II)
Pc(C5H5N)2]C604C6H4Cl2 was obtained as single crystals. Crystal structure of this complex involves columns formed by the C60 molecules and the Fe(II)Pc(C5H5N)2 units.
Totally each Fe(II)Pc(C5H5N)2 is surrounded by four C60 molecules two of which form
short vdW C…C contacts with the phthalocyanine plane. Bisaxiaaly coordinated iron(II)
phthalocyanine complex with acetonitrile molecules crystallizes without fullerene as
[Fe(II)Pc(CH3CN)2]2C6H4Cl2. It is the ﬁrst structure of iron(II) phthalocyanine complex
with nitrile contaning solvent which is unusually strongly coordinated to Fe(II)Pc with
the Fe-N(CH3CN) bond length of 1.938(1) Å.

pp. 94–106
Origin of the temperature dependence of
the rate of singlet energy transfer in a threecomponent truxene-bridged dyads
Adam Langlois, Hai-Jun Xu, Bertrand Brizet, Franck
Denat, Jean-Michel Barbe, Claude P. Gros* and Pierre
D. Harvey*
The temperature dependence of the rate for singlet energy transfer
in a truxene-based dyad (tetra-meso-substituted zinc(II)porphyrin*oocta-E-substituted free base) is explained by a dual mechanism, Förster and
Dexter, for which the latter process is inﬂuenced by the lower number of conformations at lower temperatures issued from a rotation about the
truxene-zinc(II)porphyrin single bond.

pp. 107–114
Synthesis and properties of tetra- and octacationic
meso-tetrakis(3-pyridyl)bacteriochlorin derivatives
Semyon V. Dudkin, Elena A. Makarova*, Ludmila K. Slivka and
Evgeny A. Lukyanets
The synthesis of new tetra- and octacationic water-soluble bacteriochlorins
by quaternization of meso-tetrakis(3-pyridyl)bacteriochlorin with 1,4-dibromobutane with following treatment with pyridine or N,N-dimethylaminoethanol and also their metalation with zinc salts are described. In
contrast to zinc complexes, free-base bacteriochlorins have high stability in
aqueous solution and high singlet oxygen quantum yields that in a combination with strong absorption in “therapeutic window” makes them effective
photosensitizers for PDT.
J. Porphyrins Phthalocyanines 2014; 18: 1–172

CONTENTS
pp. 115–122
Symmetrical tetra-β″-sulfoleno-meso-aryl-porphyrins — synthesis, spectroscopy and structural
characterization
Srinivas Banala, Klaus Wurst and Bernhard Kräutler*
We report here the preparation of a tetra-Es-sulfoleno-meso-arylporphyrin in about 80% yield and of its Zn(II)-, Cu(II)- and Ni(II)complexes. These tetra-Es-sulfoleno-meso-aryl-porphyrins represent
reactive building blocks, programmed for the syntheses of symmetrical
and highly functionalized porphyrins.

pp. 123–128
3-(2-Bromovinyl)chlorins: a new approach towards
chlorophyll aPRGL¿FDWLRQ
Ivan S. Lonin*, Andrey S. Kuzovlev, Evgeny S. Belyaev,
Gelii V. Ponomarev, Oskar I. Koifman and Aslan Yu.
Tsivadze
Regioselective bromination of methyl pyropheophorbide a at the C32position of the terminal double bond has been carried out as a one-pot
two-step addition/elimination process. The elimination occurs with
100% stereoselectivity, and bromovinyl 4 has E-conﬁguration of the C3double bond. The reactivity of unsaturated bromide 4 has been evaluated in the series of the Pd-catalyzed coupling reactions.

pp. 129–138
Novel bacteriochlorophyll-based photosensitizers and
their photodynamic activity
Mikhail A.Grin*, Roman I. Reshetnikov, Raisa I. Yakubovskaya,
Ekaterina A. Plotnikova, Nataliya B. Morozova, Anatoliy A.
Tsigankov, Anastasiya V. Efremenko, Dariya E. Ermakova, Alexey
V. Feofanov and Andrey F. Mironov
Bacteriochlorin e derivatives were synthesized by reacting bacteriopheophorbide methyl ether with diaminoalkanes bearing terminal alkyl groups of different chain length. Biotests demonstrated their high in vitro phototoxicity at
nanomolar concentrations against different types of human epithelial cells, as well as high dose-dependent in vivo antitumor efﬁcacy in tumor
laden mice. At the doses of 2.5 and 5.0 mg/kg, the tested photosensitizers (PS) provided 100% tumor growth inhibition and 100% response rate
over 120 day follow-up period after PDT due to selective accumulation in the tumor tissue and rapid clearance from the body.

pp. 139–148
Liquid crystalline alkylthia-substituted novel phthalocyanines: synthesis and characterization
%XNHW6(UGR÷DQ'HYULP$WLOOD$\úH**UHN DQG9HID$KVHQ
In this study, the synthesis and characterization of methylene-bridged tetra- and
octa-alkylthia substituted metal free- and Ni(II) phthalocyanines were described.
The mesogenic properties of these materials were studied by differential scanning calorimetry, polarized optical microscopy and X-ray diffraction. The mesogenic properties of these compounds were compared with their corresponding
octa alkythia substituted phthalocyanine derivatives in the literature.

J. Porphyrins Phthalocyanines 2014; 18: 1–172

CONTENTS
pp. 149–154
7KH¿UVWV\QWKHVLVRIVDQGZLFKW\SHFRPSOH[EDVHG
on tetradiazepinoporphyrazine ligand
Ekaterina N. Tarakanova, Pavel A. Tarakanov, Victor E.
Pushkarev and Larisa G. Tomilova*
Sandwich-type complex based on tetradiazepinoporphyrazine ligand —
bis{tetrakis(5,7-di(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-b,g,l,q]porphyrazinato}lutetium — was synthesized for the ﬁrst time. The structure of
this compound has been conﬁrmed by UV/vis/NIR, 1H NMR spectroscopy,
and MALDI-TOF mass spectrometry data.

pp. 155–161
Self-assembly of 2-hydroxy-tri-tert-butylphthalocyaninato zinc into J-type dimer: UV-vis, DFT and spectropotentiometric study
Alexander Yu. Tolbin*, Victor E. Pushkarev, Vladimir B. Sheinin,
Sergey A. Shabunin and Larisa G. Tomilova
This work is devoted to investigation of the selective formation of a high stable
double-coordinated J-type dimeric phthalocyanine complex. For this purpose,
UV-vis spectroscopy and DFT calculations were used. The authors also suggest
strong intramolecular interactions of the macrocycles which was conﬁrmed by
spectropotentiometry.

pp. 162–168
Synthesis of porphyrin monomers on the basis of
meso-mono-hydroxy- and aminophenylporphyrins
Nadezhda Pechnikova*, Alexey Lyubimtsev*, Tatiana Ageeva,
Sergey Syrbu, Alexander Semeikin and Oskar Koifman
The methods for the synthesis of porphyrins containing active vinyl groups on
a periphery of the tetrapyrrole macroheterocycle are described. The possibility of their usage as comonomers in a copolymerization reaction with methyl
methacrylate is given.

pp. 169–172
Metal-exchange reaction of Mg-octaphenyltetraazaporphyrin with Co(II)
Svetlana V. Zvezdina, Natalya V. Chizhova and Nugzar Zh.
Mamardashvili*
The metal-exchange reaction of Mg-octaphenyltetraazaporphyrin with
Co2+ was studied by the method of UV-vis spectroscopy. The kinetic
parameters of the metal-exchange reaction were determined. A possible
stoichiometric mechanism of the reaction was proposed.

J. Porphyrins Phthalocyanines 2014; 18: 1–172

Journal of Porphyrins and Phthalocyanines

Published at http://www.worldscinet.com/jpp/

J. Porphyrins Phthalocyanines 2014; 18: i–iii
DOI: 10.1142/S1088424614020015

Preface
This issue of the Journal of Porphyrins and
Phthalocyanines contains papers dedicated to Professor
A.Yu. Tsivadze, full member of Russian Academy
of Sciences, director of the A.N. Frumkin Institute of
Physical Chemistry and Electrochemistry of Russian
Academy of Sciences (IPCE RAS), Chair of the Chemical
and Material Science Division of Russian Academy of
Sciences, President of Mendeleev Russian Chemical
Society on the occasion of his 70th birthday.
Aslan Tsivadze was born in Batumi in 1943. After
graduating from the Faculty of Chemical Technology of
the Tbilisi Polytechnical Institute in 1967, he received his
Ph.D. degree in Chemistry in 1970 from the N.S. Kurnakov
Institute of General and Inorganic Chemistry of RAS
(IGIC RAS). In 1979 he received a Doctor of Habilitation
thesis in inorganic chemistry, entitled “Spectrochemistry
of Metal Amidocomplexes.” Since 2003 he has been a full
member of the Russian Academy of Sciences.
Academician A.Yu. Tsivadze is a scientist of the highest reputation in the ﬁeld of coordination and supramolecular chemistry. He is an author or coauthor of over
550 scientiﬁc publications, including 9 books, over 60
patents and 17 reviews. The scientiﬁc school of A.Yu.
Tsivadze is recognized for his signiﬁcant contributions
to the development of various modern research trends,
i.e. the synthesis and physicochemical investigation of
metal complexes of crown-ligands, phthalocyanines and
porphyrins, spectral conformational analysis of crowncompounds, extraction and separation of metals and
their isotopes, supramolecular chemistry of macrocyclic
heterotopic receptors, development of physicochemical
background of ion- and gas-selective sensors, electrochromic materials, materials for nonlinear optics, photovoltaics and photorefraction [1–44].
The development of a new research area of coordination and supramolecular chemistry of macrocyclic compounds, entitled “Heterotopic tetrapyrrolic
compounds — from synthesis towards materials,” has
been a signiﬁcant point in the career of the academician A.Yu. Tsivadze. His scientiﬁc team has performed
a comprehensive investigation of the coordination and
supramolecular chemistry of p-, d- and f- metals with
crown-phthalocyanine ligands. Synthetic procedures for
preparation of sandwich-type heteroleptic rare-earth bisand trisphthalocyaninates, containing unsubstituted and
crown-substituted phthalocyanine ligands, as well as porphyrin ligands have been developed. These approaches to
a highly efﬁcient synthesis of crown-phthalocyaninates
present the fundamental basis for theory and practice of
the targeted preparation of crown-phthalocyaninates possessing a particular structure and thus the tuning of their
physicochemical properties.
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The current research, headed by A.Yu.Tsivadze,
is devoted to innovative directions. The cathode ray
conversion of associated petroleum gas, biomass and
waste, the development of fuel cells and next generation lithium-ion accumulators, the development of new
principles of OLEDs and solar cells, photorefractive
materials, molecular switches and sensors, memory
elements for molecular computers and adsorbing materials are his main topics.
The scientiﬁc achievements of A.Yu. Tsivadze are recognized by several State Awards:
x First Award of the USSR Ministers Council (new compounds and materials for electronics, 1975);
x State Award of Russian Federation (crown-compounds in chemistry and technology, 2000);
x Award of the Government of Russian Federation in
Science and Technology (tetrapyrrolic compounds for
technical applications, 2002);
x L.A. Chugaev Award for Achievements in Chemistry
of Coordination Compounds (metal complexes of
crown-substituted phthalocyanine ligands, 2009);
x Award of the Government of Russian Federation in
Education (tutorial for high education institutions —
inorganic chemistry and chemistry of elements — 2010).
He was also honored by the State Award of Georgia
(1998), Order of Friendship (2000), Order of Honor (2008)
and Golden Medal of the Italian Chemical Society (2009).
Academician A.Yu. Tsivadze is very active in the area
of education and has paid particular attention to helping
talented youth in their scientiﬁc research as well as developing education in general. He is the head of the Inorganic
Chemistry Department in M.V. Lomonosov Moscow
University of Fine Chemical Technology (MUFCT ),
Professor of M.V. Lomonosov Moscow State University
and D.I. Mendeleev University of Chemical Technology
and honored Professor of Taiwan Technological University. He has supervised 27 Ph.D. and 2 Habilitation
theses. He is the Chairman of the Scientiﬁc Council
of the Physical Chemistry of Chemistry and Material
Science branch of RAS, Editor-in-Chief of “Physical
Chemistry of Surfaces and Protection of Materials” and
“Corrosion: Materials, Protection” journals, member of
editorial boards of the “Russian Journal of Coordination
Chemistry,” “Russian Journal of Electrochemistry” and
“Chemical Engineering,” coordinator of a basic research
program entitled “New approaches to ampliﬁcation of
resistance of materials towards corrosion and radiation,”
member of the Expert Council of the State Commission
for Academic Degrees and Titles, member of dissertation
councils of IPCE RAS, IGIC RAS and MUFCT, member
of the bureau of Directors board of RAS.
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Since 1975, A.Yu. Tsivadze has been an active organizer
of the D.I. Mendeleev Congresses on General and Applied
Chemistry — the most valuable event in chemical science,
technology, industry and education in Russia. He has
served as the general scientiﬁc secretary, vice-Chairman
of the organizing committee and is currently Chairman
of the program committee. Conferences and scientiﬁc
schools for young scientists on physical and coordination
chemistry are organized annually under his leadership.
Moreover, A.Yu. Tsivadze has headed the international
organizing committee of the 5th International Conference
on Porphyrins and Phthalocyanines ICPP-5 (Moscow,
2008) with an attendance of over 600 scientists from
43 countries.
A.Yu. Tsivadze continues to participate in international collaborations. He has led investigations of IPCE
RAS in the framework of European research association “Supramolecular systems in chemistry and biology” (SupraChem — 2005–2012), international projects
ARCUS (Action en Région de Coopération Universitaire
et Scientiﬁque) France (Burgundy) — Russia (2007–
2011) and France (Alsace) — Russia — Ukraine (2007–
2011). He is co-director of the Russian-French laboratory
LAMREM, “Laboratory of macrocyclic systems and related materials” (2011–2014) and SENA “Perspectives of
separation of elements” (2010–2013).
We, all colleagues and friends of Professor Aslan
Tsivadze, congratulate him on his birthday, and wish him
a healthy, fruitful and long scientiﬁc life and many new
scientiﬁc achievements and talented students.
As Guest Editors, we would like to acknowledge all
authors who contributed to this special issue, as well as
Professor Karl M. Kadish and Mrs. Virginie Mollinier
for their endless patience during the preparation of this
special issue.
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ABSTRACT: In this paper, we review several aspects of molecular recognition (based on non-covalent
binding interactions) occurring between meso-pyridyl substituted tetrapyrrole extra-ligands and
chemical dimers of tetrapyrrolic macrocycles containing central Zn ions and spacers of various nature
and ﬂexibility. Experimental results obtained by us earlier are analyzed using a novel approach (based
on steady-state absorption/ﬂuorescence measurements) for the evaluation of complexation constants KC
for the formation of porphyrin triads. It was found that KC values [KC ∼ (0.5 – 70) × 106 M-1] show
noticeable dependence on the structural parameters of the interacting subunits as well as on the solvent
nature. The same self-assembly approach has been used to attach meso-pyridyl substituted porphyrins to
the surface of semiconductor CdSe/ZnS quantum dots (QD). It was comparatively found that in contrast
to self-assembled porphyrin triads, the formation of “QD-porphyrin” nanoassemblies takes place in
competition with surface stabilizing tri-n-octyl phosphine oxide (TOPO) ligand molecules and attached
porphyrin molecules. It manifests in a temporal dynamics of QD photoluminescence caused by ligand
exchange, TOPO layer reorganization, QD surface reconstruction, solvent properties. It was shown
that the sensitivity of QD surface morphology to attached organic ligands (e.g. porphyrins) provides an
opportunity to control the dynamics and pathways of the exciton relaxation in “QD-dye” nanoassemblies
by changing the structure and electronic properties of these ligands.
KEYWORDS: porphyrins, chemical dimers, self-assembly, extra-ligation, coordination interactions,
complexation constants, energy/electron transfer, photoluminescence quenching, semiconductor
quantum dots, ligand exchange dynamics, interface effects.

INTRODUCTION
Over the past decades nanostructured materials with
tuneable morphology and functionality have attracted
exceptional interest due to their unique architectures, tailored physicochemical properties as well as central roles in
fabricating nanoelectronics, and potential applications in
bionanotechnology [1–10]. Recently, great efforts have
*Correspondence to: Eduard I. Zenkevich, email: zenkev@tut.
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been devoted to bottom-up self-assembled nanostructures.
Self-assembly is the fundamental phenomenon that generates structural organization on all scales in vivo and
in vitro [11]. The most important source of inspiration
for self-assembly strategies is natural photosynthesis in
which the generation of complex, multicomponent threedimensional structures involves intramolecular, as well as
intermolecular and interfacial interactions [12–14].
In the organic world, the preparation of supramolecular
complexes in which organic compounds present a high
degree of order, which spans from the nanoscopic to the
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macroscopic level across multiple length scales, is highly
desirable and represents a key issue within the fast-growing
ﬁelds of nanoscience and nanotechnology [15–17]. The
interest in self-assembled organic nanostructures (including
those based on tetrapyrrolic macrocycles) is growing
exponentially because of few reasons. Firstly, they are
often used as good models for mimicking the primary
photochemical processes in vivo. Secondly, such complexes
seem to be considered as promising building blocks for
advanced multifunctional nanocomposites with potential
applications in multimolecular architectures for information
storage, nanovoltaic cells, optoelectronic memory, drug
delivery systems, photodynamic therapy, etc. [18–26].
It should be mentioned that the ﬁeld of nanoscience and
nanotechnology involves also inorganic systems of nanoscale dimensions. In this connection, semiconductor nanocrystals (often referred to as quantum dots, QD, e.g. CdSe
or CdSe/ZnS and other II–VI systems) represent a speciﬁc
class of matter between atomic clusters and bulk materials
with well-deﬁned size-dependent tunable photophysical
properties [27–30]. Further, using the self-assembly
approach the anchoring of functional organic molecules
(including porphyrins and other heteromacrocycles) and
even proteins to the QD surface has been realized to form
organic/inorganic nanocomposites, being of considerable
scientiﬁc and a wide practical interest including material
science and biomedical applications [31–40].
From physico-chemical point of view some common
moments should be taken into account for both selforganized supramolecular complexes and “QD-Organic
molecule” nanoassemblies. One of the ﬁrst and necessary
stages should be devoted to the quantitative study of
the subunit ability to the speciﬁc selective interactions.
Namely these interactions are responsible for the
formation of stable complexes or nanoassemblies with
demanded functional properties (such as energy or charge
transfer, catalytic activity, photodynamic efﬁciency,
etc.). In its turn, the thermodynamics of interactions may
depend also on the solvent properties (different solubility
of interacting moieties, polarity, temperature, etc.).
In the case of multiporphyrin complexes, we have
developed a concept to self-assemble porphyrin (or
chlorin) arrays which may show tuneable photoinduced
energy/electron transfer and charge separation. The keylock organization principle is based on the complexation of
central Zn ions of porphyrin chemical dimers (or trimers)
of various structures with suitable extra-ligands (mono,
di- and tetrapyridyl substituted tetrapyrrole macrocycles)
via two-fold non-covalent coordination [17, 41–44].
Correspondingly, the geometry and ﬂexibility of the
spacer as well as the matching geometry between N atoms
in pyridyl containing extra-ligands and Zn–Zn distance in
the dimers (or trimers) should play the essential role in the
formation of multiporphyrin complexes with relatively
well-deﬁned conformational rigidity and a controlled
number of electronically interacting chromophores. In
this paper, we will discuss these factors.
Copyright © 2014 World Scientific Publishing Company

On the basis of our experience on the formation of
self-assembled multiporphyrin complexes mentioned
above, we have elaborated the experimental approach in
the direct attachment of functional dye molecules to the
surface of semiconductor CdSe or CdSe/ZnS quantum
dots in solutions. Meso-pyridyl substituted porphyrins
and pyridyl functionalized perylene diimides were used
to interact with QDs capped by trioctylphosphine oxide
(TOPO) or long chain amine (AM) molecules [45–50].
With respect to formation and possible applications of
these nanoassemblies in liquid or solid phase (e.g. in
sensing phenomena or photodynamic therapy) several
factors seem to be of essential importance: (i) attachment/
detachment of dye molecules [51–53], (ii) the interplay
of dye molecule attachment and capping ligand exchange
dynamics [54, 55] and (iii) the presence and formation of
various surface trap states in the band gap [56, 57] whose
energies and properties may be changed upon interface
reconstruction (via polarity and/or temperature change)
or competing ligand/dye exchange dynamics.
With these ideas in mind, the goal of the present paper
is the comparative analysis of the self-assembly effects
in multiporphyrin complexes and in inorganic-organic
“QD-porphyrin” nanoassemblies based on our experimental results and theoretical considerations. The main
experimental results for the two types of self-assembled
complexes have been described by us recently [17, 49,
50]. Nevertheless, for the reader beneﬁt, typical structural
and spectral information is presented in the corresponding
sections of the given manuscript. In addition, a novel
approach (based on steady-state absorption/ﬂuorescence
measurements) for the evaluation of complexation
constants KC for the formation of porphyrin triads as well
as for “QD-porphyrin” nanoassemblies is described in this
paper followed by the analysis of equilibrium constants
for the complexes under study. We like to point out that
this contribution should be considered as a review of a
likewise comparative characterization of the non-covalent
self-assembly possibilities for the directed construction
of multiporphyrin complexes with variation of interacting
subunits as well as the inﬂuence of interface properties and
competitive ligand exchange dynamics on the formation of
“QD-porphyrin” nanoassemblies.

EXPERIMENTAL
Functional tetrapyrrole compounds
For the construction of highly organized and
relatively rigid triads of tetrapyrrole compounds we
have used the combination of the covalent linkage
and non-covalent self-assembly [17, 39, 41–44]. One
type of precursor molecular blocks is presented by
Zn-porphyrin or Zn-chlorin chemical dimers which
have been synthesized, identiﬁed and puriﬁed by
Dr. A. Shulga (Minsk, Belarus) and described earlier
J. Porphyrins Phthalocyanines 2014; 18: 2–19

SELF-ORGANIZATION PRINCIPLES IN THE FORMATION OF MULTIPORPHYRIN COMPLEXES

[17, 44]. In three dimers porphyrin macrocycles are
coupled via a rigid phenyl spacer: 1,4-bis{[zinc(II)]5(2,3,7,8,12,13,17,18-octaethylporphyrinyl)]}benzene,
(ZnOEP)2Ph; 1,4-bis{[zinc(II)]5-(10,15,20-tris(p-hexylphenyl)-porphyrinyl)]}benzene, (ZnHTPP)2, and 1,4bis-{[zinc(II)]5-(10,15,20-phenyl)-porphyrinyl)]}
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benzene, (ZnTPP)2. In the other two dimers monomeric
tetrapyrroles are linked by a –CH2–CH2– spacer via mesoposition: 1,2-bis{5[zinc(II)octaehtylporphyrinyl]}ethane,
(ZnOEP)2, and 1,2-bis{γ-[zinc(II)octaehtylchlorinyl]}ethane, (ZnOEChl)2. The structures of these dimers
are presented in Fig. 1 by numbers 1–5. Monomeric

Fig. 1. Structures of chemical dimers and meso-pyridyl substituted monomeric porphyrin extra-ligands used for the formation of selfassembled nanostructures: (ZnOEP)2Ph (1), (ZnHTPP)2 (2) and (ZnTPP)2 (3) are chemical dimers with a phenyl spacer; (ZnOEP)2
(4) and (ZnOEChl)2 (5) denote chemical dimers having a single –CH2–CH2– bond between macrocycles. The corresponding side
substituents R and R′ are shown for compounds 1–3; in dimers 4 and 5 β-alkyl substituents are omitted for clarity. For meso-pyridyl
substituted porphyrins the basic chemical structure is presented together with positions of pyridyl-substituents and the corresponding
abbreviations. d(Zn–Zn) denotes the distance between central Zn ions in the dimers; l(N–N) denotes the distance between N atoms
in pyridyl rings participating in the self-assembly process

Copyright © 2014 World Scientific Publishing Company
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Fig. 2. A schematic representation (up-left) of coordination interaction between central Zn ion of the porphyrin macrocycle with
N atom of the pyridyl ring (N-pyr) as well spatial arrangement of the dimers, (ZnHTPP)2, (ZnOEP)2Ph and various extra-ligands in
self-assembled triads (HyperChem software package, release 4, semiempirical methods AM1 and PM3): (I) triad with extra-ligand
having adjacent para-pyridyl rings, (ZnHTPP)2⊗H2P-(p^Pyr)2; (II) triad with extra-ligand having adjacent meta-pyridyl rings,
(ZnHTPP)2⊗H2P-(m^Pyr)2; (III) triad with extra-ligand having opposite meta-pyridyl rings, (ZnHTPP)2⊗H2P-(m-Pyr)2. Symbol ⊗
shows what components are coupled in the triad. For simplicity, meso-phenyl rings in the dimer (ZnHTPP)2 are omitted and most of
the phenyls rings in extra-ligands are missing double bonds too

meso-pyridyl substituted porphyrins, H2P, chlorins, H2Chl,
and tetrahydroporphyrins, H2THP are the other type of
precursors. These compounds have been also synthesized,
identiﬁed and puriﬁed by Dr. A. Shulga (Minsk, Belarus)
and described elsewhere [17, 44]. The basic chemical
structure of these extra-ligands is presented in Fig. 1
together with positions of pyridyl-substituents and the
corresponding abbreviations. As was mentioned above,
the basic key-lock principle of a self-assembled triad
formation is connected with coordination interactions of
the porphyrin central Zn ions with appropriate pyridyl
rings of extra-ligands. Such a synthetically elegant route
to form a wide variation of multiporphyrin systems is
often used and greatly reduces the assemblies’ synthetic
difﬁculties, though the mutual arrangement of interacting
subunits is subject to some restrictions [58–63]. Figure 2
shows a schematic representation of coordination interaction between central Zn ion of the porphyrin dimer
macrocycle with N atom of the pyridyl ring (N-pyr) as
well the main structures of the triads being obtained and
analyzed in the given paper.
Semiconductor quantum dots and “QD-porphyrin”
nanoassemblies
For steady-state absorption and ﬂuorescence experiments highly monodisperse colloidal core/shell CdSe/
ZnS QDs capped by tri-n-octyl phosphine oxide (TOPO)
were obtained from Evident Technologies, Inc, Troy, NY,
USA. Structural, spectral-kinetic and physico-chemical
Copyright © 2014 World Scientific Publishing Company

properties of studied CdSe/ZnS QDs, characterized by
size-dependent quantum conﬁnement effects [27–30], have
been described by us earlier [45, 48–50]. When providing
experiments, stability and purity of the QD solutions
were checked by measuring the quantum yield stability
at least over 3 hrs after preparation. The self-assembled
formation of “QD-porphyrin” nanoassemblies has been
also realized via coordination of meso-pyridyl-substituted
porphyrin ligands with surface Zn ions of inorganic ZnS
shell covering CdSe core. In Fig. 3 schematic presentation
of the geometry for “QD-porphyrin” nanoassemblies and
relative sizes of the main components are presented.
Sampling and experimental set-up
Quantitative titration experiments have been performed
at ambient conditions in toluene (Tol), cyclohexane
(CH), methylcyclohexane (MCH), and/or Tol  CH
solvent (1:6) mixture. All solvents were spectroscopic
grade (Fluka SeccoSolv or Merck dried with a molecular
sieve). The optical cuvettes (Hellma QS-111, path length
1 cm) and other glassware were ﬂushed with acetone and
ethanol, chemically cleaned with aqueous H2SO4:H2O2,
ﬂushed with deionized water, dried in a nitrogen ﬂow and
purged with toluene.
The triads were formed at ambient temperature during
a standard titration of the chemical dimer solution (CD0 ∼
1 × 10-6 M – 4 × 10-6 M) with a high concentrated solution
of extra-ligand monomeric molecules (CL ∼ 0.3 × 10-4 M –
2 × 10-4 M). Aliquots of porphyrin ligand were added in
J. Porphyrins Phthalocyanines 2014; 18: 4–19
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QD in solutions was in the range of CQD (1 – 2) × 10-7
M. The absorbance of the QD starting toluene solution
was adjusted to be lower than 0.1 OD at excitation
and emission wavelengths in order to avoid non-linear
absorption and re-absorption effects. Porphyrins were
sequentially added in steps of 10 μl from a highly
concentrated stock solution (CL ∼ 8 × 10-6 – 4 × 10-5 M)
up to wanted molar ratios x = [CL]/[CQD]. For quantitative
comparison and reproducibility of titration curves for
“QD-porphyrin” nanoassemblies it was necessary to
perform experiments under exactly the same procedures
of the initial QD sample preparation and to wait approx.
30 min for the sample emission stabilization. Every
sequential titration step including spectral measurements
was separated by ∼ 7–10 min.
Standard scanning spectrophotometers (Shimadzu
3001 UV-vis and/or Cary-500 M Varian) were used
for absorption measurements. Emission spectra were
measured with a SFL-1211A (Solar, Belarus) and/or
Shimadzu RF-5001PC spectroﬂuorimeters (calibrated
for the spectral response of the detection channel against
a set of ﬂuorescence standards).

RESULTS AND DISCUSSION
Self-assembled tetrapyrrole triads

Fig. 3. Structure of H2P-(m-Pyr)4 molecule (a), trioctylphosphine
oxide, TOPO, molecule (b) as well as schematic presentation
of “QD-Porphyrin” nanoassemblies (c). In part C the scales
of CdSe core, ZnS shell, porphyrin and TOPO molecules
correspond to relative sizes of the main components of the real
“QD-Porphyrin” nanoassemblies: the ZnS shell thickness for
QDs was estimated on the basis of the thickness of one ZnS layer
l 5 Å; parameters for conical TOPO molecules rbottom 5.5 Å,
hcon = 9.9 Å; rm 7.5 Å is the radius of porphyrin molecule with
opposite pyridyl rings having nitrogens in meta-positions, h
10 Å is the mean distance between meta-nitrogens of adjacent
pyridyl rings (HyperChem 4.0, semiempirical method PM3).
Optimized geometry for Cd33Se33H2P-(m^Pyr)2 complex has
been obtained using HyperChem 7.0 and simulations by ab initio
density functional theory, DFT, with the VASP code [64]).

steps of 10–20 μL to the dimer dissolved in 2.6 mL of
toluene, giving molar ratios of x = [CL]/[CD0] = 0.1–20.
Absorption and ﬂuorescence spectra have been measured
after each step of the titration procedure. The step, at
which no further changes in absorption of the dimer were
detected within experimental error, was considered as the
ﬁnal point of the titration procedure.
The experimental approach for the formation of
“QD-porphyrin” nanoassemblies was the same as for
multiporphyrin complexes. The initial concentration of
Copyright © 2014 World Scientific Publishing Company

Formation of porphyrin triads and evaluation of
complexation constants KC. In non-polar solvents at 293
K, during a titration of a solution with a given chemical
dimer by added amounts of various meso-pyridylcontaining extra-ligands, spectral transformations of
steady-state absorption and ﬂuorescence data provide
clear evidence for the formation of self-assembled
complexes, which is typical for a lot of systems under
study [17, 41–44]. The main observations are collected
in Fig. 4 for the dimer (ZnOEP)2Ph and extra-ligand H2P(m-Pyr)2-(iso-PrPh)2. It seen that upon complexation
of the dimer with dipyridyl containing π-conjugated
macrocycles the visible absorption bands of the dimer
are shifted to the red (Δν ∼ 450 cm-1) with essential
intensity redistribution. The spectral transformations are
very similar to the effects taking place for the complexes
of various Zn-porphyrins and their chemical dimers with
pyridine or numerous pyridyl containing molecules [41,
65–68]. These axial extra-ligation effects are explained
in the frame of Gouterman four-orbital model by relative
changes of energies of HOMO’s a1u and a2u [69]. In
addition, absorption spectra of the triads are essentially
a linear combination of the corresponding dipyridinated
dimer and extra-ligand, with only small differences
in wavelength maxima and band shapes. It means that
the interaction between the two subunits is weak in the
ground state, and they retain their individual identities.
Notably, in the range of intense absorption bands of the
dimers the inﬂuence of added amounts of extra-ligands
J. Porphyrins Phthalocyanines 2014; 18: 5–19
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Fig. 4. Absorption and ﬂuorescence spectra of the dimer (ZnOEP)2Ph with increasing amounts of the porphyrin extra-ligand
H2P(m^Pyr)2-(iso-PrPh)2 in toluene at 293 K. Concentration of (ZnOEP)2Ph at the beginning of titration is CD0 = 1.9 × 10-6 M. The
ligand/dimer molar ratio x = [CL]/[CDO] varies from x = 1:0 to 1:1 (0.0, 0.2, 0.4, 0.6, 0.8, 1.0). Bold curves correspond to the triad
spectra. The low-intense unshifted ﬂuorescence band at λmax = 586 nm in triad solution at x = 1:1 belongs to the remaining uncomplexed
dimer. Isosbestic point in absorption spectra (λ = 546 nm) is shown by black circle. All solutions have been excited at the wavelength
corresponding to the isosbestic point (ip, shown by wide arrow in left ﬁgure)

is very low. Thus, during titration few isosbestic points
are observed in absorption spectra of mixed solutions
(one is shown in Fig. 4) indicating the complexation of
the dimers with extra-ligands. Interestingly also that for
triads of various geometry (I–III in our case) with all
extra-ligands, the dimer ﬂuorescence does show strong
quenching (ﬂuorescence decay is shorten from τSD0 =
1.15 ns down to τSD × 1.4 ps for the triad I in toluene at
293 K [42, 70]), and ﬂuorescence spectra of the triads
mainly consist of the porphyrin extra-ligand ﬂuorescence
bands (see Fig. 4). Based on steady-state, time-resolved
ﬂuorescent and pump-probe results in combination with
theoretical considerations it was proven [17, 42, 70] that
this quenching is due to competing energy migration and
photoinduced electron transfer processes. Summarizing,
both these facts (the existence of isosbestic points and
strong quenching of the dimer emission) will be used
below upon evaluation of complexation constants.
In general, UV-vis spectrophotometric methods are
highly sensitive and as such are suitable for studying
complexation equilibrium in solutions [71–73].
However, in many cases, the spectral responses of
two and sometimes even more components overlap
considerably and analysis is no longer straightforward
and needs using some complex mathematical algorithms
[74–77]. In such complicated situation, the additional
use of ﬂuorescence approach may be employed for
the determination of the complexation constants. The
main idea is based on the ﬂuorescence quenching of a
given component (probe) upon complexation with or
incorporation into other component, and the treatment
of the data is independent of the quenching mechanism
[78]. Namely this situation is typical in our case (see
Fig. 4): upon complexation the dimer ﬂuorescence
does show strong quenching, and during titration few
Copyright © 2014 World Scientific Publishing Company

isosbestic points are observed in absorption spectra of
mixed solutions.
With this idea in mind and taking into account the
two facts mentioned above for our systems, we propose
the following way for the evaluation of complexation
constants for the triad formation. In the later case,
considering the one step triad formation at given temperature, the equilibrium concentrations of the triad [CT],
uncomplexed Zn-porphyrin dimer [CD] and uncomplexed
extra-ligand [CL] are related by the well-known law of
mass action [78].
Correspondingly, at equilibrium conditions the
complexation constant KC is written as;
[k ]

2
æææ
Æ C D + C L.
C T ¨ææ
æ

(1)

[k1 ]

KC =

CT
k1
=
k2 C D ¥ C L

(2)

where k1 and k2 are rates of forward and back reactions.
In our case, the existence of isosbestic points means
that upon one-step complexation there is one transition
from initial two substances (dimer and ligand) to
triad without formation of intermediate absorbing
products. Additionally, the strong quenching of the
dimer ﬂuorescence in the triad may be used for the
direct estimation of the concentration of uncomplexed
Zn-porphyrin dimer [CD] at every step of the titration
process. Consequently, at the beginning of the titration
process, the ﬂuorescence intensity (maximum value or
integrated over the band) of pure dimer upon excitation at
isosbestic point λiso is written by the following way [79];
F D0 = a ¥ I 0 ¥ j 0 [1 - exp( -eD CD l) ¥ 1]
= a ¥ I 0 ¥ j 0 [1 - TD0 ]

(3)
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where α = const is factor determining excitation/
registration conditions; I0 is the intensity of exciting
light (constant during titration process); ϕ0 = const is the
pure dimer ﬂuorescence quantum efﬁciency; εD is molar
decimal extinction coefﬁcient of the dimer at λiso; l is an
optical length of a solution; TD0 is the transparence of the
pure dimer solution. In mixed solutions at excitation into
isosbestic point λiso one may neglect the absorption of
the added extra-ligand that is εD = εT >> εL, where εT and
εL are molar decimal extinction coefﬁcients of the triad
and extra-ligand, correspondingly. At these excitation
conditions, the whole ﬂuorescence intensity of the mixed
solution in the region of the dimer emission band can be
presented in the form;
FD = a ¥ I 0 ¥ j 0
= a ¥ I 0 ¥ j0

eD C D
e D CD + e T CT
eD CD
e D CD + e T CT

[1 - exp( -e D CD - e T CT ) ¥ l]
[1 - TÂ ]

(4)

where TD0 is the transparence of the mixed solution at a
given titration step. Thus, taking into account that CD +
CT = CD0 and [1 – TD0] = [1 – TΣ] at every titration step it
follows from Equations 3 and 4 that the portion of noncomplexed dimer β may be estimated from the relative
intensity ratio;
b=

CD
C D0

=

FD

(5)

FD0

Typically, in titration experiments initial volumes of the
dimer solution were V0 ∼ 2.5–3.0 mL while added volumes
of extra-ligand were ΔV ∼ 10–20 μl at every titration step.
Thus, experimental error of intensity F measurements
caused by dilution of the dimer initial solution did not
exceed 3%. Consequently, for every given molar ratio x =
CL/CD0 upon titration and excitation at isosbestic point λiso
by using Equations 1, 2 and 5 the following equation for
complexation constant KC can be derived;
1-b
(6)
KC =
C D0 ¥ b(x + b - 1)
KC values for every self-assembled system have been
evaluated from experimental dependences β = FD/FD0
values vs. molar ratio x = CL/CD0 which have been leastsquare ﬁtted using expressions;
b=

FD
FD0

=

1 È
1
¥ Í1 - x 2 Í
K C C D0
Î
+ (x - 1)2 +

˘
2(x + 1)
1
˙
+
K C C D0 (K C C D0 )2 ˙
˙˚

(7)

Figure 5a shows an example of ﬁtting procedure, while
all obtained data are presented in Table 1. An initial
Copyright © 2014 World Scientific Publishing Company
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inspection of the data in Table 1 seems to indicate that
experimental KC values characterizing formation of triads
vary showing a noticeable dependence on some reasons
(dimer type, ligand structure, solubility, etc.). Below we
provide a brief analysis of these ﬁndings.
Complexation abilities of dimers upon triad
formation. The data listed in Table 1 have supplied us
with the following main results. For all meso-pyridyl
substituted extra-ligands, three Zn-porphyrin dimers with
a rigid spacer [(ZnOEP)2Ph, (ZnHTPP)2 and (ZnTPP)2]
are characterized by higher constants KC compared to
those found for dimers with a ﬂexible –CH2–CH2– spacer
[(ZnOEChl)2 and (ZnOEP)2]. Notably, KC values for triads
containing dimers with a phenyl spacer are by two or three
orders of magnitude larger than those for the binding of
Zn-porphyrins [61, 66] and their dimers [41] with pyridine
and related ligands. On the other hand, these values are
close to complexation constants measured for complexes
of Zn-porphyrin dimer with two pyridine-linked quinone
dipyridyl-substituted porphyrins (KC = 1.1 × 107 M-1
[80]) and for two-fold coordinated complexes of Zn2gable porphyrins with N,N ′-diimidazolylmethane or
γ,γ ′-dipyridylmethane, respectively [81]). Additionally,
(ZnHTPP)2 and (ZnOEP)2Ph are complexed almost
completely at molar ratio x = CL/CD0 = 1. These facts
together with spectral titration data discussed above
lead to the conclusion, that the triads are formed due
to two-fold coordination of Zn ions of the dimers with
nitrogen atoms of pyridyl-substituents of the free bases.
The larger complexation constants for the coordination
of the bidentate porphyrin extra-ligand to these dimers
suggest that each complex consists of one dimer and one
free base forming a triad of the macrocycles. Like the
complexes described in references [80, 81], the triads
based on dipyridyl-substituted porphyrin free bases and
(ZnHTPP)2, (ZnTPP)2 or (ZnOEP)2Ph are characterized
by strong allosteric behavior showing that the ﬁrst
binding accelerates the second binding because of the
chelate effect. In addition, values of activation energy
measured for these triads (Ea = 0.7–0.8 eV, evaluation
method is shown in Fig. 5b) are very close to each other
which demonstrates a key role of two-point coordination
in the temperature stability of the complexes.
It should be noted that multipoint extra-ligation
shows an interesting manner of molecular recognition
and self-assembling. For instance, the cyclic aggregates
of Zn-porphyrins bearing a pyridyl group in mesoposition formed selectively, with high complexation
constants owing to the high preorganization of the
interacting components: 108 M-1 for the dimer, 5 × 1012
M-2 for the trimer, and >1012 M-3 for the tetramer [63].
Large complexation constants (KC > 109 M-1) have been
obtained also for three-point interaction of Zn-porphyrins
with 2,4,6-tri-(4-pyridyl)-s-triazine leading to the cyclic
trimer formation [82].
It is evident from Table 1 that the binding constant
of a given dimer to various ligands is the result of the
J. Porphyrins Phthalocyanines 2014; 18: 7–19
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Fig. 5. Titration of the dimer (ZnOEP)2Ph solution by porphyrin extra-ligand H2P(m^Pyr)2-(iso-PrPh)2 in toluene at 293 K (a):
Dependence of the normalized integrated intensities of the uncomplexed dimer vs. molar ratio x = CL/CD0 ﬁtted by Equation 7. CD0 =
2.5 × 10-6 M, calculated value KC = (1.7 ± 0.5) × 107 M-1 at Chi^2 = 0.00093. (b): Dependence of the complexation constant KC
(Y axis, logarithmic scale) on temperature ﬁtted by Arhenius law in a temperature range of 140–360 K

Table 1. Complexation constants for various triads formed by two-fold co-ordination of Zn-porphyrin dimers with tetrapyrrolic
extra-ligands (based on absorption and ﬂuorescence data upon titration experiments)
Triad composition

Solvent

KC, 106 M-1

Free components

Complex

N–N l, Å

Zn–Zn d, Å

N–N l, Å

Zn–Zn d, Å

9.908

12.907

10.330

12.131

(ZnOEP)2Ph⊗H2P(m^Pyr)2-(iso-PrPh)2

Tol

17.2

(ZnOEP)2Ph⊗H2P(m^Pyr)2-(iso-PrPh)2

Tol+CH

14.0

9.908

12.907

10.330

12.131

(ZnOEP)2Ph⊗H2P(p^Pyr)2

Tol

5.0

10.978

12.907

10.440

12.197

(ZnOEP)2Ph⊗H2P(m-Pyr)2-(iso-PrPh)2

Tol+CH

10.1

14.075

12.907

12.571

12.881

(ZnOEP)2Ph⊗H2P(m-Pyr)2-(iso-PrPh)2

MCH

13.0

14.075

12.907

12.571

12.881

(ZnOEP)2Ph⊗H2P(m-Pyr)2-(iso-PrPh)2

Tol

1.06

14.075

12.907

12.571

12.881

(ZnOEP)2Ph⊗H2P(m-Pyr)2

Tol

5.8

14.075

12.907

12.571

12.881

(ZnOEP)2Ph⊗H2Chl(m-Pyr)2

Tol

1.7

—

12.907

—

—

(ZnOEP)2Ph⊗H2THP(m-Pyr)2

Tol

2.8

—

12.907

—

—

(ZnTPP)2⊗H2P(m^Pyr)2-(iso-PrPh)2

Tol+CH

9.908

12.724

10.366

12.111

(ZnTPP)2⊗H2P(m-Pyr)2

CH

70.0

14.075

12.724

12.446

12.712

(ZnOEChl)2⊗H2P(m-Pyr)2

MCH

∼0.6

14.075

10.611

—

—

(ZnOEP)2⊗H2P(m-Pyr)2

Tol+CH

<0.02

14.075

—

—

—

(ZnHTPP)2⊗H2P(m-Pyr)2

MCH

6.5

14.075

12.724

12.446

12.712

(ZnHTPP)2⊗H2Chl(m-Pyr)2

MCH

9.0

—

12.724

—

—

(ZnHTPP)2⊗H2THP(m-Pyr)2

MCH

50.0

—

12.724

—

—

(ZnHTPP)2⊗H2P(m^Pyr)2

MCH

5.0

9.908

12.724

10.366

12.111

(ZnHTPP)2⊗H2P(p^Pyr)2

MCH

24.0

10.978

12.724

10.562

12.245

(ZnHTPP)2⊗H2P(m^Pyr)2-(iso-PrPh)2

Tol+CH

2.0

9.908

12.724

10.366

12.111

(ZnHTPP)2⊗H2P(m^Pyr)2-(iso-PrPh)2

MCH

2.4

9.908

12.724

10.366

12.111

0.78

Notes: symbol ⊗ shows what components are coupled in the complex. In addition, porphyrins with iso-propyl-phenyl side chains
(iso-PrPh)2 were used to modify steric interactions with TOPO molecules as well as improving H2P solubility. The solvents being
used are as follows: toluene (Tol), cyclohexane (CH), methylcyclohexane (MCH), and Tol + CH solvent (1:6) mixture. N–N (l) and
Zn–Zn distances (d) are presented being estimated for individual compounds and in the triads (for optimized geometry, based on
HyperChem 7.0, method PM3 calculations).

Copyright © 2014 World Scientific Publishing Company
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interplay of few factors. Firstly, the conformation
mobility of Zn-containing tetrapyrrole macrocycles
in the dimers depends on the spacer properties (mesophenyl ring or –CH2–CH2– bridge for chemical dimers,
see Fig. 1), as well as on sterical interactions between
spacer and neighboring side substituents of tetrapyrrole
macrocycles. It may lead to various conformations of the
dimer structure having different complexation abilities
for the two-fold interactions with ligands. This situation
will be discussed for all dimers being studied below.
Secondly, data presented in Table 1 show that N–N
distances (abbreviated as l, see example in Fig. 1 for H2P
(m^Pyr)2 molecule) in various ligands with (m^Pyr)2,
(m-Pyr)2 and (p^Pyr)2 substitution do not strictly
coincide with intercenter Zn–Zn distances (abbreviated
as d, see example in Fig. 1 for (ZnOEP)2Ph) in the dimers
both for individual compounds and in the triads. Thus,
the above matching conditions deﬁned by differences in
l(N–N) and d(Zn–Zn) distances may also inﬂuence on
the efﬁciency of the triad formation. These effects will
be discussed for various ligands in separate section later.
Really, for the individual dimer (ZnTPP)2 with the
meso-phenyl bridge there exist two energetically favored
conformations: one with coplanar porphyrin macrocycles
and one with them tilted at 110° [83]. In contrast, in
the dimer (ZnOEP)2Ph the ethyl groups restrict the
phenyl bridge to a position orthogonal to the porphyrin
planes, thus allowing for a coplanar structure only [84].
Almost equal abilities of (ZnHTPP)2 and (ZnOEP)2Ph to
form various complexes imply that the conformational
dynamics of the dimers does not play an essential role
in their interaction with coordinating extra-ligands. In
both theses triads the macrocycles of the dimer subunits
are presumably coplanar. Thus, the above mentioned
conformational freedom of (ZnHTPP)2 is restricted upon
ligation while that of (ZnOEP)2Ph remains unchanged.
Transition to the dimer (ZnOEP)2, with a ﬂexible –CH2–
CH2– spacer between the ZnOEP monomer moieties leads
to a substantial reduction in the complexation ability (KC
value is estimated to be lower than 2 × 104 M-1). The case
of (ZnOEChl)2 may be considered as an intermediate

9

situation between (ZnOEP)2Ph and (ZnOEP)2. The
complexation constant in this case is estimated to be 6 ×
105 M-1 assuming that the dimer ﬂuorescence is strongly
quenched in the triad. The reduced ability of these dimers
to form triads with H2P-(m-Pyr)2 can be well understood
from the geometry and conformational mobility of dimers
with phenyl and –CH2–CH2– spacers. More speciﬁcally,
in case of the dimers with –CH2–CH2– spacer there is
much more conformational ﬂexibility. According to
NMR 1H data [85] ethane-bisporphyrins with a single
–CH2–CH2– bond via meso-positions (e.g. (ZnOEP)2)
have a wide set of conformations (from fully eclipsed
at ambient temperature to fully staggered at 77 K, see
Scheme 1) due to rotation around the spacer. Thus, the
probability of the fully staggered conformation providing
the best conditions for two-point coordination, in which
the –CH2–CH2– spacer is in all-trans form, is relatively
low at 293 K. However, for (ZnOEChl)2 the fully
staggered conformation is favored since hydrogenated
rings of the chlorin subunits of the dimer hinder other
conformations. Hence, upon complexation with the
extra-ligand, when the coordination hinders sterically all
conformations except the fully staggered one, a change
of conformational dynamics in (ZnOEP)2 should be
larger than that of (ZnOEChl)2. On this basis, the favored
coplanar arrangement of porphyrin subunits in the
phenyl-bridged dimers (the intercenter Zn–Zn distance
d = 12.7–12.9 Å) is more suitable for the formation of
the two-fold coordinated complex with H2P-(m-Pyr)2 (l =
14.07 Å) in comparison with the non-coplanar structure
in the –CH2–CH2– bridged dimers (even in the fully
staggered conformation with d = 10.6 Å). The lower
ability of (ZnOEP)2 to form complexes with H2P-(m-Pyr)2
in comparison with that of (ZnOEChl)2 can be caused by
the higher conformational mobility of the former.
Complexation abilities of extra-ligands upon triad
formation. Thermodynamic evidence also indicates
that in addition to some features mentioned above for
the dimers, certain effects are characteristic for various
extra-ligands being used. Comparing the complexation
ability of (ZnHTPP)2 with porphyrin H2P-(m-Pyr)2,

Scheme 1.

Copyright © 2014 World Scientific Publishing Company
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chlorin H2Chl-(m-Pyr)2 and tetrahydroporphyrin H2THP(m-Pyr)2 in MCH at ambient temperature, there is a
certain tendency of increase in complexation constant
KC = (0.6 → 0.9 → 5.0) × 107 M-1 over this series of
extra-ligands of different nature but having the same
pyridyl rings. It is known [86] that in chlorins (and in
tetrahydroporphyrins as well) the electron density on the
meso-positions of the methine bridges in the vicinity of the
hydrated pyrrole ring is higher than in the corresponding
porphyrins. Since the pyridyl substituents are attached to
the meso-positions, an increase of the “electron donating
ability” of the pyridyl nitrogen and, in turn, its ability to
coordinate Zn ions of the dimer subunit is most likely to
occur. Thus, the complexation constant of the complexes
under investigation should grow from H2P-(m-Pyr)2 to
H2Chl-(m-Pyr)2 and to H2THP-(m-Pyr)2 which agrees
with the experimental results. In this respect it should
be mentioned that an additional reason leading to the
observed difference in KC values for the above ligands
might arise from changes in the conformation ﬂexibility
of the reduced porphyrin ring systems.
Our results indicate that the triad (ZnHTPP)2⊗H2P(p^Pyr)2 (I) has an essentially different structure
compared to the triad (ZnHTPP)2⊗H2P-(m-Pyr)2 (III)
(see Fig. 2). In fact, in the case of H2P-(p^Pyr)2 ligand
the geometry of the pyridyl substitution (l = 11 Å)
provides better matching for two-fold coordination with
(ZnHTPP)2 or (ZnOEP)2Ph (d = 12.9 Å) in comparison
with that for H2P-(m-Pyr)2 ligand (l = 14.1 Å). Another
feature of the triads (ZnHTPP)2⊗H2P-(p^Pyr)2 and
(ZnOEP)2Ph⊗H2P(p^Pyr)2 is that the lone pair electron
orbitals of N atoms, that participate in the coordination with
Zn ions of the dimers, form an angle of 90° with respect to
the dimer plane. These facts provide clear explanation of
higher KC values for the triads (ZnHTPP)2⊗H2P-(p^Pyr)2
in comparison with triads (ZnHTPP)2⊗H2P-(m-Pyr)2 and
(ZnOEP)2Ph⊗H2P(m-Pyr)2-(iso-PrPh)2.
Finally, we call attention to variations of the
complexation ability for the triad formation upon the
solvent changing (Table 1). For the same triad, this is
reﬂected as a rule by the increase of KC values when
going from toluene to toluene + cyclohexane mixture
or to pure cyclohexane and methylcyclohexane. As was
mentioned long ago [71], this effect may be explained by
different solubility of tetrapyrrole compounds in solvents
under consideration. Being smaller in cyclohexane and
methylcyclohexane compared to toluene, it may manifest
itself in the relative increase of complexation interactions
leading to the triad formation. From Table 1 it is seen that
this is also the case for the complexation of the dimers
with H2P(m-Pyr)2 or H2P(m^Pyr)2 in comparison with
H2P(m-Pyr)2-(iso-PrPh)2 or H2P(m^Pyr)2-(iso-PrPh)2, as
far as more spacious isopropyl-phenyl substituted pyridyl
porphyrins are better soluble than pyridyl substituted
macrocycles. At last, it should be mentioned that upon
temperature lowering down to 77 K chemical dimers
(ZnOEP)2Ph and trimers (ZnOEP)3Ph2 are capable to
Copyright © 2014 World Scientific Publishing Company

form self-assembled structures with even one pyridyl
containing ligand, CuP-(p-Pyr)1(Ph)3 [44] due to an
increased KC value for one-point interaction in these
conditions.
Nanoassemblies based on semiconductor quantum
dots and porphyrin ligands
The above results allowed us to use the discussed
ideas for the non-covalent binding of “QD-porphyrin”
nanoassemblies. In the case of CdSe/ZnS QDs,
coordination interactions may be realized via Zn
ions of ZnS shell and appropriate anchoring groups
of functionalized organic molecules (ligands). At the
same time, some speciﬁc aspects should be taken into
account for “QD-porphyrin” nanoassemblies. Because
of the increased surface-to-volume ratio relative to bulk
materials, QD surface are subject to chemical and structural
disorder. Indeed, for QD of about dCdSe = 3 nm, the portion
of the surface atoms is about 50%, and the importance
of the surface for QDs is obvious. Correspondingly,
colloidal QDs in solution are subject to various dynamic
processes which are related to QD interface properties
that affect QD photoluminescence (PL) properties. To
name a few, this can be the attachment and detachment
of protective ligands (e.g. TOPO, amines, etc.) [87–89],
the participation of QDs in hybrid nanoassemblies with
functionalized organic molecules [90–93] or with even
biostructures [94]. Really, the formation process of
hybrid nanoassemblies takes place in competition with
capping ligand dynamics (ligand exchange dynamics).
Further, the QD surface is far from being totally covered
with capping ligand molecules, and the dynamics of the
QD interaction with functionalized organic molecules
(such as porphyrins) may be rather complex including
at least the variation of number of organic molecules
on QD surface and their complexation abilities. Besides
fundamental aspect of such interactions, knowledge of
the ligand dynamics and surface functionalization can
play an important role in various technological ﬁelds, e.g.
for the fabrication of nanostructured inks for solutionprocessed photovoltaics [95] or printed semiconductor
layers in ﬂexible electronics [96].
Proof of “QD-porphyrin” nanoassembly formation.
Typically, at ambient temperature, the titration of
CdSe/ZnS QD solution by a comparable amount of
meso-pyridyl substituted porphyrins H2P-(Pyr)n leads
to the formation of quasi-stable “QD-porphyrin”
nanoassemblies. The attachment of porphyrins to the QD
surface manifests itself in the QD photoluminescence
(PL) quenching (emission intensity decrease and decay
shortening [39, 45, 46], Fig. 6). Based on detailed
quantitative experimental and theoretical analysis of
QD PL quenching effects in self-organized “QD-dye”
nanoassemblies (including porphyrins [39, 45, 48] and
perylene bisimides [47, 49, 50]) studied both in bulk
solutions and on a single particle detection level, we have
J. Porphyrins Phthalocyanines 2014; 18: 10–19
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Fig. 6. Absorption (a) and emission (b, λex = 465 nm) spectra of CdSe/ZnS QD (dCdSe = 3.0 nm, 2 ZnS monolayers, CQD = 4 × 10-7
M) and H2P(m-Pyr)4 molecules upon molar ratio x = [CL]/[CQD] increase. Inset in A: peak intensity of the Soret band as function of
the nominal concentration. Deviations from linearity represent the uncertainty in the amount of added substance (i.e. 5.0 ± 2.5%).
Circle in (b) shows the existence of quasi-isosbestic point in emission spectra upon titration

Fig. 7. QD relative PL intensity changes (quenching) I(x) /I(0) as function of the molar ratio x = [CL]/[CQD] (a) and the normalized
(to the number of pyridyl groups) molar ratio x (b) for the same CdSe/ZnS QD (dCdSe = 2.5 nm, number of ZnS monolayers nZnS =
2, CQD = 4 × 10−7 M) and various porphyrin molecules [45]: (1) H2P-(o-Pyr)4; (2) H2P-(m-Pyr)2(Ph)2; (3) H2P-(m-Pyr)1; (4) H2P(m^Pyr)2; (5) H2P-(m-Pyr)3; (6) H2P-(iso)-(m-Pyr)3; (7) H2P-(m-Pyr)4; (8) H2P-(p-Pyr)4. In comparison with H2P-(m-Pyr)3 (compound
5), the porphyrin ligand H2P-(iso)-(m-Pyr)3 (compound 6) has 3 isopropyl-phenyl-substituted pyridyl rings (shown in Fig. 1, part
“meso-pyridyl substituted porphyrins”) thus being more spacious and better soluble. Excitation was chosen at λexc = 465 nm,
where the molar decimal extinction coefﬁcient of the added porphyrin ligand εL << εQD, and experimental part of the ligand absorption
did not exceed 5% of total OD values in the range x = 1–4. Toluene, 295 K

shown that this quenching is caused by two main reasons.
One is well-known resonant energy transfer, FRET QD →
dye molecule. The other one is the electron tunneling
in the conditions of quantum conﬁnement [45]. In the
later case, upon interaction of meso-pyridyl substituted
porphyrin molecule with QD surface, the QD electron
wave function may be locally modiﬁed (via inductive
and/or mesomeric effects [97]) forming a surface local
state capable to trap the electron of the photogenerated
exciton. Not wishing to detain the reader’s attention
to details of these processes (discussed in above cited
references), in this section we aim at a comprehensive
description of capping ligand and porphyrin molecules
dynamics using QD PL quenching as indicator. Namely
Copyright © 2014 World Scientific Publishing Company

this dynamics is of crucial importance for photoinduced
processes in “QD-porphyrin” nanoassemblies, with
titration experiments as a step to an experimental
investigation of the chemical topography.
With respect to porphyrin structure, the strategy was
(see Fig. 1): (i) to vary the number of pyridyl-rings from
1 to 4 including opposite H2P-(m-Pyr)2 and adjacent H2P(m^Pyr)2 variants, and (ii) to replace the type of nitrogen
(N) position within the pyridyl ring from the meta- (m),
to ortho- (o), and para- (p) N position in the case of the
4-fold meso-pyridyl-substituted H2P molecules. The
results depicted in Fig. 7a show that for the given CdSe/
ZnS QD under the same titration conditions, the observed
QD PL quenching depends strongly on the number and
J. Porphyrins Phthalocyanines 2014; 18: 11–19
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type of pyridyl substituents: (i) H2P-(o-Pyr)4 does almost
not quench the PL; (ii) QD PL quenching is strongest
for H2P-(p-Pyr)4 and H2P-(m-Pyr)4; (iii) within the
H2P-(m-Pyr)n manifold there is a systematic increase of
quenching efﬁciency upon sequential increase of n = 1 ÷
4; (iv) H2P-(m-Pyr)2 shows low PL quenching efﬁciency,
like H2P-(m-Pyr)1; (v) H2P-(m^Pyr)2 is essentially
stronger quencher compared to H2P-(m-Pyr)2.
As shown in Fig. 7a, the QD PL quenching efﬁciency
and thus the probability to form “QD-porphyrin”
nanoassemblies is decreased with a decreasing number
of pyridyl rings (m-Pyr)n. Assuming that the probability
of the nanoassembly formation is linearly proportional to
the number of pyridyl rings, one can deﬁne an effective
molar ratio xpyr = x(N/4) that scales with N, where N is
the number of pyridyl rings for a given H2P molecule.
Correspondingly, xpyr becomes smaller with a decreasing
number of pyridyl rings. Doing so, we obtain a rescaling
of the QD PL quenching efﬁciency for every H2P molecule
(depicted in Fig. 7b). In the result, all of the quenching
curves besides those for H2P-(m-Pyr)1, H2P-(m-Pyr)2(Ph)2
and H2P-(o-Pyr)4 are shifted towards one single curve.
The overall result is a kind of “master” curve for QD PL
the quenching efﬁciency. In case that only one pyridyl
ring can be anchored effectively, the agreement with the
master curve becomes less satisfactory. It follows from
this behavior, that the assumption relating the probability
to form a “QD-porphyrin” nanoassembly with the
number of pyridyl rings having access to the QD surfaces
is correct. The stability of a two-point interaction will be
at least a factor of 2 stronger than a one-point interaction,
as can be deduced from the pronounced mismatch of the
(scaled) one point interaction curves for H2P-(m-Pyr)1
and H2P-(m-Pyr)2(Ph)2 as compared to the master curve.
The importance of a two-point interaction has also been
demonstrated for CdSe/ZnS QD-protein complexes [98].
The variation of the QD PL quenching efﬁciency with
respect to the number, kind, and position of pyridyl rings
in H2P molecules points toward a dynamic equilibrium
between QD-H2P nanoassemblies and free entities, as
has also been observed for multiporphyrin arrays [17,
41, 44, 70, 99, 100]. The equilibrium is dynamic, since
assuming an inﬁnitely strong coupling would not result
in a dependence of the quenching on the number of
pyridyl rings.
The above presented results lead to the conclusion
that in “QD-porphyrin” nanoassemblies, H2P molecules
anchor on the CdSe/ZnS surface in a nearly perpendicular
fashion with two nitrogen lone pair orbitals (at most)
forming coordination bonds with the surface (see Fig. 3c).
From geometric arguments, the QD PL weak quenching
behavior observed for H2P-(m-Pyr)2 molecules with
opposite pyridyl rings can thus be easily rationalized
because a contact of opposite pyridyl rings to the surface
is impossible due to geometric (steric) reasons in the
case of a parallel orientation of the porphyrin macrocycle
with respect to the QD surface. Theoretical simulations
Copyright © 2014 World Scientific Publishing Company

(ab initio DFT with the VASP code [64]) have shown
also that for the optimized geometry of “QD-porphyrin”
nanoassemblies, the mutual arrangement of H2P-(mPyr)4 molecules is perpendicular relative to QD surface
(see Fig. 3d). It is seen from Fig. 3b that capping
TOPO molecule has only one coordination bond via O
atom for the QD surface attachment. Thus, considering
space-ﬁlling molecular entities for “QD-porphyrin”
nanoassemblies, in the case of competitive exchange of
TOPO capping molecules by attaching porphyrin ligands
possessing a two-point interaction, one H2P molecule may
replace about 2–3 TOPO molecules or, alternatively, ﬁlls
a free volume corresponding to 2–3 TOPO molecules.
Finally, as was outlined above, in bulk solutions the
attachment of functionalized porphyrin molecules to
a QD surface leads to a noticeable QD PL quenching
due to FRET and non-radiative relaxation channels for
the exciton. Interestingly, that QD PL quenching (as a
manifestation of the “QD-porphyrin” nanoassembly
formation) is also visible in experiments with single
nanoobjects. Figure 8 shows the comparison of blinking
statistics for two samples in spin-coated toluene solution
at 295 K: single CdSe/ZnS QDs and single “QD-H2P(mPyr)4” nanoassemblies both having the same initial QD
concentration and being excited within the QD ﬁrst
excitonic absorption band. It is seen from Figs 8b and 8c
that for both cases blinking statistics show a power law
distribution for “on-” and “off-” times. Dark QD states
are usually explained by charged nanocrystals [101], and
the heterogeneity (power law behavior [102]) is inherent
to broadly distributed (de-)population processes of the
dark state. In case of nanoassemblies, values for <ton> =
0.18 s do not change with respect to those measured for
QD (< ton > = 0.18 s), while a substantial increase of the
“off”-times is observed for QD with attached porphyrin
molecules (1.2 s in comparison to 0.75 s). This elongation
of dark periods is equivalent to PL quenching. These
ﬁndings are considered as a proof of QD-porphyrin
interactions leading to QD PL quenching also on a single
assembly level. Additionally, a comparison of ensemble
and single assembly experiments allows the unravelling
of PL speciﬁc quenching mechanisms which are of
importance for the identiﬁcation of dynamic processes in
QD-dye nanocomposites in general.
Estimations of complexation constants for “QD-porphyrin” nanoassemblies. When numerically analysing
QD PL quenching data for various porphyrin molecules
in order to evaluate the corresponding complexation
constants KC one should take into account few aspects:
ligands exchange dynamics (depending on TOPO
concentration and solvent properties) and number of H2P(m-Pyr)n molecules per QD. The determination of the
number of porphyrin molecules per QD over the course
of titration experiments is difﬁcult, since the overall
PL quenching depends both on the (a priori unknown)
quenching efﬁciency and on the number of dye molecules
on the QD surface. To separate these two effects, one
J. Porphyrins Phthalocyanines 2014; 18: 12–19
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Fig. 8. “On” and “off” intensity ﬂuctuations (a) and blinking statistics for single TOPO capped CdSe/ZnS QDs (b) and for single
“QD-H2P(m-Pyr)4” nanoassemblies at molar ratio x = 10 (c). QD parameters: CQD = 1.8 × 10-9 M, dCdSe = 3.2 nm, nZnS = 3; laser
excitation at λexc = 514.5 nm, P = 250 μW. Samples have been prepared by spin coating from toluene solution onto quartz surface
at 295 K. Nanoassemblies were prepared at a molar ratio x = [CL]/[CQD] = 10, at which the bulk QD PL quenching is about 40%.
The presented data were averaged for at least 20 individual objects from free and porphyrin-assembled QDs. Average “on-” (1) and
“off”-times (2) are indicated in each graph

needs the independent identiﬁcation of the number of
attached porphyrin molecules merely from spectroscopic
means. At ﬁrst steps during the titration procedure upon
“QD-porphyrin” nanoassembly formation, the spectra
show that only a small part of H2P molecules added
becomes attached to the QD surface, indicated by the
missing of an isosbestic point [49]. On the other hand,
for porphyrin molecules being attached on QD surface,
spectral red shifts of both the Q- and Soret absorption
bands as well as a blue shift of the ﬂuorescence Q-band
accompanied by a slight change in the Franck–Condon
envelope of the overall spectrum are observed [45, 103].
These shifts and the slight inhomogeneous broadening
of the porphyrin Soret band indicate that at low molar
ratios x ≤ 1 most of the H2P molecules are conjecturally
included in “QD-porphyrin” nanoassemblies.
Without consideration of the dynamic equilibrium
(which is the case at x ≤ 1), it is reasonable to assume
that the PL quenching rate for a given QD with n
attached chromophores is proportional to n, whatever the
quenching mechanism is. Like it has been done earlier
[104] as well as and in recent publications [45, 93, 105],
the formation of “QD-porphyrin” nanoassemblies may
be described by a Poisson distribution;
P(n) = X n

exp( - x)
n!

(8)

where x is the average number of chromophores per one
QD (estimated from a molar ratio (x = [CL]/[CQD]), n is
the number of attached chromophores on a given QD.
Correspondingly, the QD PL intensity ratio I(x)/I0 may
be written as;
kD
I(x)
exp( - x)
•
Xn
[45, 103]
= Â n =0
I(0)
k D + nk Q
n!
Copyright © 2014 World Scientific Publishing Company

(9)

where kD is the total intrinsic PL decay rate for alone QD
and kQ the PL quenching rate for QD in “QD-porphyrin”
nanoassemblies.
The experimental PL quenching data I(x)/I(0) of
Fig. 7b presented as function of the rescaled molar
ratio x demonstrate that n·kQ is approximately the same
for most of the “QD-porphyrin” nanoassemblies. This
implies that all variants of H2P-(Pyr)n molecules exhibit
the same quenching mechanism upon assembling on
QD. The maximum number of anchored porphyrin
molecules depends on several factors, such as the number
and kinds of accessible sites (“empty places”) on the
QD surface which are not occupied by TOPO ligands,
the competitive dynamic equilibrium between TOPO
and H2P molecules depending on both complexation
constants KC for TOPO and porphyrin molecules and
their relative concentrations. It follows from detailed
spectral observations [49, 103] that at low molar ratios
x all H2P-(Pyr)n molecules, especially H2P-(Pyr)4, are
attached to the CdSe/ZnS surface. Estimations according
to Equation 8 show that at x = 1, the related probabilities
Pi of the number of porphyrin molecules per QD are P0 =
0.3, P1 = 0.4, P2 = 0.3, respectively.
Since the well deﬁned QD PL quenching effects are
even observed at molar ratios x < 1 (see curves 7 and 8 in
Fig. 7a), one can neglect (following statistical arguments)
nanoassemblies with more than one H2P-(Pyr)n molecules
per QD. Thus, at x ≤ 1 the experimental titration data
may be discussed on the basis of a bi-molecular reaction
scheme valid for a dynamic equilibrium between selfassembled and free constituents as has been discussed in
Section 3.1 for porphyrin triads. Correspondingly, on the
basis of experimental QD PL quenching data at x ≤ 1 for
a given CdSe/ZnS QD (Fig. 7a) and Equations 6 and 7, it
follows that the values of complexation constant KC are
J. Porphyrins Phthalocyanines 2014; 18: 13–19
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Fig. 9. Inﬂuence of sample conditions on the time dependent QD PL quenching and FRET efﬁciency (relative units) for
“QD-porphyrin” nanoassemblies based on QDs and H2P-(m-Pyr)4 molecules in toluene at 293 K. For all dependences, left scale is
QD normalized PL emission, right scale is experimental FRET efﬁciency QD→porphyrin calculated according to the procedure
described earlier [45, 46, 49]. (a): Time dependent emission for alone CdSe QD (dCdSe = 3.0 nm, [CQD] = 2 × 10-7 M). (b): Time
dependent emission for CdSe QD (dCdSe = 3.0 nm) and FRET efﬁciencies for nanoassemblies at constant molar ratio x = 1.2 for three
initial QD concentrations. (c): Long-time dependence of the PL of CdSe/ZnS QDs (dCdSe = 3.0 nm, 2 ZnS monolayers) and FRET
efﬁciency for “QD-porphyrin” nanoassemblies at different molar ratios

increased with the number of pyridyl rings thus reﬂecting
a dynamic equilibrium between the QD and porphyrin
molecules: < 1.5 × 105 M-1 for H2P-(m-Pyr)1; 3.4 ×
106 M-1 for H2P-(m^Pyr)2; 7.8 × 106 M-1 for H2P-(m-Pyr)3
and 2.6 × 107 M-1 for H2P-(m-Pyr)4. The comparison of
KC values estimated for “QD-porphyrin” nanoassemblies
with those calculated for porphyrin triads (see Table 1)
shows that with respect to two-fold coordination they are
in a comparable range but being much larger as compared
to the corresponding one-point coordination. Like for
porphyrin triads, the importance of the designing adapted
coordination schemes has thus been also demonstrated
for formation of “QD-porphyrin” nanoassemblies. In the
former case, the increase of KC values with the number
of pyridyl rings is less pronounced compared to KC
differences of 2–3 orders of magnitude found between
two- and one-point coordination in the case of porphyrin
triads (see Table 1). It means that for of “QD-porphyrin”
nanoassemblies the higher KC values for two-point
interaction reﬂect rather the competition with one-point
interaction of TOPO ligands thus leading to ligand
exchange. In the latter case, allosteric effects seem to
be not so important, while they play a dominant role for
porphyrin triad formation. An analysis of this dynamic
exchange equilibrium will be discussed in the following
section.
Temporal dynamics of porphyrins and capping ligands on QD surface. In this section, we focus presumably
on nanoassemblies based on TOPO-capped CdSe/
ZnS QDs and H2P-(m-Pyr)4 ligands showing among a
series of meso-pyridyl-substituted porphyrins the most
effective PL quenching of QDs at the same titration
Copyright © 2014 World Scientific Publishing Company

conditions (see curve 7 in Fig. 7a). It should be noted that
the experimental investigation of the porphyrin-TOPO
exchange dynamics accompanied by QD PL quenching is of
interest for the elucidation of mechanisms of photoinduced
processes in “QD-porphyrin” nanoassemblies as well
as for studying the chemical topography of QD surface.
With respect to “QD-porphyrin” nanoassemblies, various
aspects of this problem have been thoroughly analyzed for
a wide time scale, concentration and temperature range,
solvent nature and QD size in our papers [45, 46, 49, 50,
64, 97, 103]. Here, we would like to pick out main results
and principal conclusions.
(i) Addition of the porphyrin aliquot to the QD initial
solution results in an immediate decrease of the QD PL
intensity faster than our time resolution of about 60 s.
In each of the samples, the initial fast PL decrease is
followed by a decrease of the PL intensities on longer
time scales (Figs 9a, 9b). The PL decrease decay seems to
be broadly distributed reﬂecting the presence of different
quenching processes, namely those already inherent in
the pure QD sample TOPO layer changes) and those
imposed by addition of the H2P resulting in assembly
formation (porphyrin-TOPO exchange dynamics).
(ii) FRET efﬁciency increases on a time scale of
minutes before it either saturates in a constant value for
some more minutes (Figs 9b, 9c) or proceeds already
with a slight decrease within longer time scale. In this
case, FRET is a measure for the formation kinetics of
“QD-porphyrin” nanoassemblies.
(iii) QD PL quenching upon titration by porphyrins
scales inversely with QD concentration. The decrease
for later times is an obvious result of the ongoing
J. Porphyrins Phthalocyanines 2014; 18: 14–19
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(independent of porphyrin) intrinsic PL quenching
for QD (Fig. 9a) which reﬂects the particular dynamic
processes at the QD surface and has a direct feedback on
the FRET efﬁciency.
(iv) The QD PL quenching as a function of the number
of porphyrin molecules per QD, can be described by the
well-known Stern–Volmer formalism [79] appropriately
modiﬁed for our case [46]:
•
I(0)
= 1 + Ú K(x) ◊ dx
0
I(x)

(10)

In our approach, the Stern–Volmer function K(x) reﬂects
the QD PL quenching in “QD-porphyrin” nanoassemblies.
It depends explicitly on the molar ratio x = [CL]/[CQD])
and is expressed as the ﬁrst derivative of the experimental
data plotted in Stern–Volmer representation (Fig. 10a).
In this part, the main ﬁndings are as follows: (1) At
constant molar ratio, the quenching constant K(x) is a
linear function of the reciprocal absolute concentration
[QD]-1 (Fig. 10a). This linear dependence indicates that
the underlying quenching processes have a common
nature for all absolute initial concentrations of QDs. The
observed linearity is changed upon molar ratio increase.
This indicates that an additional ligand dynamics creates
new attachment sites which also inﬂuence on the QD PL
aside of the immediate assembly formation. (2) Titration
experiments with QDs of a variable size (Fig. 10b) show
also that K(x) is indeed initially constant but becomes
smaller around a critical molar ratio (which we will call
xc ≈ 1–10 depending on QD size). This critical molar
ratio xc increases more or less systematically with the QD
diameter.
(v) Ensemble and single object experiments for
“QD-perylene-diimide” nanoassemblies show that the
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number of attached dye molecules to a QD is much less
than that given by the molar ratio x [40, 47]. We assume
that a similar situation holds also for porphyrin ligands
just after titration step. Indeed, QD PL quenching is
still increasing in the presence of H2P while also FRET
increases at long waiting times (see Fig. 10c) up to > 24 h.
It means that at very high H2P concentrations and long
waiting times the TOPO capping shell becomes nearly
completely replaced by H2P molecules.
Thus, the whole set of our results in this direction
being obtained here and recently [46, 49, 50, 97] indicates
the following complexation picture. Because of the
presence of a limited number of empty attachment sites
on the QD surface, QD PL quenching in “QD-porphyrin”
nanoassemblies occurs in two steps at least. Firstly,
immediately after titration, nanoassemblies are effectively
formed, which results in both QD PL quenching and
FRET QD → H2P. Secondly, during the waiting time
(on much slower timescales) more porphyrin molecules
become attached in a competition with capping TOPO
molecules. Then, after saturating the empty attachment
sites, the quencher molecules may be attached to the QD
surface only after reorganisation of the ligand shell. The
timescale of such processes is typically between 60 and
2000 s in the present experiments and depends critically
on the experimental conditions, such as the type of QD,
TOPO, unknown impurities and/or dye concentration.
Correspondingly, in addition to FRET, the titration step also
favors other competitive quenching mechanism (electron
tunneling in the conditions of quantum conﬁnement).
It means that the exciton relaxation dynamics in QD
initiated by a single titration step is not only due to the
added porphyrin molecules themselves, but also to a local
change in the capping ligand shell on QD surface upon
nanocomposite formation as well as to a local replacement

Fig. 10. Dependence of Stern–Volmer values K(x) on QD initial concentration [CQD] (a) and QD size (b) for “QD-porphyrin”
nanocomposites in toluene at 293 K [49]: (a): The slope K(x = 1) (low-molar-ratio regime at constant molar ratio) upon the increase
of QD initial concentration [CQD]. (b): PL quenching as a function of the molar ratio x for QDs of various sizes and types (without and
with 2 ZnS monolayers, ML) at ﬁxed QD initial concentration [CQD] = 1 × 10-7 M. K(x) values (reﬂecting QD PL quenching) were
evaluated according to Equation 10. The double logarithmic plot shows the clear dependence of the PL quenching on the QD size

Copyright © 2014 World Scientific Publishing Company
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of TOPO by H2P molecules. It should be mentioned also
that the capping ligand coverage (TOPO or amines),
and thus, the number of accessible attachment sites are
controlled by the solvent properties.
It should be mentioned also that our ﬁrst experiments
have shown [106] that in addition to processes on a
timescale below 2000 s, a further reorganization of the
surfactant shell (accompanied by increased quenching)
occurs on much longer timescales. We do not yet have
an explanation for this ﬁnding, but it might be related to
the formation of new TOPO structures, such as surfactant
islands on the QD surface or TOPO micelles in solution.
On the other hand, as has been discussed recently in
papers of other groups [38, 57, 89, 93], ligand adsorption
and chemisorption processes (depending on the solvent
properties and organic ligand nature) may control
the QD−ligand interface heterogeneity, QD surface
morphology and QD photophysics in solution-phase
QD−ligand nanocomposites. Thus, it is not excluded
that on long time scale QD surface reconstruction may
compete with ligand molecules reorganization.
The presented spectroscopic approach allows
investigating temporal ligand dynamics for “QD-dye”
nanocomposites at extremely low concentrations of
concurrent ligand-type organic molecules (porphyrins,
perylene-bisimides, etc.).

CONCLUSIONS
The presented results show that because of their
unique properties porphyrin-type molecules are still
widely employed as suitable building blocks for
the supramolecular engineering. The self-assembly
bottom-up strategy based on two-point non-covalent
coordination of Zn-porphyrin chemical dimers by mesopyridyl substituted tetrapyrrole extra-ligands, have been
exploited to form structurally deﬁned self-assembled
porphyrin triads of variable geometry and composition.
The triads are characterized by fast (within few ps) energy
and/or charge transfer leading to a strong quenching of
the dimer ﬂuorescence. Using these results and steadystate absorption/ﬂuorescence titration measurements,
the complexation constants have been quantitatively
evaluated for the triads [KC ∼ (0.5 ÷ 70) × 106 M-1] showing
noticeable dependence on the structural parameters of the
interacting subunits as well as on the solvent nature.
In addition, we highlight that “bottom-up” approach
based on non-covalent coordination interactions has
been successfully extended to anchor (in a systematic
and directed way) porphyrin molecules on the surface
of TOPO-capped semiconductor CdSe/ZnS QDs in
various solvents. The formation of “QD-porphyrin”
nanoassemblies becomes more effective upon increase
of the number of meso-pyridyl rings and takes place in
competition with surface stabilizing tri-n-octyl phosphine
oxide (TOPO) ligand molecules. With respect to two-fold
Copyright © 2014 World Scientific Publishing Company

extra-coordination, complexation constant values KC
for “QD-porphyrin” nanoassemblies are in a range
comparable with those obtained for various porphyrin
triads. In “QD-porphyrin” nanoassemblies, because of
the presence of a limited number of empty attachment
sites on the QD surface, self-assembly process realizes
at least two time scales: the ﬁrst faster than 60 s by
saturation of empty attachment sites and the second
slower than 600 s, which is attributed to a reorganisation
of TOPO ligand shell and/or QD surface reconstruction.
Correspondingly, it manifests itself in a speciﬁc nonmonotonous QD PL quenching (e.g. caused by FRET
and electron tunneling of conﬁned exciton). It was shown
that the sensitivity of QD surface morphology to attached
organic ligands (e.g. porphyrins) provides an opportunity
to control the dynamics and pathways of the exciton
relaxation in “QD-dye” nanoassemblies by changing
the structure and electronic properties of these ligands.
On the basis of a combination of ensemble and single
molecule spectroscopy of nanocomposites, we have
shown also that functionalized porphyrin molecules can
be considered as extremely sensitive probes for studying
the complex interface physics and exciton relaxation
processes in QDs.
Acknowledgements
This work was supported by Volkswagen Foundation
(Priority Program “Physics, Chemistry and Biology with
Single Molecules”), DFG GRK 829/3 (“Accumulation of
single molecules to nanostructure”), German Academic
Exchange Service (DAAD, Grant No. A/08/08573, EZ),
and Belarussian State Program for Scientiﬁc Research
“Convergence 3.2.08 — Photophysics of Bioconjugates,
Semiconductor and Metallic Nanostructures and
Supramolecular Complexes and Their Biomedical
Applications”. Prof. E. Zenkevich thanks B.I. Stepanov
Institute of Physics NAS, Minsk, Belarus and the DFG
FOR877 (“From local constraints to macroscopic
transport”) for ﬁnancial support. We thank our collaborators
Dr. A. Shulga (synthesis of all tetrapyrrole monomers and
Zn-dimers) and Dr. T. Blaudeck (now at ENAS, Chemnitz),
for performing mutual experiments, theoretical analysis
and fruitful discussions in Chemnitz. We also thank Prof.
Dr. S.V. Gaponenko (B.I. Stepanov Institute of Physics,
National Academy of Sciences, Minsk, Belarus) for
fruitful discussion and Prof. F. Cichos (now at Molecular
Nanophotonics, University of Leipzig, Germany) for
stimulating and guiding many of the experiments.

REFERENCES
1. Muraoka T and Kinbara K. J. Photochem. Photobiol., C 2012; 13: 136–147.
2. Hirst AR, Escuder B, Miravet JF and Smith DK.
Angew. Chem., Int. Ed. 2008; 47: 8002–8018.
3. Zhang L and Webster TJ. Nano Today 2009; 4: 66–80.
J. Porphyrins Phthalocyanines 2014; 18: 16–19

SELF-ORGANIZATION PRINCIPLES IN THE FORMATION OF MULTIPORPHYRIN COMPLEXES

4. Gawenda S, Podborska A, Macyka W and
Szaciłowski K. Nanoscale 2009; 1: 299–316.
5. Moyano DF, Goldsmith M, Solﬁell DJ, LandesmanMilo D, Miranda OR, Peer D and Rotello VM. J. Am.
Chem. Soc. 2012; 134: 3965–3967.
6. De Mello Donega C. Chem. Soc. Rev. 2011; 40:
1512–1546.
7. Talapin DV, Lee J-S, Kovalenko MV and
Shevchenko EV. Chem. Rev. 2010; 110: 389–458.
8. Mocatta D, Cohen G, Schattner J, Millo O, Rabani
E and Banin U. Science 2011; 332: 77–81.
9. Liang G-X, Li L-L, Liu H-Y, Zhang J-R, Burda C
and Zhu J-J. Chem. Commun. 2010; 46: 2974–2976.
10. Cheng H-M. Chem. Commun. 2011; 47: 6763–6783.
11. Handbook of Molecular Self-Assembly: Principles,
Fabrication and Devices, Peinemann K-V and
Barboiu M. (Eds.) Pan Stanford Publishing Co. Pte.
Ltd.: Singapore, 2012.
12. Freiberg A and Trinkunas G. In Unraveling the Hidden
Nature of Antenna Excitations, Laisk A, Nedbal L
and Govindjee (Eds.) Springer Science+Media B.V.:
Amsterdam, 2009; pp. 55–82.
13. Unterkoﬂer S, Pﬂock T, Southall J, Cogdell RJ and
Koehler J. ChemPhysChem. 2011; 12: 711–716.
14. Renger T and Schlodder E. J. Photochem. Photobiol., B 2011; 104: 126–141.
15. Mansoori GA. Principles of Nanotechnology.
Molecular-Based Study of Condensed Matter in
Small Systems, University of Illinois at Chicago:
Chicago, USA, 2005.
16. Nicolini C. In Nanotechnology and Nanobiosciences, Vol. 1, Chapter 1 “Nanoscale Materials”, Pan
Stanford Series on Nanobiotechnology, 2010.
17. Zenkevich EI and von Borczyskowski C. In Handbook of Porphyrin Science with Application to
Chemistry, Physics, Materials Science, Engineering, Biology and Medicine, Vol. 22, Kadish KM,
Smith KM and Guilard R. (Eds.) World Scientiﬁc
Publishing Co. Pte. Ltd.: Singapore, 2012; Chapter
104, pp. 68–159.
18. Maligaspe E, Kumpulainen T, Lemmetyinen H,
Tkachenko NV, Subbaiyan NK, Zandler ME and
D’Souza F. J. Phys. Chem. A. 2010; 14: 268–277.
19. Medforth CJ, Wang Z, Martin KE, Song Y, Jacobsen JL and Shelnutt JA. Chem. Commun. 2009;
7261–7277.
20. Colvin MT, Ricks AB, Scott AM, Smeigh AL,
Carmieli R, Miura T and Wasielewski MR. J. Am.
Chem. Soc. 2011; 133: 1240–1243.
21. Liu J-Y, El-Khouly ME, Fukuzumi S and Ng DKP.
Chem.-Eur. J. 2011; 17: 1605–1613.
22. Bottari G, Suanzes JA, Trukhina O and Torres T.
J. Phys. Chem. Lett. 2011; 2: 905–913.
23. Selektor SL, Sheinina LS, Shokurov AV, Raitman
OA, Arslanov VV, Lapkina LA, Gorbunova YuG
and Tsivadze AYu. Protection of Metals and Physical Chemistry of Surfaces 2011; 47: 447–456.
Copyright © 2014 World Scientific Publishing Company

17

24. Duvanel G, Grilj J and Vauthey E. J. Phys. Chem.
A. 2013; 117: 918–928.
25. Peuntinger K, Lazarides T, Dafnomili D, Charalambidis G, Landrou G, Kahnt A, Sabatini RP,
McCamant DW, Gryko DT, Coutsolelos AG
and Guldi DM. J. Phys. Chem. C. 2013; 117:
1647−1655.
26. Zenkevich EI, Gaponenko SV, Sagun EI and von
Borczyskowski C. Reviews in Nanoscience and
Nanotechnology 2013; 2: No 3, 184–207.
27. Klimov V. In Handbook of Nanostructured Materials and Nanotechnology, Vol. 4, Nalwa HS. (Ed.)
Academic Press: USA, 2000; pp 451–527.
28. Woggon U. Optical Properties of Semiconductor
Quantum Dots, Springer: Berlin, 2006.
29. Semiconductor Nanocrystal Quantum Dots: Synthesis, Assembly, Spectroscopy and Applications, Rogach
AL. (Ed.) Springer-Verlag: Wien, 2008.
30. Gaponenko SV. Introduction to Nanophotonics,
Cambridge University Press: Cambridge, 2010.
31. Coe-Sullivan S, Woo W-K, Steckel JS, Bawendi M
and Bulovic V. Electronics 2003; 4: 123–130.
32. Wang M, Moon S-J, Xu M, Chittibabu K, Wang P,
Cevey-Ha N-L, Humphry-Baker R, Zakeeruddin
SM and Graetzel M. Small 2010; 6: 319–324.
33. Medintz IL, Stewart MH, Trammell SA, Susumi K,
Delahanty JB, Mey BC, Melinger JS, Blanco-Canosa
JB, Dawson FE and Mattoussi H. Nature Materials
2010; 9: 676–684.
34. Frasco MF and Chaniotakis N. Sensors 2009; 9:
7266–7286.
35. Lee JRI, Whitley HD, Meulenberg RW, Wolcott A,
Zhang JZ, Prendergast D, Lovingood DD, Strouse
GF, Ogitsu T, Schwegler E, Terminello LJ and van
Buuren T. Nano Lett. 2012; 12: 2763−2767.
36. Nabiev I, Rakovich A, Sukhanova A, Lukashev E,
Zagidullin V, Pashchenko V, Rakovich YP, Donegan
JF, Rubin AB and Govorov AO. Angew. Chem. Int.
Ed. 2010; 49: 7217–7221.
37. Kilina S, Velizhanin KA, Ivanov S, Prezhdo OV and
Tretiak S. ACS Nano 2012; 6: 6515–6524.
38. McArthur EA, Godbe JM, Tice DB and Weiss EA.
J. Phys. Chem. C. 2012; 116: 6136−6142.
39. Zenkevich EI and von Borczyskowski C. High
Energy Chemistry 2009; 43: 570–576.
40. Kowerko D, Krause S, Amecke N, Abdel-Mottaleb
M, Schuster J and von Borczyskowski C. Inter.
Journal of Mol. Sci. 2009; 10: 5239–5256.
41. Chernook AV, Shulga AM, Zenkevich EI, Rempel U
and von Borczyskowski C. J. Phys. Chem. 1996; 100:
1918–1926.
42. Bachilo S, Willert A, Rempel U, Shulga AM,
Zenkevich EI and von Borczyskowski Ch. J. Photochem. Photobiol., A 1999; 126: 99–112.
43. Zenkevich EI, Shulga AM, Bachilo SM, Rempel
U, von Richthofen J and von Borczyskowski C.
J. Luminescence 1998; 76&77: 354–358.
J. Porphyrins Phthalocyanines 2014; 18: 17–19

18

E.I. ZENKEVICH AND C. VON BORCZYSKOWSKI

44. Zenkevich EI, von Borczyskowski C and Shulga
AM. J. Porphyrins and Phthalocyanines 2003; 7:
731–754.
45. Zenkevich E, Cichos F, Shulga A, Petrov E,
Blaudeck T and von Borczyskowski C. J. Phys.
Chem. B. 2005; 109: 8679–8692.
46. Blaudeck T, Zenkevich E, Cichos F and von
Borczyskowski C. J. Phys. Chem. C. 2008; 112:
20251–20257.
47. Kowerko D, Schuster J, Amecke N, Abdel-Mottaleb
M, Dobrawa R, Wuerthner F and von Borczyskowski C. Phys. Chem. Chem. Phys. 2010; 12:
4112–4123.
48. Zenkevich EI, Sagun EI, Knyukshto VN, Stasheuski
AS, Galievsky VA, Stupak AP, Blaudeck T and von
Borczyskowski C. J. Phys. Chem. C. 2011; 115:
21535–21545.
49. Blaudeck T, Zenkevich E, Abdel-Mottaleb M,
Szwaykowska K, Kowerko D, Cichos F and von
Borczyskowski C. ChemPhysChem. 2012; 13:
959–972.
50. Zenkevich EI, Stupak AP, Kowerko D and von
Borczyskowski C. Chem. Phys. 2012; 406: 21–29.
51. Clapp R, Medintz IL and Mattoussi H. ChemPhysChem. 2006; 7: 47–57.
52. Dayal S and Burda C. J. Amer. Chem. Soc. 2007;
129: 7977–7981.
53. Ren T, Mandal PK, Erker W, Liu Z, Avlasevich Y,
Puhl L, Müllen K and Basché T. J. Am. Chem. Soc.
2008; 130: 17242–17243.
54. Bullen C and Mulvaney P. Langmuir 2006; 22:
3007–3013.
55. von Holt B, Kudera S, Weiss A, Schrader T, Manna
L, Parak WJ and Braun M. J. of Mater. Chem. 2008;
18: 2728–2732.
56. Frenzel J, Joswig J-O and Seifert G. J. Phys. Chem.
C. 2007; 111: 10761–10770.
57. Knowles KE, McArthur EA and Weiss EA. Acs
Nano. 2011; 5: 2026–2035.
58. Sauvage J-P. Science 2001; 291: 2105–2108.
59. Burrell AK and Wasielewski MR. J. Porphyrins and
Phthalocyanines 2000; 4: 401–409.
60. Oksanen JAI, Zenkevich EI, Knyukshto VN,
Pakalnis S, Hynninen PH and Korrpi-Tommola
JEI. Biochim. Biophys. Acta — Bioenergetics 1997;
1321: 165–178.
61. Anderson HL, Hunter CA and Sanders JKM.
J. Chem. Soc., Chem. Commun. 1996; 1361–1369.
62. Balaban TS, Bhise AD, Bringmann G, Bürck J,
Chappaz-Gillot C, Eichhöfer A, Fenske D, Götz
DCG, Knauer M, Mizoguchi T, Mössinger D,
Rösner H, Roussel C, Schraut M, Tamiaki H
and Vanthuyne N. J. Am. Chem Soc. 2009; 131:
14480–14492.
63. Webb SI and Sanders JKM. Inorg. Chem. 2000; 39:
5912–5919.

Copyright © 2014 World Scientific Publishing Company

64. Kilin DS, Tsemekhman K, Prezhdo OV, Zenkevich
EI and von Borczyskowski C. J. Photochem. Photobiol., A 2007; 190: 342–354.
65. Gust D, Moore TA, Moore AL, Kang HK, De
Graziano JM, Liddell PA and Seely GR. J. Phys.
Chem. 1993; 97: 13637–13642.
66. Hunter CA and Hyde RK. Angew. Chem., Int. Ed.
Engl. 1996; 35: 1936–1954.
67. Shinoda S, Tsukube H, Nishimura Y, Yamazaki I
and Osuka A. Tetrahedron 1997; 53: 13657–13662.
68. Knyukshto VN, Sagun EI, Shulga AM and Zenkevich
EI. J. Appl. Spectrosc. 1998; 65: 900–907.
69. Perrin MH, Gouterman M and Perrin CL. J. Chem.
Phys. 1969; 50: 4173–4150.
70. Zenkevich EI, von Borczyskowski C, Shulga AM,
Bachilo SM, Rempel U and Willert A. Chem. Phys.
2002; 275: 185–209.
71. Benesi HA and Hildebrand JH. J. Am. Chem. Soc.
1949; 71: 2703–2707.
72. Leggett DJ, Kelly SL, Shiue LR, Wu YT, Chang D
and Kadish KM. Talanta 1983; 30: 579–586.
73. Mukherjee P, Chattopadhyay S and Bhattacharya S.
J. Porphyrins Phthalocyanines 2012; 16: 14–24.
74. Hoenigman SM and Evans CE. Anal Chem. 1996;
68: 3274–3276.
75. Kubista M, Sjoback R and Albinsson B. Anal.
Chem. 1993; 65: 994–998.
76. Abdollahi H and Nazari F. Anal. Chim. Acta 2003;
486: 109–123.
77. Encinas MV and Lissi EA. Chem. Phys. Lett. 1982;
91: 55–57.
78. Shoenfeld PS and Devoe JR. Anal. Chem. 1976; 48:
403R–411R.
79. Lakowicz JR. Principles of Fluorescence Spectroscopy (2nd Ed.), Kluwer Academic/Kluwer Publishers: New York, 1999.
80. Imahori H, Yamada K, Yoshizawa E, Okada T and
Sakata Y. J. Porphyrins Phthalocyanines 1997; 1:
55–62.
81. Tabushi I, Kugimiya S, Kinnaird MG and Sasaki T.
J. Am. Chem. Soc. 1985; 107: 4192–4199.
82. Anderson S, Anderson HL and Sanders JKM.
Angew. Chem., Int. Ed. Engl. 1992; 31: 907–919.
83. Lendzian F and von Maltzan B. Chem. Phys. Lett.
1991; 180: 191–194.
84. Osuka A, Maruyama K, Yamazaki I and Tamai N.
Chem. Phys. Lett. 1985; 107: 482–486.
85. Zenkevich EI, Shulga AM, Chernook AV, Sagun EI
and Gurinovich GP. Khimicheskaya Fizika. 1989; 8:
842–853.
86. Knop JV and Fuhrhop JH. Z. für Naturforsch. 1970;
25b: 729–734.
87. Mansur HS and Mansur AAP. Mater. Chem. Phys.
2011; 125: 709–717.
88. Bullen C and Mulvaney P. Langmuir 2006; 22:
3007–3013.

J. Porphyrins Phthalocyanines 2014; 18: 18–19

SELF-ORGANIZATION PRINCIPLES IN THE FORMATION OF MULTIPORPHYRIN COMPLEXES

89. Knowles KE, Tice DB, McArthur EA, Solomon
GC and Weiss EA. J. Am. Chem. Soc. 2010; 132:
1041–1060.
90. Dayal S, Lou Y, Samia ACS, Berlin JC, Kenney
ME and Burda C. J. Am. Chem. Soc. 2006; 128:
13974–13975.
91. Fritzinger B, Capek RK, Lambert K, Martins
JC and Hens Z. J. Am. Chem. Soc. 2010; 132:
10195–10201.
92. Ren T, Mandal PK, Erker W, Liu Z, Avlasevich Y,
Puhl L, Müllen K and Basché T. J. Am. Chem. Soc.
2008; 130: 17242–17243.
93. Knowles KE, Frederick MT, Tice DB, MorrisCohen AJ and Weiss EA. J. Phys. Chem. Lett. 2012;
3: 18–26.
94. Schmitt FJ. J. Optics 2010; 12: 084008.
95. Krebs FC, Senkovskyy V and Kiriy A. IEEE
J. Selected Topics of Quantum Electronics 2010; 16:
1821–1826.
96. Marjanovic N, Hammerschmidt J, Perelaer J,
Farnsworth S, Rawson I, Kus M, Yenel E, Tilki S,
Schubert US and Baumann RR. J. Mater. Chem.
2011; 21: 13634–13638.
97. Zenkevich EI, Sagun EI, Yarovoi AA, Shulga AM,
Knyukshto VN, Stupak AP and von Borczyskowski
C. Optics and Spectroscopy 2007; 103: 998–1009.

Copyright © 2014 World Scientific Publishing Company

19

98. Mattoussi H, Mauro JM, Goldman ER, Anderson
JP, Sundar VC, Mikulec FV and Bawendi MG.
J. Am. Chem. Soc. 2000; 122: 12142–12151.
99. Chernook AV, Rempel U, von Borczyskowski C,
Zenkevich EI and Shulga AM. Chem. Phys. Lett.
1996; 254: 229–241.
100. Zenkevich EI and von Borczyskowski C. In Multiporphyrin Arrays: Fundamentals and Applications,
Kim D. (Ed.) Pan Stanford Publishing Pte. Ltd.:
Singapore, 2012; Chapter 5, pp 217–288.
101. Issac A, von Borczyskowski C and Cichos F. Phys.
Rev. B. 2005; 71: 161302 (R).
102. Cichos F, von Borczyskowski C and Orrit M. Current Opinion in Colloid & Interface Science 2007;
12: 272–289.
103. Zenkevich E, Blaudeck T, Shulga A, Cichos F and
von Borczyskowski C. J. Luminescence 2007; 122–
123: 784–788.
104. Tachiya MJ. J. Chem. Phys. 1982; 76: 340–348.
105. Song N, Zhu H, Jin S, Zhan W and Lian T. ACS
Nano. 2011; 5: 613–621.
106. Zenkevich EI, Blaudeck T, Abdel-Mottaleb MMS,
Cichos F, Shulga AM and von Borczyskowski C.
Int. J. Photoenergy 2006; 90242.

J. Porphyrins Phthalocyanines 2014; 18: 19–19

Journal of Porphyrins and Phthalocyanines

Published at http://www.worldscinet.com/jpp/

J. Porphyrins Phthalocyanines 2014; 18: 20–34
DOI: 10.1142/S1088424613500636

Linear conjuncted porphyrin trimer synthesis
via “click” reaction
Yulia P. Polevayaa, Vladimir S. Tyurina and Irina P. Beletskaya*a,b
a

Frumkin Institute of Physical Chemistry and Electrochemistry, Leninskiy prospekt, 31-4, Moscow 119071,
Russian Federation
b
Lomonosov Moscow State University, Chemistry Department, Leninskie Gory, 1-3, Moscow 119992,
Russian Federation
Dedicated to Professor Aslan Tsivadze on the occasion of his 70th birthday
Received 7 February 2013
Accepted 15 April 2013
ABSTRACT: Two isomers of porphyrin trimer with 1,4-diaryltriazole linkers have been synthesized
using “click” methodology and characterized by MS, NMR and UV-vis spectroscopy. The porphyrin
compounds were shown to exhibit photostability and high solubility. Photophysical data were compared
with corresponding ones of synthesized triazole-bridged dimer with the same electronic surrounding and
known linear dimer and trimer with diarylethyne linkers. Obtained data revealed weak inter-chromophore
electronic communication in the ground state but signiﬁcant exciton coupling whereas the properties of
the individual chromophores are mainly retained for triazole-bridged dimer and trimers.
KEYWORDS: porphyrins, click chemistry, triazoles, building blocks approach, triad.

INTRODUCTION
From the moment of discovery by Sharpless and
coworkers [1] of copper(I)-catalyzed 1,3-dipolar cycloaddition of azides and alkynes leading to 1,4-substituted
1,2,3-triazoles which received a name “click” reaction,
Huisgen’s 1,3-diploar cycloaddition has got a new
breath [2, 3]. The simple and efﬁcient reaction became
a paramount methodology of linking two organic
fragments by triazole bridge. The reaction has gained
wide applications in various ﬁelds of organic chemistry
and, especially in obtaining macromolecules and diverse
functional materials [4]. This reaction plays an important
role in porphyrin chemistry allowing modiﬁcation of
the porphyrin ring, forming conjugates with fullerenes
[5], pharmacophore fragments [6–8], dendrimers with
porphyrin core [9, 10], immobilization of porphyrin on
solid support [11] including polypeptides [7]. Triazole
heterocycle is not only the simple, “non-interfering”
linker for connection of independent molecular species
*Correspondence to: Irina P. Beletskaya, email: beletska@org.
chem.msu.ru
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together, but the number of interesting conformational
and supramolecular features can arise from triazole-rich
compounds [12]. Thus triazole-bridged oligoporphyrins
can be promising for the construction of self-organized
supramolecular ensembles. The organization of chromophores on the nanoscale level as it is achieved in natural
photosynthetic centers is necessary for the directional
ﬂow of photonic energy which is an ultimate goal in
the design of efﬁcient artiﬁcial phototransforming
devices [13, 14]. It is known that the synthesis of multiporphyrin systems is of interest for further construction
of electron devices, sensors, solar cells [15–18, 19–21],
catalysts [19, 22], adsorbents [23], NLO materials [24,
25] and for applications in photodynamic therapy (PDT)
[26]. In such covalently bonded porphyrins acetylene or
phenylene linkers were mostly used, as these systems
are easy to synthesize via the recently well-developed
catalytic cross-coupling methodology such as Suzuki
and Sonogashira reactions [13, 20, 21, 27–29]. The
diarylethyne linked multiporphyrin arrays are weakly
coupled electronically because of the orthogonal orientation of phenyl substituents of porphyrin. The rapid and
efﬁcient excited singlet-state energy transfer was found

LINEAR CONJUNCTED PORPHYRIN TRIMER SYNTHESIS VIA “CLICK” REACTION

to occur in such systems [20, 21, 30]. The nature of the
bridge linking porphyrin cores exerts a strong inﬂuence
on the energy transfer processes. At present time only
a few porphyrin dimers with 1,2,3-triazole bridge have
been synthesized. Thus Odobel and coworkers obtained
both meso–meso triazole bridged and also 1,4-diphenyl1,2,3-triazole bridged dimers of meso-triarylporphyrin
[31]. The former dimer was also asymmetrical with
different metals in each porphyrin core. Chen et al.
prepared asymmetrical β-meso-triazole linked dimer of
nickel complexes of tetraphenyl- and diphenylporphyrins
[32]. And ﬁnally Ravikanth and Shetti have synthesized
a series of diphenyltriazole-bridged unsymmetrical
porphyrin dimers containing two different porphyrin
subunits where one subunit is a normal porphyrin core
(N4) and another is a thia- or oxaporphyrin analog (N3S,
N2SO, N2S2) [33].

RESULTS AND DISCUSSION
In the present work we have for the ﬁrst time
performed the synthesis of porphyrin trimers using the
“click” chemistry. Two trimers were constructed from
two sets of building blocks. In the ﬁrst case the central
porphyrin building block I of the future trimer has two
4-alkynylphenyl groups in opposite meso-positions and
reacts with meso-(4-azidophenyl)porphyrin II. In the
second case the central porphyrin III has two opposite
meso-4-azidophenyl groups reacting with meso-(4acetylenylphenyl)porphyrin IV (Fig. 1).
The reaction of dipyrromethane with an aldehyde
via the MacDonald type [2+2] condensation [34] is a
convenient way to trans–meso-A2B2-substituted porphyrins I and III. Three 5-substituted dipyrromethanes (Fig. 2)
were used in the synthesis of meso-bis-(p-nitrophenyl)porphyrin which is a precursor for the corresponding

trans–meso-bis(4-azidophenyl)porphyrin (A 2 B 2 azidoP) III.
5-(4′-tert-butylphenyl)dipyrromethane 1 [35], 5-(4′nitrophenyl)dipyrromethane 2 [36] and 5-mesityldipyrromethane 3 [37] were easily obtained in high yields
by published procedures. The [2+2] condensation of 1
and 2 with 4-nitrobenzaldehyde and 4-tert-butylbenzaldehyde, respectively yielded a hardly separable
mixture of desired trans-A2B2-porphyrin with side cisA2B2-, AB3-, A3B-, A4- and B4- porphyrins, where A is
4-nitrophenyl substituent and B is 4-tert-butylphenyl
substituent. The scrambling by-products are typically
observed in MacDonald’s condensations because of
reversible character of reactions involved [34, 36b].
Much better result was obtained in the condensation of
5-mesityldipyrromethane 3 and 4-nitrobezaldehyde in
CH2Cl2 catalyzed by TFA at room temperature affording
porphyrin 4 in 25% yield. The reduction of nitro group
was carried out in CHCl3/AcOH by SnCl2/HCl procedure
to give the 4-aminophenyl substituted porphyrin 5 in 85%
yield. Diazotization of 5 with TFA/NaNO2, followed
by one-pot reaction with NaN3 furnished meso-bis(4azidophenyl)porphyrin which was further converted by
reaction with zinc acetate to the desired zinc porphyrin 6
having two azide functionalities (building block III) with
80% yield over two stages (Fig. 3).
The same [2+2] approach was used for condensation
5-mesityldipyrromethane 3 and 4-(TMS-ethynyl)benzaldehyde (TMS = trimethylsilyl), followed by deprotection
of acetylene groups with TBAF and metallation by
Zn(OAc)2 to give zinc meso-bis(4-acetylenylphenyl)porphyrin 7 (building block I) in overall 28% yield
(Fig. 4). Thus 5-mesityldipyrromethane 3 proved to
be the most convenient precursor for the synthesis of
A2B2-type porphyrins via [2+2] condensation with
arylaldehydes. These data conform to investigations
that reactions of sterically hindered dipyrromethanes
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Fig. 2. Dipyrromethanes involved in [2+2] condensation with
aldehydes

with aldehydes give no scrambling by-products to afford
pure A2B2-porphyrins [34, 38].
Lindsey procedure [39] of mixed aldehydes-pyrrole
condensation with BF3 etherate catalyst, followed by
DDQ oxidation was used to obtain A3B-porphyrins
(building blocks II and IV) (Fig. 5). Pyrrole, 4-tertbutylbenzaldehyde and 4-nitrobenzaldehyde in the ratio
4/3/1/ reacted in CH2Cl2 at room temperature for 80 min
yielding a mixture of trans- and cis-A2B2-, AB3-, A3B-,
A4- and B4- porphyrins where A is 4-nitrophenyl substituent and B is 4-tert-butylphenyl substituent. After ﬂash
chromatography puriﬁcation from tar the reduction of
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Fig. 3. Synthesis of the zinc porphyrin with two azide functionalities (building block III)
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Fig. 4. Synthesis of the zinc porphyrin with two alkyne functionalities (building block I)
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nitro derivatives was performed without separation with
subsequent easy isolation of meso-(4-aminophenyl)
porphyrin 8. Azidoporphyrin 9 was obtained using the
same procedures for 6 in overall 8% yield. Analogously,
the condensation of pyrrole, 4-tert-butylbenzaldehyde
and 4-(TMS-ethynyl)benzaldehyde in ratio 4/3/1 gave a
mixture of substituted porphyrins which was metalated
without isolation, TMS deprotected and then porphyrin
10 was chromatographically isolated with 13% yield.
Mixed aldehyde and pyrrole condensation method
yielded mixture of six differently substituted porphyrin
products and required difﬁcult separation. Therefore we
used another approach to mono-azido functionalized
porphyrin, the condensation of dipyrromethane with two
different aldehydes leading toA2BC-porphyrin. The reaction
of 5-mesityldipyrromethane with 4-nitrobenzaldehyde and
4-tert-butylbenzaldehyde furnished the novel nitrophenyl
functionalized porphyrin 11 in 28% yield (Fig. 6). The
Copyright © 2014 World Scientific Publishing Company

presence of tert-butyl group serves to improve porphyrin
solubility and mesityl substituent suppresses scrambling
and cofacial aggregation. Earlier reported meso-substituted
porphyrins bearing single nitro- or acetamidophenyl group
as azide precursors were obtained in lower yields in a
range 10–18% [31, 40, 41a, 41b, 42].
A similar condensation of 5-mesityldipyrromethane,
4-(TMS-ethynyl)benzaldehyde and 4-tert-butylbenzaldehyde produced, after deprotection and metalation, zinc
porphyrin 14 in overall 22% yield (Fig. 7).
Thus, the condensation of dipyrromethane with
two different aldehydes is a more attractive method
for the synthesis of asymmetrical meso-functionalized
porphyrins, giving higher yields and fewer amounts of
byproducts, allowing feasible isolation of the desired
product [43].
With all I–IV building blocks, porphyrins 6, 7, 13, 14
in hands we pursued two methods of their connection via
J. Porphyrins Phthalocyanines 2014; 18: 23–34
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Fig. 7. Synthesis of building block IV-A2BC-porphyrin via dipyrromethane-mixed aldehydes condensation

the “click” reaction. There are various reported reaction
conditions, for the CuI-catalyzed Huisgen’s 1,3-dipolar
cycloaddition, which unpredictably give range of yields
from zero to satisfactory [44]. We investigated “click”coupling of ethynyl functionalized zinc porphyrin 7 and
azido functionalized porphyrin 13 in order to ﬁnd the
optimized reaction conditions. First we tried those copperbased catalysts and conditions, which were reported by
others to be satisfactory with the porphyrin substrates [41,
45, 31–33] (Table 1). The conditions [41f] using copper
sulfate with sodium ascorbate in dichloromethane-water
Copyright © 2014 World Scientific Publishing Company

mixture gave only traces of product (entry 1). But the
same reagents in DMF led to success (entry 2) (Fig. 8).
The noticeable product spot in TLC appeared at 20 min
after start. After 2 h the reaction was complete and the
desired trimer 15 was easily isolated after workup by silica
gel ﬂash chromatography as a dark-purple solid in 60%
yield. The copper complex with carbene ligand SIMes
(N,N′-bis(2,4,6-trimethylphenyl)-4,5-dihydro-imidazole2-ylidene)) (SIMes)CuBr was recently reported to be
the best catalyst for reaction of water insoluble meso-(pazidophenyl)- and meso-(p-ethynylphenyl)- porphyrins
J. Porphyrins Phthalocyanines 2014; 18: 24–34
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Table 1. The Huisgen’s 1,3-dipolar cycloaddition reaction of porphyrins 7 and 13 under various
conditions
Entry

Reaction conditions

Yield, %

1

CuSO4·5H2O, sodium ascorbate, CH2Cl2/H2O (3:1), 12 h, rt, vigorously stirring

traces

2

CuSO4·5H2O, sodium ascorbate, DMF, 100 °C, 2 h;

60

3

iPrCuBr[a], THF/H2O (3:1), 45 °C, 12 h

nd

4

CuBF4(CH3CN)4, THF/H2O (3:1), 45 °C, 12 h

nd

[b]

5

CuI, DIPEA , THF/MeCN (1:1), rt, 12 h

6

CuI, DIPEA, THF/MeCN (5:1), 60 °C, 3 h

7

CuI, DIPEA, toluene, 100 °C, 3 h

traces
68
traces

Pr = N,N ′-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). b DIPEA = diisopropylethylamine.

a i

N

N

Zn

N

N

1 eq.
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2 eq.
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a) CuI/DIPEA in THF/MeCN, 68%
b) CuSO4 x 5H2O, sodium ascorbate,
DMF, 60%
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Fig. 8. Synthesis of the trimer 15

[31]. Since the complex (SIMes)CuBr was not readily
available, we used a similar complex of copper bromide
with carbene ligand N,Nc-bis(2,6-diisopropyl-phenyl)imidazol-2-ylidene in the same reaction conditions in
THF/H2O (3:1), at 45 °C, for 12 h, however this catalyst
failed to give detectable amount of product (entry 3).
Reaction with CuBF4(CH3CN)4 catalyst also failed to
give the desired product (entry 4). Copper iodide with
DIPEA in THF/MeCN (1:1) utilized by Ravikhanth and
coworkers [33, 45a] for triazole-bridged porphyrin dimers
was also explored, but only traces of trimer 15 were
detected after 10 h (entry 5). Probably these conditions
were unsuccessful because substrates 7 and 13 are poorly
soluble in the solvent mixture used, as compared to
Copyright © 2014 World Scientific Publishing Company

meso-(p-tolyl)substituted porphyrins used by Ravikhanth
[33, 45a]. We modiﬁed reaction conditions by diluting
the mixture with THF and heating at 60 °C for 3 h,
hereupon trimer 15 was isolated in 68% yield (entry 6)
(Fig. 8). Use of the same catalyst in toluene at 100 °C
gave only traces of product (entry 7).
Reaction conditions utilized in entry 6 proved to be
the best for reaction for the porphyrin 7 and 13: simple
work-up allowed easy puriﬁcation of the product by ﬂash
chromatography on silica, the catalyst is readily available
CuI with DIPEA. The yield of porphyrin trimer is higher
than that of reported analogous porphyrin dimers [31, 33,
45a] except the directly linked β-meso-triazole-bridged
dimer [32]. Using the optimized “click” reaction conditions
J. Porphyrins Phthalocyanines 2014; 18: 25–34
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the cycloaddition of 6 to 14 was carried out furnishing the
trimer of the second type 16 in 70% yield (Fig. 9).
Firstly, we have compared NMR and absorption characteristics of novel trimers with the corresponding dimers
Copyright © 2014 World Scientific Publishing Company

with the same linker, structural rigidity and electronic
surrounding. Triazole-bridged zinc porphyrin dimer 17
was obtained under the same conditions as for trimer from
equimolar amounts of 14 and 13 in 60% yield (Fig. 10).
J. Porphyrins Phthalocyanines 2014; 18: 26–34
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Fig. 11. MALDI-TOF mass spectra of triazole-bridged trimers
15 (a), 16 (b) and dimer 17 (c)

The trimers 15, 16 and dimer 17 were characterized
by MS, NMR, UV-visible spectroscopy. During massspectral analysis, the fragmentation of these compounds
occurs readily with loss of nitrogen molecules. Thus
MALDI-TOF spectra shows the following isotopic ion
clusters: molecular ion of the trimer/dimer and ions
resulted from the loss of N2 molecules from triazole
bridges (Fig. 11).
The 1H NMR resonance signals of 15 and 16 were assigned by comparison with the spectra of starting porphyrin
monomers, and the reported data for porphyrin-triazole
Copyright © 2014 World Scientific Publishing Company
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compounds [41a, 33]. 1H NMR spectra shows the typical
singlet of the 1,2,3-triazole unit at δ = 8.79 ppm for 15 and
at 8.73 ppm for 16 and singlet 3.33 ppm of the alkynyl
protons of starting porphyrins 7 and 14 disappeared. The
2,6-protons (g) of meso-phenyl group connected to the
position 1 of the triazole ring were shifted downﬁeld by 0.9
ppm compared to that resonance in starting azidoporphyrins
6 and 13 (Fig. 12).
The nature of linker, structural rigidity and degree
of interchromophore electronic coupling have been
reported to inﬂuence intramolecular porphyrin-porphyrin
electronic communication [46b, 46c, 47]. In order to
understand the effect of triazole linker we have undertaken
the measurement of absorption and emission spectra of
the new porphyrin arrays.
The photophysical data of porphyrin dimer Zn2U and
trimer Zn3L joined via diphenylethyne linkers (Fig. 13)
were published [41g, 46b]. For unsymmetrical porphyrin
dyads an increased energy transfer efﬁciency between
subunits was noted on changing the rigid diphenylethyne
“linker” to more ﬂexible triazole one [45a].
Sufﬁcient solubility of the porphyrins and their dimers
and trimers is essential for synthesis and characterization.
Starting porphyrins, their zinc derivatives and compounds
15, 16, 17 are soluble in a range of solvents: CH2Cl2, CHCl3,
toluene and particularly well in THF. Consequently THF
became the solvent of choice for spectroscopic studies.
According to reported data for Zn porphyrin arrays their
absorption and ﬂuorescence properties hardly change
with solvent polarity [46a, 46b].
The UV-visible absorption spectra were measured
at room temperature. As a reference, the spectra of
the starting Zn-monomers (6, 7, 14, 13) contain the
intense near-UV Soret band at 425–426 nm and the
weaker visible bands corresponding to the transitions
from the ground state to the lowest excited singlet state
(S0-S1); Q-band at 596–598 nm and more intense Q
vibronic band at 558–559 nm. The dimer and trimers
spectra exhibit Q-bands region (500–600 nm) which
is very near to the spectra of the starting monomers
(Fig. 14).
On the other hand Soret bands display broadening for
dimer and red shift and splitting for trimers (Fig. 14).
These changes of Soret bands caused by point-dipole
excitation coupling [48] and reported as characteristic for
meso–meso linked porphyrins [49].
The geometry optimization performed with molecular
mechanics MM+ method predicts the center to center
distance between the neighboring porphyrin units in
trimer at ca. 18 Å (Fig. 15).
According to the excitation coupling theory [50],
Equation 1 predicts the relationship of the splitting
energy of the neighboring porphyrin units, ΔE0, where M
is the transition dipole moment, R is the center to center
chromophore distance, α is the angle between polarization
axes for the component absorbing units and θ is the angle
made by the polarization axes of the unit molecule with
J. Porphyrins Phthalocyanines 2014; 18: 27–34
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Fig. 12. 1H NMR spectra of trimers 15 (a) and 16 (b)

the line of molecular centres. The splitting energy (ΔE)
for larger arrays is described by Equation 2 [32].

DE 0 =

2M 2
3

(cos a + 3 cos 2q )

R
DE = DE 0 cos[p /( N + 1)].

(1)
(2)

Approximate calculation using Equations 1 and 2 gives
values of Soret splitting ~ 5.6 nm which is consistent
with the observed absorption data for trimers. The molar
Copyright © 2014 World Scientific Publishing Company

extinction coefﬁcients of the Soret and Q-bands of
trimers 15 and 16 are increased relative to that of dimer
and monomers (Table 2). Thus the porphyrin subunits in
trimers mainly retain their static absorption properties
but manifesting weak interchromophore interaction in
the ground electronic state and clear exciton coupling
in the excited state. The static absorption properties of
triazole-bridged trimers do not differ appreciably from
those of the ethyne-bridged trimer [41g, 46b]. Diaryltriazole linker provides sufﬁciently weak inter-porphyrin
coupling (at ca. 18 Å center-to-center separation) as
opposed to direct meso–meso linkers that gives very
J. Porphyrins Phthalocyanines 2014; 18: 28–34
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Fig. 13. Porphyrin dimer and trimer joined via diarylethyne linkers. The quantum yield is referred to that of ZnU, Φf = 0.035 [46b]

of multichromophoric arrays for light-harvesting
applications [41g]. Recently triazole-linker was utilized
in porphyrin-β-carboline conjugate which exhibited
remarkable phototoxicity [53]. New physicochemical
aspects of metalloporphyrins associated with axial
ligation of halides were reported for porphyrin-based
host compound containing four triazole groups. Receptor
design can be proposed based on a combination of
multiple binding motifs [54, 55].

EXPERIMENTAL

Fig. 14. Absorption spectra of compounds in THF (spectra
in the 470–720 nm region are multiplied by the factor of 5).
Absorption and ﬂuorescence characteristics were measured at
room temperature, samples concentration 2.5 × 10-6 M

strong interactions between porphyrin units and involves
radical changes in photophysical characteristics [48a, 49,
51, 52]. Thus diaryltriazole linker could be successfully
applied for one of two basic approaches in the design
Copyright © 2014 World Scientific Publishing Company

1
H NMR spectra (400 MHz and 600 MHz) were
recorded with a Bruker AM-400 and Avance 600 (IPCE
RAS) spectrometers. Chemical shifts are reported in δ
(ppm), referred to 1H (of residual proton, δ 7.28) signal of
CDCl3. MALDI-TOF mass spectra were recorded on an
Ultraﬂex mass spectrometer Bruker Daltonics, (positiveion mode, voltage 20 mV), 1,8,9-trihydroxyanthracene
matrix was used for dimer and trimers. Photophysical
studies were performed in Institute of Problems of
Chemical Physics RAS 142432 Chernogolovka,
Moscow region, Russia. Electronic absorption spectra
were obtained with Shimadzu UV-3101PC UV-vis NIR.
Fluorescence spectra were recorded at 25 °C in a 1 cm
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Column chromatography was carried
out on MN-Kieselgel 60 (0.04–
0.063 mm mesh size). All other
chemicals used for the synthesis
were reagent grade unless otherwise
speciﬁed.
Syntheses of porphyrins 4, 7, 11,
14 were carried out via MacDonald
type [2+2] condensation [34] with
5-mesitydipyrromethane.
5,15-Bis(4-nitrophenyl)-10,
2 0 - d i m e s i t y l p o rp hy r i n ( 4 ) .
Condensation of 5-mesityldipyrromethane (0.66 g, 2.5 mmol) and
p-nitrobenzaldehyde (0.42 mL, 2.5
mmol) in CH2Cl2 (250 mL) with
TFA (0.34 mL, 4.45 mmol) was
carried out at room temperature
for 30 min, following the described
procedure [34] of oxidation with
DDQ. Product isolation: the solvent
was removed under vacuum to
give black solid which was placed
on the top of column prepacked
with silica gel and CH2Cl2 for
Fig. 15. Molecular model of trimers 15 (a) and 16 (b) calculated using MM+ method
chromatography separation. First
fraction was eluted with CH2Cl2
to remove pale brown layer of
byproduct; main product was eluted
Table 2. Absorption and ﬂuorescence characteristics
with
CH
Cl
and
5%
EtOAc. Removal of the solvent
2
2
Compound
(Φf) [b]
Q-bands, λmax
Soret band, λmax
under
vacuum
gave
a
brown solid 4. Yield 493 mg
(ε × 10-5, M-1 cm-1) (ε × 10-4, M-1 cm-1)
(25%). 1H NMR (400 MHz, CDCl3): δH ppm -2.78
7
0.049 426 (5.4)
558 (3.2), 598 (1.9)
(2H, br s), 1.84 (12H, s), 2.62 (6H, s), 7.27 (4H, s),
8.41 (4H, d, 3J = 8.5 Hz) 8.60 (4H, d, 3J = 8.7 Hz),
13
0.015 425 (3.2)
559 (3.4), 598 (2.6)
8.71 (4H, d, 3J = 4.7 Hz), 8.75 (4H, d, 3J =
0.017 426 (2.8)
559 (3.3), 596 (2.6)
6
4.7 Hz). MS (MALDI-TOF): m/z 788.38 (calcd. for
14
0.034 425 (5.3)
558 (3.9), 597 (2.7)
[C50H40N6O4]+ 788.89).
5,15-Bis(4-aminophenyl)-10,20-dimesityl17 dimer
0.047 426 (3.5)
558 (3.2), 598 (2.3)
[a]
porphyrin
(5). To a solution of 4 (450 mg, 0.57
550 (4.3), 588 (0.72)
Zn2U dimer 0.043 426 (6.8)
mmol) in 1:2 CHCl3/HOAc (30 mL) a solution of
15 trimer
0.053 425 (6.9), 431 (6.5) 558 (6.1), 599 (3.9)
SnCl2·2H2O (903.6 mg, 4 mmol) in concentrated
16 trimer
0.051 425 (5.8), 431 (5.9) 558 (4.9), 599 (2.9)
HCl (10 mL) was added. The mixture was vigorously
stirred in a preheated oil bath (65–70 °C) for 30 min,
Zn3L[a] trimer 0.058 423 (8.9), 431 (8.9) 550 (6.9), 590 (1.4)
reﬂuxed for 7 h, and then neutralized with ammonia
Solvent THF; a Compound with diarylethyne linker in toluene
solution (25%) to pH 8–9. Chloroform (100 mL)
[41g, 46b]. Absorption and ﬂuorescence characteristics were
-6
was added, and the mixture was stirred for 1 h. The
measured at room temperature, samples concentration 2.5 × 10
b
organic phase was separated, and the water phase was
M. Fluorescence yields were obtained using relative method. The
extracted with CHCl3 (2 × 100 mL). The combined
emission spectra were integrated from 570 to 780 nm, λex = 400 nm.
The quantum yield is referred to that of ZnU, Φf = 0.035 [46b] with
organic layers were washed once with dilute
correction for the difference in solvent refractive index.
ammonia solution, three times with water, and then
concentrated to dryness. The residue was puriﬁed by
column chromatography (silica gel, chloroform with
quartz ﬂuorescence cuvette on Perkin-Elmer LS 55
5% EtOAc) to give 5. Yield 353 mg (85%). 1H NMR
luminescence spectrometer. The course of the reactions
(400 MHz, CDCl3): δH ppm -2.56 (2H, br s), 1.87 (12H,
was monitored and the purity of the reaction products was
s), 2.66 (6H, s), 3.91 (2H, br s, NH2), 7.07 (4H, d, 3J = 8.2
checked by TLC (thin-layer chromatographic plates were
Hz), 7.31 (4H, s), 8.02 (4H, d, 3J = 8.2 Hz), 8.80 (4H, d,
3
coated with MN-Kieselgel, Machery-Nagel GmbH & Co).
J = 4.7 Hz), 8.88 (4H, d, 3J = 4.7 Hz).
Copyright © 2014 World Scientific Publishing Company
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Zinc(II) 5,15-bis(4-azidophenyl)-10,20-dimesitylporphyrin (6). Porphyrin 5 (300 mg, 0.41 mmol) was
dissolved in 13.2 mL TFA and cooled to 0 °C in an
ice bath. Sodium nitrite (108.4 mg, 1.56 mmol) was
dissolved in 3 mL of water and added to the mixture,
which was then stirred for 30 min at 0 °C. Sodium
azide (152.8 mg, 2.35 mmol) was dissolved in 3 mL
of water and added to the reaction mixture. After the
reaction was stirred on ice for 1 h, cold water was
added to the ﬂask. The crude mixture was extracted
with CH2Cl2, and the green organic layer was washed
with water until it turned purple. The organic phase
was dried over Na2SO4, ﬁltered, and concentrated under
vacuum to about 200 mL. Zinc acetate (2 g, 9.12 mmol)
was dissolved in ~25 mL of MeOH and added to the
porphyrin solution. The reaction was heated at reﬂux
for 1 h, and the crude mixture was washed with water
three times. The organic layer was dried over Na2SO4
and ﬁltered. Flash column chromatography with silica
gel was used to purify the crude material using CH2Cl2
as the eluent, and the desired product was eluted with
the solvent front. The yield for two steps was ~80%, 1H
NMR (400 MHz, CDCl3): δH ppm 1.85 (12H, s), 2.66
(6H,s), 7.31 (4H, s), 7.42 (4H, d, 3J = 8.4 Hz), 8.23 (4H,
d, 3J = 8.4 Hz), 8.80 (4H, d, 3J = 4.7 Hz), 8.88 (4H, d, 3J =
4.7 Hz). UV-vis: λmax, nm (ε × 10-5, M-1.cm-1) 426 (2.8),
559 (0.33), 596 (0.26).
Zinc(II) 5,15-bis(4-ethynylphenyl)-10,20-dimesitylporphyrin (7). Condensation of 5-mesityldipyrromethane
(0.66 g, 2.5 mmol) and 4-((trimethylsilyl)ethynyl)benzaldehyde (0.51 g, 2.5 mmol) in CH2Cl2 (250 mL)
with TFA (0.34 mL, 4.45 mmol) following the procedure
described for 4 gave a dark purple solid of 5,15bis(4-((trimethylsilyl)ethynyl)phenyl)-10,20-dimesitylporphyrin (668.5 mg, 30%). Product was dissolved in
50 mL CH2Cl2 and metalated by adding of excess of
Zn(OAc)2·2H2O (1 g) in MeOH (10 mL) and heating
at reﬂux for 1 h. Solvent was evaporated and the
product was dissolved in CHCl3 / THF (1:1, 100 mL).
Tetrabutylammonium ﬂuoride (TBAF) (1.0 M solution
in THF, 3 mL) was added and the solution was stirred
at rt for 1 h. Glacial acetic acid (2.5 mL) was added and
the product was washed over a silica funnel with CHCl3.
Solvent removal gave product 7. The yield for two steps
was 635 mg, 95%, 1H NMR (400 MHz, CDCl3): δH ppm
1.85 (12H, s), 2.66 (6H, s), 3.33 (2H, s), 7.31 (4H, s), 7.90
(4H, d, 3J = 7.7 Hz) 8.22 (4H, d, 3J = 7.7 Hz), 8.80 (4H, d,
3
J = 4.6 Hz), 8.87 (4H, d, 3J = 4.6 Hz). UV-vis: λmax, nm
(ε × 10-5, M-1.cm-1) 426 (5.4), 558 (0.32), 598 (0.19). MS
(MALDI-TOF): m/z 810.11 (calcd. for [C54H40N4Zn]+
810.31).
5-(4-Tert-butylphenyl)-15-(4-nitrophenyl)-10,20dimesitylporphyrin (11); 5-(4-tert-butylphenyl)-15-(4aminophenyl)-10,20-dimesitylporphyrin (12).
Condensation of 5-mesityldipyrromethane (0.66 g, 2.5
mmol) with p-nitrobenzaldehyde (0.21 mL, 1.25 mmol)
and 4-tert-butylbenzaldehyde (2.5, 0.42 mL) in CH2Cl2
Copyright © 2014 World Scientific Publishing Company
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(250 mL) with TFA (0.34 mL, 4.45 mmol) during 80 min
following the procedure described for 4. Solvent was
removed under vacuum and black solid was poured onto
a pad of silica and eluted with CH2Cl2 without products
separation; reduction of nitro groups was performed
following the procedure described for synthesis of 5.
Chromatography separation: elution with CH2Cl2:PE=2:1
gave ﬁrst purple layer of 5,15,10,20-tetramesitylporphyrin
(as byproduct); product 12 was eluted in second fraction,
after solvent evaporation gave purple solid with overall
22% yield after two steps. 1H NMR (400 MHz, CDCl3):
δH ppm -2.55 (2H, s), 1.63 (9H, s), 1.85 (12H, s), 2.66
(6H, s), 7.08 (2H, d, J = 8.2 Hz) 7.31 (4H, s), 7.77 (2H, d,
J = 8.2 Hz), 8.03 (2H, d, J = 8.2 Hz), 8.17 (2H, d, J = 8.2
Hz), 8.70 (4H, d, J = 4.6 Hz), 8.86 (2H, d, J = 4.6 Hz),
8.91 (2H, d, J = 4.6 Hz).
Zinc(II) 5-(4-tert-butylphenyl)-15-(4-azidophenyl)10,20-dimesitylporphyrin (13). 13 was obtained from 12
following the procedure described for synthesis of 6. 1H
NMR (400 MHz, CDCl3): δH ppm 1.63 (s, 9H), 1.85 (12H, s),
2.66 (6H, s), 7.31 (4H, s), 7.40 (2H, d, J = 8.1 Hz), 7.77
(2H, d, J = 8.1 Hz), 8.17 (2H, d, J = 8.1 Hz), 8.23 (2H, d,
J = 8.1 Hz), 8.80 (4H, m), 8.88 (2H, d, J = 4.6 Hz), 8.96
(4H, d, J = 4.6 Hz). UV-vis: λmax, nm (ε × 10-5, M-1.cm-1)
425 (3.2), 559 (0.34), 598 (0.26). MS (MALDI-TOF): m/z
831.31 (calcd. 831.38 [C54H47N7Zn − N2]+).
Zinc(II) 5-(4-tert-butylphenyl)-15-(4-ethynylphenyl)-10,20-dimesitylporphyrin (14). Condensation
of 5-mesityldipyrromethane (0.66 g, 2.5 mmol) with
4-((trimethylsilyl)ethynyl)benzaldehyde (0.25 g,
1.25 mmol) and 4-tert-butylbenzaldehyde (1.25, 0.42 mL)
in CH2Cl2 (250 mL) with TFA (0.34 mL, 4.45 mmol) during
80 min following the procedure described for 4. Metalation
and TMS deprotection was performed according to
procedure described for 7. 1H NMR (400 MHz, CDCl3):
δH ppm 1.63 (9H, s), 1.85 (12H, s), 2.66 (6H, s), 3.33 (1H,
s,), 7.31 (4H, s,), 7.77 (2H, d, 3J = 8.2 Hz), 7.90 (2H, d, 3J =
7.8 Hz), 8.18 (2H, d, 3J = 8.2 Hz), 8.23 (2H, d, 3J = 7.8 Hz),
8.72–8.97 (8H, m, β-H). UV-vis: λmax, nm (ε × 10-5, M-1.
cm-1) 425 (5.3), 558 (0.39), 597 (0.27).
A3B-Porphyrins 8, 10 were obtained following
general procedure [39] for the pyrrole condensation with
mixed aldehydes. The reactant concentrations were 7.5
mM aldehyde A, 2.5 mM aldehyde B, 10 mM pyrrole, 3
mM BF3·O(Et)2, and 7.5 mM DDQ. After the addition of
DDQ, the mixture was allowed to stir overnight. Solvent
was removed under reduced pressure and the residue
was chromatographed over silica. First chromatography
affords a mixture of porphyrins, which then was separated
on a second column chromatography.
5-(4-Aminophenyl)-10,15,20-tris(4-tert-butylphenyl)porphyrin (8). The spectroscopic data were in
accordance with previously described [40].
Zinc(II) 5-(4-azidophenyl)-10,15,20-tris(4-tertbutylphenyl)porphyrin (9). Synthesis was carried out
using the general method of diazotization with TFA/
NaNO2, followed by one-pot reaction with NaN3 and
J. Porphyrins Phthalocyanines 2014; 18: 31–34
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preparation of zinc derivative as described above for 6.
1
H NMR (400 MHz, CDCl3): δH ppm 1.63 (27H, s), 7.40
(2H, d, 3J = 8.3 Hz), 7.77 (6H, d, 3J = 8.1 Hz), 8.17 (6H,
d, 3J = 8.1 Hz), 8.23 (2H, d, 3J = 8.1 Hz), 8.82 (2H, d, 3J =
4.6 Hz), 8.91 (6H, broad).
Zinc(II) 5-(4-ethynylphenyl)-10,15,20-tris(4-tertbutylphenyl)porphyrin (10). After the addition of DDQ,
the mixture was allowed to stir for night. Triethylamine
(1.5 mmol, 0.21 mL) was added to neutralize the
solution which was then ﬁltered through a pad of silica
using CH2Cl2 as eluent. The solution was concentrated
and the porphyrin was then metalated by adding an
excess of Zn(OAc)2·2H2O (2 g) in MeOH (10 mL) and
heating at reﬂux for 1 h. Solvent was evaporated and
the product was dissolved in CHCl3/THF (1:1, 100 mL).
Tetrabutylammonium ﬂuoride (TBAF) (1.0 M solution
in THF, 20 mL) was added and the solution was stirred
at rt for 1 h. Glacial acetic acid (6 mL) was added and
the product was washed over a silica funnel with CHCl3.
Following chromatography separation of a mixture
of substituted porphyrins (silica gel, PE/CH2Cl2, 1:2)
yielded 43.5 mg, 13% of product. 1H NMR (400 MHz,
CDCl3): δH ppm 1.64 (27H, s), 3.3 (1H, s, alkyne-H),
7.78 (6H, d, 3J = 7.5), 7.91 (2H, d, 3J = 7.8), 8.17 (6H,
d), 8.22 (2H, d, 3J = 7.8), 8.92–8.96 (2H, m), 9.00–9.03
(6H, m). MS (MALDI-TOF): m/z 870.10 (calcd. 870.45
[C55H52N4Zn]+).
General procedures of Cu(I)-catalyzed 1,3-dipolar
cycloaddition for synthesis of zinc triazole-bridged
porphyrins (15–17)
(A) A small round-bottomed ﬂask was charged with
azidoporphyrin, alkynylporphyrin, CuSO4·5H2O (0.25
equiv. per functionality) stock solution 10 mg per 0.3 mL
of water, sodium ascorbate (1 equiv. per functionality)
in DMF. The reaction mixture was stirred at 100 °C for
60 °C. The progress of reaction was monitored by TLC.
After cooling, the product was extracted using CH2Cl2.
The resulting organic layer was dried with Na2SO4 and
evaporated to dryness, a colored solid was obtained.
Product was isolated via column chromatography:
unreacted starting materials were eluted with ﬁrst fraction
in CH2Cl2:PE 1:1, target trimer/dimer product was eluted
as second fraction with 1% MeOH in CH2Cl2.
(B) A small round-bottomed ﬂask was charged with
azidoporphyrin, alkynylporphyrin, diisopropylethylamine
(0.5 equiv. per functionality), CuI (0.1 equiv. per
functionality) in a solvent mixture THF/MeCN 5/1. The
ﬂask was ﬂushed with argon repeatedly. The reaction
mixture was stirred at 60 °C for 3 h. The progress of
reaction was monitored by TLC. After removal of the
solvent in vacuo a colored solid was obtained. Product
isolation with column chromatography: unreacted
starting materials were eluted with ﬁrst fraction in
CH2Cl2:PE, 1:1, desired trimer/dimer product eluted as
second fraction in CH2Cl2 with 1% MeOH.
Copyright © 2014 World Scientific Publishing Company

Trimer 15. 1H NMR (400 MHz, CDCl3): δH ppm 1.64
(18H, s), 1.88 (24H, s), 1.91 (12H, s,), 2.67 (18H, s,), 7.33
(12H, s, broad), 7.78 (4H, d, broad), 8.19 (4H, d, broad),
8.32 (4H, d, broad), 8.38–8.44 (8H, broad), 8.51 (4H. d,
broad), 8.73 (2H, s, triazole), 8.79–9.04 (24H, m, β-H).
UV-vis: λmax, nm (ε × 10-5, M-1.cm-1) 425 (6.9), 431 (6.5),
558 (0.61), 599 (0.39). MS (MALDI-TOF): m/z 2528.84
[C162H134N18Zn3]+, 2500.89 [M+ − N2], 2473.43 [M+ − 2N2].
Trimer 16. 1H NMR (400 MHz, CDCl3): δH ppm 1.64
(18H, s), 1.88 (24H, s), 1.91 (12H, s), 2.67 (18H, s), 7.33
(12H, s, broad), 7.78 (4H, d, broad), 8.19 (4H, d, broad),
8.32 (4H,d, broad), 8.38–8.44 (8H, broad), 8.53 (4H, d,
broad), 8.73 (2H, s, triazole), 8.79–9.04 (24H, m, β-H).
UV-vis: λmax, nm (ε × 10-5, M-1.cm-1) 425 (5.8), 431 (5.9), 558
(0.49), 599 (0.29). MS (MALDI-TOF): m/z 2473.42
[M+ − 2N2].
Dimer 17. 1H NMR (400 MHz, CDCl3): δH ppm 1.64
(18H, s), 1.88 (24H, s), 2.67 (12H, s), 7.33 (6H, s), 7.78
(2H, d, 3J = 6.8 Hz), 8.19 (4H, d, 3J = 8.1 Hz), 8.32 (2H,
d, 3J = 8.5 Hz), 8.38–8.44 (4H, s, broad), 8.53 (2H, d,
3
J = 8.5 Hz), 8.74 (1H, s, triazole), 8.80–9.03 (16H, m,
β-H). UV-vis: λmax, nm (ε × 10-5, M-1.cm-1) 426 (3.5),
558 (0.32), 598 (0.23). MS (MALDI-TOF): m/z 1702.15
[C110H95N11Zn2]+, 1674.93 [M+ − N2].
Supporting information
Figures S1–S13 are given in the supplementary
material. This material is available free of charge via the
Internet at http://www.worldscinet.com/jpp/jpp.shtml.

CONCLUSION
Synthesis of novel 1,4-diaryl-1,2,3-triazole-linked
porphyrin trimers was achieved based on “click”
chemistry approach. The two symmetric isomers of
trimer with both possible orientations of the triazole
linker between porphyrins were obtained. For this
purpose the synthesis of a set of four starting porphyrin
building blocks for “click” reaction was elaborated.
Optimized conditions of the copper catalyzed 1,3-dipolar
cycloaddtion led to the successful yields of the porphyrin
trimers up to 70%. The analogous porphyrin dimer was
also obtained for comparison. Static absorption properties
of triazole-bridged trimers revealed weak inter-porphyrin
electronic communication in the ground electronic state
with the increasing tendency from dimer to trimer.
Photophysical data were compared with corresponding
ones of known linear trimer with diarylethyne linkers.
More photophysical investigations are required to study
interchromophore interactions and energy ﬂow and this
work is in progress.
Acknowledgements
This work was supported by Russian Foundation for
Basic Research (grant No. 11-03-12160-oﬁ-m-2011),
J. Porphyrins Phthalocyanines 2014; 18: 32–34

LINEAR CONJUNCTED PORPHYRIN TRIMER SYNTHESIS VIA “CLICK” REACTION

Russian Academy of Sciences (Program of Division
of Chemistry and Material Science N 6 “Chemistry
and Physical Chemistry of Supramolecular Systems
and Atomic Clusters”) and the Ministry of Education
and Science of Russia, project 8433. We would like to
thank Professor Razumov V.F. and Gak V.Yu (Institute
of Problems of Chemical Physics RAS) for help with
photophysical studies.

REFERENCES
1. Kolb H and Sharpless K. Angew. Chem. Int. Ed.
2001; 40: 2004–2021.
2. Moses J and Moorhouse A. Chem. Soc. Rev. 2007;
36: 1249–1262.
3. Meldal M and Tornoe C. Chem. Rev. 2008; 108:
2952–3015.
4. Lutz JF. Angew. Chem. Int. Ed. 2007; 46: 1018–1025.
5. Iehl J, Osinska I, Louis R, Holler M and Nierengarten
JF. Tett. Lett. 2009; 2245–2248.
6. Santos FC, Cunha AC, de Souza MC, Tome AC,
Neves M, Ferreira VF and Cavaleiro JAS. Tett. Lett.
2008; 7268–7270.
7. Bakleh ME, Sol V, Estieu-Gionnet K, Granet
R, Deleris G and Krausz P. Tetrahedron 2009;
7385–7392.
8. Locos OB, Heindl CC, Corral A, Senge MO and
Scanlan EM. Eur. J. Org. Chem. 2010; 1026–1028.
9. Elmer SL, Man S and Zimmerman SC. Eur. J. Org.
Chem. 2008; 3845–3851.
10. Kimura M, Nakano Y, Adachi N, Tatewaki Y,
Shirai H and Kobayashi N. Chem. Eur. J. 2009;
2617–2624.
11. McDonald AR, Franssen N, Van Klink GPM and
Van Koten G. J. Organomet. Chem. 2009; 2153–
2162; Liu H, Duclairoir F, Fleury B, Dubois L,
Chenavier Y and Marchon JC. Dalton Trans. 2009;
3793–3799.
12. a) Chow HF, Lau KN, Ke Z, Liang Y and Lo CM.
Chem. Commun. 2010; 46: 3437; b) Li Y and Flood
AH. Angew. Chem. 2008; 120: 2689; Angew. Chem.
Int. Ed. 2008; 47: 2649; c) Juwarker H, Lenhardt
JM, Pham DM and Craig SL. Angew. Chem. 2008;
120: 3800; Angew. Chem. Int. Ed. 2008; 47: 3740.
13. Beletskaya IP, Tyurin VS, Tsivadze AY, Guilard
R and Stern C. Supramolecular Chemistry of
Metalloporphyrins, Chemical Reviews 2009; 109:
1659–1713.
14. Drain CM, Varotto A and Radivojevic I. SelfOrganized Porphyrinic Materials, Chemical Reviews
2009; 109: 1630–1658.
15. Gust D, Moore TA and Moore AL. Acc. Chem. Res.
2001; 34: 40–41; Holten D, Bocian DF and Lindsey
JS. Acc. Chem. Res. 2002; 35(1): 57–69; Kim D and
Osuka A. Acc. Chem. Res. 2004; 735–745.

Copyright © 2014 World Scientific Publishing Company

33

16. Aratani N, Osuka A, Cho HS and Kim D. J. Photochem. Photobiol. C Photochem. Rev. 2002; 3: 25–52.
17. Meier H. Angew. Chem. Int. Ed. 2009; 3911–3913.
18. Sugiyasu K and Takeuchi M. Chem. Eur. J. 2009;
6350–6362.
19. Applications: Past, Present and Future, The
Porphyrin Handbook, Vol. 6, Kadish KM, Smith K
and Guillard R. (Eds.) Academic Press: San Diego,
2000.
20. Ambroise A, Kirmaier C, Wagner RW, Loewe RS,
Bocian DF, Holten D and Lindsey JS. J. Org. Chem.
2002; 3811–3826.
21. a) Punidha S and Ravikanth M. Tetrahedron 2008;
8016–8028. b) Molloy JK, Kotova O, Peacock RD
and Gunnlaugsson T. Org. Biomol Chem. 2012; 10:
314–322.
22. Chavan SA, Maes W and Lieven EM. Chem. Eur. J.
2005; 6754–6762.
23. Xia J, Yuan S, Wang Z, Kirklin S, Dorney B, Liu DJ
and Yu L. Macromolecules 2010; 3325–3330.
24. Calvete M, Yang GY and Hanack M. Synthetic
Metals 2004; 231–243.
25. Senge MO, Fazekas M, Notaras EGA, Blau WJ,
Zawadzka M, Locos OB and Mhuircheartaigh
EMN. Advanced Materials 2007; 2737–2774.
26. Cunha AC, Gomes A, Ferreira VF, de Souza MCVB,
Neves M, Tome AC, Silva AMS and Cavaleiro JAS.
Synthesis 2010; 510–514.
27. Taylor PN and Anderson HL. J. Am. Chem. Soc.
1999; 11538–11545.
28. Nakamura K, Fujimoto T, Takara S, Sugiura KI,
Miyasaka H, Ishii T, Yamashita M and Sakata Y.
Chem. Lett. 2003; 694–695.
29. Lin VS, DiMagno SG and Therien MJ. Science
1994; 1105–1111.
30. Wagner RW, Johnson TE, Li F and Lindsey JS. J.
Org. Chem. 1995; 5266–5273.
31. Séverac M, Le Pleux L, Scarpaci A, Blart E and
Odobel F. Tett. Lett. 2007; 6518–6522.
32. Shen DM, Liu C and Chen QY. Eur. J. Org. Chem.
2007; 1419–1422.
33. Shetti VS and Ravikanth M. Eur. J. Org. Chem.
2010; 494–508.
34. Benjamin L, Yangzhen C and Lindsey JS. J. Org.
Chem. 1999; 64: 2864–2872.
35. Dilek DK, Huma ZS and Lindsey JS. J. Org. Chem.
2007; 72: 7701–7714.
36. Cristian B, Veranja K and Dolphin D. Can. J. Chem.
1996; 74: 2182–2193; b) Benjamin L, Miller MA
and Lindsey JS. J. Org. Chem. 1999; 64: 1391–1396.
37. Joydev LK, Savithri D and Lindsey JS. Org. Process
Res. Dev. 2003; 7: 799–812.
38. Jun-Ichiro S, Masahito H and Kazuaki S. Tetrahedron
1998; 54: 1407–1424.
39. Lindsey JS, Sreedharan P and Johnson TE. Tetrahedron 1994; 50: 8941–8968.

J. Porphyrins Phthalocyanines 2014; 18: 33–34

34

Y.P. POLEVAYA ET AL.

40. Xien L, Jianhui L and Licheng S. Tetrahedron
2005; 61: 5655–5662.
41. a) Michael FA, Lee OP and Schuster DI. Org. Lett.
2008; 10: 4979–4982; b) Cecioni S, Sophie F and
Vidal S. Chem. Eur. J. 2011; 17: 2146–2159; c) Jr.
Jackson MD, Spencer R and Schuster DI. Org Lett.
2009; 11: 4152–4155; d) Flavin K, Chaur MN
and Echegoyan L. Org Lett. 2010; 12: 840–843;
e) Meudtner RM, Ostermier M and Hecht S. Chem.
Eur. J. 2007; 13: 9834–9840. f) Iehl J, Osinska I and
Nierengarten JF. Tett. Lett. 2009; 50: 2245–2248.
g) Benites M, Johnson T and Lindsey JS. J. Mater.
Chem. 2002; 12: 65–80.
42. Lindsey JS, Brown PA and Siesel DA. Tetrahedron
1989; 45: 4845–4866.
43. Lee CH and Lindsey JS. Tetrahedron 1994; 50:
11427–11440.
44. Bock VD, Hiemstra H and Van Maarseveen JH. Eur.
J. Org. Chem. 2006; 51–68.
45. a) Punidha S, Sinha J and Ravikhanth M. J. Org.
Chem. 2008; 73: 323–326. b) Khanetskyy B, Dallinger D and Kappe CO. J. Comb. Chem. 2004; 6:
884–892. c) Looper RE and Schreiber SL. Org Lett.
2006; 8: 2063–2066. d) Nolan SP and Diez-Gonzalez S. Angew. Chem. Int. Ed. 2008; 47: 8881–8884.
46. Wagner RW, Johnson TE and Lindsey JS. J. Am.
Chem. Soc. 1996; 118: 11166–11180. b) Hsiao JS,

Copyright © 2014 World Scientific Publishing Company

47.

48.

49.
50.
51.
52.
53.

54.
55.

Krueger BP, Wagner RW, Johnson TE, Delaney JK,
Mauzerall DC, Fleming GR, Lindsey JS, Bocian
DF and Donohoe RJ. J. Am. Chem. Soc. 1996; 118:
11181–11193. c) Urbani M, Ohkubo K, Shaﬁqul I,
Fukuzumi S and Langa F. Chem. Eur. J. 2012; 18:
7473–7485.
Eggenspiller A, Takai A, El-Khouly ME, Ohkubo
K, Gros CP, Bernhard C, Goze C, Denat F, Barbe
JM and Fukuzumi S. J. Phys. Chem. A 2012; 116:
3889–3898.
a) Kim YH, Jeong DH and Osuka A. J. Am. Chem.
Soc. 2001; 123: 76–86. b) Cho HS, Song NW and
Osuk A. J. Phys. Chem. A 2000; 104: 3287–3298.
Wook H, Atsuhiro O and Dongho K. J. Am. Chem.
Soc. 2004; 126: 16187–16198.
Kasha M, Rawls HR and El-Bayoumi MA. Pure
Appl. Chem. 1965; 11: 371–392.
Anderson HL. Inorg. Chem. 1994; 33: 972–981.
Locos O, Basic B, McMurtie JC, Jensen P and
Arnold DP. Chem. Eur. J. 2012; 18: 5574–5588.
Kumar D, Mishra BA, Shekar CKP, Kumar A,
Akamatsu K, Kusaka E and Ito T. Chem. Commun.
2013; 49: 683–685.
Lee CH, Lee S,Yoon H and Jang WD. Chem. Eur. J.
2011; 17: 13898–13903.
Yoon H, Lee CH, Jeong YH, Gee HC and Jang WD.
Chem. Commun. 2012; 48: 5109–5111.

J. Porphyrins Phthalocyanines 2014; 18: 34–34

Journal of Porphyrins and Phthalocyanines

Published at http://www.worldscinet.com/jpp/

J. Porphyrins Phthalocyanines 2014; 18: 35–48
DOI: 10.1142/S1088424614500084

Synthesis of porphyrin-bis(polyazamacrocycle) triads
via Suzuki coupling reaction
Julien Michalaka, Kiril P. Birina,b, Sankar Muniappana, Elena Ranyuka,
Yulia Yu. Enakievaa,b, Yulia G. Gorbunova*b¡, Christine Sterna¡,
Alla Bessmertnykh-Lemeunea and Roger Guilard*a¡
a

Institut de Chimie Moléculaire de l’Université de Bourgogne (ICMUB, UMR 6302),
9 Avenue Alain Savary — BP 47870, 21078 Dijon Cedex, France
b
Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences,
Leninsky pr. 31, GSP-1, 119071 Moscow, Russia
Dedicated to Professor Aslan Tsivadze on the occasion of his 70th birthday
Received 7 January 2014
Accepted 25 January 2014
ABSTRACT: Suzuki–Miyaura cross-coupling reaction has been used for the synthesis of tricyclic
architectures based on trans-A2B2-porphyrins and bisaminal-protected polyazamacrocycles which are
linked directly or by a p-phenylene spacer. This modular approach allowed the synthesis of ligands
with various substituted porphyrin macrocycles and bisaminal-protected tetraazamacrocycles possessing
different cavity sizes. These molecules can be assembled into dimers using a DABCO linker. Deprotection
of these compounds afforded porphyrin-bis(polyazamacrocycle) triads.
KEYWORDS: A2B2-porphyrins, polyazamacrocycles, Suzuki–Miyaura coupling reaction, multi-dentate
ligands.

INTRODUCTION
Over the last decades, there has been an increasing
demand for porphyrins bearing additional donor
groups at the periphery of the tetrapyrrolic macrocycle.
The presence of bimetallic sites in a number of
metalloenzymes has stimulated the synthesis of numerous
biomimetic models starting from these substituted
porphyrin derivatives. In this regard, compounds made
of porphyrinic and polyazamacrocyclic moieties have
attracted a considerable interest for applications in
molecular recognition, as well as for the development
of contrast agents for medical imaging and ﬂuorescent
markers in molecular biology [1–5]. The outstanding
coordination and physicochemical properties of both
¡

SPP full member in good standing

*Correspondence to: Roger Guilard, email: roger.guilard@ubourgogne.fr, tel: +33 (0)380-396-111, fax: +33 (0)380-396-117

Copyright © 2014 World Scientific Publishing Company

macrocycles and expected synergetic effects explain
why the design of such sophisticated molecules
is a promising ﬁeld of research. The most simple
methodology to prepare these bicyclic ligands relies on
a covalent bonding of two pre-formed cyclic chelators.
According to this synthetic approach, a long-chain linear
spacer is often a key moiety to perform the successful
coupling of the two precursors. In this context and
due to our continuous interest to porphyrinic multidecker sandwich complexes, we have prepared ligands
containing porphyrin and polyazamacrocyclic fragments
linked by a short and rigid spacer. The Suzuki–Miyaura
cross-coupling reaction [6–8] was a priori an appropriate
synthetic tool to obtain these compounds because this
coupling reaction was widely used for the preparation
of many porphyrin derivatives [9–14]. Moreover, it
has been shown that this reaction proceeds smoothly
for poly(halo)porphyrins and/or poly(dialkoxyboryl)porphyrins affording sophisticated molecular systems
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using DABCO molecule as a linker provide the ﬁrst
example of such architectures.

and arrays [15–18]. However, it is known that the product
yield is strongly dependent on the nature of the coupling
partners and the experimental conditions because
numerous side reactions such as dehydrohalogenation
[19] and deborylation [20] compete with the coupling
reaction. Indeed, the choice of a practical experimental
protocol is quite challenging. According to literature
data, the starting porphyrin can be either an arylboronic
coupling partner or a halo-substituted reagent [5, 10,
21–24]. Moreover, the porphyrin used can be in the
form of a free-base or a metal complex [25]. Finally,
different catalysts and solvents have been used and have
shown their efﬁciency but a systematic analysis of their
inﬂuence on the product yield is still not available and
experimental conditions should be optimized according
to the substrate nature.
Herein, we report that the Suzuki–Miyaura crosscoupling reaction can be successfully used for the
preparation of a tricyclic architecture based on transA2B2-porphyrins and bisaminal-protected polyazamacrocycles linked directly or by a p-phenylene spacer (Chart
1). According to this approach, ﬁne tuning of structural
parameters of sophisticated target ligands is possible
through structural modiﬁcation of the pre-formed
macrocyclic components and spacers. This modular
approach was successful for the preparation of ligands
with various substituted porphyrin macrocycles and
tetraazamacrocycles characterized by different cavity sizes
and spacers of different lengths. Moreover, the deprotection
procedure leading to porphyrin-benzannulated polyazamacrocycle systems is discussed. These molecular
systems should offer an efﬁcient entry in the design of
supramolecular architectures formed by coordinationdriven assembly of porphyrinic or polyazamacrocyclic
fragments [26]. Finally, our preliminary results describing
the assembly of these molecules in porphyrinic dimers

RESULTS AND DISCUSSION
Transition metal-catalyzed reactions have been used
to develop a new powerful synthetic strategy for the postmodiﬁcation of porphyrinic macrocycles [24]. However,
these reactions are much more difﬁcult to perform for
saturated polyazamacrocycles which are known to
be very strong chelators of transition metals [27–31].
Retrosynthetic analysis for the preparation of target
porphyrin-benzannulated polyazamacrocycle systems
points out bromo-substituted polyaza derivatives 1, 2
and porphyrins 3, 4 as starting compounds (Scheme 1).
Indeed, bromoporphyrins are readily available and are
usual intermediate derivatives in porphyrin synthesis.
Aminal derivatives of polyazamacrocycles 1 and 2 are
available according to literature procedures and these
compounds can be deprotected under acid conditions
giving the target polyazamacrocycles [32, 33]. These
compounds should be more reactive in the presence
of palladium catalysts, as compared to the parent
polyazamacrocycles. Moreover palladium complexes
of these ligands are also described in the literature [34],
indicating that the choice of experimental conditions for
coupling reactions is challenging.
The bromo-functionalized polyazamacrocycles were
prepared starting from the corresponding linear tetraamines according to Scheme 2. The literature experimental
procedure dealing with the synthesis of bis(aminal)protected tetraazamacrocycles based on unsubstituted
1,2-bis(bromomethyl)benzene [35] was optimized and
the target products 1 and 2 were obtained in one step
in 37% and 53% yields, respectively. This difference in
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product yields shows the major inﬂuence of the linear
polyamine structure on the course of the protection
and cyclization reactions and reﬂects the key role of
steric factors for the studied reactions. 1H and 13C NMR
spectra of 1 and 2 reveal two partially overlapped sets of
signals indicating the presence of two diastereoisomers
expected for these compounds taking into account a
syn arrangement of the two methyl substituents in the
bis(aminal)-protected tetraazamacrocycle bearing a nonsubstituted phenyl ring [35].
A priori the synthesis of boronic acid esters should
be carried out to obtain the electrophilic moiety needed
for the coupling reactions. This reaction appears to
Copyright © 2014 World Scientific Publishing Company

be more efﬁcient for porphyrin derivatives because
Pd-catalyzed transformations of polyazamacrocycles
is challenging taking into account the coordinating
properties of substrates. Thus, pinacolboran-substituted
free base porphyrins 6H2–8H2 and the corresponding
zinc complexes 6Zn–8Zn were prepared according to
optimized literature procedures [10, 15, 17, 18, 22, 36].
Some comments on the synthesis of dialkoxyborylporphyrins which are useful intermediates in porphyrin
chemistry deserve attention.
Meso-(dibromoporphyrinato)zinc 3Zn reacts smoothly with pinacolborane in the presence of PdCl2(PPh3)2
and NEt3 in dichloroethane giving the target product
J. Porphyrins Phthalocyanines 2014; 18: 37–48
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derivatives, but was described for the Suzuki–Miyaura
cross-coupling reaction of electron-rich aromatic
substrates [37]. To obtain the desirable product in higher
yield, we have explored different reaction conditions,
changing the nature of the base, solvent and catalyst
(Table 1). Firstly, the reaction was carried out in the
absence of water (Table 1, entries 2–4). Only the use of
strong bases such as Cs2CO3 induced the coupling reaction
in THF or toluene. However, under these conditions,
the reaction was still non-selective giving a mixture of
the target product 10H2, as well as biphenyl and phenyl
derivatives 11H2 and 12H2 (Scheme 3). The presence of
the latter compound demonstrated that a deborylation
reaction is observed under these conditions. An electrondonor ligand such as P(o-Tol)3 and Buchwald’s biphenyl
phosphines which were found to be efﬁcient for coupling
of aromatic substrates [38], were also inefﬁcient in the
presence of Cs2CO3, KF or K3PO4 (Table 1, entries 5–9).
When dppf was taken as a ligand in a two fold excess
with respect to palladium acetate, the selectivity was
signiﬁcantly improved, but the reaction was too slow
(Table 1, entry 10). Somewhat surprisingly, better results
were obtained when Pd(OAc)2 and dppf were taken in
equal amount (20 mol%), even if the formation of the
bicyclic compound 11H2 was again observed as a sidereaction under these conditions (Table 1, entry 11). 10H2
and 11H2 were isolated by column chromatography on
silica and additionally puriﬁed by a preparative exclusion
chromatography.
The structural modiﬁcation of the polyazamacrocyclic
fragment does not change the reactivity of the bromide
precursor and when compound 2 was reacted under
these conditions, the product 14H2 was obtained in 24%
yield. Moreover, porphyrins functionalized by different
electron-withdrawing substituents at the periphery
of the macrocycle can be used as metal complex.
Indeed, the product yield does not change when Zn(II)porphyrinato boronic ester 7Zn was coupled with
bromide 1 and the target compound 15Zn was isolated
in 26% yield using two consecutive chromatographic
puriﬁcations.

6Zn in 85% yield. Surprisingly, demetalation of this
compound in acid conditions (TFA, HCl) was not
observed and the free base porphyrin boronic acid
ester 6H2 was obtained only through borylation of
the free base porphyrin 3H2 in lower yield (23%)
because the dehalogenation of 3H2 was observed as a
side process under these reaction conditions. Meso(4-bromophenyl)porphyrin 5Zn does not react with
pinacolborane under these conditions and PdCl2(dppf)
which bears a chelating ligand is also inefﬁcient for this
reaction. Using bis(pinacolato)diboron, PdCl2(dppf) and
potassium acetate in toluene led to the desired product
8Zn in moderate yield (38%). A more polar solvent
DMSO ensured a smooth coupling reaction, affording
the desired derivative in 71% yield. However, further
experiments have demonstrated that the product yield
is extremely dependent on the reagent quality and
numerous attempts to reproduce our preliminary results
were unsuccessful. These experimental difﬁculties point
out that it is more convenient to prepare porphyrins 7H2
and 8H2 by reacting boryl-substituted aldehyde and
dipyrromethane according to the Lindsey method [18].
The reactions of some of these precursors were then
studied. A priori, the porphyrins 7H2 and 8H2 and their
complexes 7Zn and 8Zn bearing boronic substituent
on phenyl ring, should react with aryl halides under
experimental conditions suitable to preserve the phenylboronic esters. Indeed, 8H2 smoothly reacted with bromobenzene in THF in the presence of a Pd(OAc)2/PPh3
catalyst and 0.5 M aqueous sodium carbonate solution,
affording the double cross-coupling derivative 5,15bis(biphenyl)porphyrin (9H2) in 71% yield. However,
when halide 1 was reacted under the same conditions, a
complex mixture of products was obtained according to
MALDI-TOF and 1H NMR analysis (Scheme 3, Table 1,
entry 1).
Among the target product 10H2, two by-products 9H2
and 11H2 were formed in equal quantities. These products
resulted from the ligand inter-exchange reaction observed
through intermediate (PPh3)2Pd(aryl)2 complex. This
side reaction was never reported before for porphyrin
R
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Table 1. Optimization of experimental conditions for cross-coupling reaction of 8H2 with bromide 1a
Entry

Ligand

Base

Ratio of products, %b

Solvent
9H2

10H2

11H2

12H2g

13H2g

20

40

20

0

0

1

PPh3

Na2CO3c

THF/H2O (4:1)

2

PPh3

Na2CO3

THF

0

0

0

0

0

3

PPh3

Cs2CO3

Toluene

0

60

40

0

0

4

PPh3

Cs2CO3

THF

0

50

40

10

0

5

P(o-Tol)3

Cs2CO3

THF

0

10

0

40

50

Cs2CO3

THF

0

20

0

80

0

Cs2CO3

THF

0

15

0

60

0

KF

THF

0

0

0

0

0

P(tBu)2

6

(Me)2N

7

P(tBu)2

8d

9e

K3PO4

THF

0

15

0

0

0

10

dppf

Cs2CO3

Toluene

0

20

0

0

0

11

dppf f

Cs2CO3

Toluene

0

75

25

0

0

a
General reaction conditions: 0.05 mmol 8H2, 3 eq. of bromide 1, 20 mol% of Pd(OAc)2, 40 mol% of the ligand in 3 mL of solvent
was reﬂuxed until complete conversion of the starting material. b Determined by MALDI-TOF MS analysis. c 25 equiv. of Na2CO3
(0.17 M) in THF/H2O (5:1 v/v). d Conversion was less than 80% after 24 h, bicyclic compound formed in the coupling reaction was
a major product. e Conversion was about 50% after 24 h, bicyclic compound formed in the coupling reaction was the major product.
f
20 mol% of dppf was used. g 12H2 and 13H2 were only observed by MALDI-TOF MS in optimization experiments.
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Scheme 4. Synthesis of directly linked porphyrin-bis(polyazamacrocycle) triads

Next, the coupling reaction was used for the synthesis
of bis(polyazamacrocycle)-porphyrin triads without a
p-phenylene linker (Scheme 4).
Taking into account the steric hindrance of the
starting compounds, catalyst loading was increased up
to 50 mol% in the preliminary experiments. Firstly, the
Copyright © 2014 World Scientific Publishing Company

coupling reaction of 6Zn with bromide 1 was carried
out with different ratios of THF/H2O mixtures using
Na2CO3 as a base. The reaction afforded a mixture of
three products, 17Zn–19Zn, in equal amounts due to the
reductive deborylation and the ligand exchange reactions
proceeding in parallel with the coupling (Table 2,
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Table 2. Optimization of experimental conditions for cross-coupling of 6H2 and 6Zn with bromide 1
Entry

Ligand (mol%)

Pd(OAc)2 (mol%)

Base (eq, C)

Ratio of products, %b

Solvent

17Mc,e
1

18Mc,f

19Mc,f

33

33

33

Ph3P (100)

50

Na2CO3 (25, 0.17 M)

THF/H2O (5:1)

2

Ph3P (100)

50

Na2CO3 (25, 0.17 M)

THF/H2O (20:1)

33

33

33

3d

Ph3P (100)

50

Na2CO3 (25, 0.17 M)

THF/H2O (20:1)

66 (23)

—

33

4

Ph3P (100)

50

Ba(OH)2 (48)

THF/H2O (20:1)

66

3

30

5

Ph3P (100)

50

Ba(OH)2 (10)

THF

33

33

33

6

Ph3P (100)

50

Cs2CO3 (10)

THF

50

—

50

7

Ph3P (100)

50

Cs2CO3 (10, 0.17 M)

THF/H2O (20:1)

20

40

40

8

Ph3P (20)

10

Cs2CO3 (10)

THF

100

—

—

9

dppf (10)

10

Cs2CO3 (4)

Toluene

100 (78)

—

—

a

General reaction conditions: 0.04–0.05 mmol 6Zn, 3 eq. of bromide 1 in 6 mL of solvent under reﬂux until complete conversion of
the starting material. b Determined by MALDI-TOF MS analysis. Isolated yields are given in parentheses. c M = Zn for all entries,
except for entry 3 where M = H2. d 6H2 was used as a starting porphyrin. e 17H2 was not fully characterized. f 18Zn, 19H2 and 19Zn
were only observed by MALDI-TOF MS in optimization experiments.

entries 1, 2). When free base 6H2 was reacted with
bromide 1 under these conditions, 17H2 was obtained as
a major product according to MALDI-TOF analysis but
was isolated only in 23% yield (Table 2, entry 3).
Optimization of the reaction was carried out using
the more available zinc porphyrinate 6Zn as a starting
compound. The change of the base to Ba(OH)2 afforded
a better yield of the desired derivative 17Zn, but still
did not improve the selectivity of the reaction (Table 2,
entry 4). In the absence of water (Table 2, entries 5, 6),
the deborylation reaction was suppressed when Cs2CO3
was used as a base (Table 2, entry 6), but the yield of
the target product was low due to the ligand exchange
reaction leading to 19Zn. When aqueous Cs2CO3 was
employed, the tricycle 17Zn was obtained only as a
minor product (Table 2, entry 7). Surprisingly, when
the catalyst loading was decreased up to 10 mol%, only
the coupling product was observed (Table 2, entries 8,
9). Both PPh3 and dppf were efﬁcient ligands when the
reaction was carried out in THF or toluene, respectively.
However, the product puriﬁcation was more simple in the
case of dppf. The reaction of 6Zn with bromide 2 also
proceeds smoothly at the conditions of entry 9, affording
the target compound 20Zn in 93% yield.
The newly synthesized porphyrin-bis(polyazamacrocycle) compounds 10H2, 14H2, 15Zn, 17Zn and 20Zn
were characterized using conventional methods. It has to
be noted, that all these compounds are strong bases. The
presence of trace acid or water in the deuterated solvents
leads to signal broadening in NMR spectra and induces
some difﬁculties for the characterization. For this reason,
all solvents used in this study were ﬁltered through a short
pad of K2CO3. As shown in Fig. 1 for compound 10H2, 1H
NMR spectra of these compounds were rather complicated
indicating the presence of stereoisomers. Taking into
Copyright © 2014 World Scientific Publishing Company

account that bromides 1 and 2 were obtained as mixtures
of two diastereomers possessing a syn-orientation of the
methyl substituents, one should expect the formation of
stereoisomer mixtures in the cross-coupling reaction of
these compounds with porphyrin 8H2 characterized by
two sets of signals corresponding to two diastereomers.
As a result, the protons of all methylene groups being
diastereotopic in each isomer appear as complex
multiplets. The chemical shifts of the four benzylic
protons are signiﬁcantly different from one another and
their splitting pattern is more simple as compared to
other aliphatic protons. Thus, each of them appears as a
doublet giving a system of signals which are typical of the
studied derivatives. Additional evidence of the structural
assignment was obtained after deprotection of these
macrocycles (discussed below), affording an expected
simpliﬁcation of the spectra as shown for compound 10H2
in Fig. 1.
The synthesized tricyclic ligands were further
subjected to acidic cleavage of aminal protective groups
(Scheme 5). The deprotection was found to be inefﬁcient
with TFA in solutions of CH2Cl2. Under these conditions,
only demetalation of the zinc porphyrins 15Zn, 17Zn and
20Zn was observed according to MALDI-TOF analysis.
The treatment of compounds 10H2 and 11H2 with 10%
HCl aqueous solution in ethanol at room temperature
induces the bisaminal cleavage (Scheme 5). The bicyclic
and tricyclic polyazamacrocyclic-porphyrin ligands
21H2 and 22H2 were obtained in 83% and 89% yields,
respectively.
Surprisingly, the deprotection of polyazamacrocycle
directly attached to the porphyrin macrocycle is more
difﬁcult and requires a 20% HCl aqueous solution.
When zinc-porphyrinate 17Zn was deprotected under
these conditions, only the free base porphyrin 23H2
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Fig. 1. 1H NMR spectra of 10H2 and 22H2
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Scheme 5. Acidic cleavage of aminal protective groups of polyazamacrocycle-appended porphyrins

was detected in the reaction mixture by MALDI-TOF
analysis. However, a signiﬁcant signal broading was
observed in the 1H NMR spectra of the product recorded
in different organic solvents. These data conﬁrm the
absence of a bisaminal protective group but a complete
structural determination was not possible. Unfortunately,
our attempts to grow single crystals for X-ray diffraction
analysis were unsuccessful.
To better understand in the inﬂuence of steric factors
induced by polyaza-fragments on the assembling of
the newly synthesized tricyclic ligand and the potential
Copyright © 2014 World Scientific Publishing Company

formation of sandwich-type polytopic receptors, we have
investigated their interaction with DABCO upon variation
of the temperature. Metalloporphyrins are known to form
stable complexes with DABCO. The axial ligation of
the metalloporphyrin by a DABCO molecule may lead
to the formation of a 1:1 complex or a dimer bridged
by a DABCO molecule, depending on the ratio of the
two compounds [39–41]. It is well-established that this
reaction can be studied by 1H NMR spectroscopy because
ligated DABCO shows characteristic α proton signals for
each species and quantitative information on the reaction
J. Porphyrins Phthalocyanines 2014; 18: 41–48
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Fig. 2. VT-NMR titration of 20Zn with DABCO in CDCl3 at (a) 303 K and (b) 203 K
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Fig. 3. Monomeric and dimeric associates of 20Zn and DABCO

stoechiometry can be readily calculated from spectral
data. The most sterically hindered bisaminal protected
compound 20Zn was taken as a model compound for the
investigation of DABCO-induced dimerization using a
variable temperature 1H NMR titration (Fig. 2). The spectra
of a 8.7 × 10-3 M solution of 20Zn containing a gradually
increasing amount of DABCO was monitored from 303
K to 203 K to detect the formation of the monomeric (M)
and dimeric (D) porphyrin complexes (Fig. 3).
The assembling process leading to the formation of
porphyrin dimers D results in characteristic upﬁeld shift
of the DABCO NMR signals to the region of -5 ppm as
a result of the inﬂuence of magnetic anisotropy of two
porphyrin aromatic π-systems. In contrast, in the case
of a 1:1 monomeric complex, two types of protons are
present in the molecule of DABCO, showing two different
resonances or a smaller upﬁeld shift of one signal when
the complex is labile. Indeed, both expected changes
Copyright © 2014 World Scientific Publishing Company

in the position of the DABCO signals were observed
as shown in Fig. 2, indicating that sterically hindered
porphyrin 20Zn formed expected complexes with
DABCO depending on the ratio between the reagents.
Both complexes are clearly observed at 203 K in the
aromatic and up-ﬁeld region of the spectrum. However,
an increase of the temperature leads to a broadening of the
aromatic signals and a collapse of the DABCO protons,
indicating the labile character of the studied complexes
in CDCl3 solution.

EXPERIMENTAL
General
All reactions were performed in oven-dried glassware
under a slight positive pressure of nitrogen. All chemicals
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used were of analytical grade and were purchased from
Acros and Aldrich Co. unless stated otherwise. Solvents
were dried using standard reported procedures [42].
Pyrrole was freshly distilled under nitrogen. Silica gel
(0.04–0.063 mm, 230-400 mesh ASTM, Merck) and
Alumina 90 neutral (0.063–0.200 mm, 70-230 mesh
ASTM, Merck) were used for column chromatography.
Analytical thin-layer chromatography (TLC) was carried
out using Merck silica gel 60 plates (precoated sheets,
0.2 mm thick, with ﬂuorescence indicator F254).
4-Bromo-1,2-bis(bromomethyl)benzene [43], 4,5dibromo-1,2-bis(bromomethyl)benzene [44], 4-(4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)-benzaldehyde [13],
5,10-dibromo-15,20-diphenyl-porphyrin 3H2 and 3Zn
[45], 5,15-dimesityl-10,20-bis(4-bromophenyl)-porphyrin
5H2 [46] and 5Zn [47], 5,15-diphenyl-10,20-bis(4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)-porphyrin 6Zn [22],
5,15-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-porphyrin 7H2 [15, 18, 36] and 5,15-dimesityl10,20-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan2-yl)phenyl)-porphyrin 8H2 [10, 17], were prepared
according to literature procedures. 1H and 13C spectra
were recorded on a Bruker Avance III 300 and a Bruker
Avance III 600. All chemical shifts are given in ppm,
referenced on the δ scale using residual solvent peak as
internal standard for 1H and 13C. UV-Vis spectra were
recorded with a Varian Cary 100 spectrophotometer.
Mass spectra were obtained in linear mode with a Bruker
Ultraﬂex II LRF 2000 MALDI-TOF mass spectrometer
using dithranol as matrix and accurate mass measurements
(HRMS) using an Orbitrap ESI-TOF mass spectrometer.
Elemental analysis were obtained using a EA1112 CHNS
Thermo Electron Flash analyser. The measurements were
made at the “Pôle Chimie Moléculaire”, the technological
platform for chemical analysis and molecular synthesis
(http://www.wpcm.fr) which relies on the Institute of
the Molecular Chemistry of University of Burgundy and
WelienceTM, a Burgundy University private subsidiary.
Synthesis
Compound 1. A solution of N1,N1′-(ethane-1,2-diyl)bis(ethane-1,2-diamine) (1.66 g, 78 mmol) in 20 mL of
CH3CN was cooled to -7 °C. Then 2,3-butanedione
(0.68 mL, 7.8 mmol) was added dropwise. The reaction
mixture was stirred for 3.5 h at -7 °C and warmed to rt.
After addition of K2CO3 (5.38 g, 39 mmol), a solution of
o,o′-dibromomethylbenzene (2.055 g, 7.8 mol) in 15 mL
of acetonitrile was slowly (1 h) introduced in the reaction
mixture and stirring was continued for an additional
24 h. The suspension was ﬁltered and the precipitate was
washed with CH3CN (4 × 15 mL). The organic layer and
the ﬁltrate were evaporated to dryness under vacuum. The
residue was chromatographed on alumina using CH2Cl2
and CH2Cl2/methanol (1%). The product was obtained as
a colourless solid (1.558 g, 37%). 1H NMR (300 MHz,
CDCl3) (mixture of two diastereomers in 1:1 ratio): δ,
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ppm 1.16 (s, 6H, CH3-aminal), 1.51 (s, 6H, CH3-aminal),
1.96–2.16 (m, 2H, CH2N), 2.24–2.38 (m, 2H, CH2N),
2.46–2.72 (m, 12H, CH2N), 2.85–2.98 (m, 4H, CH2N),
2.99–3.12 (m, 2H, CH2N), 3.13–3.20 (m, 4H, CH2N,
CH2-Ar), 3.38 (d, 1H, J = 15.3 Hz, CH2-Ar), 3.43 (d, 1H,
J = 15.3 Hz, CH2-Ar), 4.17 (d, 1H, J = 15.3 Hz, CH2-Ar),
4.18 (d, 1H, J = 15.3 Hz, CH2-Ar), 4.47 (d, 1H, J = 15.3
Hz, CH2-Ar), 4.49 (d, 1H, J = 15.3 Hz, CH2-Ar), 6.85
(d, 1H, J = 8.1 Hz, HAr), 6.95 (d, 1H, J = 8.1 Hz, HAr),
7.12 (d, 1H, J = 2.1 Hz, HAr), 7.17 (d, 2H, J = 8.1 Hz,
HAr), 7.24 (d, 1H, J = 2.1 Hz, HAr). 13C NMR (75 MHz,
CDCl3) (mixture of two diastereomers in 1:1 ratio): δ,
ppm 12.1 (1C, CH3), 12.2 (1C, CH3) 13.6 (2C, CH3), 45.4
(2C, CH2), 45.8 (2C, CH2), 46.8 (2C, CH2), 50.5 (2C,
CH2), 50.7 (2C, CH2), 51.9 (1C, CH2), 52.0 (1C, CH2),
53.6 (1C, CH2), 53.8 (1C, CH2), 58.1 (2C, CH2), 77.2
(1C, C), 77.3 (1C, C), 80.3 (2C, C), 120.3 (1C, C), 120.6
(1C, C), 129.5 (1C, CH), 129.6 (1C, CH), 130.0 (1C,
CH), 131.0 (1C, CH), 131.6 (1C, CH), 132.8 (1C, CH),
137.2 (1C, C), 139.2 (1C, C), 140.4 (1C, C), 142.7 (1C,
C). ESI-HRMS: m/z 377.1306 [MH]+; calcd. 377.1341.
Elemental analysis: C, 56.98; H, 6.28; N, 14.72; calcd.
for C18H25N4Br: C, 57.30; H, 6.68; N, 14.85.
Compound 2. A solution of N1,N1′-(propane-1,3-diyl)bis(ethane-1,2-diamine) (1.162 g, 7.3 mmol) in 35 mL of
CH3CN was cooled to -10 °C and 0.64 mL of butadione
(7.3 mmol) were added dropwise. The reaction mixture
was stirred for 4.5 h and then warmed to rt. Then K2CO3
(5.04 g, 5 equiv.) and 4-bromo-1,2-bis(bromomethyl)benzene (2.5 g, 7.3 mmol) in 35 mL of acetonitrile were
added to this solution and the reaction mixture was heated
to 65 °C. After 18 h, the suspension was ﬁltered and the
precipitate was washed with CH3CN (3 × 20 mL). The
volatiles were removed under vacuum and the residue was
puriﬁed by column chromatography on alumina using
CH2Cl2 as eluent. The product was obtained as colourless
solid (1.5 g, 53%). 1H NMR (300 MHz, CDCl3) (mixture
of two diastereomers in 1:1 ratio): δ, ppm 1.05 (dd, 2H,
J = 12.9 Hz, J = 2.7 Hz, CH2), 1.30 (s, 6H, CH3-aminal),
1.38 (s, 6H, CH3-aminal), 1.80 (dt, 2H, J = 12 Hz, J = 2.7
Hz, CH2), 2.17–2.28 (m, 6H, CH2N), 2.29–2.42 (m, 2H,
CH2N), 2.51–2.57 (m, 6H, CH2N), 2.58–2.68 (m, 4H,
CH2N), 2.73–2.81 (m, 2H, CH2N), 3.12 (d, 1H, J = 14.7
Hz, CH2-Ar), 2.25–3.20 (m, 2H, CH2N), 3.17 (d, 1H, J =
14.7 Hz, CH2-Ar), 3.40 (d, 1H, J = 14.7 Hz, CH2-Ar),
3.42 (d, 1H, J = 14.7 Hz, CH2-Ar), 3.72–4.25 (m, 2H,
CH2N), 4.01 (d, 1H, J = 14.7 Hz, CH2-Ar), 4.06 (d, 1H,
J = 14.7 Hz, CH2-Ar), 4.45 (d, 1H, J = 14.7 Hz, CH2-Ar),
4.50 (d, 1H, J = 14.7 Hz, CH2-Ar), 6.82 (d, 1H, J = 8.1
Hz, HAr), 6.95 (d, 1H, J = 8.1 Hz, HAr), 7.09 (d, 1H, J =
4.1 Hz, HAr), 7.17 (dd, 1H, J = 8.1 Hz, J = 4.1 Hz, HAr),
7.18 (dd, 1H, J = 8.1 Hz, J = 4.1 Hz, HAr), 7.23 (d, 1H,
J = 4.1 Hz, HAr). 13C NMR (75 MHz, CDCl3) (mixture of
two diastereomers in 1:1 ratio): δ, ppm 11.1 (1C, CH3),
11.2 (1C, CH3) 11.4 (2C, CH3), 17.9 (2C, CH2), 44.6 (2C,
CH2), 45.2 (2C, CH2), 46.9 (2C, CH2), 49.5 (2C, CH2),
50.5 (2C, CH2), 52.0 (1C, CH2), 52.1 (1C, CH2), 54.1
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(1C, CH2), 54.4 (1C, CH2), 58.5 (2C, CH2), 75.5 (2C, C),
78.5 (1C, C), 78.6 (1C, C), 120.0 (1C, C), 120.6 (1C,
C), 129.5 (1C, CH), 129.7 (1C, CH), 129.9 (1C, CH),
130.7 (1C, CH), 131.6 (1C, CH), 132.7 (1C, CH), 137.2
(1C, C), 139.2 (1C, C), 140.4 (1C, C), 142.7 (1C, C).
ESI-HRMS: m/z 391.1467 [MH]+; calcd. 391.1497.
Elemental analysis: C, 55.21; H, 7.09; N, 12.00; calcd.
for C19H27N4Br·H2O: C, 55.75; H, 7.14; N, 13.69.
5,15-Diphenyl-10,20-bis(4,4,5,5-tetramethyl-1,3,2dioxaborolan-2-yl)-porphyrin 6H2. 5,15-Dibromo10,20-diphenylporphyrin 3H2 (50.0 mg, 0.08 mmol)
and Pd(Ph3P)2Cl2 (3 mg, 3 mol.%) were ﬂushed with
argon. Later freshly distilled dichloroethane (6 mL),
triethylamine (0.28 mL) and pinacolborane (0.24 mL,
1.6 mmol) were added and the mixture was reﬂuxed
for 21 h. The reaction mixture was cooled to ambient
temperature, quenched with saturated aqueous solution
of NaCl. The organic layer was separated, dried over
MgSO4 and evaporated. The residue was puriﬁed by
column chromatography on silica gel using CH2Cl2 as an
eluent. Evaporation of the fraction produced the desired
porphyrin as a red solid (14 mg, 23%). The spectral data
of the isolated compound were in good agreement with
the literature data [48].
5,15-Bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-porphyrin 7H2. BF3·(OEt)2 (103
μL, 0.811 mmol) was added to a solution of dipyrromethane
(395 mg, 2.70 mmol) and 4-(4,4,5,5-tetramethyl-1,3,2dioxaborolan-2-yl)-benzaldehyde (627 mg, 2.70 mmol)
in 250 mL of CH2Cl2. The reaction mixture was kept for
1 h before DDQ (920 mg, 4.05 mmol) was added. After
1 h, the reaction mixture was neutralized with 1 mL of
triethylamine and ﬁltered through silica gel with CHCl3
(500 mL) containing 1% of NEt3. After evaporation the
compound was puriﬁed on silica gel using CH2Cl2 as
eluent. The evaporation of the fraction produced 7H2
as a pink solid (171.3 mg, 18%). 1H NMR (300 MHz,
CDCl3): δ, ppm -2.66 (s, 2H, NH), 1.54 (s, 24H, CH3pinacol), 8.36 (d, 4H, J = 7.6 Hz, HPh), 8.46 (d, 4H, J =
7.9 Hz, HPh), 9.15 (d, 4H, J = 4.7 Hz, Hpyr), 9.50 (d, 4H,
J = 4.7 Hz, Hpyr), 10.47 (s, 2H, Hmeso).
5,15-Bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-porphyrinato zinc 7Zn. Zn(OAc)2
(709.9 mg, 3.235 mmol) was added to a solution of
porphyrin 7H2 (192.5 mg, 0.270 mmol) in CH2Cl2/
MeOH (3:1, 120 mL). The mixture was stirred at ambient
temperature and monitored by MALDI-TOF MS until
complete conversion of starting material. Then the mixture
was diluted with 50 mL of CH2Cl2, washed with water
(3 × 70 mL), dried over MgSO4 and evaporated. The solid
residue was puriﬁed by column chromatography on silica
with CH2Cl2/MeOH (10:1) as eluent. The evaporation of
the fractions produced 7Zn as a red powder (61.3 mg,
33%). 1H NMR (300 MHz, CDCl3): δ, ppm 1.51 (s, 24H,
CH3-pinacol), 8.23 (d, 4H, J = 7.9 Hz, HPh), 8.27 (d, 4H,
J = 7.9 Hz, HPh), 9.12 (d, 4H, J = 4.7 Hz, Hpyr), 9.43
(d, 4H, J = 4.7 Hz, Hpyr), 10.32 (s, 2H, Hmeso).
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5,15-Dimesityl-10,20-bis(4-(4,4,5,5-tetramethyl1,3,2-dioxaborolan-2-yl)phenyl)-porphyrin 8H 2.
5-Mesityldipyrromethane (1.052 g, 3.98 mmol) and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-benzaldehyde (0.956 g, 4.01 mmol) were dissolved in CH2Cl2
(500 mL). BF3·(OEt)2 (210 μL, 1.95 × 10-3 mmol) was
added to the reaction mixture upon intense stirring. DDQ
(1.360 g, 5.99 mmol) was added after 1 h. The mixture
was kept for additional 1 h before it was neutralized with
1 mL of NEt3 and ﬁltered through silica gel using CHCl3
(1.5 L) as eluent. The volume of the fraction was reduced
and the compound was puriﬁed at silica gel with CH2Cl2/
C5H12 (85:15) mixture as eluent. The evaporation of the
fraction produced 8H2 as a violet solid (496.4 mg, 27%).
1
H NMR (300 MHz, CDCl3): δ, ppm -2.71 (s, 2H, NH),
1.43 (s, 24H, CH3-pinacol), 1.76 (s, 12H, o-CH3), 2.55 (s,
6H, p-CH3), 7.20 (s, 4H, HMes), 8.08 (d, 4H, J = 7.8 Hz,
HPh), 8.16 (d, 4H, J = 7.8 Hz, HPh), 8.60 (d, 4H, J = 4.7
Hz, Hpyr), 8.71 (d, 4H, J = 4.7 Hz, Hpyr).
5,15-Dimesityl-10,20-bis(4-(4,4,5,5-tetramethyl1,3,2-dioxaborolan-2-yl)phenyl)-porphyrinato zinc
8Zn. Route 1. Zn(OAc)2 (57.7 mg, 0.263 mmole)
was added to the solution of 5,15-dimesityl-10,20bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
phenyl)-porphyrin 8H2 (50.0 mg, 0.052 mmol) in
CH2Cl2/MeOH mixture (3:1, 20 mL). The mixture was
kept for 6 h at ambient temperature and diluted with
CH2Cl2 (30 mL). The solution was washed with water
(5 × 15 mL), dried over MgSO4. The evaporation of the
fraction produced 8Zn as a pink solid (51.3 mg, 97%).
Route 2. 5,15-Dimesityl-10,20-bis(4-bromophenyl)porphyrinato zinc 5Zn (50.0 mg, 0.054 mmol) was
added to a solution of 4,4,4′,4′,5,5,5′,5′-octamethyl2,2′-bi(1,3,2-dioxaborolane) (30.3 mg, 0.120 mmol)
in 3 mL of distilled DMSO. PdCl2(dppf) (4.4 mg,
0.005 mmol) and KOAc (16.0 mg, 0.163 mmol) were
added and the mixture was reﬂuxed overnight. After
complete conversion, controlled by MALDI-TOF MS,
the product was extracted with toluene and washed
with a large excess of water. The organic phase was
dried over MgSO4 and the product was puriﬁed by
column chromatography on silica gel using CH2Cl2 as
eluent. The evaporation of the fraction produced the
desired zinc porphyrin as a pink solid (38.9 mg, 71%).
1
H NMR (300 MHz, CDCl3): δ, ppm 1.42 (s, 24H, CH3Pin), 1.74 (s, 12H, o-CH3), 2.54 (s, 6H, p-CH3), 7.19 (s,
4H, HMes), 8.10 (d, 4H, J = 7.8 Hz, HPh), 8.18 (d, 4H,
J = 7.8 Hz, HPh), 8.68 (d, 4H, J = 4.6 Hz, Hpyr), 8.80 (d,
4H, J = 4.6 Hz, Hpyr).
5,15-Dimesityl-10,20-di(biphenyl)porphyrin 9H2.
Pd(OAc)2 (2.4 mg, 0.010 mmol) and PPh3 (5.9 mg, 0.020
mmol) were dissolved in 20 mL of distilled THF. The
solution of Na2CO3 in water (211.0 mg, 2 mmol, 4 mL
H2O), 5,15-dimesityl-10,20-bis(4-(4,4,5,5-tetramethyl1,3,2-dioxaborolan-2-yl)phenyl)-porphyrin 8H2 (47.0
mg, 0.050 mmol) and C6H5Br (16 μl, 0.150 mmol) were
added successively. The mixture was reﬂuxed for 5 h.
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The reaction mixture was cooled to room temperature,
diluted with 30 mL of CH2Cl2, and washed with water
(3 × 10 mL). After evaporation, the residue was puriﬁed
on silica with CH2Cl2 as eluent. The evaporation of the
fractions produced the porphyrin as violet powder (30.0
mg, 71%). 1H NMR (300 MHz, CDCl3): δ, ppm -2.64
(s, 2H, NH), 1.78 (s, 12H, CH3-Mes), 2.56 (s, 6H, CH3Mes), 7.28 (s, 4H, HMes), 7.46 (t, 2H, J = 7.9 Hz, HAr),
7.59 (t, 4H, J = 7.9 Hz, HAr), 7.91 (d, 4H, J = 7.9 Hz,
HAr), 7.97 (d, 4H, J = 8.1 Hz, HAr), 8.29 (d, 4H, J = 8.1
Hz, HAr), 8.70 (d, 4H, J = 4.6 Hz, Hpyr), 8.87 (d, 4H, J =
4.6 Hz, Hpyr). MALDI-TOF MS: m/z 851.65 [M + H]+.
Coupling of 5,15-dimesityl-10,20-bis(4-(4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)porphyrin (8H2) with 1 to form 10H2 and 11H2. Base free
porphyrin 8H2 (100.0 mg, 0.100 mmol), Pd(OAc)2 (4.8
mg, 0.020 mmol), 1,1′-bis(diphenylphosphino)ferrocene
(dppf) (12.6 mg, 0.020 mmol) and Cs2CO3 (137.0
mg, 0.400 mmol) were mixed as solids. The reaction
vessel was evacuated and purged with N2 three times.
Subsequently, toluene (6 mL) and polyazacycloalcane
1 (119.0 mg, 0.300 mmol) were added and the reaction
mixture heated to reﬂux. After complete conversion,
monitored by MALDI-TOF MS, the solvents were
evaporated and the residue was separated at silica with
CH2Cl2/CH3OH (10:2) (fractions containing 11H2) and
CH2Cl2/CH3OH/NEt3 (20:8:1) (fractions containing
10H2). After evaporation, compound 10H2 was puriﬁed
on Sephadex LH-20 resin with CH2Cl2 as eluent. The
evaporation of the fractions afforded 10H2 as a violet
powder (40.1 mg, 30%). 1H NMR (600 MHz, CDCl3)
(mixture of two diastereomers in 1:1 ratio): δ, ppm -2.52
(s, 4H, NH), 1.27 (s, 12H, CH3-aminal), 1.65 (s, 6H,
CH3-aminal), 1.66 (s, 6H, CH3-aminal), 1.89 (s, 24H,
CH3-Mes), 2.22 (d, 2H, J = 10.6 Hz, CH2N), 2.29 (d, 2H,
J = 10.6 Hz, CH2N), 2.41 (br s, 4H, CH2N), 2.65 (s, 12H,
CH3-Mes), 2.78 (m, 12H, CH2N), 2.78–2.90 (m, 10H,
CH2N), 3.01–3.15 (m, 10H, CH2N), 3.18–3.27 (m, 4H,
CH2N), 3.27–3.35 (m, 4H, CH2N), 3.45 (d, 2H, J = 14.4
Hz, CH2-Ar), 3.52 (d, 2H, J = 14.4 Hz, CH2-Ar), 3.66
(d, 2H, J = 15.1 Hz, CH2-Ar), 3.74 (d, 2H, J = 15.1 Hz,
CH2-Ar), 4.41 (d, 2H, J = 14.3 Hz, CH2-Ar), 4.46 (d, 2H,
J = 14.3 Hz, CH2-Ar), 4.74 (d, 2H, J = 15.2 Hz, CH2-Ar),
4.79 (d, 2H, J = 15.2 Hz, CH2-Ar), 7.26 (d, 2H, J = 7.1
Hz, CHarom), 7.31 (s, 8H, CHMes), 7.38 (d, 2H, J = 7.1 Hz,
CHarom), 7.64 (s, 2H, CHarom), 7.68 (d, 2H, J = 6.9 Hz,
CHarom), 7.70 (d, 2H, J = 6.9 Hz, CHarom), 7.74 (s, 2H,
CHarom), 7.94 (d, 4H, J = 7.0 Hz, HAr), 7.97 (d, 4H, J = 7.0
Hz, HAr), 8.29 (d, 8H, J = 7.0 Hz, HAr), 8.72 (d, 4H, J =
4.5 Hz, Hpyr), 8.74 (d, 4H, J = 4.5 Hz, Hpyr), 8.90 (br d,
4H, J = 4.5 Hz, Hpyr), 8.91 (br d, 4H, J = 4.5 Hz, Hpyr). 13C
NMR (150 MHz, CDCl3) (mixture of two diastereomers
in 1:1 ratio): δ, ppm 12.2 (CH3), 12.3 (CH3), 13.7 (CH3),
21.5 (CH3), 21.7 (CH3), 45.6 (CH2), 45.9 (CH2), 46.0
(CH2), 46.9 (CH2), 50.7 (CH2), 50.9 (CH2), 52.1 (CH2),
52.2 (CH2), 54.0 (CH2), 54.6 (CH2), 58.5 (CH2), 59.0
(CH2), 77.5 (C), 80.5 (C), 118.4 (C), 119.1 (C), 119.2 (C),
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125.3 (CH), 125.4 (CH), 125.6 (CH), 125.7 (CH), 127.2
(CH), 127.8 (CH), 129.1 (CH), 129.3 (CH), 129.5 (br
s, CHpyr), 130.8 (CH), 131.5 (br s, CHpyr), 135.1 (CH),
137.7 (C), 138.6 (C), 138.9 (C), 139.3 (C), 139.4 (C),
139.6 (C), 140.0 (C), 140.4 (C), 140.9 (C), 141.0 (C).
UV-vis (CH2Cl2): Omax, nm (log H) 420 (5.61), 516 (4.28),
552 (3.99), 592 (3.76), 649 (3.69). MALDI-TOF MS:
m/z 1289.70. ESI-HRMS: m/z 1291.75302 [MH]+; calcd.
1291.74842.
The fraction containing 11H2 was evaporated and
puriﬁed on Sephadex LH-20 resin with CH2Cl2 as
eluent. The evaporation of fractions produced the desired
porphyrin as a violet powder (13.7 mg, 52%). 1H NMR
(300 MHz, CDCl3) (mixture of two diastereomers in
1:1 ratio): δ, ppm -2.62 (s, 4H, NH), 1.17 (s, 6H, CH3aminal), 1.48 (s, 6H, CH3-aminal), 1.77 (s, 24H, CH3Mes), 2.16–2.22 (m, 4H, CH2N), 2.54 (s, 12H, CH3-Mes),
2.55–2.90 (m, 8H, CH2N), 3.18–3.40 (m, 8H, CH2N),
3.40–3.50 (m, 8H, CH2N, CH2-Ar), 3.53 (d, 1H, J = 15.1
Hz, CH2-Ar), 3.68 (d, 1H, J = 15.1 Hz, CH2-Ar), 4.42
(d, 1H, J = 14.3 Hz, CH2-Ar), 4.44 (d, 1H, J = 14.3 Hz,
CH2-Ar), 4.68 (d, 1H, J = 15.2 Hz, CH2-Ar), 4.71 (d, 1H,
J = 15.2 Hz, CH2-Ar), 7.20 (br s, 8H, CH-Mes), 7.42 (d,
2H, J = 8.1 Hz, Harom), 7.41 (t, 2H, J = 7.9 Hz, HPh), 7.51
(t, 4H, J = 7.9 Hz, HPh), 7.65 (m, 4H, Harom), 7.78–7.93
(m, 12H, HAr and HPh), 8.20 (d, 8H, J = 7.5 Hz, HAr), 8.21
(d, 8H, J = 4.5 Hz, Hpyr), 8.79 (d, 4H, J = 4.5 Hz, Hpyr),
8.81 (d, 4H, J = 4.5 Hz, Hpyr). UV-vis (CH2Cl2): λmax, nm
(log ε) 420 (5.52), 516 (4.17), 551 (3.88), 592 (3.63), 648
(3.57). MALDI-TOF MS: m/z 1069.40.
Coupling of 5,15-dimesityl-10,20-bis(4-(4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)porphyrin (8H2) with 2 to form 14H2. Base free
porphyrin 8H2 (150.0 mg, 0.150 mmol), Pd(OAc)2 (7.2
mg, 0.030 mmol), Cs2CO3 (207.4 mg, 0.600 mmol)
and dppf (19.2 mg, 0.030 mmol) were mixed as solids.
The reaction vessel was evacuated and purged with N2
three times. Subsequently, toluene (14 mL) and 2 (187.4
mg, 0.450 mmol) were added and the reaction mixture
heated to reﬂux. After complete conversion (monitored
by MALDI-TOF MS), the solvents were evaporated and
the residue was separated by column chromatography
on silica with CH2Cl2/CH3OH (10:2) to CH2Cl2/CH3OH/
NEt3 (20:8:1) mixtures. After evaporation the porphyrin
was puriﬁed on Bio-Beads® S-X resin with CH2Cl2 as
eluent. The evaporation of the fractions produced the
porphyrin as a violet powder (46.3 mg, 24%). 1H NMR
(600 MHz, CDCl3) (mixture of two diastereomers in 1:1
ratio): δ, ppm -2.62 (s, 4H, NH), 1.15 (br s, 4H, CH2),
1.40 (s, 12H, CH3-aminal), 1.48 (s, 12H, CH3-aminal),
1.77 (s, 24H, CH3-Mes), 1.92–1.98 (m, 2H, CH2), 2.01–
2.05 (m, 2H, CH2), 2.29 (br s, 12H, CH2N), 2.48 (br s,
4H, CH2N), 2.53 (m, 24H, CH3-Mes, CH2N), 2.77 (br s,
8H, CH2N), 2.87 (br s, 4H, CH2N), 3.15–3.56 (m, 4H,
CH2N), CH2-Ar), 3.66 (d, 2H, J = 14.7 Hz, CH2-Ar), 3.68
(d, 2H, J = 15.6 Hz, CH2-Ar), 3.85 (br s, 4H, CH2N), 4.21
(d, 2H, J = 14.6 Hz, CH2-Ar), 4.26 (d, 2H, J = 14.6 Hz,
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CH2-Ar), 4.65 (d, 2H, J = 15.2 Hz, CH2-Ar), 4.69 (d, 2H,
J = 15.2 Hz, CH2-Ar), 7.16 (d, 2H, J = 7.1 Hz, CHarom),
7.18 (s, 8H, CHMes), 7.32 (d, 2H, J = 7.1 Hz, CHarom), 7.53
(s, 2H, CHarom), 7.61 (d, 2H, J = 6.7 Hz, CHarom), 7.63 (d,
2H, J = 6.7 Hz, CHarom), 7.66 (s, 2H, CHarom), 7.86 (d,
4H, J = 7.0 Hz, HAr), 7.89 (d, 4H, J = 7.0 Hz, HAr), 8.20
(br s, 8H, HAr), 8.63 (br s, 8H, Hpyr), 8.80 (br s, 8H, Hpyr).
13
C NMR (150 MHz, CDCl3 + CD3OD) (mixture of two
diastereomers in 1:1 ratio)‡: δ, ppm 11.3 (CH3), 17.4
(CH2), 21.3 (CH3), 21.5 (CH3), 44.5 (CH2), 44.9 (CH2),
46.6 (CH2), 50.5 (CH2), 51.6 (CH2), 54.3 (CH2), 54.9
(CH2), 58.7 (CH2), 59.2 (CH2), 77.0 (br s, C), 79.5 (C),
118.3 (C), 119.0 (C), 119.1 (C), 125.1 (CH), 125.2 (CH),
125.6 (CH), 125.9 (CH), 126.9 (CH), 127.7 (CH), 128.8
(CH), 129.0 (CH), 130.6 (CH), 135.0 (CH), 137.7 (C),
138.3 (C), 139.3 (C), 139.5 (C), 139.8 (C), 140.8 (C),
140.9 (C). MALDI-TOF MS: m/z 1317.82. ESI-HRMS:
m/z 1319.78274 [MH]+; calcd. 1319.77972.
Coupling of 5,15-bis(4-(4,4,5,5-tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)-porphyrinato zinc 7Zn
with 1 to form 15Zn and 16Zn. Metalloporphyrin 7Zn
(61.3 mg, 0.079 mmol), Pd(OAc)2 (3.6 mg, 0.016 mmol),
Cs2CO3 (102.7 mg, 0.315 mmol) and dppf (9.6 mg, 0.016
mmol) were mixed as solids. The reaction vessel was
evacuated and purged with N2 three times. Subsequently,
toluene (4 mL) and 1 (89.2 mg, 0.236 mmol) were added
and the reaction mixture heated to reﬂux. After complete
conversion monitored by MALDI-TOF MS, the solvents
were evaporated and the residue was puriﬁed on silica
with CH2Cl2/CH3OH (10:2) for 16Zn and CH2Cl2/
CH3OH/NEt3 (20:8:1) for 15Zn. After evaporation 15Zn
was puriﬁed on Bio-Beads® S-X resin with CH2Cl2 as
eluent. The evaporation of fraction produced the desired
porphyrin as a violet powder (23.1 mg, 26%). 1H NMR
(600 MHz, CDCl3) (mixture of two diastereomers in 1:1
ratio): δ, ppm 1.23 (s, 12H, CH3-aminal), 1.52 (s, 12H,
CH3-aminal), 2.19–2.23 (m, 4H, CH2N), 2.33–2.50 (m,
12H, CH2N), 2.63–2.72 (m, 8H, CH2N), 2.76–2.85 (m,
12H, CH2N), 2.92–3.03 (m, 8H, CH2N), 3.20–3.28 (m,
4H, CH2N), 3.39 (d, 2H, J = 15.3 Hz, CH2-Ar), 3.49
(d, 2H, J = 15.3 Hz, CH2-Ar), 3.64 (d, 2H, J = 15.3 Hz,
CH2-Ar), 3.7 (d, 2H, J = 15.3 Hz, CH2-Ar), 4.36 (d, 2H,
J = 14.2 Hz, CH2-Ar), 4.43 (d, 2H, J = 14.2 Hz, CH2-Ar),
4.71 (d, 2H, J = 14.2 Hz, CH2-Ar), 4.73 (d, 2H, J = 14.2
Hz, CH2-Ar), 7.26 (d, 2H, J = 6.2 Hz, CHarom), 7.34 (d,
2H, J = 6.2 Hz, CHarom), 7.61 (s, 2H, CHarom), 7.69 (d, 2H,
J = 6.2 Hz, CHarom), 7.71 (d, 2H, J = 6.2 Hz, CHarom), 7.72
(s, 2H, CHarom), 7.98 (d, 4H, J = 7.6 Hz, HAr), 8.00 (d, 4H,
J = 7.6 Hz, HAr), 8.31 (d, 8H, J = 7.6 Hz, HAr), 9.22 (d,
4H, J = 4.5 Hz, Hpyr), 9.23 (d, 4H, J = 4.5 Hz, Hpyr), 9.44
(br d, 4H, J = 4.5 Hz, Hpyr), 9.45 (br d, 4H, J = 4.5 Hz,
Hpyr), 10.31 (br s, 4H, Hpyr). 13C NMR (150 MHz, CDCl3)
(mixture of two diastereomers in 1:1 ratio): δ, ppm 12.0
(CH3), 13.0 (CH3), 45.2 (CH2), 45.3 (CH2), 46.1 (CH2),
49.1 (CH2), 50.2 (CH2), 51.2 (CH2), 53.4 (CH2), 54.0
(CH2), 57.9 (CH2), 58.4 (CH2), 76.8 (C), 80.5 (C), 105.7
(CHpyr), 118.4 (C), 125.0 (CH), 125.6 (CH), 125.7 (CH),
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127.2 (CH), 128.7 (CH), 129.1 (CH), 130.4 (CH), 131.5,
132.0, 135.2 (CH), 136.9 (C), 138.9 (C), 139.3 (C), 139.5
(C), 139.6 (C), 140.5 (C), 140.4 (C), 142.3 (C), 149.47
(C), 149.89 (C). UV-vis (CH2Cl2): Omax, nm (log H) 413
(5.61), 540 (4.29). MALDI-TOF MS: m/z 1115.44. ESIHRMS: m/z 1117.51074 [MH]+; calcd. 1117.50541.
After evaporation of the fraction containing 16Zn, the
residue (26.4 mg) was puriﬁed at Bio-Beads® S-X resin
with CH2Cl2 eluent. The evaporation of the fractions
produced the desired porphyrin as a violet powder (17.9
mg, 25%). 1H NMR (300 MHz, CDCl3) (mixture of two
diastereomers in 1:1 ratio, 80% purity): δ, ppm 1.23 (s,
6H, CH3-aminal), 1.51 (s, 6H, CH3-aminal), 2.03–2.08
(m, 8H, CH2N), 2.21–2.60 (m, 8H, CH2N), 3.44–3.68
(m, 10H, CH2N, CH2-Ar), 4.18–4.25 (m, 2H, CH2-Ar),
4.48–4.54 (m, 2H, CH2-Ar), 4.70–4.73 (m, 2H, CH2-Ar),
7.27–7.40 (m, 4H, CHarom, HPh), 7.60–7.63 (m, 2H, HPh),
7.71–7.74 (m, 2H, CHarom), 7.77–7.78 (m, 2H, HPh), 7.95–
7.96 (m, 4H, HAr), 8.29–8.30 (m, 8H, HAr), 9.16–9.20 (m,
8H, Hpyr), 9.40–9.43 (m, 8H, Hpyr), 10.28 (br s, 4H, Hmeso).
MALDI-TOF MS: m/z 895.09.
Coupling of 5,15-diphenyl-10,20-bis(4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)-porphyrinato
zinc 6Zn with 1 to form 17Zn. 6Zn (400 mg, 0.51 mmol),
1 (576 mg, 1.53 mmol), Pd(OAc)2 (23 mg, 0.103 mmol),
dppf (56 mg, 0.103 mmol) and Cs2CO3 (665 mg, 2.04
mmol) were ﬂushed with N2. (The reaction vessel was
evacuated and purged with N2 three times). Subsequently,
toluene (32 mL) was added and the reaction mixture
was reﬂuxed for 13 h until complete conversion of the
starting material. After cooling the mixture was diluted
with CH2Cl2 and washed with water. Organic layer was
evaporated and the residue was puriﬁed on silica with
CH2Cl2/CH3OH (1:1) mixture. The residue was dissolved
in CH2Cl2 and subjected to Bio-Beads SX-1 gel column
with CH2Cl2 eluent to produce 17Zn with 80% yield. 1H
NMR (600 MHz, CDCl3) (mixture of two diastereomers
in 1:1.6 ratio): δ, ppm 1.26 (6H, CH3-aminal, isomer A),
1.32 (s, 6H, CH3-aminal, isomer B), 1.70 (s, 6H, CH3aminal, both isomers), 2.36–2.48 (m, 12H, CH2N, both
isomers), 2.52–2.75 (m, 16H, CH2N, both isomers),
2.76–2.86 (m, 4H, CH2N, both isomers), 2.90–3.00 (m,
4H, CH2N), 3.00–3.10 (m, 4H, CH2N, both isomers),
3.10–3.24 (m, 8H, CH2N, both isomers), 3.32–3.38 (m,
4H, CH2N, both isomers), 3.53 (d, 2H, J = 14.2 Hz,
CH2-Ar, isomer A), 3.63 (d, 2H, J = 14.2 Hz, CH2-Ar,
isomer B), 3.70 (d, 2H, J = 15.1 Hz, CH2-Ar, isomer B),
3.88 (d, 2H, J = 15.5 Hz, CH2-Ar, isomer A), 4.60 (d, 2H,
J = 15.5 Hz, CH2-Ar, isomer B), 4.65 (d, 2H, J = 14.2 Hz,
CH2-Ar, isomer A), 4.91 (d, 2H, J = 15.5 Hz, CH2-Ar,
isomer A), 4.96 (d, 2H, J = 15.5 Hz, CH2-Ar, isomer
B), 7.43 (d, 2H, J = 7.6 Hz, Harom, both isomers), 7.51
(d, 2H, J = 7.3 Hz, Harom, both isomers), 7.70–7.80 (m,
12H, HPh, both isomers), 7.88–7.93 (m, 2H, Harom, both
isomers), 7.94–7.99 (m, 2H, Harom, both isomers), 7.99–
8.04 (m, 4H, Harom, both isomers), 8.16–8.26 (m, 8H,
HPh, both isomers), 8.78–8.82 (m, 2H, HPyr, isomer A),
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8.82–8.92 (m, 12H, HPyr, both isomers), 8.94–9.00 (m,
2H, HPyr, isomer B). UV-vis (CHCl3): λmax, nm (log ε) 424
(5.53), 554 (4.19), 596 (3.82). MALDI-TOF MS: m/z
1115.34 [M – 1]. ESI-HRMS: m/z 1117.50996 [MH]+;
calcd. 1117.50541.
Coupling of 5,15-diphenyl-10,20-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-porphyrinato zinc
6Zn with 2 to form 20Zn. 6Zn (300 mg, 0.39 mmol), 2
(450 mg, 1.15 mmol), Pd(OAc)2 (8.61 mg, 0.038 mmol),
dppf (21 mg, 0.038 mmol) and Cs2CO3 (500 mg, 1.53
mmol) were ﬂushed with N2. The reaction vessel was
evacuated and purged with N2 three times. Subsequently,
toluene (24 mL) was added and the reaction mixture
was reﬂuxed for 15 h until complete conversion of the
starting material. After cooling the mixture was diluted
with CH2Cl2 and washed with water. Organic layer was
evaporated and applied to column ﬁlled with silica gel
in CH2Cl2/MeOH (1:1) mixture. The column was eluted
with CH2Cl2/MeOH (1:1) and the collected fractions
were evaporated. The residue was dissolved in CH2Cl2
and subjected to Bio-Beads SX-1 gel column with
CH2Cl2 eluent to produce 20Zn with 93% yield. 1H
NMR (600 MHz, CDCl3) (mixture of two diastereomers
in 1:1 ratio): δ, ppm 1.17–1.23 (m, 2H, CH2), 1.45 (s,
6H, CH3-aminal), 1.52 (s, 6H, CH3-aminal), 1.64 (s, 6H,
CH3-aminal), 1.65 (s, 6H, CH3-aminal), 2.16–2.22 (m,
2H, CH2), 2.25–2.35 (m, 4H, CH2), 2.36–2.48 (m, 8H,
CH2N), 2.49–2.58 (m, 4H, CH2N), 2.62–2.78 (m, 16H,
CH2N), 2.88–2.96 (m, 4H, CH2N), 2.98–3.07 (m, 2H,
CH2N), 3.14–3.21 (m, 2H, CH2N), 3.25–3.38 (m, 6H,
CH2N, CH2-Ar), 3.53 (d, 2H, J = 15.2 Hz, CH2-Ar), 3.58–
3.64 (m, 4H, CH2N), 3.72 (d, 2H, J = 15.2 Hz, CH2-Ar),
3.87–4.02 (m, 6H, CH2N, CH2-Ar), 4.48 (d, 2H, J = 15.2
Hz, CH2-Ar), 4.55 (d, 2H, J = 15.2 Hz, CH2-Ar), 4.90
(d, 2H, J = 15.2 Hz, CH2-Ar), 4.97 (d, 2H, J = 15.2 Hz,
CH2-Ar), 7.41 (br d, 2H, J = 6.6 Hz, Harom), 7.54 (s, 2H,
Harom), 7.73–7.85 (m, 12H, HPh), 7.89 (s, 2H, Harom), 7.95–
8.02 (m, 4H, Harom), 8.06 (s, 2H, Harom), 8.18–8.32 (m,
8H, HPh), 8.84 (br d, 2H, J = 4.5 Hz, HPyr), 8.89–9.00
(m, 12H, HPyr), 9.03 (br d, 2H, J = 4.5 Hz, HPyr). UV-vis
(CHCl3): λmax, nm (log ε) 424 (5.53), 554 (4.19), 596
(3.63). MALDI-TOF MS: m/z 1143.51 [M – 1].
Deprotection of the aminal group of the porphyrin
11H2 to form 21H2. 11H2 (13.7 mg, 0.013 mmol) was
dissolved in the mixture of HCl/EtOH (HCl l0%, 1:1,
2 mL) and kept at ambient temperature. After complete
conversion monitored by MALDI-TOF MS, Na2CO3
(15%, aqueous solution, pH = 10) was added and the
mixture was diluted with CH2Cl2 (40 mL). The organic
phase was washed with water (4 × 20 mL) and dried
over Na2SO4. The evaporation produced the base free
porphyrin 21H2 as a violet solid (10.8 mg, 83%). 1H
NMR (300 MHz, CDCl3): δ, ppm -2.58 (s, 2H, NH),
1.84 (s, 12H, CH3-Mes), 2.61 (s, 6H, CH3-Mes), 2.79
(br s, 4H, CH2N), 2.93 (br s, 4H, CH2N), 2.97 (br s, 4H,
CH2N), 4.02 (s, 2H, CH2-Ar), 4.06 (s, 2H, CH2-Ar), 7.27
(s, 4H, CH-Mes), 7.46 (t, 1H, J = 7.9 Hz, HPh), 7.55 (d, 1H,
Copyright © 2014 World Scientific Publishing Company
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J = 8.1 Hz, Harom), 77.39 (t, 2H, J = 7.9 Hz, HPh), 7.82 (d,
1H, J = 8.1 Hz, Harom), 7.88 (s, 1H, Harom), 7.91 (d, 2H, J =
7.0 Hz, HAr), 7.92 (d, 2H, J = 7.0 Hz, HAr), 8.30 (d, 4H,
J = 7.0 Hz, HAr), 8.30 (d, 2H, J = 7.5 Hz, HPh), 8.70 (d,
2H, J = 4.5 Hz, Hpyr), 8.86 (d, 2H, J = 4.5 Hz, Hpyr), 8.88
(d, 2H, J = 4.5 Hz, Hpyr). ESI-HRMS: m/z 1043.55103
[MH]+; calcd. 1043.54592.
Deprotection of the aminal group of the porphyrin
10H2 to form 22H2. 10H2 (29.4 mg, 0.023 mmol) was
dissolved in HCl/EtOH mixture (HCl l0%, 1:1, 2 mL) and
kept at ambient temperature. After complete conversion
monitored by MALDI-TOF MS, Na2CO3 (15%, aqueous
solution, pH = 10) was added and the mixture was diluted
with CH2Cl2 (40 mL). The organic phase was washed
with water (4 × 20 mL) and dried over Na2SO4. The
evaporation produced the base free porphyrin 22H2 as a
violet solid (24.0 mg, 89%). 1H NMR (300 MHz, CDCl3):
δ, ppm -2.57 (s, 2H, NH), 1.86 (s, 12H, CH3-Mes), 2.63
(s, 6H, CH3-Mes), 2.77 (s, 8H, CH2N), 2.89 (br s, 8H,
CH2N), 2.95 (br s, 8H, CH2N), 3.97 (s, 4H, CH2-Ar), 4.02
(s, 4H, CH2-Ar), 7.29 (s, 4H, CH-Mes), 7.54 (d, 2H, J =
7.7 Hz, CHarom), 7.81 (d, 2H, J = 7.7 Hz, CHarom), 7.89 (s,
2H, CHarom), 7.97 (d, 4H, J = 7.5 Hz, CHAr), 8.28 (d, 4H,
J = 7.5, Hz, CHAr), 8.71 (d, 4H, J = 4.5 Hz, Hpyr), 8.86 (d,
4H, J = 4.5 Hz, Hpyr). UV-vis (CHCl3): λmax, nm (log ε)
420 (5.41), 516 (3.99), 552 (3.69), 592 (3.46), 648 (3.38).

CONCLUSION
In this paper, we have described the optimal
experimental conditions to prepare polyazamacrocyclesubstituted porphyrins using Suzuki–Miyaura crosscoupling reactions. These studies demonstrate that boronic
esters appended zinc porphyrins are suitable electrophiles to react with aromatic bromides possessing a
bisaminal-protected benzannulated polyazamacrocyclic
moiety to give tricyclic architectures linked directly
or by a p-phenylene spacer. A proper choice of the
optimal catalysts, the nature of the base and the solvent
reaction mixture are key parameters to obtain a selective
transformation.
These triads represent an interesting and promising
class of mixed macrocyclic ligands with high potential for
various applications. For example these systems constitute
a remarkable platform which combines imaging and
ﬂuorescent properties.
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ABSTRACT: A tetra-ruthenium complex containing two ruthenium(II) phthalocyanines and one metal–
metal bonded diruthenium(III,III) unit was synthesized and investigated as to its electrochemical and
spectroscopic properties in non-aqueous media. The title compound, represented as bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2], where ap = 2-anilinopyridinate anion and Pc = the dianion of tetra-tertbutylphthalocyanine, was assembled by axial coordination of two PcRu(CO) macrocycles to pyridine
groups of the complex which were themselves linked to the diruthenium(III,III) unit via alkyne groups.
The tetra-ruthenium complex was characterized in solution and in the solid state by 1H NMR, UVvisible and IR spectroscopies, mass spectrometry and cyclic voltammetry while thin-layer UV-visible
spectroelectrochemistry was used to study the site of electron transfer. Eight redox processes occur in
CH2Cl2 or benzonitrile, four of which can be assigned to the macrocycles of PcRu(CO) and four to the
central diruthenium unit of the molecule. The electrochemical and spectroscopic data suggest a weak
electronic interaction between the diruthenium unit of [Ru2(ap)4(C≡CC5H4N)2] and the two externally
linked Ru(II) phthalocyanines of the title compound.
KEYWORDS: tetra-ruthenium complex, diruthenium complex, phthalocyanine, triad.

INTRODUCTION
Diruthenium complexes with a paddlewheel structure
have been used as building blocks for the synthesis of
supramolecular assemblies in the ﬁeld of molecular
electronics, in part because of their interesting magnetic
and redox properties [1–7]. Most diruthenium complexes
of this type contain four anionic bridging ligands and are
formulated as Ru2(L)4+ or Ru2(L)4Cl but other neutral
and charged ligands can be added at the vacant axial
positions of the compounds [8–10]. Substitutions can
¡
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also be made at any or all of the equatorial positions on
Ru2L4+ [11, 12] in order to examine any magnetic and
electronic interactions which might exist between the
central diruthenium unit and other electroactive or nonelectroactive parts of the molecule.
One group of previously synthesized diruthenium compounds are the σ-alkynyl derivatives [13–20] which are
particularly attractive for the construction of organometallic
molecular wires. One such σ-alkynyl diruthenium compound is Ru2(ap)4(C≡CC5H4N)2, where ap = 2-anilinopyridinate anion [20]. This diruthenium(III,III) derivative
is of interest because the two external pyridine groups on
the molecule are able to coordinate with metal complexes,
such as previously shown for [Ru2(form)4(C≡CC5H4N)2][Re(CO)3L] and [Ru2(dpf)4(C≡CC5H4N)2][Re(CO)3L],
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where form = N,N′-di-p-tolylformamidinate ion, dpf =
N,N′-diphenylformamidinate ion and L = 4,4′-bis(tertbutyl)-2,2ƍ-bipyridine [21].
Metallophthalocyanines (MPcs) are well-known for
their intense color, redox activity and high thermal stability
[22–24]. Moreover, the optical and redox properties of
phthalocyanines can be tuned by changing the central
metal and/or the substituents either at the peripheral or
at the axial position of the macrocycle [24, 25]. Owing
to their chemical versatility and their optoelectronic
properties, these synthetic porphyrin analogs play a
major role in the ﬁeld of molecular electronics and are
used as potential photosensitizers in solar technologies
and photodynamic treatment of cancer [26–28]. Their
potential applications also include analytical sensors for
industry, environment and medicine [26, 29].
Numerous electron donor–acceptor conjugates containing Pc building blocks have been designed and studied
in the context of molecular devices [30–33]. For preparing some of these hybrids, we and others have used
phthalocyanines bearing a Ru(II) ion within their central
cavity [34–36]. Such metallomacrocycles form stable and
rigid architectures through metal coordination of pyridine
derivatives [37–39], thus making them ideal candidates
for coordination with the diruthenium compound
discussed above, namely [Ru2(ap)4(C≡CC5H4N)2].
In the present study, we have synthesized a tetraruthenium complex 3 (Chart 1) consisting of one
[Ru2(ap)4(C≡CC5H4N)2] 1 unit linked to the two

ruthenium(II) centers of two ruthenium phthalocyanines
2. The investigated compound is represented as bis[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3. For phthalocyanine 2, single ligation at the Ru(II) center is assured
due to the presence of the strongly ligating, π-acceptor
carbonyl ligand at one of the two axial Ru(II) coordination
sites. This should direct the diruthenium unit 1 to the
opposite Pc axial coordination site [34, 35, 40, 41]. In
order to determine whether there was any electronic
interaction among the metal centers, the electrochemical
and UV-visible spectroelectrochemical properties of the
tetra-ruthenium triad 3 were investigated and compared to
those of Ru2(ap)4(C≡CC5H4N)2 1 and PcRu(CO) 2 under
similar solution conditions.

EXPERIMENTAL
General
UV-visible spectra were recorded on a Jasco V-660spectrophotometer. IR spectra were recorded with Bruker
Vector 22 spectrophotometer. ESI-MS spectra were
determined on a QSTAR ABSciex instrument. NMR
spectra were recorded with a Bruker AC-300 instrument.
Column chromatographies were carried out on silica gel
Merck-60 (230–400 mesh, 60 Å) and Biobeads SX-3. TLC
was performed on aluminum sheets precoated with silica gel
60 F254 (E. Merck). Ru3(CO)12 was purchased from Strem
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Chart 1. Structures of the investigated compounds
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Chemicals, Inc. Tetra-tert-butylphthalocyanine and all the
other chemicals were purchased from Aldrich Chemical
Co. and used as received without further puriﬁcation.
[Ru2(ap)4(C≡CC5H4N)2] 1 [20] and PcRu(CO) 2 [34] were
synthesized according to procedures in the literature.
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m/z 2819 [M]+, 1944–1955 [M – PcRu(CO)]+, 1405–
1412 [M]2+, 1079–1089 [M – 2 PcRu(CO)]+, 864–870
[PcRu(CO)]+.

RESULTS AND DISCUSSION

Electrochemical measurements
Cyclic voltammetry was carried out with an EG&G
Model 173 potentiostat/galvanostat. A homemade threeelectrode cell was used and consisted of a platinum
button or glassy carbon working electrode, a platinum
wire counter electrode and a saturated calomel reference
electrode (SCE). The SCE was separated from the bulk of
the solution by a fritted-glass bridge of low porosity which
contained the solvent/supporting electrolyte mixture.
All potentials are referenced to the SCE.
UV-visible spectroelectrochemical experiments were
performed with a home-built quartz thin-layer cell which
has a light transparent platinum net-working electrode.
Potentials were applied and monitored with an EG&G
PAR Model 173 potentiostat. Time-resolved UV-visible
spectra were recorded with a Hewlett-Packard Model
8453 diode array spectrophotometer. Thin-layer timedependent infrared spectroelectrochemical measurements
were performed using a FTIR Nicolet 550 Magna-IR
spectrophotometer with a specially constructed lighttransparent FTIR spectroelectrochemical cell. High
purity N2 from Trigas was used to deoxygenate the
solution and kept over the solution during each electrochemical and spectroelectrochemical experiment.
Absolute dichloromethane (CH2Cl2, 99.8%, EMD
Chemicals Inc.) was used for electrochemistry without
further puriﬁcation. Benzonitrile (PhCN) was purchased
from Aldrich Chemical Co. and distilled over P2O5
under vacuum prior to use. Tetra-n-butylammonium
perchlorate (TBAP), used as supporting electrolyte, was
purchased from Sigma Chemical or Fluka Chemika Co.,
recrystallized from ethyl alcohol, and dried under vacuum
at 40 °C for at least one week prior to use.
Synthesis of bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3
A solution of phthalocyanine 2 (16 mg, 18.5 μmol)
and the diruthenium complex 1 (10 mg, 9.2 μmol) in
chloroform (6 mL) was stirred at room temperature and
protected from light for 20 h. The solvent was rotary
evaporated and the residue was chromatographed in
Biobeads using toluene as the eluent. The second blue
fraction was collected, evaporated, resuspended in
methanol, ﬁltered and washed with the same solvent,
yielding 17 mg (66%) of 3 as a blue solid. IR (KBr): ν,
cm-1 3060, (C−Harom), 2955, 2923, 2853 (C−Haliph), 2061
(C≡C), 1973 (C=O), 1599, 1490, 1462, 1418, 1393, 1320,
1363, 1282, 1256, 1205, 1154, 1124, 1090, 1050, 1020,
939, 917, 896, 829, 764, 696, 669. UV-vis (CHCl3): λmax,
nm (log ε) 287 (sh), 302 (5.31), 347 (4.98), 392 (4.54),
587 (4.86), 648 (5.47). MS (ESI-TOF, MeOH + 1%TFA):
Copyright © 2014 World Scientific Publishing Company

Synthesis
Most unsubstituted MPcs have limited solubility
in organic solvents. In this respect, the PcRu(CO) 2
was provided with four peripheral tert-butyl groups in
order to increase the solubility properties, reduce the
aggregation in solution and provide σ-donor features
[25]. Bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 was
assembled in 66% yield by treatment of the diruthenium
complex 1 with two equivalents of the phthalocyanine 2
in chloroform at room temperature. The puriﬁcation of
3 was carried out by gel permeation chromatography.
The structure of 3 was conﬁrmed by mass spectrometry
(see Fig. 1), as well as UV-visible and IR spectroscopies
(see Fig. 2). Tetra-ruthenium complex 3 showed its
isotopic signature in MS (ESI-TOF) as an intense peak
at m/z = 1405–1412, corresponding to [M]2+, in addition
to a very weak peak at m/z = 2819 corresponding to
[M]+. Moreover, the IR spectrum of 3 displays features
corresponding to both the Pc and diruthenium fragments.
The spectrum is dominated by the νC=O stretching band at
1973 cm-1 corresponding to the Pc unit [34]. Typical of a
ruthenium acetylide complex, an intense νC≡C stretching
band appears at 2061 cm-1 [42].
Electrochemistry of Ru2(ap)4(C≡CC5H4N)2 1
As shown in Fig. 3, Ru2(ap)4(C≡CC5H4N)2 1 exhibits
two reversible reductions and a single reversible oxidation
in CH2Cl2 containing 0.1 M TBAP for a scan rate of 0.1
V/s. The E1/2 values for all processes are similar to those
reported by Kadish et al. [20]. The two reductions at
E1/2 = -0.49 and -1.41 V are assigned to the Ru26+/5+ and
Ru25+/4+ processes while the oxidation at E1/2 = 0.70 V is
attributed to the Ru26+/7+ process. These assignments were
made on the basis of what has been reported for related
(3,1) or (4,0) derivatives of Ru2(L)4(C≡CC6H5)2 where L
is an ap or substituted ap bridging ligand [19, 20]. These
compounds have been shown to undergo either three
or four metal-centered processes, yielding a stepwise
conversion between compounds with Ru28+, Ru27+, Ru26+,
Ru25+ or Ru24+ cores as shown by Equations 1–4.
(L)4Ru26+ + e-  (L)4Ru25+

(1)

(L)4Ru25+ + e-  (L)4Ru24+

(2)

(L)4Ru26+  (L)4Ru27+ + e-

(3)

(L)4Ru27+  (L)4Ru28+ + e-

(4)

Table 1 summarizes half-wave potentials for the
metal-centered processes of Ru2(L)4(C≡CC6H5)2 along
J. Porphyrins Phthalocyanines 2014; 18: 51–57
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Fig. 1. Mass spectrum (a) of compound 3. Experimental (b) and calculated (c) isotopic distribution for [C156H140N26Ru4O2]2+
(resolution = 10,000)

with data for Ru2(ap)4(C≡CC5H4N)2 1 and bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 under the same solution
conditions. The potential separation between the ﬁrst
reduction and ﬁrst oxidation of 1 (1.19 V) is also close
to the HOMO–LUMO gaps of (3,1) Ru2(L)4(C≡CC6H5)2
which ranges from 1.13 to 1.26 V. The ﬁrst reduction
Copyright © 2014 World Scientific Publishing Company

of 1 (E1/2 = -0.49 V) is 50 mV less negative than the
ﬁrst reduction of Ru2(ap)4(C≡CC6H5) (E1/2 = -0.54 V)
and this can be accounted for by the fact that the two
pyridyl groups decrease the electron density on the
diruthenium unit to a greater extent than the two phenyl
groups.
J. Porphyrins Phthalocyanines 2014; 18: 52–57
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Fig. 2. IR spectrum of compound 3

Fig. 4. Cyclic voltammograms of PcRu(CO) 2 in (a) CH2Cl2,
(b) PhCN and (c) pyridine containing 0.1 M TBAP at a scan
rate of 0.1 V/s

depends on the solvent, as evidenced by the fact that the
ﬁrst oxidation occurs at 0.74 V in PhCN and 0.86 V in
pyridine.
Fig. 3. Cyclic voltammogram of Ru2(ap)4(CŁCC5H4N)2 1 in
The electrochemical data of 2 in PhCN and pyridine
CH2Cl2 containing 0.1 M TBAP at a scan rate of 0.1 V/s
suggest that one solvent molecule binds
to PcRu(CO) to form PcRu(CO)(S)
Table 1. Half-wave potentials (V vs. SCE) for redox processes involving the metal–
(where S = PhCN or pyridine). In
metal bonded Ru2 unit of Ru2(ap)4(C≡CC6H5)2, Ru2(ap)4(C≡CC5H4N)2 1 and bisaddition, the potential difference of
[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 in CH2Cl2, containing 0.1 M TBAP
1.75 V and 1.82 V between the ﬁrst
7+/6+
6+/5+
5+/4+
reduction and the ﬁrst oxidation processes
Compound
Ru2
Ru2
Ru2
Reference
of PcRu(CO) in PhCN and pyridine,
Ru2(ap)4(C≡CC6H5)2
0.55
-0.54
-1.67
[19]
respectively are similar to those of related
0.70
-0.49
-1.41
tw
Ru2(ap)4(C≡CC5H4N)2
six-coordinate ruthenium(II) phthalocyanine derivatives [35, 39, 43], thus
-0.49
-1.37
tw
bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] -0.74
further suggesting the presence of a
solvent molecule trans to CO in both
Electrochemistry of PcRu(CO) 2
PhCN and pyridine and the formulation
PcRu(CO)(S) for the compound in these two solvents.
PcRu(CO) 2 undergoes two reductions and two
oxidations but only the ﬁrst reduction and ﬁrst oxidation
are reversible in CH2Cl2, as shown in Fig. 4a. All four
Electrochemistry of bis-[PcRu(CO)]redox processes of PcRu(CO) have been assigned to
[Ru2(ap)4(C≡CC5H4N)2] 3
processes on the phthalocyanine ring [40, 41]. To further
Bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 exhibits
investigate the solvent effect on the oxidation or reduction
eight
redox processes in CH2Cl2, containing 0.1 M TBAP
potentials of 2, electrochemical studies were carried out
(see
Fig.
5), four of which are attributed to the dimetal
in PhCN and pyridine containing 0.1 M TBAP. In these
unit
of
the
compound and four to the macrocycle of the
solvents, both reductions become reversible. The ﬁrst
two
linked
PcRu(CO) groups. The ﬁrst and the third
reduction shifts in a positive direction by 90 mV upon
reductions
of
3, at E1/2 = -0.49 and -1.37 V, are assigned
going from CH2Cl2 to PhCN and by 140 mV upon going
6+/5+
to
the
Ru
and Ru25+/4+ processes (Equations 1
from CH2Cl2 to pyridine. The second reduction shifts
2
and
2)
based
on
the fact that the ﬁrst reduction of
cathodically by about 200 mV upon going from CH2Cl2
the
triad
occurs
at
the same potential as the Ru26+/5+
to PhCN or pyridine. The ﬁrst oxidation potential also
Copyright © 2014 World Scientific Publishing Company
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Fig. 5. Cyclic voltammograms of Ru2(ap)4(C≡CC5H4N)2 1,
PcRu(CO) 2 and bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 in
CH2Cl2 containing 0.1 M TBAP

PcRu(CO) (1.40 V) under the same solution conditions,
thus suggesting that this process of 3 involves the second
ring-centered oxidation of the two linked PcRu(CO)
groups. No clear re-reduction processes are observed on
the reverse sweep (see dashed line in Fig. 5), indicating
that the third oxidation of 3 is followed by one or more
chemical processes, and probable decomposition of the
tetra-ruthenium compound.
As discussed above, the electrode processes of 3 can be
assigned to either the diruthenium part of the triad or the π
ring system of the two linked PcRu(CO) groups. However,
the redox potentials at which these processes occur do
not match exactly the corresponding processes observed
for compounds 1 and 2, thus suggesting some electronic
communication between the diruthenium and PcRu(CO)
units in 3. Indeed, the Ru26+/5+ process of compound 3 is
expected to yield an increase in electron density on the
dimetal unit, but this electron density is shifted towards
the two PcRu(CO) groups, thus shifting negatively the E1/2
value for the ﬁrst electron addition to the π ring system of
PcRu(CO) in compound 3 as compared to reduction of
PcRu(CO) in the unlinked phthalocyanine, i.e. -1.14 vs.
-1.10 (CH2Cl2) or -0.96 (pyridine).
Half-wave potentials for the ring-centered processes of
PcRu(CO) 2 and bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2]
3 are summarized in Table 2. Here, we compare values in
two different solvents but the choice of pyridine, instead
of CH2Cl2, for the ﬁrst reduction of PcRu(CO) is based
on the fact that this compound exists as PcRu(CO)(py) in
this solvent and that the RuPc unit in 3 is also coordinated
to the dimetal unit via the pyridine group. At the same
time, the Ru25+/4+ process of compound 3 (third reduction)
becomes slightly positively shifted with respect to the
same electrode process of compound 1 (-1.37 vs. -1.41 V).
Once a second electron is added to the diruthenium
unit of 3 (the Ru25+/4+ process), the electron density
should again be shifted towards the PcRu(CO) part of
the molecule, and make the second electron addition
to PcRu(CO) much more difﬁcult than for unlinked
PcRu(CO). However, this is not the case because the last
reduction of 3 (E1/2 = -1.52 V) occurs at almost the same
potential as the corresponding process of 2 (E1/2 = -1.50 V)
in pyridine, 0.1 M TBAP. It should be noted, however,
that the peak for the fourth reduction of compound 3 is
broad and not as well-deﬁned as the second reduction of
PcRu(CO) in pyridine, 0.1 M TBAP (see Fig. 4c). This

couple of the unlinked compound 1 (E1/2 = -0.49 V)
while the third reduction of 3 is shifted anodically
by only 40 mV with respect to the Ru25+/4+ process
of 1 (E1/2 = -1.41 V). The tetra-ruthenium complex 3
also exhibits an irreversible oxidation at Epa = 1.22 V
which has a peak current height similar to that of the
ﬁrst and third reduction processes, suggesting that this
oxidation can also be attributed to the Ru27+/8+ process of
the dimetal unit (Equation 4). A second oxidation is not
observed for Ru2(ap)4(CŁCC5H4N)2 1 in the absence of
linked PcRu(CO) but several studies on related Ru2(L)4(C≡CC6H5)2 derivatives have reported the Ru27+/8+
electrode process to occur in non-aqueous media [19].
The second and fourth reductions of 3 at E1/2 = -1.14
and -1.52 V have higher peak current heights than the
ﬁrst or third reductions (see Fig. 5) and these are assigned
to electron additions at the macrocycles of the two linked
phthalocyanines. The ﬁrst oxidation of 3 has a peak
current height higher than that obtained by adding the
peak current heights for the ﬁrst and second reductions
of the same compound and this
apparent three electron transfer
process is assigned to overTable 2. Half-wave potentials (V vs. SCE) involving the ﬁrst reduction and ﬁrst
lapping oxidations of both the
oxidation of the phthalocyanine macrocycle of PcRu(CO) 2 and bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3
diruthenium unit (Ru26+/7+) and
the two PcRu(CO) groups of 3.
Compound
Solvent
[PcRu(CO)]0/+
[PcRu(CO)]0/Finally, the third oxidation of
PcRu(CO)
pyridine
0.86
-0.96
3 at Epa = 1.53 V is irreversible
in CH2Cl2, 0.1 M TBAP and
0.59
-1.10
PcRu(CO)
CH2Cl2
occurs at a potential close to the
CH2Cl2
0.74
-1.14
bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2]
second oxidation of unlinked
Copyright © 2014 World Scientific Publishing Company

J. Porphyrins Phthalocyanines 2014; 18: 54–57

SYNTHESIS AND CHARACTERIZATION OF bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2]

Fig. 6. UV-visible spectra of (a) PcRu(CO) 2 and (b) bis[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 in CH2Cl2

perhaps indicates that compound 3 partially dissociates
upon addition of a second electron to the diruthenium
unit (the Ru25+/4+ process in Equation 2).
UV-visible spectroscopy
The UV-visible spectra of 2 and 3 in CH2Cl2 are shown
in Fig. 6. PcRu(CO) 2 exhibits intense Q- and Soret bands
at 651 and 296 nm, respectively. Both transitions are
attributed to a π→π* transition of the macrocycle. The Qand Soret bands have side bands of lower intensity at 588
and 345 nm, respectively. An additional shoulder peak is
also seen near 684 nm. As shown in Fig. 6b, the insertion of
the dimetal unit between the two PcRu(CO) rings does not
yield signiﬁcant changes in the UV-visible spectrum. The
tetra-ruthenium complex 3 is characterized by Q- and Soret
band absorptions at 648 and 302 nm, respectively as well as
side bands of lower intensity at 587 and 347 nm. Noteworthy,
the molar absorptivity of all the phthalocyanine bands in 3
is about twice that of the corresponding monomer 2. There
is also a small shoulder peak on the side of the 302 nm
band and a small absorption band close to 400 nm (see *
in Fig. 6b). These features are attributed to the diruthenium
unit. Indeed, Ru2(ap)4(C≡CC5H4N)2 in CH2Cl2 exhibits an
intense band around 300 nm and a small absorption feature
at 407 nm (data not shown).
UV-visible spectroelectrochemistry of
bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3
Fig. 7a shows the UV-visible spectral changes
obtained upon reduction of 3 in CH2Cl2, 0.1 M TBAP
Copyright © 2014 World Scientific Publishing Company
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Fig. 7. UV-visible spectral changes during (a) the ﬁrst
reduction and (b) the ﬁrst oxidation of bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 in CH2Cl2 containing 0.1 M TBAP

while Fig. 7b illustrates the UV-visible spectral changes
upon oxidation of 3 under the same solution conditions.
During the ﬁrst reduction, there are no signiﬁcant spectral
changes, consistent with the redox process involving the
diruthenium unit of the compound. Upon oxidation of 3,
the four bands of the compound (at 347, 587, 623 and
648 nm) decrease in intensity with the loss of intensity
being more signiﬁcant for the 648 nm band. At the same
time, two new bands also appear at 545 and 718 nm.
The Q-band at (648 nm) has been attributed to a π→π*
transition of the macrocycle [39], and a signiﬁcant change
in intensity of this absorption band is consistent with the
ﬁrst oxidation of 3 involving the macrocycles of the two
linked PcRu(CO). A third electron is abstracted from the
Ru2(ap)4(C≡CC5H4N)2 group at the same potential but the
UV-visible spectral changes for this process are minimal
when compared to the changes associated with oxidation
of the phthalocyanine macrocycle.

Infrared spectra of bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3
Table 3 summarizes νCO bands in CH2Cl2 solution
containing 0.1 M TBAP for the neutral, singly reduced and
singly oxidized bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3.
The shift in νCO from the neutral to the singly oxidized
complex 3 is 30 cm-1 which is comparable to the difference
in the CO vibration between Ru(TPP)(CO)(py) (1943
cm-1) and [Ru(TPP)(CO)(py)]+ (1970 cm-1) under the same
experimental conditions where the oxidation occurs at the
J. Porphyrins Phthalocyanines 2014; 18: 55–57
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Table 3. νCO values (cm-1) for neutral, singly reduced and singly
oxidized bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 in CH2Cl2
containing 0.1 M TBAP
+a

Singly oxidized [3]
2006

5.

-b

Neutral [3]

Singly reduced [3]

1976

1968

6.

a

Oxidation occurs at both the dimetal and PcRu(CO) units.
b
Reduction occurs at the dimetal unit.

7.
8.

porphyrin S ring system [44]. This is also the case for
bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 and consistent
with electrochemical and spectroscopic data that the ﬁrst
oxidation involves a loss of an electron on the ruthenium
phthalocyanine unit of 3. However, the CO vibration is
only shifted by 8 cm-1 upon the reduction. This observation
can be accounted for by the fact that the ﬁrst reduction
occurs at the diruthenium part of 3 as discussed earlier in
the manuscript thus the increase in negative charge on 3
would not have signiﬁcant effect on the CO vibration.

9.
10.

11.

12.

CONCLUSION
A tetra-metallic complex bis-[PcRu(CO)][Ru2(ap)4(C≡CC5H4N)2] 3 was synthesized by linking two
phthalocyanines to the axial coordination sites of
the diruthenium unit. This complex was quite stable
and could be isolated and puriﬁed by gel permeation
chromatography. The combination of IR and UV-visible
spectroscopy along with cyclic voltammetry was used
to study and elucidate the electron-transfer processes of
3. Electrochemical and spectroscopic data show a weak
interaction within the subunits.
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ABSTRACT: A series of unsymmetrical phenanthroline-fused phthalocyanine derivatives including
Zn[Pc(Phen)], Zn[Pc(Phen)2], Zn[Pc(Phen)3], Zn[Pc(NH2)6(Phen)], Zn[Pc(NH2)4(Phen)2], Zn[Pc(NH2)2(Phen)3], Zn[PcF6(Phen)], Zn[PcF4(Phen)2], and Zn[PcF2(Phen)3] were designed to explore their
properties of geometric and electronic structures, electronic absorption spectra, and second-order
nonlinear responses under density functional theory and time-dependent density functional theory
calculations. The computational results show that the peripheral substituents with push-pull effect could
obviously change the π–π* transitions, leading to a tunable absorption region in the range between
300–800 nm. The hyperpolarizabilities were carefully investigated using CP-DFT method, revealing
the size effect and clarifying the limit when expanding the conjugated system is employed to improve
the hyper-Rayleigh scattering response coefﬁcient (βHRS). According to the results, the NH2-substitued
phenanthroline-fused phthalocyanines are considered as ideal NLO blocking materials with large βHRS.
KEYWORDS: phthalocyanine, nonlinear optical, density functional theory, phenanthroline.

INTRODUCTION
The organic second-order nonlinear optical (secondorder NLO) materials have received considerable
attentions due to their potential applications in optics
and optoelectronics, including biological and chemical
sensors [1], ultrafast modulators and switches [2],
surface and interface characterization tools [3], and
laser frequency conversion devices [4, 5]. It is wellknown that the second-order NLO responses originate
not only from the extended π-electron delocalization but
also from the asymmetrical electronic structure induced
by the peripheral electron-donating and -withdrawing
substituents. Porphyrins (Pors) and phthalocyanines
(Pcs) are among the most important NLO materials due
to their high thermal stability, extended π-conjugated
¡
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delocalization, large oscillator strengths, and substantial
polarizability/hyperpolarizabilitiy [6–12]. In the past
30 years, various new Por/Pc derivatives, especially the
unsymmetrical derivatives with the peripheral electrondonating and -withdrawing groups, have been designed
and synthesized, showing potential applications in
the ﬁeld of organic photoelectric functional materials
[13–18].
Phenanthroline-fused phthalocyanines (phen-fused
Pcs) are a new type of unsymmetrical tetrapyrrole
derivatives and have received considerable attention
in recent years owing to their broad conjugated system
and outstanding photoelectronic properties [19–27].
Recently, zinc complex of phen-fused Pc derivatives
with broad π-conjugated system have been synthesized
and characterized by Jiang and co-workers, which
have potential applications in organic solar cells and
organic ﬁeld effect transistors [27]. However, considering
the obvious π-electron delocalization and the ease in

DENSITY FUNCTIONAL THEORY PREDICTION FOR THE SECOND-ORDER NONLINEAR OPTICAL RESPONSES

peripheral substitution [27–30], this phen-fused Pc
macrocycle should also be considered as a potential NLO
blocking skeleton, which is still remains unreported thus
far, to the best of our knowledge.
As part of our continuous efforts towards theoretical
studies over the organic NLO materials [27, 31, 32], in
the present paper, the density functional theory (DFT),
coupled perturbed density functional theory (CP-DFT),
and time-dependent density functional theory (TDDFT)
method were carried out on a series of phen-fused Pc
complexes with peripheral electron-withdrawing –F and
electron-donating –NH2 substituents, Scheme 1 [33, 34].
The electronic structures and linear optical properties
were investigated systematically in vacuum. Both the
static and dynamic second-order NLO response of phenfused Pc compounds were calculated and the effects of
electron-donating and -withdrawing substituents together
with the chloroform solvent were elaborated in detail.

METHODOLOGY AND
COMPUTATIONAL DETAILS
Density functional theory for hyper-Rayleigh
scattering response coefﬁcient calculation
Champagne and co-workers developed an effective
method to evaluate the hyper-Rayleigh scattering (HRS)
response [35–43], which is described as:

(

bHRS (-2w; w, w ) = ·β2ZZZ Ò + ·β2ZXX Ò

)

1/ 2

(1)

2
2
where 〈βZZZ
〉 and 〈βZXX
〉 are the orientational average
of the molecular β tensor components, which can be
calculated using the following equations:

〈b2ZZZ 〉 =

1 x, y,z 2
6 x, y,z
9 x, y,z 2
b
+
b
b
+
∑ zzz 35 ∑
∑ b hzz
zzz zhh
7 z
35 z ≠ h
z≠ h
+

〈b2ZXX 〉 =

3 x, y,z
2 x, y,z 2
b hzz b hxx +
∑
∑ bζhx
35 z ≠ h≠ x
35 z ≠ h≠ x

(2a)

1 x, y,z 2
2 x, y,z
11 x , y , z 2
bzzz −
bzzz bzhh +
∑
∑
∑ bhzz
35 z
105 z ≠ h
105 z ≠ h
−

1 x, y,z
4 x, y,z 2
b hzz b hxx +
∑
∑ bζhx
105 z ≠ h≠ x
105 z ≠ h≠ x

(2b)

The molecular geometric information is given by the
depolarization ratio (DR), which is expressed by DR =
2
2
〈βZZZ
〉 〈βZXX
〉.

/

Computational method and validity
Hybrid generalized gradient approximation (hGGA)
method B3LYP [44–46] is proved suitable for the energyminimized structure calculation for the conjugated
Copyright © 2014 World Scientific Publishing Company

59

macrocycles [18, 47–50]. As a consequence, in the present
study, B3LYP was employed for the geometry optimization
of the full series of phen-fused phthalocyaninato zinc
complexes, Scheme 1. A mixed basis set, including
LanL2DZ for Zn, 6-31+G(d) for F, and 6-31G(d) for
all the other atoms [51–54], was also used for geometry
optimization. No imaginary vibration was found in the
frequency calculations.
However, B3LYP always overestimates the transition
energies for this type of large conjugated system, while
generalized gradient approximation (GGA) method
signiﬁcantly improves the agreement between theoretical
and experimental results [17, 55–57]. As a result,
the electronic structures and linear optical properties
were calculated using GGA functional BPW91 with
Becke 88 exchange functional [58] and Perdew–Wang
correlation functional [59–63]. In order to further verify
the reliability of our TDDFT calculating results, the
comparison between the calculated and experimental
electronic absorption spectrum of Zn[Pc(phen)] was
shown in Supporting information (Fig. S1). In all cases,
the same basis set as the geometric optimization was
employed.
It has been clariﬁed that conventional DFT methods
present serious drawbacks in evaluating the linear and
nonlinear electromagnetic ﬁeld responses of π-conjugated
macrocycle skeletons [64]. According to the recent works
of Champagne [65], among various exchange-correlation
functionals, the long range-corrected BLYP functional
(LC-BLYP) [45, 46, 58, 66] is suitable for evaluating
the ﬁrst hyperpolarizability. Based on the optimized
geometries, the static (λ = ∞) and dynamic (λ = 800, 1064,
1340, 1460, and 1907 nm) ﬁrst hyperpolarizabilities were
performed at the LC-BLYP level with a mixed basis set,
including LanL2DZ for Zn and 6-31+G(d) all the other
atoms.
Using solvent chloroform with the polarizable
continuum model within the integral equation formalism
(IEF-PCM), solvent effect combined with dispersion
effect at λ = 1064 nm [67–69] was calculated at the same
level to simulate the real HRS system. All the calculations
were carried out using the Gaussian 09 program housed
at Shandong University High Performance Computing
Center [70]. In addition, these calculation results were
analyzed and treated using NLO Calculator program
(version 0.2) [31].

RESULTS AND DISCUSSION
Molecular and electronic structures
As shown in Scheme 1, the direct fusion between Pc
and phen leads to a phen-fused Pc macrocycle with broad
unsymmetrical π-conjugated skeleton. The substituents
of –NH2 and –F are chosen as the representative electronwithdrawing and -donating groups, respectively [71],
J. Porphyrins Phthalocyanines 2014; 18: 59–66
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Scheme 1. Molecular structures of the phen-fused Pc derivatives

Fig. 1. The optimized molecular structures of 1-NH2, 2-NH2, and 3-NH2

resulting in a series of nine phen-fused Pc compounds
including Zn[Pc(phen)] (1-H), Zn[Pc(phen)2] (2-H),
Zn[Pc(phen)3] (3-H), Zn[Pc(NH2)6(phen)] (1-NH2), Zn[Pc(NH2)4(phen)2] (2-NH2), Zn[Pc(NH2)2(phen)3] (3-NH2),
Copyright © 2014 World Scientific Publishing Company

Zn[PcF6(phen)] (1-F), Zn[PcF4(phen)2] (2-F), and Zn[PcF2(phen)3] (3-F). In addition, three symmetrical compounds
including Zn[Pc(Phen)2-trans] (4-H), Zn[Pc(NH2)4(Phen)2trans] (4-NH2), and Zn[PcF4(Phen)2-trans] (4-F) are
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Table 1. The structural parameters of
NH2-substituents

1-NH2

2-NH2

3-NH2

H1NC

H2NC

H1NH2

113.26

112.49

110.36

113.26

112.49

110.36

113.29

112.57

110.46

113.17

112.40

110.27

113.16

112.40

110.26

113.30

112.58

110.48

113.43

112.65

110.45

113.56

112.82

110.65

113.55

112.81

110.64

113.44

112.65

110.46

113.72

112.98

110.74

113.71

112.97

110.73

also calculated for comparison. As same as our former
reported phen-fused Pcs, the macrocycle skeleton of all
these twelve compounds is planar, a natural conﬁguration
of conjugated systems [27]. It is worth noting that the
NH2-substituents are deviated from the macrocycle
plane, indicating that the NH2-substituents do not join in
the phen-fused Pc conjugated system, Fig. 1 and Table 1.
According to the electronic structures, extensive
electron delocalization was formed depending on the
uniformed conjugated plane. The frontier orbital energy
levels of the twelve compounds are shown in Fig. 2.
As can be found, the energy gap between HOMO and
LUMO decreases from 1.40–2.18 eV to 1.29–2.13
eV when the peripheral –NH2 groups are introduced
to the π-conjugated macrocycle, while increases to
1.44–2.20 eV when the peripheral –F substituent is
introduced.

Fig. 2. Calculated molecular orbital energy levels and the
frontier orbital energy gaps of the series of 12 phen-fused Pc
derivatives

Copyright © 2014 World Scientific Publishing Company
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Linear optical properties
We have calculated the linear optical properties of the
series of phen-fused Pc derivatives. As shown in Fig. 3,
the UV-vis spectra can be divided into three regions
according to different electron transition models. The
maps of electron density difference between ground
states and excited states for dominant transitions are
shown in Table S3 (Supporting information).
The absorption band in Region I from 580 to 800 nm
are mainly attributed to the π–π* electron transitions of
HOMO→LUMO/LUMO+1, which is assigned to the
Q-band, Fig. 3 and Table S3 (Supporting information)
[72–74]. For the H and F substituted analogs, the electron
density movements are mainly located at the Pc ring,
indicating that this is the typical Q-band. However,
owing to the strong tendency of donating electrons,
the electron density of NH2 substituted analogs moves
from the peripheral NH2 substituents to the Pc ring,
revealing involvement of the NH2 substituents in the
Q-band transitions. Therefore, NH2 substituted analogs
exhibit notable red-shift effects, while the inﬂuence of
F substituents is very trivial to the Q-band. In addition,
the absorption band of Region II from 430 to 480 nm
mainly comes from the π–π* electron transitions from
the core-level occupied orbitals to LUMO/LUMO+1.
The corresponding electron densities transfer between
the peripheral phen substituents and the central Pc ring,
indicating the origination of the new absorption band
associated with the introduction of the peripheral phen
conjugated system. Furthermore, a broad Soret band
is found in Region III from 330 to 430 nm, including
various π–π* electron transitions from several low corelevel occupied orbitals to shell-level virtual orbitals.

Second-order nonlinear optical properties
To reveal the relationship between molecular
structures and second-order nonlinear optical properties,
the hyperpolarizabilities (βHRS) are calculated for
the unsymmetrical species, including vacuum static
hyperpolarizability (an ideal situation without any
external condition), vacuum dynamic hyperpolarizability
(a dispersion correction for the ideal situation), and
dynamic hyperpolarizability with solvent effect (an
approximation to the real hyper-Rayleigh scattering
system). In this section, 4-H, 4-NH2, and 4-F are no
longer considered since the symmetric molecules
without dipole and octupole moments are inactive for
second-order nonlinear optical responses, which have
been proved in the previous works [3].
The vacuum static hyperpolarizabilities (βHRS) of the
nine unsymmetrical compounds are shown in Table 2
and Fig. S2 (Supporting information). As can be found,
the βHRS obviously decreases from 6.32–7.42 (103
a.u.) for H-substituted analogs to 2.02–3.33 (103 a.u.)
for F-substituted analogs, while increases to 8.29–9.11
J. Porphyrins Phthalocyanines 2014; 18: 61–66
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Fig. 3. Simulated electronic absorption spectrum of the series of 12 phen-fused Pc derivatives

(103 a.u.) for NH2-substituted analogs, revealing that
the βHRS is signiﬁcantly inﬂuenced by the peripheral
electron-donating and -withdrawing substituents. The
change of βHRS is due to the asymmetrical electron
distribution in the π-electron conjugated skeleton induced
from the electronic push-pull effect of the peripheral
substituents. In detail, the electron-withdrawing effect
of the fused phens generates a large dipole moment
Copyright © 2014 World Scientific Publishing Company

directing from the peripheral phen substituents to the
central Pc ring. Therefore, the introduction of electrondonating NH2 substituent leads to a larger π-electron
polarization than the unsubstituented analog, resulting
in the increased βHRS value, while the effect of electronwithdrawing F substituent is opposite, Table 2. As a
result, large dipole moment will be always beneﬁcial to
the βHRS value. In addition, compared with the inﬂuence
J. Porphyrins Phthalocyanines 2014; 18: 62–66
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Table 2. The dipole moment and vacuum static
hyperpolarizabilities βHRS of the full series of
unsymmetrical phen-fused Pc derivatives
Dipole moment

βHRS × 1000, a.u.

1-H

5.15

6.32

2-H

6.85

7.42

3-H

4.59

6.84

1-F

0.19

2.02

2-F

0.20

3.33

3-F

0.07

3.24

1-NH2

9.53

9.11

2-NH2

12.78

8.29

3-NH2

8.72

8.89

of the electron-donating and -withdrawing properties of
the peripheral substituents, the βHRS value is just slightly
affected by the number of the peripheral substituents and
the phen-moieties fused, clarifying that the main factor
inﬂuencing the βHRS value is peripheral electron-donating
and -withdrawing substituents.
In order to select an appropriate dynamic frequency,
frequency-dependent hyperpolarizability calculations
using ﬁve common fundamental optical wavelengths of
λ = 800, 1064, 1340, 1460 and 1907 nm were performed,
respectively (Table S4 in Supporting information). It can
be seen that all the dynamic βHRS values are larger than
their corresponding static values. In general, a large
static βHRS values are reasonably corresponding to a
large dynamic βHRS unless an intense resonance effect
occurs at the present incident wavelength. Based on
the second-order NLO theory as discussed previously
[3, 32], an obvious resonance region is expected at the
range of 1260–1460 nm because a very strong Q-band
absorption of the present phen-fused Pc derivatives
appears at the range of 630–730 nm, which is the direct
reason of the obvious resonance phenomena when
λ = 1340 and 1460 nm were employed as the incident
wavelengths. According to the calculating results, the
βHRS values of 1340 and 1460 nm excessively deviate
from linear relationship as expected, Figs 4 and S3
(Supporting information). In addition, a little resonance
enhancement was also detected at λ = 800 and 1064 nm
due to the absorption regions in the range of 350–400
and 450–550 nm. However, the enhancement is very
weak. As same as the previously revealed results of the
subtriazaporphrin derivatives [32], when the functional
wavelength of λ = 1907 nm was employed, the βHRS
values increase steadily since the λ = 1907 nm is far from
the resonance region, i.e. off-resonance.
Considering that 1064 nm is the wavelength of the
most common laser devices, meanwhile the resonance
of this frequency is slight, the incident wavelength
of λ = 1064 nm was adopted to simulate the real HRS
Copyright © 2014 World Scientific Publishing Company

Fig. 4. The dynamic βHRS in vacuum vs. the fundamental optical
wavelengths λ = 800, 1064, 1340, 1460, and 1907 nm

Fig. 5. The βHRS in solvent vs. its value in vacuum λ = 1064 nm
of the full series of unsymmetrical phen-fused Pc derivatives

system via adding solvent effect (chloroform) using
IEF-PCM model. The dynamic hyperpolarizabilities of
each molecule at λ = 1064 nm in vacuum vs. its value
in chloroform solvent are plotted in Fig. 5. As can be
seen, a good linear relationship with the slope of 1.86 is
obtained, revealing that the solvent effect has consistent
inﬂuence to this class of molecules.
J. Porphyrins Phthalocyanines 2014; 18: 63–66
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NLO theory [3], two factors are required for a large NLO
respond, including the broad conjugated system and
an intense dipole moment, which render the molecule
to perform as a typical electron push-pull structure.
Actually, 1-NH2 just meets this type of electron push-pull
structure induced by the fusion between phen and Pc, as
well as the combination of NH2-Pc-phen (D-π-A), which
is considered as a potential NLO blocking material.

CONCLUSION
A new type of potential second-order nonlinear optical
blocking material, depending on the NH2-phthalocyaninephenanthroline D-π-A electronic structure, is proposed
on the basis of density functional theory. The relationship
between the hyper-Rayleigh scattering and substituent
effect is clariﬁed under the CP-DFT model, proving
that Zn[Pc(NH2)6(Phen)] might be the best second-order
NLO compound among this series of unsymmetrical
phenanthroline-fused phthalocyanine derivatives. The
effects of size and solvent are also revealed to be
beneﬁcial for the hyper-Rayleigh scattering response
coefﬁcient (βHRS).
Acknowledgements
Fig. 6. The relationship of DR and βHRS values at λ = 1064 nm
in chloroform solution

To further explore the origin of the second-order NLO
response of these phen-fused Pc derivatives, polarization
scan of the HRS intensity was also performed. For the
full series of unsymmetrical phen-fused Pc derivatives,
the normalized HRS intensity (I2ω
ψV, 1064 nm) can be
considered as a function of the polarization angle (ψ)
of the incident beam. The I2ω
ψV –ψ schemes are listed in
Fig. 6 and Table S6 (Supporting information). As can be
found, 2-H, 3-H, 2-NH2, and 3-NH2 can be considered
as octupolar molecules with the octupolar contribution
(ψJ=3) larger than 50%, while 1-F, 1-H, 1-NH2, 2-F,
and 3-F belong to dipolar molecule with the dipolar
contribution (ψJ=1) of 51–56%.
No matter the number of the peripheral substituents,
the dynamic βHRS value at λ = 1064 nm in chloroform
solution always increases in the same order as the static
βHRS value in vacuum: F-substituted analogues (3.91 ×
104–5.43 × 104 a.u.) < H-substituted analogs (7.04 × 104–
9.56 × 104 a.u.) < NH2-substituted analogs (0.95 × 105–
1.30 × 105 a.u.), indicating that introducing electrondonating substituents at the periphery of the phen-fused
Pc macrocycle skeleton is beneﬁcial to the second-order
NLO response.
In order to further clarify the effect of the peripheral
substituents and conjugated system size on the βHRS value,
1-NH2 is deeply analyzed, which presents the largest βHRS
value among the full series of unsymmetrical phen-fused
Pc derivatives. According to the general second-order
Copyright © 2014 World Scientific Publishing Company
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Supporting information
Comparison between the calculated and experimental
electronic absorption spectrum of Zn[Pc(phen)] (Fig. S1),
calculated molecular orbital energies (eV) of the full
series of phen-fused Pc derivatives (Table S1); calculated
wavelength, oscillator strength, electron transition nature,
and electron density difference plots of the full series of
phen-fused Pc derivatives (Tables S2 and S3), vacuum
static/dynamic hyperpolarizabilities of the full series of
unsymmetrical phen-fused Pc derivatives (Figs. S2 and S3)
together with their corresponding data (Tables S4 and S5),
harmonic light intensity as a function of the polarization
angel by two-demensional and polar representations
(Table S6) are given in the supplementary material. This
material is available free of charge via the Internet at http://
www.worldscinet.com/jpp/jpp.shtml.
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ABSTRACT: Energy collection in photosynthetic microorganisms occurs through vectorial energy
transfer along organized assemblies of chromophores. This process has inspired many research groups
and yielded numerous examples of self-assembled photoactive structures. Dye sensitization of solar cells
usually requires covalent anchoring of dyes onto the surface of metal oxides. A new porphyrin derivative
that self-assembles upon non-covalent interaction with a surface has been designed and characterized by
AFM. Interaction with metal oxide surfaces is further documented by the sensitization of metal oxide
surfaces and the generation of photocurrent in non-optimized dye sensitized solar cells.
KEYWORDS: porphyrin, self-assembly, imidazole coordination, surface interaction, DSSC.

INTRODUCTION
Energy transfer is an essential process in all
photosynthetic events. It generally occurs through
ﬁnely tuned arrangements of chromophores that are
carefully positioned either within a sophisticated protein
architecture in the light harvesting antennae of bacterium
or by a controlled aggregation process of chlorophyll
derivatives in chlorosomes [1]. In both cases, energy is
collected over a large area and brought to a reactive focal
point where the photochemical conversion takes place.
Inspired by the efﬁciency of the natural photoconversion machinery and long before the societal and
economical pressure for new sustainable energy sources,
the design of multiporphyrin arrays has been a very active
ﬁeld. Supramolecular chemistry has had an impact on this
¡
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ﬁeld since the early 80s. Based on the highly valuable
information obtained by studying covalent arrangements
of donor and acceptor chromophores in dyads or triads
[2], self-assembling building blocks have been designed
to provide similar, highly controlled structures [3].
Although solution studies have demonstrated that energy
collection and charge separation can be very efﬁcient,
the development of applications based on nanostructures,
in general, involves their association with surfaces
that will act as the connection with the real world. As
a consequence of this necessary interfacial process,
molecule-surface interactions have become increasingly
employed as part of the toolbox of supramolecular weak
interactions [4].
Over the past years, our group has developed a selfassembly process in which phenanthroline-strapped zinc
porphyrin building blocks (1Zn, Fig. 1) are deposited
on solid substrates and weakly interact with the surface
through both their lipophilic side chains and the π density
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Fig. 1. Self-assembling phenanthroline strapped derivatives

of the aromatic porphyrin nucleus. Controlled by the
mobility of the species on the surface, the assembly then
proceeds by intermolecular metal-ligand coordination
and hydrogen bonding that take place in a ﬁlm of residual
solvent [5]. The self-assembly of derivatives bearing long
alkyl chains (1Zn, Fig. 1) and the morphology of their
nanostructures were studied in solution and on surfaces
and have provided evidence for a dominant effect of
molecule-surface interactions on the association process
into linear objects on HOPG [6]. So far, the observation of
such phenomenon has been limited to lipophilic surfaces
such as highly oriented pyrrolitic graphite (HOPG) and
building blocks bearing alkyl side chains. Despite the
high linearity of these self-assembling porphyrins, the
HOPG surface, on which the assembly occurs, is not
the most desirable for applications. We thus designed a
self-complementary porphyrin 2Zn bearing hydrophilic
side chains that should favor assembly on hydrophilic
surfaces [7].
Among the hydrophilic surfaces of interest, semiconducting metal oxides are particularly interesting
because of their use in dye sensitized solar cells (DSSCs).
To ensure an efﬁcient coverage of semiconducting
surfaces with tetrapyrrolic pigments, dyes are usually
anchored to metal oxides by the covalent bonding of
pendant carboxylates in lieu of residual hydroxyl groups
[8]. To our knowledge, non-covalent interactions have
not been used as the main interaction between dyes and
semi-conducting oxides in the preparation of DSSCs.
This article describes the synthesis of a new building
block 2Zn for the self-assembly of porphyrin wires, its
characterization on surfaces, and preliminary studies
that demonstrate the interaction of porphyrins bearing
polyethylene oxy side chains with metal oxides, as
conﬁrmed by the generation of photocurrent in nonoptimized DSSCs.

Copyright © 2014 World Scientific Publishing Company

Synthesis of the self-assembling building block
General. Reagents and solvents of reagent-grade
were purchased and used without further puriﬁcation.
Evaporation and concentration in vacuo were carried
out at H2O-aspirator pressure. Column chromatography
was performed with silica gel from Merck (Kieselgel
60; 40–63 μm) or with alumina from Merck (aluminium
oxide 90 standardized, activity II–III according to
Brockmann). Mass spectra were performed by le
Service de Spectrométrie de Masse de l’Institut de
Chimie, Université de Strasbourg. Elemental analyses
were performed by le Service d'Analyse Elementaire de
l’Institut de Chimie, Université de Strasbourg. 1H NMR
spectra were recorded on a Bruker Advance 300 (300
MHz) spectrometer. Chemical shifts were determined
by taking the solvent as a reference: CHCl3 (7.26 ppm);
acetone-d6 (2.09 ppm). 2-Ethynylimidazole was prepared
according to reference [9].
Triethyleneglycol monomethylether tosylate. To a
solution of monomethoxy triethyleneglycol (10 g, 61 mmol)
in 50 mL of CH2Cl2 at 0 °C, were added tosyl chloride
(11.6 g, 60.9 mmol) and 15 mL of NEt3. The mixture was
stirred for 4 h at rt. The mixture was washed with a saturated
solution of NaHCO3 (aq) (1 × 50 mL) and with water (2 ×
50 mL). The organic phase was dried over Na2SO4, ﬁltered,
and the solvent was removed under vacuum. Column
chromatography (SiO2, CH2Cl2/MeOH 5%) afforded the
desired tosylate as a colorless oil (15 g, 56 mmol, 92%). 1H
NMR (CDCl3, 300 MHz): δ, ppm 7.78 (d, J1 = 8.2 Hz, 2H),
7.32 (d, J = 8.2 Hz, 2H), 4.15 (t, J = 4.8 Hz, 2H), 3.68 (t, J =
4.8 Hz, 2H), 3.58 (m, 6H), 3.52 (m, 2H), 3.36 (s, 3H), 2.44
(s, 3H). This compound (C14H22O6S) was characterized by
comparison with the literature [10].
Diglycoxy phenanthroline-strapped porphyrin (4).
BBr3 (25 mL of a 1 M solution in CH2Cl2, 25 mmol) was
added dropwise under argon to a solution of porphyrin
3 (0.48 g, 0.56 mmol) in 100 mL of dry CH2Cl2. The
green solution was reﬂuxed for 4 h and 20 mL of MeOH
were added. The solvents were removed under reduced
pressure and the crude product was washed twice with
water, dried over Na2SO4 and ﬁltered. Evaporation of the
solvent afforded a dark-red solid that was reacted with
glycol tosylate (1.88 g, 5.92 mmol) and K2CO3 (0.82 g,
5.9 mmol) in 200 mL of DMF. This mixture was heated
at 80 °C for 20 h and the solvent was removed under
vacuum. The residue was taken in water and ﬁltered
over a short pad of celite. The celite was washed with
CH2Cl2, to dissolve the violet solid. The dichloromethane
solution was dried over Na2SO4 and ﬁltered. After
removing the solvent under vacuum, the crude product
was puriﬁed by column chromatography (Al2O3, CH2Cl2/
acetone: 98/2) to afford 4 (0.28 g, 0.25 mmol, 45%
based on starting porphyrin 3) as a violet solid. 1H NMR
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(CDCl3, 300 MHz): δ, ppm 10.12 (s, 2H), 9.22 (d, J = 4.7
Hz, 4H), 8.94 (d, J = 4.7 Hz, 4H), 8.33 (d, J = 2.9 Hz, 2H),
7.92 (d, J = 8.4 Hz, 2H), 7.79 (d, J = 8.7 Hz, 2H), 7.52
(m, 2H), 7.48 (m, 2H), 7.45 (s, 2H), 6.66 (d, J = 8.4 Hz,
4H), 6.63 (d, J = 8.4 Hz, 4H), 4.48 (m, 4H), 4.03 (m, 4H),
3.84 (m, 4H), 3.74 (m, 4H), 3.66 (m, 4H), 3.51 (m, 4H),
3.33 (s, 6H), -2.95 (br s, 2H). UV-vis (CH2Cl2): λmax, nm
(ε in M-1.cm-1) 298 (69000), 340 (56000), 414 (223000),
507 (15000), 540 (3800), 580 (5000), 636 (1000). EA:
calcd. for C70H62N6O2 + acetone + H2O: calcd. C, 73.59;
H, 5.92; N, 7.05; found C, 73.57; H, 5.63; N, 6.75.
5-Bromo-dimethoxy phenanthroline-strapped porphyrin (5). Metalation of free base porphyrin 3. To
a solution of 3 (0.32 g, 0.38 mmol) in THF (200 mL),
zinc(II) acetate dihydrate (0.83 mg, 3.8 mmol) was added.
The mixture was reﬂuxed for 2 h. After evaporation of the
solvent, the residue was dissolved in CHCl3. The organic
layer was washed with water, dried over Na2SO4 and
ﬁltered. Solvent was removed under reduced pressure. The
crude product 3Zn was used without further puriﬁcation
in the next step. The stoichiometry of the brominating
agent was calculated based on the initial quantity of free
base porphyrin 3. The metalation was considered to be
quantitative and the zinc porphyrin (C58H36N6O2Zn) was
used without further puriﬁcation for the bromination. 1H
NMR (CDCl3, 300 MHz): δ, ppm 10.07 (s, 2H), 9.22 (d,
J = 4.5 Hz, 4H), 9.06 (d, J = 4.5 Hz, 4H), 8.36 (d, J = 2.9
Hz, 2H), 7.97 (d, J = 8.3 Hz, 2H), 7.83 (d, J = 8.3 Hz,
2H), 7.52 (m, 6H), 6.57 (d, J = 8.4 Hz, 4H), 6.43 (d, J =
8.4 Hz, 4H), 4.16 (s, 6H). Bromination of 3Zn. NBS (59
mg, 0.30 mmol) was added to a solution of 3Zn (0.36 g,
0.38 mmol) in 100 mL of CHCl3 at 0 °C. After stirring for
5 min, the reaction was quenched with acetone (10 mL).
The solution was stirred for 10 min and solvents were
removed in vacuo. The solid was dissolved in CH2Cl2
and treated with triﬂuoroacetic acid (10 mL). The green
solution was stirred for 30 min and washed twice with 2 M
Na2CO3 (aq). The organic phase was dried over Na2SO4,
ﬁltered and solvent was removed under reduced pressure.
Puriﬁcation by column chromatography (Al2O3, C6H12/
CH2Cl2: 2/3) afforded the bromo-porphyrin 5 (0.31 g,
0.22 mmol, 58% based on starting material 3) as a glassy
purple solid. 1H NMR (CDCl3, 300 MHz): δ, ppm 10.01
(s, 1H), 9.58 (d, J = 4.8 Hz, 2H), 9.14 (d, J = 4.8 Hz, 2H),
8.88 (d, J = 4.9 Hz, 4H), 8.24 (d, J = 2.7 Hz, 2H), 7.87
(d, J = 8.3 Hz, 2H), 7.80 (d, J = 8.6 Hz, 2H), 7.49 (m,
4H), 7.36 (s, 2H), 6.72 (d, J = 8.3 Hz, 4H), 6.40 (d, J =
8.3 Hz, 4H), 4.05 (s, 6H), -2.81 (s, 2H). UV-vis (CH2Cl2):
λmax, nm (ε in M-1.cm-1) 285 (70000), 422 (260000), 516
(16000), 550 (5000), 592 (5000), 649 (2000). ESI MS:
m/z mass calcd. for [M + H]+ 929.223; found 929.231.
EA: calcd. for C58H37N6O2Br + H2O: C, 73.49; H, 4.15;
N, 8.87; found C, 73.74; H, 4.00; N, 8.63.
5-Bromo-diglycoloxy phenanthroline-strapped
porphyrin (6). BBr3 (25 mL of a 1 M solution in CH2Cl2,
25 mmol) was added dropwise under argon to a solution
of bromo-porphyrin 5 (0.52 g, 0.56 mmol) in 100 mL
Copyright © 2014 World Scientific Publishing Company
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of dry CH2Cl2. The green solution was reﬂuxed for 4 h
and 20 mL of MeOH were added. The solvents were
removed under reduced pressure. The crude product
was dissolved in CH2Cl2/EtOH (5/4), washed once with
water and twice with 2 M Na2CO3, dried over Na2SO4
and ﬁltered. Evaporation of the solvent afforded a darkred solid that was reacted with glycol tosylate (3.56 g,
0.011 mol) and K2CO3 (1.55 g, 0.010 mol) in 200 mL
of DMF. This mixture was heated at 80 °C for 20 h and
the solvent was removed under vacuum. The residue
was dissolved in CH2Cl2, washed three times with
water, dried over Na2SO4 and ﬁltered. After removing
the solvent in vacuo, the crude product was puriﬁed by
column chromatography (Al2O3, CH2Cl2 o CH2Cl2/
acetone: 95/5) to afford 6 (0.37 g, 0.34 mmol, 60% based
on starting porphyrin 5) as a violet solid. The product was
used without further puriﬁcation. 1H NMR (CDCl3, 300
MHz): δ, ppm 10.01 (s, 1H), 9.58 (d, J = 4.8 Hz, 2H),
9.14 (d, J = 4.8 Hz, 2H), 8.88 (d, J = 4.9 Hz, 4H), 8.26 (d,
J = 2.7 Hz, 2H), 7.97 (d, J = 8.3 Hz, 2H), 7.80 (d, J = 8.6
Hz, 2H), 7.48 (m, 6H), 6.72 (d, J = 8.3 Hz, 4H), 6.4 (d,
J = 8.3 Hz, 4H), 4.49 (t, J = 4.8 Hz, 4H), 4.04 (t, J = 4.8
Hz, 4H), 3.85 (m, 4H), 3.76 (m, 4H), 3.68 (m, 4H), 3.54
(m, 4H), 3.35 (s, 6H), -2.91 (s, 2H). UV-vis (CH2Cl2):
λmax, nm (ε in M-1.cm-1) 285 (70000), 422 (260000),
516 (16000), 550 (5000), 592 (5000), 649 (2000). ESI
MS: m/z calcd. for C70H61BrN8O8 + H+: 1193.381; found
1193.338.
Diglycoloxyphenanthroline-strapped meso-ethynylimidazole porphyrin (2). To a degassed solution of
bromo-porphyrin 6 (61 mg, 51 μmol) in 10 mL of THF and
3 mL of NEt3 were added Pd2(dba)3 (2.6 mg, 4.5 μmol),
AsPh3 (20 mg, 64 μmol), and 2-ethynylimidazole (9.4 mg
of a 1/1 mixture of formylimidazole/ethynylimidazole,
0.1 mmol of ethynylimidazole). The mixture was heated
at 50 °C for 4 h and solvents were removed under vacuum.
The solid was dissolved in dichloromethane, washed
once with a saturated aq. solution of NH4Cl and twice
with water. The organic layer was dried over Na2SO4,
ﬁltered and the solvent was evaporated under vacuum.
Column chromatography (SiO2, CH2Cl2/EtOAC: 7/3,
then CH2Cl2/MeOH/NEt3: 9/0.5/0.5) afforded 2 as a
glassy violet solid (40 mg, 33 μmol, 65%). 1H NMR
((CD3)2CO, 300 MHz): δ, ppm 10.17 (s, 1H), 9.81 (d, J =
4.8 Hz, 2H), 9.32 (d, J = 4.8 Hz, 2H), 9.03 (d, J = 4.6 Hz,
4H), 8.36 (d, J = 2.8 Hz, 2H), 8.14 (d, J = 8.4 Hz, 2H),
7.88 (d, J = 8.6 Hz, 2H), 7.66 (m, 4H), 7.60 (s, 2H), 7.31
(s, 2H), 6.77 (d, J = 8.5 Hz, 4H), 6.60 (d, J = 8.5 Hz, 4H),
4.57 (t, J = 4.6 Hz, 4H), 4.04 (t, J = 4.6 Hz, 4H), 3.78
(m, 4H), 3.66 (m, 4H), 3.59 (m, 4H), 3.44 (m, 4H), 3.22
(s, 6H), -2.42 (s, 2H); the NH proton of the imidazole is
not observed in acetone-d6. UV-vis (CH2Cl2): λmax, nm
(ε in M-1.cm-1) 303 (77000), 436 (255000), 527 (14000),
565 (12000), 602 (6000), 659 (5000). ESI MS: m/z mass
calcd. for C75H64N8O8 + H+: 1205.492; found 1205.447.
Diglycoloxyphenanthroline-strapped meso-ethynylimidazole zinc(II)porphyrin (2Zn). To a solution of
J. Porphyrins Phthalocyanines 2014; 18: 69–75
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2 (30 mg, 25 μmol) in 10 mL of THF, an excess of
zinc(II) acetate was added (0.11 g, 0.50 mmol). The
mixture was stirred at 60 °C for 4 h. The solvents were
removed under vacuum, and the solid residue was taken in
dichloromethane. This solution was washed carefully with
water (four times), dried over Na2SO4 and ﬁltered. The
solvents were removed under vacuum, and the remaining
solid was puriﬁed by recrystallization (THF/cyclohexane)
to afford 2Zn as a green solid (30 mg, 24 μmol, 96%). ESI
MS: m/z mass calcd. for C75H62N8O8Zn + H+: 1267.40;
found 1267.45.

Preparation of 2Zn solution. Approximately 1.5 mg
of porphyrin 2Zn was dissolved in 1.8 g of pyridine. This
solution (~0.66 mM) was sealed in a tube and heated
at 80 °C in an oven for 7 days; the resulting solution is
called the “mother solution.” The sensitization solution
was prepared by diluting the mother solution with THF
to a ﬁnal concentration of 0.072 mM.
Preparation of 4Zn solution. Porphyrin 4Zn (1.6 mg)
was dissolved in 20 mL of THF to give a 0.072 mM
solution. The solution was not heated.
AFM observations

Preparation of the DSSC
Fluorine-doped tin oxide substrate (FTO, Solaronix
TCO22-15) with a sheet resistance Rs = 15 Ω/sq) was
thoroughly cleaned using pure ethanol and distilled water
and blown dry with nitrogen. For the front-side electrode,
a diffuse titanium dioxide layer was doctor-bladed
on the substrate and annealed at 450 °C for 30 min.
This nanoporous electrode was then sensitized with
the three novel dyes and the reference dye N719: cisdiisothiocyanato-bis(2,20-bipyridyl-4,40-dicarboxylato)ruthenium(II) bis(tetrabutylammonium) (Solaronix SA,
Switzerland). In contrast to the standard sensitization
procedure, the coated electrodes were not completely
immersed in the sensitization solution, as the synthesized
porphyrin dye was too precious. However, a small
amount of the dye solution was dropped onto the coated
substrate and formed a liquid ﬁlm held by surface
tension. The substrates were then stored in a solvent
atmosphere, preventing the evaporation of the deposited
solution during the sensitization process. The freshly
sensitized substrates were then used to complete the solar
cell, using a Pt-covered FTO as back electrode, a hot melt
foil as spacer (25 μm thickness) and an iodide electrolyte
(Solaronix Iodolyte AN-50). The active area of the solar
cell was 0.2 cm².
Current-voltage characteristics under illumination
were recorded using an L.O.T. Oriel solar simulator with
a 150 W Xe lamp, an AM1.5G ﬁlter (1000 W/m² at the
sample), and using a Keithley Sourcemeter 2400.
Preparation of solutions for sensitizing
Preparation of N719 solution. Dry dye powder
balanced dye N719 (Ruthenizer 535-bisTBA (Solaronix))
was dissolved in 5 mL of absolute ethanol to obtain
solutions with concentrations of 0.24 mM for N719.
This concentration is in the range of commonly used
concentrations.
Preparation of 1Zn solution. Approximately 1.5 mg
of porphyrin 1Zn was dissolved in 1.8 g of pyridine. This
solution (~0.64 mM) was sealed in a tube and heated
at 80 °C in an oven for 7 days; the resulting solution is
called the “mother solution.” The sensitization solution
was prepared by diluting the mother solution with THF
to a ﬁnal concentration of 0.072 mM.
Copyright © 2014 World Scientific Publishing Company

The mother solution of porphyrines in pyridine was
diluted to 10 μM in either CH2Cl2 or THF (Kanto,
Japan), and stored for different periods at 25 °C. Aliquots
(30 μL) of the dilute solution were dropped on highly
oriented pyrolytic graphite (HOPG), and the solvents
were allowed to evaporate. Then, the morphological
features of porphyrins were visualized by a tapping mode
AFM (Nanoscope IIIa, Veeco Instruments, CA). Silicon
cantilevers of OMCL-AC240TS-W2 (Olympus, Japan)
with a spring constant of 2 N/m and frequency of 70 kHz
(nominal value) were applied for the AFM observation in
air (25 °C). Simultaneous registration was performed for
height and phase images.

RESULTS AND DISCUSSION
Initially, a synthetic sequence similar to that used
to prepare 1 [6] was planned for the introduction of
polyethylene oxy side chains on 2 (Scheme 1, top). The
conversion of the starting material 3 to the polyethylene
oxy derivative 4 was achieved very efﬁciently by treating
3 with boron tribromide followed by an SN2 reaction with
triethyleneglycol monomethylether tosylate. Compound 4
was isolated in good yield, however attempts to brominate
[11] the zinc metalated analogue 4Zn with various
ratios of N-bromosuccinimide (NBS)/porphyrin resulted
in inextricable mixtures of starting material 4Zn and
halogenated derivatives bearing one, two or more bromine
atoms on the porphyrin ring. It was quickly realized that,
contrary to analogues bearing alkyl side chains where the
number of bromine atoms on the porphyrin ring governs
the polarity of the halogenated derivative, in the case of
polyethylene oxy side chains, the side chain imposes a
global polarity that is similar for the various halogenated
porphyrins. In the latter case, neither the monitoring of
the substitution by thin layer chromatography analysis
nor the puriﬁcation of the reaction mixtures by gravity
chromatography could be performed. To circumvent this
problem, the synthetic sequence was reversed (Scheme 1,
bottom) and the halogenation was performed on the zinc
complex of the starting material 3Zn. Classical treatment
with sub-stoichiometric amounts of NBS in CH2Cl2 at 0 °C,
followed by demetalation afforded the bromide 5, which
was easily separated from other non- or poly-brominated
J. Porphyrins Phthalocyanines 2014; 18: 70–75
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by-products by column chromatography over silica gel.
Deprotection of the phenols using BBr3 in CH2Cl2 followed
by reaction with the tosylate derivative of triethylene glycol
methyl ether in the presence of K2CO3 in DMF afforded
the PEG substituted bromo derivative 6 in good yield.
Following a copper free procedure [12] for Sonogashira
coupling, ethynyl imidazole [9] was introduced on the
porphyrin framework in the presence of Pd2(dba)3 to
Copyright © 2014 World Scientific Publishing Company

produce the free base building block 2 (Scheme 2).
Quantitative metalation with zinc yielded 2Zn.
AFM studies
The assembly of 2Zn into wires through selective
imidazole binding in the phenanthroline pocket was
studied by AFM. Although polyethylene oxy side chains
J. Porphyrins Phthalocyanines 2014; 18: 71–75
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Fig. 2. Top: AFM images of 2Zn on HOPG obtained after various evaporation times from (a) and (b): CH2Cl2 10 μM dropcast;
(c) and (d) THF, 10 μM, dropcast. All samples were prepared from a 10-3 M pyridine stock solution reﬂuxed for 8 days. Bottom:
AFM images of 2Zn on mica, 1 mM pyridine solution annealed for 8 days and diluted to 10 μM in: (a) and (b) CH2Cl2 with different
evaporation times, (c) and (d) THF with different evaporation times

were introduced to favor the interaction of the building
blocks with polar surfaces, no porphyrin wires were
observed on a hydrophilic surface such as mica. Islands
of the organic material were observed when 10 μM
solution of 2Zn in CH2Cl2 was dropcast on mica; however
no linear structures were observed within these islands
(Fig. 2). Based on our experience of surface driven selfassembly, this behavior can result from either a too strong
adhesion of the polyethylene oxy side chains on the mica
or too strong repulsive interactions between the porphyrin
nucleus and the hydrophilic surface, conﬁrming that,
among the weak interactions to be controlled during the
organization process, the molecule-surface interaction is
among the hardest to tune [4a, 13]. ZnO surfaces were
also tested, but unfortunately the roughness of the surface
prevented a clear observation of molecular assemblies.
Nevertheless, the ability of 2Zn to self-organize into wires
was clearly established on a hydrophobic surface such as
HOPG, suggesting a dominant interaction between the
surface and the aromatic porphyrin core rather than the
polyethylene glycol chains.
As reported in previous studies, the zinc derivatives
usually show a high tendency to form stable dimers
(Ka = 109 M-1 in CH2Cl2) in solution due to entropic
considerations [6]. Depending on its strength, the
interaction of the building blocks with the surface traps
the building blocks and induces the formation of wires.
Among all factors, the solvents used for deposition play
an important role in modulating the interactions of the
building block with the surface because these interactions
are governed by a subtle balance between the solvation of
the porphyrin and the side chains.
Images of the porphyrin wires obtained by dropcasting a dilute solution (10 μM) of 2Zn on a HOPG
surface are shown in Fig. 2. The morphology of the
objects formed was highly dependent on the deposition
Copyright © 2014 World Scientific Publishing Company

conditions. In general, the objects formed were highly
linear and morphologically uniform. Similarly to
assemblies observed with hydrophobic alkyl side chains,
the epitaxy of the surface is clearly visible, which reﬂects
that the surface-molecule interactions probably result
from adsorption of the porphyrin on HOPG rather than
from the interaction of the side chains with the surface.
Even though no images of wires were obtained on mica,
the differences between the morphology of the deposits
obtained in dichloromethane and those obtained from
THF clearly show that the interactions of 2Zn with the
surface can be tuned in the presence of a polar solvent.
The hypothetical strong adhesion encouraged us to test
the interaction of the polyethylene oxy derivatives 2Zn
and 4Zn with TiO2; thus, the construction of DSSCs with
these dyes seemed an appropriate demonstration.
Photocurrent generation
Chou and coworkers showed that poly-3-hexyl-thiophenes functionalized with PEG-ethyl ether side chains
efﬁciently interacted with ZnO surfaces and that this afﬁnity
could promote the growth of semiconductive polythiophene/
ZnO nanocomposites [14]. Similar polyethylene oxy
side chains were used by Imahori and coworkers for the
deposition of chromophores on various metal oxides with a
necessary addition of covalent anchoring in order to control
the orientation of the chromophore on the surface [15]. We
thus decided to investigate the properties of self-assembling
strapped-phenanthroline monomers bearing polyethylene
oxy side chains on titanium oxide and later on zinc oxide.
THF was chosen as the solvent because of its successful
use in forming the porphyrin assembles observed in the
AFM studies.
Because of the large amount of data reported concerning
DSSCs based on porphyrins and analogs [8, 16–18], the
J. Porphyrins Phthalocyanines 2014; 18: 72–75
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Table 1. Performances of DSSC prepared from TiO2 and 1Zn, 2Zn, 4Zn or N719 taken as a reference
1Zn
# of DSSC
Eff., %

Standard dev.

2
0.0091

2Zn

Standard dev.

9
0.0002

0.059

4Zn

Standard dev.

5
0.009

0.058

N719

Standard dev.

7
0.016

4.310

0.713

Fill factor

0.1412

0.0012

0.3864

0.0248

0.4248

0.0751

0.4355

0.0182

ISC, mA

0.0295

0.0014

0.0658

0.0091

0.0566

0.0092

2.75

0.40

UOC, mV

0.435

0.007

0.433

0.053

0.482

0.034

0.719

0.003

potential of self-assembled linear porphyrin arrays was ﬁrst
investigated on TiO2. The results collected in Table 1 show
a clear effect of the lateral polyethylene oxy side chains
but no inﬂuence of the self-assembly on the performances
of the DSSCs. Dye N719 (RuL2(NCS)2:2TBA; L =
2,2-bipyridyl-4,4-dicarboxylic acid and TBA = tetrabutylammonium) was taken as a control dye to evaluate the
reproducibility of the DSSC fabrication process and also
serves as a comparison with the porphyrin derivatives [19].
In the discussion of these results, it should be pointed out
that whereas most of the literature work involves porphyrins
bearing one or more carboxylic functions in order to
chemically modify the surface of the semi-conductor, in
our case, the molecule-surface interactions are strictly
non-covalent. Compound 1Zn that bears alkyl side chains
should have no afﬁnity for a metal oxide surface, whereas
2Zn and 4Zn bearing polyether side chains should be able
to interact with polar surfaces.
Although the efﬁciency of all devices remains very
modest, comparison of the DSSC prepared from 1Zn with
devices prepared from 2Zn and 4Zn demonstrates that, for
a similar open circuit voltage, all numbers are signiﬁcantly
improved when surface-molecule interactions can
develop. Open circuit voltages in the range of a half
volt are rather standard for DSSCs built with porphyrin
dyes and are thus not relevant for comparing the
respective behavior of the cells [20]. The most signiﬁcant
differences can be found in the short circuit current, the
ﬁll factor and the efﬁciency of sets of cells made of 1Zn
and either 4Zn or 2Zn. Not surprisingly, all numbers are
quite low for 1Zn whose structural features provide no
way of enhancing the interaction between the porphyrin
dye and the TiO2 surface. Early work on porphyrin-based
DSSCs has demonstrated that with lipophilic dyes, such
as tetra-aryl or tetra-alkyl porphyrin derivatives, the
covalent anchoring of the dye on TiO2 (e.g. carboxylate
functions) is essential to the performances of the cells
[21]. Compared to 1Zn, the presence of polyethylene
oxy side chains in 4Zn and 2Zn clearly enhances the
efﬁciency (ca. six times), doubles the current intensity and
improves the ﬁll factor to numbers that, with the exception
of efﬁciency, compare with the reference dye N179. It
should be noted that the dying of the N719 DSSCs taken
as references was performed according to optimized
procedures whereas that of the DSSCs containing the
Copyright © 2014 World Scientific Publishing Company

phenantholine-strapped dyes did not target a maximized
coverage of the semi-conducting surface. Rather than
uncontrolled impregnation of dyes on the TiO2 using
concentrated solutions of 2Zn and 4Zn, dilute solutions
were used because they are known to favor self-assembly
in this series of building blocks. The small differences
in the performance of monomeric species (4Zn) and
self-assembling dyes (2Zn) need more attention as these
differences corroborate previous observations for well
deﬁned self-assembling bacteriochlorophyll mimics [22].
In these bacteriochlorophyll assemblies, poor interactions
between the dyes and the semi-conducting surface were
claimed to cause the lack of enhanced performance due
to an antennae effect of the self-assembled porphyrin
arrays [18b, 23]. In the present case, the observations
suggest that either the formation of the array is inefﬁcient
on the surface of TiO2, despite the observation of selfassembled wires on other surfaces, or the arrays perform
as single chromophores rather than as antennae. Both
options are consistent with reports from the literature and
several reports dedicated to so-called “sticky porphyrin
arrays” [17] have mentioned the lack of improvement in
the energy collection (e.g. in pentaporphyrins) despite
a strong adhesion to the semi-conducting surface. It
is admitted that a close proximity of the dye with the
surface enhances energy collection and the effect of
the polyethylene oxy side chains is in agreement with
previous observations. The positioning of the dyes on
the surface of the nanoparticles can also be prejudicial to
the charge recombination efﬁciency [21]. The repeated
lack of enhanced energy collection in the case of arrays
arranged parallel to the surface may suggest that the
charge injection from the excited monomer is faster, or
at least competes with photo-induced processes taking
place within the array, or in our case, along the probable
wire. Another possible explanation in our particular case
could stem from the strength of the surface-molecule
interactions between TiO2 and the polyethylene oxy
side chains of the monomer. If the surface-molecule
interactions are too strong, trapping of monomers on the
surface could preclude the formation of arrays.
To conﬁrm the general ability of 2Zn to sensitize
other semi-conducting surfaces, preliminary experiments
were performed using ZnO nanoparticles (ZnO powder
ad nano from Degussa, average diameter 70 nm) and
J. Porphyrins Phthalocyanines 2014; 18: 73–75
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(a)

surface-induced self-assembly on polar surfaces. AFM
images on polar surfaces such as mica did not show linear
aggregates or wires due to the trapping of the monomers
on the surface as a result of very strong molecule-surface
interactions. Other supports such as TiO2 or ZnO have
been used for deposition but the roughness of their
surface prevented the use of AFM. Dye sensitized solar
cells were prepared from the self-assembling porphyrin
and parent derivatives as well as N719 for comparison.
The results show that the presence of polyethylene
oxy side chains clearly increased the interaction of the
strapped-porphyrins with the surface. However, under
the conditions used, the behavior of single porphyrin
units is similar to that of self-assembling species and the
efﬁciency of the DSSCs is still very modest compared
to N719. Now that the suitability of polyethylene oxy
substituents for modifying metal oxide surfaces has
been demonstrated, further investigations are needed to
explore the interest of linear assemblies on surfaces as
light-harvesting antennae. The growth of self-assembled
linear arrays perpendicular to the surface to enhance
photon collection is also being explored.
Acknowledgements

(b)
Fig. 3. Top: comparison of efﬁciencies for non-optimized
DSSCs built from 2Zn and N719 on ZnO prepared in the same
conditions. Bottom: extinction characteristic of 2Zn and N719
chromophores in AM = 1.5 conditions

compared to N719. Figure 3 shows the direct comparison
of both dyes under non-optimized conditions. The nonoptimized character of the cells prepared is evident from
the poor efﬁciency obtained using the reference dye N719.
However, the smaller difference in terms of efﬁciency
(1/3 ratio) between the reference and the self-assembling
porphyrin 2Zn suggests that there is room for optimization.
It also suggests that the polyethylene oxy side chains are
suited to enhance interactions between the phenanthrolinestrapped porphyrins and a polar surface. These side
chains may provide an excessive adhesion on TiO2 but
the mode of interactions seems better suited to ZnO. The
advantage of using polyethylene oxy side chains, rather
than carboxylates, to modify ZnO surfaces is that they do
not form covalent bonds with the surface and will prevent
parasitic phenomenon such as surface reconstruction [24].

CONCLUSION
A new self-assembling phenanthroline-strapped
porphyrin has been designed and synthesized for
Copyright © 2014 World Scientific Publishing Company
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ABSTRACT: An electronic tongue formed by voltammetric sensors and biosensors containing
phthalocyanines has been developed and used to analyze grapes of different varieties. The sensors
are prepared using the carbon paste technique and have been chemically modiﬁed with different
metallophthalocyanines. In turn, biosensors consist of carbon paste electrodes modiﬁed with
phthalocyanines combined with tyrosinase or glucose oxidase. The response of the individual sensors
towards model solutions of glucose and catechol have demonstrated that the voltammetric responses
depend on the nature of the phthalocyanine, evidencing the important role of the electron mediator in the
performance of the sensors. The capability of the system to discriminate grapes according to their sugar
and their polyphenolic content has been evidenced using Principal Component Analysis. It has been
demonstrated that the proposed array of sensors combines the advantages of classical phthalocyanine
based sensors — that provide global information about the sample —, with the speciﬁcity of the enzyme
substrate reaction typical of biosensors. For this reason, the selectivity of the multisensor system and
its capability of discrimination is clearly improved when biosensors containing glucose oxidase or
tyrosinase are included in the array.
KEYWORDS: electronic tongue, phthalocyanine, voltammetric sensor, biosensor, grape, must.

INTRODUCTION
During the last few years efforts have been made to
develop a new type of instrument for the analysis of
liquids, the electronic tongue (ET) [1–4]. According to
¡
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the IUPAC, an ET is a multisensor system formed by an
array of low-selective sensors combined with advanced
mathematical procedures for signal processing based on
Pattern Recognition and/or Multivariate data analysis
[5]. These instruments provide global information
about the sample instead of giving information of
particular constituents. Due to this holistic approach,
ET are particularly useful for the analysis of complex
liquids such as wines [6–9]. Most of the works in the
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ﬁeld of electronic tongues involve signal generation
from electrochemical sensors including potentiometric,
impedimetric or voltammetric sensors [9–12].
In the last few years, our group has developed an ET
based on voltammetric sensors chemically modiﬁed
with phthalocyanines (MPc) [7, 13–15]. Sensors based
on phthalocyanines show interesting sensing properties
due to their rich electrochemical and electrocatalytic
behavior, and because their properties can be tuned by
chemical modiﬁcation [16–19]. In addition, sensors can
be prepared using a variety of approaches that include
simple methods such as the carbon paste technique or
more sophisticated methods that produce nanostructured
devices [11, 13, 20].
The voltammetric signals obtained from electrodes
modiﬁed with phthalocyanines show redox peaks
associated with the studied solution (as in classical
metallic or carbonaceous electrodes), but in the
modiﬁed electrodes, the position and intensity of
such redox process are modulated by the interaction
between the solution and the phthalocyanine (i.e. by the
electrocatalytic behavior of the phthalocyanine) [18].
Phthalocyanines have also demonstrated their ability to
act as electron mediators in voltammetric biosensors. In
such devices, phthalocyanines are used to facilitate the
electron transfer between the enzyme (i.e. tyrosinase)
and the electrode surface [21, 22].
Arrays of sensors prepared from different
phthalocyanine molecules have shown a high degree
of cross-selectivity and have been successfully used to
analyze model solutions of basic tastes and other complex
liquids of industrial interest such as wines [4, 7, 14, 15].
The cross-selectivity of a multisensor system could be
improved by constructing hybrid arrays combining lowspeciﬁc sensors, with biosensors containing enzymes
selective to speciﬁc compounds of interest. This can
be of particular importance in the ﬁeld of viticulture
and enology where the content of certain compounds is
directly related with the quality of wines and also with
the quality of grapes from which wines are prepared
[23, 24]. For instance, the quality of grapes is usually
established by measuring their sugar content and acidity.
In addition, it is becoming evident that the quality of
grapes is also closely related with other parameters such
as their phenolic composition [25, 26].
The aim of this work is to develop a hybrid multisensor
system combining voltammetric sensors and biosensors
and to evaluate its capability to discriminate musts
prepared from different varieties of grapes according to
their polyphenol and glucose content. For this purpose,
an array of sensors based on phthalocyanines (MPc-CPE)
has been combined with two arrays of biosensors based on
enzymes (tyrosinase or glucose oxidase: MPC-Tyr-CPE
and MPc-GOx-CPE respectively) where phthalocyanines
have been used as electron mediators. The sensors have
been immersed in model solutions of phenols (catechol)
and sugar (glucose) and the responses have been
Copyright © 2014 World Scientific Publishing Company
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evaluated. Then, the array has been used to analyze musts
prepared from different varieties of grapes. The capability
of discrimination of the sensor array has been investigated
using Principal Component Analysis (PCA).

EXPERIMENTAL
Grape samples
Grapes of ﬁve different varieties were harvested
in 2012 in the D.O. Ribera de Duero region (Spain).
The varieties included were Tempranillo, Garnacha,
Cabernet-Sauvignon, Prieto Picudo and Mencía. Samples
were selected and harvested by the ITACYL and Bodega
Cooperativa de Cigales (Spain). The Enological Centre
of Castilla y León carried out the chemical analysis of
the grapes and prepared the corresponding musts. Grapes
were analyzed following international regulations [27].
The results are compiled in Table 1.
Reagents and solutions
All reagents were of high purity and used without
further puriﬁcation (Sigma-Aldrich). All solutions were
prepared with deionized water (18.3 MΩ.cm-1 resistivity,
Milli-Q, Millipore). A 70 μg.mL-1 solution of enzymes
(tyrosinase and glucose oxidase) in buffer phosphate 0.01 M
(pH 7.0) was used for the enzyme immobilization. 10-3 M
solutions of catechol and glucose were prepared in
phsophate buffer (pH 7.0) and citrate buffer (pH 3.1).
Cobalt(II), copper(II) and zinc(II) phthalocyaninates
(CoPc, CuPc, ZnPc) were purchased from Sigma
Aldrich. The lutetium(III) bisphthalocyaninate (LuPc2)
was synthesized and puriﬁed in its neutral radical state
following previously published procedures [28].
Preparation of the electrodes
Array of sensors formed by Carbon Paste Electrodes
(CPE) modiﬁed with phthalocyanines (MPc-CPE). An
array formed by ﬁve CPE electrodes was prepared. It
was formed by three electrodes modiﬁed with metalophthalocyanines including CoPc (CoPc-CPE), CuPc
(CuPc-CPE), ZnPc (ZnPc-CPE), one electrode modiﬁed
with LuPc2 (LuPc2-CPE) and one unmodiﬁed carbon paste
electrode (C-CPE). CPEs were prepared as previously
reported by mixing graphite powder and the corresponding
phthalocyanine (15%, w/w). Nujol was used as the binder
of the composite mixture. Pastes were packed into the
body of a 1 mL plastic syringe and compressed. A metallic
copper wire was used as a contact [29].
Array of biosensors formed by CPE electrodes
modiﬁed with phthalocyanines and tyrosinase (MPc-TyrCPE). Five CPE sensors modiﬁed with phthalocyanines
were prepared as described in the previous paragraph.
The enzyme, tyrosinase (Tyr), was then immobilized on
the surface of those electrodes using the drop casting
J. Porphyrins Phthalocyanines 2014; 18: 77–86
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Tempranillo

Prieto Picudo

Mencía

Cabernet

Garnacha

1

2

3

4

5

Variety of
grape

Number
of sample

23.12

19.43

22

23.3

24

Brix

1.0956

1.0791

1.0906

1.0965

1.0998

Density

Table 1. Results of chemical analysis of the grapes

227.6

185.1

214.8

229.9

238.2

Sugar, g/l

13.52

11

12.76

13.66

14.15

Degree (16.8)

13

10.6

12.3

13.15

13.6

Degree (17.5)

3.42

3.71

4.17

3.59

4.18

pH

4.37

3.48

4.26

4.94

4.14

Total
acidity, g/l

0.53

1.68

1.53

0.83

2.03

Malic
acid, g/l

6.87

3.88

5.03

7.62

5.23

Tartaric
acid, g/l

1340

1450

1820

1830

1770

Potassium,
mg/l

15

15

12

15

20

Total
polyphenol
index
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technique followed by cross-linking. For this purpose
10 μL of 0.01 M phosphate buffer (pH 7.0) containing
70 μg.mL-1 of enzyme, were deposited onto the electrode
surface. After drying at room temperature for 45 min, the
biosensors were placed in a saturated glutaraldehyde vapor
for 30 min and dried in air for 15 min at room temperature.
The biosensors were then rinsed with phosphate buffer to
remove any unbound enzyme and stored at 4 °C. Using
this method, ﬁve biosensors were prepared (C-Tyr-CPE;
CoPc-Tyr-CPE, CuPc-Tyr-CPE, ZnPc-Tyr-CPE and
LuPc2-Tyr-CPE) [30].
Array of biosensors formed by CPE electrodes modiﬁed with phthalocyanines and glucose oxidase (MPcGOx-CPE). Five CPE sensors modiﬁed with phthalocyanines were prepared as described in previous paragraphs
but in this case, 10 μL of 0.01 M phosphate buffer (pH
7.0) containing 70 μg.mL-1 of glucose oxidase (GOx),
was immobilized on the surface of those electrodes using
the drop casting technique followed by the cross-linking
above described. Using this method, ﬁve biosensors were
prepared (C-GOx-CPE; CoPc-GOx-CPE, CuPc-GOxCPE, ZnPc-GOx-CPE and LuPc2-GOx-CPE).
Electrochemical measurements and data analysis
Electrochemical experiments were performed using
a three electrode system with a Ag/AgCl reference
electrode, a 1 cm2 platinum as the counter electrode
and a sensor or a biosensor as working electrode (the
sensors forming the array were polarized sequentially).
The potentiostat used was an EG&G PARC, Model 273
potentiostat/galvanostat (Princeton Applied Research
Corp). Voltammograms were carried out at a scan rate
of 0.1 V.s-1 and the working range was adapted to the
nature of each class of electrodes. Seven repetitions
per sample were measured. In order to reduce the high
dimensionality of the recorded signals (samples x sensors
x potentials), a preprocessing stage was required. For
this, a feature extraction tool based on “bell-shapedwindowing” curves called “kernels” was used to compress the information from the original signals and to
extract meaningful data from the readings [31, 32]. Then,
the obtained coefﬁcients (10 coefﬁcients per curve) were
used as the input variables for Principal Component
Analysis (PCA), used for recognition of sample patterns
and dis(similarities) between varieties of grapes.

RESULTS AND DISCUSSION
As stated in the introduction section, the quality of
grapes is mainly related with their sugar concentration
and their polyphenolic content. For this reason, an
array of CPE sensors combined with two arrays of CPE
biosensors purposely dedicated to detect the sugar and
polyphenolic content of grapes has been developed.
In a ﬁrst step of this work, the response of the three
arrays (MPc-CPE sensors, MPc-Tyr-CPE biosensors
Copyright © 2014 World Scientific Publishing Company
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modiﬁed with tyrosinase and MPc-GOx-CPE biosensors
modiﬁed with glucose oxidase) were tested separately
using two model solutions: a 10-3 M glucose solution to
evaluate the capability of the sensors to detect sugars and a
10-3 M catechol solution to evaluate the capability to detect
phenols. The responses of the three arrays vs. catechol
and glucose were also used to evaluate the electrocatalytic
properties of the different phthalocyanines and their
capabilities as electron mediators. Once characterized,
the three arrays were exposed to musts prepared from
grapes of different varieties. Finally, the three arrays were
combined and the capability of the hybrid array formed
by sensors and biosensors was evaluated.
Response of the array of CPE sensors modiﬁed
with phthalocyanines (MPc-CPE)
The response of the bare C-CPE electrode towards
10-3 M catechol in buffer phosphate (pH 7.0) showed
the expected anodic (0.5 V) and cathodic (0.05 V) waves
associated with the oxidation of the o-dihydroquinone
to benzoquinone (ΔE1/2 = 0.45 V) (Fig. 1). CoPc-CPE,
CuPc-CPE and ZnPc-CPE showed a similar response
than C-CPE, however, the intensity of the redox peaks
related with the phenol increased their intensity (from 4
μA in C-CPE to ca. 15–13 μA in CoPc, CuPc and ZnPc).
Note that in the case of the CoPc-CPE electrode, a peak
due to the oxidation of Co was also clearly observed at
0.2 V. The most important electrocatalytic effect was
observed when using the LuPc2-CPE sensor: the anodic
peak produced by the oxidation of the phenol appears
shifted to lower potentials (observed at 0.4 V instead of
0.5 V) and the cathodic wave were at 0.15 V (ΔE = 0.25 V).
According to these results it can be conﬁrmed that in
the LuPc2-CPE sensor the overpotential was reduced
and the reversibility was clearly improved. It is also
important to remark that the redox activity of the lutetium
bisphthalocyanine associated to the LuPc2/LuPc2- was
observed at -0.2 V (anodic) and -0.4 V (cathodic).
CPE sensors modiﬁed with phthalocyanines were also
used to detect glucose. It is well-known that glucose it is
difﬁcult to detect using non-catalytic electrodes, because
the oxidation of glucose to gluconic acid requires large
overpotentials [33]. This is the reason why the C-CPE
electrode could not detect the presence of glucose and
the voltammograms were characterized by a complete
absence of peaks. When using CPE chemically modiﬁed
with ZnPc-CPE or CuPc-CPE the response towards
glucose was weak and only one small cathodic wave
was observed at ca. -0.5 V (Fig. 2a). In contrast, when
electrodes chemically modiﬁed with CoPc-CPE and
LuPc2-CPE were tested, a drastic increase in the cathodic
response at ca. -0.8 V was observed (from -10 μA in
C-CPE and ZnPc-CPE, to -50 -55 μA in CoPc-CPE and
LuPc2-CPE) (Fig. 2b).
According to these results, it can be concluded that
the chemical structure of the phthalocyanine plays a
J. Porphyrins Phthalocyanines 2014; 18: 79–86
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Fig. 1. Response of CPE electrodes modiﬁed with phthalocyanines to 10-3 M catechol in buffer phosphate (pH 7.0) (a) bare C-CPE,
(b) CoPc-CPE, (c) CuPc-CPE, (d) Zn-CPE and (e) LuPc2-CPE. Scan rate 0.1 V.s-1

Fig. 2. Response of CPE electrodes modiﬁed with phthalocyanines to 10-3 M glucose in buffer phosphate (pH 7.0) (a) ZnPcCPE and (b) CoPc-CPE. Scan rate 0.1 V.s-1

Copyright © 2014 World Scientific Publishing Company

critical role in detection of catechol and glucose. It is
particularly remarkable that CoPc and LuPc2 (which
have redox reactivity in the working range) show
enhanced electrocatalytic properties facilitating the
electrochemical oxidation/reduction of both catechol
and glucose.
Taking into account that grapes and musts obtained
from the berries have a pH close to 3.5, the response of
the CPE sensors modiﬁed with phthalocyanines towards
catechol and glucose was also tested at an acidic pH
obtained from a buffer citrate (pH 3.1). The effect of the
acidic pH is illustrated in Fig. 3 where the responses of
the LuPc2-CPE towards catechol and glucose at pH 7.0
and at pH 3.1 are shown.
It is well-known that pH affects the electrochemical
response of phenols and when decreasing the pH, the
oxidation of phenols occurs at higher potentials [34, 35].
This effect was also observed in our phthalocyanine-based
electrodes (Fig. 3a). Moreover, at pH 3.1, the intensity of
the voltammograms increased drastically. This increase
in the sensitivity could be due to the protonation of the
phthalocyanine molecule and can be a good advantage in
the detection of phenols in musts.
The effect of pH in the detection of glucose was the
opposite and the intensity of the peaks decreased at pH
3.1 (Fig. 3b). This result is in accordance with previously
published results that conclude that gluconic acid in its
free form reversibly inhibits the oxidation process in
acidic media [36]. Nevertheless, the inhibition is only
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partial and the intensity of the signals is good enough for
applications in the ﬁeld of wines and musts.
Response of the array of biosensors formed by
CPEs modiﬁed with phthalocyanines and tyrosinase
(MPc-Tyr-CPE)

Fig. 3. Cyclic voltammograms of LuPc2-CPE electrodes
immersed in (a) 10-3 M catechol and (b) 10-3 M glucose. Solid
lines correspond to measures in buffer phosphate (pH 7.0) and
dashed lines correspond to measures registered in buffer citrate
(pH 3.1). Scan rate 0.1 V.s-1

In order to improve the selectivity of the electronic
tongue towards polyphenols, an array formed by
biosensors containing tyrosinase was prepared.
Tyrosinase is involved in the oxidation of diphenols
to the corresponding quinoid form. Then, the formed
benzoquinone can be reduced electrochemically at the
electrode surface. Phthalocyanines used as electron
mediators can facilitate the transfer of electrons from the
enzyme to the electrode, improving the performance of
the biosensors [21, 22, 37].
The response of the array MPc-Tyr-CPE electrodes
towards catechol is illustrated in Fig. 4. The inﬂuence of
the pH in the response is also illustrated in the ﬁgure.
In all MPc-Tyr-CPE electrodes, voltamograms
registered at pH 7.0, showed the electrochemical
reduction of the previously formed benzoquinone in the
-0.4 V region (Fig. 4a). The reduction of the quinone
to the phenolic form, shifted to lower potentials in the
presence of phthalocyanines (results not shown). It is
particularly remarkable the shift observed in CoPc-TyrCPE, and LuPc2-Tyr-CPE where this process occurs at
ca. 0.0 V. The electrochemical behavior of these two
electrodes are also different from the rest, because redox
processes of the phthalocyanines which occur in the

Fig. 4. Response of CPE electrodes modiﬁed with phthalocyanines and tyrosinase towards 10-3 M catechol (a) bare C-Tyr-CPE in buffer
phosphate (pH 7.0), (b) bare C-Tyr-CPE in buffer citrate (pH 3.1), (c) CoPc-Tyr-CPE in buffer citrate (pH 3.1), (d) CuPc-Tyr-CPE in
buffer citrate (pH 3.1), (e) ZnPc-Tyr-CPE in buffer citrate (pH 3.1) and (f) LuPc2-Tyr-CPE in buffer citrate (pH 3.1). Scan rate 0.1 V.s-1

Copyright © 2014 World Scientific Publishing Company
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working range (CoI/CoII and LuPc2-/LuPc2), can facilitate
the electron transfer to the electrode.
The pH of a solution has several effects on the
structure and activity of enzymes. The optimal pH for
tyrosinase is about 6–7 [37]. The acidic pH of grapes and
musts (close to 3.5) could inhibit the enzymatic activity.
In Figs 4a and 4b the voltammograms of the C-Tyr-CPE
biosensor towards catechol dissolved in buffer phosphate
(pH 7.0) and in buffer citrate (pH 3.1) are compared. The
enzymatic reduction of the benzoquinone shifted from
-0.35 V at pH 7 to +0.17 V at pH 3.1 while the intensity
of the signal decreased. The most remarkable difference
is that at pH 3.1, a new peak was observed at ca. 0.8 V.
The acidity dissociation constants (pKa) for catechol are
both above pH 7, but the pKa (1) for the catechol radical
is close to 4 [38]. Thus, the pH can affect the dissociation
state and hence the electroxidation/reduction mechanism
of the catechol, facilitating the electrochemical oxidation
at 0.8 V.
As shown in Figs 4c–4f, similar trends were observed
in all the MPc-Tyr-CPE sensors immersed in catechol
solved in citric acid (pH 3.1).
Response of the array of biosensors formed by
CPEs modiﬁed with phthalocyanines and glucose
oxidase (MPc-GOx-CPE)
In order to increase the selectivity towards glucose,
a third array formed by biosensors containing glucose
oxidase was prepared. In electrochemical biosensors
based on the glucose oxidase, the enzymatic oxidation of
glucose produces gluconic acid and hydrogen peroxide
with consumption of oxygen [39]. The reduced glucose
oxidase is not able to transfer electrons to conventional
electrodes because the distance between its redox
centers and the electrode surface exceeds the distance
across which electrons are transferred at sufﬁcient
rates. Therefore, electrical communication between the
redox centers of this enzyme and electrodes require
the presence of electron mediators. A suitable mediator
for the GOx enzyme must have a more positive redox
potential than the redox potential of the coenzyme FAD
(ca. -0.4 V vs. Ag/AgCl) [40]. It has been reported
that some phthalocyanines such as the CoPc can act as
electron mediators of the GOx enzyme [41]. In this work,
the electron mediator properties of CoPc, CuPc, ZnPc
and LuPc2 have been analyzed and compared.
At pH 7.0 (buffer phosphate), the presence of
phthalocyanines increased the intensity of the response
towards glucose with respect to the signal obtained using
an electron mediator free electrode. This is illustrated in
Fig. 5a where the responses of the phthalocyanine-free
C-GOx-CPE electrode and the CuPc-GOx-CPE and the
ZnPc-GOx-CPE electrodes are compared. However, the
difference between the response of an electrode modiﬁed
with both phthalocyanine and GOx and one electrode
modiﬁed only with a phthalocyanine is not so dramatic.
Copyright © 2014 World Scientific Publishing Company

Fig. 5. (a) Voltammetric response of CPE electrodes modiﬁed
with phthalocyanines and glucose oxidase to glucose 10-3 M
in buffer phosphate (pH 7.0): (solid line) C-GOx-CPE, (dotted
line) CuPc-GOx-CPE, (dashed line) ZnPc-GOx-CPE. (b)
Cyclic voltammograms of (solid line) C-GOx-CPE, (dotted
line) LuPc2-CPE, (dashed line) LuPc2-GOx-CPE immersed in
glucose 10-3 M in buffer phosphate (pH 7.0). Scan rate 0.1 V.s-1

Except in the case of electrodes containing LuPc2
(Fig. 5b) because LuPc2 has a stronger effect than the other
phthalocyanines, showing a higher reduction current.
Moreover, in the presence of GOx, the reduction peak is
shifted by ca. 0.2 V towards more positive potentials.
On the other hand, the optimal pH for glucose oxidase
is 5.5 (a broad range of 4–7 is acceptable). Surprisingly,
the voltammograms registered in buffer citrate at pH 3.1
(closest to the pH found in wines and musts) showed a
clear increase in the intensity of the responses, that was
particularly noticeable for the LuPc2-GOx-CPE (Fig. 6).
This enhancement can be the result of the protonation of
the phthalocyanine ring that modiﬁes the electrochemical
properties of the phthalocyanines [13, 29] improving
their electron mediator activity.
Response towards musts
The sensors and biosensors described in the previous
sections were exposed to musts prepared from grapes of
different varieties. In order to decrease the complexity
of the samples, musts were diluted 50% in water (ﬁnal
pH of ca. 4.2) (Fig. 7). Voltammograms were dominated
by the redox response of the phenolic groups present in
J. Porphyrins Phthalocyanines 2014; 18: 82–86
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Fig. 6. Response of (solid line) LuPc2-CPE, (dotted line)
LuPc2-GOx-CPE to 10-3 M glucose in buffer citrate (pH 3.1).
Scan rate 0.1 V.s-1
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region was also observed that could be associated with
the glucose but also with the presence of protons.
The intensity and position of the peaks depend on
the nature of the phthalocyanine used as modiﬁer. As
expected, in the case of sensors modiﬁed with CoPc and
LuPc2 the peaks increased their intensity and shifted to
lower potentials.
Obviously, the presence of tyrosinase or glucose
oxidase also introduced important modiﬁcations in the
electrochemical responses. The intensities and positions
of the peaks were related with the total polyphenols index
and the content of glucose measured by chemical methods,
that in turn depend on the grape variety (Table 1).
In summary, each electrode provided a different
response towards the same must sample and an important
degree of cross-selectivity was attained.
Data treatment

As demonstrated in the above sections, the
CPE sensors and biosensors show complex
voltammograms that contain information about
the musts. For this reason, voltammograms
can be used to discriminate the must samples,
using Principal Component Analysis (PCA)
[15, 29, 43].
In order to evaluate the capability of the
three arrays to discriminate the variety of
grapes, they were immersed in each must and
7 replicas of each sample were registered.
Then, voltammograms were pretreated to
decrease the number of variables used in the
PCA calculations, by means of the kernel
method. The 10 values obtained from each
voltammogram were scaled between the
maximum and minimum values to discard
range current effects, then standardized (mean
value = 0, standard deviation = 1) to build
the matrix used for the pattern recognition
techniques.
The three arrays were able to discriminate
the ﬁve musts. This is illustrated in Fig. 8
where the PCA scores plot and the loadings
plot corresponding to the musts analyzed
with the array of MPc-Tyr-CPE biosensors
containing tyrosinase is shown. As observed
Fig. 7. Response of CPE electrodes modiﬁed with phthalocyanines to
garnacha must diluted 50% in water (a) CoPc-CPE, (b) LuPc2-CPE,
in the scores plot (Fig. 8a), the percentage
(c) CoPc-Tyr-CPE, (d) LuPc2-Tyr-CPE (e) CoPc-GOx-CPE and (f) LuPc2of variance explained using two principal
GOx-CPE. Scan rate 0.1 V.s-1
components was 97.28%. That is, almost the
total information of the model was contained
in two principal components. The array
musts that appear as anodic peaks in the 0.4–0.8 V region,
discriminated the musts according to their
and the corresponding cathodic waves in the 0.35 V
polyphenol content. For this reason Tempranillo must
region. Obviously in such a complex media, the peaks
which has the highest TPI (see Table 1) appears on the
were broader than in the corresponding model solutions
right side of the graph, in the positive PC1, far apart from
and a variety of other small and not well-deﬁned peaks
the rest of the musts, whereas, Mencia must that shows
were detected. In all cases, a cathodic peak in the -0.5 V
the lowest TPI content appears at negative PC1 on the left
Copyright © 2014 World Scientific Publishing Company
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Fig. 8. Left: PCA scores plot corresponding to the classiﬁcation of the musts. Analysis performed using the CPE modiﬁed with
phthalocyanines and tyrosinase. 1 — Tempranillo, 2 — Prieto Picudo, 3 — Mencía, 4 — Cabernet and 5 — Garnacha. Right:
loading plot of the PCA (ten variables were extracted per sensor using the kernel method)

Fig. 9. Left: PCA scores plot and (right) loading plots corresponding to the classiﬁcation of the musts. Analysis performed using the
array formed by the CPE modiﬁed with phthalocyanines, CPE modiﬁed with phthalocyanines and tyrosinase and CPE modiﬁed with
phthalocyanines and glucose. 1 — Tempranillo, 2 — Prieto Picudo, 3 — Mencía, 4 — Cabernet and 5 — Garnacha. Right: loading
plot of the PCA (ten variables were extracted per sensor using the kernel method)

side of the diagram. Prieto Picudo, Garnacha and Cabernet
musts, appear close one to each other because they have a
similar polyphenolic content (TPI = 15). As observed in
Fig. 8b where the loading plot is presented, the loadings
provided by each sensor (ten kernels per sensor) appear
in different regions of the diagramme conﬁrming that the
central metal ion coordinated to the phthalocyanine ring
plays an important role in the selectivity of the sensors.
This result demonstrates that sensors based on different
phthalocyanines provide complementary information and
show an important degree of cross selectivity. Similar
results were obtained when using the array of MPc-GOxCPE biosensors where the array discriminates according
to the glucose content.
Finally, the three arrays of MPc-CPE, MPc-TyrCPE and MPc-GOx-CPE were combined in a single
multisensory system and the PCA was performed. The
Copyright © 2014 World Scientific Publishing Company

results are shown in Fig. 9 where the PCA scores plot and
loading plot are presented. In this case, due to the increase
in the number of sensors (and variables) the three Principal
Components bring a noticeable amount of information.
The ﬁrst Principal Component (PC1) explains the 54.16%
of the information, the second Principal Component
(PC2) the 25.92% and the third one the 9.46%.
As observed in the ﬁgure, when using the complete
set of sensors a better discrimination is achieved and all
the musts appear well-separated. The combined array
containing non-speciﬁc MPc-CPE sensors with biosensors
sensitive to polyphenols (MPc-Tyr-CPE) and glucose
(MPc-GOx-CPE) provides a speciﬁc signature for each
must that allows discriminating the samples according to
the variety of grape. It is also remarkable that sensors
forming the array have an excellent complementarity as
observed in the loading plot (Fig. 9b).
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Although the system provides global information
about the sample, it is important to notice that some
correlations with the composition can be found in the
PCA. For instance, the must prepared from grapes of
the variety Tempranillo appear on the left and up side
of the graph, well apart from the rest of the musts. This
result is in good accordance with the results obtained
by means of chemical analysis shown in Table 1,
where it can be observed that the grapes of the variety
Tempranillo have a TPI and a glucose content (and a
Brix degree) clearly higher than the levels observed in
the other musts. Musts prepared from Mencia, Prieto
Picudo and Cabernet appear in the inferior part of the
graph, indicating that their TPI and Brix degree is lower.
As the quality of the grapes (and of the corresponding
musts) depends on the TPI and the sugar content, this
result indicates that our bioelectronics tongue could
be an interesting instrument to evaluate the quality of
grapes.

CONCLUSION
An ET based on voltammetric sensors and biosensors
containing phthalocyanines has been developed and used
to discriminate musts prepared from different varieties
of grapes.
The important degree of cross-selectivity of the MPcCPE array towards catechol and glucose was related with
the electrocatalytic properties of the phthalocyanines
used. It has been demonstrated that the electrocatalytic
effect of CoPc and LuPc2 towards catechol and glucose
is stronger than that observed in ZnPc and CuPc. In
addition, the performance of the arrays of biosensors
modiﬁed with tyrosinase and glucose oxidase (MPcTyr-CPE and MPc-GOx-CPE) was also improved in the
presence of phthalocyanines as electron mediators.
The electrochemical responses towards musts were
related with the content of polyphenols and glucose of
the samples. A multivariate data treatment was made
to explore the capability of discrimination of the array.
PCA showed a good discrimination according to the
composition of the musts in terms of polyphenolic content
and sugar concentration. The capability of discrimination
of the system was improved by combining the MPcCPE sensors and the MPc-Tyr-CPE and MPc-GOxCPE biosensors to form an array of sensors with high
cross-selectivity. These results conﬁrm the possibility of
using this new array of sensors to the study the quality
of grapes.
In summary, this multisensor system containing
sensors and biosensors could give the classical global
information about the characteristics of the samples
plus a complementary information about sugars and
polyphenolic content that could help to decide important
issues such as the retail price (marked by the quality) or
the appropriate date for harvesting.
Copyright © 2014 World Scientific Publishing Company
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ABSTRACT: The complex of fullerene C60 with dipyridinated iron(II) phthalocyanine [Fe(II)Pc(C5H5N)2].
C60.4C6H4Cl2 (1) has been obtained as single crystals. According to the IR- and UV-visible-NIR spectra, 1
is molecular solid with no charge transfer from Fe(II)Pc(C5H5N)2 to C60. C60 molecules form closely packed
linear columns in 1 along the b axis with a uniform interfullerene center-to center distance of 9.99 Å and
multiple short van der Waals (vdW) C…C contacts between fullerenes of 3.10–3.18 Å. Totally each Fe(II)
Pc(C5H5N)2 unit is surrounded by four C60 molecules two of which form short vdW C…C contacts with the
phthalocyanine plane locating near two adjacent phenylene substituents of Fe(II)Pc. The Fe(II)Pc(C5H5N)2
geometry remains almost unchanged as compared with that of fullerene free Fe(II)Pc(C5H5N)2. The iron(II)
atoms are located exactly in the Pc plane, the Fe-N(C5H5N) bond length is 2.038(3) Å and the averaged
of the Fe-N(Pc) bond length is 1.935(3) Å. Bisaxially coordinated iron(II) phthalocyanine complex with
acetonitrile Fe(II)Pc(CH3CN)2 does not cocrystallize with C60. Nevertheless, good quality crystals of
[Fe(II)Pc(CH3CN)2].2C6H4Cl2 (2) were isolated in this synthesis. That is the ﬁrst structure of bisaxially
coordinated metal phthalocyanine complex with nitrile containing solvent. Acetonitrile unusually strongly
coordinates to Fe(II)Pc with the Fe–N(CH3CN) bond length of 1.938(1) Å. The iron(II) atoms are located
in the Pc plane and the averaged length of the Fe-N(Pc) bonds is 1.934(1) Å.
KEYWORDS: fullerene C60, iron(II) phthalocyanine, coordination assemblies, crystal engineering,
crystal structure.

INTRODUCTION
Complexes of fullerenes with metallomacroheterocycles attract much attention due to promising photophysical properties [1, 2]. Mainly fullerene complexes with
substituted metal-free and metal-containing porphyrins
*Correspondence to: Dmitri V. Konarev, email: konarev@icp.
ac.ru, fax: +7 49652-21852
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have been obtained and structurally characterized by now.
These are octaethyl- (OEP) [3–5], tetraphenyl- (TPP)
[6–9], and octaphenylporphyrinates (OPP) [10]. Metalloporphyrins are also actively used for the determination
of molecular structures of endometallofullerenes, fullerene derivatives and higher fullerenes [11–13]. This is
possible since some of metalloporphyrins are weakly
coordinated to the fullerene cage [12, 13] or their alkyl
substituents surround fullerenes providing fullerene
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ordering [11]. Metalloporphyrins can also be involved
in ionic complexes with fullerenes. These complexes
were obtained by fullerene reduction with strong donors
CrIITPP (TPP: tetraphenylporphyrin) or SnIITTolP
(TTolP: tetratolylporphyrin) [14, 15] or by the insertion
of metalloporphyrins into ionic fullerene (C+).(C60•−)
complexes through the formation of coordination bonds
between metalloporphyrins and nitrogen-containing
cations (C+) [16, 17] or coordination of fullerene anions
to cobalt(II) porphyrins [9, 18, 19].
Phthalocyanines are another wide family of macroheterocycles used in the design of photoactive,
conducting and magnetic materials [20–22]. Up to now,
only covalently or coordinatively linked phthalocyaninefullerene dyads have been obtained [23, 24]. Recently
we obtained and structurally characterized ionic
complexes of fullerene C60 with coordination assemblies
of zinc, manganese and magnesium phthalocyanines
[25, 26]. These complexes were prepared through
the reduction of fullerene by sodium ethanethiolate
in the presence of metal(II) phthalocyanine and an
excess of PMDAE.I (PMDAE+ is the cation of N,N,N ′,N ′,N ′-pentamethyldiaminoethane) or TMP.I salts
(TMP+ is the cation of N,N ′N ′-trimethylpiperazinium).
Zinc and magnesium metalloporphyrins coordinate
ethanethiolate or iodine anions. As a result, {Mn(II)Pc(CH 3 CH 2 S − ) x . (I − ) 1–x } . (C 60 •− ) . (PMDAE + ) 2 . C 6 H 4 Cl 2
(x = 0.87) and {Zn(II)Pc(CH3CH2S−)y.(I−)1–y}2.(C60−)2 .
(PMDAE+)4.C6H4Cl2 (y = 0.5) complexes were obtained
and structurally characterized [25]. Magnesium(II)
phthalocyanine (Mg(II)Pc) is able to coordinate oxygencontaining ligands, and in this case the {(Mg(II)Pc)2OH−}2.
(C60−)2.(Cation+)4 complexes form, which contain coordination (Mg(II)Pc)2OH− structures in which two Mg(II)Pc
are bonded by the μ2-type to the hydroxy-anion. The
cations are PMDAE+ or TMP+ [26]. The compound
containing both iron(I) phthalocyanine anions and
negatively charged fullerene (C70−)2 dimers is also known
[27]. Nevertheless, in contrast to metalloporphyrins
which form a variety of molecular complexes with
fullerenes [6–13] molecular complexes of fullerenes
with metal phthalocyanines are still not obtained. One
of the reasons of this is a great discrepancy between the
shapes of nearly spherical fullerenes and large planar
phthalocyanines molecules.
To solve this problem we used metal bisaxially
coordinated iron(II) phthalocyanines with different
ligands like pyridine or acetonitrile. Indeed, in case of
pyridine the crystals of the ﬁrst molecular complex
of fullerene with iron(II) phthalocyanine [Fe(II)Pc(C5H5N)2].C60.4C6H4Cl2 (1) were obtained as single
crystals. We discuss optical properties and crystal structure
of this compound. No complex with fullerene is formed
in case of acetonitrile as ligand. However, the crystals
of [Fe(II)Pc(CH3CN)2].2C6H4Cl2 (2) were obtained and
structurally characterized. That is the ﬁrst structure of
bisaxially coordinated metal(II) phthalocyanine with
Copyright © 2014 World Scientific Publishing Company

nitrile containing solvent and in this work we describe
molecular structure of these coordination units.

EXPERIMENTAL
General
UV-visible-NIR spectra of Fe(II)Pc and 1 were
measured in KBr pellets on a Shimadzu-3100 spectrometer
in the 240–2600 nm range. FT-IR spectra were measured in
KBr pellets with a Perkin-Elmer 1000 Series spectrometer
(400–4000 cm-1). EPR spectrum of 1 was recorded at
room temperature with a JEOL JES-TE 200 X-band ESR
spectrometer.
Materials
Iron(II) phthalocyanine (Fe(II)Pc) and PPNCl (PPN+ is
bis(triphenylphosphine)iminium cation) were purchased
from Aldrich. C60 of 99.9% purity was received from
MTR Ltd. Sodium ﬂuorenone was obtained as described
previously [28]. Solvents were puriﬁed in argon atmosphere.
o-dichlorobenzene (C6H4Cl2) was distilled over CaH2
under reduced pressure; hexane was distilled over Na/
benzophenone. The solvents were degassed and stored in
a glove box. All operations on the synthesis of air-sensitive
salt (Fe(I)Pc−)(PPN+) were carried out in a MBraun 150B-G
glove box in controlled atmosphere with water and oxygen
contents less than 1 ppm.
Synthesis
CuI(C5H5N)2 was obtained by dissolving 300 mg of
CuI (1.57 mmol) in 30 mL of acetonitrile and adding two
molar equivalents of pyridine (0.243 mL, 3.14 mmol).
The solution was reﬂuxed for 20 min and evaporated to
dryness in a rotary evaporator.
CuI(CH3CN)x was obtained by dissolving 300 mg of
CuI (1.57 mmol) in 30 mL of acetonitrile and evaporating
solvent to dryness in a rotary evaporator.
The solution of (Fe(I)Pc−)(PPN+) was obtained by
the following procedure. Fe(II)Pc (24 mg, 0.042 mmol),
slight excess of PPNCl (30 mg, 0.052 mmol) and sodium
ﬂuorenone (12 mg, 0.058 mmol) were dissolved in 16 mL
of C6H4Cl2. Fe(II)Pc dissolved during the reduction and
deep violet solution of (Fe(I)Pc−)(PPN+) formed. The
solution was ﬁltered off and two equivalents of CuI(L)x
salt (L = C5H5N for 1 and CH3CN for 2) were added.
Immediately deep violet color of the solution changed
to clear green characteristic of neutral Fe(II)Pc. 30 mg
of fullerene C60 was dissolved in the obtained solution,
which was then ﬁltered in a 50 mL glass tube of 1.8 cm
diameter with a ground glass plug, and 26 mL of hexane
was layered over the solution. Diffusion was carried out
during one month. Synthesis with CuI(C5H5N)2 gives
black plate-like crystals of 1, whereas synthesis with
CuI(CH3CN)x affords black prisms of 2 with characteristic
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copper luster. The solvent was decanted from the crystals,
which were washed with hexane. Crystals were obtained
up to 0.4 × 0.8 × 0.2 mm3 in size for 1 and 0.6 × 0.5 ×
0.5 mm3 for 2 with 46 and 60% yields, respectively.
Compositions of the complexes were determined from
X-ray diffraction on a single crystal. Several single
crystals selected from one synthesis had the same unit cell
parameters showing that only one crystal phase was formed.
X-ray crystal structure determination
Crystal data of 1. C120H42Cl8FeN10, Mr = 1963.09 g mol-1,
black plate, monoclinic, C 2/c, a = 24.4880(17), b =
9.9936(8), c = 34.880(2) Å, β = 102.208(7)°, V =
8343.0(11) Å3, Z = 4, dcalc = 1.563 g.cm-3, μ = 0.504 mm-1,
F(000) = 3976, T = 120(2) K, max. 2θmax = 59.14°,
reﬂections measured 34702, unique reﬂections 9887, Rint =
0.0598, reﬂections with I > 2σ(I) = 8608, parameters
reﬁned 1530, restrains 1480, R1 = 0.0468, wR2 = 0.1226,
G.O.F. = 1.031.
Crystal data of 2. C48H30Cl4FeN10, Mr = 944.47 g mol-1,
black prisms, monoclinic, P 21/n, a = 15.5820(10), b =
9.0481(5), c = 16.283(2) Å, β = 117.690(10)°, V =
2032.8(3) Å3, Z = 2, dcalc = 1.543 g . cm-3, μ = 0.686 mm-1,
F(000) = 964, T = 150(2) K, max. 2θmax = 65.9°, reﬂections
measured 26697, unique reﬂections 7026, Rint = 0.0378,
reﬂections with I > 2σ(I) = 5805, parameters reﬁned 287,
R1 = 0.0444, wR2 = 0.1188, G.O.F. = 1.043.
The intensity data for 1 at 120(2) K and 2 at 150(2) K
were collected on an Oxford diffraction “Gemini-R”
CCD diffractometer with graphite monochromated
MoKα radiation at low temperatures using an Oxford
Instrument Cryojet system. Experimental data were
processed using CrysAlisPro software, Oxford
Diffraction Ltd. The structures were solved by a
direct method and reﬁned by a full-matrix leastsquares method against F 2 using SHELX-97 [29].
Non-hydrogen atoms were reﬁned in the anisotropic
approximation. Positions of hydrogen were calculated
geometrically. Subsequently, the positions of H atoms
were reﬁned by the “riding” model with Uiso = 1.2Ueq
of the connected non-hydrogen atom or as ideal CH3
groups with Uiso = 1.5Ueq.
Molecule disorder in 1
Complex contains half of crystallographically
independent Fe(II)Pc·(C5H5N)2 and C60 molecule, and two
solvent C6H4Cl2 molecules. C60 molecules are disordered
between two orientations with the 0.372(2)/0.128(2)
occupancies. C60 is located on the twofold axis of the
lattice which does not coincide with the twofold axis
of the C60 molecules. That produces two additional
orientations of the C60 molecule. Thus, C60 molecule is
disordered between four orientations. One of two solvent
molecules is disordered between two orientations with
the 0.8693(17)/0.1307(17) occupancies.
Copyright © 2014 World Scientific Publishing Company
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RESULTS AND DISCUSSION
Synthesis
Iron(I) phthalocyanine anions were found to be
easily oxidized by CuI(L)x salts (L = C5H5N, CH3CN)
to neutral iron(II) phthalocyanine (Fe(II)Pc) in noncoordinating o-dichlorobenzene (C6H4Cl2). Oxidation
is accompanied by immediate changes in solution color
from deep violet characteristic of the Fe(I)Pc− anions to
green color characteristic of Fe(II)Pc. Starting Fe(II)Pc
does not dissolve in C6H4Cl2. Nevertheless, Fe(II)Pc
formed in this reaction does not precipitate from the
solution. Most probably ligands are transferred from
CuI(L)x to iron(II) phthalocyanine and Fe(II)Pc(L)2
species are formed when the oxidation of Fe(I)Pc- to
Fe(II)Pc is occurred. Further crystallization of the
obtained Fe(II)Pc(L)2 species with fullerene justiﬁes this
supposition. Crystallization of Fe(II)Pc(C5H5N)x and
C60 by slow diffusion of hexane yields the crystals of
molecular complex [Fe(II)Pc(C5H5N)2].C60.4C6H4Cl2 (1)
with bisaxially coordinated Fe(II)Pc. Cocrystallization of
Fe(II)Pc(CH3CN)x and C60 does not allow the preparation
of phthalocyanine-fullerene complex. Instead of that the
precipitated crystals are fullerene free according to X-ray
diffraction data and contains bisaxially coordinated Fe(II)Pc complex with two acetonitrile molecules [Fe(II)Pc(CH3CN)2].2C6H4Cl2 (2).
Optical spectra and EPR
IR spectra of starting Fe(II)Pc and complex 1 are
shown in Supporting information. The spectrum of
the complex contains bands which can be attributed to
C60, Fe(II)Pc, pyridine and solvent C6H4Cl2 molecules.
Absorption bands of C60 at 527, 577, 1182 and 1428 cm-1
remain nearly unchanged indicating the absence of
noticeable charge transfer from Fe(II)Pc(C5H5N)2 to C60.
Spectra of Fe(II)Pc and 1 in the UV-visible-NIR range
are shown in Fig. 1. Absorption bands of Fe(II)Pc at 314
and 662 nm can be attributed to the Soret and Q-bands,
respectively. The Q-band of Fe(II)Pc in the spectrum of 1
is split into two well-resolved bands at 606 and 666 nm.
Thus, coordination of pyridine to Fe(II)Pc shifts the
position of the Q-band by 4 nm to the red side. It is also
seen that the split Q-band is essentially narrower in the
spectrum of 1 than in the spectrum of starting Fe(II)Pc
due to isolation of the Fe(II)Pc(C5H5N)2 units in 1. The
absorption band in the spectrum of 1 at 340 nm can be
ascribed to fullerene C60 and it coincides with the Soret
band of Fe(II)Pc. The absence of absorption in the NIRrange at about 1100 nm indicates neutral state of fullerene
C60 in 1 in accordance with the IR-spectral data.
Complex 1 is EPR silent at room temperature indicating
the absence of ionic [Fe(III)Pc+]·(C5H5N)2 and C60•−
species which should form if charge transfer from Fe(II)
Pc(C5H5N)2 to C60 was realized in the sample. It is known
J. Porphyrins Phthalocyanines 2014; 18: 89–93
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Fig. 1. Spectra of starting Fe(II)Pc (a) and 1 (b) in the 260–
1250 nm range in KBr pellets

that neutral Fe(II)Pc(C5H5N)2 is diamagnetic (S = 0)
[30] and, hence, EPR silent.

Crystal structure
Complex 1 has monoclinic lattice and contains half of
crystallographically independent Fe(II)Pc(C5H5N)2 and
C60 molecule and two solvent C6H4Cl2 molecules. C60
molecules are disordered between four orientations. First
of all it has two orientations with the 0.372(2)/0.128(2)
occupancies. Besides this fullerene C60 is located on the
twofold axis of the lattice which does not coincide with
the twofold symmetry axis in the C60 molecules. That
produces two additional orientations of C60. One of two

solvent molecules is disordered between two orientations
(see Molecule disorder section in Experimental).
C60 molecules form closely packed linear columns in 1
arranged along the b axis (Fig. 2). Interfullerene center-to
center distances between C60 molecules are uniform in
the columns and are equal to 9.99 Å. Since this distance
is essentially shorter than the van der Waals (vdW)
diameter of C60 (10.18 Å), multiple short vdW C…C
contacts are formed between fullerenes in the 3.10–3.18 Å
range (shown by green dashed lines in Fig. 2a). The
Fe(II)Pc(C5H5N)2 units are also arranged in the columns
arranged along the b axis. Totally each phthalocyanine
column is surrounded by four fullerene columns
(Fig. 2b). The distance between the phthalocyanine
planes in the columns is deﬁned by coordinated pyridine
molecules which form vdW C…C contacts with the
neighboring phthalocyanine planes of about 3.7 Å
(Fig. 2a). The distance between the Fe(II)Pc planes in
the columns is 8.5 Å. This is close to the interfullerene
center-to-center distances of 9.99 Å in the fullerene
columns and allows the arrangement of phthalocyanine
planes between the C60 molecules. Free space in the
packing of Fe(II)Pc(C5H5N)2 and C60 is occupied by
solvent C6H4Cl2 molecules (only one of two molecules is
shown in Fig. 2a). They form short van der Waals C…C
and Cl…N contacts both with fullerene molecules and
phthalocyanine planes in the 3.31–3.46 and 3.36–3.43 Å
range, respectively.
Totally each Fe(II)Pc(C5H5N)2 unit forms vdW
contacts with four C60 molecules. Two of four molecules
are located near two adjacent phenylene substituents of
Fe(II)Pc and form short vdW C…C(C60) and H…C(C60)
contacts with the phthalocyanine plane in the 3.31–3.34
and 2.77–2.87 Å range (Fig. 3). Two other fullerenes

Fig. 2. Crystal structure of complex 1: (a) view on the chains formed by the C60 molecules and the Fe(II)Pc(C5H5N)2 units; (b) view
along the fullerene chains and the b axis. Only major occupied orientation of C60 is shown
Copyright © 2014 World Scientific Publishing Company
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remains nearly unchanged as compared
with that of fullerene free Fe(II)Pc(C5H5N)2
([30], Table 1). The iron(II) atoms are
located exactly in the phthalocyanine plane
in 1, the Fe–N(C5H5N) bond length is
2.038(3) Å and the averaged length of the
Fe–N(Pc) bonds is 1.935(3) Å. The conformation of phthalocyanine macrocycle is
also similar to that in fullerene free Fe(II)
Pc(C5H5N)2 [30] with two oppositely located
pyrrole nitrogen atoms located slightly
above the molecular plane and two other
oppositely located pyrrole nitrogen atoms
located slightly below the molecular plane
(Table 1).
The bisaxially coordinated iron(II) phthalocyanine complex with two acetonitrile
molecules Fe(II)Pc(CH3CN)2 is not cocryFig. 3. Formation of Van der Waals contacts between C60 molecules and the
stallized with fullerene C60. However, good
Fe(II)Pc(C5H5N)2 unit. Only major occupied orientation of C60 is shown
quality crystals of Fe(II)Pc(CH3CN)2.2C6H4Cl2 (2) were isolated in this synthesis and
we discuss the molecular structure of the
form only one H…C(C60) contact with phthalocyanine
Fe(II)Pc(CH3CN)2 units (Fig. 4). That is the
(Fig. 3). Several shortened H…C(C60) and Cl…C(C60)
ﬁrst structure of bisaxially coordinated metal phthalocycontacts are also formed between fullerenes and pyridine
anine complex with nitrile containing solvent. The complex
(Fig. 3) and solvent C6H4Cl2 molecules (are not shown
has monoclinic lattice with well-ordered crystallograin Fig. 3).
phycally independent half of Fe(II)Pc(CH3CN)2 and
The formation of molecular complex with fullerene
one C6H4Cl2 molecule. Acetonitrile unusually strongly
C60 does not affect geometry of Fe(II)Pc(C5H5N)2 which
coordinates to Fe(II)Pc with the Fe–N(CH3CN) bond

Table 1. Geometric parameters of ligand-free and six-coordinated Fe(II)Pc
Complex

Fe-(N)ligand
bond, Å

average Fe-N(Pc) bond, Å

Displacement of
pyrrole N atoms
from the Pc plane, Å

—

1.926(1) 1.927(1) Fe(II) in-plane

0.030 0.036
0.032 0.009

Fe(II)Pc T = 100 K (S = 1) [31, 32]
Fe(II)Pc(C5H5N)2.C60.4C6H4Cl2 (1) T = 120 K
[this work]

2.033(1)

1.937(1) Fe(II) in-plane

Fe(II)Pc(C5H5N)2 T = 293 K (S = 0) [30]

2.038(3)

1.935(3) Fe(II) in plane

0.040 0.016

Fe(II)Pc(CH3CN)2.2C6H4Cl2 (2) T = 150 K
[this work]
Fe(II)Pc(benzylamine)2.2THF T = 120 K [33]

1.938(1)

1.934(1) FeII in plane

0.078 0.017

2.055(3)

1.924(3) Fe(II) in plane 1.922(3)

0.030 0.017

2.038(3)

Fe(II) out-of-plane (0.007)

0.060 0.043

Fe(II)Pc(4-cyanopyridine)2.2(4-cyanopyridine)
T = 295 K [34]
Fe(II)Pc(4-aminopyridine)2.2THF T = 293 K
[35]
Fe(II)Pc(3-aminopyridine)2.2.5THF
T = 293 K [35]

2.027(2)

1.936(2) Fe(II) in plane

0.020 0.007

2.056(3)

1.945(3) Fe(II) in plane

0.035 0.019

2.037(3)

1.935(3) Fe(II) in plane

0.024 0.007

2.045(3)

1.931(3) Fe(II) in plane

0.049 0.017

Fe(II)Pc(μ2-cyano)(η5-cyclopentadienyl)bis(triphenylphosphine)ruthenium(II))2.3CH2Cl2 T = 190 K [36]

1.983(2)

1.935(2) Fe(II) in plane

0.121 0.008

Copyright © 2014 World Scientific Publishing Company
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Fig. 4. Molecular structure of coordination Fe(II)Pc(CH3CN)2 unit in 2 (a); packing of these units in the crystal structure of 2 (b)

length of 1.938(1) Å. This distance is essentially shorter
than those at the coordination of substituted pyridines and
amines to Fe(II)Pc (Table 1). Even at the coordination
of (cyano)(η5-cyclopentadienyl)bis(triphenylphosphine)
ruthenium(II) to Fe(II)Pc, longer Fe–N bonds of 1.983(2) Å
are formed [36]. It should be noted that the formation of
short Fe–N bonds at the coordination of nitrile containing
solvents is a common tendency for metallomacrocycles
since iron(II) tetraphenylporphrin at the coordination of
benzonitrile also forms rather short coordination Fe–N
bonds of 1.933(1) Å length at 140 K [37]. The iron(II)
atoms are located exactly in the phthalocyanine plane in
2 and this feature is common for the structures of sixcoordinated Fe(II)Pc (Table 1). The averaged length of
the Fe–N(Pc) bonds is 1.934(1) Å in 2 and the iron(II)
atoms are nearly in ideal octahedral surrounding from six
nitrogen atoms.
Thus, though phthalocyanines do not form molecular
complexes with fullerenes they can be involved in such
complexes as coordination M(II)Pc(L)2 assemblies.
Previously it was shown that metalloporphyrins form
a variety of molecular and ionic complexes with
fullerenes when additional ligands are coordinated
to metalloporphyrins. The ligands can be pyridine,
4,4-bipyridile, tetrapyridylporphyrin, octaazacryptand,
dimethylpyperazine and some others [17, 38–41].
Most probably the range of molecular M(II)Pc(L)2·C60
complexes can also be extended. In this case a suitable
method for preparation of such complexes can be
oxidation of the Fe(I)Pc− anions by CuI(L)x salts which is
accompanied by ligand transfer from CuI(L)x to Fe(II)Pc.
Complex [Fe(II)Pc(C5H5N)2].C60.4C6H4Cl2 (1) is
a ﬁrst example of molecular solid containing neutral
fullerenes and phthalocyanines. In spite of different
shapes they are effectively packed in a crystal to form
multiple vdW contacts with each other, whereas free
space is ﬁlled by solvent C6H4Cl2 molecules. In contrast
to Fe(II)Pc(C5H5N)2, geometry of Fe(II)Pc(CH3CN)2 is

Copyright © 2014 World Scientific Publishing Company

not suitable for cocrystallization with C60. Nevertheless,
in this work we showed that acetonitrile can coordinate to
Fe(II)Pc to form the Fe–N(CH3CN) bonds of 1.938(1) Å
length. These bonds are essentially shorter than those at
the coordination of substituted pyridines and amines to
Fe(II)Pc [33–35].
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ABSTRACT: We report a truxene-based dyad built upon one donor (tri-meso-phenylzinc(II)porphyrin)
and two acceptors (octa-β-alkylporphyrin free base) in which the donor exhibits free rotation around
a Ctruxene-Cmeso single bond at 298 K in ﬂuid solution but not at 77 K in a glass matrix, whereas the
acceptors have very limited motion as they are blocked by β-methyl groups. This case is interesting
because all the structural and spectroscopic parameters affecting the rate for singlet energy transfer
according to a Förster Resonance Energy Transfer are only weakly temperature dependent, leaving only
the Dexter mechanism explaining the larger variation in rate of energy transfers with the temperature
hence providing a circumstantial evidence for a dual mechanism (Föster and Dexter) in truxene-based
dyads (or polyads) in the S1 excited states.
KEYWORDS: truxene, porphyrin, ﬂuorescence, singlet energy transfer.

INTRODUCTION
Truxene is a C3-star-shaped aromatic that ﬁnds
applications in many areas [1]. Indeed, many reports on
the design of discotic liquid crystals exist [2–19], but
more recently the facile conception of truxene-based
new semi-conductor materials was conveniently made
[12, 20–22] and organic lasers were even constructed
[23, 24]. This property is an important feature for the
design of photonic devices. Indeed, the ability of this
chromophore to be a functional part of photocells
[25–32], light emitting diodes and electroluminescent
devices [33–38] has been well demonstrated. As a
chromophore, truxene can act as a singlet and triplet
energy donor, thus contributing at the antenna effect
(both energy transfer and excitation energy migration)
¡
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[39–47]. Typical examples of truxene-containing
molecules (compounds 1–3) used to investigate the
antenna effect from this chromophore to porphyrin
units are presented in Chart 1. Finally, truxene has also
been used as a shape-persistent platform for energy
transfer studies at the singlet and triplet states [48–52].
The work that is the most in-depth analysis on the
energy transfer processes is that reported by Ziessel
and his collaborators where two mechanisms, Dexter
and Förster, were analyzed at the triplet state [53].
Interesting on-off switching was elegantly identiﬁed.
We now wish to report a dyad built upon one donor (trimeso-phenylzinc(II)porphyrin) and two acceptors (octaβ-alkylporphyrin free base) in which the donor can be
free to rotate about the Ctruxene-Cmeso single bond at room
temperature but not at 77 K in a glass matrix, whereas
the acceptors have very limited motion (Chart 1).
This case is interesting because all the structural and
spectroscopic parameters affecting the rate for singlet
energy transfer according to a FRET process (Förster
Resonance Energy Transfer) are relatively constant at
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Chart 1. Various structures of truxene-porphyrin compounds

both 298 and 77 K, leaving only the Dexter mechanism
explaining the variation in rate with the temperature.

EXPERIMENTAL
Chemicals and reagents
Unless otherwise noted, all chemicals and solvents
were of analytical reagent grade and used as received.
Absolute dichloromethane (CH2Cl2) was obtained
from Carlo Erba. Silica gel (Merck; 70–120 mm) was
used for column chromatography. Analytical thin-layer
chromatography was performed with Merck 60 F254
silica gel (precoated sheets, 0.2 mm thick). Reactions
were monitored by thin-layer chromatography, UV-vis
spectroscopy and MALDI/TOF mass spectrometry.
Borolanylporphyrin 11 was prepared following a recently
reported procedure [54].
5,5′,10,10′,15,15′-Butyltruxene (5). To a stirred
suspension of truxene 4 (6.36 g, 18.6 mmol) in THF
Copyright © 2014 World Scientific Publishing Company

(100 mL) and under Argon, n-BuLi (1.6 M solution
in n-hexane, 44.0 mL, 70.4 mmol) was added over
a 30 min period at 0 °C. The solid dissolved and the
color changed to deep red. The solution was warmed to
room temperature and stirred for an additional 30 min.
Subsequently, 1-bromobutane (7.7 mL, 71.2 mmol) was
added at 0 °C during 15 min. After stirring for 4 h at
room temperature the second portion of n-BuLi (1.6 M
solution in n-hexane, 44.0 mL, 70.4 mmol) was added
and the second portion of 1-bromobutane (7.7 mL,
71.2 mmol) was added in 1 h. After stirring for 12 h
(the reaction being monitored by 1H NMR), the reaction
was quenched with aqueous ammonium chloride and
extracted with dichloromethane. After removal of the
solvent under vacuum, the crude product was puriﬁed by
column chromatography on silica gel, using n-heptane as
eluent to yield compound 5 (12.1 g, 96.1%) as a yellow
crystalline solid. 1H NMR (CDCl3, 400 MHz): δ, ppm
8.40 (d, 3 H, J = 6.0 Hz, Ar-H), 7.50–7.38 (m, 9 H,
Ar-H), 3.05–2.95 (m, 6 H, α–CH2–), 2.17–2.07 (m, 6 H,
α–CH2–), 0.93–0.87 (m, 12 H, β–CH2–), 0.54–0.44 (m,
30 H, –CH2–CH3).
J. Porphyrins Phthalocyanines 2014; 18: 95–106
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2,7-Dibromo-5,5′,10,10′,15,15′-butyltruxene
(6). Bromine (1.2 mL) in 10 mL dichloromethane
was added over 60 min at 0 °C to a stirred solution
of 5,5′,10,10′,15,15′-hexabutyltruxene 5 (8.02 g, 11.8
mmol) in dichloromethane (80 mL), shielded from light.
After stirring at room temperature for 24 h, the reaction
mixture was washed with a sodium dithionite solution.
After extractions with DCM, washings with saturated
sodium bicarbonate solution, brine and drying over
magnesium sulfate, the organic solvent was removed
under reduced pressure. The product was puriﬁed by
column chromatography on silica gel, using n-heptane as
eluent and recrystallized from EtOH. Yield 6.2 g, 63%.
1
H NMR (CDCl3, 300 MHz): δ, ppm 8.36 (d, 1 H, J =
6.0 Hz, Ar-H), 8.27–8.21 (m, 2 H, Ar-H), 7.61–7.40 (m,
7 H, Ar-H), 3.05–2.85 (m, 6 H, α–CH2–), 2.17–2.02 (m,
6 H, α–CH2–), 0.98–0.89 (m, 12 H, β–CH2–), 0.51–0.44
(m, 30 H, –CH2–CH3).
5,5′,10,10′,15,15′-Hexabutyltruxene-2,7-dicarbaldehyde (7). To a stirred solution of 5,5′,10,10′,15,15′hexabutyl-2,7-dibromotruxene 6 (5.10 g, 6.0 mmol) in
anhydrous ethyl ether (240 mL) was added n-BuLi
(9.60 mL, 2.50 M in hexane, 24.0 mmol) dropwise at
-78 °C under argon. The mixture was ﬁrst stirred for
30 min at this temperature, allowed to warm to room
temperature and stirred for 30 min, then cooled again
to -78 °C, followed by addition of DMF (2.1 g, 2.2 mL,
29 mmol). The solution was allowed to warm to room
temperature gradually and stirred overnight. HCl (2 M,
200 mL) was added and stirred for 2 h. The organic layer
was separated, the aqueous layer extracted with ethyl
ether. The combined organic extracts were dried over
Na2SO4. After removal of the solvents under vacuum, the
residues was puriﬁed by chromatography on silica gel
eluting with pure heptane, heptane/DCM (4:6 v/v) and
heptane/DCM (6:4 v/v) to give the desired product 7 as
a pale white solid. Yield 3.3 g, 71%. 1H NMR (CDCl3,
300 MHz): δ, ppm 10.17 (s, 2 H, –CHO), 8.58 (m, 2
H, Ar-H), 8.41 (d, 2 H, J = 6.0 Hz, Ar-H), 8.04 (s, 2 H,
Ar-H), 7.96 (d, 2 H, 6.0 Hz, Ar-H), 7.53–7.44 (m, 3 H,
Ar-H), 3.06–2.95 (m, 6 H, α–CH2–), 2.28–2.14 (m, 6 H,
α–CH2–), 0.96–0.87 (m, 12 H, β–CH2–), 0.53–0.44 (m,
30 H, –CH2–CH3).
5,5′,10,10′,15,15′-Hexabutyl-12-monobromotruxene-2,7-dicarbaldehyde (8). To a stirred solution of
5,5′,10,10′,15,15′-hexabutyltruxene-2,7-dicarbaldehyde
7 (2.5 g, 3.0 mmol) in dry dichloromethane (60 mL),
bromine (0.80 mL, 15 mmol) in 10 mL dichloromethane
was added over 30 min at 0 °C under the protection from
light. After stirring at room temperature overnight, the
reaction mixture was quenched with sodium dithionite
solution. After extraction with DCM (3 × 50 mL), the
combined organic solution was washed with saturated
sodium bicarbonate solution, brine and dryed over
magnesium sulfate, the organic solvent was removed
under reduced pressure. The product 8 was puriﬁed by
column chromatography on silica gel, eluting with 60%
Copyright © 2014 World Scientific Publishing Company

heptane/DCM. Yield 2.43 g, 99%. 1H NMR (CDCl3,
300 MHz): δ, ppm 10.17 (s, 2 H, –CHO), 8.56 (t, 2 H, J =
6.0 Hz, Ar-H), 8.27 (d, 1 H, J = 6.0 Hz, Ar-H), 8.03 (s,
2 H, Ar-H), 7.99 (d, 2 H, 6.0 Hz, Ar-H), 7.63–7.57 (m,
2 H, Ar-H), 3.04–2.90 (m, 6 H, α–CH2–), 2.29–2.09 (m,
6 H, α–CH2–), 0.98–0.86 (m, 12 H, β–CH2–), 0.50–0.43
(m, 30 H, –CH2–CH3).
2,7-Di(13,17-diethyl-2,3,7,8,12,18-hexamethylporphyrin-5-yl)-12-bromo-5,5′,10,10′,15,15′-hexabutyltruxene (10). A solution of 5,5′,10,10′,15,15′hexabutyl-12-monobromotruxene-2,7-dicarbaldehyde
8 (0.814 g, 1.0 mmol) and 1,19-dideoxy-8,12-diethyl2,3,7,13,17,18-hexamethyl-a,c-biladiene 9 (1.38 g, 2.3
mmol) in ethanol (150 mL) was heated under reﬂux,
and nitrogen was bubbled through the system. 10.0 mL
of a solution of para-toluene sulfonic acid (PTSA,
2.50 g) in ethanol was slowly added during 18 h. The
deep red solution was reﬂuxed for 48 h under N2. The
organic solvent was removed under reduced pressure.
The residue was redissolved in 250 mL of CH2Cl2,
washed with saturated NaHCO3 solution. The organic
solution was separated by use of a separatory funnel and
dried over MgSO4. A saturated methanolic solution of
Zn(OAc)2·2H2O (10.0 mL) was added, and the solution
was stirred for 4 h at room temperature. The organic
phase was separated and washed 3 times with water,
then dried over MgSO4. The solvent was removed under
vacuum and the zinc derivative was isolated by column
chromatography on silica gel with 60% CH2Cl2-heptane
as eluents. Demetallation by 6 M HCl afforded the free
base bisporphyrin which was further puriﬁed by repeated
column chromatography on silica gel with CH2Cl2 and
CHCl3. The pure porphyrin 10 was obtained as a purple
solid after recrystallization from CH2Cl2/methanol.
Yield (135 mg, 8.2%). 1H NMR (CDCl3): δ, ppm 10.24
(s, 2 H, meso-H), 10.21 (s, 2 H, meso-H), 10.01 (s, 1 H,
meso-H), 9.99 (s, 1 H, meso-H), 8.76 (t, 2 H, J = 6 Hz,
Ar-H), 8.40–8.29 (m, 3 H, Ar-H), 8.10 (d, 1 H, J = 6 Hz,
Ar-H), 8. 04 (d, 1 H, J = 6 Hz, Ar-H), 7.74 (s, 1 H, Ar-H),
7.61 (m, 1 H, Ar-H), 4.10 (q, 8 H, pyrro-CH2CH3), 3.68
(s, 6 H, pyrro-CH3), 3.66 (s, 6 H, pyrro-CH3), 3.61 (s, 6
H, pyrro-CH3), 3.58 (s, 6 H, pyrro-CH3), 3.32 (m, 4 H,
Truxene-CH2–), 3.09 (m, 2 H, Truxene-CH2–), 2.66
(s, 6 H, pyrro-CH3), 2.62 (m, 6 H, pyrro-CH3), 1.92 (m,
12 H, pyrro-CH2CH3), 1.29–1.18 (m, 12 H, –CH2–),
0.85–0.74 (m, 30 H), -3.01 (s, 2 H, N–H), -3.19 (s, 2 H,
N–H). HR-MS (MALDI-TOF): m/z 1652.9634 [M]+.,
1652.9518 calcd. for C111H129BrN8. UV-vis (CH2Cl2):
λmax, nm (ε × 10-3 M-1.cm-1) 285.0 (61.79), 313.1 (86.56),
406.0 (530.03), 502.0 (41.50), 537.0 (17.15), 570.9
(18.95), 625.0 (5.85).
2,7-Di-(13,17-diethyl-2,3,7,8,12,18-hexamethylporphyrin-5-yl)-12-(zinc(II) 5,15-p-tolyl-10-phenylporphyrin)-5,5′,10,10′,15,15′-hexahexyltruxene (12).
A DMF/toluene (1/2) solution (15 mL) of a mixture of 2,7di(13, 17-diethyl-2,3,7,8,12,18-hexamethylporphyrin-5yl)-12-bromo-5,5′,10,10′,15,15′-hexahexyltruxene 10
J. Porphyrins Phthalocyanines 2014; 18: 96–106
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(110 mg, 0.066 mmol), zinc(II) 5,15-p-tolyl-10-phenyl20-(4′,4′,5′,5′-tetramethyl-[1′,2′,3′dioxa-borolan-2′-yl])
porphyrin 11 (50 mg, 0.066 mmol), Cs2CO3 (108 mg,
0.33 mmol, 5.0 equiv.) and Pd(PPh3)4 (0.10 equiv., 0.0066
mmol, 7.6 mg) was degassed by freeze-pump-thaw cycles
and then stirred for 24 h at 115 °C under argon. The
reaction mixture was poured into toluene, washed with
water, dried over MgSO4, and evaporated to dryness. The
residue was chromatographed on silica gel with CH2Cl2,
CHCl3 then 1% CH3OH-CHCl3. The pure product was
obtained by recrystallization from CHCl3/CH3OH. Yield
52.0 mg, 36.0%. 1H NMR (CDCl3): δ, ppm 10.23 (s, 4 H,
meso-H), 9.99 (s, 2 H, meso-H), 9.21 (d, 2 H, J = 6.0
Hz, H-pyrro), 9.11 (d, 2 H, J = 6.0 Hz, H-pyrro), 9.03
(d, 2 H, J = 6.0 Hz, H-pyrro), 8.98 (d, 2 H, J = 6.0 Hz,
H-pyrro), 8.90 (t, 3 H, J = 6.0 Hz, truxene-H), 8.52
(s, 1 H, truxene-H), 8.41–8.22 (m, 5 H, H-phenyl and
truxene-H), 8.19–8.12 (m, 6 H, H-phenyl), 7.80 (m, 3
H, H-phenyl), 7.61 (d, 4 H, J = 9.0 Hz, H-phenyl), 4.11
(q, 8 H, pyrro-CH2CH3), 3.68 (s, 12 H, pyrro-CH3), 3.62
(s, 12 H, pyrro-CH3), 3.49 (m, 6 H, H-truxene), 2.75 (s,
6 H, phenyl-CH3), 2.72 (s, 12 H, pyrro-CH3), 2.51 (m,
6 H, Truxene-CH2–), 1.92 (t, 12 H, J = 6.0 Hz, pyrroCH2CH3), 1.40–1.18 (m, 24 H, –CH2–), 0.79 (m, 18 H,
–CH3), -2.99 (s, 2 H, N–H), -3.18 (s, 2 H, N–H). HR-MS
(MALDI-TOF): m/z 2202.2074 [M]+., 2202.1940 calcd.
for C151H157N12Zn. UV-vis (CH2Cl2): λmax, nm (ε × 10-3
M-1.cm-1) 285.0 (69.13), 311.0 (95.11), 406.0 (641.85),
424.0 (839.43), 503.0 (50.70), 550.0 (37.47), 568.9
(29.43), 624.0 (7.17).
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~1 μs). Flash photolysis spectra and transient lifetimes
were measured using a Luzchem spectrometer using the
355 nm line of a YAG laser from Continuum (Serulite;
fwhm = 13 ns).
Quantum yield measurements. For measurements at
298 K, all samples were prepared in a glovebox, under
argon (O2 < 12 ppm), by dissolution of the compounds in
2MeTHF, using 1 cm3 quartz cells with a septum. Three
different measurements (i.e. different solutions) were
performed for each set of photophysical data (quantum
yield). The sample concentrations were chosen to
correspond to an absorbance of ~0.05 at the excitation
wavelength. Each absorbance value was measured three
times for better accuracy in the measurements of emission
quantum yields. Tetraphenylporphyrin zinc(II) (0.033 in
THF) was used as reference [55, 56].
DFT calculation procedure. All density functional
theory (DFT) calculations were performed with
Gaussian 09 [57] at the Université de Sherbrooke with
the Mammouth supercomputer supported by Le Réseau
Québécois De Calculs Hautes Performances. The
potential energy well was calculated using a relaxed
scan allowing for geometry optimization after each angle
variation. The DFT geometry optimisations [58–67] were
carried out using the B3LYP method. A 6-31g* basis set
was used for C, H, N [68–74]. VDZ (valence double ζ)
with SBKJC effective core potentials were used for all Zn
atoms [68–74].

RESULTS AND DISCUSSION
Instruments
1

H NMR spectra were recorded with a Bruker DRX300 AVANCE transform spectrometer at the “Pôle Chimie
Moléculaire (Welience, UB-Filiale)”; chemical shifts are
expressed in ppm relative to chloroform. UV-vis spectra
were recorded with a Varian Cary 1 spectrophotometer.
Mass spectra were obtained with a Bruker Daltonics
Ultraﬂex II spectrometer in the MALDI/TOF reﬂectron
mode using dithranol as a matrix. The measurements
were made at the “Pôle Chimie Moléculaire (Welience,
UB-Filiale)”. UV-vis spectra were recorded on a
Hewlett-Packard diode array model 8452A. Emission
and excitation spectra were obtained using a double
monochromator Fluorolog 2 instrument from Spex.
Fluorescence and phosphorescence lifetimes were
measured on a Timemaster Model TM-3/2003 apparatus
from PTI, incorporating a nitrogen laser as the source and
a high-resolution dye laser (fwhm = 1.5 ns). Fluorescence
lifetimes were obtained from high-quality decays and
deconvolution or distribution lifetime analysis. The
lower limit of this instrument is 100 ps (http://www.
pti-nj.com/TimeMaster.html). The uncertainties ranged
from 20 to 40 ps on the basis of multiple measurements.
Phosphorescence lifetimes were determined using a PTI
LS-100 incorporating a 1 μs tungsten ﬂash lamp (fwhm
Copyright © 2014 World Scientific Publishing Company

Synthesis
The dihalogenated aldehyde 8 was synthesized as
shown in Scheme 1 from the truxene central core 4,
which was easily prepared on a few grams scale from
starting l-indanone [47]. Truxene 4 was ﬁrst reacted
with an excess of n-butyl lithium (a deep red solution
of the tris-anion was formed) then 1-bromobutane was
slowly added. This procedure was repeated twice to
give 5,5′,10,10′,15,15′-n-butyltruxene, 5, in 96% yield.
Synthesis of compound 8 requires the dibromination of
compound 5. Interestingly, the ratio of Br2 and 5 can
be varied to prepare either the mono- or dihalogenated
aldehydes respectively. The resultant mixture of
isomers was very difﬁcult to separate by common
column chromatography, requiring tedious and
repetitive recrystallizations. Thus, the mixture of monoand dibrominated compounds was directly reacted
with n-BuLi, followed by the addition of DMF and
hydrolysis of the intermediate salts. Advantageously, the
polarity brought by the aldehyde groups allowed direct
separation of the mono- and bis-aldehyde substituted
truxene derivatives by column chromatography on
silica gel using DCM-heptane as eluent. Compound 7
was de novo brominated to afford mono-bromoaldehyde
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Scheme 1. Synthesis of substituted truxene dialdehydes

Br

Br
NH

C4H9
C4H9
C4H9

C4H9

OHC

C4H9

2Br

C4H9

+

HN

C4H9

-

NH+ HN

9

CHO

N
NH

C4H9

NH

C4H9

HN

EtOH, PTSA, N2, reflux

8

C4H9
C4H9

C4H9

N
N
HN

N

10

Scheme 2. Synthesis of the truxene diporphyrin derivative 10

8 in almost quantitative yield. Aldehyde 8 was further
reacted with a,c-biladiene dihydrobromide 9 in the
presence of p-toluene-sulfonic acid (as previously
reported by our group) [75], to give porphyrin 10 in
8.2% yield (Scheme 2).
Compound 12, which includes two β-substituted
OEP-like porphyrins and one meso-substituted TPPlike porphyrin, was synthesized using a Suzuki coupling
reaction. Addition of diporphyrin derivative 10 to
borolanylporphyrin 11 [54] in a mixture of toluene and
DMF in the presence of a catalytic amount (10%) of
Copyright © 2014 World Scientific Publishing Company

tetrakis(triphenylphosphine)-palladium(0) and Cs2CO3
as the base (which quenched the nascent acid generated
during the reaction) at 110 °C leads to compound 12 in
36% yield (Scheme 3).

Spectroscopic and photophysical properties
Absorption and ﬂuorescence spectroscopy. The role
of the singlet energy donor and acceptor is assigned
based on the position of the 0–0 bands in the absorption
J. Porphyrins Phthalocyanines 2014; 18: 98–106
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Scheme 3. Synthesis of 2,7-Di(13,17-diethyl-2,3,7,8,12,18-hexamethylporphyrin-5-yl)-12-(zinc(II)-5,15-p-tolyl-10-phenylporphyrin)-5,5′,10,10′,15,15′-hexabutyltruxene (12)

Fig. 1. Absorption (black), excitation (blue) and ﬂuorescence (red) spectra of compounds 10 (top) and 12 (below) in 2MeTHF at 298
and 77 K. The green arrows indicate the position of the donor ﬂuorescence

and ﬂuorescence spectra (Fig. 1 and Table 1). When
examining the ﬂuorescence spectra of compounds 10
and 12, one can clearly note the presence of a shoulder
indicated by a green arrow at 605 nm in compound 12
Copyright © 2014 World Scientific Publishing Company

that is absent in compound 10. This shoulder is indicative
of the presence of the meso-aryl substituted zinc(II)
porphyrin donor that is present in compound 12. The
acceptor is readily assigned to the free base porphyrin
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Table 1. Fluorescence data for compounds 10 and 12 in 2MeTHF
Compound
10

12

λem (298 K)

λem (77 K)

ΦF (298 K) ± 10%

627

622

0.10

658

651

695

689

605

605

628

620

657

650

695

688

0.096

with a 0–0 ﬂuorescence peak at 628 and 620 nm at 298
and 77 K, respectively. The monitoring of the excitation
spectra as a function of the ﬂuorescence wavelength for
compound 12 shows the same spectroscopic features as
the absorption spectra (i.e. both bands of the donor and
the acceptor are observed; Fig. 1), which is indicative
of an efﬁcient singlet energy transfer. The absorption
spectra show the presence of the Soret bands and Q-bands
as expected from a free base and metalloporphyrin. It is
difﬁcult to discern clear differences between the Q-bands
of compounds 10 and 12 due to the fact that they are
overlapping. However the clear splitting of the Soret band
is observed in compound 12 which is again indicative of
the presence of both the zinc(II)porphyrin donor and the
free base acceptor.
Lifetime measurements. The rates for singlet energy
transfer can be extracted from kET(S1) = (1/τF)–(1/τF°)
where τF° and τF are the ﬂuorescence lifetimes of the
donor in the absence and the presence of an acceptor,
respectively. The data are provided in Table 2. Ideally, the
model compound to extract τF° would be 12-(bis-5,15p-tolyl-10-phenylzinc(II)porphyrin)-5,5′,10,10′,15,15′hexabutyltruxene (i.e. donor-truxene). However, this
compound was not synthesized but turned out to be of
a minor consequence for this work. Indeed, for the τF°,
those for compound 1 (Chart 1; 1.68 and 2.25 ns in
2MeTHF, respectively, at 298 and 77 K) were used [39].
The τF values for 5,10,15,20-tetraphenyl-porphyrin (i.e.
ZnTPP) are 1.87 ns in THF at 298 K [76] and 2.76 ns

Table 2. Fluorescence lifetime data for compounds 10 and 12 in
2MeTHF (λ, nm = monitoring wavelength)
Compound

τF, ns (λ, nm; χ2)
298 K

77 K

kET (109 s-1)
298 K 77 K

10

13.5 ± 0.3
(627; 1.02)

24.6 ± 0.2
(622; 0.96)

—

—

12

donor 0.13 ± 0.01
(605; 1.07)

0.1 (605;
1.13)

7.1

!9.6

—

—

acceptor 12.1 ± 3.0 21.5 ± 0.2
(694; 1.07)
(689; 1.08)

Copyright © 2014 World Scientific Publishing Company

Fig. 2. Fluorescence decay of 12 in 2MeTHF at 298 K (black)
with the ﬁt (red) showing the short component. The long-lived
component belong to the much more intense free base. The
lamp proﬁle is in blue and the green line below is the residual

in 2MeTHF at 77 K (measured by us in this work). The
weak variation of τF with the substitution (meso-phenyl
vs. meso-truxene) indicates a weak effect on the rate for
internal conversion. This concept is further illustrated
by comparing the τF’s of the acceptor in compounds
10 (truxene attached to 2 macrocycles) and 12 (truxene
attached to 3 macrocycles) at both temperatures (13.5 vs.
12.1 (298) and 24.6 vs. 21.5 ns (77 K)).
The τF data in compound 12 were examined at 298
and 77 K monitoring exactly were the ﬂuorescence
signal (i.e. 605 nm). At 298 K, the decay exhibits the
expected short component with a decay of 0.13 ± 0.01
ns, corresponding to a rate of 7.1 × 109 s-1 (Fig. 2). With
a center-to-center of a little over 18 Å (see below), this
rate can be considered fast. This rate becomes even faster
when examining the analogue signal at 77 K. Due to
detection limit of the instrument on the time scale and
the very weak intensity of the fuorescence signal (see
Fig. 1), no reliable value could be obtained (i.e. τF < 0.1
ns; i.e. kET(S1) < 9.6 × 109 s-1).
Computations. Based on the kET(S1) results above,
two questions arise. First, why the rate is somewhat
fast despite the distance, and why there is an apparent
temperature dependence of the rate? The ﬁrst question
can easily be addressed by verifying whether the
molecular orbitals (MOs) are coupled or not. Coupling
is observed when the atomic distribution is spread over
two chromophores, notably the donor and the acceptor.
In such a case, the wavefunction is distributed over the
two chromophores and the ground and excited states
are heavily mixed. The resulting effect is that the
communication of information, here energy by a FRET
process is facilitated and kET(S1) is very fast. This concept
was ﬁrst reported by one of us but further conﬁrmed
recently [77, 78]. In a simple manner, it is easy to
explain whether a fast rate is due to MO coupling. DFT
computations to obtain the optimized geometry were
carried out (Fig. 3) and an analysis of the frontier MOs
J. Porphyrins Phthalocyanines 2014; 18: 100–106
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Fig. 3. Graphical representations of the frontier MOs of compound 12

Table 3. Table of the MO energies and their distributions of atomic orbital contributions divided in
fragments for compound 12
Fragment

MOs
H-3

H-2

H-1

HOMO

LUMO

L+1

L+2

L+3

Free base 1

90.12

2.90

95.18

0.23

0.00

0.00

90.48

0.06

Free base 2

2.88

90.26

0.23

95.17

0.00

0.00

0.07

90.54

Zinc(II) porphyrin

0.15

0.07

0.00

0.00

87.01

86.03

0.00

0.00

Truxene

4.58

4.56

0.24

0.20

4.67

2.24

3.93

3.84

Alkyl & aryl groups
MO Energy (eV)

2.27

2.21

4.35

4.40

8.31

11.73

5.51

5.56

-5.06

-5.06

-5.05

-5.05

-2.29

-2.28

-2.11

-2.11

showed an expected high level of degeneracy amongst
those associated with the acceptors due to their quasiidentical environment. More importantly, no major
MO coupling is computed. Table 3 reports the relative
distribution of the atomic distribution over the various
fragments of the molecule (donor = zinc(II) porphyrin;
acceptor = free bases A1 and A2 (see detail below);
truxene platform; side aryl and alkyl groups). These
calculations showed that for any MO, a minimum of
86% of the total atomic contribution is localized on one
of the three porphyrin units and that truxene accounts
for 0.2–4.7% of the total contributions in the HOMO-3
to LUMO+3. The conclusion is that the frontier MOs are
fairly decoupled from each other. Noteworthy, despite
minor some atomic contributions on the truxene bridge
are calculated and may have a role in the singlet energy
transfer process (see below).
Analysis of the rate for singlet energy transfer. The
careful interpretation of the relative amplitude and the
Copyright © 2014 World Scientific Publishing Company

mechanism of energy transfers starts by the consideration of
both the Förster (also called FRET above) [79] and Dexter
[80] theories. The Dexter mechanism involves a double
electron exchange (LUMO(donor*)→LUMO(acceptor)
and HOMO(acceptor)→HOMO(donor*)) and is promoted
by orbital overlaps in conjugated systems [81] and in
closely spaced cofacial dyads [82, 83]. The former process
involves long-range dipole–dipole interactions of the
transition moments of the two chromophores, the donor
and acceptor. This theory predicts that for long donor–
acceptor interactions, kET is given by Equation 1:
k ET = k F (D) ◊

k2
r

6

◊ cte ◊ J

(1)

where kF°(D) is the ratio ΦF°(D)/τF°(D) for the donor (D)
in the absence of an acceptor (A), r is the center-to-center
distance between the donor and the acceptor, κ2 is an
orientation factor between the transition moments of the
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Fig. 4. Representation of the θA, θD and φ angles necessary
for the calculation of κ2. The arrows are the directions of the
transition moments of the chromophore in the dyad (for the nondegenerated case)

donor and the acceptor (in a non-degenerated case, κ2 =
(sin θD s SIN θA s COS φ − 2 cos θD s COS θA)2 where θD and
θA are the angles made by the transition moment vectors
of D vs. the center-to-center axis and that of A and this
same axis, and φ being the dihedral angle made by the two
transition moment vectors as represented in Fig. 4), and cte
is the ratio 9000(ln10)/128π5n4Na with n and NA being the
refractive index of the medium and Avogadro’s number,
respectively. Finally, the J integral normalized with respect
to the ﬂuorescence spectrum is given by Equation 2:

Ú FD ( l ) e A ( l ) l
J=
Ú FD (l )dl

4

dl

(2)

where FD is the ﬂuorescence intensity of the donor and εA
is the absorptivity of the acceptor.
However in a degenerated case such as here, the local
symmetry is D4h and D2h in the donor and acceptors,
respectively, κ is evaluated in a different manner according to a previously established procedure [84, 85]. The
orientation factor, κ = (cos φ – cos θD s COS θA) and average
κ2 is evaluated by Equation 3:

k2

{k(n ) + k (n + ) }
=
p
2

respectively). In addition, because two possible dihedral
angles formed by the average planes of the donor and
truxene platform (i.e. approximately 70° and 115°; see
below) exist, their effects on κ have also been calculated.
Finally, because the thermal activation at 298 K is large
enough for a facile rotation about the donor-truxene
single bond, an extra analysis with an average dihedral
donor-truxene angle of 90° was also performed.
In the absence of an X-ray structure of compound 12,
a gas phase geometry optimization (the same as shown in
Fig. 3) was performed in order to extract the necessary
structural parameters related to the analysis of the FRET
process (Equations 1 and 3). The evaluation of the two
dihedral donor-truxene angles of minimum energy
conformation was performed by ﬁxing a given angle and
optimizing the geometry for each point, and then the total
energy is plotted against this angle (Fig. 5). This graph
was always obtained no matter the starting conformation.
The presence of methyl groups at the β-positions of the
free bases render the relative orientations of the acceptor
relatively ﬁxed at ~85–86° (DFT). The slight dyssymmetry
in this double well is due to the slightly different resulting
orientation of the hexyl groups after optimization. This
difference is very small (0.58 kJ/mol). Consdering the
expected fast motions of these soluble groups, an average
symmetric double potential well appears more realist.
Using the data presented in Fig. 5 is nonetheless adequate
for the forthcoming analysis as the relationship between
the thermal energy and the activation barrier remains the
same in a dissymetric and symmetric scenario.
The calculated potential energy diagram shows two
shallow potential energy wells when the dihedral angle
is ~70° and ~115°. The energy barrier to go from the

2

(3)

4

where ν and ν + π/2 represent the two degenerated
transition moments making an angle of 90° with each
other (i.e. the two N–Zn–N axis). The individual κ’s
are used in absolute values. Because the orientation of
the N–H…H–N axis at any given moment can also be
oriented by 90° with respect to each other, all possible
combinations of κ must be addressed individually and
then averaged (i.e. 2 × 2). Furthermore, the fact that there
are two slightly different r values due to the shape of the
truxene scaffolding (see data below), individual κ’s were
also evaluated (the two acceptors are named A1 and A2
for the shortest and longest center-to-center separations,
Copyright © 2014 World Scientific Publishing Company

Fig. 5. Potential energy diagram showing the total DFT energy
as a function of the donor-truxene dihedral angle, hence
estimating the barrier to rotation about the truxene-porphyrin
single bond. The graph is plotted against the minimum energy
conﬁguration. The light gray area represents the zone of possible
conformations at 298 K (thermal energy 2.49 kJ/mol) while the
dark gray area shows the zone of possible conformations at
77 K (thermal energy 0.64 kJ/mol)
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Table 4. Structural parameters allowing for the calculations of the average <κ2>
Energy transfer

Dihedral angle,° a

r1, Åb

r2, Åb

D→A1
70

18.34

18.43

θD,° c

θA,° c

φ,° c

κc

63.8

45.3

22.7

-0.01

153.8

45.3

39.2

2.67

63.8

135.3

74.4

1.21

153.8

135.3

12.5

-0.94

42.0

56.1

27.6

-0.36

56.1

70.7

1.45

146.1

37.9

2.64

146.1

5.2

-0.67

54.3

45.3

10.4

-0.25

144.3

45.3

51.5

2.34

54.3

135.3

62.1

1.71

144.3

135.3

0.2

-0.73

50.2

56.1

11.5

-0.09

140.2

56.1

55.6

1.85

50.2

146.1

54

2.18

140.2

146.1

9.9

-0.93

40.9

45.3

5.2

-0.60

130.9

45.3

67

1.77

40.9

135.3

46.5

2.30

130.9

135.3

15.3

-0.43

59.1

56.1

7.2

0.13

149.1

56.1

35

2.25

59.1

146.1

72.7

1.58

149.1

146.1

30.6

-1.28

132

D→A2

42.0
132

D→A1
90

18.34

18.43

D→A2

D→A1
115

18.34

18.43

D→A2

κ 2d

< κ 2>

1.79
1.47

1.15
0.82

1.78
2.74

1.67
1.58
1.49

0.94
1.68
2.42

1.41

1.64

1.87
1.43
1.73
2.03

a
The dihedral angle corresponds to the dihedral angle forms between the plane of the donor and the plan formed by
the truxene unit. b The center-to-center distances between the donor and acceptor are obtained by DFT calculation.
There are two acceptors and are separately examined to see whether there is a large difference between them on
<κ2>. c Individual value of angles and κ’s for all four possible combinations of the relative orientations of the
transition moments (i.e. D-Ai (i = 1 or 2): ↔R, RR, ↔↔, R↔). d Calculated with Equation 3.

70°-conformation to the 115°-conformation is 0.84 kJ/
mol whereas the barrier to go in the opposite direction
is 1.42 kJ/mol. The thermal energies (E = kT where k
is the Boltzmann constant; 8.314 × 10-3 kJ/mol/K) are
respectively 2.49 and 0.64 kJ/mol at 298 and 77 K.
The calculated potential energy diagram indicates that
the thermal energy at 298 K allows for the “ﬂip-ﬂop”
from one potential well to the other (light gray zone).
Conversely, there is not enough thermal energy to do
so at 77 K (dark gray area) just in a thermodynamic
stand point. One can also consider that free rotations
of large porphyrin moieties are practically impossible
in frozen media. It is concluded that at 77 K two types
of conformations will be trapped within these potential
wells. Upon slow cooling of the solutions (i.e. over
several minutes), a larger amount of the dyads may
occupy the lower potential well at 115° at 77 K if the
Copyright © 2014 World Scientific Publishing Company

potential well is dissymmetric. Otherwise, both wells are
equally occupied in the symmetric case.
Table 4 provides the structural parameters allowing
for the calculations of the average < x2 > for the two
possible acceptors D→A1 and D→A2 for 3 different
dihedral donor-truxene angles. The question is “Is there a

Table 5. Comparison of the < x2 >/r6 parameters and the
ratio (< x2 >/r16)/(< x2 >/r26)
D→A1
<κ2>/r16, Å-6

D→A2
<κ2>/r26, Å-6

<κ2>/r16
<κ2>/r26

70

3.86 × 10-08

4.54 × 10-08

0.85

90

4.15 × 10-08

4.29 × 10-08

0.97

4.31 × 10

4.19 × 10

1.03

Dihedral angle, °

115

-08

-08
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Fig. 6. Overlay of the absorption spectrum of the acceptor (compound 10 as the model) with the ﬂuorescence one of the donor
(ZnTPP as the model) in 2MeTHF at 77 and 298 K. Note that the 605 nm peak matches exactly that of the donor ﬂuorescence
observed in compound 12 (Fig. 1). The spectra have been normalized against the lowest energy absorption peak (of the acceptor)

favored acceptor?” The < x2 > values turn out to be weakly
acceptor dependent where < x2 > for A2 is slightly larger
than that for A1. However, this trend should be more
accurately examined by the ratio < x2 >/r6 since kF(D) is
constant and J is invariable at a ﬁxed temperature (see
Equation 1). Table 5 shows that < x2 >/r6 for A1 (placed at
18.34 Å) is smaller than that for < x2 >/r6 for A2 (placed at
18.43 Å) for the conformer with a donor-truxene dihedral
angle of ~70°, and reversely for the conformer with an
angle of ~115°. The variation of the ratio (< x2 >/r16)/
(< x2 >/r26) with the dihedral angle is clearly seen in
Table 5, although weak. At 77 K, two conformers
co-exist and the simple average of the < x2 >/r6 parameters
gives 0.94, which compares very favorably to that at 90°
(0.97). In other words, there is no signiﬁcant predicted
variation of the global kET(S1) in a Förster process with
the temperature due to a rotation about the donor-truxene
bond. The next question is “What makes kET faster at
77 K?” Equation 1 states that kET is also proportional to
the integral J. For simplicity, we calculated the value of
∫FD(λ)εA(λ)dτ understanding that λ4 is clearly constant
(Fig. 6). The calculated overlaps representing ∫FD(λ)εA(λ)
dτ are 35.2 and 45.3 units at 77 and 298 K, respectively
(ratio 77 K/298 K = 0.778). This comparison (i.e. ratio
77 K/298 K = 0.78) cannot explain why kET(S1) at 77
K (> 9.6 × 109 s-1) is faster than that at 298 K (7.1 ×
109 s-1) (i.e. ratio 77 K/298 K > 1.32). It is therefore
concluded that the Förster theory alone cannot account
for the observed temperature dependence of kET(S1) in the
ﬂexible truxene-based dyad and that the Dexter process
must operate at the same time using the truxene π-system
as the electron paths. This conclusion is in line with that
reported by Ziessel and his collaborators [53].
In an attempt to provide a reasonable rational to what
is observed, the following argument is provided. The
dynamic behavior of compound 12 at 298 K brings about
an inﬁnite number of conformations at the moment of the
light absorption process (within the light gray area shown
in the potential well shown in Fig. 5). Because absorption
Copyright © 2014 World Scientific Publishing Company

of light (fs) and S1 energy transfers (130 ps and less)
occur at much faster time scales that the rotation about
the donor-truxene single bond (diffusion controlled; i.e.
ns), then a large number of conformations operate at the
same time at 298 K with more or less favorable π-orbital
overlaps for double electron exchange (i.e. Dexter) with
the 90°-one being the most unfavorable. At 77 K, two
conformers dominate with dihedral angles of ~70 and
~115°, both being more favorable than 90°. It appears
reasonable to believe that at 298 K, favorable and less
favorable conformations exist and the average observed
kET(S1) is slower than that at 77 K.

CONCLUSION
This preliminary account provides a circumstantial
evidence for a dual mechanism (Föster and Dexter) in
truxene-based dyads (or polyads) in the S1 manifold,
which is in line with a recent study reported by Ziessel
and his collaborator (in the T1 excited states using
heavy metal-containing chromophores) [53]. The
relatively fast rates measured for a dyad exhibiting a
donor–acceptor center-to-center separation >18 Å is
indeed consistent with the presence of two operating
mechanisms. In addition, no temperature dependence
of kET(S1) operating via a Förster mechanism is
observed nor predicted in systems where free rotations
of the donor-truxene (or acceptor-truxene) bonds are
present. This is due to the 4-fold degenerated transition
moments included in the metalloporphyrin and free
base (considering a 50:50% scrambling of the N–H…
H–N vectors). All the rates are averaged during the
measurements and the global effect is minimal. Finally,
despite the slight difference in center-to-center donor–
acceptor distance and orientation factors, there is no
favored path D→A1 or D→A2. However, this conclusion
holds only when the chromophores are identical (here
free base).
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Supporting information
MALDI-TOF and HRMS mass spectra of compound
10 and 12, 1H NMR spectra (300 MHz, 298 K, CDCl3)
of compound 10 and 12 (Figs S1–S6) are given in the
supplementary material. This material is available free of
charge via the Internet at http://www.worldscinet.com/
jpp/jpp.shtml.
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ABSTRACT: The synthesis and properties of new water-soluble tetra- and octacationic derivatives of
meso-tetrakis(3-pyridyl)bacteriochlorin are reported. Tetracationic salt was synthesized by quaternization
of the pyridine groups of starting bacteriochlorin with 1,4-dibromobutane. Octacationic salts were obtained
by treating of tetracationic salt with excess of pyridine or N,N-dimethylaminoethanol. Zinc complexes
of water-soluble bacteriochlorin derivatives were prepared by direct metalation of corresponding nonmetal compounds with zinc acetylacetonate, unlike to neutral bacteriochlorin which forms zinc complex
only by transmetalation of the corresponding cadmium complex. The new bacteriochlorins have strong
absorption in red and NIR spectral region. Free-base BCs possess good stability in aqueous solutions as
compared to their zinc complexes and efﬁciently generate singlet oxygen.
KEYWORDS: bacteriochlorins, zinc complexes, water-soluble derivatives, quaternization, singlet
oxygen, UV-vis spectroscopy.

INTRODUCTION
Bacteriochlorin (BC), or tetrahydroporphyrin, is
22π-electron tetrapyrrole macroheterocyclic compound
with two opposite hydrogenated pyrrolic Cβ–Cβ bonds.
Bacteriochlorins are characterized by intense absorption
in the “therapeutic window” (650–900 nm) making them
excellent candidates as photosensitizers for photodynamic
therapy (PDT) of cancer and skin diseases [1–6], as well
as antimicrobial agents [7].
Synthetic meso-aryl-BCs may be obtained from the
corresponding porphyrins or chlorins using various
synthetic approaches: reduction with metallic sodium
in an alcohol media [8], catalytic hydrogenation [9],
reduction by diimide (Whitlock’s method) [10–16],
catalytic hydroxylation by OsO4 [17–22] or cycloaddition
reactions [23, 24]. Furthermore, stable synthetic BCs
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can be obtained by condensation of dihydrodipyrrines
(Lindsey’s method) [25–30].
Unfortunately, the majority of BCs obtained using
these methods are hydrophobic what complicates their
usage as photosensitizers. This problem can be resolved
in two ways: by either imparting solubility using watersoluble emulsions of BCs in solutions of surface active
compounds (e.g. Cremophor EL or Pluronic 268), or using
chemical methods, e.g. sulfonation or quaternization of the
molecule. Thus, recently synthesized new water-soluble
sulfonated meso-aryl-BC [11–14, 31] and tetracationic
meso-tetrakis(1-methyl-3-pyridyl)BC tetratosylate [32–
35] showed high photoinduced activity in vitro and in vivo
and are perspective as NIR photosensitizers for PDT of
malignant tumors. Moreover, tetracationic BC has also a
photodynamic activity toward Gram-negative and Grampositive bacteria [36, 37].
Complexes of porphyrinoids with various metals are of
particular interest for the development of photosensitizers
intended for PDT [38–40]. This interest can be explained
by the fact that the complexation alters the electronic
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with 1,4-dibromobutane in boiling nitromethane in an inert
atmosphere. The presence of terminal bromine atoms in
BC 2 allows its further quaternization raising the number
of cationic centers up to eight. Thus, octacationic salts —
meso-tetrakis[1-(4c-pyridiniobutyl)-3-pyridyl]bacteriochlorin octabromide (3, 85%) and meso-tetrakis[1-(4cdimethylethanolammoniobutyl)-3-pyridyl]bacteriochlorin
octabromide (4, 81%) — were obtained by treating of BC
2 with an excess of pyridine or N,N-dimethylaminoethanol,
respectively, in boiling methanol in an inert atmosphere
[45] (Scheme 1).
We examined the direct metalation of BC 1 with metal
acetates or acetylacetonates in polar solvents (pyridine,
DMF, CHCl3/MeOH) at temperatures ranging from 50 °C
to reﬂux in the presence or absence of bases (NaOH/
EtOH, MeONa) in order to obtain the Zn(II), Mg(II),
Cd(II), Pd(II), Al(III) complexes. Using these conditions,
we managed to obtain only cadmium complex (5). Thus,
the reaction of BC 1 with excess of cadmium acetate in
CHCl3/MeOH (5/2, v/v) at reﬂux leads to the formation
of cadmium complex 5 with quantitative yield. The
cadmium complex 5 is relatively stable in solid state, but it
is easily demetalated even in weakly acidic solutions. We
investigated the feasibility of the synthesis of other metal
complexes via the transmetalation of cadmium complex
5 with metal acetylacetonate and/or chloride (M =
Zn, Mg, Pd, Al, In, Sn) in acetone or CHCl3/MeOH at
room or solvent boiling point temperatures. Use of
zinc acetylacetonate in CHCl3/MeOH at reﬂux in the
transmetalation method gave the zinc chelate (6) with
quantitative yield, whereas the formation of other metal
complexes was not observed (Scheme 2).
The water-soluble tetra- and octacationic derivatives
2, 3 bearing four electron-withdrawing groups undergo
direct metalation with zinc acetylacetonate. Treatment of
BC 2 or 3 with a 10-fold amount of zinc acetylacetonate
in benzene/MeOH (5/2, v/v) for 0.5 h in an inert
atmosphere affords zinc complexes 7 and 8 with yields
80% and 82%, respectively (Scheme 3).

and photophysical properties of the macrocycle. Metal
complexes of BC (MBCs) are particularly interesting as
the introduction of a metal in a BC causes a bathochromic
shift in the position of the long wavelength absorption
band. Thus, palladium complex of bacteriopheophorbide
a (Tookad) is efﬁcient NIR photosensitizer, which has
been approved for clinical application in the different
countries [41]. The spectral and photophysical properties
of stable indium BCs make them attractive for use in
photomedicine [42]. However, MBCs are difﬁcult of
access in contrast to porphyrins and their aza-analogs.
Published studies on the synthesis of MBCs are rather
scarce; relatively few metal complexes of BC have been
prepared by direct metalation of a free-base BCs with
metal salts in a polar solvent or by transmetalation of
cadmium complexes of naturally derived BCs with metal
chlorides in acetone [4]. Recently, Lindsey and co-workers
presented a comprehensive study about metalation of
synthetic BCs upon treatment with a strong base (NaH
or LDA) followed by various metal salts [43]. Authors
discussed about the cause of the difﬁculty in metalation
of BCs and also summarized literature methods that have
been used to date for preparation of MBCs.
In this paper, we describe the synthesis of new tetraand octacationic derivatives of meso-tetrakis(3-pyridyl)bacteriochlorin and their zinc complexes as well as study
of some their photophysical properties.

RESULTS AND DISCUSSION
Starting meso-tetrakis(3-pyridyl)bacteriochlorin (1)
was obtained using the procedure developed by Whitlock
et al. [10] by the reduction of the corresponding porphyrin
by the diimide generated in situ from p-toluenesulfonyl
hydrazide and K2CO3 in pyridine solution at 110 °C [44].
Tetracationic salt — meso-tetrakis[1-(4c-bromobutyl)-3pyridyl]bacteriochlorin tetrabromide (2, 66%) — was
derived by quaternization of the pyridine groups of BC 1
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The new BCs and their zinc complexes 2–8 were
characterized by 1H NMR, mass-, UV-vis spectra and
elemental analysis data. The difference in structures of
tetra- and octacationic BCs can be easily done on the basis
of their 1H NMR spectra. Thus, in the 1H NMR spectrum
of tetracationic BC 2 the singlet of β-H protons at 8.21
ppm and four signals of the protons of meso-pyridyl
rings at 8.51 ppm (H-5), 9.17 ppm (H-6), 9.39 ppm (H-4)
and 9.81 ppm (H-2) were observed in the aromatic area
(Fig. 1). In the spectrum of octacationic BC 3 additional
signals derived from the protons of the “external” pyridyl
rings (Pyc) at 8.16 ppm (m-H), 8.62 ppm (p-H) and at
9.17 ppm (o-H) were observed. The signal of H-6 protons
of the “internal” meso-pyridyl rings is overlapped with
the signal o-H protons of the “external” pyridyl rings.
Singlet of β-H protons is located at 8.27 ppm and three
signals of the H-5, H-4 and H-2 protons are located at
8.53 ppm, 9.42 ppm and 9.84 ppm, respectively. The 2D
COSY spectra of 2 and 3 conﬁrm the above assignments.
The UV-vis spectra of obtained BCs 1–8 in organic
solvents and water are shown in Fig. 2 and spectral
data are summarized in Table 1. The spectrum of 1 in
CH3OH contains two intense bands in the red and NIR
Copyright © 2014 World Scientific Publishing Company

spectral region at 521 and 747 nm, which represent the
split Q-band, and split B band at 357 and 380 nm in the
UV spectral region. The insertion of cadmium or zinc
in bacteriochlorin molecule does not alter the symmetry
but causes a bathochromic shift of the Q1 and Q2 bands,
and more signiﬁcant shift depending on the nature of the
metal is observed for the Q2 band. Thus, bathochromic
shift of the Q1 and Q2 band for CdBC 5 constitutes 8 and
57 nm, and for ZnBC 6 — 18 and 40 nm, respectively.
The spectra of tetra- and octacationic derivatives 2–4 in
the red and NIR region contain narrow intense Q2 and Q1
absorption bands in methanol at 514–516 nm and 760–
761 nm, respectively. The absorption spectra of 2–4 in
water are quite similar to that in methanol. Wavelengths
and extinction coefﬁcients were not affected by solvent
polarity indicating the absence of aggregation in aqueous
solution.
Free-base BCs 2–4 are chemically stable in aqueous
solutions, the intensity and position of the absorption
maxima in their spectra did not vary for 24 h. The spectral
changes, oxidation to the corresponding chlorins, and
the precipitation formation from solutions in the dark at
room temperature were not observed for at least three
J. Porphyrins Phthalocyanines 2014; 18: 109–114
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Fig. 1. 1H NMR spectra of 2 (top) and 3 (bottom) in CD3OD (the area of aromatic protons)

maximum absorption is signiﬁcantly reduced even after
24 h (Fig. 3).
The quantum yields of singlet oxygen generation (ΦΔ)
were determined for BCs 1–3, 7, 8 using a chemical trapping
method in methanol. The 9,10-dimethyl anthracene (DMA)
as a singlet oxygen (1O2) trap was used. The selective
excitation of BCs in long wavelength Q1 band resulted
in disappearance of DMA. The singlet oxygen quantum
yields were calculated relative to Methylene blue in
methanol (ΦΔ = 0.52 [46]). The ΦΔ values are summarized
in Table 1. As seen from these data, BCs 1–3 sensitize the
formation of singlet oxygen with high yields and therefore
show potential as sensitizers for PDT. The decrease in ΦΔ
for zinc complexes 7, 8 was likely the result of their quick
degradation due to autosensitization by produced reactive
oxygen species.
Fig. 2. UV-vis spectra of 1 (1) (a, b), 5 (2) (a), 6 (3) (a), 2 (2) (b)
and 3 (3) (b) in CHCl3 (1, 6); CH3OH (2, 3); toluene/CH3OH (5)

months. Zinc complexes 7, 8 are less stable in aqueous
solutions in comparison to free-base compounds. The
shape of their spectra in aqueous solutions does not
vary with time; however, the optical density value at the
Copyright © 2014 World Scientific Publishing Company

EXPERIMENTAL
General
All reactions were performed under an argon atmosphere. All reagents and solvents were analytical grade and
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Table 1. UV-vis and singlet oxygen quantum yields data of BCs 1–8 in various solvents (ε in M-1.cm-1)
BC

Q1

Q2

B

1

CHCl3

747 (5.05)

521 (4.71)

380 (5.08), 357 (5.00)

0.50a

2

CH3OH

760 (5.04)

514 (4.71)

374 (4.93), 350 (4.95)

0.44

H2O

761 (5.02)

517 (4.72)

374 (4.95), 350 (4.98)

—

CH3OH

761 (5.04)

516 (4.70)

374 (4.93), 350 (4.95)

0.65

H2O

763 (5.02)

518 (4.71)

374 (4.95), 350 (4.97)

—

CH3OH

761 (4.93)

516 (4.64)

374 (4.87), 350 (4.89)

—b

H2O

763 (4.90)

518 (4.55)

374 (4.83), 350 (4.85)

—

5

toluene/CH3OH

753 (4.85)

571 (4.36)

393 (4.70), 364 (4.68)

—b

6

CHCl3

765 /1.00/

561/0.34/

389/0.66/, 361/0.74/

—b

7

CH3OH

777 (4.74)

556 (4.11)

387 (4.36), 349 (4.50)

0.15

8

CH3OH

779 (5.01)

557 (4.48)

383 (4.72), 350 (4.83)

0.10

H2O

775 (4.99)

556 (4.39)

383 (4.66), 350 (4.78)

—

3
4

a

ΦΔ

λ, nm (log ε) /relative intensity/

Solvent

b

in methanol; not determined.

Fig. 3. UV-vis spectra of aqueous solutions of BC 2 (a), 3 (b) and their zinc complexes 7 (c), 8 (d): freshly prepared (1) and after
storage in the dark (2) for 3 months (2, 3) and 24 h (7, 8)

Copyright © 2014 World Scientific Publishing Company
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used without further puriﬁcation. Aluminum oxide (70–230
mesh) was used for column chromatography. Analytical
TLC was carried out on DC-Alufolien Aluminum oxide
60 F254 neutral (Typ E). The reactions were monitored
by TLC and UV-vis spectra. 1H NMR spectra were
measured in CDCl3, CD3OD solutions on a Bruker DRX300 spectrometer at 300.13 MHz using TMS as internal
standart. Mass-spectra were recorded on a Finnigan LCQ/
Electrospray spectrometer. UV-vis spectra were recorded
on a Hewlett Packard HP 8453 spectrophotometer.
meso-Tetrakis(3-pyridyl)bacteriochlorin 1 has been
prepared according to the previously described procedure [44].
Singlet oxygen quantum yields
The values of singlet oxygen quantum yields (ΦΔ) of BC 1
and its water-soluble derivatives 2 and 3, and zinc complexes
7 and 8 in methanol were estimated by using Methylene
Blue (MB) as a reference and 9,10-dimethylantracene
(DMA) as a 1O2 trap. The tungsten lamp with stabilized DC
power supply and the set of interference ﬁlters (λ = 660 nm
for MB and λ = 760 nm for BC, Δλ ≈ 50 nm) was used. To
determine the power of light the power meter (PM100D,
Thorlabs Instrumentation) was used.
The values of ΦΔ were calculated using Equation 1:

F D = F ref
D

ref
WIabs

W ref Iabs

(1)

where ΦrefΔ is the singlet quantum yield for reference
(ΦΔ of MB in methanol 0.52). W and Wref are the trap
photobleaching rates in presence of studied photosensitizer and reference, respectively. Iabs and Irefabs —
the intensities of light absorption by BC 1 or its watersoluble derivatives and reference, respectively.
Identical initial trap concentrations were used for
the MB reference and the samples. The accuracy of ΦΔ
estimation was about 10%. All experiments were carried
out at room temperature.
Synthesis
meso-Tetrakis[1-(4′-bromobutyl)-3-pyridyl]bacteriochlorin tetrabromide (2). The bacteriochlorin
1 (0.10 g, 0.16 mmol) was dissolved in nitromethane
(5 mL) and 1,4-dibromobutane (1 mL) was then added.
The reaction mixture was reﬂuxed with stirring for 1 h.
After cooling to room temperature, the reaction mixture
was diluted with benzene (5 mL) and cooled with ice.
The precipitate was ﬁltered, washed with nitromethane/
benzene (1/1, v/v) and then benzene to give 0.16 g (66%)
of BC 2. Anal. calcd. for C56H62Br8N8: C, 77.15; H, 4.68;
N, 17.99%. Found C, 77.10; H, 4.69; N, 18.01. UV-vis
(methanol): λmax, nm (log ε) 350 (4.95), 374 (4.93), 488
(3.89), 514 (4.71), 697 (3.76), 761 (5.04). UV-vis (water):
λmax, nm (log H) 350 (4.98), 374 (4.95), 517 (4.72), 702
Copyright © 2014 World Scientific Publishing Company

(4.24), 761 (5.02). 1H NMR (300.13 MHz; CD3OD;
Me4Si): δH, ppm 2.07–2.14 (8H, m, CH2), 2.38–2.45 (8H,
m, CH2), 3.61 (8H, t, CH2, J = 6.3 Hz), 4.13–4.28 (8H, m,
β-H), 4.94–4.98 (8H, m, CH2), 8.21 (4H, s, β-H), 8.49–
8.52 (4H, m, H-5 Py), 9.17 (4H, br, H-6 Py), 9.39 (4H, d,
H-4 Py, J = 5.7 Hz), 9.78–9.83 (4H, m, H-2 Py).
General procedure for the synthesis of 3 and 4. The
bacteriochlorin 2 (0.10 g, 0.067 mmol) was dissolved in
methanol (4 mL) and dry pyridine or dimethylaminoethanol
(1 mL) was then added. The reaction mixture reﬂuxed
with stirring for 4.5 h. After evaporation of the reaction
medium under vacuum to dryness, the precipitate was
washed by benzene.
meso-Tetrakis[1-(4′-pyridiniobutyl)-3-pyridyl]bacteriochlorin octabromide (3). Yield 0.10 g (85%).
Anal. calcd. for C76H82Br8N12: C, 50.63; H, 4.58; N, 9.32%.
Found C, 50.64; H, 4.57; N, 9.30. UV-vis (methanol): λmax,
nm (log ε) 350 (4.95), 374 (4.93), 516 (4.70), 761 (5.04).
UV-vis (water): λmax, nm (log ε) 350 (4.97), 374 (4.95),
518 (4.71), 763 (5.02). 1H NMR (300.13 MHz; CD3OD;
Me4Si): δH, ppm 2.34–2.42 (16H, m, CH2), 3.59–3.63
(8H, m, CH2), 4.09–4.38 (8H, m, β-H), 5.02–5.04 (8H,
m, CH2), 8.14–8.18 (8H, m, m-H Pyc), 8.27 (4H, s, β-H),
8.50–8.56 (4H, m, H-5 Py), 8.60–8.64 (4H, m, p-H Pyc),
9.16–9.18 (12H, m, H-6 Py, o-H Pyc), 9.42 (4H, d, H-4
Py, J = 5.7 Hz), 9.83–9.85 (4H, m, H-2 Py).
meso-Tetrakis(1-(4′-dimethylethanolammoniobutyl)-3-pyridyl]bacteriochlorin octabromide (4). Yield
0.10 g (81%). UV-vis (water): λmax, nm (log ε) 350 (4.85),
374 (4.83), 518 (4.55), 763 (4.90). 1H NMR (300.13 MHz;
CD3OD; Me4Si): δH, ppm 2.09–2.13 (8H, m, CH2), 2.34–
2.37 (8H, m, CH2), 3.24 (24H, s, CH3), 3.53–3.59 (8H, m,
CH2), 3.63–3.66 (8H, m, CH2), 3.99–4.04 (8H, m, CH2),
4.10–4.38 (12H, m, β-H, OH), 5.03–5.06 (8H, m, CH2),
8.27 (4H, s, β-H), 9.50–9.53 (4H, m, H-5 Py), 9.18–9.23
(4H, m, H-6 Py), 9.44 (4H, d, H-4 Py, J = 5.7 Hz), 9.86
(4H, s, H-2 Py).
meso-Tetrakis(3-pyridyl)bacteriochlorinato
cadmium (5). The bacteriochlorin 1 (0.05 g, 0.07 mmol)
was dissolved in chloroform/methanol (5/2, v/v) (20 mL),
cadmium acetate (0.19 g, 0.70 mmol) was then added,
and reaction mixture was stirred under reﬂux for 1 h.
The reaction mixture was cooled to room temperature
and then passed through a neutral alumina column with
chloroform/methanol (5/2, v/v) as eluent. The violet
fraction was collected to give 0.05 g (98%) of BC 5.
UV-vis (toluene/methanol, 5/1, v/v): λmax, nm (log ε) 364
(4.68), 393 (4.70), 571 (4.36), 753 (4.85). MS (ESI): m/z
734.29 (calcd. for [M + 1]+ 734.15).
meso-Tetrakis(3-pyridyl)bacteriochlorinato zinc
(6). The cadmium complex 5 (0.05 g, 0.07 mmol) was
dissolved in chloroform/methanol (5/2, v/v) (20 mL) and
zinc acetylacetonate (0.18 g, 0.70 mmol) was then added,
and reaction mixture was stirred under reﬂux for 1 h.
The reaction mixture was cooled to room temperature
and then passed through a neutral alumina column with
chloroform/methanol (5/2, v/v) as eluent. The green
J. Porphyrins Phthalocyanines 2014; 18: 112–114
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fraction was collected to give 0.05 g (97%) of BC 6.
UV-vis (chloroform): λmax, nm/relative intensity/361/
0.74/, 389/0.66/, 561/0.34/, 765/1.00/. MS (ESI): m/z
687.51 (calcd. for [M + 1]+ 687.10).
meso-Tetrakis(1-(4′-bromobutyl)-3-pyridyl]bacteriochlorinato zinc tetrabromide (7). The bacteriochlorin
2 (0.10 g, 0.07 mmol) was dissolved in methanol (5 mL)
and solution of zinc acetylacetonate (0.18 g, 0.7 mmol)
in benzene (2 mL) was then added. The reaction mixture
was reﬂuxed with stirring for 0.5 h, concentrated to about
2 mL, diluted with benzene (10 mL) and cooled with ice.
The precipitate was ﬁltered, washed with benzene, and
then recrystallized from methanol/benzene to give 0.09 g
(80%) BC 7. UV-vis (methanol): λmax, nm (log ε) 350
(4.50), 383 (4.36), 554 (4.11), 774 (4.74).
meso-Tetrakis(1-(4′-pyridiniobutyl)-3-pyridyl]bacteriochlorinato zinc octabromide (8). Following
the procedure described above for 7 bacteriochlorin 3
(0.13 g, 0.07 mmol) afforded 0.11 g (82%) BC 8. UV-vis
(methanol): λmax, nm (log ε) 350 (4.83), 383 (4.72), 557
(4.48), 779 (5.01). UV-vis (water): λmax, nm (log ε) 350
(4.78), 388 (4.66), 556 (4.39), 775 (4.99). 1H NMR
(300.13 MHz; CD3OD; Me4Si): δH, ppm 2.30–2.42
(16H, m, CH2), 4.09–4.39 (8H, m, β-H), 4.84–4.88 (8H,
m, CH2), 4.98–5.03 (8H, m, CH2), 7.99–8.01 (4H, m,
β-H), 8.13–8.16 (8H, m, m-H Pyc), 8.43–8.47 (4H, m,
H-5 Py), 8.60 (4H, t, p-H Pyc, J = 6.0 Hz), 9.09–9.17
(12H, m, H-6 Py, o-H Pyc), 9.36 (4H, d, H-4 Py, J = 5.7
Hz), 9.75–9.79 (4H, m, H-2 Py).

CONCLUSION
We have described the preparation of new tetra- and
octacationic water-soluble derivatives of meso-tetrakis(3pyridyl)bacteriochlorin and their zinc complexes. Tetracationic bacteriochlorin with bromine atoms in their side
alkyl chains are convenient precursors for transformation
in octacationic derivatives. It has been demonstrated that
meso-tetrakis(3-pyridyl)bacteriochlorin and their cationic
salts have different abilities to metalation with zinc salts.
In contrast to zinc complexes, tetra- and octacationic
free-base BCs have high stability in aqueous solution and
high singlet oxygen quantum yields that taking into account
their strong absorption in “therapeutic window” makes
them effective photosensitizers for PDT as it has been
conﬁrmed with recent in vitro and in vivo studies [44, 45].
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ABSTRACT: We report here the preparation (in “one-pot”) of a tetra-β″-sulfoleno-meso-aryl-porphyrin
in about 80% yield by using an optimized modiﬁcation of Lindsey’s variant of the Adler–Longo
approach. The Zn(II)-, Cu(II)- and Ni(II)-complexes of the symmetrical porphyrin were prepared and
characterized spectroscopically. Crystal structures of the ﬂuorescent Zn(II)- and of the non-ﬂuorescent
Ni(II)-tetra-β″-sulfoleno-meso-aryl-porphyrinates showed the highly substituted porphyrin ligands to
be nearly perfectly planar. The Zn(II)-complex of this porphyrin has been used as a thermal precursor
of a reactive diene, and — formally — of lateral and diagonal bis-dienes, of a tris-diene and of a tetradiene, which all underwent [4+2]-cycloaddition reactions in situ with a range of dienophiles. Thus,
the tetra-β″-sulfoleno-meso-aryl-porphyrin and its metal complexes represent reactive building blocks,
“programmed” for the syntheses of symmetrical and highly functionalized porphyrins.
KEYWORDS: crystal structure, metalloporphyrins, nickel, salt effect, synthesis, zinc.

INTRODUCTION
Synthetic porphyrins are fascinating heterocyclic
compounds, inspired by the ubiquitous “pigments of
life” [1]. The characteristic and extensively π-conjugated
chromophore of the porphyrins, their capacity for
coordination of the transition metal ions, and their rigid
molecular structures give these macrocyclic tetrapyrroles
a unique capacity for unusual photochemistry, for redoxprocesses for catalysis and for being building-blocks in
supramolecular structures having a wealth of interesting
chemical properties [2–4].
The tetra-β″-sulfoleno-meso-aryl-porphyrin 1 and its
metal complexes 1-M were designed as masked dienes,
¡
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which were expected to undergo efﬁcient [4+2]cycloaddition reactions [5]. Towards this goal, the
β″-sulfoleno-pyrrole 2 [6–10] was used as pyrrol moiety,
which reacted with 3,5-di-tert-butyl-benzaldehyde (7) to
furnish, after oxidation, the tetra-β″-sulfoleno-meso-arylporphyrin 1 in 44% yield [5]. Incorporation of a Zn(II)-ion
occurred readily and nearly quantitatively to provide the
Zn(II)-tetra-β″-sulfoleno-meso-aryl-porphyrinate 1-Zn
[5]. The potential diene-reactivity of the Zn-complex
1-Zn could easily be set free by heating at 140 °C and
by (four fold) thermal extrusion of sulfur dioxide [5, 11].
To date, the symmetrical complex 1-Zn was used for the
preparation of mono-and bisfullereno-Zn(II)-porphyrins
[5], of tris- and tetra-fullereno-Zn(II)-porphyrins [11], of
blackened Zn(II)-porphyrins [12], of an unsymmetrical
porphyrin-chlorin spiro-dimer [13] and of a hexafullerenodiporphyrin [14] (see Fig. 1). Thus, the Zn-porphyrin
1-Zn was applied as a versatile reactive building block,
allowing the construction of more complex covalent
assemblies by porphyrin-LEGO® [14]. In a related
approach, tris-meso-aryl-tetra-β″-sulfoleno-corroles were
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Fig. 1. Tetra-β″-sulfoleno-meso-aryl-porphyrin is a symmetrical, reactive building-block. The zinc(II)-complex 1-Zn was used in
(multiple) model [4+2]-cycloaddition reactions with dienophiles, e.g. with C60-fullerene and with 1,4-benzoquinone, to furnish a
range of mono-, bis-, tris- and tetra-cycloadducts

prepared and used to synthesize a difullereno-corrole with
excellent regioselectivity [15]. In view of the relevance
of the pyrrole 2 and the porphyrin 1 as the main building
blocks in porphyrin-LEGO® approaches [14], it was our
interest to improve the yields for their preparation, as well
as to explore transition metal complexes closely related to
the Zn-complex 1-Zn, as is reported here.

RESULTS AND DISCUSSION
β″-Sulfoleno-pyrrole (2) was synthesized in a
multi-step sequence via benzyl-β″-sulfoleno-pyrrole
2-carboxylate 5 [9] from benzyl-2-isocyanoacetate
(3) and the α,β-unsaturated bissulfone 4, based on
the so called “(3+2)-pyrrole approach” and using an
established protocol [7–9] (Scheme 1): The benzyl group
Copyright © 2014 World Scientific Publishing Company

of the substituted pyrrole 5 was removed efﬁciently by
hydrogenolysis, which was carried out in the presence
of triethylamine, and providing the white crystalline
triethyl ammonium salt 6 in 92% yield. Acid mediated
decarboxylation of the pyrrole 2-carboxylic acid 6 in
a thoroughly degassed mixture of acetic acid-triﬂuoro
acetic acid (5:1, v/v) at 100 °C (4.5 h heating to reﬂux
under argon) followed by work-up and chromatographic
puriﬁcation gave the β″-sulfoleno-pyrrole 2 [7] in
71% yield (Scheme 1, see Experimental section). The
sulfoleno-pyrrole 2 could be recrystallized from solutions
in MeOH. Good quality crystals were obtained this way,
suitable for X-ray structure analysis [10].
Having in hand an improved method for the preparation of the pyrrole 2, the stage was now set for the
condensation of 2 and 3,5-di-tert-butylbenzaldehyde (7),
followed by oxidation to give the porphyrin 1. Originally,
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the tetrasulfoleno-porphyrin 1 was prepared (in 44%
yield) in a BF3·OEt2 catalyzed tetramerization of pyrrole 2
and aldehyde 7, followed by in-situ chloranil oxidation [5]
(Scheme 2). The Adler–Longo type porphyrin synthesis
reaction proceeds via the reversible condensation of aryl
aldehyde and pyrrole to provide a porphyrinogen, as
investigated by Lindsey and coworkers [16]. This group
also reported a beneﬁcial effect of speciﬁc salt additives,
resulting in an improvement of the yield of the acid
catalyzed condensation for the peparation of tetraaryl
porphyrins [17]. In their preparations, organic-soluble
R4N+Cl- and R4P+X- salts (X = Cl, BPh4, R = alkyl, aryl
and mixed) were used to obtain up to 2-fold increase
of yields. Although inﬂuencing factors remained less
clear, optimization with Bu3BzlNCl and with a variety
of aldehydes was reported. Thus, in our work, attention
concentrated on hexadecyl trimethyl ammonium chloride.
Indeed, addition of C16H33(CH3)3NCl improved the yield
best (Table 1, entry 5), and this effect was then explored
further to ﬁnd improved reaction conditions. Keeping
the C16H33(CH3)3NCl concentration constant at 0.2 eq.,
increasing amounts of BF3·OEt2 from 0.8 eq. to 6 eq. lead
to gradually improved yields (Table 1, entries 5 to 8).
Copyright © 2014 World Scientific Publishing Company

Further optimization indicated that 6 eq. of BF3·OEt2 with
0.25 eq. of [C16H33(CH3)3NCl], in 10 mM concentration
(in each reactant), condensation for 24 h and chloranil
oxidation gave the porphyrin in yields of around 80–90%
(Table 1, entries 8 and 9). Under the same conditions, but
without the addition of the quaternary ammonium salt, the
reaction gave 51% of porphyrin (Table 1, entry 10). To get
good yields of the porphyrin 1, sulfoleno-pyrrole 2 and
3,5-di-tert-butyl-benzaldehyde (7) were recrystallized
from MeOH and EtOH respectively, and dried on high
vacuum, before their use in the tetramerization reaction.
Crystalline sulfoleno-pyrrole 2 (50.4 mg, 0.321 mmol),
recrystallized 3,5-di-(tert-butyl) benzaldehyde (7, 1.2 eq.)
and C16H33(CH3)3NCl (0.25 eq.) were dissolved in abs.
CH2Cl2 (conc. = ca 10 mM), and triethyl orthoacetate (1.7
eq.) was added. BF3·OEt2 (6 eq.) was added to the mixture,
which was stirred for 24 h at room temperature under
argon and under protection from light. Then chloranil (1.4
eq.) was added and the mixture was heated to reﬂux for
1.5 h. Work up gave crude porphyrin 1 in up to 90% yield
(see Experimental section). Pure porphyrin 1 was obtained
by silica gel chromatography and precipitation in CH2Cl2MeOH. The precipitate was washed with diethyl ether and
J. Porphyrins Phthalocyanines 2014; 18: 117–122
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Table 1. Optimization experiments for the synthesis of the
tetra-β″-sulfoleno porphyrin 1a

addition, 1 was further characterized by ﬂuorescencespectroscopy (see Fig. 2), as well as 1H,1H-homo- and
1
H,13C-hetero-nuclear NMR-spectra (13C NMR: see
Entry
BF3.OEt2; time
Yield, %b
Salt (eq. vs. 2)
Supporting information).
1
None
0.8; 24 h
47
Having the porphyrin 1 in hand, Cu(II)-, Zn(II)- and
Ni(II)ions were inserted by using Cu(II)-acetate in
0.8; 11 h
39.4
2
Bu4NBr; 0.2
CH
Cl
-MeOH
solution (by heating at reﬂux) or, with
2
2
0.8; 12 h
50
3
C19H42NCl; 0.2
Zn(II)- and Ni(II)-acetates, in DMF at 100 °C. The reaction
0.8; 12 h
33.3
4
C19H42NCl; 1.0
progress was followed with UV-vis-spectroscopy and by
c
C19H42NCl; 0.2
0.8; 24 h
50
5
TLC. UV-vis spectra of metalloporphyrins 1-Ni, 1-Cu,
1-Zn had characteristic strong Soret and weak Q-band
1.6; 24 h
37
6
C19H42NCl; 0.2
absorption bands (see Figs 2 and 3, and Experimental
3; 24 h
58
7
C19H42NCl; 0.2
section).
6; 24 h
82
8
C19H42NCl; 0.2
The Zn(II)-porphyrin 1-Zn has been prepared and
6; 24 h
90
9
C19H42NCl; 0.25
characterized earlier [5]. X-ray diffraction quality
crystals of 1-Zn were obtained here by diffusing hexane
10
None
6; 24 h
51
into a solution of CH2Cl2. The crystal structure of 1-Zn
a
Standard initial concentrations of pyrrole 2 and aldehyde: 10 mM;
(Fig.
4) showed a practically planar porphyrin core, and
b
calculated from UV-vis-spectra with ε420nm = 380200 M-1.cm-1;
meso-aryl
groups that were nearly perpendicular (87°
c
initial concentrations of pyrrole 2 and aldehyde: 1.6 mM.
dihedral angle) to the porphyrin plane. The lengths of the
equatorial bonds (e.g. Zn-N =
2.08 Å) were in standard range
of Zn-N distances in porphyrins
(2.05–2.08 Å) [18]. The Cα−
Cβ bonds were 1.345 Å long,
indicating partial double bond
character of an aromatic nature,
and were shortened, compared to
the sulfoleno-pyrrol (1.421 Å).
The methylene-SO2 groups were
slightly bent from the porphyrin
plane. The zinc-ion was pentaFig. 2. UV-vis- and ﬂuorescence spectra of 1 and the zinc-complex 1-Zn. Left. Overlay
coordinate due to axial coordiof UV-vis-spectra normalized to a common intensity maximum of the “Soret” band; right.
nation of one water molecule,
Fluorescence spectra of solutions of 1 (excitation at 516 nm) and of 1-Zn (excitation at
with a Zn–O bond distance
554 nm) in CH2Cl2 and recorded at room temperature
of 2.09 Å. The Zn atom was
situated at 0.303 Å above the
porphyrine core, increasing the
four N–Zn–O angles to 98.7°. Two of the N–Zn–N angles
amounted to 162.5°, and four to 88.7°, respectively.
The copper complex 1-Cu was prepared by heating
1 with Cu(II)-acetate in 10:1 of CH2Cl2-MeOH at 60 °C
for 2 h and isolation (in 99% yield) by precipitation
in CH2Cl2-MeOH. The UV-vis-spectrum of the nonﬂuorescent Cu(II)porphyrin 1 showed Soret and
Q-bands at 418 and 539.5 nm, respectively. A 1H NMR
characterization was not performed for the paramagnetic
CuII porphyrin 1-Cu. However mass spectrometry
conﬁrmed the stoichiometric metal incorporation.
Fig. 3. UV-vis-spectra of non-ﬂuorescent 1-Cu and of 1-Ni (in
The pseudo-molecular ion [M + H]+ occurred at m/z =
CH2Cl2, room temperature; overlay of the two spectra normalized
1484.7, corresponding to the molecular formula
to a common intensity maximum of the “Soret” band)
C84H100N4O8S4Cu (m/z calcd. = 1483.6). The base-peak
at m/z = 1227.9 indiacted efﬁcient loss of 4 SO2 groups.
Fragments due to loss of a Cu-ion were not found in the
dried under HV at 50 °C for 15 h to give a sample of 89.8 mg
spectrum of 1-Cu (some loss of the Cu-ion in a FAB(78.7% yield) of the porphyrin 1 as a microcrystalline
mass spectrometric study of metallo-prophyrins has been
sample. The strongly ﬂuorescent porphyrin 1 was identireported) [19]. Crystals, grown by diffusing n-heptane
ﬁed by its UV-vis-, mass- and 1H NMR-spectra [5]. In
Copyright © 2014 World Scientific Publishing Company
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into a CH2Cl2 solution of 1-Cu, did not have the quality
needed for an X-ray structure determination.
The Ni(II)-insertion was completed in 2.5 h when
Ni(OAc)2 and 1 were heated in DMF at 100 °C. The
Ni(II)-tetrasulfoleno-porphyrinate 1-Ni was obtained
in 91% yield, after recrystallization. The UV-visabsorption spectrum of the Ni(II)poprhyrin 1-Ni showed
a strong Soret band at 418 nm, and a Q-band at 530 nm,
as is typical of Ni(II)-porphyrins [20]. A solution of
1-Ni in CH2Cl2 was non-ﬂuorescent, as expected. Its
MS-spectrum indicated a pseudomolecular ion [M + H]+
at m/z = 1479.4, and a base-peak at m/z = 1223.6 ([M –
4SO2 + H]+). The 1H NMR-spectrum of the diamagnetic
complex 1-Ni showed the spectrum of a D4h symmetric
compound, with signal positions and shapes similar to
that of 1-Zn. The small shift differences may be due
largely to the smaller ionic radii of Ni(II)- than Zn(II)ions and correspondingly shorter equatorial bond lengths
in 1-Ni (see below).
The 1-Ni porphyrin was crystallized by slow diffusion
of n-hexane into CH2Cl2 solution, and X-ray quality
crystals were obtained. X-ray structure showed (Fig. 5)
a planar porphyrin core, with an ideal square planar
coordination of the Ni atom (four N–Ni–N angles of
90° and two of 180°). The Ni–N bonds were 1.975 Å
long, i.e. in the range of standard Ni–N bond lengths
in nickel porphyrins (1.942–2.002 Å) [18]. The Cα−Cβ
bond lengths were 1.343 Å, i.e. similar to those in 1-Zn.
The meso-aryl groups were nearly perpendicular to the
porphyrin plane (dihedral angles of 87° and 89°). The
CH2–SO2.groups were tilted by 14.3° from the porphyrin
plane. These latter structural properties were similar to
those of the Zn(II)-porphyrin 1-Zn.
Copyright © 2014 World Scientific Publishing Company

EXPERIMENTAL
General
3-Sulfolene, potassium tert-butanolate (KOtBu) were
from Fluka and were used as received. Dichloromethane
(CH2Cl2), ethyl acetate (EtOAc), petrol ether 40–60 (PE),
methanol (MeOH), tetrahydrofurane (THF), acetic acid
(HOAc), triﬂuoroacetic acid (TFA) were from ACROS
and were distilled before use. For synthesis, solvents
were dried (CH2Cl2 over P2O5, THF over Na). Glassware
for all reactions was oven dried at 110 °C and cooled
under HV, and purged with nitrogen ﬂow prior to use.
Column chromatography (CC): Fluka silica gel 60 (230–
400 mesh). High vacuum (HV): ca. 0.05 mbar.
Spectroscopy: UV-vis: Hitachi U-3000, λmax (log ε)
in nm. Fluorescence: Varian Cary Eclipse, λEx and λEm
in nm. 1H and 13C NMR: Brucker 300, Varian 500 unity
(300 K); chemical shifts (δ) in ppm, with δ(CHCl3) =
7.26 ppm, δ(13CHCl3) = 76.3 ppm, δ(CHD2OD) = 3.31
ppm, δ(13CD3OD) = 49.0 ppm. FAB-MS: Finnigan
MAT-95, positive ion mode, glycerine matrix; m/z (rel.
intensity %).
Synthesis
Triethylammonium sulfolenopyrrole-2-carboxylate
6. A two neck round bottomed ﬂask equipped with
magnetic stirring bar and a three way adapter, was
charged 10 g of benzyl pyrrole-2-carboxylate (5) (34.33
mmol, 1 equiv.) and 250 mL of MeOH. A suspension of 5
was obtained, which was purged with argon, whereupon
4.75 mL (34.3 mmol, 1 equiv.) triethylamine were added
J. Porphyrins Phthalocyanines 2014; 18: 119–122
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under argon. Then 1 g of 10% Pd/C (0.94 mmol, 0.27
equiv.) was added under argon. The mixture was vented
with argon, followed by bubbling-in hydrogen for 3 min.
The reaction was stirred at room temperature ﬁrst under
one atmosphere of hydrogen (15 h), followed by further
reaction under a balloon ﬁlled with hydrogen (for 33 h
additional). Then the reaction was stopped, the mixture
was diluted with 250 mL of MeOH, ﬁltered through cellite
and washed with 100 mL of acetone. The solvents were
removed under reduced pressure and a yellow powder
was obtained. The dry powder was then dissolved in
300 mL of CH2Cl2 and 5 mL of triethylamine, the solution
was ﬁltered, to remove insoluble material. Solvents were
removed under reduced pressure and the residual yellow
powder was ﬁrst washed with diethyl ether, and dried on
HV overnight to give 9.5 g (91.6%) of microcrystalline
colorless pyrrole 6. 300 MHz 1H NMR (CDCl3): δ, ppm
1.28 (t, J = 7.4 Hz, 9H, N–CH2–CH3), 3.04 (q, J = 7.4 Hz,
6H, N–CH2–CH3), 4.16 (s, 2H, CH2–SO2), 4.40 (s, 2H,
CH2–SO2), 6.67 (br s, 1H, CHpy), 9.71 (br s, 1H, NH).
β″-Sulfoleno-pyrrole 2. An oven dry argon-ﬂushed 1
L round-bottomed ﬂask, equipped with an intense cooler,
was charged under argon with 2 g of triethylammonium
sulfolenopyrrole-2-carboxylate (6, 6.62 mmol), 240 mL
of HOAc and 50 mL of triﬂuoro acetic acid (0.74 mol,
200 eq.). The solution was degassed by sonication and
venting with argon for 5 min, and the ﬂask was kept under
argon ﬁlled balloon. The reaction ﬂask was immersed in
a pre-heated oil bath at 100 °C and heated to reﬂux for
4.5 h, where upon it turned red. The ﬂask was removed
from the oil bath and the hot solution was poured into a 2
L beaker containing 1 kg of ice kept in an ice-bath. Then
Copyright © 2014 World Scientific Publishing Company

485 mL of 10 M NaOH were added in small amounts and
with intense stirring to the ice-cooled reaction mixture,
followed by Na2CO3 powder (in small amounts) until
the pH reached ca. 9. The mixture was extracted with
EtOAc (5 × 200 mL), and the collected organic extracts
were washed with water (200 mL), and brine (100 mL).
The pooled solution was dried over MgSO4, ﬁltered
and the solvents were removed under reduced pressure
to obtain brown mixture which was puriﬁed by column
chromatography (15 × 2.5 cm). The product 2 was eluted
with 3–5% of EtOAc in CH2Cl2. The collected product
fractions were evaporated to dryness under reduced
pressure to obtain a light yellow powder. This was washed
with 2–3 mL of ether and the coloured solution was
removed and discarded. The white crystalline product 2
was transferred to a small vial, dried on HV at 50 °C for
overnight to give 720.1 mg (70%). For crystallization, a
saturated methanolic solution of 2 was left to evaporate
slowly at room temperature. TLC: EtOAc/CH2Cl2, 1:9;
Rf = 0.4, mp 220 °C (dec., Lit. 235 °C dec. [6]). 300 MHz
1
H NMR (CD3OD): δ, ppm 4.18 (s, 4H, H2C(31)), 6.75
(br s, 2H, HC(2)).
Tetra-β″-sulfoleno-porphyrin 1. An oven dry argonﬂushed round-bottomed ﬂask was charged with 50.4 mg
(0.321 mmol) of sulfoleno pyrrole (2), 81.1 mg (0.371
mmol, 1.18 equiv.) of 3,5-di-tert-butyl-benzaldehyde
and 25 mg (0.0784 mmol, 0.25 equiv.) of hexadecyl
trimethyl ammonium chloride. The mixture was dried
under HV for 3 h at 25 °C, and under argon 35 mL of abs
CH2Cl2 were added (concentration in each reactant is ca.
10 mM). The obtained colorless solution was ﬂushed with
argon for 5 min, and, while stirring, 100 μL (88.9 mg,
J. Porphyrins Phthalocyanines 2014; 18: 120–122
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0.548 mmol, 1.7 equiv.) of triethyl orthoacetate were
added, followed by stirring for 10 min at 25 °C. To the
solution 500 μL of BF3·OEt2 (48% solution in Et2O, 287.9
mg, 1.99 mmol, 6 equiv.) was added through the septum
and continued to stir at room temperature for 24 h under
protection from light. To the obtained dark rose coloured
solution, 110 mg of chloranil (0.441 mmol, 1.4 equiv.)
was added under argon and the reaction mixture was
heated to reﬂux for 1.5 h. The cold solution was poured
in sat.NaHCO3 (50 mL) and the products were extracted
with CH2Cl2 (5 × 50 mL). The collected brown organic
phases were washed with sat. NaCl solution (60 mL) and
ﬁltered through a plug of dried cotton. The product was
puriﬁed by column chromatography (20 × 2.5 cm) with a
CH2Cl2-PE gradient. The product eluted with 3:2 CH2Cl2/
PE (v/v). The reddish product containing fractions were
combined and the solvents were removed under reduced
pressure. The dry residue was re-dissolved in CH2Cl2 (ca.
10 mL) and precipitated with excess of PE (ca. 40 mL).
The microcrystalline precipitate was washed with diethyl
ether and dried under HV at 50 °C for 15 h to give 89.8 mg
(78.7%) of the porphyrin 1. TLC: (red ﬂuorescent spot
under 365 nm UV light) CH2Cl2/PE, 8:2; Rf = 0.35, mp
132–135 °C (dec.). UV-vis (CH2Cl2, c = 3.93 × 10-5 M):
λmax, nm (log ε) 648.0 (3.68), 592.0 (3.80), 547 (3.71),
514.5 (4.37), 480.5 (3.66), 420 (5.58), 380 sh (4.54), 270
(4.40). Fluorescence (in CH2Cl2, c = 7.58 × 10-6 M): λEx,
nm 516 (O.D. = 0.2); λEm, nm (a.u) 656.8 (250.1), 722
(126.1). 300 MHz 1H NMR (CDCl3): δ, ppm -3.08 (br s,
2H), 1.51 (s, 72H), 4.15 (br s, 16H), 7.83 (d, J = 1.7 Hz,
8H), 7.96 (t, J = 1.7 Hz, 4H). 75 MHz 13C NMR (CDCl3):
see Table S1, Supporting information. FAB-MS (positive
ion, C84H102N4O8S4: calcd. 1422.66): m/z (%) 1425.6 (10),
1424.6 (20), 1423.6 (36, [M + H]+), 1422.6 (12, M+),
1360.7 (10), 1359.7 (12, [M – SO2 + H]+), 1296.8 (8),
1295.8 (6, [M – 2SO2 + H]+), 1232.8 (5), 1231.8 (5, [M
– 3SO2 + H]+), 1169.8 (18), 1168.8 (52), 1167.8 (90, [M –
4SO2 + H]+), 1166.8 (100, [M – 4SO2]+), 1165.8 (70).
Zn(II)-tetra-β″-sulfoleno-porphyrinate (1-Zn). A
dry argon ﬂushed ﬂask equipped with reﬂux condenser
was charged with 50 mg (35.11 μmol) of tetrasulfoleno
porphyrin 1, 160 mg (728.93 μmol, 20.76 equiv.) of
Zn(OAc)2·2H2O and 25 mL of DMF. The resulting brown
solution was ﬂushed with argon and stirred at 100 °C
under argon, reaction progress was followed with TLC
(17:3 CH2Cl2/PE) and UV-vis-spectra. After 40 min no
starting material was left and the ﬂask was removed from
the oil bath. The cooled reaction mixture was washed
with water (100 mL), extracted the product with EtOAc
(4 × 40 mL). The collective organic extractions were
ﬁltered through a plug of dried cotton and solvents were
removed under reduced pressure. The dry crude product
was re-dissolved in minimum amount of CH2Cl2, and the
porphyrin 1-Zn was precipitated with excess of PE (~1:5
v/v). The precipitate was dried under HV at 50 °C for
15 h to yield 47 mg (90%) of Zn(II)-tetra-β″-sulfolenoporphyrinate (1-Zn). TLC: (CH2Cl2/MeOH, 10/0.05)
Copyright © 2014 World Scientific Publishing Company
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Rf = 0.2. UV-vis (CH2Cl2, c = 3.83 × 10-5 M): λmax, nm
(log ε) 590 (3.92), 549.5 (4.41), 424 (5.85), 402 (4.73),
326 br (4.25). Fluorescence (CH2Cl2, c = 1.104 × 10-5
M): λEx, nm 554 (O.D. = 0.25); λEm, nm (a.u.) 650 (129),
601 (70.6). 300 MHz 1H NMR (CDCl3): δ, ppm 1.50 (s,
72H, t-Bu531), 4.18 (s, 16H, H2C21), 7.81 (d, J = 1.8 Hz,
8H, HC52), 7.96 (t, J = 1.8 Hz, 4H, HC54). FAB-MS (pos.
ion, C84H100N4O8S4Zn, calcd. 1484.57): m/z (%) 1491.3
(5), 1490.3 (10), 1489.3 (16), 1488.3 (21), 1487.3 (24),
1486.3 (24), 1485.3 (22, [M + H]+), 1484.3 (19, [M]+),
1424.4 (4), 1423.4 (5), 1422.4 (5), 1421.4 (4, [M – SO2 +
H]+), 1296.5 (6), 1295.5 (9), 1294.5 (10), 1293.5 (11,
[M – 3SO2 + H]+), 1292.5 (10, [M – 3SO2]+), 1291.4
(9), 1246.5 (17), 1245.5 (20), 1244.5 (21), 1243.5 (15),
1242.5 (16), 1233.5 (41), 1232.5 (62), 1231.5 (69), 1230.5
(95), 1229.5 (100, [M – 4SO2 + H]+), 1228.5 (94, [M –
4SO2]+), 1227.5 (37), 1226.5 (30), 1217.5 (16), 1216.5
(21), 1215.5 (24), 1214.5 (26), 1213.5 (25), 1212.5 (20).
X-ray structure analysis, crystal data and structure
reﬁnement: for crystallization, a layer of n-hexane was
added on top of a solution of ca. 2 mg of 1-Zn in CH2Cl2
(3 mL), and the sample was stored at room temperature
over few days (for crystallography, see Supporting
information).
Cu(II)-tetra-β″-sulfoleno-porphyrinate (1-Cu). A
dry and argon ﬂushed round-bottomed ﬂask charged with
24.7 mg (17.3 μmol) of sulfoleno porphyrin 1 and 35 mg
(171 μmol, 10 equiv.) of Cu(OAc)2·H2O. The mixture
was evacuated under HV for 1 h and under argon 15 mL
of abs CH2Cl2 and 1.5 mL of abs MeOH (10:1, v/v)
were added. The resulting brown solution was heated to
reﬂux in a pre-heated oil bath at 60 °C under argon. The
reaction progress was followed by TLC, (17:3 CH2Cl2/
PE; red non-ﬂuorescent product spot slightly ahead of
the spot of 1-2H) and UV-vis spectra. After 2 h, 1-2H
was completely consumed and the ﬂask was removed
from the oil bath and allowed to cool down. The mixture
was washed with water (30 mL) and extracted in CH2Cl2
(4 × 25 mL). The collected organic extracts were dried
over Na2SO4, ﬁltered and the solvents were evaporated
under reduced pressure. The dry residue was re-dissolved
in CH2Cl2 (4–5 mL) and precipitated with excess of PE
(20 mL). The precipitate was dried under HV at 50 °C for
15 h to give 26.1 mg (99%) of the Cu(II)-tetrasulfolenoporphyrinate 1-Cu. TLC: CH2Cl2/PE, 8.5:1.5; Rf = 0.45.
UV-vis (CH2Cl2, c = 1.764 × 10-5 M): λmax, nm (log ε)
539.5 (4.44), 418 (5.76), 397 sh (4.61), 323 br (4.16).
FAB-MS (pos. ion, C84H100N4O8S4Cu, calcd. 1483.57):
m/z (%) 1486.7 (29), 1485.7 (33), 1484.7 (34, [M + H]+),
1422.8 (6), 1421.6 (8), 1420.7 (10, [M – SO2 + H]+),
1419.7 (6), 1260.8 (28), 1259.8 (33), 1258.8 (38), 1257.8
(33), 1244.9 (25), 1243.9 (28), 1241.8 (28), 1231.8 (30),
1230.7 (56), 1229.8 (61), 1228.9 (86, [M – 4 SO2 + H]+),
1227.9 (100, [M – 4 SO2]+), 1226.8 (43), 1225.9 (38).
Tetrasulfoleno Ni(II) porphyrin (1-Ni). A dry
and argon ﬂushed round-bottomed ﬂask charged with
55 mg (38.6 μmol) of sulfoleno porphyrin 1, 205 mg
J. Porphyrins Phthalocyanines 2014; 18: 121–122
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of (824 μmol, 21 equiv.) Ni(OAc)2·4H2O and 16 mL of
dimethyl formamide (DMF). The resulting solution was
purged with argon, stirred in a pre-heated oil bath at
100 °C under argon. The reaction progress was followed
with TLC, and UV-vis spectra. After 2.5 h, complete
conversion of 1 was observed, and the ﬂask was removed
from the oil bath. The cold reaction mixture was washed
with water (100 mL) and the porphyrin was extracted into
EtOAc (4 × 40 mL). The collected organic phases dried
on Na2SO4, ﬁltered and the solvent was removed under
reduced pressure. The red dry product was re-dissolved
in CH2Cl2 (6 mL), added PE 40–60 (35 mL) and placed
in 4 °C refrigerator to give micro-crystals overnight,
which were dried under HV at 50 °C for 15 h. In this
way, 52.2 mg (91.3%) of tetrasulfoleno Ni(II)-porphyrin
(1-Ni) were obtained. TLC: CH2Cl2/PE, 8.5:1.5; Rf = 0.3.
UV-vis (CH2Cl2, c = 4.255 × 10-5 M): λmax, nm (log ε) 562
(3.45), 530 (4.30), 418 (5.42), 300 br (4.17), 240 (4.40).
1
H NMR (300 MHz, CDCl3): δ, ppm 1.47 (s, 72H), 4.06
(br s, 16H), 7.67 (d, J = 1.7 Hz, 8H), 7.89 (t, J = 1.8 Hz,
4H). 75 MHz 13C NMR (CDCl3): see Table S2, Supporting
information. FAB-MS (pos. ion, C84H100N4O8S4Ni, calcd.
1478.58): m/z (%) 1483.5 (12), 1482.5 (18), 1481.5 (32),
1480.4 (26), 1479.4 (22, [M + H]+), 1478.4 (20, [M]+),
1419.5 (8), 1418.5 (14), 1417.5 (18), 1416.5 (19), 1415.5
(29, [M – SO2 + H]+), 1227.6 (20), 1226.6 (42), 1225.6
(68), 1224.6 (92), 1223.6 (100, [M – 4SO2 + H]+), 1222.6
(94), 1221.6 (60), 1220.6 (50).
X-ray structure analysis, crystal data and structure
reﬁnement: for crystallization, n-hexane was added as a
layer on top of a solution of ca. 2 mg of 1-Ni in CH2Cl2
(3 mL), and the sample was stored at room temperature
over few days (for crystallography, see Supporting
information).

CONCLUSION
The here reported improved synthesis of the β″-tetrasulfolenopyrrol 1 made use of the beneﬁcial effect of
added detergent salts on the pyrrole tetramerization to
porphyrinogens [16]. The versatile porphyrinoid building
block 1 was obtained in a remarkable yield of up to
80–90%, paving the way to further studies of the chemistry
of this type of reactive porphyrins. The synthesis of
several transition metal complexes of 1 is described here.
The functionalizable tetrasulfoleno porphyrins, obtained
from 1, are valuable basic units in up to four sequential
cycloaddition reactions, as investigated in recent studies
with the Zn(II)-complex 1-Zn [5, 11, 12, 14].
Supporting information
Supplementary material is available free of charge
via the Internet at http://www.worldscinet.com/jpp/jpp.
shtml.
Crystallographic data for structures 1-Ni and 1-Zn
(excluding structure factors) have been deposited at
Copyright © 2014 World Scientific Publishing Company

the Cambridge Crystallographic Data Centre (CCDC)
under numbers CCDC-950012 and 950013. Copies
can be obtained on request, free of charge, via www.
ccdc.cam.ac.uk/data_request/cif 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).
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ABSTRACT: Regioselective bromination of methyl pyropheophorbide a at the C32-position of the
terminal double bond has been carried out as a one-pot two-step addition/elimination process. The
elimination occurs with 100% stereoselectivity and bromovinyl 4 has E-conﬁguration of the C3-double
bond. The reactivity of unsaturated bromide 4 has been evaluated in the series of the Pd-catalyzed
coupling reactions.
KEYWORDS: chlorophyll, chlorin, photosensitizer, photodynamic therapy, cross-coupling,
bromination, palladium, tetrapyrrole, macrocycles.

INTRODUCTION
Natural chlorins hold an important place in modern
chemistry. Chlorophyll derivatives are of use as model
systems for studying the process of photosynthesis [1–4].
Having been applied to dye-sensitized solar cells they
are considered to be a key element of solar converters
[5–7]. These compounds became of special interest
for the development of new photosensitizers (PS) for
photodynamic therapy (PDT) due to numerous advantages
over synthetic porphyrins [8]. Among them, natural
chlorins are biodegradable and can be rapidly eliminated
from the body, reducing PDT side effects [9]. Moreover,
starting materials are readily available from natural
sources and have different substituents for subsequent
chemical modiﬁcations [10]. It has been shown that
substitution of natural chlorins at the pyrrole ring A
¡

SPP full member in good standing

*Correspondence to: Ivan S. Lonin, email: loninis@gmail.com,
fax: +7 (495)-952-5308
Copyright © 2014 World Scientific Publishing Company

(Fig. 1) results in increased photodynamic efﬁciency of
the PS [11, 12]. In particular, introduction of the alkoxide
and carbohydrate moieties via the C3-vinyl group of the
chlorophyll a derivatives gave rise to the amphiphilic PSs
characterized by higher photocytotoxicity compared to
those with the substituents in the other positions of the
macrocycle [13–15].
Substitution in the C3-vinyl group conjugated with
the macrocycle also may affect optical properties of
the pigment by shifting the longest absorbing (Qy)
maximum. Since this characteristic band is dependent on
the transition moment along the y-axis, the modiﬁcation
of the C3-position of the macrocycle can be used for
tuning the chlorin optical properties. This approach
has successfully been applied for the development of
dye components for dye-sensitized solar cells [16, 17],
analytical sensors [18, 19], and led to the synthesis
of new compounds for studying chlorophyll spectral
properties [20, 21].
In this study, we describe a facile and efﬁcient procedure
for regioselective bromination of the C32-position of
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chlorophyll a leading to related bromovinyl derivatives
and its subsequent Pd-catalyzed coupling reactions. This
approach allows to introduce various unsaturated and
conjugated substituents into vinyl group of the pyrrole
ring A, thereby to adjust chlorin spectral properties.

EXPERIMENTAL
General
The solvents were puriﬁed and prepared using
standard procedures. All reactions were carried out under
argon in air-free solvents and with protection from direct
light. Chlorophyll a (1) and pyropheophorbide a methyl
ester (2) were obtained using a known procedure [22,
23]. Column chromatography was carried out on 40/60
silica gel (Merck). Preparative TLC was performed on
silica gel 60 (Merck) using 20 × 20 cm plates with a layer
thickness of 1 mm. Analytical TLC was carried out on
Kieselgel 60 F245 plates (Merck). Electronic spectra were
recorded using a HITACHI U-2900 spectrophotometer.
NMR spectra were recorded at 25 °C on Bruker Avance
III 600 spectrometer. The signals of carbon atoms and
those of residual protons of CDCl3 were used to calibrate
the 13C and 1H scales, respectively [24]. Carbon signals
were assigned by HSQC and HMBC spectra. All NMR
experiments were based on standard Bruker techniques.
The evolution delay in 1H-13C gHMBC experiment was
60 ms. Mass spectra were obtained on a Ultraﬂex II
Bruker Daltonics time-of-ﬂight mass spectrometer using
the MALDI method.
Synthesis
3-Devinyl-3-(1,2-dibromoethyl)pyropheophorbide a
methyl ester (3). To a cooled solution (-90 °C) of methyl
pyropheophorbide a (2) (100 mg, 0.18 mmol) in CH2Cl2
(20 mL) a solution of Br2 in CH2Cl2 (0.19 M, 1.15 mL)
was added dropwise over a period of 30 min. The mixture
was stirred for 30 min at -90 °C. Evaporation of the solvent
in vacuo at ambient temperature gave 3-(1,2-dibromoethyl)
pyropheophorbide methyl ester (3) which can be used for
Copyright © 2014 World Scientific Publishing Company

the synthesis of bromovinyl 4 without further puriﬁcation.
The crude product was ﬁltered through a short silicapad using CHCl3 as eluent followed by recrystallization
from CH2Cl2 and hexane to give 3 as a mixture of two
diastereomers (109 mg, 85%). 1H NMR (CDCl3): δ, ppm
9.78 and 9.77 (1H, each s, 10-H), 9.57 (1H, s, 5-H), 8.61
(1H, s, 20-H), 6.02 (1H, m, 31-H), 5.28 (1H, d, J = 19.2 Hz,
132-CH2a), 5.14 (1H, d, J = 19.2 Hz, 132-CH2b), 4.52 (1H, q,
J = 7.3 Hz, 18-H), 4.38 (1H, m, 32-Ha), 4.33 (1H, m, 17-H),
4.13 (1H, m, 32-Hb), 3.82 and 3.78 (2H, each q, J = 7.5 Hz,
81-CH2), 3.69 (3H, s, 172-CO2CH3), 3.62 and 3.61 (3H,
each s, 12-CH3), 3.45 (3H, s, 2-CH3), 3.29 (3H, s, 7-CH3),
2.71 (1H, m, 171-CH2a), 2.57 (1H, m, 172-CH2a), 2.28 (2H,
m, 171-CH2b, 172-CH2b), 1.83 and 1.82 (3H, each d, J =
7.3 Hz, 18-CH3), 1.39 and 1.38 (3H, each t, J = 7.5
Hz, 82-CH3), 0.25 and -1.80 (2H, each s, NH × 2). MS
(MALDI TOF): m/z found 707.6, 709.6, 711.6, calcd.
for C34H36N4O379Br2: [MH]+, 707.5, C34H36N4O379Br81Br:
[MH]+, 709.5, C34H36N4O381Br2: [MH]+, 711.5. UV-vis
(CH2Cl2): λ, nm (Arel) 415 (1.00), 519 (0.07), 551 (0.12),
618 (0.04), 676 (0.50).
(E)-32-Bromopyropheophorbide a methyl ester
(4). 3-devinyl-3-(1,2-dibromoethyl)pyropheophorbide a
methyl ester (2) (100 mg, 0.14 mmol) was dissolved in
CH2Cl2 (20 mL). The resulting solution was evaporated
to dryness in a round-bottom ﬂask to form a thin solid
layer. The solid material was heated for 1.5 h at 80 °C.
Recrystallization from CH2Cl2 and hexane gave 4 in
quantitative yield (87 mg). 1H NMR (CDCl3): δ, ppm
9.48 (1H, s, 10-H), 9.19 (1H, s, 5-H), 8.57 (1H, s, 20-H),
8.31 (1H, d, J = 14.5 Hz, 31-H), 7.25 (1H, d, J = 14.5 Hz,
32-H), 5.27 (1H, d, J = 19.3 Hz, 132-CH2a), 5.12 (1H, d, J =
19.3 Hz, 132-CH2b), 4.50 (1H, q, J = 7.5 Hz, 18-H), 4.31
(1H, m, 17-H), 3.67 (2H, q, J = 7.8 Hz, 81-CH2), 3.66
(3H, s, 12-CH3), 3.62 (3H, s, 172-CO2CH3), 3.35 (3H,
s, 2-CH3), 3.21 (3H, s, 7-CH3), 2.70 (1H, m, 171-CH2a),
2.57 (1H, m, 172-CH2a), 2.30 (2H, m, 171-CH2b, 172CH2b), 1.82 (3H, d, J = 7.5 Hz, 181-CH3), 1.69 (3H, t, J =
7.8 Hz, 82-CH3), 0.26 and -1.87 (2H, each s, NH × 2). 13H
NMR (CDCl3): δ, ppm 196.8 (C131), 173.4 (C173), 171.1
(C19), 160.6 (C16), 154.9 (C6), 150.9 (C9), 149.0 (C14),
145.0 (C8), 140.8 (C1), 138.2 (C12), 136.2 (C7), 135.1
(C4), 133.3 (C3), 131.3 (C11), 130.8 (C2), 129.6 (C31),
128.8 (C13), 112.3 (C32), 106.3 (C15), 104.1 (C10), 96.9
(C5), 93.3 (C20), 51.8 (C17), 51.6 (C175), 50.0 (C18),
48.1 (C132), 30.9 (C172), 29.9 (C171), 23.2 (C181), 19.5
(C81), 17.4 (C82), 12.3 (C21), 12.0 (C121), 11.2 (C71).
MS (MALDI TOF): m/z found 627.6, 629.6 calcd. for
C34H35N4O379Br: [MH]+, 627.2, C34H35N4O381Br: [MH]+,
629.2. UV-vis (CH2Cl2): λ, nm (Arel) 414 (1.00), 510
(0.11), 540 (0.09), 613 (0.08), 671 (0.45).
(E)-32-(2-methoxycarbonylvinyl)pyropheophorbide
a methyl ester (5). To a solution of 4 (20 mg, 0.032 mmol)
in THF (3 mL) was added methyl acrylate (0.10 mL, 1.1
mmol), Pd(PPh3)4 (7.4 mg, 0.0048 mmol) and DIPEA
(18 μL, 0.096 mmol) and the mixture was stirred for 18 h
at 65 °C. The reaction mixture was concentrated in vacuo
J. Porphyrins Phthalocyanines 2014; 18: 124–128
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and the residue was puriﬁed by preparative thin-layer
chromatography in a CH2Cl2/MeOH system (100:1) to
afford 5 (10.4 mg, 52%). 1H NMR (CDCl3): δ, ppm 9.74
(1H, s, 10-H), 9.56 (1H, s, 5-H), 8.80 (1H, s, 20-H), 8.30
(1H, d, J = 15.8 Hz, 31-H), 7.92 (1H, dd, J = 15.3 Hz, J =
11.1 Hz, 33-H), 7.47 (1H, dd, J = 11.1 Hz, J = 15.8 Hz,
32-H), 6.32 (1H, d, J = 15.3 Hz, 34-H), 5.35 (1H, d, J =
19.3 Hz, 132-CH2a), 5.15 (1H, d, J = 19.3 Hz, 132-CH2b),
4.61 (1H, q, J = 7.5 Hz, 18-H), 4.40 (1H, m, 17-H), 3.93
(3H, s, 34-CO2CH3), 3.80 (2H, q, J = 7.8 Hz, 81-CH2),
3.75 (3H, s, 12-CH3), 3.66 (3H, s, 172-CO2CH3), 3.53
(3H, s, 2-CH3), 3.34 (3H, s, 7-CH3), 2.78 (1H, m, 171CH2a), 2.63 (1H, m, 172-CH2a), 2.37 (2H, m, 171-CH2b,
172-CH2b), 1.89 (3H, d, J = 7.5 Hz, 181-CH3), 1.75 (3H,
t, J = 7.8 Hz, 82-CH3), -0.08, -1.79 (2H, s, NH H2). MS
(MALDI TOF): m/z found 632.8, calcd. for C38H40N4O5:
[M]+, 632.8. UV-vis (CH2Cl2): λ, nm (Arel) 414 (1.00), 511
(0.12), 542 (0.09), 618 (0.08), 675 (0.40).
(E)-32-vinylpyropheophorbide a methyl ester (6).
To a solution of 4 (20 mg, 0.032 mmol) in THF (5 mL)
was added vinyltributylstannane (92 μL, 0.32 mmol),
Pd(PPh3)4 (4 mg, 0.0032 mmol) and DIPEA (16 μL,
0.096 mmol) and the mixture was stirred for 48 h at
65 °C. The reaction mixture was concentrated in vacuo
and the residue was puriﬁed by preparative thin-layer
chromatography in a CH2Cl2/MeOH system (100:1) to
afford 6 (15 mg, 81%). 1H NMR (CDCl3): δ, ppm 9.55
(1H, s, 10-H), 9.42 (1H, s, 5-H), 8.59 (1H, s, 20-H), 7.90
(1H, d, J = 16.0 Hz, 31-H), 7.37 (1H, dd, J = 16.0 Hz, J =
10.5 Hz, 32-H), 7.00 (1H, dt, J = 10.5 Hz, J = 17.0 Hz, J =
10.1 Hz, 33-H), 5.67 (1H, d, J = 17.0 Hz, 34a-H), 5.49
(1H, d, J = 10.1 Hz, 34b-H), 5.29 (1H, d, J = 19.3 Hz, 132CH2a), 5.14 (1H, d, J = 19.3 Hz, 132-CH2b), 4.52 (1H, q,
J = 7.5 Hz, 18-H), 4.32 (1H, m, 17-H), 3.74 (2H, q, J =
7.8 Hz, 81-CH2), 3.71 (3H, s, 12-CH3), 3.64 (3H, s, 172CO2CH3), 3.47 (3H, s, 2-CH3), 3.29 (3H, s, 7-CH3), 2.73
(1H, m, 171-CH2a), 2.59 (1H, m, 172-CH2a), 2.33 (2H, m,
171-CH2b, 172-CH2b), 1.84 (3H, d, J = 7.5 Hz, 181-CH3),
1.74 (3H, t, J = 7.8 Hz, 82-CH3), 0.53, -1.62 (2H, 2s, NH ×
2). MS (MALDI TOF): m/z found 575.6, calcd. for
C36H38N4O3: [MH]+, 575.7. UV-vis (CH2Cl2): λ, nm (Arel)
417 (1.00), 511 (0.09), 542 (0.08), 615 (0.07), 673 (0.38).
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(E)-32-phenylpyropheophorbide a methyl ester (7).
To a solution of 4 (20 mg, 0.032 mmol) in 1,4-dioxane (3
mL) was added phenylboronic acid (19 mg, 0.16 mmol),
Pd(dba)2 (3.7 mg, 0.0064 mmol), triphenylposhphine (3.4
mg, 0.013 mmol) and Cs2CO3 (10.5 mg, 0.032 mmol)
and the mixture was stirred for 48 h at 70 °C. The reaction
mixture was concentrated in vacuo and the residue was
puriﬁed by preparative thin-layer chromatography in a
CH2Cl2/MeOH system (100:1) to afford 7 (16 mg, 80%).
1
H NMR (CDCl3): δ, ppm 9.59 (1H, s, 10-H), 9.50 (1H, s,
5-H), 8.65 (1H, s, 20-H), 8.37 (1H, d, J = 16.5 Hz, 31-H),
7.89 (1H, d, J = 7.5 Hz, 35-H), 7.64 (1H, d, J = 16.5 Hz,
32-H), 7.59 (1H, t, J = 7.5 Hz, 36-H), 7.49 (1H, t, J = 7.3
Hz, 37-H), 5.31 (1H, d, J = 19.3 Hz, 132-CH2a), 5.15 (1H,
d, J = 19.3 Hz, 132-CH2b), 4.55 (1H, q, J = 7.5 Hz, 18-H),
4.34 (1H, m, 17-H), 3.74 (2H, q, J = 7.8 Hz, 81-CH2),
3.71 (3H, s, 12-CH3), 3.65 (3H, s, 172-CO2CH3), 3.49
(3H, s, 2-CH3), 3.27 (3H, s, 7-CH3), 2.75 (1H, m, 171CH2a), 2.61 (1H, m, 172-CH2a), 2.35 (2H, m, 171-CH2b,
172-CH2b), 1.87 (3H, d, J = 7.5 Hz, 181-CH3), 1.73 (3H,
t, J = 7.8 Hz, 82-CH3), 0.36, -1.65 (2H, 2s, NH × 2). MS
(MALDI TOF): m/z found 624.7, calcd. for C40H40N4O3:
[M]+, 624.8. UV-vis (CH2Cl2): λ, nm (Arel) 419 (1.00),
512 (0.11), 542 (0.09), 615 (0.08), 673 (0.44).

RESULTS AND DISCUSSION
The starting compound was methyl pyropheophorbide
a (2) prepared from chlorophyll a (1) according to the
reported procedure [23]. It is known that the bromination
of the C3-vinyl group of chlorophyll derivatives at
room temperature is nonselective due to a competitive
electrophylic substitution reaction at the 20-position
of the chlorin macrocycle [25]. Wang reported that the
selective bromination of the C3-vinyl group of chlorophyll
derivatives may be performed at low temperature [26].
We have found that the highest 85% yield of dibromide
3 can be achieved by slow addition of a bromine solution
in dichloromethane to 2 at -90 °C (Scheme 1). Reaction
monitoring by 1H NMR spectroscopy conﬁrmed the
regioselective bromine addition to the terminal double
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bond, as indicated by the presence of the set of three
meso-protons at 9.8–8.6 ppm region and disappearance
of the vinyl group signals.
Subsequent solvent-free elimination of HBr in chlorin
3 at elevated temperature quantitatively gave derivative
4 with bromine atom at the C32-position. The observed
regioselectivity can be explained by formation of the
C31-carbocation stabilized by the tetrapyrrole system. The
elimination process occurs with 100% stereoselectivity
and the double bond has E-conﬁguration which is
conﬁrmed by coupling constant J = 14.5 Hz of the
3-bromovinyl group protons. It should be noted that the
described reaction conditions allow to obtain derivative
4 without isolation of dibromide 3 in 82% overall yield.
To evaluate the reactivity of bromovinyl derivative 4,
it was subjected to a series of the Pd-catalyzed Mizoroki–
Heck, Stille and Suzuki–Miyaura cross-coupling
reactions (Scheme 2). High chemoselectivity of these
methods is widely used in tetrapyrrole chemistry to
obtain a variety of conjugates and construct porphyrin
assemblies [27–30].
It is known that chlorin free bases are tend to incorporate Pd2+ cation into the macrocycle upon tratment with
Pd(II) compounds [31, 32]. Therefore, complexes such
Copyright © 2014 World Scientific Publishing Company

as bis(dibenzylideneacetone)palladium(0) and tetrakis(triphenylphosphine)palladium(0) have been used for
chlorin cross-couplings to prevent the loss of the catalyst.
Heating under reﬂux of bromovinyl 4 in THF using
15 mol% of Pd(PPh3)4 in presence of N,N-diisopropylethylamine (DIPEA) for 18 h gave derivative 5 in 52%
yield.
Table 1. Selected 1H NMR chemical shifts and coupling
constants of chlorin derivatives 4–7 in CDCl3
δ, ppm, multiplicity

Proton
4
1

8.31, d

2

7.25, d

H-3

5
8.30, d

6
7.90, d

8.37, d
7.64, d

7.47, dd

7.37, dd

H-33

7.92, dd

7.00, dt

H-34

6.32, d

a) 5.67, d
b) 5.49, d

J12 = 15.8,
J23 = 11.1,
J34 = 15.3

J12 = 16.0,
J23 = 10.5,
J34a = 17.0,
J34b = 10.1

H-3

J, Hz

J12 = 14.5

7

J12 = 16.5
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Table 2. Absorption characteristics of chlorins in CH2Cl2
λabs, nm

Compound

Int (Qy (0,0)/
int (Soret)

Soret

Qx
(0,1)

Qx
(0,0)

Qy
Qy
(0,1) (0,0)

2

413

508

538

609

667

0.43

4

414

510

540

613

671

0.45

5

414

511

542

618

675

0.40

6

417

511

542

615

673

0.38

7

419

512

542

615

673

0.44

The Stille coupling of bromovinyl 4 with vinyltributylstannane as a nucleophile with 10 mol% of
the catalyst led to diene 6 in a good yield (81%). The
E-conﬁguration of the substituted double bonds of
vinylogs 5 and 6 was conﬁrmed by 1H NMR (Table 1).
Bromide 4 was also found to be reactive under Suzuki–
Miyaura conditions. Coupling with phenylboronic acid
proceeded smoothly in 1,4-dioxane at 70 °C with cesium
carbonate as a base to give 32-phenylpyropheophorbide a
methyl ester (7) in 80% yield with complete retention of
the double bond conﬁguration.
Absorption spectra data are summarized in Table 2.
Substitution in the vinyl group of pyropheophorbide a
methyl ester 2 caused a slight bathochromic shift of the
absorption peaks. Among compounds 4–7 the most red
shift of the Qy peak maximum was observed for derivative
5, apparently due to electron-accepting properties of the
conjugated methoxycarbonyl group.

CONCLUSION
In conclusion, we developed a facile and efﬁcient one-pot
method for the C32-bromination of the chlorin macrocycle.
The reactivity of unsaturated bromide 4 has been evaluated
in the series of the Pd-catalyzed coupling reactions.
The proposed approach opens up a broad possibility for
natural chlorin based conjugate and oligomer synthesis.
It also allows the introduction of numerous aromatic and
unsaturated substituents along the y-axis of the macrocycle
to form extended π-conjugated chlorin systems.
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ABSTRACT: Bacteriochlorin derivatives were synthesized by reacting bacteriopheophorbide methyl
ether with diaminoalkanes bearing alkyl groups of different chain length. Biotests demonstrated their high
in vitro phototoxicity at nanomolar concentrations against different types of epithelial cells, as well as
high dose-dependent in vivo antitumor efﬁcacy in tumor laden mice. At the doses of 2.5 and 5.0 mg/kg,
the tested photosensitizers (PS) provided 100% tumor growth inhibition and 100% response rate over
120 day follow-up period after PDT due to selective accumulation in the tumor tissue and rapid clearance
from the body.
KEYWORDS: photodynamic therapy, photosensitizer, bacteriochlorin.

INTRODUCTION
Photodynamic therapy (PDT) is an advanced
minimally invasive cancer treatment method. This type of
treatment offers some signiﬁcant advantages, speciﬁcally,
PDT can selectively destroy targeted tissues leaving the
surrounding tissue intact, has an increased potential for
disease site access, allows treatment on an outpatient
basis. PDT is a relatively benign procedure, which
produces good results from a functional standpoint and
is generally well-tolerated (minimal side effects such as
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nausea, vomiting, hair loss, mouth sores, a decrease in
the number of white blood cells, etc.) [1–6].
The choice of natural pigments to be used for synthesis
of new PS is inﬂuenced by several factors, including their
natural occurrence, strong long-wavelength absorption,
convenient substitution on side-chain functional groups,
structural similarity with endogenous porphyrins which
is thought to ensure low toxicity of PS and its rapid
elimination from the body [7, 8].
Compared bacteriochlorin based PS with alternative
photosensitizers, those based on bacteriochlorophyll a
(Bchl a) beneﬁt from the shift of the absorption maximum
to longer wavelengths (λmax ~ 750 nm), where light
absorption in tissue is relatively low. The most commonly
employed photosensitisers in clinical PDT, i.e. Fotofrin
(USA), Fotogem (RF), Foscan (UK), Photosens (RF),
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Fotoditazin (RF), Radachlorin (RF), Photolon (Belarus),
typically have maximum absorbance at 630–675 nm,
whereas transparency of biological tissues in this spectral
region is of the order of 0.5 cm only.
In this context, using PS of bacteriochlorin family
which allow access to the target tissue at depths
exceeding 2 cm enables treatment of bulky, deep-seated
tumors such as skin cancer, gastric cancer, colorectal
cancer, pancreatic cancer, biliary tract cancers, prostate
cancer, etc.
Bchl a derivatives ﬂuoresce and thus are readily
detectable in the tumor tissue. When Bcl a derivatives
have enhanced tumor accumulation, their ﬂuorescence
can be used for tumor diagnosis and local PDT.
Furthermore, bacteriochlorin-based PS demonstrate
good pharmacokinetics, particularly, they are cleared
from the body within 24 h which markedly decreases
the risk of development of side effects and especially
of skin phototoxicity due to sunlight/artiﬁcial light. In
contrast, clinical PDT agents based on porphyrins and
phthalocyanines are usually cleared from organs and
tissues including skin within 30 days [9].
However, the use of many of Bchl a derivatives as
PDT agents is limited due to their high hydrophobicity,
low chemical and photostability, insufﬁciently selective
tumor uptake. This prompts structural optimization of
Bchl a to overcome these drawbacks [10–17].
Spectroscopic and photophysical properties of PS
are mostly dictated by the electronic structure of the
porphyrin, chlorin, or bacteriochlorin macrocycle, whereas
biodistribution, tumor uptake and tumor selectivity,
pharmacokinetics can be controlled by selection of
pendant groups.
Thus, in the chlorophyll a family, the PDT efﬁcacy
of the chlorin e6 bearing ethylenediamine fragment at
the 13 position of chlorin macrocycle (EDA-Chl e6,
Fig. 1) was shown to be substantially higher compared
to unsubstituted chlorin e6 (Chl e6) [18]. Using animal
tumor models it was shown that the tumor-to-tissue
contrast ratio for EDA-Chl e6 was as much as 20,
whereas for Chl e6 it was at most 3. Such contrast ratio

NH

NH
N

N
HN

COOH
HOOC
HOOC

O
NH
COOH

Fig. 2. Mono-L-aspartyl chlorin e6

was presumably achieved due to high afﬁnity of EDAChl e6 to blood low-density lipoproteins and to targeted
delivery of the formed conjugates to the tumor tissue.
The authors have formulated an injection form of
EDA-Chl e6 and established an effective PDT treatment
protocol consisting of systemic administration of a
photosensitizer followed by the local irradiation of
the tumor with visible light in a wavelength range of
655–662 nm.
Another effective chlorin-type photosensitizer (MACE,
Npe6, under the trademark Talaporﬁn) which is structurally
similar to the above PS, mono-L-aspartyl chlorin e6 is
a covalently bound aspartic acid conjugate of chlorin e6
(Fig. 2) [19, 20].
Npe6 is a second generation photosensitizer used in the
clinical photodynamic therapy of different tumors [21].
In bacteriochlorophyll a family, it was found that
aminolysis of the isocyclic ring with negatively charged
residues markedly increases the hydrophilicity of the
Bchl sensitizers, decreases their self-association constant
and selectively increases their afﬁnity to serum albumin,
compared with other serum proteins [22].
WST11, a water-soluble anionic photosensitizer
(Fig. 3) derived by reacting Pd-bacteriopheophorbide
(Tookad) with taurine (2-sulfoethylamine), possesses
high PDT efﬁcacy and is readily soluble in phosphate
buffered saline where forms small aggregates [23]. In
blood serum solutions it undergoes disaggregation to
monomeric molecules assembled with serum albumin
and high-density lipoproteins.

N

RESULTS AND DISCUSSION
N

ROOC H3COOC

HN

O

*

(CH2CH2COOH)2

NH
NH2

2

R = Me, Et

Fig. 1. Adipate of chlorin e6 monoamide ether
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The aim of this work was the preparation of
bacteriochlorin based PS with terminal amino group
(Fig. 4) and their evaluation for use in PDT. Since tumor
tissues typically exist in an acidic microenvironment,
the protonation of the amino group yielding a positive
charge can potentially alter PS biodistribution and favor
its higher tumor uptake [24].
For nucleophilic aminolysis of the isocyclic ring
of bacteriopheophorbide 1, we used diaminobutane or
J. Porphyrins Phthalocyanines 2014; 18: 130–138
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Fig. 3. WST11, a novel water-soluble bacteriochlorophyll derivative and its absorption spectrum
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diaminooctane, which reacts with bacteriopheophorbide
methyl ester in pyridine (6 or 24 h respectively).
Products 2 and 3 were puriﬁed by preparative thin-layer
chromatography.
Physico-chemical properties of compounds 2 and 3
Compounds 2 and 3 are hydrophobic (logP 5.036
and 7.056 respectively, calculating via Mib Engine
software). Being readily soluble in organic solvents
such as chloroform and methanol, they are poorly water
soluble. Thus, for biological testing, the compounds
were solubilized in the Cremophor EL (CrEL) which is
approved for clinical use and was shown [25] to work
well with hydrophobic bacteriochlorin derivatives.
Compounds 2 and 3 are soluble in 10% CrEL to a
concentration of 0.5 mM. The linker structure does
not affect the shape of the absorption and ﬂuorescence emission spectra of the test compounds (Fig. 5,
Table 1).
As seen from the dynamic behavior of absorption and
ﬂuorescence spectra of 2 and 3, the compounds are stable
under 24 h incubation in the dark at a concentration
of 6 μM. In the selected time range no changes in the
Copyright © 2014 World Scientific Publishing Company

overall shape and peak intensities were observed for both
photosensitizers.
On irradiation, there was no change in the ﬂuorescence
peak position (λmax = 753 ± 2 nm), and a decrease in
ﬂuorescence at a dose of 10 J/cm2 did not exceed 20%
with retaining the overall spectral shape which implies
photostability of the tested photosensitizers (Figs 5a
and 5b).
Accumulation and distribution of compounds 2 and
3 in A549 cells. Fluorescence of bacteriochlorin moiety
allows using the confocal laser scanning microscopy
(CLSM) and confocal spectral imaging (CSI) techniques
to study interaction of 2 and 3 with tumor cells. CLSM
revealed accumulation of compounds 2 and 3 in cytoplasm
of A549 cells (human lung adenocarcinoma cell line)
(Fig. 6). Both compounds show similar intracellular
distribution, i.e. accumulation in submicron vesicular
structures as well as diffuse cytoplasmic staining
concentrated near the nucleus (Fig. 6). For compounds
2 and 3, neither uptake into the nucleus nor plasma
membrane accumulation was observed.
As assessed by CSI technique, the intracellular
ﬂuorescence spectra of 2 and 3 are identical in shape
and peak positions in all areas of cytoplasm and are also
J. Porphyrins Phthalocyanines 2014; 18: 131–138

132

M.A. GRIN ET AL.

Fig. 5. Fluorescence spectra of compounds 2 (a) and 3 (b) before and after irradiation in the culture medium

Table 1. Normalized ﬂuorescence (NF) of 2 and 3 in mice bearing S37 sarcoma
Photosensitizersa

NFb in tumor

λmax, nm

Time post injection
15 min

30 min

1h

2h

4h

24 h

48 h

72 h

2

753

4.9 ± 0.5

8±3

6.2 ± 0.9

4±1

1.9 ± 0.3

0.9 ± 0.3

0.7 ± 0.2

0.4 ± 0.1

3

753

4.5 ± 0.7

8±3

5.2 ± 0.3

4.0 ± 0.1

1.7 ± 0.3

0.9 ± 0.2

0.4 ± 0.3

0.2 ± 0.1

a
Injected dose was 5 mg/kg. bFluorescence was excited by the He-Ne laser (λ = 632.8 nm) and registered in the 649–850 nm
wavelength range.

identical with the ﬂuorescence spectra of these compounds
in 1% CrEL (Fig. 6). Cremophor EL based emulsion is a
simple system simulating a membrane environment. The
results of CSI analysis suggest cellular accumulation of 2
and 3 in the lipid microenvironment in cytoplasm.
Mimicking intracellular microenvironment of 2 and
3 with the solutions of the compounds in 1% CrEL, we
calibrated the intracellular concentrations of 2 and 3 to
enable their estimation from the intracellular ﬂuorescence
intensities measured using CLSM and CSI technique.
Compounds 2 and 3 were shown to very effectively
accumulate in the cytoplasm of tumor cells (Fig. 6). In
comparing the uptake coefﬁcients K (estimated as the
ratio of an average cytoplasmic concentration of 2 and
3 to their concentration in the cell culture medium at
2 h of incubation of A-549 cells with 0.5 μM solution
of 2 and 3) it is seen that the uptake of 3 (K = 170 ± 4)
is 2.6 times that of 2 (K = 65 ± 4). Hence, an increase
in 131-(aminoalkyl)carbamoyl chain length results in
a higher intracellular accumulation of the compounds
without affecting cytoplasmic distribution and microenvironment. We observed a similar dependence of K
on (aminoalkyl)carbamoyl linker length for chlorin e6
conjugates with boron clusters [26, 28]. Noteworthy,
compound 3 accumulates in tumor cells 15–50 times
Copyright © 2014 World Scientific Publishing Company

better than the highly efﬁcient bacteriopurpurinimide
based photosensitizers we studied previously [25].
Dark and photoinduced cytotoxicity of compounds 2
and 3 against A549 and HEp2 cells. We have studied dark
and photodynamic activity of compounds 2 and 3 against
tumor cells in the cell culture. To reveal suppression of
proliferation and/or cytotoxicity, MTT assay was used,
whereas the death of cells was independently determined
by direct microscopic analysis [27].
As shown by MTT and microscopic analysis, without
irradiation, compounds 2 and 3 are nontoxic towards
A549, HEp2 (human larynx epidermoid carcinoma) and
S37 mouse sarcoma cells at concentrations in the cell
culture less than 16 μM and at incubation time of 24 h.
Increasing the concentration of 2 and 3 in the culture is
limited due to cytotoxicity of CrEL.
Photosensitization by compounds 2 and 3 was found
to induce concentration-dependent cell death (Figs 7
and 8), speciﬁcally, at nanomolar concentrations, which
is consistent with the high cellular uptake of 2 and
3. Analysis of LD50 dependence on incubation time
(performed for HEp2 cells) revealed that LD50 reached a
minimum at 4 h incubation, which suggests a maximum of
PS uptake at this time point. Removal of photosensitizers
from the culture medium before irradiation affected only
J. Porphyrins Phthalocyanines 2014; 18: 132–138
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Fig. 6. Typical intracellular distribution of 2 (line a) and 3 (line b) in A549 cells. Column I: transmitted light images of cells. N is a
nucleus. Scale bar = 10 microns. Column II: confocal ﬂuorescence images describing intracellular distribution of 2 and 3. The cells
were incubated with compounds 2 and 3 at a concentration of 0,5 μM for 2 h. Intensity units are μM. Column III: typical intracellular
ﬂuorescence spectra of 2 and 3 in vesicular structures (1) and in cytoplasm (2) identical to spectra of 2 and 3 in 1% CrEL

For the A549 cells LD50 (concentrations required
to kill 50% of the cells) was 30 ± 2 and 15 ± 2 nM for
compounds 2 and 3 respectively. For the HEp2 cells, LD50
was 32 ± 2 and 43 ± 2 nM, for the S37 cells LD50 was 26 ±
2 and 34 ± 3 nM for compounds 2 and 3 respectively.
Altered relative activity of the tested compounds for
HEp2 cells as compared to A549 cells can be related to
changes in their intracellular accumulation in different
types of cancer cells. But for all studied types of cancer
cells photoinduced cytotoxicity of compounds 2 and 3
is very high. For example, photoinduced cytotoxicity of
compound 3 for A549 cells is 500–1000 times higher
than that of clinically used Fotogem (LD50 = 12.6 μM)
and Radachlorin (LD50 = 23.7 μM) [28].
In vivo studies

Fig. 7. Effect of photosensitizer concentration (circles for
2 and squares for 3) on survival of cells; evaluated by direct
microscopic count of dead cells at 2 h of incubation followed
by irradiation with halogen lamp (open symbols) and without
irradiation (ﬁlled symbols)

slightly the photoinduced cytotoxicity (Fig. 8). It conﬁrms
that intracellular accumulation of photosensitizers is
important for the efﬁcient photoinduced killing of cancer
cells.
Copyright © 2014 World Scientific Publishing Company

Distribution of photosensitizers in animal tissue.
PDT efﬁcacy is determined by the localization and
selectivity of PS accumulation in the tumor and the
surrounding tissue. Tumor PS uptake was estimated
from the normalized ﬂuorescence (NF) of 2 and 3 in
the tumor (mouse sarcoma S37) and the surrounding
tissue assessed by the LFS technique (Table 1, Figs 9a
and 9b). LFS was shown to allow instant detection of
ﬂuorescence peaking 0.5 h post injection for both PS.
Following rapid accumulation in S37 tissue, the dyes are
progressively cleared with similar kinetic proﬁles, at 72 h
J. Porphyrins Phthalocyanines 2014; 18: 133–138
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Fig. 8. Phototoxicity of compounds 2 (a) and 3 (b) for HEp2 cells in dependence on the incubation time before exposure with
removed unbound PS before irradiation and without removal of PS

Fig. 9. Normalized ﬂuorescence of 2 (a) and 3 (b) in the tumor and surrounding tissue in mice inoculated with S37 sarcoma at 5 s to
72 h post injection at a dose of 5.0 mg/kg

post injection a decrease in ﬂuorescence was 95–97%
of the maximum NF value. The maximum NF in tumor
tissue is comparable (8 ± 3) for both compounds.
In the skin and muscle, maximum ﬂuorescence was
registered at 0.5 h post injection of PS, and at 72 h post
injection NF was undetectable (Figs 9a and 9b).
Both derivatives demonstrate afﬁnity to S37 tumor
tissue. Tumor vs. skin ﬂuorescent contrast ratios (FC1)
reached maximum (2.8 ± 0.3 to 3.0 ± 0.5) at 0.25–2 h
post injection and maximal tumor vs. muscle ﬂuorescent
contrast ratios (FC2 = 2.1 ± 0.5) were registered at 0.5 h
post injection (Figs 10a and 10b).
Thus, the tested bacteriochlorin derivatives have been
shown to accumulate in S37 tumor tissue in the similar
manner with tumor-to-tissue contrast ratios peaking at
0.5 h post injection. The above data were used to select
optimal regimens for PDT treatment with PS 2 and 3.
Copyright © 2014 World Scientific Publishing Company

Photoinduced antitumor activity of photosensitizers
in mice implanted with S37 sarcoma. In mice exposed
to irradiation after administration of photosensitizers,
regardless of the dose, swelling was developed within
1 h, which lasted for up to 5–10 days. No treatmentrelated toxic deaths occurred.
Anticancer efﬁcacy of the tested compounds is dosedependent. With compound 2 at a dose of 1.25 mg/kg, an
increase in mean tumor volume was slow compared to
the tumor volume in control mice. TGI was 90.4–100%,
ILS 170.8%, RR 66.7%. At the doses of 2.5 and 5.0 mg/
kg, the efﬁcacy was higher: the TGI of 100% over the
follow-up period after PDT, RR 100% 120 days after
PDT (Table 2).
With compound 3 at a dose of 1.25 mg/kg, TGI
was 79.4–88.4%, ILS 89.3%, RR was biologically
insigniﬁcant. As the dose was increased to 2.5 mg/kg,
J. Porphyrins Phthalocyanines 2014; 18: 134–138
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Fig. 10. Tumor-to-tissue ﬂuorescent contrast ratios for 2 (a) and 3 (b) at 5 s to 72 h post injection at a dose of 5.0 mg/kg into mice
with implanted S37 sarcoma
Table 2. PDT activity of 2 and 3 in mice bearing S37 sarcoma
Photosensitizers

2

3

Dose, mg/kg

TGI, %

66.7

1.25

100

100

100

2.5

100

100

100

100

100

100

100

—

100

0

5.0

100

100

100

100

100

100

100

—

100

0

5.0

92.5
100

96.2

170.8

12 day

2.5

98.7

19 day 21 day

Death of
toxicity, %

9 day

88.4

16 day

RR, %

7 day

1.25

14 day

ILS, %

91.6

90.4

0

85.7

86.0

83.9

82.9

81.2

79.4

89.3

14.3

0

91.0

92.1

93.3

94.0

95.7

96.0

142.4

33.3

0

98.7

97.6

95.7

91.6

87.5

171.0

66.7

0

100

Mice were irradiated with 759 ± 18 nm LED source (100 mW/cm2, 150 J/cm2) in 30 min after PS injection. Mice were monitored
for 120 days.

TGI increased to 91.0–96.0%, ILS 142.4%, RR 33.3%.
For the 5.0 mg/kg dose, even more high efﬁciency was
revealed: TGI 87.5–100%, ILS 171.0%, RR 66.7%.
Hence, the highest antitumor efﬁcacy (TGI 100% and
RR 100%) was observed with compound 2.

EXPERIMENTAL
General
The solvents were puriﬁed and prepared using
standard procedures. All reactions are carried out under
argon in air-free solvents, at room temperature and with
protection from direct light. Bacteriopheophorbide
methyl ester 1 were obtained using known procedure
[30]. Electronic spectra were recorded using Jasco-UV
7800 spectrophotometer. NMR spectra was recorded at
25 °C on Bruker DPX 300 spectrometer. Mass spectra
were obtained on Bruker Ultraﬂex TOF/TOF time-ofﬂight mass spectrometer using MALDI method, with
Copyright © 2014 World Scientific Publishing Company

2.5-dihydroxybenzoic acid (DHB) as matrix. Column
chromatography was carried out on 40/60 silica gel
60 (Merck). Preparative TLC was performed on silica gel
60 (Merck) using 20 × 20 cm plates with a layer thickness
of 1 mm. Analitical TLC was carried out on Kieselgel 60
F245 plates (Merck).
Synthesis
Preparation of 131-(4-aminobutylcarbamoyl)bacteriochlorin methyl ether 2. 1,4-diaminobutane (144 μL,
1.5 mmol) was added to a solution of bacteriopheophorbide a methyl ether 1 (100 mg, 0.16 mmol) in
pyridine (5 mL) and the mixture was reﬂuxed under
positive argon pressure. The reaction was followed
spectrophotometrically and by TLC. After 6 h reaction
mixture transferred into the separatory funnel, chloroform
(50 mL) was added, followed by the addition of 0.1 N
HCl (100 mL). The organic layer was separated, washed
with aqueous sodium bicarbonate, dried over anhydrous
sodium sulfate, further concentrated by evaporation using
J. Porphyrins Phthalocyanines 2014; 18: 135–138
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rotor evaporator at 35–40 °C. The residue was puriﬁed
by preparative TLC (chloroform/methanol, elution with
a gradient of methanol from 1 to 40%) to yield product
2. Yield 97 mg (85%). UV-vis (CHCl3): λ, nm 400, 522,
754 (1.0: 0.55: 0.68). MS (MALDI): m/z 712.3 [M]+. 1H
NMR (300 MHz, CDCl3): δ, ppm 9.25 (H, s, 5-H), 8.63
(H, s, 10-H), 8.46 (H, s, 20-H), 6.68 (H, t, 132-NH), 5.88
(2H, t, 137-NH2), 5.15 and 4.89 (2H, d, J = 19 Hz, 151-H),
4.27 (H, m, 7-H), 4.16 (H, m, 18-H), 4.13 (H, m, 17-H),
4.01 (H, m, 8-H), 3.62 (3H, s, 153-H), 3.55 (3H, s, 174H), 3.40 (3H, s, 21-H), 3.10 (3H, s, 121-H), 2.92 (3H, s,
32-H), 2.47 and 2.19 (2H, m, 172-H), 2.31 and 1.93 (2H,
m, 81-H), 2.03 and 1.77 (2H, m, 171-H), 1.74 (3H, d, J =
7 Hz, 71-H), 1.57 (3H, d, J = 7 Hz, 181-H), 1.26 (8H, m,
133-136-H), 1.04 (3H, t, J = 7 Hz, 82-H), -0.25 (c, NH),
-0.5 (c, NH).
Preparation of 131-(4-aminooctylcarbamoyl)bacteriochlorin methyl ether 3. 1,8-diaminooctan (220 μL,
1.5 mmol) was added to a solution of bacteriopheophorbide a methyl ether 1 (100 mg, 0.16 mmol)
in pyridine (5 mL) and the mixture was reﬂuxed under
positive argon pressure. The reaction was followed
spectrophotometrically and by TLC. After 24 h reaction
mixture transferred into the separatory funnel, chloroform
(50 mL) was added, followed by the addition of 0.1 N
HCl (100 mL). The organic layer was separated, washed
with aqueous sodium bicarbonate, dried over anhydrous
sodium sulfate, further concentrated by evaporation using
rotor evaporator at 35–40 °C. The residue was puriﬁed
by preparative TLC (chloroform/methanol, elution with
a gradient of methanol from 1 to 40%) to yield product
3. Yield 80 mg (65%). UV-vis (CHCl3): λ, nm 400, 522,
755 (1: 0.49: 0.63). MS (MALDI): m/z 768.4 [M]+. 1H
NMR (300 MHz, CDCl3): δ, ppm 9.23 (H, s, 5-H), 8.62
(H, s, 10-H), 8.44 (H, s, 20-H), 6.65 (H, t, 132-NH), 5.86
(2H, t, 1311-NH2), 5.14 and 4.87 (2H, d, J = 19 Hz, 151H), 4.24 (H, m, 7-H), 4.16 (H, m, 18-H), 4.12 (H, m,
17-H), 3.99 (H, m, 8-H), 3.62 (3H, s, 153-H), 3.54 (3H, s,
174-H), 3.40 (3H, s, 21-H), 3.11 (3H, s, 121-H), 2.90 (3H,
s, 32-H), 2.45 and 2.18 (2H, m, 172-H), 2.30 and 1.92
(2H, m, 81-H), 2.01 and 1.75 (2H, m, 171-H), 1.72 (3H,
d, J = 7 Hz, 71-H), 1.56 (3H, d, J = 7 Hz, 181-H), 1.24
(16H, m, 133-1310-H), 1.04 (3H, t, J = 7 Hz, 82-H), -0.25
(c, NH), -0.5 (c, NH).
Evaluation of stability of the photosensitizers
in solution
Stability of photosensitizers in solutions was assessed
by absorption and ﬂuorescence spectroscopy. The
absorption and ﬂuorescence spectra of the examined
PS were recorded with a Genesys 2 (USA) spectrophotometer and a LESA-6 (TOO BIOSPEK, Russia)
laser spectrometer for ﬂuorescence diagnosis of cancer,
respectively, in the 450–850 nm region for freshly
prepared solutions and at 2, 4, and 24 h after preparation.
Fluorescence was excited by the 632.8 nm radiation from
Copyright © 2014 World Scientific Publishing Company

He–Ne laser. The absorption spectra were collected
from 13 μM solutions, and ﬂuorescence spectra — from
6 μM solutions. The analysis included examination of
the dynamic behavior of optical density, ﬂuorescence
intensity, and overall shape of the spectra and peak
positions in the selected time interval.
Assessment of photostability of photosensitizers
in acellular medium
The analysis was based on determining the rate of
photobleaching of PS upon irradiation. 150 μL samples
of 13 μM solution freshly prepared using EMEM
supplemented with 10% FBS were plated into wells of
a ﬂat bottom 96-well microplate (Corning, USA). Cells
were irradiated with a 500 W halogen lamp using a KC-13
wideband ﬁlter (λ ≥ 640 nm) and a 5 cm thick water ﬁlter,
power density 11.0–11.5 mW/cm2, light dose 5 and 10
J/cm2. Fluorescence intensity was measured before and
after irradiation with signal processing including baseline
correction to remove background ﬂuorescence and signal
integration within 600 to 800 nm wavelength region.
The procedure of photodynamic treatment
of tumor cells
The study was conducted with human larynx
epidermoid carcinoma HEp2 and human lung adenocarcinoma A549 cell lines and mouse sarcoma S37.
The culture cells were obtained from the D.I. Ivanovsky
Institute of Virology RAMS. Cells were cultured under
standard conditions.
The cells were seeded onto ﬂat-bottom 96-well plate
(Corning, USA) at a concentration of 0.7 × 105 cells/mL
and thermostated for 28–30 h. The tested PS were added
at concentrations from 15 to 1000 nM. Phototoxicity of
PS was evaluated on HEp2 cells at 0.5, 2, 4, and 6 h of
incubation. Phototoxicity of PS was evaluated on A549
cells after 2 h incubation. Cells were irradiated with
a halogen lamp through a KC-13 wideband ﬁlter (λ ≥
640 nm) and a 5 cm thick water ﬁlter, power density
11.0–11.5 mW/cm2, light dose 10 J/cm2.
Dark toxicity was assessed after 24-h dark incubation
of the cells with PS.
The assessment of cell viability was done using the MTT
(3-(4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium
bromide) assay [27] and ﬂuorescence microscopy as
described elsewhere [31, 32].
The CSI measurements were performed as described
previously [25, 27, 31, 32] using an experimental
installation described in [26, 31, 32].
Fluorescence was excited by 532 nm radiation from
He–Ne laser (12 μW).
Intracellular distribution of PS was examined with
a 63-immersion objective (numerical aperture 1.2).
Fluorescence was excited by Ar+ laser (514 nm) and
detected in the 680–800 nm spectral range.
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In vivo studies

CONCLUSION

Animals. Female BDF1 (DBA/2 × C57Bl/6j) hybrid
mice were inoculated subcutaneously in the thigh with
S37 sarcoma cells (0.8–10 million cells/mouse).
Biodistribution of PS in animal tissue was assessed
using local ﬂuorescence spectroscopy (LFS) technique
ex vivo immediately after animal sacriﬁce. The tumor,
skin and muscle tissue samples were collected at
sacriﬁce from three mice at 5 s, 0.25, 0.5, 1, 2, 4, 24, 48
and 72 h post injection. Integral ﬂuorescence intensity
in a 640–850 nm wavelength range was normalized to
the integral ﬂuorescence intensity of the excitation red
light diffusely back-scattered from the tissue, giving
normalized ﬂuorescence (NF) [29]. PS uptake in
tissues was estimated from NF values at a wavelength
corresponding to λmax of ﬂuorescence of compounds 2
and 3. The ﬂuorescence contrast (FC) was calculated as
the ratio of NF in tumor vs. skin (FC1) and tumor vs.
muscle (FC2):

Photophysical properties, biodistribution, and anticancer efﬁcacy of newly synthesized photosensitizers,
13 1-(4-aminobutylcarbamoyl)bacteriochlorin methyl
ether 2 and 131-(4-aminooctylcarbamoyl)bacteriochlorin
methyl ether 3 have been studied in vitro with A549,
HEp2 and S37 cell lines and in vivo in mice bearing S37
sarcoma. As demonstrated earlier, the photosensitizers
are photostable, accumulate efﬁciently in cancer cells,
show high photodynamic activity against A549 cells
(LD50 15 to 30 nM), HEp2 cells (LD50 32 to 63 nM)
and S37 (LD50 26 to 34 nM). Both derivatives rapidly
accumulate in the tumor tissue in mice with tumor-totissue ﬂuorescent contrast ratios in the range of 2.3 ±
0.2 to 3.0 ± 0.3, producing high PDT activity. The
highest antitumor efﬁcacy (TGI 100% and RR 100%)
was achieved with 131-(4-aminobutylcarbamoyl)bacteriochlorin methyl ether 2.

FC1 = NFtumor/NFskin;
FC2 = NFtumor/NFmuscle.
In vivo study of antitumor activity. Mice were
exposed to irradiation from 759 ± 18 nm external red
LED source (FGUP GNTs RF NIOPIK) (100 mW/cm2,
150 J/cm2) 7 days post tumor cell inoculation. All mice
were anesthetized with droperidol (intraperitoneally,
0.25 mg/mouse). The tested PS were administered on the
day the animals were exposed to irradiation (day 0). The
time interval between PS administration and irradiation
was 0.5 h. The number of control animals was 10 in each
group (ﬁrst group; untreated, second; PS only, third;
irradiation only). Group of treated animals consists of
8 mices. The tumor volume was observed for 21 days
following irradiation and measured with a STORMtm
3C301 Central digital electronic caliper. Efﬁcacy
endpoints for the study (day 120) included:
— tumor growth inhibition, TGI = [(Ve–Vc/Vc].100%,
where Vc and Ve are mean tumor volumes in the
treated tumor-bearing mice and control tumor-bearing
mice, respectively;
— increase in life span, ILS = [(MSTe–MSTc)/MSTc].
100%, where MSTe and MSTc are the mean survival
times in the treated and control groups, respectively;
— response rate (RR) = [Nc/Nt] .100%, where Nc is the
total number of cured animals and Nt is the total
number of treated animals.
Tumor volume was estimated as V = d1. d2. d3, where
d1, d2 and d3 are three orthogonal diameters of the tumor
nodule.
Statistical analysis was carried out with the Microsoft
Excel OriginPro 5.0 and STATISTICA package. For
comparisons the Student’s t-test was used, the level of
signiﬁcance was set at p < 0.05.
Copyright © 2014 World Scientific Publishing Company
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ABSTRACT: Methylene-bridged tetra- and octa-alkylthia substituted metal free- and Ni(II)
phthalocyanines were synthesized from the corresponding phthalonitrile derivatives in the presence of
the anhydrous metal salt (NiCl2) or a strong organic base. The new compounds were fully characterized
by elemental analyses, UV-vis, IR, NMR and mass spectra. The mesogenic properties of these materials
were studied by differential scanning calorimetry, optical microscopy and X-ray diffraction investigations.
X-ray diffraction patterns of the mesophase conﬁrmed that the tetra- and the octa-substituted compounds
formed hexagonal columnar mesophases (Colh). The mesogenic properties of these compounds were
compared to that of their octa alkythia substituted phthalocyanine derivatives in the literature.
KEYWORDS: phthalocyanine, metallophthalocyanine, liquid crystal, metallomesogen.

INTRODUCTION
Discotic liquid crytal materials such as phthalocyanines
(Pcs), triphenylenes and hexabenzocoronenes have
emerged as promising electronic materials in organic
ﬁeld-effect transistors (OFETs) and organic photovoltaics
(OPVs) technologies [1–7]. These disc-shaped, extended
aromatic rings can be transformed from crystalline
materials, in their unsubstituted forms, to liquid crystalline
materials upon addition of the appropriate side chains.
The Pcs substituted with linear or branched alkyl or
alkoxy chain are well known as a disc-like materials
[2–6]. In these materials Pc rings are stacked in onedimensional columns through strong intermolecular π–π
interactions [8]. Additionaly liquid crystalline Pcs offer
the possibility of combining the optoelectronic properties
of Pcs with orientational control of conventional liquidcrystal systems. They also represent a very easy method of
Pc material fabrication because the self-ordered thin ﬁlms
¡
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with a deﬁned area and thickness are prepared simply by
melting the substance in a liquid-crystal cell [1].
Adam et al. reported that a discotic liquid crystal of
triphenylene substituted by alkylthio groups exhibits
considerably higher charge carrier mobility in the
discotic mesophase, compared with conventional
organic semiconductors [6]. It can be inferred from this
example that sulphur atoms may signiﬁcantly inﬂuence
the conductivity of the mesophase [9, 10]. Eichorn and
Wöhrle reported that the ﬁrst example of the columnar
mesomorphism of octakis(octylthio)-substituted Pc
zinc and copper complexes [11]. Ohta et al. reported
synthesis of series of octakis(alkylthio)-phthalocyanines
(abbreviated as (CnS)8PcH2, n = 8, 10, 12, 16) and their
copper complexes and investigated their mesomorphism.
They discussed the inﬂuence of sulphur atoms and
the chain length on the mesomorphism and unique
aggregated dimer structures in the columnar mesophase
[12]. Although Pcs with methylene-bridged showing
mesogenic properties which contain O- and S- donors
are rather few number [4, 13–17]. A series of methylbridged tetra- and octa-alkylthia substituted Psc have not
been reported yet.
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In this work, a series of methylene-bridged tetraand octa-alkylthia substituted Ni(II) and metal free
Pcs were synthesized and their liquid crystalline
properties were investigated. The inﬂuences of
the presence of methylene-bridges and length of
the alkyl chains on the phthalocyanine core on the
mesomorphic properties were determined.
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RESULTS AND DISCUSSION
Synthesis and characterization

CN

SR
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SR

Pathways used to access the nitrile derivatives
N M N
and the phthalocyanine compounds are presented
N
in Schemes 1 and 2. The metal-free Pc derivatives
SR
N
N
SR
(4a–4c and 6a–6c) were obtained directly from
the reaction of the dicyano compounds (1a–1c and
2a–2c) in 1-hexanol at reﬂux temperature in the
SR
RS
presence of DBU as a strong organic base. Also,
cyclotetramerization of the dinitrile derivatives in the
Compound
M
presence of anhydrous NiCl2 and DBU in n-hexanol
3a-c
Ni
gave the octasubstituted and tetrasubstituted Ni(II)
4a-c
H2
Pcs (3a–3c and 5a–5c). 5a–5c and 6a–6c were
Scheme 1. Synthetic pathway for 1a–1c, 3a–3c and 4a–4c.
prepared as a statistical mixture of four regioisomers
(i) n-hexanol, NiCl2, DBU, 18 h reﬂux. (ii) n-hexanol, DBU, reﬂux
because of the varied possible positions of the alkyl
chains and methyl groups relative to one another.
The methylene-bridged tetra- and octa-Pcs (3a–
3c, 4a–4c, 5a–5c and 6a–6c) substituted with the
SR
Br
alkylthia groups were puriﬁed in each case by column
CN
CN
chromatography (silica gel) and then by preparative thinK2CO3
RSH
+
layer chromatography.
a R:C6H13 DMSO
CN
CN
The dark blue solid products were characterized
b R:C12H25
1
13
by H and C NMR. NMR investigation of the Pcs
c
R:C
H
16 33
2
2a-c
have provided the characteristic chemical shifts for the
structures as expected. The 1H and 13C NMR spectra of
(i), (ii)
compounds 3a in CDCl3 were assigned based on the
HSQC (Fig. 2) and 13C NMR (Fig. 2) experiments and
conﬁrmed the proposed structure. The contour plot of the
RS
13
C, 1H-HSQC spectrum was shown in Fig. 2 and which
hydrogen were connected to which carbon via one-bond
C–H coupling was determined. Although chemical shifts
SR
N
SR
N
of methylene carbons (C1, C2, C3, C4, C5, C6 and C7)
N
were very close to one another, and chemical shifts of
N M N
these carbons were easily determined by using HSQC
N
spectrum. In Fig. 2, the observed cross peaks indicated
N
N
the following correlations: H1–C1; H2–C2, H3–C3; H4–C4;
H5–C5; H6–C6, and H7–C7.
In addition to elemental analysis results, the mass
SR
spectra of the new organic intermediate compounds
and the Pcs obtained by the ES and EI techniques
Compound
M
showed relatively intense molecular ion peaks. The
5a-c
Ni
mass spectrum of 4c was obtained by Electron Spray
6a-c
H2
(ES) and the molecular ion peak at m/z = 2680 for 4c
was observed (Fig. 3). The regions of the molecular
Scheme 2. Synthetic pathway for 2a–2c, 5a–5c and 6a–6c.
ion and of the other bigger fragment ions are shown in
(i) n-hexanol, NiCl2, DBU, 18 h reﬂux. (ii) n-hexanol, DBU,
Fig. 3, together with corresponding leaving groups for
reﬂux
Copyright © 2014 World Scientific Publishing Company
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Fig. 1. Absorption spectra of 5a (balck) and 6a (red) in THF
concentration = 4.6 × 10-6 M
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Fig. 3. Mass spectrum (ESI-MS) of 4c

The typical absorption spectra of the Pcs (3d–3c, 4a–3c,
5a–5c and 6a–6c) were obtained showing absorption
bands in the Soret-band and Q-band regions [18]. The
metal-free Pcs (4a–4c and 6a–6c) gave a doublet Q-band
as a result of the D2h symmetry (Fig. 1 for 5a and 6a).
The nickel(II) Pcs (3a–3c and 4a–4c) exhibited intense
Q-bands around 680 nm with a relatively sharp absorption
peak (Fig. 1 for 5a). Q-bands of the tetra-substituted Pcs
(5a–5c and 6a–6c) were at lower wavelengths than those
of the octa-substituted Pcs (3a–3c and 4a–4c) as expected.
For all the phthalocyanines, the effect of thia-substitution
was observed as a shift of these intense Q-bands to higher
wavelengths when compared with unsubstituted, alkylor alkoxy-substituted derivatives.
Characterization of the mesophases

Fig. 2. 13C and 1H-13C HSQC spectra of compound 3a

compound 4c. In addition to the molecular ion peak, the
fragment ions corresponding to the loss of [8(CH2CH3) +
Na] ([M – 249]+) and [8(C6H13) + Na + K] ([M – 741+),
at 2431 and 1939.25 were easily indentiﬁed for 4c
respectively.
Copyright © 2014 World Scientific Publishing Company

The phase transition temperatures were determined
by the differential scanning calorimetry (DSC). Table 2
listed the phase transition temperatures established by
DSC and polarizing microscopic observations for the
octa- and tetra-substituted Pc derivatives (3a–3c, 4a–4c,
5a–5c and 6a–6c). All thermograms of the Pcs (3c, 4b, 4c,
5b, 5c, 6b and 6c) recorded with increasing temperature
showed clearly two endothermic peaks. It was assumed
that the ﬁrst peaks were related to the transitions from
the crystal phases to discotic mesophases and the
second ones to the transitions from the mesophases to
liquid phase. For 3a, 3b, 4a, 4b, 5a and 6a, only one
endothermic peak related to the transition from crystal
phase to liquid crystal phases were observed. The heating
cycles were interrupted before reaching a clearing point
to avoid decomposition. Decomposition temperatures of
the Pcs were about 300–390 °C (determined by Thermal
Gravimetric Analysis, TGA). The textures observed
by polarizing optical microscopy for the compounds
were very similar to that obtained for other columnar
mesophases described in the literature [1, 18]. The fan
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Table 1. Phase transition temperatures (°C) and in parentheses-enthalpy changes ΔH (in
kJ/mol) by DSC (heating and cooling rates are 10 °C.min-1) for compound 3a–3c, 4a–4c,
5a–5c and 6a–6c
Compound

Heating

Cooling

C → Colh → I

I → Colh → C

3a

125.74 (25.76)

Not observed

Not observed

96.43 (22.99)

3b

66.96 (24.15)

Not observed

Not observed

48.87 (24.61)

3c

90.86 (134.75)

241.45 (13.80)

221.48 (11.70)

69.95 (140.99)

4a

122.14 (23.14)

Not observed

Not observed

88.71 (20.18)

4b

43.31 (20.72)

246.49 (13.55)

191.95 (12.80)

38.53 (20.36)

4c

94.64 (143.83)

219.58 (12.55)

208.53 (4.28)

70.7 (139.71)

Not observed

Not observed

5a

132.14 (2.61)

104.88 (2.43)

5b

48.78 (26.75)

258.81 (6.85)

238.21 (5.43)

40.12 (25.60)

5c

57.43 (52.76)

224.41 (6.5)

156.07 (6.55)

49.23 (46.35)

6a

99.43 (1.77)

Not observed

Not observed

92.39 (1.46)

6b

39.80 (47.52)

237.41 (3.45)

201.48 (2.16)

35.85 (39.40)

6c

52.97 (67.30)

208.13 (3.29)

160.28 (7.07)

47.11 (46.99)

C: solid phase, Colh: hexagonal discotic columnar mesophase, I: isotropic phase.

Table 2. X-ray diffraction data of the Pc derivatives 3a–3c, 4a–4c, 5a–5c and
6a–6c
Compound

Observed
spacings, Å

Theoretical
spacings, Å

3a

20.58

20.69

11.72

4a

5a

6a

Copyright © 2014 World Scientific Publishing Company

Lattice
constant, Å

Ratio

Miller
indices

1

(100)

11.89

a = 23.79

3

(110)

10.59

10.30

Colho at 160 °C

4

(200)

7.89

7.80

7

(210)

6.82

6.87

9

(300)

20.53

20.61

1

(100)

12.83

11.85

a = 23.70

3

(110)

10.14

10.26

Colhd at 160 °C

4

(200)

7.75

7.77

7

(210)

6.78

6.85

9

(300)

22.41

22.53

1

(100)

12.66

12.95

a = 25.91

3

(110)

11.02

11.22

Colho at 160 °C

4

(200)

8.69

8.49

7

(210)

7.22

7.49

9

(300)

23.86

23.95

1

(100)

14.09

13.77

a = 27.55

3

(110)

12.02

11.93

Colhd at 160°C

4

(200)

9.09

9.03

7

(210)

8.19

7.96

9

(310)
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Fig. 4. Optical texture of 4b observed at 120 °C (magniﬁcation
× 25)

Fig. 5. Optical texture of 6c observed at 120 °C (magniﬁcation
× 40)

like texture of compound 4b and 6c under polarizing
optical microscope at 120 °C was presented in Figs 4
and 5, respectively. Also, the mesophases were identiﬁed
by X-ray diffraction measurements at mesophase
temperature of the compounds 3a–6a. The X-ray data
were summarized in Table 3. Powder diffraction patterns
of 3a–6a contained the typical reﬂections of a columnar
mesophase of substituted Pcs [2]. The Pcs gave ﬁve sharp
peaks whose spacings were in the ratio of 1::4:7:9
in the low angle region, each of the mesophases could
be established as a discotic hexagonal columnar (Colh)
mesophase. These results suggested a two-dimensional
hexagonal lattice with disk-like molecules stacked in
columns in the hexagonal arrangement. In the wide angle
regions, the compounds 3a–6a showed a diffuse halo
around 4.5 Å which corresponded to the melting of alkyl
chains [19]. An additional reﬂection at around 3.4 Å was
observed which may be assigned to the packing of the
macrocyclic subunits in the columns for the compounds
3a and 5a. The sharpness of this reﬂection suggested
good order within the columns and was in consistent
with the strong intermolecular periodicity associated
with the discotic hexagonal ordered Colh-mesophase [2].
Copyright © 2014 World Scientific Publishing Company
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No reﬂections corresponding to the interdisc distance
were observed for 4a and 5a.
1a–6a and 3b had a large thermal range of the
mesophase, extending over a range of more than 300 °C.
This high stability can be attributed to the strong van
der Waals interactions between the alkyl chain and the
π–π interactions amongs the phthalocyanine cores. The
clearing point could only be observed for 3c, 5b, 5c, 6b
and 6c with the hexadecylthio and dodecylthio chains.
Longer alkoxy chains tended to lower the transition
temperatures of the compounds. The melting points of
the metallophthalocyanines were in general higher than
that of the corresponding metal-free phthalocyanines [1].
The melting points of the metal-free phthalocyanines
(4a–4c and 6a–6c) were very comparable with those
of the nickel(II) phthalocyanine derivatives (3a–3c and
5a–5c). In this respect, these results were in consistent
with the literature [1]. A linear decrease in the melting
and isotropic phase transition temperatures of 3a–3c,
4a–4c, 5a–5c and 6a–6c with increasing the length of
alkyl chain was not detected.
The inﬂuence of the side chains’s nature upon the
mesomorphic properties was compared with mesophases
of the methylene-bridged octa-alkylthio chain substituted
Pc derivatives and their analogs without methylenebridged derivatives. According to the literature [20, 21],
mesophase transition temperature of the methylenebridged alkoxy substituted free Pc was 78 °C as this
temperature was 83 °C for its without methylene-bridged
derivative. Also, the same behavior was observed when
compared with octa-substituted branched thioether
derivatives [16]. While the phase transition temperatures
of 4b and 4c analog without methylene-bridged was
around 43 °C and 94 °C [22], it was around 88 °C and
95 °C for 4b and 4c. Comparing the clearing point of
4b and 4c Pcs derivatives and their analogous without
methylene bridged derivatives, a Colh mesophase could
be seen over a wide temperature region for 4b and 4c.
It could be seen that addition of methylene-bridged to
phthalocyanine core decreased liquid crystal phase
transition temperatures. The central metal ion exerted a
strong inﬂuence on the thermal transition temperature of
the Pcs derivatives [2]. As expected, the melting points
of the Ni(II) phthalocyanine derivatives were higher
than that of the corresponding metal-free phthalocyanine
derivatives.

EXPERIMENTAL
Chemicals and reagents
4,5-Di(bromomethyl) phthalonitrile (1) and 4-(bromomethyl)-5-methyl phthalonitrile (2) were prepared
according to the reported procedure [16]. All other
reagents and solvents were reagent grade quality and
obtained from commercial suppliers.
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Equipments
Elemental analyses were obtained from Thermo
Finnigan Flash 1112. Infrared spectra in KBr pellets
were recorded on a Bio-Rad FTS 175C FT-IR
spectrophotometer. Optical spectra in UV-visible
region were recorded with a Shimadzu 2001 UV Pc
spectrophotometer using 1 cm pathlenght cuvettes at
room temperature. Electrospray full scan spectra, in
the range of m/z 50–2000 amu or m/z 2000–3000 amu,
were obtained by infusion through fused silica tubing at
2–10 μL.min-1. The solutions were analyzed in positive
mode. The LCQ calibration (m/z 50–2000) was achieved
according to the standard calibration procedure from the
manufacturer (mixture of caffeine, MRFA and Ultramark
1621). An ES-Tuning Mix solution (Agilent) was used to
calibrate the spectrometer between 2000 and 3000 amu.
The temperature of the heated capillary of the LCQ was
set to the range of 180–200°C, the ion spray voltage was
in the range of 1–7 kV with an injection time of 5–200
ms. The mass spectra were recorded on a LCQ-ion trap
(Thermoﬁnnigan, San Jose, CA, USA), equipped with an
ESI (Electrospray ionization) source. 1H and 13C NMR
spectra were recorded in CDCl3 solutions on a Varian
500 MHz spectrometer. Transition temperatures were
determined at scan rates of 10°C.min-1 using Perkin
Elmer DSC 6 differential scanning calorimeter. The phase
transition behaviors of these compounds were observed
with the polarising microscope Leitz Wetzler Orthoplanpol equipped with the hot stage Linkam TMS 93 and
temperature-controller Linkam LNP. High-temperature
X-ray diffraction measurements (Cu K-radiation) were
performed using a Rigaku Kristalloﬂex diffractometer
(D/max 2200) equipped with a thermoregulator.
Synthesis
4,5-Di(hexylsulphonylmethyl) phthalonitrile (1a).
4,5-di(bromomethyl) phthalonitrile (1) (942 mg, 3 mmol)
was dissolved in anhydrous dimethyl sulfoxide (7 mL)
under argon and too excess of hexane-1-thiol (1.42 g,
12 mmol) was added. After stirring for 15 min at
room temperature, dry and ﬁnely powdered potassium
carbonate (2.50 g, 18 mmol) was added portion wise
over 0.5 h with efﬁcient stirring. The reaction mixture
was stirred under argon at 50°C for 48 h. After cooling,
the brown mixture was ﬁltered off and solvent was
evaporated under reduced pressure. The product was
puriﬁed by column chromatography on silica gel using
n-hexane:ethylacetate/5:1 as the eluent. Yield 410 mg
(35%), mp 48°C. Anal. calcd. for C22H32N2S2: C, 67.99;
H, 8.30; N, 7.21%. Found C, 68.09; H, 8.22; N, 7.69%.
NMR (CDCl3): δH, ppm 0.89 (t, 6H, CH3), 1.28 (m, 8H,
CH2), 1.37 (q, 4H, CH2), 1.58 (f, 4H, CH2), 2.47 (t, 4H,
SCH2), 3.88 (s, 4H, CH2S), 7.72 (s, 2H, CHar). 13C NMR
(CDCl3, APT): δC, ppm 14.02 (CH3), 22.52–31.36 (CH2),
32.41 (SCH2), 33.13 (CH2S), 114.16 (C≡N), 115.34 (Car),
134.79 (CarH), 143.74 (Car). IR: ν, cm-1 3043 (Aromatic
Copyright © 2014 World Scientific Publishing Company

CH), 2928–2857 (Aliphatic CH), 2233 (C≡N), 1599
(Car=Car). MS (ESI): m/z (%) 411.38 (100) [M + Na]+.
4-Methyl-5-(hexylsulphomethyl) phthalonitrile (2a).
Compound 2a was prepared with the same procedure
as described for preparation of 1a by starting with 4(bromomethyl)-5-methyl phthalonitrile (2) (0.88 g, 3.76
mmol), excess of hexane-1-thiol (0.89 g, 7.52 mmol)
and potassium carbonate (1.96 g, 14.20 mmol). The
resulting light-brown oily product was puriﬁed by column
chromatography on silica gel using n-hexane:ethylacetate/5:1
as the eluent. Yield 415 mg (40%), mp 58 °C. Anal. calcd.
for C16H20N2S: C, 70.55; H, 7.40; N, 10.28%. Found C,
70.25; H, 7.30; N, 10.50. 1H NMR (CDCl3): δH, ppm 0.89
(t, 3H, CH3), 1.29 (m, 4H, CH2), 1.37 (f, 2H, CH2), 1.57 (f,
2H, CH2), 2.46 (t, 2H, SCH2), 2.51 (s, 3H, CarCH3), 3.71 (s,
2H, CH2S), 7.60 (s, H, CHar), 7.65 (s, H, CHar). 13C NMR
(CDCl3, APT): δC, ppm 14.01 (CH3), 19.57 (CarCH3), 23.51–
31.36 (CH2), 32.35 (SCH2), 33.81 (CH2S), 113.20 (Car),
114.09 (Car) 115.44 (C≡N), 115.49 (C≡N), 133.86 (Car H),
135.32 (CarH), 143.44 (Car), 143.54 (Car). IR: ν, cm-1 3038
(Aromatic CH), 2924–2859, (Aliphatic CH), 2231 (C≡N),
1598, 1462 (Car=Car). MS (ESI): m/z (%) 295.43 (80) [M +
Na]+, 273.47 (100) [M + 1]+, 189.47 (13) [M – C6H13]+,
155.46 (10) [M – SC6H13]+, 141.43 (10) [M – CH2SC6H13]+.
4,5-Di(dodecylsulphonylmethyl) phthalonitrile (1b).
Compound 1b was synthesized according to same
procedure used for compound 1a by starting with excess
of dodecyl-1-thiol (2.429 g, 12 mmol). The product
was puriﬁed by column chromatography on silica gel
using n-hexane:ethylacetate/5:1 as the eluent. Yield 470
mg (28.1%), mp 43 °C. Anal. calcd. for C34H56N2S2: C,
73.32; H, 10.13; N, 5.03%. Found C, 73.12; H, 10.25;
N, 5.14. 1H NMR (CDCl3): δH, ppm 0.87 (t, 6H, CH3),
1.25 (m, 40H, CH2), 1.53 (q, 4H, CH2), 1.58 (f, 4H,
CH2), 2.46 (t, 4H, SCH2), 3.86 (s, 4H, CH2S), 7.71 (s,
2H, CHar). 13C NMR (CDCl3, APT): δC, ppm 14.03 (CH3),
22.67–33.14 (CH2), 32.41 (SCH2), 33.13 (CH2S), 114.19
(C≡N), 115.17 (Car), 134.72 (CarH), 143.67 (Car). IR: ν,
cm-1 3040 (Aromatic CH), 2928–2856 (Aliphatic CH),
2232 (C≡N), 1597 (Car=Car). MS (ESI): m/z (%) 387 (15)
[M – C12H25]+, 355 (90) [M – SC12H25]+, 555 (25) [M]+.
4-Methyl-5-(dodecylsulphonylmethyl) phthalonitrile (2b). Compound 2b was prepared with the same
procedure as described for preparation of 2a by
starting with excess of dodecyl-1-thiol (1.522 g, 7.52
mmol). The resulting light-brown oily product was
puriﬁed by column chromatography on silica gel using
n-hexane:ethylacetate/5:1 as the eluent. Yield 460 mg
(34.4%), mp 51°C. Anal. calcd. for C22H32N2S: C, 74.11;
H, 9.05; N, 7.86. Found C, 73.90; H, 9.21; N, 7.50%.
1
H NMR (CDCl3): δH, ppm 0.88 (t, 3H, CH3), 1.27 (m,
18H, CH2), 1.58 (f, 2H, CH2), 2.47 (t, 2H, SCH2), 2.51
(s, 3H, CarCH3), 3.72 (s, 2H, CH2S), 7.61 (s, H, CHar),
7.65 (s, H, CHar). 13C NMR (CDCl3, APT): δC, ppm 14.36
(CH3), 19.80 (CarCH3), 22.92–34.06 (CH2), 113.38 (Car),
114.25 (Car) 115.77 (C≡N), 115.45 (C≡N), 134.08 (Car
H), 135.52 (CarH), 143.41 (Car), 143.72 (Car). IR: ν, cm-1
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3038 (Aromatic CH), 2954–2853, (Aliphatic CH), 2232
(C≡N), 1600, 1447 (Car=Car). MS (ESI): m/z (%) 379 (80)
[M + Na]+, 357 (100) [M + 1]+.
4,5-Di(hexadecylsulphonylmethyl) phthalonitrile
(1c). Compound 1c was synthesized according to same
procedure used for compound 1a by starting with excess
of hexadecyl-1-thiol (3.102 g, 12 mmol). The product
was puriﬁed by column chromatography on silica gel
using n-hexane:ethylacetate/5:1 as the eluent. Yield 560
mg (27.9%), mp 39°C. Anal. calcd. for C42H72N2S2: C,
75.39; H, 10.85; N, 4.19. Found C, 75.10; H, 10.65; N,
4.14%. 1H NMR (CDCl3): δH, ppm 0.88 (t, 6H, CH3), 1.29
(m, 20H, CH2), 1.37 (f, 4H, CH2), 1.65 (f, 4H, CH2), 2.45
(t, 4H, CH2), 2.68 (t, 4H, SCH2), 3.87 (s, 4H, CH2S), 7.71
(s, 2H, CHar). 13C NMR (CDCl3, APT): δC, ppm 14.11
(CH3), 22.69–29.70 (CH2), 31.93 (CH2), 32.59 (SCH2),
33.14 (SCH2), 39.23 (CH2S), 114.21 (C≡N), 115.23 (Car),
134.77 (CarH), 143.69 (Car). IR: ν, cm-1 3040 (Aromatic
CH), 2927–2856 (Aliphatic CH), 2231 (C≡N), 1600
(Car=Car). MS (ESI): m/z (%) 669.5 (100) [M]+.
4-Methyl-5-(hexadecylsulphonylmethyl) phthalonitrile (2c). Compound 2c was prepared with the same
procedure as described for preparation of 2a by
starting with excess of hexadecyl-1-thiol (1.94 g, 7.52
mmol). The resulting light-brown oily product was
puriﬁed by column chromatography on silica gel using
n-hexane:ethylacetate/5:1 as the eluent. Yield 490 mg
(31.6%), mp 47 °C. Anal. calcd. for C26H40N2S : C, 75.67;
H, 9.77; N, 6.79. Found C, 75.90; H, 9.35; N, 6.60%. 1H
NMR (CDCl3): δH, ppm 0.88 (t, 3H, CH3), 1.27 (m, 26H,
CH2), 1.57 (q, 2H, CH2), 2.47 (t, 2H, SCH2), 2.54 (s, 3H,
CarCH3), 3.71 (s, 2H, CH2S), 7.62 (s, 1H, CHar), 7.67 (s,
1H, CHar). 13C NMR (CDCl3, APT): δC, ppm 14.34 (CH3),
19.80 (CarCH3), 22.93–29.93 (CH2), 32.17 (CH2), 32.61
(SCH2), 34.05 (CH2S), 113.95 (Car), 115.67 (Car), 115.72
(C≡N), 134.10 (CarH), 135.54 (CarH), 143.68 (CarH),
143.77 (Car). IR: ν, cm-1 3040 (Aromatic CH), 2926–2859
(Aliphatic CH), 2233 (C≡N), 1601, 1467 (Car=Car). MS
(ESI): m/z (%) 435 (80) [M + Na]+, 413 (100) [M + 1]+.
Octakis-(hexylsulphonylmethyl) phthalocyaninato
nickel(II) (3a). 4,5-Di(hexylsulphonylmethyl) phthalonitrile (1a) (400 mg, 1.02 mmol), 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) (0.24 mL, 1.54 mmol), anhydrous
NiCl2 (0.080 g, 0.62 mmol) and dried 1-hexanol (8 mL)
were reﬂuxed with stirring under an argon atmosphere
for 18 h. After reﬂux, 1-hexanol was removed under
reduced pressure. The crude product was passed through
a silica gel column using CH2Cl2:n-hexane 5:4 as the
eluent. Furthermore, this product was puriﬁed with
preparative TLC using the 12:1/n-hexane: ethylacetate
solvent system. Yield 80 mg (19.5%). Anal. calcd. For
C88H128N8NiS8: C, 65.52; H, 8.00; N, 6.95. Found C,
65.80; H, 8.35; N, 6.85%. 1H NMR (CDCl3): δH, ppm
0.85 (t, 24H, CH3), 1.2–1.9 (m, 64H, CH2), 2.9 (s, 16H,
CH2S), 4.4 (s, 16H, CarCH2), 8.3 (s, 8H, CHar). 13C NMR
(CDCl3, decoupled): δC, ppm 13.09 (CH3), 28.00, 28.69,
30.71, 31.84 (CH2), 32.27 (SCH2), 34.10 (CarCH2), 122.46
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(CarH), 133.99 (Car), 137.27 (Car), 142.90 (CarC=N). IR:
ν, cm-1 2957–2855 (Aliphatic CH), 1621, 1534, 1457
(Car=Car), 1094 (C–N). UV-vis (DMSO): λmax, nm (ε) 336
(6.30), 650 (4.78), 679 (23.47). MS (ESI): m/z (%) 1613
(100) [M + H]+.
Octakis-(hexylsulphonylmethyl) phthalocyanine
(4a). 4,5-Di(hexylsulphonylmethyl) phthalonitrile (1a)
(400 mg, 1.02 mmol), 1,8-diazabicyclo[5.4.0] undec-7ene (DBU) (0.24 mL, 1.54 mmol) and dried 1-hexanol
(6 mL) were reﬂuxed with stirring under an argon
atmosphere for 18 h. After reﬂux, 1-hexanol was removed
under reduced pressure. The crude product was passed
through a silica gel column using CH2Cl2:n-hexane 5:4
as the eluent. Furthermore, this product was puriﬁed with
preparative TLC using the 12:1/n-hexane: ethylacetate
solvent system. Yield 70 mg (17.6%). Anal. calcd. For
C88H130N8S8 : C, 67.90; H, 8.42; N, 7.20. Found C, 67.95;
H, 8.35; N, 7.60%. 1H NMR (CDCl3): δH, ppm -4.05 (s,
2H, NH), 0.70 (t, 24H, CH3), 1.06–1.76 (m, 64H, CH2),
2.82 (s, 16H, CH2S), 4.34 (s, 16H, CarCH2), 8.41 (s, 8H,
CHar). 13C NMR (CDCl3, decoupled): δC, ppm 14.12
(CH3), 22.70, 29.03, 29.85, 31.72 (CH2), 33.30 (SCH2),
35.28 (CarCH2), 124.54 (CarH), 134.84 (Car), 138.93 (Car),
148.50 (CarC=N). IR: ν, cm-1 3294 (NH), 2955–2855
(Aliphatic CH), 1622, 1503, 1458 (Car=Car), 1101 (C–N).
UV-vis (CHCl3): λmax, nm (ε) 347 (8.00), 672 (15.40) 708
(18.69). MS (ESI): m/z (%) 1555 (100) [M + H]+.
Tetrakis-[4-methyl-5-(hexylsulphonylmethyl)]
phthalocyaninato nickel(II) (5a). 4-Methyl-5-(hexylsulphonylmethyl) phthalonitrile (2a) (200 mg, 0.72 mmol),
1,8-diazabicyclo[5.4.0] undec-7-ene (DBU) (0.172 mL,
1.16 mmol), anhydrous NiCl2 (0.056 g, 0.44 mmol) and
dried 1-hexanol (6 mL) were reﬂuxed with stirring under
an argon atmosphere for 18 h. After reﬂux, 1-hexanol
was removed under reduced pressure. The crude product
was passed through a silica gel column using CH2Cl2:nhexane 5:4 as the eluent. Furthermore, this product was
puriﬁed with preparative TLC using the 12:1/n-hexane:
ethylacetate solvent system. Yield 45 mg (21.6%). Anal.
calcd. For C64H80N8NiS4 : C, 66.94; H, 7.02; N, 9.76.
Found C, 66.90; H, 7.15; N, 9.60%. 1H NMR (CDCl3): δH,
ppm 0.80 (t, 12H, CH3), 1.10–1.80 (m, 32H, CH2), 2.30
(t, 8H, SCH2), 2.45 (s, 12H, CarCH3), 3.00–3.60 (b, 8H,
CarCH2), 6.60–7.15 (m, 12H, CHar). 13C NMR (CDCl3,
decoupled): δC, ppm 14.06 (CH3), 19.61 (CarCH3), 22.56–
31.94 (CH2), 32.94 (SCH2), 35.24 (CH2S), 120.86 (Car H),
121.32 (CarH), 133.30 (Car), 134.20 (Car), 136.31 (Car),
136.70 (Car), 142.56 (Car C=N). IR: ν, cm-1 2954–2854
(Aliphatic CH), 1619, 1534, 1463 (Car=Car), 1102 (C–N).
UV-vis (CHCl3): λmax, nm (ε) 334 (4.78), 644 (3.47), 676
(16.74). MS (ESI): m/z (%) 1146 (100) [M + H]+.
Tetrakis-[4-methyl-5-(hexylsulphonylmethyl)]
phthalocyanine (6a). 4-Methyl-5-(hexylsulphonylmethyl) phthalonitrile (2a) (250 mg, 0.92 mmol), 1,8-diazabicyclo[5.4.0] undec-7-ene (DBU) (0.2 mL, 1.35 mmol)
and dried 1-hexanol (5 mL) were reﬂuxed with stirring
under an argon atmosphere for 18 h. After reﬂux,
J. Porphyrins Phthalocyanines 2014; 18: 145–148

146

B.S. ERDOĞAN ET AL.

1-hexanol was removed under reduced pressure. The
crude product was passed through a silica gel column
using CH2Cl2:n-hexane 5:4 as the eluent. Furthermore,
this product was puriﬁed with preparative TLC using
the 12:1/n-hexane: ethylacetate solvent system. Yield 49
mg (19.3%). Anal. calcd. For C64H82N8S4: C, 70.41; H,
7.57; N, 10.26. Found C, 70.35; H, 7.55; N, 10.38%. 1H
NMR (CDCl3): δH, ppm -3.75 (s, 2H, NH), 0.90 (t, 12H,
CH3), 1.18–1.95 (m, 32H, CH2), 2.00–3.00 (m, 20H,
SCH2 and CarCH3), 3.10–3.80 (b, 8H, CarCH2), 6.85–7.85
(m, 8H, CHar). 13C NMR (CDCl3, decoupled): δC, ppm
14.15 (CH3), 19.93 (CarCH3), 22.58–31.58 (CH2), 32.95
(SCH2), 35.31 (CH2S), 121.27 (Car H), 121.61 (Car H),
122.52 (CarH), 133.68 (Car), 136.83 (Car), 137.00 (Car),
137.34 (Car), 147.60 (Car C=N). IR: ν, cm-1 3294 (NH),
2924–2855 (Aliphatic CH), 1622, 1503, 1452 (Car=Car),
1103 (C–N). UV-vis (CHCl3): λmax, nm (ε) 345 (6.90),
669 (12.17), 705 (14.13). MS (ESI): m/z (%) 1090 (100)
[M + H]+.
Octakis-(dodecylsulphonylmethyl) phthalocyaninato nickel(II) (3b). Compound 3b was prepared with
the same procedure as described for preparation of 3a.
by starting with of 4,5-di(dodecylsulphonylmethyl)
phthalonitrile (1b). Yield 80 mg (19.5%). Anal. calcd.
For C136H224N8NiS8: C, 71.44; H, 8.97; N, 4.90. Found
C, 71.80; H, 8.65; N, 4.85%. 1H NMR (CDCl3): δH, ppm
0.75 (t, 24H, CH3), 1.24–2.02 (m, 160H, CH2), 3.02 (s,
16H, CH2S), 4.61 (s, 16H, CarCH2), 8.59 (s, 8H, CHar).
13
C NMR (CDCl3, decoupled): δC, ppm 14.04 (CH3),
22.61, 29.41, 29.70, 29.89, 31.85 (CH2), 33.21 (SCH2),
35.39 (CarCH2), 123.85 (CarH), 135.37 (Car), 138.52 (Car),
143.50 (CarC=N). IR: ν, cm-1 2921–2851 (Aliphatic
CH), 1623, 1536, 1456 (Car=Car), 1106 (C–N). UV-vis
(CHCl3): λmax, nm (ε) 337 (6.25), 650 (4.55), 680 (23.25).
MS (ESI): m/z (%) 2286 (100) [M + 3H]+.
Octakis-(dodecylsulphonylmethyl) phthalocyanine
(4b). Compound 4b was prepared with the same
procedure as described for preparation of 4a. by starting
with of 4,5-di(dodecylsulphonylmethyl) phthalonitrile
(1b). Yield 75 mg (18.0%). Anal. calcd. For C136H226N8S8:
C, 73.25; H, 10.22; N, 5.03. Found C, 73.70; H, 10.30;
N, 4.95%. 1H NMR (CDCl3): δH, ppm -4.15 (s, 2H, NH),
0.75 (t, 24H, CH3), 1.16–1.86 (m, 160H, CH2), 2.90 (s,
16H, CH2S), 4.44 (s, 16H, CarCH2), 8.55 (s, 8H, CHar).
13
C NMR (CDCl3, decoupled): δC, ppm 14.18 (CH3),
22.80, 29.15, 29.75, 31.90 (CH2), 33.40 (SCH2), 35.30
(CarCH2), 124.55 (CarH), 134.90 (Car), 139.10 (Car),
148.60 (CarC=N). IR: ν, cm-1 3290 (NH), 2958–2853
(Aliphatic CH), 1627, 1505, 1460 (Car=Car), 1110 (C–N).
UV-vis (CHCl3): λmax, nm (ε) 347 (7.95), 673 (15.20) 709
(18.45). MS (ESI): m/z (%) 2229 (100) [M + 2H]+.
Tetrakis-[4-methyl-5-(dodecylsulphonylmethyl)]
phthalocyaninato nickel(II) (5b). Compound 5b
was prepared with the same procedure as described
for preparation of 5a by starting with of 4-methyl-5(dodecylsulphonylmethyl) phthalonitrile (2b). Yield 55
mg (20.5%). Anal. calcd. For C88H128N8NiS4 : C, 71.18;
Copyright © 2014 World Scientific Publishing Company

H, 8.69; N, 7.55. Found C, 71.30; H, 8.75; N, 7.40%. 1H
NMR (CDCl3): δH, ppm 0.82 (t, 12H, CH3), 1.09–1.81
(m, 80H, CH2), 2.32 (t, 8H, SCH2), 2.52 (s, 12H, CarCH3),
3.05–3.64 (b, 8H, CarCH2), 6.65–7.25 (m, 8H, CHar). 13C
NMR (CDCl3, decoupled): δC, ppm 14.22 (CH3), 20.14
(CarCH3), 22.85–33.23 (CH2), 32.10 (SCH2), 33.28
(CH2S), 121.19 (Car H), 122.24 (CarH), 134.88 (Car),
135.71 (Car), 137.02 (Car), 137.49 (Car), 143.53 (Car
C=N). IR: ν, cm-1 2921–2852 (Aliphatic CH), 1625,
1534, 1465 (Car=Car), 1103 (C–N). UV-vis (CHCl3): λmax,
nm (ε) 335 (4.60), 647 (3.35), 677 (16.65). MS (ESI): m/z
(%) 1486.85 (100) [M + H]+.
Tetrakis-[4-methyl-5-(dodecylsulphonylmethyl)]
phthalocyanine (6b). Compound 6b was prepared with
the same procedure as described for preparation of 6a by
starting with of 4-methyl-5-(dodecylsulphonylmethyl)
phthalonitrile (2b). Yield 67 mg (18.5%). Anal. calcd.
For C88H130N8NiS4: C, 74.00; H, 9.17; N, 7.85. Found C,
74.10; H, 9.25; N, 7.60%. 1H NMR (CDCl3): δH, ppm
-4.12 (s, 2H, NH), 0.78 (t, 12H, CH3), 1.10–1.67 (m,
80H, CH2), 2.47 (t, 8H, SCH2), 2.61 (s, 12H, CarCH3),
3.66–3.96 (b, 8H, CarCH2), 7.64–8.04 (m, 8H, CHar).
13
C NMR (CDCl3, decoupled): δC, ppm 13.07 (CH3),
19.27 (CarCH3), 21.66–31.91 (CH2), 32.09 (SCH2), 34.72
(CH2S), 121.96 (Car H), 122.78 (CarH), 133.75 (Car),
136.62 (Car), 136.74 (Car), 136.87 (Car), 146.81 (Car C=N).
IR: ν, cm-1 3290 (NH), 2921–2852 (Aliphatic CH), 1625,
1532, 1465 (Car=Car), 1102 (C–N). UV-vis (CHCl3): λmax,
nm (ε) 345 (6.80), 668 (12.20), 706 (14.20). MS (ESI):
m/z (%) 1429.20 (100) [M + H]+.
Octakis-(hexadecylsulphonylmethyl) phthalocyaninato nickel(II) (3c). Compound 3c was prepared with
the same procedure as described for preparation of 3a
by starting with of 4,5-di(hexadecylsulphonylmethyl)
phthalonitrile (1c). Yield 65 mg (18.5%). Anal. calcd. For
C168H288N8NiS8: C, 73.77; H, 10.61; N, 4.10. Found C,
73.20; H, 10.45; N, 4.25%. 1H NMR (CDCl3): δH, ppm
0.88 (t, 24H, CH3), 1.26–2.10 (m, 224H, CH2), 293 (s,
16H, CH2S), 4.52 (s, 16H, CarCH2), 8.50 (s, 8H, CHar).
13
C NMR (CDCl3, decoupled): δC, ppm 13.95 (CH3),
22.01, 27.31–29.85, 31.75 (CH2), 33.15 (SCH2), 35.06
(CarCH2), 122.83 (CarH), 134.86 (Car), 137.73 (Car),
144.10 (CarC=N). IR: ν, cm-1 2920–2850 (Aliphatic
CH), 1621, 1534, 1467 (Car=Car), 1103 (C–N). UV-vis
(CHCl3): λmax, nm (ε) 337 (6.10), 651 (4.50), 681 (23.15).
MS (ESI): m/z (%) 2736 (100) [M + H]+.
Octakis-(hexadecylsulphonylmethyl) phthalocyanine (4c). Compound 4c was prepared with the same
procedure as described for preparation of 4a by starting
with of 4,5-di(hexadecylsulphonylmethyl) phthalonitrile
(1c). Yield 74 mg (17.5%). Anal. calcd. For C168H290N8S8:
C, 75.33; H, 10.91; N, 4.18. Found C, 75.40; H, 10.45;
N, 4.27%. 1H NMR (CDCl3): δH, ppm -4.10 (s, 2H, NH),
0.77 (t, 24H, CH3), 1.044–1.88 (m, 224H, CH2), 2.91 (s,
16H, CH2S), 4.54 (s, 16H, CarCH2), 8.78 (s, 8H, CHar).
13
C NMR (CDCl3, decoupled): δC, ppm 13.03 (CH3),
21.64, 28.31–28.92, 30.89 (CH2), 32.26 (SCH2), 34.45
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(CarCH2), 123.75 (CarH), 134.22 (Car), 138.19 (Car),
146.15 (CarC=N). IR: ν, cm-1 3290 (NH), 2920–2851
(CH2), 1625, 1535, 1467 (Car=Car), 1102 (C–N). UV-vis
(CHCl3): λmax, nm (ε) 347 (7.85), 673 (15.15), 710
(18.35). MS (ESI): m/z (%) 2680 (100) [M + 2H]+.
Tetrakis-[4-methyl-5-(hexadecylsulphonylmethyl)]
phthalocyaninato nickel(II) (5c). Compound 5c was
prepared with the same procedure as described for
preparation of 5a by starting with of 4-methyl-5(hexadecylsulphonylmethyl) phthalonitrile (2c). Yield
58 mg (21.5%). Anal. calcd. For C104H162N8NiS4 : C,
72.99; H, 9.54; N, 6.55. Found C, 72.55; H, 9.48; N,
6.32%. 1H NMR (CDCl3): δH, ppm 0.79 (t, 12H, CH3),
1.07–1.85 (m, 112H, CH2), 2.35 (t, 8H, SCH2), 2.58 (s,
12H, CarCH3), 3.10–3.74 (b, 8H, CarCH2), 7.25–7.85 (m,
8H, CHar). 13C NMR (CDCl3, decoupled): δC, ppm 14.22
(CH3), 20.14 (CarCH3), 22.85–29.91 (CH2), 32.10 (SCH2),
33.23 (CH2S), 121.94 (CarH), 122.22 (CarH), 134.88 (Car),
135.71 (Car), 137.02 (Car), 137.49 (Car), 143.53 (Car C=N).
IR: ν, cm-1 2925–2850 (Aliphatic CH), 1626, 1534, 1467
(Car=Car), 1103 (C–N). UV-vis (CHCl3): λmax, nm (ε)
337 (4.60), 650 (3.36), 678 (16.58). MS (ESI): m/z (%)
1708.85 (100) [M + H]+.
Tetrakis-[4-methyl-5-(hexadecylsulphonylmethyl)]
phthalocyanine (6c). Compound 6c was prepared with
the same procedure as described for preparation of 6a by
starting with of 4-methyl-5-(hexadecylsulphonylmethyl)
phthalonitrile (2c). Yield 65 mg (19.0%). Anal. calcd. For
C104H164N8S4: C, 75.49; H, 9.99; N, 6.77. Found C, 75.40;
H, 9.32; N, 6.80%. 1H NMR (CDCl3): δH, ppm -4.12 (s,
2H, NH), 0.78 (t, 12H, CH3), 1.10–1.68 (m, 112H, CH2),
2.47 (t, 8H, SCH2), 2.64 (s, 12H, CarCH3), 3.66–3.96 (b,
8H, CarCH2), 7.64–8.05 (m, 8H, CHar). 13C NMR (CDCl3,
decoupled): δC, ppm 13.07 (CH3), 21.66 (CarCH3), 23.10–
28.78 (CH2), 30.91 (SCH2), 32.09 (CH2S), 120.50 (Car H),
121.94 (CarH), 133.85 (Car), 135.30 (Car), 136.95 (Car),
137.20 (Car), 143.40 (Car C=N). IR: ν, cm-1 3295 (NH),
2921–2852 (Aliphatic CH), 1625, 1537, 1465 (Car=Car),
1103 (C–N). UV-vis (CHCl3): λmax, nm (ε) 347 (6.82),
670 (12.10), 707 (14.05). MS (ESI): m/z (%) 1652.10
(100) [M + 2H]+.

CONCLUSION
In this work, new methylene-bridged octa- and
tetra-alkylthio substituted Pcs Ni(II) and metal free
Pcs were synthesized. These products were soluble in
most solvents such as carbon tetrachloride, THF and
ethylacetate. They were thermally stable over a wide
temperature range and exhibited a hexagonal columnar
(Colh) structure. The inﬂuence of the nature of the side
chains upon the mesomorphic properties was compared
with the Pcs substituted by methylene-bridged octaalkylthia chain and their analogs without methylenebridged derivatives. It could be seen that addition of
methylene-bridged to phthalocyanine core decreased the
Copyright © 2014 World Scientific Publishing Company
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liquid crystal phase transition temperatures. In addition,
the central metal ion exerted a strong inﬂuence on the
thermal transition temperature of the Pcs derivatives. The
clearing points of the Ni(II) phthalocyanine derivatives
were higher than that of the corresponding metal-free
phthalocyanine derivatives. According to the literature,
the same behavior was observed for the alkoxy and
alkoxymethyl derivatives [20, 21].
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ABSTRACT: Sandwich-type complex based on tetradiazepinoporphyrazine ligand — bis{tetrakis(5,7di(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-b,g,l,q]porphyrazinato}lutetium — was synthesized for
the ﬁrst time. The structure of the compound has been conﬁrmed by UV-vis/NIR, 1H NMR spectroscopy,
and MALDI-TOF mass spectrometry data. The introduction of annulated diazepine heterocycles to
porphyrazine molecule signiﬁcantly changes macrocycle reactivity and results in sandwich-type complex
under conditions used for the selective synthesis of lanthanide(III) monophthalocyanines.
KEYWORDS: tetradiazepinoporphyrazine, lutetium, sandwich complex, synthesis.

INTRODUCTION
In recent years, owing to their structural features,
tetrapyrrolic macrocycles have found increasing
application in modern scientiﬁc and technological ﬁelds.
Their complexes with rare earth elements (REE) are of
particular interest among this class of compounds. The
ability of REE to form sandwich-type complexes with
tetrapyrrolic macrocycles has led to the appearance of
a number of unique photophysical, electrochromic and
semiconducting properties [1–4]. Sandwich phthalocyanine complexes are the most investigated ones in this
ﬁeld [5–10], while much less attention has been paid to
sandwich complexes based on heterocyclic ring annulated
porphyrazines. Thus, lutetium triple-decker complex
of substituted tetrathieno[2,3-b]porphyrazine has only
recently been reported [11]. Therefore, extending the
range of this type of compounds is of particular interest.
¡
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In this paper, we report the synthesis of lutetium
double-decker complex based on tetrakis(5,7-di(4-tertbutylphenyl)-6H-1,4-diazepino)[2,3-b,g,l,q]porphyrazine.
Previously, it was shown that the presence of diazepine
heterocycles annulated to the porphyrazine macrocycle
along with a π-system extension causes the appearance of
unique structure features of tetradiazepinoporphyrazines
[12, 13]. As a result, the synthesis of REE complexes with
tetradiazepinoporphyrazine ligands is of great interest.

EXPERIMENTAL
General
Electronic absorption spectra were recorded on
Hitachi U-2900 (UV-vis) and Hitachi U-4100 (UV-vis/
NIR) spectrophotometers using quartz cells (l = 1 cm and
0.5 cm, respectively) with the samples dissolved in THF
or CCl4.
1
H and 13C NMR spectra were registered on a Bruker
AM-200 instrument (200 and 50 MHz, respectively).
MALDI-TOF mass spectra were taken using a Bruker
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Autoﬂex II mass spectrometer with α-cyano-4hydroxycinnamic acid (HCCA) as the matrix.
Column chromatography was carried out on neutral
Macherey-Nagel Aluminium oxide. Gel permeation chromatography was accomplished on the polymeric support
Bio-Beads S-X1 (BIORAD) using THF as the eluent.
Preparative TLC was performed using Merck Aluminium
Oxide F254 neutral ﬂexible plates. All other reagents and
solvents were obtained or distilled according to standard
procedures. A salt Lu(acac)3·3H2O was prepared according
to the procedure reported in the literature [14]. The salts
Lu(CHOO)3·2H2O and Lu(acac)3·3H2O were dried immediately before use under vacuum for 4 h at 90 °C. All reactions
were TLC and UV-vis controlled until the complete
disappearance of the starting reagents was observed.
5,7-di(4-tert-butylphenyl)-6H-1,4-diazepine-2,3dicarbonitrile (1) was prepared by condensation of diaminomaleodinitrile and di(4-tert-butylbenzoyl)methane
according to the published procedure [12].
Synthesis
Preparation of tetrakis(5,7-di(4-tert-butylphenyl)6H-1,4-diazepino)[2,3-b,g,l,q]porphyrazine (tBuPhDzPzH2, 2). Mg metal (59.5 mg) was boiled in isoamyl
alcohol (30 mL) in the presence of a catalytic amount of
I2 until the complete dissolution (3 h). The solution of the
resulting Mg alkoxide was cooled to room temperature,
dicarbonitrile 1 (1000 mg, 2.45 mmol) was added, and
the mixture was reﬂuxed for 8 h. The course of the
reaction was monitored by TLC (Al2O3, CHCl3). Then,
the reaction mixture was cooled to room temperature and
the solvent was evaporated under reduced pressure. The
resulting dry residue was washed with 50% aqueous acetic
acid (4 × 50 mL) and 80% aqueous MeOH (2 × 50 mL)
followed by drying in vacuo at 90 °C. This yielded
magnesium complex tBuPhDzPzMg as a dark green solid
(945 mg, 93%). UV-vis (CH2Cl2): λmax, nm (log ε) 345
(5.00), 375 (5.01), 589 (4.12), 640 (5.02), 679 (4.81) is
consistent with literature data [12]. Then, Mg complex
(500 mg, 0.33 mmol) was dissolved in glacial acetic acid
(10 mL). The solution was heated to the boiling point
and the acid was evaporated under reduced pressure.
The dry residue was washed with water (5 × 50 mL) and
80% aqueous MeOH (2 × 50 mL) followed by drying in
vacuo at 90 °C. The solid obtained was puriﬁed by column
chromatography (Al2O3, CHCl3:MeOH 100:1 V/V).
This yielded 2 as a dark green solid (353 mg, 72%). Rf =
0.95 (Al2O3, CHCl3:THF 10:1 V/V). UV-vis (CH2Cl2):
λmax, nm (log ε) 365 (4.98), 636 (4.74), 680 (4.69).
1
H NMR (200 MHz; CDCl3): δH, ppm 8.13 (16H, d, 3J =
8.4 Hz, o-ArH), 7.43 (16H, d, 3J = 8.4 Hz, m-ArH), 6.09 (4H,
d, 2J = 12.2 Hz, eq-CH2), 4.84 (4H, d, 2J = 11.8 Hz, ax-CH2),
1.48 (72H, s, tBu), -3.95 (2H, s, NH). 13C NMR (50 MHz;
CDCl3): δ, ppm 31.52, 35.15, 37.61, 125.55, 129.87, 134.14,
139.76, 148.86, 150.95, 153.94. MS (MALDI-TOF,
HCCA): m/z 1637 (calcd. for [M + H]+ 1637).
Copyright © 2014 World Scientific Publishing Company

Preparation of bis{tetrakis(5,7-di(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-b,g,l,q]porphyrazinato}lutetium ([tBuPhDzPz]2Lu, 3). (a) A mixture
of 1 (150 mg, 0.37 mmol), Lu(CHOO)3·2H2O (16 mg,
0.046 mmol) and isoamyl alcohol (3 mL) was heated
until the solution became homogeneous. Then, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (35 mg, 0.23 mmol)
was added and the mixture was reﬂuxed under argon
for 19 h. The course of the reaction was monitored by
TLC (Al2O3, CHCl3). After completion of the reaction,
the mixture was diluted with CHCl3 and ﬁltered off
from insoluble impurities on a sintered glass ﬁlter. The
solvent was evaporated under reduced pressure and the
dry residue was washed with 80% aqueous MeOH (3 ×
50 mL) followed by drying in vacuo at 90 °C. The solid
obtained was puriﬁed by column chromatography (Al2O3,
CHCl3; CHCl3:THF 10:1 V/V; THF), and the ﬁnal fraction
was collected; this yielded 8 mg of 3 (5%).
(b) A mixture of 2 (200 mg, 0.12 mmol), Lu(CHOO)3·2H2O (42 mg, 0.12 mmol) and DBU (37 mg, 0.24
mmol) was reﬂuxed in o-DCB (5 mL) under argon ﬂow for
4.5 h. The course of the reaction was monitored by TLC
(Al2O3, CHCl3:THF 10:1 V/V). Then, the reaction mixture
was diluted with CHCl3 and separated from insoluble
impurities using a sintered glass ﬁlter. The solvent was
evaporated under reduced pressure and the dry residue was
washed with 80% aqueous MeOH (3 × 50 mL) followed by
drying in vacuo at 90 °C. The resulting solid was subjected
to gel permeation chromatography (Bio-Beads S-X1, THF).
This yielded 3 as a blue-green solid (60 mg, 30%).
(c) A mixture of 2 (100 mg, 0.061 mmol), Lu(acac)3·3H2O
(16 mg, 0.031 mmol) and DBU (93 mg, 0.61 mmol) was
reﬂuxed in o-DCB (3 mL) under argon ﬂow for 3 h. The
course of the reaction was monitored by TLC (Al2O3,
CHCl3:THF 10:1 V/V). Then, the reaction mixture was
diluted with CHCl3 and separated from insoluble impurities
using a sintered glass ﬁlter. The solvent was evaporated
under reduced pressure and the dry residue was washed
with 80% aqueous MeOH (3 × 50 mL) followed by drying
in vacuo at 90 °C. The resulting solid was subjected to
gel permeation chromatography (Bio-Beads S-X1, THF).
This yielded 3 (89 mg, 85%). Rf = 0.75 (Al2O3, THF).
UV-vis (THF): λmax, nm 368, 620, 726. 1H NMR (200
MHz; CDCl3/THF-d8): δH, ppm 8.18 (16H, br d, 3J = 6.20
Hz, o-ArH), 7.46 (16H, br d, 3J = 6.21 Hz, m-ArH), 6.07
(4H, br s, eq-CH2), 5.15 (4H, br d, 2J = 10.17 Hz, ax-CH2),
1.46 (72H, s, tBu). MS (MALDI-TOF, HCCA): m/z 3444
(calcd. for [M]+ 3444, M = [tBuPhDzPz]2LuH).

RESULTS AND DISCUSSION
Synthesis of double-decker complex 3
Double-decker complex 3 was synthesized using three
different methods. Primarily, dicarbonitrile 1 was used
as a starting reagent for its synthesis. The reaction was
J. Porphyrins Phthalocyanines 2014; 18: 150–154
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method a: Lu(CHOO)3·2H2O, DBU, i-C5H11OH, reflux for 19 h;
R=

t

Bu

method b: Lu(CHOO)3·2H2O, DBU, o-DHB, reflux for 4.5 h;
method c: Lu(acac)3·3H2O, DBU, o-DHB, reflux for 3 h

Scheme 1. Synthesis of complex 3

performed according to the procedure used for REE
bis(phthalocyanine) template synthesis in solution [15–
17]. The method involved the reﬂux of dicarbonitrile
with lutetium formate in isoamyl alcohol in the presence
of DBU under argon for 19 h (Scheme 1, method a)
and gave target complex 3 with low yield (5%). As a
rule, using nitrile as a starting compound in the case of
phthalocyanines leads to low reaction selectivity and the
formation of a mixture of two products: single-decker
and double-decker complexes. It should be noted that, in
our case, sandwich porphyrazine complex was the only
macrocyclic product. Such low yield of this compound
is probably connected to side reactions competing with
the template macrocyclization of diazepine nitrile. With
a view to suppress the formation of by-products and
increase target product yield, we decided to employ presynthesized ligand 2 (tBuPhDzPzH2) as a starting reagent.
In terms of the tendency of diazepine derivatives for
side reactions, we decided to apply the comparatively
mild and selective technique of ligand complexation
with REE salts (Scheme 1, method b), yielding singledecker complexes in the case of phthalocyanines. The
reﬂux of ligand and REE salt in equimolar quantities in
o-DCB in the presence of DBU under argon was used
[18]. To our surprise, the double-decker complex was the
only product of the reaction in 30% yield. Product yield
strongly depended on dryness of lutetium salt and varied
in the range of 10–30%. The last facts highlight the
alkaline hydrolysis sensitivity of diazepine heterocycle in
the ligand, which was found and investigated previously
for 1,5-benzodiazepines [19]. However, the selective
formation of sandwich-type complex 3 in two completely
different methods is of special interest. For the purpose
Copyright © 2014 World Scientific Publishing Company

of obtaining a double-decker complex, we modiﬁed the
synthetic conditions used in method b. Changing the ratio
of ligand:salt (2:1) and applying the most waterless and
homogeneous system, namely replacing the lutetium
formate on o-DCB soluble lutetium acetylacetonate, we
managed to considerably increase yield of 3 up to 85%
(Scheme 1, method c).
The analysis of 3, ligand 2 and its complexes with
s,d-elements (Mg, Zn, Ni, Cu, Fe) [12, 20] by means of
physico-chemical methods allowed us to understand such
unusual inﬂuence of diazepine heterocycles on selectivity
and mildness of sandwich complex formation. Obtaining
double-decker complexes under conditions of selective
synthesis of REE monophthalocyanines can be connected
with the speciﬁc ability of diazepines annulated to the
porphyrazine macrocycle to form hydrogen bonds and
H-type stable dimers [12, 13].
Complex 3 obtained here was characterized by
MALDI-TOF mass spectrometry. The MALDI-TOF
mass spectrum of 3 revealed intense molecular ion [M]+
peak with a characteristic isotopic pattern that is in good
accordance with the simulated one, which characterizes
the laser light stability of tetradiazepine macrocycle
(Fig. 1).
Electronic absorption spectra
According to UV-vis data, lutetium bis(porphyrazinate)
3, regardless of the synthetic method, was obtained in
reduced state; this could be due to the presence of DBU
in the reaction mixture (Fig. 2). The reduced form of 3 is
characterized by the intense Soret band at 368 nm and the
split Q-band with peaks at 620 and 726 nm.
J. Porphyrins Phthalocyanines 2014; 18: 151–154
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Fig. 1. MALDI-TOF mass spectrum of 3. Inset: isotopic pattern for the molecular ion (a) and simulated MS pattern of the
molecular ion (b)

Fig. 2. UV-vis spectra of ligand 2 and complex 3 in THF

Fig. 3. UV-vis spectral changes for 3 upon the treatment of Br2
(vapors) in THF

Complex 3 exhibits the ability for air oxidation
in dilute solutions (C~10-5 M). The addition of Br2
to reduced form of 3 (Fig. 3) results in a change in
spectrum character similar to REE bis(phthalocyanines)
[21, 22]. Thus, the intense Q-band at 650 nm and the
red valence (RV) band at 865 nm, which correspond
to the formation of the neutral form of 3, are detected.
However, the blue valence (BV) band at 460–510 nm,
which is characteristic for the neutral form, is not

detected individually, which could be associated with
the overlay of the B absorption band in this area. This
oxidation is reversible; the neutral form obtained turns
quantitatively to the original state via the action of
triethylamine. The addition of excess Br2 to the neutral
form of 3 leads to further oxidation, accompanied by
characteristic spectral changes (Fig. 4). In this case,
we failed to quantitatively return the complex from the
oxidized form to the neutral form.

Copyright © 2014 World Scientific Publishing Company
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Fig. 4. UV-vis spectra of reduced (a), neutral (b) and oxidized
(c) forms of 3 in THF (oxidation by Br2 vapors)

Fig. 5. UV-vis/NIR spectrum of neutral form of 3 in CCl4

The double-decker structure of complex 3 was
visually conﬁrmed by the presence in its neutral form
NIR spectrum wide intervalence (IV) band with maxima
at 1216 and 1305 nm (Fig. 5).

of THF-d8 (3.58 ppm s, α-CH2; 1.73 ppm s, β-CH2)
promoted disaggregation and allowed a good quality 1H
NMR spectrum to be obtained (Fig. 6). Signals of the
aromatic (8.18 ppm, br d, 3J = 6.20 Hz, o-ArH; 7.46
ppm, br d, 3J = 6.21 Hz, m-ArH) and aliphatic (6.07 ppm,
br s, eq-CH2; 5.15 ppm, br d, 2J = 10.17 Hz, ax-CH2;
1.46 ppm, s, tBu) protons practically coincide with those
obtained earlier for the 1H NMR spectrum of H-dimer of
Mg complex with ligand 2 [12]. Such low ﬁeld shift of the
diastereotopic CH2 protons, as discussed recently [12, 13]
and conﬁrmed by X-ray structural analysis data using the

NMR spectroscopy
Lu3+ ion is diamagnetic, but the sandwich complex
ability to red-ox processes is reﬂected by the presence of
paramagnetic impurity of the radical form, which results
in the broadening of 1H NMR signals. The addition
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Fig. 6. 1H NMR spectrum of 3 in CDCl3/THF-d8
Copyright © 2014 World Scientific Publishing Company
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example of Ni complex [20], indicates the formation of
hydrogen bonds between axial protons of CH2 groups
in the diazepine cycles of one macrocycle with meso-N
atoms of another porphyrazine macrocycle in sandwich
complex 3. The comparison of X-ray structural analysis
data (rotation angle and the distance between the planes
of the macrocycles) obtained for the Ni complex of
ligand 2 [20] with that for the Lu sandwich-type complex
of phthalocyanine [15] suggests that such intermolecular
interactions form a dimer structure with a ligand position
similar to sandwich complexes with REE. For this reason
steric factors, preventing the formation of double-decker
complexes, can be overcome. Such speciﬁcity of the
tetradiazepine ligand seems to play a key role in the
preparation of sandwich complex 3 under relatively mild
conditions, which have been developed for the selective
synthesis of REE monophthalocyanines.

CONCLUSION
[tBuPhDzPz]2Lu was prepared here for the ﬁrst
time. The combination of UV-vis/NIR and 1H NMR
spectroscopic techniques conﬁrmed that the title compound was isolated in a reduced state, which can be
reversibly oxidized to the corresponding neutral form
with pronounced changes in the UV-vis spectrum. This
allows one to suppose the possibility of the application
of [tBuPhDzPz]2Lu in electrochromic devices. It was found
that tetradiazepinoporphyrazine tBuPhDzPzH2 can form the
corresponding double-decker complex under conditions
used for the selective synthesis of lanthanide(III)
monophthalocyanines.
Acknowledgements
We thank Presidium of the Russian Academy of
Sciences, Foundation of the Russian President for support
of young scientists and leading scientiﬁc schools (Grant
No. MK-6590.2013.3) and Russian Foundation for Basic
Research (Grant No. 12-03-00774) for ﬁnancial support.

REFERENCES
1. Passard M, Blanc JP and Maleysson C. Thin Solid
Films 1995; 271: 8–14.
2. Nicholson MM. In Phthalocyanines: Properties and
Applications, Vol. 3, Leznoff CC and Lever ABP.
(Eds.) VCH Publishers: New York, 1993; pp. 71–117.

Copyright © 2014 World Scientific Publishing Company

3. Bouvet M, Gaudillat P and Suisse J-M. J. Porphyrins Phthalocyanines 2013; 17: 628–635.
4. Jiang J and Ng DKP. Acc. Chem. Res. 2008; 42:
79–88.
5. Jiang J, Kasuga K and Arnold DP. In Supramolecular Photosensitive and Electroactive Materials,
Nalwa HS. (Ed.) Academic Press: San Diego, 2001;
pp 113–210.
6. Bian Y, Zhang Y, Ou Z and Jiang J. In Handbook of
Porphyrin Science, Vol. 14, Kadish KM, Smith KM
and Guilard R. (Eds.) World Scientiﬁc: Singapore,
2011; pp 249–460.
7. Wang H, Wang K, Bian Y, Jiang J and Kobayashi N.
Chem. Commun. 2011; 47: 6879–6881.
8. Wang H, Liu T, Wang K, Duan C and Jiang J. Chem.
Eur. J. 2012; 18: 7691–7694.
9. Wang H, Qi D, Xie Z, Cao W, Wang K, Shang H
and Jiang J. Chem. Commun. 2013; 49: 889–891.
10. Shang H, Wang H, Wang K, Kan J, Cao W and
Jiang J. Dalton Trans. 2013; 42: 1109–1115.
11. Dubinina TV, Dyumaeva DV, Trashin SA, Sedova
MV, Dudnik AS, Borisova NE, Tomilova LG and
Zeﬁrov NS. Dyes Pigm. 2013; 96: 699–704.
12. Tarakanov PA, Donzello MP, Koifman OI and
Stuzhin PA. Macroheterocycles 2011; 4: 177–183.
13. Stuzhin PA, Tarakanov P, Shiryaeva S, Zimenkova A,
Koifman OI, Viola E, Donzello MP and Ercolani C.
J. Porphyrins Phthalocyanines 2012; 16: 968–976.
14. Stites JG, McCarty CN and Quill LL. J. Am. Chem.
Soc. 1948; 70: 3142–3143.
15. De Cian A, Moussavi M, Fischer J and Weiss R.
Inorg. Chem. 1985; 24: 3162–3167.
16. Tomilova LG, Ivanov AV, Kostyuchenko IV, Shulishov
EV and Nefedov OM. Mendeleev Commun. 2002; 12:
149–151.
17. Pushkarev VE, Ivanov AV, Zhukov IV, Shulishov
EV and Tomilov YV. Russ. Chem. Bull. Int. Ed.
2004; 53: 554–560.
18. Pushkarev VE, Breusova MO, Shulishov EV and
Tomilov YV. Russ. Chem. Bull. Int. Ed. 2005; 54:
2087–2093.
19. Lloyd D, McDougall RH and Marshall DR. J. Chem.
Soc. 1965: 3785–3792.
20. Tarakanov PA. PhD thesis, ISUCT: Ivanovo, 2012.
21. Zhukov IV, Pushkarev VE, Tomilova LG and Zeﬁrov
NS. Russ. Chem. Bull. Int. Ed. 2005; 54: 189–194.
22. Yilmaz I, Nakanishi T, Gürek A and Kadish KM.
J. Porphyrins Phthalocyanines 2003; 7: 227–238.

J. Porphyrins Phthalocyanines 2014; 18: 154–154

Journal of Porphyrins and Phthalocyanines

Published at http://www.worldscinet.com/jpp/

J. Porphyrins Phthalocyanines 2014; 18: 155–161
DOI: 10.1142/S1088424613501186

Self-assembly of 2-hydroxy-tri-tert-butylphthalocyaninato zinc
into J-type dimer: UV-vis, DFT and spectropotentiometric study
Alexander Yu. Tolbin*a¡, Victor E. Pushkareva,b¡, Vladimir B. Sheininc,
Sergey A. Shabuninc and Larisa G. Tomilovaa,b¡
a

Institute of Physiologically Active Compounds of the Russian Academy of Sciences, 142432 Chernogolovka,
Moscow Region, Russian Federation
b
Department of Chemistry, M.V. Lomonosov Moscow State University, 119991 Moscow, Russian Federation
c
G.A. Krestov Institute of Solution Chemistry of the Russian Academy of Sciences, 153045 Ivanovo,
Russian Federation
Dedicated to Professor Aslan Tsivadze on the occasion of his 70th birthday
Received 27 September 2013
Accepted 7 November 2013
ABSTRACT: The role of the base nature during complexation of 2-hydroxy-9(10),16(17),23(24)-tri-tertbutyl-29H,31H-phthalocyanine ligand (1) with zinc acetate was studied by the UV-vis spectroscopy and
DFT calculations. The latter allowed us to explain the selective formation of double-coordinated J-type
dimer in the presence of lithium methoxide. Spectropotentiometry was used to study the nucleophilic
properties of the dimeric complex in comparison with the corresponding monomer and has demonstrated
the strong intramolecular interactions of macrocycles.
KEYWORDS: J-dimer, DFT study, phthalocyanine, synthesis, UV-vis, spectropotentiometry.

INTRODUCTION
Formation of the aggregates based on macroheterocyclic compounds, as well as their investigation has
been the subject of intensive research, especially in
recent years. In particular, the fact of the formation of
supramolecular J-type assemblies based on bisazamethine
[1], azobenzene [2], cyanine [3], pseudoisocyanine [4]
dyes and porphyrins derivatives [5] is well-known. Such
nanoaggregates have demonstrated high ﬂuorescence
quantum yields [6], nonlinear optical properties [7] and
could also contribute to enhancement of the physiological
activity in the photodynamic therapy of cancer [8],
as well as be of interest in creating new-generation
¡
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optical material [9]. Most of the works refer to low
stability of such aggregates, with the inﬂuence of
concentration and solvent polarity on the possibility of
supramolecular aggregation being demonstrated. This
is an interesting feature of macrocyclic compounds
and at the same time an essential limitation of their
practical application. In this regard, the preparation of
stable dimeric J-type phthalocyanine complexes and
the study of their physicochemical properties should
further promote the development of priority areas of
modern technologies. We have previously shown that
the metalation of 2-hydroxy-9(10),16(17),23(24)-tritert-butyl-29H,31H-phthalocyanine ligand (1) can proceed in two different routes depending on the nature of
a base [10].
In this paper, we try to explain such an unusual role
of the base nature in the preparation of metal complexes
with different structures.
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EXPERIMENTAL
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General

At =

All solvents were reagent-grade quality and were
obtained from Aldrich. Phthalocyanines 1–3 were synthesized according to our previously published procedures
[10, 12].
UV-vis spectra were recorded on a Hitachi U-2900
equipment in a range of 190–1100 nm in o-DCB.
Quantum-chemical calculations were performed with
density functional theory (DFT) method. Perdew-BurkeErnzerhof (PBE) [13] functional and PRIRODA package
[14] supplied with three exponent TZ2P basis set including twice polarized Gauss-type functions were used for
steady state optimization of structure geometries. The
size of the basis set used is — (11s6p2d):[6s3p2d] for C
and N, (5s5p2d):[3s3p2d] for O, (5s1p):[3s1p] for H and
(17s13p8d):[12s9p4d] for Zn atom correspondingly.

Structures of the compounds under investigation are
shown in Chart 1. Complexes 2 and 3 were obtained by
complexation of ligand 1 with Zn acetate in the presence
of DBU or Li methoxide respectively. Thus, it is obvious
that the action of any base on the ligand results in
removing of the internal NH-protons. However, in the
case of Li methoxide, apparently, the deprotonation of
OH group also takes place. The resulting intermediates
with increased basicity are likely to undergo the processes
of spatial rearrangement and restructuring of the units
due to changes in the symmetry of the molecular orbitals.
Intermolecular repulsion should also contribute to this to
a certain extent.
We can assume that in the case of MeOLi the
asymmetry of the macrocycles when ionization is
completed (formal charge of -3) should lead not only to
repel and rotation, but also to their offset. In turn, DBU
is able not only to ionize the macrocycle, but also axially
be coordinated over it, ﬁrst by hydrogen bonding, and
subsequently by incoming metal ion. At the same time, a

The constants Kb1 and Kb2 of equilibria 2 and 3 were
calculated by selection of the parameters in Equation 4
using SigmaPlot® software provided by Systat Software
Inc.,
(2)
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Synthesis and DFT study

(1)
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1+ K b1 ◊ 10-pH + K b2 ◊ 10-2pH

RESULTS AND DISCUSSION

The protonation equilibria have been investigated at
298 K by titration of complexes 2 and 3 with perchloric
acid in methanol and the processes have been controlled
with the UV-vis spectroscopy. The glass electrode
was graduated in aqueous buffer solutions according
to Equation 1, adjusted for the change of the activity
coefﬁcient of the proton in methanol [15, 16].

b1
æææ
Æ HB+
B + H + ¨ææ
æ

A 0(B) + K b1 ◊ 10-pH ◊ A 0(HB+ ) + K b2 ◊ 10-2pH ◊ A 0(H 2 B++ )

in which At — is the current value of optical density of
the solution on the analytical wavelength; Ao(B), Ao(HB+)
and Ao(H2B++) — are optical densities of the components
corresponding to the analytical concentration of
phthalocyanine (Ao = Co(B) · ε · l).

Spectropotentiometric study

pH MeOH = pH H2O + 2.34
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Chart 1. Structures of the starting ligand 1, as well as the obtained monomeric complex 2 and schematic representation of dimer 3
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Fig. 1. UV-vis spectra in o-DCB: starting ligand 1 (a); changes upon metallation of 1 by zinc acetate in the presence of DBU (b–d)
or MeOLi (e–g). Spectra of the reaction mixtures after 20 min when the base was added (b,e); immediately (c,f) and 30 min (d,g)
after addition of zinc acetate

greater volume of DBU, compared with MeOLi, should
lead to a greater repulsion of macrocycles, preventing the
formation of the dimeric structure. As a result, formation
of the monomeric product (compound 2) is much more
likely when DBU is used. Figure 1 shows the changes in
UV-vis spectra during the metalation of the ligand 1 by
zinc acetate in the presence of DBU and MeOLi.
Thus, immediately after the addition of zinc acetate
the electronic spectra of the reaction mixtures in both
cases were similar (Figs 1c and 1f). This may indicate the
presence of equilibrium between monomeric and dimeric
complexes during metalating at transition state. However,
an attempt to isolate the dimeric complex in the case of
DBU has not led to success. It was also found that the
reduction of the temperature in the case of MeOLi results
in predominant formation of monomer. Therefore, the
selectivity of the formation of a product depends not only
on the nature of the base, but also on the temperature.
In order to explain the role of MeOLi in the selective
formation of dimeric complex 3, we performed a
simulation using quantum chemical calculations. For
this purpose, three most probable rotamers with parallel
orientation of the macrocycles were examined, as in the
step of reacting the ligand with lithium methoxide and
the ﬁnal stage, when lithium is replaced by zinc.
Figure 2 shows the DFT-optimized structures of the
model isomers referred to as syn-, rotated, anti- and doublecoordinated. The latter is characterized by a maximum
slip angle which is characteristic for J-dimers. The geometry structure parameters and energy characteristics are
summarized in Table 1.
So, the dimerization of lithium complexes is signiﬁcantly more advantageous in comparison with similar zinc
Copyright © 2014 World Scientific Publishing Company

complexes. The difference in energy is 20–40 kcal/mol,
depending on the dimeric structure. Herewith, the most
stable form is a double-coordinated isomer. In the case
of zinc complexes the given isomers negligibly differ in
energy (ΔE = 1 kcal/mol), but for the lithium derivatives
anti-isomer becomes less favorable (ΔE = 40.8 Kcal/mol,
see Fig. 3). This fact is probably due to a tendency to
parallel slippage of the macrocyclic planes. As a result,
complexes formed have a structure characteristic of
J-aggregates during the dimerization while introducing
the lithium in a macrocycle. Replacement of lithium by
zinc does not signiﬁcantly alter geometry of the J-dimer
structure. Furthermore, an additional coordination
between zinc and oxygen tightly binds macrocycles in the
dimeric molecule. This type of coordination appears to
be preferable despite a slight energy difference between
other considered isomers.
To estimate the possibility of the considered isomers
to be transformed into each other, the scanning of the
potential energy surface (PES) has been carried out. For
this purpose, we were consistently changing the dihedral
angle of the geometric rotation of the macrocycles
(a) with a step of 1° followed by altering the distance
between adjacent metal atoms within the cavity of
macrocycles with a step of 0.1 Å. This allowed us to
provide a model transformation syn→rotated→anti→
double-coordinated.
As follows from Fig. 3, the mutual transformation
of zinc dimers occurs without overcoming signiﬁcant
energy barrier, except for the conversion of anti ↔
double-coordinated. On the contrary, in the case of
lithium dimers the energy barriers are higher, and
it is expected that rotated and double-coordinated
J. Porphyrins Phthalocyanines 2014; 18: 157–161
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Fig. 2. DFT-optimized structures of the most probable rotational isomers of dimeric complexes: (a) complexes of lithium, (b) zinc
complexes
Table 1. DFT-calculated geometry and energy for the structures of rotational isomers under considerationa
Property

The angle of geometric rotation of the macrocyclic
planes (α), °

Model dimeric structures
syn

rotated

anti

double-coordinated

23.1 (1.6)

87.3 (88.6)

179.2 (168.1)

137.6 (134.7)

The angle of relative rotation of the macrocycles (β), °

20.5 (7.8)

1.8 (1.9)

0.3 (0.3)

3.6 (4.1)

The angle of slippage (θ), ° b

79.9 (58.9)

45.4 (43.8)

62.7 (43.5)

28.4 (22.8)

3.9 (4.1)

4.2 (4.1)

3.5 (4.1)

4.0 (3.4)

-3527.4032

-3527.4166

-3527.3846

-3527.4496

(-4070.3541)

(-7040.3550)

(-7040.3561)

(-7040.3545)

29.1 (0.3)

20.1 (-0.3)

40.8 (-1.0)

0 (0)

-185.7 (-5.1)

-194.1 (-5.7)

-174.0 (-6.3)

-214.8 (-5.3)

The distance between the macrocycles, Å
Total energy in Hartree units
Energy change (ΔEtotal), kcal/molc
Energy gain (ΔEtotal) during the formation of dimers
from corresponding monomer, kcal/mol
a

Values for zinc dimers are shown in parentheses, otherwise for lithium dimers. bAngle between the polarization axes of macrocycles
and the line of molecular center of the aggregate [11]. cChanges in the total energy for each isomer is presented as relatively
corresponding double-coordinated form.

forms are to be accumulated simultaneously without
mutual transformation into each other. In addition,
the state on the PES, which corresponds to the dimer
in the double-coordinated form, is localized in the
global minimum. Hence, these states will be achieved
Copyright © 2014 World Scientific Publishing Company

regardless of the relative location of the macrocycles in
the initial stage of contact between two parallel ionized
monomers. However, in practice we have found that
for establishment of the equilibrium and its shifting
towards the formation of dimeric complex a certain
J. Porphyrins Phthalocyanines 2014; 18: 158–161
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Fig. 3. Total energy changes during model transformation of syn- type dimer to double-coordinated-type one by means of rotation
and offset of the macrocycles: (a) lithium dimers, and (b) zinc dimers. Illustration of combined process is given on an example of
zinc complex (c)

time is required. In particular, while mixing the ligand
1, lithium methoxide and zinc acetate, the dimer 3 is
formed in trace amounts. Increasing the reaction time of
the ligand with a base on the ﬁrst stage of the synthesis,
results in a mixture which is saturated by the dimeric
product. The optimal time of initial interaction of
phthalocyanine 1 with MeOLi is 20 min, as indicated
in our previous work [10]. Also, we have found that
lowering the temperature after the addition of zinc
acetate into the reaction mixture leads to a decrease in
yield of the dimeric complex 3. At the same time, while
maintaining the reaction temperature at the boiling point
of the solvent the best yield of 82% was reached for
the title compound. This result is probably due to the
competition of two processes, mainly, transmetalation
and dissociation of the dimeric complex in the transition
state. Reduction of the latter process is only possible by
rapid overcoming of the barrier, whereby transmetalation
could be performed without substantial decomposition
Copyright © 2014 World Scientific Publishing Company

of the dimeric structure, which has been formed at the
stage of introduction of Li+ into the macrocycles.
Spectropotentiometric study
The obtained dimeric complex 3 shows a high stability,
which is due to strong intramolecular interactions of the
macrocycles. This result was conﬁrmed by the study of
acid-base equilibria of dimer 3 compared to its monomeric
complex 2 with the spectropotentiometric measurements.
For this purpose, the titration of both compounds was
carried out with perchloric acid in methanol followed
by calculation of the basicity constants of each of the
macrocycles and their quantitative comparison.
UV-vis spectra of the original and monoprotonated
forms of complexes 2 and 3 are shown in Figs 4a and
4b. Unique family of isobestic points at 313, 365, 619
and 684 nm corresponds to the equilibrium between the
light-absorbing centers of 2 and 2H+. Unlike monomer,
J. Porphyrins Phthalocyanines 2014; 18: 159–161
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Fig. 4. Changes in UV-vis spectra (a,b) and titration curves (c,d) of monomer 2 (a,c) and dimer 3 (b,d) during titration by HClO4/
MeOH. Original spectra and spectra of single protonated forms are represented as dotted and solid bold lines respectively

the dimer sequentially attaches two protons in the
experiment. Own family of isobestic point at 316, 366,
640, 654, 708 nm (in pH range of 8.33–4.31) and 313, 368,
692 nm (in pH range of 3.63–2.19) correspond to the ﬁrst
and second protonation steps of dimeric complex 3. The
protonation constants of the macrocycles are deﬁned. For
monomer 2, lgKb = 3.90 ± 0.03 and for dimer 3, lgKb1 =
4.56 ± 0.03 and lgKb2 = 3.40 ± 0.03 correspondingly.
The observed spectral changes indicate the sequential
protonation of the exocyclic nitrogen atoms in different
macrocycles of dimer 3. Because of the small difference
between lgKb1 and lgKb2, the equilibria of the ﬁrst and
second protonation steps overlap each other, with theirs
not being observed separately. In our experiment, the
maximum concentration of monoprotonated dimeric
form was found to be 65.5%.
Noticeable increase in the basicity of the macrocycles
in dimeric complex, as compared with the monomer 2, as
well as the lesser value of Kb1 compared with Kb2, is the
result of strong intramolecular interactions. The presence
of such interactions is demonstrated in the experiment by
Copyright © 2014 World Scientific Publishing Company

the partial transfer of positive charge from the protonated
macrocycle to unprotonated one.

CONCLUSION
Thus, by using UV-vis spectroscopy, we have
demonstrated the fact of the formation of associates at the
stage of interaction of the 2-hydroxy-9(10),16(17),23(24)tri-tert-butyl-29H,31H-phthalocyanine ligand (1) with
MeOLi. According to the DFT calculations, such association leads to an enormous gain in total energy. It was
found that the most stable dimeric form is the doublecoordinated J-type one. The analysis of PES allowed us to
show that the state corresponding to this form is localized
in the global minimum when compared with the alternative
arrangement of the macrocycles in model dimers. Study of
the protonation equilibria with the spectropotentiometric
method has demonstrated that phthalocyanine macrocycles
in dimer 3 represent uniform molecular system showing
signiﬁcant intramolecular interactions.
J. Porphyrins Phthalocyanines 2014; 18: 160–161
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ABSTRACT: The methods for the synthesis of porphyrins containing active vinyl groups on a periphery
of the tetrapyrrole macroheterocycle are described. The possibility of their usage as comonomers in a
copolymerization reaction with methyl methacrylate is given.
KEYWORDS: porphyrin, copolymer, porphyrin monomers, copolymerization.

INTRODUCTION
At present, topical and promising direction is the
creation of new functional polymeric materials for
chemical technology, medicine and biochemistry [1].
Synthetic analogs of natural porphyrin-polymers can
be obtained by various ways of binding with the use
of the principles of biomimetics [2–5]. Tetrapyrrole
macroheterocycle incorporated into a polymer matrix
gives it special properties. Such compounds can be
used as catalysts for various processes [6–9], sensors
[10, 11], antibacterial materials [12–14], microﬁltration
membranes [15], medicines [16–18], adsorbents for
gas storage [19, 20], etc. The most reliable ﬁxation of
porphyrin on a polymer is a covalent binding which can be
achieved in several ways. Firstly, it is an immobilization
of porphyrins onto a polymer carrier by means of
polymer-analogous transformations and secondly, it is the
copolymerization reaction of porphyrin monomers with
other traditional vinyl comonomers [1]. In the latter case,
the polymers are obtained with a statistical arrangement
of porphyrin units in a macromolecular chain. However,
the amount of an injected porphyrin into a polymer can
¡
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be controlled by varying the reaction conditions and a
ratio of the initial components.
The synthesis of porphyrins with a vinyl group which
is separated from a tetrapyrrole macrocycle by a spacer of
different length is described here. The reaction of radical
copolymerization with methyl methacrylate (MMA)
was carried out with one of the synthesized porphyrin
comonomers. Optimal reaction conditions were chosen.

RESULTS AND DISCUSSION
Monosubstituted derivatives of meso-phenyl porphyrins
are the most suitable comonomers which allow to get
porphyrin-containing linear polymers by a copolymerization
reaction, while di- and tetrasubstituted porphyrins form
insoluble cross-linked porphyrin-polymers in which tetrapyrrole macroheterocycle is a network centre [1].
The initial compounds for porphyrin monomers synthesis
were 5-(p-hydroxyphenyl)-2,3,7,8,12,18-hexamethyl-13,17-dipentylporphin (1) and 5-(p-aminophenyl)-2,3,7,8,12,18-hexamethyl-13,17-dipentylporphin (2) (Scheme 1).
The synthesis of meso-mono-hydroxy- (1) and meso-monoaminophenylporphyrins (2) was performed according to the
method described by us earlier [21]. The presence of methyl and
pentyl substituents in β-positions of the porphyrin macrocycle
increases the solubility in nonpolar organic solvents.
Alkylation of meso-mono-hydroxyphenylporphyrin
by 3-bromopropene in N,N-dimethylformamide (DMF)
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by acrylic acid chloride. The reaction was carried
out in tetrahydrofuran (THF) in both cases.
H3C
CH3
Triethylamine was used as a basic agent [24–26]
H3 C
CH3
(Scheme 2).
H3C
CH3
H3C
CH3
Porphyrins (1b, 1d and 2b) with a longer
NH
N
NH
N
spacer were obtained in order to increase a degree
of mobility of tetrapyrrole macroheterocycles.
N
HN
N
HN
4-Pentenoyl chloride was used as an acylating agent.
H3C
CH3
H3 C
CH3
It was obtained as described in the literature [27].
C5H11
C5H11
C5H11
5-Bromo-1-pentene was applied as an alkylating
C5H11
1
2
agent to obtain porphyrin (1b) (Scheme 2).
All synthesized porphyrins were characterized
1
using
H NMR, electronic, IR spectroscopy and
Scheme 1. The structure of the initial porphyrins (1) and (2)
elemental analysis.
UV-vis spectra of porphyrin solutions (1a, 1b,
1c, 1d, 2a and 2b) in chloroform do not practically
in the presence of potassium carbonate [22, 23] led to the
differ from the electron absorption spectra of
meso-mono-allyloxyphenylporphyrin (1a). Meso-monoinitial porphyrins (1 and 2) (Table 1).
acryloyloxy- (1c) and meso-mono-acryloylaminoporCharacteristic bands for a porphyrin macrocycle,
phyrins (2a) were obtained by an acylation of mesosuch as bands of stretching and bending vibrations of
mono-hydroxy- and meso-mono-aminophenylporphyrins
intracyclic NH-groups (about 3320 cm-1, weak band, and
OH

NH2

OH

OCH2X

H3C

H3C

CH3

H3C

CH3
NH

N

BrCH2X

CH3

H3C

CH3

K2CO3, DMF

NH

1

N

1a: X =

CH CH2

1b: X =

(CH2)2CH=CH2
O

NH2

H3C

NHCY

CH3

ClCY

H3C

CH3
NH

H3C

O
H3C

CH3

(C2H5)3N, THF

N

CH3

NH

2

N

2a: Y =

CH CH2

2b: Y =

(CH2)2CH=CH2
O

OH

OCZ

H3C

CH3

ClCZ

H3C

CH3
NH

N

1

H3C

O

(C2H5)3N, THF

CH3

H3C

CH3
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N
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CH CH2
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Scheme 2. Synthesis of porphyrin monomers with different length of a spacer
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Table 1. UV-vis spectra of initial (1, 2) and synthesized (1a, 1b,
1c, 1d, 2a and 2b) porphyrins in chloroform
UV-vis, λmax, nm/log ε, CHCl3

Compounds

1
2
1a
1b
1c
1d
2a
2b

I

II

III

IV

Soret

624

571

537

503

404

3.51

3.88

3.90

4.21

5.29

624

571

537

504

405

3.53

3.89

3.89

4.22

5.30

623

571

536

503

404

3.61

3.91

3.92

4.23

5.29

623

570

537

503

404

3.58

3.91

3.92

4.21

5.30

623

570

536

502

403

3.49

3.82

3.83

4.09

5.18

623

570

536

502

403

3.66

3.93

3.96

4.24

5.30

623

570

537

503

404

3.51

3.84

3.86

4.17

5.26

623

570

537

503

404

3.54

3.89

3.90

4.19

5.28

747 cm-1, strong band) are present in IR spectra of all
synthesized porphyrins.
High-intensity bands of asymmetric (about 1240
cm-1) and average intensity bands of symmetric (about
1022 cm-1) stretching vibrations of C–O–C ester bonds
appear in IR spectra of 5-(p-allyloxyphenyl)-2,3,7,8,12,
18-hexamethyl-13,17-dipentylporphin (1a) and 5-[p(4-pentenyloxy)-phenyl]-2,3,7,8,12,18-hexamethyl13,17-dipentylporphin (1b). A band of vinyl absorption
of medium intensity appears at about 1630 cm-1.
Characteristic intensive bands of a carbonyl group
at 1619–1669 cm-1 are not available in the spectrum
of original meso-mono-aminophenylporphyrin (2)
and appear for 5-(p-acryloylaminophenyl)-2,3,7,8,12,
18-hexamethyl-13,17-dipentylorphin (2a) and 5-[p-(4pentenoylamino)-phenyl]-2,3,7,8,12,18-hexamethyl13,17-dipentylporphin (2b). In addition, a single band
of NH-bond vibration of medium intensity occurs at
approximately 3275 cm-1.
Vinyl absorption band of medium intensity at about
1630 cm-1 is typical for IR spectra of 5-(p-acryloyloxyphenyl)-2,3,7,8,12,18-hexamethyl-13,17-dipentylporphin
(1c) and 5-[p-(4-pentenoyloxy)-phenyl]-2,3,7,8,12,18hexamethyl-13,17-dipentylporphin (1d). Characteristic
bands of C=O group appear at 1737–1757 cm-1.
Protons of an allyl fragment of a compound (1a) are
given by four groups of signals: multiplet of one Hβ
proton in 6.30–6.05 ppm region and two doublets at 5.6–
5.2 ppm, corresponding to two Hα protons, and a doublet
Copyright © 2014 World Scientific Publishing Company

of two protons of –CH2– group at 4.71–4.68 ppm in 1H
NMR spectrum.
Due to the conjugation of vinyl and carbonyl groups in
1
H NMR spectrum of meso-mono-acryloylaminoporphyrin
(2a) a relative position of Hβ and Hα proton signals changes.
As a result, a multiplet corresponding to Hβ proton signal
appears between two doublets of Hα protons. A proton
signal of amide group is ﬁxed as a singlet at 7.55 ppm.
The character and position of proton signals in 1H
NMR spectra of porphyrins (1b, 1c, 1d and 2b) conﬁrm a
given structure of synthesized compounds.
Porphyrin (1a) was used as a comonomer for the
preparation of polymers containing porphyrin units in a
side chain. Thus the reaction of radical copolymerization
of MMA with 5-(p-allyloxyphenyl)-2,3,7,8,12,18-hexamethyl-13,17-dipentylporphin (1a) was carried out in a
solution (Scheme 3). Azoisobutyronitrile (AIBN) was
used as an initiator. The nature and amount of an initiator
were chosen on the basis of the study of a porphyrin
stability towards the participants of the reaction. The
copolymerization reaction of MMA with porphyrin
(1a) was carried out in 1,4-dioxane/chloroform (3:1)
at 70 °C for 8 h. These conditions provided not only a
necessary solubility of tetrapyrrole macroheterocycle in
the system, but they allowed to increase the temperature
of the process as well. The copolymers were isolated
from petroleum ether. In order to remove the unbound
porphyrin polymers obtained were reprecipitated
from chloroform in petroleum ether. The amount
of this porphyrin was controlled by gel permeation
chromatography. Synthesized copolymers were colored
from light caramel to dark color, depending on the
amount of logged-porphyrin in a polymer (Fig. 1).
The immobilizates obtained were characterized by UV-vis
spectra in chloroform (Fig. 2). The degree of porphyrin
immobilization was determined spectrophotometrically
by an optical density of immobilizates solution by IV
Q-band, assuming that porphyrin extinction coefﬁcients in
immobilizate are the same as in an initial porphyrin.
The degree of porphyrin immobilization was varied
from 0.011 to 0.056 mol.% (Table 2). Molecular-mass
characteristics of the copolymers were determined by gel
permeation chromatography in a liquid chromatograph
equipped with a refractometer and a spectrophotometer.
THF was used as an eluent. The chromatograms of
synthesized copolymers are presented in Fig. 3. The data
obtained according to molecular mass characteristics are
shown in Table 2, which demonstrates that the increase
of porphyrin monomer concentration of in the reaction
mixture leads to a decrease in number-average molecular
weight Mn. This is due to the fact that joining a porphyrin
unit to a growing chain leads to pseudomolecular chain
termination [28, 29]. The porphyrin incorporated into a
polymer was partially converted into a chlorine structure
using AIBN as an initiator. This fact was comﬁrmed by
the appearance of additional absorption band at 650 nm.
The more porphyrin was in a polymer, the higher the
J. Porphyrins Phthalocyanines 2014; 18: 164–168
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Scheme 3. Synthesis of porphyrin-containing polymers

Fig. 1. The solutions of synthesized copolymers (I–V) with
different mole content of porphyrin in polymers in chloroform
(according to Table 2). The polymer solutions concentrations
are equal. The mass content of porphyrin-containing polymers
in solution is 0.809%

intensity of this band in a spectrum. Similar results were
observed in the literature [24].
By comparing UV-vis spectra and chromatograms
of copolymers obtained it was shown that the amount
of porphyrin logged into an immobilizate depended
on an initial mass ratio of comonomers, i.e. the more
porphyrin was in the initial mixture, the more it was in
a copolymer. Maximum possible amount of tetrapyrrole
macroheterocycle introduced which was determined by
the solubility in a chosen solvents system was 200 mg.
At a mass ratio of porphyrin:MMA = 1:10 the amount
of porphyrin logged into a polymer macromolecule
was signiﬁcantly greater than at other ratios. The molar
content of porphyrin in copolymer (IV) was practically
unchanged by increasing the mass ratio to 1:5 when
compared to a molar content of porphyrin in copolymer
(V) (Table 2).

EXPERIMENTAL
General

Fig. 2. UV-vis spectra of synthesized copolymers (I–V) of MMA
and 5-(p-allyloxyphenyl)-2,3,7,8,12,18-hexamethyl-13,17-di
pentylporphin with different molar ratio of comonomers
(according to Table 2)

Copyright © 2014 World Scientific Publishing Company

All solvents were dried and puriﬁed using standard
methods. 3-Bromopropene, 5-bromo-1-pentene, 4-pentenoic acid and oxalyl chloride were obtained from
commercial sources and used without further puriﬁcation.
Acryloyl chloride was distilled prior to use.
Thin layer chromatography was performed on the
POLYGRAM SIL G/UV254 plates. UV-vis spectra were
recorded on a SHUMADZU UV-2550 spectrophotometer,
1
H NMR spectra (internal Me4Si) were recorded on
a Bruker ARX Avance 400 spectrometer (400 MHz).
IR spectra were taken from KBr tablets on an Avatar

J. Porphyrins Phthalocyanines 2014; 18: 165–168
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Fig. 3. The chromatograms of synthesized copolymers (I–V)
of MMA and 5-(p-allyloxyphenyl)-2,3,7,8,12,18-hexamethyl13,17-dipentylporphin with different molar ratio of comonomers
(according to Table 2)

360 FT-IR ESP instrument. Elemental analysis was
performed on CHNS-O FlashEA 1112 series analyzer.
Molecular-mass characteristics of the copolymers were
determined on SHUMADZU “LC-20 Prominence”
liquid chromatograph equipped with TSK-GEL
G2500HHR and GMHHR-L, 7.8 u 300 mm (“TosoHaas”)
columns at 40 °C and solvent ﬂow rate equal 0.7 mL/
min. RID-10A differential refractometer and SPD-20A
spectrophotometer were used as detectors.
Synthesis
Alkylation of 5-(p-hydroxyphenyl)-2,3,7,8,12,18hexamethyl-13,17-dipentylporphin
(1).
General
procedure. Potassium carbonate (221 mg, 1.6 mmol) was
added to porphyrin solution (1) (100 mg, 0.16 mmol) in
10 mL of DMF. 3-Bromopropene (1.6 mmol) was added
to the mixture to obtain (1a) or 5-bromo-1-pentene (1.6
mmol) was added to obtain (1b). The mixture was heated
to 100 °C for 3 h. The reaction mixture was poured into
water, and the precipitate was ﬁltered, washed with water
and methanol and then dried under vacuum at 70 °C.

The puriﬁcation of porphyrin was carried out by column
chromatography (silica, CHCl3). 5-(p-Allyloxyphenyl)2,3,7,8,12,18-hexamethyl-13,17-dipentylporphin (1a).
Yield 66.2 mg (62%). Rf = 0.50 (benzene-methanol,
10:0.05). Anal. calcd. for C45H54N4O, %: C, 81.04; H,
8.16; N, 8.40; O, 2.40. Found, %: C, 80.70; H, 8.22; N,
8.44; O, 2.42. UV-vis (CHCl3): λmax, nm 404 (5.29), 503
(4.23), 536 (3.92), 571 (3.91), 623 (3.61). 1H NMR (400
MHz; CDCl3; Me4Si): δH, ppm 10.11 (s, 2H, 10,20-H),
9.90 (s, 1H, 15-H), 7.76 (d, J = 8.0 Hz, 2H, Ph2′,6′H), 7.13
(d, J = 8.0 Hz, 2H, Ph3′,5′H), 6.24 (m, 1H, OCH2CH=CH2),
5.59 (dd, J = 17.0 Hz, J = 1.3 Hz, 1H, OCH2CH=CH2),
5.44 (dd, J = 17.0 Hz, J = 1.3 Hz, 1H, OCH2CH=CH2),
4.71 (d, J = 5.3 Hz, 2H, OCH2CH=CH2), 3.99 (t, J =
7.6 Hz, 4H, 13,17-CH2CH2CH2CH2CH3), 3.59 (s, 6H,
12,18-CH3), 3.50 (s, 6H, 2,8-CH3), 2.42 (s, 6H, 3,7CH3), 2.28 (m, 4H, 13,17-CH2CH2CH2CH2CH3), 1.72
(m, 4H, 13,17-CH2CH2CH2CH2CH3), 1.52 (m, 4H,
13,17-CH2CH2CH2CH2CH3), 0.96 (t, J = 7.1 Hz, 6H,
13,17-CH2CH2CH2CH2CH3), -3.20 (s, 1H, NH), -3.33 (s,
1H, NH). IR (KBr): ν, cm-1 1240 [νas (COC)], 1022 [νs
(COC)]. 5-[p-(4-Pentenyloxy)-phenyl]-2,3,7,8,12,18hexamethyl-13,17-dipentylporphin (1b). Yield 68.7 mg
(61.8%). Rf = 0.48 (chloroform). Anal. calcd. for
C47H58N4O, %: C, 81.23; H, 8.41; N, 8.06; O, 2.30.
Found, %: C, 81.30; H, 8.48; N, 8.10; O, 2.28. UV-vis
(CHCl3): λmax, nm 404 (5.30), 503 (4.21), 537 (3.92),
570 (3.91), 623 (3.58). 1H NMR (400 MHz; CDCl3;
Me4Si): δH, ppm 10.12 (s, 2H, 10,20-H), 9.90 (s, 1H,
15-H), 7.83 (d, J = 8.6 Hz, 2H, Ph2′,6′H), 7.18 (d, J = 8.6
Hz, 2H, Ph3′,5′H), 5.99 (m, 1H, OCH2CH2CH2CH=CH2),
5.13 (m, 2H, OCH2CH2CH2CH=CH2), 4.22 (t, 2H,
OCH2CH2-CH2CH=CH2), 4.00 (t, J = 7.4 Hz, 4H,
13,17-CH2CH2CH2CH2CH3), 3.60 (s, 6H, 12,18-CH3),
3.50 (s, 6H, 2,8-CH3), 2.46 (s, 6H, 3,7-CH3), 2.40 (m, 2H,
OCH2CH2CH2CH=CH2), 2.29 (m, 4H, 13,17-CH2CH2CH2CH2CH3), 2.09 (m, 2H, OCH2CH2CH2CH=CH2), 1.72
(m, 4H, 13,17-CH2CH2CH2CH2CH3), 1.55 (m, 4H,
13,17-CH2CH2CH2CH2CH3), 0.96 (t, J = 7.15 Hz, 6H,
13,17-CH2CH2CH2CH2CH3), -3.21 (s, 1H, NH), -3.29
(s, 1H, NH). IR (KBr): ν, cm-1 1241 [νas (COC)], 1060
[νs (COC)].

Table 2. The reaction conditions and composition of the copolymers obtained
Copolymer

Mn × 10-3

Mw × 10-3

Mw/Mn

71

33.3

53.6

1.61

82

0.0214

68

30.3

51.4

1.69

80.7

1.183

0.029

62

30.0

50.7

1.70

79.4

100

1.58

0.054

60.2

29.5

50.2

1.70

78.3

200

3.11

0.0557

45

28.6

46.6

1.63

71

Amount of
the initial
porphyrin, mg

The mole
content of the
porphyrin in the
initial mixture,
%

I

25

0.394

0.0109

II

50

0.796

III

75

IV
V
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The mole
Yield of
content of the copolymer,
porphyrin in the
%
copolymer, %

Mz × 10-3
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SYNTHESIS OF PORPHYRIN MONOMERS ON THE BASIS OF MESO-MONO-HYDROXY- AND AMINOPHENYLPORPHYRINS

Acylation 5-(p-hydroxyphenyl)-2,3,7,8,12,18hexamethyl-13, 17-dipentylporphin (1). General
procedure. Anhydrous triethylamine (0.22 mL, 1.6
mmol) was added to porphyrin solution (1) (100 mg, 0.16
mmol) in 10 mL of THF. A solution of acryloyl chloride
(1.6 mmol) in 5 mL of THF was added to the mixture
dropwise under stirring and cooling with ice water for 5
min to obtain (1c) or a solution of 4-pentenoyl chloride
(1.6 mmol) in 5 mL of THF was added to obtain (1d).
The reaction mixture was stirred overnight at room
temperature, the solvent was evaporated. The dry residue
was dissolved in 20 mL of chloroform and washed with
5% HCl, saturated aqueous solution of NH4OH, and then
twice with water. The organic layer was dried (MgSO4)
and concentrated in vacuo. The puriﬁcation of porphyrin
was carried out by column chromatography (aluminum
oxide, CHCl3). 5-(p-Acryloyloxyphenyl)-2,3,7,8,12,18hexamethyl-13,17-dipentylporphin (1c). Yield 73 mg
(67%). Rf = 0.73 (chloroform). Anal. calcd. for
C45H52N4O2, %: C, 79.38; H, 7.70; N, 8.23; O, 4.70.
Found, %: C, 79.42; H, 7.80; N, 8.30; O, 4.75. UV-vis
(CHCl3): λmax, nm 403 (5.18), 502 (4.09), 536 (3.83),
570 (3.82), 623 (3.49). 1H NMR (400 MHz; CDCl3;
Me4Si): δH, ppm 10.16 (s, 2H, 10,20-H), 9.95 (s, 1H,
15-H), 8.07 (d, J = 8.0 Hz, 2H, Ph2′,6′H), 7.53 (d, J = 8.0
Hz, 2H, Ph3′,5′H), 6.80 (d, 1H, OCOCH=CH2), 6.53 (m,
1H, OCOCH=CH2), 6.15 (d, 1H, OCOCH=CH2), 4.03
(t, J = 7.6 Hz, 4H, 13,17-CH2CH2CH2CH2CH3), 3.63
(s, 6H, 12,18-CH3), 3.54 (s, 6H, 2,8-CH3), 2.52 (s, 6H,
3,7-CH3), 2.31 (m, 4H, 13,17-CH2CH2CH2CH2CH3),
1.65 (m, 4H, 13,17-CH2CH2CH2CH2CH3), 1.46 (m,
4H, 13,17-CH2CH2CH2CH2CH3), 0.97 (t, J = 7.1 Hz,
6H, 13,17-CH2CH2CH2CH2CH3), -3.19 (br.s., 1H, NH),
-3.33 (br.s., 1H, NH). IR (KBr): ν, cm-1 1737 [ν (CO)].
5-[p-(4-Pentenoyloxy)-phenyl]-2,3,7,8,12,18-hexamethyl-13,17-dipentylporphin (1d). Yield 46.5 mg
(41%). Rf = 0.58 (chloroform). Anal. calcd. for
C47H56N4O2, %: C, 79.62; H, 7.96; N, 7.90; O, 4.51.
Found, %: C, 79.71; H, 8.02; N, 7.97; O, 4.58. UV-vis
(CHCl3): λmax, nm 403 (5.30), 502 (4.24), 536 (3.96),
570 (3.93), 623 (3.66). 1H NMR (400 MHz; CDCl3;
Me4Si): δH, ppm 10.14 (s, 2H, 10,20-H), 9.93 (s,1H,
15-H), 8.03 (d, J = 8.0 Hz, 2H, Ph2′,6′H), 7.45 (d, J = 8.0
Hz, 2H, Ph3′,5′H), 6.02 (m, 1H, OCOCH2CH2CH=CH2),
5.27 (d, 1H, OCOCH2CH2CH=CH2), 5.18 (d, 1H,
OCOCH2CH2CH=CH2), 4.02 (t, J = 7.6 Hz, 4H, 13,17CH2CH2CH2CH2CH3), 3.59 (s, 6H, 12,18-CH3), 3.48 (s,
6H, 2,8-CH3), 2.87 (t, 2H, OCOCH2CH2CH=CH2), 2.66
(m, 2H, OCOCH2CH2CH=CH2), 2.49 (s, 6H, 3,7-CH3),
2.30 (m, 4H, 13,17-CH2CH2CH2CH2CH3), 1.72 (m,
4H, 13,17-CH2CH2CH2CH2CH3), 1.53 (m, 4H, 13,17CH2CH2CH2CH2CH3), 0.96 (t, J = 7.1 Hz, 6H, 13,17CH2CH2CH2CH2CH3), -3.20 (br.s., 1H, NH), -3.34 (br.s.,
1H, NH). IR (KBr): ν, cm-1 1757 [ν (CO)].
Acylation of 5-(p-aminophenyl)-2,3,7,8,12,18-hexamethyl-13,17-dipentylporphin (2). General procedure.
Anhydrous triethylamine (0.22 mL, 1.6 mmol) was added
Copyright © 2014 World Scientific Publishing Company
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to porphyrin solution (2) (100 mg, 0.16 mmol) in 10 mL of
THF. A solution of acryloyl chloride (1.6 mmol) in 5 mL of
THF was added to the mixture dropwise under stirring and
cooling with ice water for 5 min to give (2a) or 4-pentenoyl
chloride (1.6 mmol) in 5 mL of THF was added to give
(2b). The reaction mixture was stirred overnight at room
temperature, the solvent was evaporated. The dry residue
was dissolved in 20 mL of chloroform and washed with
5% HCl, saturated aqueous solution of NH4OH, and then
twice with water. The organic layer was dried (MgSO4),
solvent was evaporated. The puriﬁcation of porphyrin was
carried out by column chromatography (aluminum oxide,
CHCl3). 5-(p-Acryloylaminophenyl)-2,3,7,8,12,18-hexamethyl-13,17-dipentylporphin (2a). Yield 74 mg (68%).
Rf = 0.72 (benzene-methanol, 10:1). Anal. calcd. for
C45H53N5O, %: C, 79.49; H, 7.86; N, 10.30; O, 2.35.
Found, %: C, 79.41; H, 7.80; N, 10.38; O, 2.38. UV-vis
(CHCl3): λmax, nm 404 (5.26), 503 (4.17), 537 (3.86), 570
(3.84), 623 (3.51). 1H NMR (400 MHz; CDCl3; Me4Si): δH,
ppm 10.12 (s, 2H, 10,20-H), 9.92 (s, 1H, 15-H), 7.97 (d,
J = 8.2 Hz, 2H, Ph2′,6′H), 7.93 (d, J = 7.9 Hz, 2H, Ph3′,5′H),
7.55 (s, 1H, NHCOCH=CH2), 6.58 (d, J = 17.1 Hz, 1H,
NHCOCH=CH2), 6.36 (m, 1H, NHCOCH=CH2), 5.87
(d, J = 10.4 Hz, 1H, NHCOCH=CH2), 4.01 (t, J = 7.6 Hz,
4H, 13,17-CH2CH2CH2CH2CH3), 3.60 (s, 6H, 12,18-CH3),
3.49 (s, 6H, 2,8-CH3), 2.47 (s, 6H, 3,7-CH3), 2.27 (m, 4H,
13,17-CH2CH2CH2CH2CH3), 1.72 (m, 4H, 13,17-CH2CH2CH2CH2CH3), 1.55 (m, 4H, 13,17-CH2CH2CH2CH2CH3),
0.94 (t, J = 7.3 Hz, 6H, 13,17-CH2CH2CH2CH2CH3), -3.33
(br.s., 2H, NH). IR (KBr): ν, cm-1 1669 [ν (CO)]. 5-[p-(4Pentenoylamino)-phenyl]-2,3,7,8,12,18-hexamethyl13,17-dipentylporphin (2b). Yield 47.2 mg (41.7%). Rf =
0.47 (chloroform-methanol, 10:0.1). Anal. calcd. for
C47H57N5O, %: C, 79.73; H, 8.12; N, 9.89; O, 2.26.
Found, %: C, 79.81; H, 8.16; N, 9.94; O, 2.31. UV-vis
(CHCl3): λmax, nm 404 (5.28), 503 (4.19), 537 (3.90),
570 (3.89), 623 (3.54). 1H NMR (400 MHz; CDCl3;
Me4Si): δH, ppm 10.05 (s, 2H, 10,20-H), 9.88 (s,1H,
15-H), 7.91 (d, J = 7.9 Hz, 2H, Ph2′,6′H), 7.83 (d, J = 9.5
Hz, 2H, Ph3′,5′H), 7.68 (s, 1H, NHCOCH2CH2CH=CH2),
6.00 (m, 1H, NHCOCH2CH2CH=CH2), 5.22 (d, J = 17.4
Hz, 1H, NHCOCH2CH2CH=CH2), 5.14 (d, J = 9.5 Hz,
1H, NHCOCH2CH2CH=CH2), 3.99 (t, J = 7.9 Hz, 4H,
13,17-CH2CH2CH2CH2CH3), 3.57 (s, 6H, 12,18-CH3), 3.45
(s, 6H, 2,8-CH3), 2.57 (m, 4H, 13,17-CH2CH2CH2CH2CH3),
2.44 (s, 6H, 3,7-CH3), 2.26 (m, 4H, 13,17-CH2CH2CH2CH2CH3), 1.70 (m, 6H), 1.53 (m, 6H), 0.95 (t, J = 7.9 Hz, 6H,
13,17-CH2CH2CH2CH2CH3), -3.43 (br.s., 2H, NH). IR (KBr):
ν, cm-1 1619 [ν (CO)].

CONCLUSION
The synthesis of porphyrin monomers of different
structures has been described. The compounds obtained
can be used to synthesize the functional polymer
materials. The structure of the porphyrins was conﬁrmed
by elemental analysis, UV-vis, IR, 1H NMR spectroscopy.
J. Porphyrins Phthalocyanines 2014; 18: 167–168
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The synthesis of porphyrin-containing polymers with
different content of porphyrin has been performed in
allyloxyphenylporphyrin copolymerization reaction with
methyl methacrylate. It is evident that the synthesized
porphyrin monomers have different reactivity. This fact
should be considered in the preparation of copolymers.
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ABSTRACT: The metal-exchange reaction of Mg(II)-octaphenyltetraazaporphyrin with CoCl2 leading
to formation of Co(II)-octaphenyltetraazaporphyrin was studied by the method of UV-vis spectroscopy.
The kinetic parameters of the metal-exchange reaction were determined.
KEYWORDS: metal-exchange reaction, octaphenyltetraazaporphyrin, intermediate, bimolecular mechanism,
rate constant.

INTRODUCTION
Metal-exchange reaction in complexes with
macrocyclic ligands refers to a special type of complex
coordination interactions [1, 2]. In the general form, the
metal-exchange reaction may be written as follows:
MP + M/Xn(Solv)m–n → M/P + MXn(Solv)m–n

(1)

where MP and M/P are metalloporphyrins, M/Xn(Solv)m–n
are metal salts solvate complexes.
Initially Linstead used metal-exchange reactions for
the synthesis of metal complexes of phthalocyanine (Pc)
[3, 4]. Starting from Li2Pc metal complexes were obtained
in unusual low oxidation states: Li2[Cu0Pc], Li[Mn2+Pc],
Li2 [Mn1+Pc], Li[Fe1+Pc], Li[Co1+Pc] and Li[Ni1+Pc].
Metal-exchange of one metal for another one in watersoluble porphyrinates is presented in detail in the work
of Hambright [1]. Metal-exchange reactions also found
practical application for the synthesis of hard-available
complexes of natural and synthetic porphyrins [5–10].
It should be noted that systems containing in the
structure Mg-tetraphenylporphyrins are of great interest
in studying the metal-exchange reaction mechanism
[3]. Metal-exchange reactions in bioporphyrins proceed
in living systems [11–13] and play an important role in
*Correspondence to: Nugzar Mamardashvili, email: ngm@
isc-ras.ru, tel: +7 4932-336990, fax: +7 4932-336237
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regulation of biological processes in extreme conditions
[14–17]. Besides that the metal-exchange reactions
in Mg-complexes of chlorophyll derivatives could be
widely used for the synthesis of ecological dyes [5] and
complexes of d-metals with naturally occurring porphyrin
derivatives [17–20].
The nature of the ligand which is a part of the
metalloporphyrin, electronic structure and solvate environment of «leaving» (M)n+ and «entering» (M/)n+ salt cations,
anion structure (X)- of the salt solvate coordination sphere
[M/Xn(Solv)m–n] and the nature of solvent (Solv) are among
the major factors supervising rate and mechanism of the
metal-exchange reaction in complexes of porphyrins.

EXPERIMENTAL
Dimethylformamide (DMF) and CoCl2 from SigmaAldrich were used without further puriﬁcation. Mg(II)octaphenyltetraazaporphyrin was obtained according to
reference [21]. Progress of the metal exchange reaction
was tracked by TLC on Silufol UV-254 plates. Individual
compounds were selected by means of a column chromatography on alumina (Brockmann activity grade III).
1
H NMR spectra were recorded on a Brucker VC-500
spectrometer with a working frequency of 500.17 MHz
in CDCl3, using tetramethylsilane (TMS) as the internal
standard. UV-vis spectra of the porphyrinates were
measured on a Cary 100 spectrophotometer. Experimental
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procedures and processing of experimental data are
described in detail in a previous report [19].

RESULTS AND DISCUSSION
Co(II)-octaphenyltetraazaporphyrin was obtained
using two different approaches: by the reaction of octaphenyltetraazaporphyrin ligand with CoCl2 and the metalexchange reaction of Mg(II)-octaphenyltetraazaporphyrin
with CoCl2. It should be noted that in case of the synthesis
by reﬂuxing of octaphenyltetraazaporphyrin ligand with
CoCl2 in DMF always leads to a mixture of the Co(II)and Co(III)-tetraazaporphyrinates in a 1:2 ratio. If the
goal is synthesis of the Co(II)-tetraazaporphyrinate,
the best results are obtained using the metal-exchange
reaction of Mg(II)-octaphenyltetraazaporphyrin with
CoCl2 in DMF at room temperature. In this case, the main
product is the Co(II)-octaphenyltetraazaporphyrinate.
Co(III)-octaphenyltetraazaporphyrinate is produced in
small quantity as an impurity and can be easily removed

from the target product by recrystalisation in a mixture
of dichloromethane-methanol (2:1). UV-vis, IR, 1H
NMR characteristics and data of elemental analysis of
the Co(II)-octaphenyltetraazaporphyrinate obtained by
the two various methods were identical and showed
a perfect correlation with data presented for already
reported Co(II)- and Co(III)-tetraazaporphyrinates
[22, 23]. In particular, 1H NMR characteristics of
Co(II)-octaphenyltetraazaporphyrinate are presented in
reference [24]. It should be noted that the signals of
Co(II)-octaphenyltetraazaporphyrinate aromatic protons
are strongly downﬁeld shifted compared with corresponding signals of Mg(II)-octaphenyltetraazaporphyrinate protons.
In continuation of our research in the ﬁeld of coordination chemistry of porphyrins by UV-vis spectroscopy,
we investigated the reaction of metal exchange between
Mg(II)-octaphenyltetraazaporphyrin (1, MgOPhTAP) and
CoCl2 leading to the formation of Co(II)-octaphenyltetraazaporphyrin (2, CoOPhTAP).

N
N

N
N

Mg

N
N

N

Co2+

N

N
Co

N
N

N

N

1

2

-d C MgOPhTAP /d τ = k[MgOPhTAP][CoCl2]

Mg2+

Fig. 1. Changes in the UV-vis spectra of the system 1-CoCl2 in
DMF at T = 328 K (CMgOPhTAP = 2.5 × 10-5 mol, CCoCl = 2.5 ×
2
10-3 mol)

(2)

where τ is a time of MgOPhTAP interaction with CoCl2,
k is a rate constant.
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N
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The changes in the UV-vis spectra of the system (1)–
CoCl2 in DMF are depicted on the Fig. 1. The linear
dependence log(C0MgOPHTAP/CMgOPHTAP) = f(τ) (Fig. 2)
indicates that the metal-exchange reaction of (1) with
CoCl2 in DMF is described by the ﬁrst-order equation
towards the concentration of the metalloporphyrin.
The rate of the metal-exchange reaction also depends
on the concentration of the salt (Table 1, Fig. 3).
Thermodynamic results indicate that the system DMFCo(II) chloride is favorable for the metal-exchange
reaction: the process does not require high activation
energy and occurs at low entropy activation. The reaction
order towards to the salt determined as the slope of the
linear plot log keff. = f(logCCoCl2) is equal to 1 (Fig. 3).
Thus, the metal-exchange reaction is bimolecular and its
total rate obeys to the second-order kinetic equation.

N

The data of spectral and kinetic measurements allows
concluding that the metal-exchange reaction (1) occurs
by a bimolecular associative mechanism.
J. Porphyrins Phthalocyanines 2014; 18: 170–172
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Fig. 2. The dependence of log(C0MgOPhTAP/CMgOPhTAP) from the
time of MgOPhTAP interaction with CoCl 2 in DMF at T =
328 (1), 338 (2) and 348 K (3) [C CoCl = 1.5 × 10–3 mol]
2
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interaction with CoCl2 in DMF at room temperature
is not detectable at the spectroscopic level. According
to references [17, 25] the intermediate could be found
spectrally if M/P is much more stable, in comparison
with MP.
The rate of the exchange reaction and its kinetic
parameters depend on an equilibrium constant of reaction
of the intermediate formation, which is deﬁned by
chemical structures of salt solvate and metalloporphyrin.
Spatial restrictions created by macrocyclic effect of the
rigid porphyrin macrocycle and electronic effects of
coordination have important role also [23, 25]. The nature
of a solvent deﬁnes rates of the intermediate formation,
stability and further way of their transformation into
products of the reaction (1).
In the course of the intermediate formation two
molecules of solvent removed from the salt solvate
coordination sphere:
(Solv)mMP + M/X2(Solv)n–2
l (Solv)mMP M/X2(Solv)n–4 + 2 Solv

(3)

At the second step, controlling the rate of the metalexchange process, the intermediate dissociates to form
the ﬁnal products:
Fig. 3. The dependence of logk eff from logCCoCl in the metal2
exchange reaction of MgOPhTAP with CoCl2 in DMF at T =
318 (1), 328 (2) and 338 K (3)

(Solv)mMP·M/X2(Solv)n–4 o
MX2(Solv)m + M/P(Solv)n–4 o

The first conclusions on the stoichiometric mechanism of reaction (1) are presented in previous reports
[17, 25], where it was shown that the reaction occurs in
two steps. A two-nuclear intermediate [(Solv)mMP·M/
X2(Solv)n–4] is quickly formed at the ﬁrst step. We found
that the intermediate formation upon MgOPhTAP

This step is well-detectable in the UV-vis spectra of
the reaction system.
In summary, by the method of UV-vis spectroscopy
the metal-exchange reaction of Mg-octaphenyltetraazaporphyrin with CoCl2 was investigated. The kinetic
parameters of the metal-exchange reaction were determined.
These results could be used in the synthesis of complexes

(4)

Table 1. The rate of Mg2+ exchange on Co2+ in MgOPhTAP in DMF, CMgOPhTAP = 2.5 × 10-5 M, CCoCl2 × 103 M
CCoCl2 × 103, M

T, K

keff × 105, s-1

2.5

298

2.0

1.5

k × 102, l/(mol.s)

Ea, kJ/mol

ΔS≠, J/(mol.K)

0.37*

0.15

68 ± 15

-130 ± 50

328

4.70 ± 0.29

1.88

338

8.36 ± 0.07

3.34

348

19.49 ± 0.11

7.80

298

0.30*

0.15

66 ± 16

-137 ± 55

328

3.57 ± 0.22

1.79

338

6.13 ± 0.32

3.07

348

14.25 ± 0.43

7.13

298

0.21*

0.14

67 ± 11

-136 ± 36

328

2.54 ± 0.15

1.69

338

4.70 ± 0.17

3.13

348

10.47 ± 0.02

6.98

* The calculated value.
Copyright © 2014 World Scientific Publishing Company
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of meso-aza substituted porphyrins with metals of variable
valency, which ﬁnd wide applications upon design of redox
processes catalysts and photochromic materials.
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