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Abstract

Tetrakis(thiadiazole)porphyrazines and tetrakis(selenodiazole)porphyrazines, first described in the years 1998–2001, have later attracted the
attention of different scientific groups in the world. Since the beginning and in the most recent times, a number of aspects concerning their
relevance as phthalocyanine-like macrocycles, their distinct structural, electronic and UV–visible spectroscopic features, and electrochemical
behavior have brought to knowledge the important role played by the externally annulated electron-withdrawing thia- and selenodiazole rings.
Much has been learned about the acid–base properties of the new macrocycles, their facile electron uptake and negative charge redistribution
capability within the entire macrocyclic framework. Further work has been directed to the synthesis and characterization of several low-symmetry
species carrying peripherally annulated benzene or substituted benzene rings and thia- or selenodiazole rings and the structural and electronic effects
caused by the progressive annulation of the heterocyclic rings in a basic phthalocyanine structure has been examined. Deselenation processes at the
annulated selenodiazole rings in symmetrical and low-symmetry macrocycles and the formation of vicinal diamino functionalities have allowed
diversified derivatization procedures with formation of new porphyrazine macrocycles by ring reclosure or designed external sites for exocyclic
metalation in dinuclear species.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Porphyrins and porphyrazines, the two main classes of
tetrapyrrolic macrocycles, differ basically as the porphyrins are
formally derived from the porphine molecule ([PH2], Chart 1),
whereas porphyrazines are constitutionally tetraazaanalogues of
porphyrins since they have a porphyrazine-type central core with
N atoms bridging the pyrrole rings instead of the CH groups
present in the porphine and porphyrin skeleton ([PzH2], Chart
1). Porphyrins are either naturally occurring molecular systems
or original synthetic products, whereas porphyrazines derive
exclusively from synthetic laboratory work. The best known
and most widely studied class of porphyrazines are the phthalo-
cyanines (tetrabenzoporphyrazines; exemplified in Chart 2 as
[PcM] with Pc = phthalocyaninato dianion, C32H16N8

2−, and
M = bivalent non-transition or first-row transition metal ion). For
several decades, since their discovery in the 1920s and the pio-
neering work by Linstead et al. in the 1930s [1], innumerable
studies on [PcM] species and their analogues with different cen-
tral metal ions and substituents on the external benzene rings
have seen this class of porphyrazine macrocycles to attract scien-
tists in a privileged fashion [2,3], whilst porphyrazines in general
were only scarcely investigated. The physicochemical properties
of the porphyrazine macrocycles certainly are basically depen-
dent on the prerogatives of the central tetrapyrrolic core, but
they are also modulated significantly, in terms of structural and
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Chart 1. Porphine [PH2] and porphyrazine [PzH2].

benzene rings were substituted by five-membered aromatic het-
erocycles [5,6], since then only thiophene derivatives have been
described in some detail [7–10]. In the last two to three decades,
mainly porphyrazine systems carrying externally annulated six-
membered pyridine and pyrazine rings have been reported [11].
A fairly complete overview on the porphyrazine macrocycles
bearing annulated heterocyclic five-, six-, and seven-membered
rings has recently been published by two of us [12].

Around the year 2000, two novel families of porphyrazine
macrocycles were reported by Ercolani and co-workers
[13–17]—the tetrakis(thia/selenodiazole)porphyrazines, [TTD-
PzM] and [TSeDPzM] (Chart 2; M = 2HI, MgII(H2O), MnII,
FeII, CoII, NiII, CuII, ZnII). These new macrocycles, entering
the class of porphyrazines (hereafter often referred to as “S- and
“Se-porphyrazines”) isolated as stable solid materials, are char-
acterized by the presence of four heterocyclic five-membered
rings, namely 1,2,5-thiadiazole and 1,2,5-selenodiazole (sim-
plified hereafter as thia- and selenodiazole), annulated to the
pyrrole rings of the porphyrazine core. Undoubtedly, these
S- and Se-containing porphyrazines [14–17] are the type of
macrocycles which structurally closely recall the phthalocya-
nine molecular framework and share with the phthalocyanine
ring important properties like low solubility, stability, sublima-
bility (S-compounds) and comparable chromophoric character,
showing intense absorptions in the Soret and Q band regions.
Nevertheless, they show distinct electronic features, physico-
c
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lectronic features, coordinative and chemical properties and
eneral physicochemical behavior, by the incorporated central
etal, as well as by the peripheral substituents or annulated aro-
atic rings.
In recent times, porphyrazines have gained more attention.

ecently, a number of non-annulated �-substituted por-
hyrazines ([R8PzM], Chart 2), often implying exocyclic coor-
ination and formation of multinuclear species, have been pre-
ared and characterized by Barrett, Hoffman and co-workers and
he main results of this relevant work has been nicely reviewed
4]. An area of further expansion of new porphyrazine macrocy-
les can be that directed to the synthesis of new phthalocyanine-
ike macrocycles carrying heterocyclic rings directly annulated
o the porphyrazine core, opening a route to new forms of
nvestigation and promising potential practical applications.
lthough the inital attempts were made in the 1930s by Lin-

tead to obtain phthalocyanine analogs in which the annulated

Ch
hemical behavior and reactivity, due to the peripherally present
trongly electron-withdrawing N–S–N and N–Se–N moieties.
s will shortly be illustrated in the present work, the electron
eficiency of the thia/selenodiazole rings, contiguous to the por-
hyrazine core in these novel series of macrocycles as well as
n their parent low-symmetry species, strongly influences the
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�/� electronic distribution within the entire highly �-conjugated
molecular system. The effects are clearly seen with regard to
the acidity strength manifested by the central NH groups in the
unmetalated macrocycles [TTDPzH2] and [TSeDPzH2] and by
the tendency shown by their metal complexes to expand their
coordination number through axial ligation. The UV/vis solution
spectra are quite informative as to the level of electron deficiency
present in these type of macrocycles and comparison with the
data on phthalocyanines adequately illustrates this aspect. More-
over, the presence in the new macrocycles of peripheral N, and
soft S and Se atoms, rich of electrons, was seen [14–17] as
an important requisite able to determine new forms of inter-
molecular contacts in the condensed phase, as indeed widely
demonstrated by X-ray structural information now available,
opening new perspectives for solid state investigations.

Following the initial studies [14–17], whilst parallel our work
was extended to other new classes of porphyrazine macrocy-
cles carrying externally annulated electron-withdrawing seven-
membered diazepine [18] and six-membered dipyridinopyrazine
fragments [19], the most recent years have seen the present series
of “S- and “Se-porphyrazines” to become the object of growing
interest and new related symmetrical and low-symmetry species
have been prepared and investigated by the first group operative
in this area [20–26] and by other authors [27–32]. The results
obtained have provided more insight to and better understand-
ing of the main structural and electronic features of this kind
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complex [TSeDPzMg(H2O)] (4), but not for the sulfur analogue
[TTDPzMg(H2O)] (3), due to rapid hydroprotolytic destruction
of the latter (in 96.6% H2SO4 τ1/2 = 21 and 1.3 min for 6 and 5,
respectively [22]).

Both series of symmetrical metal derivatives [TTDPzM] (7)
and [TSeDPzM] (8) (M = MnII, FeII, CoII, NiII, CuII, ZnII) could
be prepared only by incorporating the metal centers into the free-
bases 5 and 6 with MX2 salts in a coordinating solvent (pyridine,
DMSO). Table 1 lists the reactants, products formed, and yields
for all the symmetrical S- and Se-porphyrazines so far reported.

The unsuccessful attempts of template macrocyclization
reactions starting from the dicyano precursors 1 and 2 and
bivalent metal salts, a method applicable to the synthesis of
the metal phthalocyanines [PcM], is likely to be due to the
known N or S(Se) coordinating ability of 1,2,5-thia- and 1,2,5-
selenodiazoles, as shown by the formation of d metal complexes
[37–41]. External coordination by thiadiazole rings can also
plausibly explain the observed exceeding content of copper in
the samples of [TTDPzCu] obtained from dinitrile 1 and copper
powder by Moerkved et al. [42]. Noteworthy, template macro-
cyclization is not an exclusive property of MgII. In fact, direct
cyclotetramerization of dinitrile 1 has just been shown to occur
easily with p metal salts [23]. Thus, reaction of 1 in hot quinoline
with AlIII or GaIII halides leads to the “S-porphyrazines” [TTD-
PzM(X)] (9a–c), whereas the InIII complex [TTDPzIn(OAc)]
(9d) is better obtained by complexation of [TTDPzH ] with InIII
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f “S- and “Se-porphyrazines” so far brought to knowledge, an
mportant aspect in view of an extension of the work in differ-
ntly targeted areas of research and applications. The purpose
f the present work is to provide a concise overall view of the
ost significant results obtained on these two novel classes of
/Se containing porphyrazine macrocycles, whilst making pre-
ious fragmentarily exposed material [12,33,34] more updated
nd better accessible to the readers.

. Synthetic aspects

The dicyano compounds 1 and 2 (Scheme 1), which can be
asily obtained in a high yield by treatment of the inexpensive
nd commercially available diaminomaleodinitrile (DAMN)
ith SOCl2 or SeO2, respectively [14,16], are the key precursors

or the preparation of the “S- and “Se-porphyrazines”.

.1. Symmetrical tetrakis(thia/selenodiazole)porphyrazines

Template macrocyclization of 1 or 2 occurs smoothly
n the presence of MgII-propylate or MgII-butylate in
he corresponding alcohol under reflux (Linstead’s method)
nd leads (Scheme 1) to the solvated MgII porphyrazines
TTDPzMg(H2O)] (3) or [TSeDPzMg(H2O)] (4) with 50–70%
ield [14,16]. The presence of coordinated water in these two
gII complexes has been established experimentally, in line
ith parallel observations for similar tetrapyrrolic systems,

ncluding the phthalocyanine MgII species [35,36]. Demetala-
ion of the MgII complexes to form the free-base macrocycles

and 6 can be best achieved in CF3COOH. Short treatment
ith 94–98% H2SO4 is applicable for demetalation of the Se-
2
cetate in acetic acid under reflux (Scheme 1).

Tetrakis(thia/selenodiazole)porphyrazines are very poorly
oluble in common organic solvents such as hydrocarbons and
heir chlorinated derivatives, but they gain higher solubility
n donor solvents (pyridine, DMF, DMSO) due to the specific
olvation occurring at the central NH groups in the free-base
acrocycle or at the coordinatively unsaturated metal centers in

ts metal derivatives. Some solubility is also achieved in acidic
olvents (CF3COOH, H2SO4) due to proton interaction with
he meso- and heterocyclic N atoms. The presence of peripheral
eterocycles also determines also a strong tendency of the solid
amples to retain clathrated water and/or carboxylic acids.
ndeed, all solid samples are usually obtained as highly solvated
aterials (see Table 1) and the number of solvent molecules

water, carboxylic acids) can vary from one preparation to
nother. These molecules can be eliminated upon heating in
acuum, but hydrated samples are normally reformed upon
xposition to air. Tetrakis(thiadiazole)porphyrazines, unlike
heir Se-analogues, can be sublimed in a high vacuum [14,15]
r under a slow flow of inert gas [27,28] giving materials or
lms with different crystallinity.

.2. Low-symmetry thia/selenodiazoloporphyrazines

Porphyrazines carrying less than four annulated thiadiazole
r selenodiazole rings are also known and their structure,
pectroscopic and some other physicochemical properties
ave been studied [20,21,24,25,29–31,43–45]. Scheme 2
hows the full series of symmetrical and low-symmetry
hia/selenodiazoloporphyrazines possibly formed by reaction
f 1 or 2 in a template co-cyclotetramerization process with
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Scheme 1.

different precursors. Chart 3 shows the co-reactants used in the
cited reports, namely substituted phthalodinitriles 10 [20,21]
and 11 [24], dipropylmaleodinitrile 12 [29] and aryl substituted
fumarodinitriles 13 [43,45,46] and 14 [31]. Table 2 lists the
series of the corresponding low-symmetry porphyrazines so far
effectively isolated and studied.

As shown in Scheme 2, the synthetic approach, in princi-
ple quite simple, leads to a mixture of two symmetrical por-

phyrazines (AAAA and BBBB) and four low-symmetry por-
phyrazines (AAAB, AABB, ABAB and ABBB). If the two
dinitrile precursors, having equal reactivity, are taken in a 1:1
molar ratio, and their co-macrocyclization occurs in a two-step
mechanism [47,48] first implying the formation of dimeric units
followed by their coupling in the ultimate step, then the amounts
of low-symmetry porphyrazines formed should be in the order
AABB > AAAB, ABBB > ABAB [24].
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Table 1
Synthesis of tetrakis(thiadiazole)- and tetrakis(selenodiazole)porphyrazines [14–17]

M No. Synthetic procedures Solvated form Yield

Tetrakis(1,2,5-thiadiazole)porphyrazines
2HI 5 3 + CF3COOH [TTDPzH2] 35
MgII 3 Dinitrile 1 + Mg(OAlk)2 [TTDPzMg(H2O)]·(H2O)·(AcOH) 47
MnII 7a 5 + Mn(OAc)2 in DMSO [TTDPzMn(DMSO)2] → [TTDPzMn] 70
FeII 7b 5 + (NH4)2Fe(SO4)2 in DMSO [TTDPzFe(DMSO)2] → [TTDPzFe] 85
CoII 7c 5 + Co(OAc)2 in DMSO [TTDPzCo]·2(H2O) 83
NiII 7d 5 + Ni(OAc)2 in DMSO [TTDPzNi]·2(H2O) 70

CuII 7e 3 + Cu(OAc)2 in CF3COOH [TTDPzCu] 44
5 + Cu(OAc)2 in pyridine [TTDPzCu] 62

ZnII 7f 5 + Zn(OAc)2 in DMSO [TTDPzZn]·2(H2O) 90

AlIII 9a Dinitrile 1 + AlCl3 in quinoline [TTDPzAlCl]·4(H2O) (quinoline) 56
9b Dinitrile 1 + AlBr3 in quinoline [TTDPzAlBr]·4(H2O) (quinoline) 39

GaIII 9c Dinitrile 1 + GaCl3 in quinoline [TTDPzGaCl]·2(H2O) (quinoline) 35
InIII 9d 5 + In(OH)(OAc)2 in AcOH [TTDPzIn(OAc)]·2(H2O) 55

Tetrakis(1,2,5-selenodiazole)porphyrazines
2HI 6 4 + CF3COOH [TSeDPzH2]·3(H2O)·(CF3COOH) 65

4 + 96% H2SO4/ice [TSeDPzH2]·3(H2O)·(AcOH) 50

MgII 4 Dinitrile 2 + Mg(OPr)2 [TSeDPzMg(H2O)]·3(H2O)·(AcOH) 70

MnII 8a 6 + Mn(OAc)2 in DMSO [TSeDPzMn]·4(H2O)·(AcOH) 67
In pyridine [TSeDPzMn(py)]·2(H2O)·(AcOH) 61

CoII 8c 6 + Co(OAc)2 in DMSO [TSeDPzCo]·5(H2O)·(AcOH) 69
In pyridine [TSeDPzCo(py)]·3(H2O)·(AcOH) 51

NiII 8d 6 + Ni(OAc)2 in DMSO [TSeDPzNi]·6(H2O)·(AcOH) 72
In pyridine [TSeDPzNi(py)]·4(H2O)·(AcOH) 60

CuII 8e 4 + Cu(OAc)2 in CF3COOH [TSeDPzCu]·3(H2O)·(AcOH) 47

ZnII 8f 6 + Zn(OAc)2 in DMSO [TSeDPzZn]·4(H2O)·(AcOH) 61
In pyridine [TSeDPzZn]·5(H2O)·(AcOH) 48

Scheme 2.
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Chart 3.

Table 2
Low-symmetry thia/selenodiazoloporphyrazines

A B Substitution pattern No. Abbreviation M Ref.

X = S AAAB 15 [SA3PzM] 2H (a), Mg (b) [20,21]
ABAB 16 [SASAPzM] 2H (a), Mg (b) [21]
AABB 17 [S2A2PzM] 2H (a), Mg (b) [21]
ABBB 18 [S3APzM] 2H (a), Mg (b) [21]

X = Se AAAB 20 [SeA3PzM] 2H (a) [20]

X = S AAAB 21 [SB3PzM] 2H (a), Mg (b), Cu (c) [24]
AABB 22 [S2B2PzM] Mg (b) [24]

[Ph]2 X = S AAAB 23 [Ph6SPzM] 2H (a), Zn (b) [43,46]
X = Se AAAB 24 [Ph6SePzM] 2H (a), Mg (b), Cu (c), Zn (d) [45,46]

[3,4,5-(MeO)3Ph]2 X = Se AAAB 25 – 2H (a), Mg (b), Cu (c) [31]
[Pr]2 X = Se AAAB 26 [Pr6SePzM] 2H (a), Mg (b), Ni (c), Cu (d), ClMn (e) [29–31]

According to semiempirical calculations (AM1 and PM3
methods), the C N bonds in 1 and 2 are more strongly polarized
than in phthalodinitriles [21] and maleodinitriles and, unlike the
two latter species, the cyano groups in 1 and 2 have a positively
charged N atom (Table 3). As a consequence, a relatively higher
reactivity is expected for 1 and 2 in cyclocondensation reactions.

The main drawback of the co-macrocyclization approach
(Scheme 2) consists of the very elaborated chromatographic
procedures required for the isolation of each single pure por-
phyrazine macrocycle present in the mixture. The yield of the
goal low-symmetry porphyrazine can be optimized to some
extent by appropriately modifying the ratio of the reacting dini-
triles A and B and by the reaction conditions of the template
condensation.

Table 3
Atomic charges on the cyano groups in some dinitriles obtained by PM3 method

Dinitrile Atomic charges Polarization of
CN bond, �δ

δC δ N

1,2,5-Thiadiazolo-3,4-
dicarbonitrile (1)

−0.108 +0.022 0.130

1,2,5-Selenodiazolo-3,4-
dicarbonitrile (2)

−0.116 +0.024 0.140

Phthalodinitrile −0.114 −0.028 0.086
tert-Butylphthalodinitrile (11) −0.110 −0.032 0.078
3,6-Diamyloxyphthalodinitrile −0.098 −0.032 0.066

M
D
D

The full series of low-symmetry thiadiazolobenzopor-
phyrazines 15–18 (Table 2) were obtained by us from the
template condensation of dinitrile 1 and the amyloxysubsti-
tuted phthalodinitrile 10 [20,21] in boiling n-amyl alcohol in
the presence of lithium or magnesium amylates. The reaction
conditions were deeply studied. When lithium amylate was
used as a template agent and the reaction mixture was then
acidified by acetic acid, the two symmetrical porphyrazines
[(AmO)8PcH2] (AAAA (19)) and [TTDzPzH2] (BBBB (5))
were obtained in mixture with the four low-symmetry por-
phyrazines 15a–18a (AAAB, ABAB, AABB, ABBB) and,
after tedious chromatographic procedures, 15a (AAAB), 16a
(ABAB) and 17a (AABB), were isolated as pure species. The
relative yield of 15a (AAAB) could be increased when the reac-
tion was conducted with an excess of dinitrile 10 with respect
to 1. Although the use of magnesium amylate as a template
agent requires an additional step, i.e. demetalation of the mix-
ture of the MgII complexes by treatment with trifluoroacetic acid,
this procedure showed some advantages. First, no symmetri-
cal octaamyloxyphthalocyanine, [(AmO)8PcH2] (AAAA), was
formed in this case; secondly, when dinitrile 10 was pre-heated
for 10–15 min before addition of the dinitrile 1 the yield of the
cis-porphyrazine 17a (AABB) was increased. In addition, the
porphyrazine 18a with three thiadiazole rings (ABBB) could
be chromatographically separated only as MgII complex and
only then converted into the free-base, since this latter cannot
b
o
w
L

(10)
aleodinitrile −0.137 −0.018 0.119
ipropylmaleodinitrile (12) −0.116 −0.031 0.085
iphenylmaleodinitrile cis-(13) −0.125 −0.024 0.101
e eluted even with pyridine. In all cases, considerable amounts
f the symmetrical species 5, [TTDPzH2], were formed, in line
ith the higher activity expected for the heterocyclic dinitrile 1.
ow-symmetry porphyrazines 15a (AAAB) and 17a (AABB)
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Scheme 3.

were obtained as single crystals and their structure has been elu-
cidated by X-rays [20,21]. Moreover, co-condensation of the Se-
containing dinitrile 2 and the phthalodinitrile 10 in the presence
of magnesium amylate led to isolation of the Se-porphyrazine
20a (Scheme 2, Table 2) [20], which was found by single-
crystal X-ray work to be isostructural with S-porphyrazine
15a.

Template condensation of dinitrile 1 with tert-butyl-
phthalodinitrile 11 (1:1.2 molar ratio) in the presence of
magnesium butylate in n-butanol led to a mixture of MgII-
porphyrazines from which fractions containing low-symmetry
MgII-porphyrazines 21b and 22b were isolated. These two
species were characterized on the basis of elemental analy-
sis, mass- and UV–vis spectra [24]. Treatment of 21b with
CF3COOH afforded the free-base 21a.

By co-condensation of the dinitriles 1 or 2 with diphenyl-
fumarodinitrile 13 in the presence of Mg(OBu)2 in n-butanol
(Scheme 3), �-phenyl substituted porphyrazines 23 and 24,
bearing one thia- or selenodiazole unit, were also prepared
(Table 2; M = 2HI, ZnII) [45,46]. Demetalation of the initially
formed mixture of MgII complexes facilitated the chromato-
graphic separation of the individual low-symmetry free-bases
23a and 24a, which were then converted, by treatment with
the appropriate metal acetates in pyridine, to the corresponding

Scheme 4.

ZnII complex 23d and CuII and ZnII complexes 24c and 24d,
respectively. Since the dinitriles 13 and 14 have a trans config-
uration, their trans → cis isomerization is required prior to the
effective co-cyclocondensation to afford the low-symmetry por-
phyrazine macrocycle. Such isomerization can be facilitated if
the trans-dinitrile is preliminarly treated with NH3 in an appro-
priate alcohol (methanol, propanol or butanol) in the presence of
sodium alcoholate – a process which leads to the diiminoimide
intermediate 13a (14a) (Scheme 3) – a reactive species in the
cyclocondensation reaction. This approach was used [31] in the
case of 3,4,5-trimethoxysubstituted diphenylfumarodinitrile 14,
which was converted to diiminoimide 14a and this latter was then
co-condensed with the Se-containing dinitrile 2 in the presence
of Mg(OPr)2 in propanol to give the MgII porphyrazine 25b in
a 14% yield. This species after demetallation with CF3COOH
to 25a was converted to the CuII complex 25c. These 3,4,5-
trimethoxylated hexaphenylporphyrazines show enhanced sol-
ubility in organic solvents.

The Se-dinitrile 2 was also used by the Barrett–Hoffman
group [29] in a co-cyclization reaction with seven-fold excess
of dipropylmaleodinitrile 12 in the presence of MgII butylate in
n-butanol and the MgII complex of hexapropyl(selenodiazole)
porphyrazine, [Pr6SePzMg] 26b was obtained in 42%
yield (Scheme 4). The structure of the mono-aquo-complex
[Pr6SePzMg(H2O)] has been solved by an X-ray diffraction
s II

p
[
C
2

tudy [29] (see below Fig. 9). Demetalation of the Mg com-
lex with CF3COOH afforded the corresponding free-base
Pr6SePzH2] 26a in 70% yield, which was then metalated with
uII and NiII salts to give the corresponding complexes 26c and
6d [31]. The reaction of [Pr6SePzH2] with MnCl2 in the pres-
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Scheme 5.

ence of O2 leads to formation of MnIII complex [Pr6SePzMnCl]
26e (Scheme 4) [30].

2.3. Deselenation of Se-porphyrazines—a route to vicinal
diamino functionalities and to octaaminoporphyrazine

One of the most relevant forms of reactivity shown by the
Se-porphyrazines is that the annulated selenodiazole rings can
undergo reductive ring opening under the action of H2S with
releasing of the Se atom and formation of vicinal diamino
functionalities which are open to possible different kinds of
derivatization, as will be shown below. Attempts to directly
form porphyrazines carrying vicinal NH2 groups from diamino-
maleodinitrile (Scheme 5) were unsuccessful [12]. It was first
recognized by us in 1999 [16] that the deselenation process
could be applied to the symmetrical MgII and CuII complexes
[TSeDPzMg] (4) and [TSeDPzCu] (8e) by bubbling H2S into
a pyridine (or DMF) solution. The process leads (Scheme 5)
to the formation of the corresponding octaaminoporphyrazines
[(H2N)8PzM] (27) which cannot be isolated as pure solid materi-

Scheme 6.

als due to their instability. Nevertheless, once prepared, they can
be straightforwardly used in situ for further transformations, as
is exemplified in Scheme 5 for their conversion to pyrazinopor-
phyrazines [(R2Pyz)4PzM] (28) by reaction with �-dialdehydes
[16], or to an imidazole derivative [(ImH)4PzM] (29) by reaction
with DMF in the presence of POCl3 [12].

The selenodiazole rings in low-symmetry porphyrazines
can be also cleaved and deselenated under similar experimen-
tal conditions. Release of selenium from mono(selenodiazole)
porphyrazines affords the corresponding porphyrazines carry-
ing one external vicinal diamino functionality first obtained
for tribenzoporphyrazine 20a and hexaphenylporphyrazine 24d
[45]. By reaction of 30 obtained in situ with different elec-
trophiles (Scheme 6), ring reclosure takes place and imidazo-,
1,2,3-triazolo-, 1,2,5-thiadiazolo- and pyrazinoporphyrazines,
31–34, are formed [12,45].

The deselenation process was also applied [29] for the
conversion of hexapropyl substituted monoselenodiazolepor-
phyrazine 26 to the corresponding vicinal diaminoderivative
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Scheme 7.

35, this latter directly converted in situ with 2,3-butanedione
or 9,10-phenanthrenedione affording the corresponding substi-
tuted tetrapyrazinoporphyrazines 36 and 37 (Scheme 7). The
same authors have used deselenation of �-trimethoxyphenyl and
�-propyl substituted mono(selenodiazole)porphyrazines 25 and
26 for the preparation of the Schiff-base adducts of the vic-
inal diaminoporphyrazines 38 (Scheme 7). These latter were
then converted to the dinuclear porphyrazinato-Schiff-base com-
plexes 39 which can be considered as molecular scaffolds for the
design of strongly spin-coupled “ferrimagnetic” systems with
high residual spin [30,31,44].

3. Crystal and molecular structure

Very recent single-crystal X-ray studies have considerably
expanded the amount of structural information on a series of low-
symmetry and symmetrical “S- and “Se-porphyrazines”. Eluci-
dated structures were those of the low-symmetry free-bases 15a
and 17a (Table 2) containing one [20,21] and two [21] annulated
thiadiazole rings, respectively, and of the symmetrical unmeta-
lated species 5, [TTDPzH2] [27]. In the context of the work
carried out on the symmetrical and low-symmetry series formed
by annulation externally to the porphyrazine core of diamyloxy-
benzene and thiadiazole rings the structure of the symmetrical
octaamyloxyphthalocyanine [(AmO)8PcH2] 19 has also been
e
5
s
u
t
r
a

the influence of heterocyclic annulation on the geometrical struc-
ture within each individual macrocycle, but they also revealed
its remarkable effect on the ability of macrocycles to generate
intermolecular interactions determining the observed peculiar
and characteristic molecular packing in the crystals (see here
below).

The X-work for the symmetrical “S-porphyrazines” has been
extended to include the series of the metal derivatives of the free-
base 5, [TTDPzH2], with divalent 3d transition metals, TTDPzM
(7a–7e, M = FeII, CoII, NiII, CuII, ZnII) [27,28]. This extensive
work is so rich in achieved structural information (see below) to
be a milestone in the field of tetrapyrrolic macrocycles, certainly
at least comparable with the overall X-ray crystallographic work
which has been developed along several decades for the paral-
lel series of phthalocyanine macrocycles [PcM] (M = 2H1, FeII,
CoII, NiII, CuII, ZnII) since the pioneering Robertson’s work in
the 1930s [49]. On the “S-porphyrazines” further X-ray work
has just been reported for the metal derivatives of the TTDPz
macrocycle with tervalent p metals, i.e. [TTDPzMCl] (M = AlIII

and GaIII) 9a and 9c [23].

3.1. Solid state arrangement

With reference to the series of symmetrical and low-
symmetry macrocycles shown in Scheme 2, it is illustrative to
c
l
r
F
s
a
t

lucidated [21]. Thus, four out of six macrocycles of the series
, 15a–18a, 19, schematically shown in Scheme 2, have known
tructures clarified by X-ray work. To our knowledge, this fact is
nprecedented in the field of tetrapyrrolic macrocycles. Struc-
ures of two porphyrazines with one annulated selenodiazole
ing – free-base 20a [20] and the MgII complex 26b [29] – have
lso been investigated. These studies have not only established
onsider how gradual substitution of benzene moieties in amy-
oxysubstituted phthalocyanine [(AmO)8PcH2] by thiadiazole
ings changes the molecular packing pattern in the crystals.
ig. 1(top) shows that in the molecules of [(AmO)8PcH2] [21]
ome waving distortion from planarity occurs due to steric inter-
ction of adjacent amyloxy chains. Also, the mean planes of
he molecules are parallel to one another, but neighbouring
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Fig. 1. Crystal packing of [(AmO)8PcH2] (19): view along the c-axis (top) and
perpendicularly to the mean plane of the macrocycle (bottom). Alkyl chains are
not shown. Figure produced using data from Ref. [21].

molecules overlap only by edges of their conjugated � sys-
tems (Fig. 1, bottom). The closest intermolecular contacts are
ca. 3.5–3.6 Å (e.g. the shortest C�(pyrrole)· · ·C�(benzene) is
3.501 Å) and any significant intermolecular �–� interaction can
be excluded.

Substitution of one of the benzene moieties by a thiadia-
zole ring as in 15a (AAAB) [20,21] leads to a strong polar-
ization of the macrocyclic � system (“push–pull” effect) with
implied intermolecular dipole–dipole interactions. These effects
determine the observed arrangement of the macrocycles in cen-
trosymmetric pairs (Fig. 2, top) this resulting in short intemolec-
ular contacts (ca. 3.3 Å, C�· · ·C� is 3.298 Å). A similar form
of intermolecular arrangement and short contacts are observed
in the isomorphous crystal structure of 20a [20] in which a
single annulated selenodiazole ring substitutes the thiadiazole
ring present in 15a. Short intermolecular distances associated
with considerable overlap of the macrocyclic � systems in the
centrosymmetric pair (Fig. 2, bottom) are plausibly responsible
for the presence of a strong �–� interaction. It is interesting
that overlapping macrocycles are slipped along the Npyr· · ·Npyr
axis, a feature shared by the x-polymorphs of phthalocyanine,
x1-[PcH2] and x2-[PcH2] [50–52], but the degree of overlap
is higher in the structures 15a and 20a. This type of molecu-
lar overlap is different from that present in the well known �-
and �-forms of [PcH2] which are slipped along Nmeso· · ·Nmeso
axes [52]. Hydrogen bonding interactions of amyloxy chains
w
t
t
c

Fig. 2. Crystal packing of 15a: view along the (1 0 1) axis (top) and perpendicular
to the mean plane of the macrocycle (bottom). Alkyl chains are not shown. Figure
produced using data from Refs. [20,21].

the macrocycle containing one thia/selediazole ring is increased
resulting from dipole–dipole interaction.

Annulation of two thiadiazole rings to pyrrole rings in rel-
ative adjacent position as in the porphyrazine macrocycle 17a
(AABB) [21] also induces polarization of the macrocyclic �
system (“push–pull” effect) and formation of molecular pairs
(Fig. 3A). In 17a, the interunit contacts reach values as short as
3.2–3.3 Å (C�· · ·Cmeso 3.249 and C�(pyrrole)· · ·C�(benzene)
3.248 Å, Npyr· · ·Npyr 3.335 Å). The slipping of the molecules in
the pair along the Npyr· · ·Npyr axis (Fig. 3B) is larger than in the
case of the monothiadiazole annulated species 15a, which plau-
sibly weakens the degree of overlap of the � systems. The molec-
ular pairs in 17a are not isolated as in 15a but stacked in such way
that neighbouring molecules of the adjacent molecular pairs,
slipped along the Nmeso· · ·Nmeso axis, have the closest inter-
atomic contacts of ca. 3.4 Å (C�· · ·NpyrH 3.384 Å, Npyr· · ·C�

3.401 Å, C�· · ·C� 3.415 Å and Npyr· · ·NpyrH 3.450 Å). This
ith thia/selenodiazole rings and meso-N atoms contribute to
he bonding within the dimeric units of 15a and 20a. Despite
he lower steric hindrance between amyloxy groups in 15a as
ompared to [(AmO)8PcH2], the distortion from planarity of
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Fig. 3. Stacking of the dimeric units formed by 17a: (A) view along the c-axis,
(B) overlap of the molecules in the dimeric unit, and (C) overlap of neighbouring
molecules of two adjacent dimers. Alkyl chains are not shown. Figure produced
using data from Ref. [21].

Fig. 4. Molecular packing of �-[TTDPzH2]. Views along the b-axis (A) illus-
trating the layered structure and along the c-axis (B) showing the intermolecular
contacts within a layer and molecular overlap. Figure produced using data from
Ref. [27].

type of stacking only weakly affects the quasi-planar struc-
ture of the porphyrazine macrocycle. The overlap with slipping
along Nmeso· · ·Nmeso axis is characteristic for the �-polymorph
of [PcH2], but the degree of overlap is larger in the case of
our cis-annulated porphyrazine 17a. Moreover, this species,
combining the features of x- and �-polymorphs of phthalocya-
nine with even stronger �–� overlapping, forms an unprece-
dented stacked array which might facilitate interunit �-electron
transfer.

Let us now consider the effect of the presence of four thiadi-
azole groups annulated to the central porphyrazine core on the
structural arrangement, starting first with the free-base 5, indi-
cated as �-[TTDPzH2] [27]. The molecular packing (Fig. 4A)
has no analogy with that found in any of the polymorphs of the
phthalocyanine analogue [PcH2]. In fact, no columnar stacking
of the molecules with columns arranged in a parallel fash-
ion is observed. Rather, in �-[TTDPzH2] we might speak of
a “graphite-like” structure in which the molecules form par-
allel infinite layers, intermolecular contacts within each layer
occurring between peripheral heteroatoms. The N· · ·S contacts
(thick dashed lines in Fig. 4B) are seen with a distance signif-
icantly shorter (2.947 Å) than the sum of the S and N van der
Waals radii (1.55 + 1.80 = 3.35 Å [53]) and their relative orien-
tation suggests the occurrence of some kind of �–� interaction
due to pz(N)–d�(S) overlap. Other short intermolecular con-
tacts, shown in Fig. 4B as thin dashed and dotted lines – N· · ·S
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Table 4
Different polymorphs formed by [TTDPzH2] and its metal complexes

Compound Polymorph

[TTDPzH2] �

[TTDPzCu] �′, �

[TTDPzNi] �, �

[TTDPzCo] �

[TTDPzFe] �

[TTDPzZn] �

[TTDPzAl(Cl)] �2

[TTDPzGa(Cl)] �2

(3.245 Å) and N· · ·N (2.971 Å) – are only slightly shorter than
the respective van der Waals radii sum (3.35 and 3.10 Å) and
hence are probably of less relevant role in regulating intermolec-
ular contacts. As can also be seen from Fig. 4B, each molecule in
the bottom layer is overlapped by three molecules of the adjacent
top layer; so, there is no consistent overlap of the bottom macro-
cycle with anyone of the top units. Despite of that, adjacent layers
show interlayer contacts as short as 3.2–3.3 Å (e.g. Nmeso· · ·C�

3.177 Å, Nmeso· · ·C� 3.201 Å). This interplane interaction leads
to some out-of-plane deformation of the macrocycle, which
otherwise should be completely planar. The observed layered
structure and short interlayer contacts found for 5 have no coun-
terpart in the case of phthalocyanines.

Some of the features found in the crystal structure of the
free-base macrocycle �-[TTDPzH2] are also observed in the
structures of its metal derivatives [TTDPzM] (M = FeII, CoII,
NiII, CuII, ZnII) [27,28] and [TTDPzMCl] (M = AlIII, GaIII) [23].
However, new specific features are introduced which are deter-
mined by the oxidation, spin state and coordination properties
of each individual metal center. The different polymorphs for
[TTDPzH2] and the series of the [TTDPzM] and [TTDPzMCl]
species are listed in Table 4.

The NiII and CuII complexes form �-polymorphs [28].
The structures, which are denoted as �-[TTDPzNi] and
�′-[TTDPzCu], respectively, both consist of parallel two-
d
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Fig. 5. Layered crystal structure in �′-[TTDPzCu]. (A) View along the b-axis.
Different layers have different colors: Cu1, black; Cu2 and Cu3, red; Cu4 and
Cu5, blue. (B and C) View along the c-axis—intermolecular short contacts and
overlap of different layers. Figure produced using data from Ref. [28].

layers in the sequence (bottom → top) Cu4–Cu5 → Cu2–
Cu3 → Cu1 → Cu2–Cu3 → Cu4–Cu5 → Cu2–Cu3 → Cu1 →
Cu2–Cu3 → Cu4–Cu5, etc. Although the average interplane
distances (ca. 3.3 Å) approach those found for �-[TTDPzNi]
and �-[TTDPzH2], the shortest interplane contacts between
the atoms of the macrocycles are in the range 3.1–3.3 Å (e.g.
imensional layers, arranged in a way similar to what has
een found for �-[TTDPzH2] [27]. Each layer is assembled
y N· · ·S interactions among thiadiazole rings, but the overlap
f the molecules in the adjacent parallel layers is different. �-
TTDPzNi] is practically isomorphous with �-[TTDPzH2] and
s formed of identical layers which are shifted along the a-axis.
he macrocycles have the closest interlayer interatomic contacts
f ca. 3.2 Å (Nmeso· · ·C� 3.199 Å). The Ni atoms have the clos-
st interplane contact with S atoms, but the Ni· · ·S distance of
.776 Å excludes any effective coordination interaction between
he layers.

In the case of �′-[TTDPzCu], there are five crystallo-
raphically independent macrocycles Cu1–Cu5, which are
ssembled in three different parallel layers, one containing
nly the Cu1 type of macrocycles, the other two Cu2–Cu3 and
u4–Cu5 couples (Fig. 5). In each layer, the macrocycles are
eld together by similar N· · ·S contacts characteristic of the
-polymorph. As seen in Fig. 5A, along the c-axis the Cu1 and
u4–Cu5 layers are each one sandwiched between Cu2–Cu3
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Fig. 6. Molecular packing of �-[TTDPzCu]: (A) two leg ladder structure, (B) molecular overlap in the ladder, (C) view along the a-axis. Short N· · ·S contacts are
indicated by dashed lines, the corresponding distances are given in Å. Figure produced using data from Ref. [28].

Nmeso· · ·C� 3.083 Å, Nmeso· · ·N(thiadiazole) 3.258 Å) and
those of CuII with N and S atoms of the thiadiazole rings
(Cu1· · ·N 3.462 Å, Cu· · ·S ca. 3.6 Å) can be indicative of some
interlayer �–� interaction somewhat contributed by Cu· · ·N
and Cu· · ·S interplane coordination.

As shown in Table 4, the CuII and NiII complexes form also �-
polymorphs, i.e. �-[TTDPzCu] and �-[TTDPzNi] isomorphous
with each other. This �-polymorph (see Fig. 6 for the CuII

complex) has a characteristic two leg ladder structure forming
two parallel columnarly stacked sequences of macrocycles. The
edge-to-edge dimers formed by N· · ·S interaction of the thia-
diazole rings (3.041 and 3.013 Å for CuII and NiII complexes,
respectively) are arranged in a staircase-like structure running
along the a-axis (Fig. 6A). Within the dimeric unit (Fig. 6B),
the two macrocycles are slipped along the Nmeso· · ·Nmeso axis
in such a way that each one of the two CuII (or NiII) atoms finds
a meso-N atom of the neighbouring molecule closely in corre-
spondence of its axial position. Such situation leads to quite short
interplane interatomic distances of ca. 3.2 Å (e.g. Cu· · ·Nmeso
3.196 and 3.271 Å, and Ni· · ·Nmeso 3.177 and 3.298 Å) and is
favourable for considerable interplane �–� overlap. Short N· · ·S

contacts (ca. 3.3 Å) are also observed between the molecules in
the neighbouring ladders, in which the dimeric units are rela-
tively rotated by ca. 60◦ (Fig. 6C).

The TTDPz complexes with FeII, CoII and ZnII, metal ions
more suitable for axial ligation, form a unique �-polymorph
[27,28]. It is extremely interesting that the crystal packing of this
�-form is determined by the coordination interaction between
the central metal of one molecule and an N atom of a thiadiazole
ring of a proximate macrocycle (Fig. 7). As a result, the macrocy-
cles form coordination polymeric zig-zag chains with N–M bond
lengths of 2.327, 2.300 and 2.188 Å for the FeII, CoII and ZnII

complexes, respectively. Consecutive macrocycles in the chains
form dihedral angles of 83–85◦ as do the related N M· · ·N M
bonds.

The observed M N (axial) distances for the three species
are slightly longer than or comparable with that found in the
CoII complex with 2,1,3-benzothiadiazole, [Co(SN2Bz)Br2]n

(2.208 Å) [40] and definitely longer than for a CuI com-
plex with 4-methyl-2,1,3-benzothiadiazole [Cu(SN2BzMe)I]
(2.040 Å) [39]. The longer distances are probably a consequence
of combined effects due to the different surroundings, oxida-

F the b
N iven i
ig. 7. Molecular packing of �-[TTDPzZn]: (A) coordination polymers along
· · ·S contacts are indicated by dashed lines, the corresponding distances are g
-axis, (B) molecular overlap between the molecules in adjacent chains. Short
n Å. Figure produced using data from Ref. [28].
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Fig. 8. Molecular packing of [TTDPzAlCl]: (A) view along the b-axis, (B) concave–concave overlap, (C) convex–convex overlap. Short N· · ·S contacts are indicated
by dashed lines with related distances given in Å. Figure produced using data from Ref. [23].

tion and spin state of the metal ions as well as to the steric
requirements of the zig-zag chained arrangement of the macro-
cycles. Noteworthy, whilst CoII and FeII ions are in-plane and
likely to be involved in strong �-backbonding, the ZnII ion in
the �-[TTDPzZn] complex is significantly displaced out of the
central N4 plane of the porphyrazine macrocycle (0.394 Å). The
macrocycles in the adjacent chains exhibit a considerable over-
lap favourable for interplane �–� interaction (Fig. 7B) and,
being slipped along the Nmeso· · ·Nmeso axis, approach to each
other by ca. 3.3 Å. The shortest interplane interatomic contacts
are 3.3–3.4 Å. As can be seen from Fig. 7B, van der Waals inter-
actions between S atoms and meso- and thiadiazole N atoms
(S· · ·N distances ca. 3.1–3.2 Å) also contribute to the attrac-
tion of the overlapping polymer chains. Such unique molecular
arrangement has not been observed for metal phthalocyanines
and endow this crystalline species with peculiar magnetic prop-
erties. The magnetic studies [27,28] have shown the antiferro-
magnetic behavior of �-[TTDPzCo] and �-[TTDPzFe] which
was explained in terms of a dimer model.

As shown in Fig. 8A, the two isostructural complexes with
tervalent metal ions [TTDPzMCl] (M = AlIII, GaIII), indicated
here as �2 polymorphs (Table 4), have a molecular packing con-
sisting of stacked double layers [23]. The metal centers are five
coordinated and displaced out of the central N4 cavity (AlIII,
0.416(6) Å; GaIII, 0.448(6) Å) towards the Cl− ion.

As seen in Fig. 8C, the arrangement of the macrocycles within
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As has just been illustrated, progressive annulation of
thia/selenodiazole heterocycles to the porphyrazine macrocycle
and the type of incorporated metal centers have a large impact
on the molecular arrangement with formation of highly diversi-
fied crystal packing patterns. In going from a “S-porphyrazine”
to the corresponding “Se-porphyrazine”, the structural features
are maintained essentially unchanged as can be verified by
comparing the low-symmetry “Se-porphyrazine” 20a with the
corresponding isomorphous S-analogue 15a (see Fig. 2).

The MgII complex of hexapropyl substituted selenodiazolo-
porphyrazine 26b, in a way similar to what is observed for
monoannulated free-bases 15a and 20a, forms a centrosymmet-
ric face-to-face molecular pair (Fig. 9) [29]. In this case, the
formation of a dimer is also determined by hydrogen bonding
of the water molecule coordinated to the fifth position of the
MgII ion in one macrocyclic unit with meso- and selenodia-
zole N atoms of another closely lying unit (H· · ·N distances are
1.939 and 2.294 Å, respectively). Moreover, the selenodiazole
ring of one molecule and the pyrrole ring of the other within the
pair mutually overlap with shortest intermolecular atom–atom
contacts of 3.3–3.4 Å. The dimer pairs are arranged into back-
to-back stepped stacks in which the Se atom of one dimeric unit
is located above the pyrrolic N atom of another with Se· · ·N
distance of 3.411 Å and the distance between two C� atoms is
3.373 Å.

3

o
l
t
t
u
t
a
e
v
∠
a

double layer (convex–convex overlap) shows the axial chloride
f a macrocycle of the bottom layer at a van der Waals distance
ca. 3.4 Å) from the S (and N) atoms of four macrocycles of the
op layer. The short interplane interatomic contacts in a double
ayer are 3.3–3.4 Å and the distance between the mean planes
f the molecules is ca. 3.2 Å. However, interplane overlap of the
acrocycles is almost absent and �–� interaction within a dou-

le layer is hardly possible. In contrast to that, the neighbouring
olecules in the adjacent double layers exhibit the significant

oncave–concave overlap with slipping along the Nmeso· · ·Nmeso
xis (Fig. 8B) similar to that observed in �-polymorph of the CuII

nd NiII complexes. This facilitates the interplane �–� interac-
ion and the shortest interatomic distances between overlapping
djacent molecules reach values of 3.1–3.2 Å.
.2. Geometrical features

From the huge amount of available X-ray data on the
ctaamyloxyphthalocyanine [(AmO)8PcH2] and the series of
ow-symmetry and symmetrical macrocycles with incorporated
hia/selenodiazole rings, it is evident that the bond lengths of
he porphyrazine core are only minimally affected (Table 5)
pon progressive substitution of the benzene rings by annulated
hia/selenodiazole rings. One can only notice a small (0.01 Å),
lthough systematic, contraction of the Nmeso–C� bonds and
longation of C�–NpyrH bonds. More consistent is instead the
ariation seen of the bond angles. Table 5 shows that the angles
C�(NpyrH)C� in the pyrrole rings are increased by 3–4◦ and the

ngle∠NmesoC�Npyr by 1–2◦ with the increasing presence of the
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Fig. 9. Crystal and molecular structure of [Pr6SePzMg(H2O)]2 [29]. Propyl chains are not shown. Figure produced using data from Ref. [29].

thiadiazole rings. As a result, an expansion is determined of the
central coordination cavity with respect to that of the phthalo-
cyanine macrocycle. In fact, the measured distances between
internal opposite Npyr atoms are 3.910 and 3.953 Å for [PcH2]
[54], which become 3.952 and 4.062 Å for [TTDPzH2] [27].

A similar expansion of the central hole is observed for the
metal complexes, [TTDPzM] and [TTDPzMCl], when compar-
ison is made with the corresponding metallophthalocyanines
�-[PcCu] [55], �-PcFe [56], �-[PcCo] [57], �-[PcZn] [58],

[PcAlCl] [59], [PcGaCl] [59,60] (see Table 6). Such enlargement
of the central hole in the TTDPz macrocycle must be related to
the fact that annulation of the five-membered thiadiazole ring to
the pyrrole ring stresses the angle C�C�Nhet (Fig. 10) more than
in the case of annulation of the six-membered benzene ring, thus
producing the observed modifications.

The influence of the thiadiazole annulation on the geometry
of the porphyrazine macrocycle has also been examined in two
theoretical studies in which geometry was optimized using an

Table 5
Average geometric parameters of the macrocyclic skeleton in porphyrazines with annulated 1,2,5-thia/selenodiazole and/or benzene ringsa

Geometric paramater [(AmO)8PcH2] (19) [SeA3PzH2] (20a) [SA3PzH2] (15a) [S2A2PzH2] (17a) [TTDPzH2] (5) [PcH2]

C�–Nmeso 1.330 1.325 1.326 1.322 1.321 1.327
C�–Npyr 1.371 1.376/1.370 1.372/1.367 1.373/1.365 1.371 1.373
C�–NpyrH 1.373 –/1.371 –/1.372 1.368/1.370 1.382 1.373

C�–C�

(N) 1.466 1.445/1.445 1.447/1.448 1.451/1.455 1.465 1.461
(NH) 1.451 –/1.469 –/1.460 1.458/1.443 1.447 1.452

C�–C�

(N) 1.401 1.434/1.424 1.410/1.416 1.395/1.413 1.400 1.395
(NH) 1.409 –/1.394 –/1.393 1.394/1.412 1.408 1.398

Npyr· · ·Npyr 3.854 3.852 3.860 3.920 3.952 3.910
NpyrH· · ·NpyrH 4.067 4.101 4.097 4.043 4.062 3.953

Npyr–NpyrH 2.749 2.737 2.748 2.781 2.837 2.721
2.8

N –/1

H 2.1
2.2

∠ 12
12

∠ 10
∠ –/1
∠ 12
∠

2.853 2.888

pyr–H 0.820 –/1.018

· · ·Npyr 2.203 2.135
2.352 2.251

C�NmesoC� 122.8 120.7
124.3 125.2

C�NpyrC� 106.9 110.1/107.3
C�(NpyrH)C� 111.8 –/111.8
NmesoC�Npyr 127.1 129.9/127.7

NmesoC�NpyrH 128.3 –/127.7 –/1

a For the low symmetry species the average data are given for thia(seleno)diazole/b
80 2.849 2.830 2.837

.000 1.001/0.949 0.891 0.923

40 2.186 2.277 2.101
60 2.261 2.286 2.343

1.1 122.5 123.5 121.8
5.5 124.7 123.6 123.6

9.7/107.3 109.7/107.5 108.7 108.0
11.7 114.4/109.9 113.6 109.7

9.6/128.4 128.8/127.7 128.3 127.9

27.4 130.1/127.0 129.3 128.2

enzene annulated non-equivalent pyrrole and pyrrolenine rings.
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Table 6
Comparison of the selected geometric parameters in metal complexes of
[TTDPzH2] and [PcH2]

Complex M–N ∠NpyrC�Npyr M–Ct N–Ct Ref.

�-[TTDPzNi] 1.923 108.1 [28]
�-[TTDPzNi] 1.928 108.3 [28]
[PcNi]
�′-[TTDPzCu] 1.972 109.8 [28]
�-[TTDPzCu] 1.968 109.5 [28]
[PcCu] [55]
�-[TTDPzFe] 1.957 109.0 0 [28]
�-[PcFe] 1.926 107.3 0 [56]
�-[TTDPzCo] 1.942 108.9 0 [27,28]
�-[PcCo] 1.920 107.0 0 [57]
�-[TTDPzZn] 2.044 110.6 0.394 [28]
�-[PcZn] 1.980 109.1 0 [58]
[TTDPzAl(Cl)] 2.000 0.416 1.96 [23]
[PcAl(Cl)] 1.98 0.410 1.94 [59]
[TTDPzGa(Cl)] 2.012 0.444 1.962 [23]
[PcGa(Cl)] 1.983 0.439 1.93 [59,60]

AM1 method [61] and a DFT approach with B3LYP/6-31G(d)
basis set [32]. Although quantum chemical modeling of the
geometrical structure of the isolated molecule in a gas phase
somewhat overestimates the bond lengths as compared with the
data from the X-ray single crystal study, they reproduce the effect
of expansion of the porphyrazine macrocycle due thiadiazole
ring annulation.

On the basis of X-ray studies the position of the inner hydro-
gen atoms in the free-bases 15a, 17a and 20a has been located
[20,21]. The NH groups are seen in opposite pyrrole rings
and their H atoms form hydrogen bonds with the N atoms of
the adjacent pyrrolenine rings. The NpyrH· · ·Npyr distances of
2.13–2.35 Å are considerably shorter than the sum of the van
der Waals radii of N and H atoms (1.55 + 1.20 Å). According to
single crystal X-ray data [20], compounds 15a (Fig. 2) and 20a
(Fig. 11), bearing three diamyloxybenzene fragments and one
thia- or selenodiazole ring, exist in the solid state as 22H,24H
tautomers, in which the NH groups belong to two opposite isoin-
dole units with concomitant facing of the thia/selenodiazole
ring with the isoindolenine fragment. The semiempirical AM1
calculations [24] of the model compound without amyloxy sub-
stituents have shown that this 22H,24H-tautomer is more stable
by 17.5 kJ/mol than the alternative 21H,23H-tautomer having
two opposite isoindolenine units and benzene and thiadiazole
rings annulated to two opposite pyrrole rings.

The variable temperature 1H NMR data obtained for 15a in
C

F
i

Fig. 11. Molecular structure of 20a in the form of the 22H,24H tautomer. Figure
produced using data from Ref. [20].

provide evidence for the presence of the 22H,24H-tautomer and
show the absence of tautomerism with formation of the 21H,23H
tautomer. This is unlike the situation observed for 17a, when
rapid NH tautomerism of two unequivalent NH groups at ambi-
ent temperatures results in a single NH resonance, whereas two
signals are shown below −40 ◦C (Fig. 12).

The geometry of the 1,2,5-thiadiazole and 1,2,5-seleno-
diazole fragments annulated by the porphyrazine macrocy-
cle is similar to that found in other compounds containing
these heterocyclic units, e.g. for 2,1,3-benzothia- and 2,1,3-
benzoselenodiazoles (SN2)Bz and (SeN2)Bz [62] (Table 7). No
substantial difference is observed for the bond lengths and bond
angles for thiadiazole rings annulated to pyrrole and pyrrolenine
fragments of the porphyrazine macrocycle in 5 and 17a. The
geometrical parameters of annulated thia/selenodiazole rings
obtained from X-ray work are crucial for the correct conclusions
to be drawn about the electronic structure of these fragments and
the macrocycle as a whole.

3.3. Electronic structure

Annulation of thia- or selenodiazole rings to the porphyrazine
macrocycle creates a very peculiar electronic situation which
cannot be correctly depicted with any of the classical resonance
structures containing single and double bonds shown in Chart
4(A–E) and involving the sulfur atoms in the oxidation states +2
(

s
[
[
c
o
s
t
o

DCl3 in the temperature range from 20 to −50 ◦C [21] also

ig. 10. Effect of 5–5 vs. 5–6 ring fusion on the geometry of the pyrrole rings
n annulated porphyrazines.
A) and +4 (B and C) and in meso-ionic structures (D and E).
The analysis of the numerous structural data on relatively

imple organic compounds containing the 1,2,5-thiadiazole ring
62,63] and results of their quantum chemical investigations
64–67] have shown that none of the structures A–E (Chart 4)
an individually explain the structural and chemical properties
f these species. It was concluded [62,66] that the real aromatic
tructure is best depicted by the representation F, mainly con-
ributed by structures A and D, with minor participation of the
thers (B, C, and E). Accordingly, the X-ray data obtained for
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Fig. 12. 1H NMR spectra of 15a (left) and 17a (right) in CDCl3 [21].

Table 7
Geometrical parameters of annulated 1,2,5-thia- and 1,2,5-selenodiazole rings

(SN2)Bz [TTDPzH2] (5) N/NH [S2A2PzH2] (17a) N/NH [SA3PzH2] (19a) [SeA3PzH2] (20a) (SeN2)Bz

X–N 1.60 1.647/1.631 1.631/1.633 1.633 1.807 1.83
N–C 1.34 1.326/1.328 1.329/1.334 1.311 1.304 1.30
C�–C� 1.41 1.400/1.408 1.395/1.394 1.410 1.434 1.46
∠N–X–N 102 100.5/101.3 100.6/101.9 101.9 96.5 95
∠X–N–C� 105 104.5/104.6 104.9/103.7 103.6 102.8 104
∠N–C�–C� 114 115.3/114.7 114.8/115.4 115.5 118.8 118
Ref. [62] [27] [21] [20] [20] [62]

tribenzoporphyrazines 15a and 20a containing one annulated
thia/selenodiazole ring [20,21] allow to propose structure G for
the macrocycle (Chart 4) in which the annulated heterocycle is
represented as in F.

The bonds in the annulated thiadiazole ring in 15a (S N
(1.633 Å), N C (1.311 Å) and C C (1.410 Å) [20]) are inter-
mediate between those expected for single (S N, 1.74 Å, N C,
1.47 Å and C C 1.54 Å) and double bonds (S N, 1.56 Å, N C,
1.29 Å and C C 1.33 Å). Assuming the typical lengths for S N

and S N bonds, calculation of the bond order (NSN) for the
thiadiazole ring in 15a by using the formula [68]:

NSN = 12.407

(lSN)2 − 3.098

leads to an NSN value of 1.55, a value requiring participation
of structure D. However, the CN bond lengths have high double
bond character (for 15a NCN = 1.77, and for the Se-analogue 20a
NCN = 1.81) which calls for the involvement of structure A. In

Chart 4.
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Fig. 13. The atomic charges in porphyrazines with annulated 1,2,5-thiadiazole, pyrazine and benzene rings and the net �-electron population of the atoms constituting
the internal 16-membered ring calculated by the AM1 method.

conclusion, then, structure F for the thiadiazole ring is the ade-
quate representation in the macrocycle 15a (G, Chart 4), and is as
well representative for the macrocycles 20a [20,21] and 26b [29]
in which Se replaces the S atom. The angle formed by the chalco-
gen atom in the thia/selenodiazole ring of 15a (∠NSN = 101.9◦)
and 20a (∠NSeN = 96.5◦) indicates that �-bonding with neigh-
bouring N atoms mainly implies participation of npx and npy

orbitals (n = 3 for S and 4 for Se). One of the lone pairs is mainly
localized on the ns orbital, whilst the other one is located on the
npz orbital and is highly involved in the conjugated � system of
the entire macrocycle.

Semiempirical AM1 calculations [24,26] support the above
proposed electronic structure for the thiadiazole fragment. The
population of the S atom orbitals is for 3s 1.852, for 3px and 3py

1.245 and for 3pz 1.260 electrons. Delocalization of electrons
from the 3pz orbital leads to considerable positive charge on the
S atom (δ = 0.435), which is in agreement with a substantial con-
tribution of the meso-ionic structure D and scarce participation
of the structures B and C with SIV having 3d orbitals involved.
The negative charge on the N atoms of the thiadiazole rings
δ = −0.187 appears as due to excessive �-charge (population of
the 2pz orbital is 1.19–1.20), and the lone pair has a considerable
s-character (population of the 2s orbital is 1.758), leading to the
low basicity of these N atoms (see Section 4.1.2 below).

In the case of tetrakis(thiadiazole)porphyrazine, [TTDPzH2],
carrying four thiadiazole rings each one hypothetically involv-
i
o
e
w
s
i
t

t
t
T
p
i
p

of the internal 16-membered macrocycle increase in the order
[PcH2] < [(Pyz)4PzH2] < [TTDPzH2] (see Fig. 13), a relative
measure of the strong �- and �-acceptor influence of 1,2,5-
thiadiazole fragments. This is also in agreement with the recent
electrochemical study [23] which demonstrates that the TTDPz
macrocycle in the AlIII, GaIII and InIII complexes [TTDPzMX]
(X = Cl, OH or AcO) is much more easily reduced (by 0.4–0.5 V)
than the Pc macrocycle in the corresponding [PcMX] complexes
(see below Table 13 in Section 5), but unlike the latter species
could not be oxidized.

The semiempirical ZINDO/S calculations [26,69] demon-
strate that annulation of four thiadiazole rings in [TTDPzH2]
leads to stronger stabilization of the frontier orbitals as com-
pared to [PcH2] than in the case of the pyrazine annulation
in [(Pyz)4PzH2] (see Fig. 14). On the contrary, 3,4-annulation
of four thiophene rings leads to destabilization of all frontier
�-MOs, especially of the HOMO, suggesting that tetrakis(3,4-
thiopheno)porphyrazine, [(3,4Th)4}PzH2], should be unstable
due to the high reactivity of the thiophene rings in side reactions.
Indeed, all attempts to prepare these species were unsuccessful
[5,9,12] and in mono(3,4-thiopheno)porphyrazines, so far the
only species reported [9,10], the thiophene ring is easily involved

F
Z

ng resonance structures A–E (Chart 4), the possible number
f macrocyclic resonance structures becomes very large. How-
ver, for this macrocycle the delocalized structure H (Chart 4),
hich was proposed by us in our first paper [14], can be con-

idered as the most correct depiction of the electronic situation
n the molecule, in full agreement with recent X-ray [27] and
heoretical data [32,61].

The results of calculations [61] show that annulation of
hiadiazole rings has considerable influence on the distribu-
ion of the electron density in the porphyrazine macrocycle.
his influence is more marked than the annulation of the
yrazine rings which are often considered [63] to have a sim-
lar electronic effect as the 1,2,5-thiadiazole rings. Thus the
ositive charge on the C�-atoms and the �-deficient character
ig. 14. MO diagram of porphyrazines with annulated heterocycles based on
INDO/S calculations on the AM1/UHF optimized structures [69].
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Fig. 15. Influence of the progressive substitution of benzene rings in phthalocya-
nine (BBBB [PcH2]) by thiadiazole rings (SSSS [TTDPzH2]) on the energies
of the frontier �-MOs calculated by the ZINDO/S method for AM1 optimized
structures [26,69]. MO levels for porphyrazines with 3,6-dimethoxy substituted
benzene rings calculated by the DFT method [32] are indicated by dashed lines.

in a Diels-Alder type reaction with dienophiles [10]. Therefore,
the introduction of two N atoms into the 3,4-annulated thiophene
ring appears to be a crucial factor determining the observed sta-
bility of tetrakis(thiadiazole)porphyrazines.

The effect of the progressive substitution of the benzene rings
or 3,6-dimethoxybenzene rings annulated to the porhyrazine
core by thiadiazole fragments on the energies of the frontier
�-MOs has been studied by ZINDO/S [26,69] and DFT [32]
methods. Similar trends are shown for both systems. In fact,
when benzene moieties in [PcH2] or in its octamethoxy deriva-
tive [(MeO)8PcH2] are progressively replaced by thiadiazole
fragments, the four frontier orbitals are stabilized in the series
of BBBB ( [PcH2] or [(MeO)8PcH2]), SBBB, SBSB, SSBB,
SSSB and SSSS ( [TTDPzH2]) (Fig. 15).

According to ZINDO/S results [26,69], if two different NH
tautomers are possible, as is the case for SBBB, SBSB and
SSSB macrocycles (Chart 5), the HOMOs have lower energy

for tautomers of type 22H,24H which have a larger number of
the isoindole fragments (2, 2 and 1, respectively). The 21H,23H
tautomers with larger number of isoindolenine units have higher
energies of HOMO and, hence, they are less stable than the cor-
responding 22H,24H tautomers. One thiadiazole ring located
along the NH· · ·NH axis in 21H,23H tautomers destabilizes the
molecule by 4.1 kcal/mol in the respect to the 22H,24H tautomer.
Two NH tautomers differ also in the relative position of LUMO
and LUMO + 1 since the observed splitting of these orbitals is
considerably less for the 22H,24H tautomer.

4. Spectroscopic properties

Annulation of thia/selenodiazole rings to the porphyrazine
core highly influences the electronic and vibrational states of the
present “S- and “Se-porphyrazines”. This will be shown in this
section by examining the effects produced by such annulation
on the linear and non-linear optical properties and vibrational
spectra.

4.1. UV/visible spectra

The UV/visible solution spectra of the symmetrical free-
bases [TTDPzH2] and [TSeDPzH2], their metal derivatives and
all related low-symmetry species have a spectroscopic pattern
which is typical for porphyrazine-type macrocycles and consists
o
t
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Chart 5.
f the presence of intense absorptions due to intraligand �–�*

ransitions in the Soret (300–400 nm) and Q band (600–800 nm)
egions. The Soret band is usually broadened since it origi-
ates from the configuration interaction of several closely lying
–�* transitions and underlying n–�* transitions involving

he N atoms of the porphyrazine macrocycle and annulated
hia/selenodiazole rings. The Q absorption in porphyrazines
riginates from the pure �–�* transitions from the HOMO to
UMO and LUMO + 1 energy levels in accordance with Gouter-
an model [70]. The shape and peak position of the absorption

ands are determined by the number and location of annulated
hia/selenodiazole rings and by the presence and type of metal
enter. Moreover, strong solvatochromic effects are observed as
t will be shown by the data in neutral, basic and acidic solvents.

.1.1. Neutral solvents
As already demonstrated in Section 2.1, the symmetrical free-

ases [TTDPzH2] and [TSeDPzH2] and their metal derivatives,
ike their phthalocyanine analogues, are almost insoluble in non-
onor solvents (chlorobenzene, dichloromethane, etc.) and only
ualitative spectra can be obtained. Table 8 summarizes the spec-
roscopic data for the free-bases [TTDPzH2] and [TSeDPzH2],
heir MgII complexes and related species. Tables 9 and 10 list
he data for the TTDPz and TSeDPz metal derivatives.

For [TTDPzM] and [TSeDPzM] as well as for the phthalo-
yanine and porphyrazine analogues, [PcM] and [PzM], due to
he effective D4h symmetry of their �-chromophore, the LUMO
nd LUMO + 1 are degenerate and a single sharp Q band with
ibronic satellites on the blue side is observed in neutral and
asic solvents as is exemplified in Fig. 16 for the series of
gII complexes in pyridine solution. For the corresponding free-
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Table 8
UV–visible solution spectra of free-base and MgII tetrakis(thia/selenodiazole)porphyrazines and related porphyrazines

Porphyrazine Solvent λmax (nm) (log ε) Ref.

Free-base MgII complex

Soret Qy Qx Soret Qvib Q

[PzH2] PhCl 333 (4.70) 545 (4.60) 617 (4.75) [72]
Py 333 (4.79) 542 (4.57) 613 (4.71) 332 (4.70) 535 (4.14) 587 (5.07) [69]

[PcH2] ClNPa 350 (4.74) 665 (5.18) 698 (5.21) 611 (4.08) 680 (4.93) [71]
Py 659 694 347 (4.73) 610 (4.45) 675 (4.94) [71]

[(pyz)4PzH2] ClNP 625 660 [73]
DMSO 580sh 635 580sh 635 [73]

[TTDPzH2] PhCl 333 641 653 330 590sh 647 [14]
py 375 (4.53) 622sh 648 (4.71) 371 (4.51) 585 (4.00) 642 (4.85) [14]

[TSeDPzH2] py 382 (4.56) 650sh 682 (4.65) 356 (4.31) 618 (3.77) 674 (4.38) [16]

a ClNP, 1-chloronaphthalene.

Table 9
UV/visible spectroscopic data of the metal derivatives of tetrakis(thiadiazole)porphyrazine [14,15,23]

[TTDPzM] λ (nm)

M Solvent Soret region CT region Q region

ZnII Py 336 367 396sh 588 619 645
DMSO 329 353 398sh 585 609sh 638
CF3COOH 327 583 613sh 643
H2SO4 323 603 632sh 664

CuII PhCl 337 584 618 642
Py 331 363sh 439 586 618 642
CF3COOH 275 325 395sh 457sh 575 609sh 631
H2SO4 270 306sh 322 598sh 627sh 661

NiII Py 311 327sh 365 578 605sh 631
DMSO 305 358 571 603 627
CF3COOH 322 390sh 576sh 597sh 635
H2SO4 317 601 627sh 660

CoII Py 341 445 585sh 605sh 639
DMSO 331 458 580sh 605sh 632
CF3COOH 315 578sh 602sh 632
H2SO4 314 593sh 631sh 656

FeII Py 344 411 443 504 603sh 646sh 676
CF3COOH 320 472 577sh 599sh 627sh 643
H2SO4 306 481 667sh 693

MnII DMSO 309 352sh 375sh 466sh 498sh 599sh 623sh 653
CF3COOH 330 513 593sh 618sh 646
H2SO4 316sh 384sh 601sh 642sh 662

AlIIICl py 340 364sh 393sh 590 622 647
DMSO 340 590 623 649
CF3COOH 329 583 620
H2SO4 330 600sh 649sh 660

GaIIICl py 337 367sh 400sh 585 617 645
DMSOa 338 587 624 647
CF3COOH 329 582 615 640sh, 645
H2SO4 330 597sh 648sh 659

InIIIOAc py 321 365sh 390sh 602 658
DMSO 357sh 609 636sh 658
CF3COOH 328 371sh 594 629 646, 652sh
H2SO4 317 390sh 618sh 670
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Table 10
UV/visible spectroscopic data of the metal derivatives of tetrakis(selenodiazole)porphyrazine [16,17]

[TSeDPzM] λ (nm)

M Solvent Soret region CT region Q region

ZnII Py 313 360 626 652 681
DMSO 320 353 626 659 680
CF3COOH 340 610 641 667
H2SO4 256 332 361 607 645 699

CuII Py 321sh 361 627sh 651sh 677
H2SO4 355 611 652 705
CF3COOH 305 662

NiII ClNP 356 424 620 656 686
Py 357 604 631 661
DMSO 353 602 631 657
CF3COOH 311 610 640 669
H2SO4 335 358 601 638 693

CoII ClNP 358 438 469 497 620 655 687
Py 334 352 396 441 473 606 645 673
DMSO 331sh 347 476 609 670
CF3COOH 319 598 631 664
H2SO4 344 430 499 604 641 667 700

MnII DMSO 347 445 626 685
CF3COOH 283, 294 305 339 537 613 668
H2SO4 341 625 657 682 709

bases, the symmetry is lowered to D2h, the degeneracy of LUMO
is lifted and a double-peaked Q band containing Qx and Qy com-
ponents is observed as shown in the series of spectra recorded
in chlorobenzene (Fig. 17).

F
[

The Q band region in porphyrazines is generally highly
sensitive to the type of substitution or annulation. When four
thia/selenodiazole rings are fused to the central porphyrazine
core, the macrocyclic 26� electron chromophore present in
ig. 16. UV/vis spectra of [PzMg] (1), [TTDPzMg(H2O)] (2), [PcMg] (3) and
TSeDPzMg(H2O)] (4) in pyridine.

F
c

ig. 17. UV/vis spectra of [PzH2] (1), [TTDPzH2] (2) and [PcH2] (3) in
hlorobenzene.
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unsubstituted porphyrazine [PzH2] and its metal complexes
[PzM] is extended to the 42�-electron chromophoric system
in [TTDPzM] and [TSeDPzM]. Such a �-extension results in a
considerable bathochromic shift of the Q band maxima, similarly
to what is observed for the benzene or pyrazine annulation in for-
mally �-isoelectronic phthalocyanines [PcM] and tetrapyrazino-
porphyrazines [{Pyz}4PzM]. As shown in Figs. 16 and 17, the Q
band which is observed at 587 nm for [PzMg] and at 617 nm (Qx)
and 545 nm (Qy) for [PzH2] in the case of thiadiazole annulation
is bathochromically shifted to 642 nm for [TTDPzMg(H2O)]
(�λ(Q) = 55 nm (1460 cm−1)) and to 653 and 641 nm for
[TTDPzH2] (�λ(Qx) = 36 nm (890 cm−1) and �λ(Qy) = 96 nm
(2750 cm−1). The value of the bathochromic shift is substan-
tially smaller than in the case of benzene annulation in [PcMg]
(�λ(Q) = 88 nm (2220 cm−1)) and in [PcH2] (�λ(Qx) = 78 nm
(1880 cm−1) and �λ(Qy) = 114 nm (3270 cm−1)). The observed
effect of thiadiazole rings is similar to the effect of
pyrazine rings in [(Pyz)4PzMg] (�λ(Q) = 48 nm (1290 cm−1)
and in [(Pyz)4PzH2] (�λ(Qx) = 43 nm (1060 cm−1) and
�λ(Qy) = 80 nm (2350 cm−1) [73], Table 8). This indicates
that the thiadiazole ring as well as the pyrazine ring exhibit
a �-deficient character in agreement with the observed redox
behavior [23] (Section 5) and MO calculations [26,69] (Sec-
tion 3.3). The bathochromic effect of selenodiazole annulation
in [TSeDPzMg(H2O)] (�λ(Q) = 87 nm (2200 cm−1)) is larger
than that of thiadiazole rings and comparable with the effect
o
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Fig. 18. UV/vis spectra in CH2Cl2 of [Ph6SPzH2] and [Ph6SePzH2] (dashed
lines) and [Ph6SPzZn] and [Ph6SePzMg] (solid lines).

(Table 11). This latter example very clearly illustrates that sub-
stitution of two carbon atoms in an annulated thiophene ring
by two N atoms as in 1,2,5-thiadiazole means to go from a
�-excessive to �-deficient heterocyclic ring, a fact which sta-
bilizes the HOMO by 750 cm−1 in respect to LUMO. Although
sequential substitution of benzene moieties by thiadiazole rings
results in an increasing hypsochromic shift of the Q band max-
imum, this effect is not strictly additive. Thus, introduction of
one, two, three and four thiadiazole rings instead of benzene
moieties in octaamyloxyphthalocyanine, [(AmO)8PcH2] (19),
shifts the position of the Q band maximum from 762 to 766,
735, 721, 715 and 653 nm in [SA3PzH2] (15a), [S2A2PzH2]
(17a), [SASAPzH2] (16a), [S3APzH2] (18a) and [TTDPzH2]
(5), respectively, i.e. by 50, 600, 870, 980 and 2400 cm−1 in the
order given. It should be noted that the spectroscopic properties
of the model compounds having methoxy groups instead of amy-
loxy groups have been calculated by using TDDFT and ZINDO
methods [32]. The latter approach provides better agreement
of the calculated spectroscopic parameters with experimental
UV/vis spectra of amyloxy substituted species.

The splitting of the Qx and Qy bands observed for [TTDPzH2]
in chlorobenzene (653 and 641 nm, 290 cm−1) is much smaller
(Fig. 17 and Table 8) than for [PcH2] (695 and 659 nm,
710 cm−1) and for [(Pyz)4PzH2] (660 and 625 nm, 850 cm−1)
in a similar non-basic solvent. This small splitting observed in
f benzene annulation (Table 8; Fig. 16). This is explained by
he difference in electronegativity of the Se and S atoms and
ess effective 4d�(Se)–2pz(N) interaction than 3d�(S)–2pz(N)
nteraction.

As regard to low-symmetry porphyrazines, the symmetry of
he �-chromophore is lower than D4h and a double Q band is
bserved both for the free-bases and metal complexes (Fig. 18),
nless LUMO and LUMO + 1 are occasionally degenerate (e.g.
S2B2PzMg] (22b) see Fig. 19).

Available spectroscopic data on low-symmetry thia/seleno-
iazoloporphyrazines and related species (Table 11) allow
he analysis of the spectroscopic changes as a function of
ype of annulation. Thus, when two �-phenyl groups in �-
ctaphenylporphyrazine, [Ph8PzH2] [74], are substituted by
ne annulated thiadiazole, selenodiazole or benzene ring as in
Ph6SPzH2] (23a), [Ph6SePzH2] (24a) and [Ph6BzPzH2], [46]
he long wave Qx band is shifted bathochromically from 663 to
82, 693 and 691 nm, respectively (�λ(Qx) = 19, 30 and 28 nm
420, 650 and 610 cm−1). Substitution of two �-propyl groups in
-octapropylporphyrazine, [Pr8PzH2], by one annulated selen-
diazole ring in [Pr6SePzH2] (26a) induces a bathochromic shift
rom 627 to 653 nm (�λ(Qx) = 26 nm (635 cm−1), whilst fusion
f a dimethylpyrazine fragment in [Ph6(Me2Pyz)PzH2] leads
nly to a 7 nm shift (180 cm−1) [29,31].

It is remarkable that substitution of one benzene moiety
n tetra(tert-butyl)phthalocyanine, [(tBu)4PcH2] [75], by one
-deficient thiadiazole ring in [SB3PzH2] (21a) leads to a
ypsochromic shift of the Qx band maximum from 699 to
93 nm (�λ(Qx) = 6 nm (200 cm−1), whereas introduction of
ne �-excessive thiophene ring in [(3,4Th)B3PzH2] leads to
bathochromic shift to 727 nm (�λ(Qx) = 28 nm (550 cm−1)
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Fig. 19. The Q-band region of the UV/vis spectra in pyridine of MgII-
porphyrazines: symmetrical [TTDPzMg(H2O)] (SSSS) and [(tBu)4PcH2]
(BBBB), and low-symmetry [SB3PzMg] (21b) (SBBB) and [S2B2PzMg(H2O)]
(22b) (SSBB).

solution is not in agreement with the results of quantum chemical
calculations [32], which predict a considerable splitting of the Qx

and Qy bands for [TTDPzH2] both by the TDDFT method (605
and 570 nm, 1015 cm−1) and ZINDO method (717 and 672 nm,
930 cm−1). Evidently, the energy gap between the LUMO b2g

and b3g (see Figs. 14 and 15) is strongly overestimated in the
calculations as compared to the real situation in solution. This
might be indicative of the occurrence of specific intermolecu-
lar interactions existing even in the neutral solvents, a situation
which was not taken into account in the calculation of the spec-
troscopic properties of the isolated molecule in the gas phase
[32].

4.1.2. Basic solvents
The basic solvents (pyridine, DMF, DMSO) have only mod-

erate solvatochromic effect on the peak position of the Soret- and
Q bands in the UV/vis spectra of the metal complexes [TTD-
PzM] and [TSeDPzM] (M = MgII(H2O), MnII, CoII, NiII, CuII,
ZnII) [14–17] and [TTDPzMX] (M = AlIII, GaIII, InIII) [23]. In
the case of the free-bases, a peculiar aspect is that the spectra of
[TTDPzH2] and [TSeDPzH2] in pyridine are similar to those of
the related metal complexes since they show an unsplit Q band
(see Fig. 20 for comparison of the spectra of [TTDPzH2] (B) and
its MgII (A) and NiII (F) complexes), whilst Q band splitting is
observed in neutral and acidic solvents (Fig. 20C–E) [14,16,22].

This behavior is due to the combined effect of �-acceptor and
�-deficient properties of the thia/selenodiazole fragments, lead-
ing to a high acidity of the central NH groups with implied easy
deprotonation and formation of the corresponding symmetrical
dianions [TTDPz]2− and [TSeDPz]2− as pyridinium salts. A
similar spectroscopic effect can be observed upon addition of a
strong base, i.e. tetrabutylammonium hydroxide, to a solution
of [TTDPzH2] in neutral solvents such as CH2Cl2 [21,22]. For
unsubstituted free-base phthalocyanine and porphyrazine, the
deprotonation process can be seen only upon heating or UV-
irradiation of the pyridine solutions [76].

Formation of the deprotonated macrocycles as pyridinium
salts immediately upon dissolution in pyridine is a clear indi-
cation of the high acidity character of the pyrrolic NH groups
in porphyrazines. So, whereas no deprotonation is observed
for unsubstituted [PzH2] nor for [PcH2], porphyrazines with
strongly electron-withdrawing substituents (�-halogen, �-
sulfophenyl, �-4-methylpyridiniumyl) or annulated electron-
deficient heterocycles (tetra(pyrido)-, tetra(pyrazino)porphyra-
zines) easily form such salts in pyridine and other basic solvents
(see Ref. [61] and references therein).

Theoretical investigation of the gas phase acidity of
porphyrazines [61] has shown that [TTDPzH2] has the
highest acidity among porphyrazines with different type of
tetraannulation. The gas phase acidity decreases in the sequence
[TTDPzH ] > [(Pyz) PzH ] > [(2,3Py) PzH ] > [PcH ] > [PzH ]
a
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long with the increase of the deprotonation enthalpy values
304.6, 316.1, 324.8, 331.9, 335.2 kcal/mol, in the sequence
iven). The experimental value of the acidity constants in
MSO solution pKa1 = 1.75 and pKa2 = 1.98 have been deter-
ined for [TTDPzH2] by spectrophotometric titration [43,77].
hese values of acidity constants are more than 10 orders of
agnitude higher than those found for [PzH2] (pKa1 = 12.36

nd pKa2 = 13.43 in the same solvent [78]).
No formation of the pyridinium salt is observed in pyridine

olution for porphyrazines 15a, 20a, 21a with one annulated
hia/selenodiazole ring [20,21,24]. If two thiadiazole rings are
resent as in [S2A2PzH2] (17a) and [SASAPzH2] (16a), heating
s required for their deprotonation in pyridine. The porphyrazine
ith three thiadiazole rings [S3APzH2] (18a) is deprotonated
pon dissolution in pyridine just like [TTDPzH2] [21]. Such
ehavior is in keeping with the pKa1 values determined in
MSO [43,77]. The acidity gradually increases along with

nnulation of additional thiadiazole rings in the order: [(AmO)8
cH2] < [SA3PzH2] < [S2A2PzH2] < [S3APzH2] < [TTDPzH2]
pKa1 = 13.17, 8.80, 8.31, 5.82, 1.75) [43,77] in perfect line
ith expectation.

.1.3. Acidic solvents and basic properties
The presence in the molecular framework of thia/seleno-

iazoloporphyrazines of several basic centers – four meso-
atoms (Nmeso) bridging the pyrrole units, eight N atoms

f thia/selenodiazole rings (Nhet) and in the free-bases two
nternal pyrrolenine nitrogens (Npyr) – endows these macro-
ycles with relatively high solubility in acidic media such as
COOH, CF3COOH, H2SO4, due to specific solvation and

cid–base interaction processes. Since all basic centers belong to
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Table 11
UV/vis solution spectra of low-symmetry porphyrazines with annulated thia/selenodiazole rings and some related porphyrazines

Porphyrazine Solvent λmax (nm) (log ε)b Ref.

[A4PzH2] [(AmO)8PcH2] (19) Toluene 329 (4.67) 739 (5.01) 762 (5.09) [21]
[SA3PzH2] (15a) CH2Cl2 329 (4.96) 730 (5.02) 766 (5.21) [21]
[SeA3PzH2] (20a) CH2Cl2 334 (5.11) 735 (4.90) 785 (5.19) [20]
[S2A2PzH2] (17a) CH2Cl2 336 (4.81) 700sh 735 (4.98) [21]
[SASAPzH2] (16a) CH2Cl2 333 (4.80) 660sh 721 (4.81) [21]
[S3APzH2] (18a) CH2Cl2 335 (4.83) 698sh 715 (4.80) [21]

[B4PzH2] [(tBu)4PcH2] Toluene 345 (4.84) 662 (5.18) 699 (5.26) [75]
[(3,4Th)B3PzH2] CHCl3 337 (5.08) 648 (5.02) 692 (4.96) 727 (5.25) [10]
[SB3PzH2] (21a) 353(0.39), 657(0.59), 693(1.00) [24]
[SB3PzMg] (21b) CH2Cl2 358(0.73) 611(0.20) 682(1.00) [24]
[S2B2PzMg] (22b) CH2Cl2 353(1.00) 605(0.25) 667(1.00) [24]

[Ph8PzH2] CHCl3 370 (4.63) 595 (4.32) 663 (4.48) [74]
[Ph6SPzH2] (23a) CH2Cl2 358 (4.45) 575 (4.28) 682 (4.70) [46]
[Ph6SePzH2] (24a) 361 (4.55) 574 (4.28) 693 (4.65) [46]
[Ph6BzPzH2] 588 691 [46]
[Ph6SPzZn] (23c) 614 656 [46]
[Ph6SePzZn] (24d) 604 670 [46]
[Ph6SePzMg] (24b) CH2Cl2 364 606 672 [46]
[Ph6SePzCu] (24c) CH2Cl2 608 668 [46]

[Ar6SePzH2]a (25a) CH2Cl2 342 579 710 [31]
[Ar6SePzMg]a (25b) CH2Cl2 362 617 689 [31]
[Ar6SePzCu]a (25c) CH2Cl2 342, 456 550 616 685 [31]

[Pr8PzH2] 346 558 627 [31]
[Pr6{PyzMe2}PzH2] CH2Cl2 340 (4.74) 565 (4.57) 634 (4.71) [29]
[Pr6SePzH2] (26a) CH2Cl2 346 (4.81) 552 (4.60) 653 (4.87) [29]
[Pr6SePzMg] (26b) CH2Cl2 346 (4.52) 599 (4.19) 650 (4.12) [29]
[Pr6SePzMn(Cl)] (26e) CH2Cl2 361 618 679 [30]
[Pr6SePzNi] (26c) CH2Cl2 332 (4.51) 346 (4.51) 578 (4.36) 634 (4.37) [31]
[Pr6SePzCu] (26d) CH2Cl2 339 (4.58) 354 (4.63) 581 (4.41) 593 (4.42) 636 (4.50) [31]

a Ar: 3,4,5-trimethoxyphenyl.
b Relative intensity (D/Dmax) is shown in italics.

Fig. 20. UV/vis spectra of [TTDPzMg(H2O)] (A), [TTDPzH2] (B–E) and [TTDPzNi] (F–H) in pyridine (A, B and F). CH2Cl2 (C), CF3COOH (D and G) and in
H2SO4 (E and H). Spectrum B shows the pyridinium salt [TTDPz]2−(H+Py)2. Spectra of [TTDPzMg(H2O)] in CF3COOH and in H2SO4 are identical to the spectra
D and E.
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the conjugated �-chromophore, a strong solvatochromic effect
determined by the acidity of the media is a characteristic fea-
ture of diazoloporphyrazines. Stable solutions are obtained in
CF3COOH for all investigated free-bases and related metal com-
plexes, exception made for the MgII species, due to demetalation.
Free-bases undergo hydroprotolytic destruction in aqueous con-
centrated H2SO4 but are more stable in non-aqueous H2SO4.
[TTDPzH2] is by 10 times less stable than the Se-analogue,
the rate constants of their destruction in 96.6% aqueous H2SO4
at 25 ◦C being 910 × 105 and 56 × 105 s−1, respectively [22]).
Complexes with ZnII, CuII, NiII, CoII, MnII, AlIII and GaIII

are stable in concentrated aqueous H2SO4 solutions at ambi-
ent temperatures, but slow demetalation is observed for InIII and
instantaneous for MgII complexes. The order of kinetic stability
has been determined for the group III metals complexes [TTD-
PzMX]: AlIII > GaIII > InIII (the corresponding rate constants of
dissociation kobs × 105 are 3.88, 18.7, 181 s−1 in 16.9 M H2SO4
at 51 ◦C [23]).

For [TTDPzH2] and [TSeDPzH2] and their metal complexes
only a slight hypsochromic shift of the Q band (up to 200 cm−1)
or its broadening is observed even in strong carboxylic acids
such as HCOOH and CF3COOH (Hammet acidity function H0 is
−2.22 [79] and −3.03 [80], respectively). The Soret band enve-
lope becomes more sharp. These spectroscopic changes suggest
acid solvation or partial protonation occurring at the N atoms of
annulated thia/selenodiazole rings. For the unmetalated macro-
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Fig. 21. UV/vis spectra of [SB3PzH2] (21a) in CH2Cl2 (A) and its acid forms
in CH3COOH containing 4.9% (B), 29.7% (C), 58% (D) and 93% (E) H2SO4.

93–100% H2SO4, respectively (�λ(Q) = 130 and 102 nm (2290
and 2080 cm−1)) (see Fig. 21 for the spectra of [SB3PzH2]). It
was shown that along with protonation of the second meso-N
atom one of the thiadiazole N atoms is involved in acid–base
interaction. Whilst annulation of the thiadiazole ring due to
its electron-acceptor properties reduces the basicity of meso-
N atoms (pKai = −1.10, −2.75, −5.83, −8.44 for [SB3PzH2]
and −0.90, −1.40, −4.86, −7.80 for [SB3PzCu] [25]) as
compared with tetra(tert-butyl)phthalocyanines (pKai = +0.86,
−1.58, −4.60, −7.05 for [tBu4PcH2] and +2.10, −0.33, −3.03,
−6.23 for [tBu4PcCu] [83]), the basicity of N atoms of thiadi-
azole ring itself (pKa(Nhet) = −4.25 for [SB3PzH2] and −2.20
for [SB3PzCu] [25]) is increased as compared to non-annulated
1,2,5-thiadiazole (pKa = −4.90 [63]).

The effect of replacing two �-phenyl groups in �-
octaphenylporphyrazine, [Ph8PzH2], and its ZnII complex,
[Ph8PzZn], by one thiadiazole, selenodiazole or benzene ring
has been studied in CH2Cl2–CF3COOH solutions [43,46] and
the stability constants pKs1 of the first acid form were deter-
mined. Annulation of the aromatic ring decreases the basicity
of meso-nitrogen atoms and this effect is increased in the order
benzene < selenodiazole < thiadiazole (Table 12).

Sequential substitution of benzene moieties in octaamy-
loxyphthalocyanine [(AmO)8PcH2] by thiadiazole rings has
a marked effect on the basicity macrocycle and its spectro-
scopic behavior in acidic media [77,84]. Whilst all four meso-
N
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ycles, the splitting of the Q band becomes more well-defined,
his demonstrating that no protonation of internal pyrrolenine N
toms is taking place in these media. In H2SO4 for [TTDPzH2]
nd [TSeDPzH2] and their metal complexes, a bathochromic
hift of the Q band is observed (15–30 nm, 500–800 cm−1)
hich is indicative of protonation of one of the meso-N

toms.
The basicity constants pKa1 for protonation of the first meso-
atom have been determined in CF3COOH-H2SO4 mixtures

or [TTDPzH2] (pKa1 = −4.06), [TTDPzZn] (−6.28), [TTD-
zCu] (≈−8 to −9) and [TTDPzNi] (−5.81) [12]. The basicity
f the meso-N atom in [TTDPzH2] and its complexes is several
rders of magnitude lower than for [PzH2] (pKa1 = −0.15 [81])
r [PcH2] and their corresponding metal complexes [82]. This
act reflects the strong electron acceptor effect of four thiadia-
ole rings resulting in a drastic decrease of the basic properties.
he pKa1 for the ZnII and CuII complexes are lower than for

he NiII complex and the related free-base [TTDPzH2]. This is
nusual, since for the series of [PzM] and [PcM] complexes a
ifferent order of basicity is observed, Zn > Cu > 2H > Ni [82].
his fact is a clear indication that in the case of [TTDPzZn] and

TTDPzCu] protonation of meso-N atoms follows protonation
f the thiadiazole rings.

Unlike [TTDPzH2] and [TTDPzM] which only give meso-
onoprotonated forms in H2SO4 solution, for monoannulated

orphyrazine [SB3PzH2] (21a, Table 2) and its CuII complex
SB3PzCu] (21c) in CH3COOH–H2SO4 media it was possi-
le to observe [25] a stepwise acid–base interaction with all
our meso-N atoms. It results in an increasing bathochromic
hift of the Q band maxima from 690 nm for [SB3PzH2] and
83 nm for [SB3PzCu] in a neutral solvent to 820 and 785 nm in
atoms in [(AmO)8PcH2] ( [A4PzH2] (19)) and [SA3PzH2]
15a) are protonated in going from a neutral solvent to 100%

able 12
nfluence of aromatic annulation in �-phenyl substituted porphyrazines on the
tability constant of the first acid form in CH2Cl2–CF3COOH at 298 K [46]

ree-base pKs1 ZnII complex pKs1

Ph8PzH2] 1.43 [Ph8PzZn] 2.63
Ph6BzPzH2] 1.02 [Ph6BzPzZn] 2.42
Ph6SPzH2] 0.55 [Ph6SPzZn] 2.27
Ph6SePzH2] 0.65 [Ph6SePzZn] 2.44
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Fig. 22. UV/vis spectra of [S3APzH2] (18a) (A), [S2A2PzH2] (17a) (B),
[SA3PzH2] (15a) (C) and [A4PzH2] (19) (D) in CH2Cl2 (solid lines) and their
acid forms in CH2Cl2 containing 0.5% (10), 5% (6 and 11), 100% (7) HCOOH,
in CF3COOH (1 and 3), in CF3COOH containing 1% H2SO4 (4 and 12), in
CH3COOH containing 35% H2SO4 (8) and in 96% H2SO4 (2, 5, 9 and 13)
(figure modified from Ref. [21]).

H2SO4, only three of them are protonated for [S2A2PzH2]
(17a) and two for [S3APzH2] (18a) under identical conditions
(Fig. 22).

The influence of the number of annulated rings on the
basicity of meso-N atoms in this series of free-bases as
well as their ZnII complexes can be evaluated from the
stability constants pKs1 of the first acid form obtained in
CH2Cl2–CF3COOH medium [43,77,84]. For the free-bases,
the pKs1 decrease in the order [SA3PzH2] (3.89) > [A4PzH2]
(3.52) > [S2A2PzH2] (2.27) > [SASAPzH2] (2.19) > [S3APzH2]
(0.83) and for the ZnII complexes [SA3PzZn] (4.80) > [A4PzZn]
(3.58) > [S2A2PzZn] (3.51) > [S3APzZn] (2.81). This sequence
demonstrates that the larger the number of thiadiazole rings
present, the lower the basicity of the meso-N atoms. In the
phthalocyanines [A4PzH2] and [A4PzZn] the meso-N atoms are
less basic than in the species [SA3PzH2] and [SA3PzZn] hav-
ing one annulated thiadiazole ring. This is due to the strong
polarization of the �-electron system in the two latter monoan-

nulated species which shifts �-electrons from benzene ring in
the direction of the thiadiazole rings and results in an increase of
the electron density on meso-N atoms overriding the �-acceptor
effect of the thiadiazole rings. Interestingly, the basicity of the
trans-annulated porphyrazine [SASAPzH2], in which all meso-
N atoms connect isoindole and thiadiazolepyrrolenine units, is
lower than that of the cis-isomer [S2A2PzH2] in which two meso-
N atoms are located between two more electron rich isoindole
and isoindolenine fragments.

4.2. Vibrational spectra

The IR spectra of [TTDPzH2], its Se-analogue [TSeDPzH2]
and their metal complexes were examined and discussed
[14–17]. The main IR modes were assigned on the basis of
the comparison with the data available for 1,2,5-thia- and 1,2,5-
selenodiazoles [85,86] and other tetrapyrrolic macrocycles [87].
Fig. 23 reports the IR spectra of [TTDPzH2], [TSeDPzH2] and
their NiII complexes as representative species for the metal
derivatives.

For [TTDPzH2] and [TSeDPzH2] the NH stretching vibra-
tions, ν(NH), appear at 3290 and 3280 cm−1 and the NH out-
of-plane deformations γ(NH) at 753 cm−1. For [TTDPzH2],
the assignments for both modes was made [14] by deuteration
and for [TTDPzD2] ν(ND) and γ(ND) were found at 2465 and
585 cm−1, respectively. The in-plane NH deformations, δ(NH),
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re strongly coupled with the vibrations of the pyrrole ring and
heir assignment is not straightforward. In the region of the in-
lane deformation modes (1000–1600 cm−1), the IR spectra of
he free-bases are different from the spectra of the corresponding

etal complexes because of the presence in the former species
f weak-to-medium bands at 1565 and 1535 cm−1, strong bands
t 1215 and 1210 cm−1 and medium-strong bands at 1014
nd 1030 cm−1, for [TTDPzH2] and [TSeDPzH2], respectively
Fig. 23). Initially, the δ(NH) mode in [TTDPzH2] has been
ssociated [14] with the band at 1565 cm−1 on the basis of
he assignment made for the 1539 cm−1 band in the case of
PcH2] [88]. However, in the case of porphyrins [87] and unsub-
tituted porphyrazine [89,90] the deuteration experiments and
alculations of the potential energy distribution have shown that
he local δ(NH) mode highly contributes to the band in the
210–1260 cm−1 region. The recent theoretical study [91] rein-
erpreted the assignment of the in-plane NH vibrations in the
R spectra of [PcH2] and suggested that the δ(NH) mode corre-
ponds to the 1250 cm−1 band. Taking these results into account,
t can be concluded that also for [TTDPzH2] and [TSeDPzH2]
(NH) vibration have the highest contribution in the band near
210–1215 cm−1.

The vibrations of the central porphyrazine core are strongly
oupled with those of annulated heterocycles. As a result, the
TDPz and TSeDPz macrocycles have a unique IR spectro-
copic pattern which is quite different from those of their
hthalocyanine and other porphyrazine analogues. Some perti-
ent assignments were suggested [17]. The stretching vibrations
f the meso-N atom bridge, ν(CNmeso), give weak-medium IR
ands in the 1500–1550 cm−1 region. The skeletal vibrations
f pyrrole rings, ν(Pyr), are strongly mixed with the ν(C N)
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Fig. 23. IR spectra of [TTDPzH2]: (A, the dashed line is for deuterated material), [TSeDPzH2] (B) and their NiII complexes (C and D) in nujol (A) and KBr (B–D).
Position of peaks associated with annulated 1,2,5-thia/selenodiazole rings are given in bold-type, and those in italics are related to solvent molecules.

vibrations of the annulated thia/selenodiazole rings and give the
most intense IR band at 1240–1270 cm−1. The in-plane defor-
mations of the pyrrolenine rings, δ(Pyr), give a strong IR band at
1080–1140 cm−1 and a weak-medium band at 1050–1060 cm−1.
For free-bases, an additional strong band of the in-plane pyr-
role deformations δ(PyrH) is present at 1010–1030 cm−1. The
out-of-plane deformations of pyrrole rings γ(Pyr) appear at
660–670 cm−1 for the free-bases and are shifted to higher energy
to 680–690 cm−1 for the metal complexes.

Some local modes of the annulated heterocyclic rings
can be also assigned by comparison of the IR spectra of
thia/selenodiazoloporphrazines [14–17] with those of the 1,2,5-
thia- and 1,2,5-selenodiazoles [85,86]. Thus, the stretching
vibrations of the SN and SeN bonds which are strong in
1,2,5-thia- and 1,2,5-selenodiazoles (ν(SN) 806 and 780 cm−1

and ν(SeN) at 728 and 589 cm−1 [85,86]) give bands of
weak-medium intensity for TTDPz (ν(SN) at 810–830 and
760–770 cm−1) and TSeDPz macrocycles (ν(SeN) at 700–725
and 640–650 cm−1). The strong in-plane deformations of the
annulated heterocycle appear near 850 cm−1 in the free-bases
and near 890 cm−1 in metal complexes, whilst they are observed
at 895 and 880 cm−1 in 1,2,5-thia- and 1,2,5-selenodiazoles
[85,86]. The out-of-plane deformations of the heterocycles give
weak bands at 615–625 and 480–495 cm−1 for S- and Se-
porphyrazines, respectively. The ring torsion vibrations of the
annulated heterocycles appear as strong bands at 515–510 and
4
o
s
i
r
l
[

The FT-Raman spectra were reported [17] for the NiII com-
plexes [TTDPzNi] and [TSeDPzNi] (Fig. 24). Although exci-
tation wavelength λex = 1064 nm is far from the position of
the Q band maxima, the vibrations of the annulated heterocy-
cles have low intensity and only the vibrations of the bonds
forming the central porphyrazine �-chromophore are strongly

F
λex = 1064 nm (redrawn from Ref. [17]).
50–465 cm−1 for TTDPz and TSeDPz, respectively. Being
nly slightly shifted from their position in 1,2,5-thia- and 1,2,5-
elenodiazoles (520 and 438 cm−1), they provide the most clear
ndication of the presence of the annulated thia- or selenodiazole
ings in the porphyrazine macrocycle and their intensity corre-
ates with the number of heterocycles present in each species
21].
ig. 24. FT-Raman spectra of [TTDPzNi] and [TSeDPzNi] obtained at



M.P. Donzello et al. / Coordination Chemistry Reviews 250 (2006) 1530–1561 1557

enhanced. Whilst the stretching vibrations of the meso-N atom
bridged moiety, ν(CNmeso), appear as weak-medium bands at
1500–1550 cm−1 in the IR spectrum, they give the strongest
band near 1570 cm−1 in the FT-Raman spectrum. Another strong
RR band which is observed at ca. 1180 cm−1 belongs to pyrrole
in-plane deformations δ(Pyr). Noteworthy, these strong bands
show no dependence from the chalcogen atom (S or Se) in the
annulated ring.

4.3. Optical limiting

As is well known, highly �-conjugated systems like
phthalocyanines, porphyrins and porphyrazines are extensively
explored for their non-linear optical behavior [92,93]. Por-
phyrazines combining thiadiazole and benzene annulation were
investigated with regard to their third order non-linear optical
properties (optical limiting) [21] and theoretically as poten-
tial two-photon absorption materials [32]. Symmetrical species,
[TTDPzH2] and [(AmO)8PcH2], and related low-symmetry por-
phyrazines, [SA3PzH2] (15a) and [S2A2PzH2] (17a), display an
optical limiting behavior in respect to the intense nanosecond
pulses of the 2nd harmonics of the Nd:YAG laser (532 nm). All
species exhibit an optical limiting effect according to the reverse
saturable absorption mechanism due to sequential two-photon
absorption. It was shown that in the series [(AmO)8PcH2] (19),
[SA PzH ] (15a), [S A PzH ] (17a), [TTDPzH ] (5) the opti-
c
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Fig. 25. The 900–1200 cm−1 region of the IR spectra of [TTDPzFe]·2H2O (A),
[TTDPzFe(DMSO)2] (B), [TTDPzFe(DMSO-d6)2] (C).

with MII salts in hot DMSO (200 ◦C) [15]. DMSO is strongly
ligated at the axial positions of the two metal centers and requires
drastic conditions for its elimination. Noticeably, a Pc analogue
is known for FeII-phthalocyanine, [PcFe(DMSO)2], but the cor-
responding MnII complex has not so far been reported. The FeII

species [TTDPzFe(DMSO)2] is a d6 low-spin complex as proved
by magnetic and Mössbauer data. The room temperature µeff
value of 4.17µB for the MnII bis-adduct is suggestive of an
intermediate spin state, but no variable temperature magnetic
studies were conducted [15]. It is known that DMSO can ligate
to a central metal through either sulfur or oxygen [94]. Detailed
examination of the IR spectra of both the present species con-
taining DMSO or DMSO-d6 unequivocally established that the
DMSO molecules are O-ligated, and not S-ligated to the central
metal, as was found by X-rays for [PcFe(DMSO)2] [95] and also
for [PcRu(DMSO)2] [96].

Fig. 25 illustrates this point for the FeII complex. The
1200–900 cm−1 is the region where the S–O stretching mode for
uncoordinated DMSO is found (ca. 1055 cm−1). Coordination
through S should shift the S–O stretching mode to higher fre-
quency, whereas coordination through O should locate the mode
at lower frequency values, roughly in the range 950–900 cm−1.
Fig. 25 shows that in a region free from other absorptions
(1100–900 cm−1, see Fig. 25A for the FeII bishydrate as ref-
erence), an intense absorption, assigned as ν(SO), is found at
9 −1 −1

i
t
p
9

a
N

3 2 2 2 2 2
al limiting performance is decreased along with increasing the
umber of annulated thiadiazole rings. This can be due to the
ariation of the intersystem crossing efficiency (S1 → T0) and/or
he (T0 → T1) absorption cross-section.

In order to evaluate other non-linear optical applications,
wo photon absorption (TPA) spectra have been calculated
or [TTDPzH2], [(MeO)8PcH2] and four low-symmetry por-
hyrazines containing fused thiadiazole and dimethoxybenzene
oieties [32]. All of these species were shown to have the
ain TPA maximum λ2

max in the 750–860 nm region and for
ome of them an additional maximum of lower intensity is
xpected at 1050–1150 nm. All species, and especially those
aving electron-donating benzene moieties in trans-position,
ave a very high value of TPA cross-section ranging from
018 GM at 861 nm for [TTDPzH2] to 1103 GM at 800 nm for
is-2:2 and to 4447 GM at 790 nm for the trans-2:2 species.
hese values are reported to be some orders of magnitude higher

han those of commercial organic dyes [32]. Thus, these com-
ounds are promising materials for a number of applications
equiring strong TPA absorption, i.e. ultra-high-density optical
ata storage, biological imaging, three-dimensional microfabri-
ation [32].

. Axial coordination and electrochemical properties

The electron-withdrawing properties of the TTDPz macro-
ycle determine coordinative unsaturation for the MnII, FeII,
oII, and even for NiII derivatives. The MnII and FeII complexes

orm stable isomorphous bisadducts with DMSO of formu-
ae [TTDPzMn(DMSO)2] and [TTDPzFe(DMSO)2]. These are
irectly obtained by reaction of the free-base ligand [TTDPzH2]
18 cm for the DMSO adduct (Fig. 25B), shifted to 932 cm
f DMSO-d6 is used (Fig. 25C). Analogous information led
o the assumption of an O-ligated DMSO also for the com-
lex [TTDPzMn(DMSO)2] (ν(SO) at 940 cm−1 for DMSO and
65 cm−1 for DMSO-d6).

Solid stable bispyridine adducts of the type [TTDPzM(py)2]
re formed not only for M = MnII, FeII and CoII, but even for
iII. This series of bis-adducts, previously mentioned [33] were
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Scheme 8.

prepared by us and have not so far been described in detail. The
formation of these adducts points to the strong Lewis acidity
of the central metal ion in the species [TTDPzM] (M = MnII,
FeII, CoII, NiII). The corresponding phthalocynine complexes
also form bispyridine adducts, [PcM(py)2] for M = MnII, FeII

and CoII, structurally elucidated [97,98], but a similar adduct is
not formed by [PcNi], a fact which is probably related to the
lower electron deficiency of the Pc macrocycle.

The great stability of the TTDPz macrocycle allows easy
interconversion of the different adducts, hydrated and anhydrous
species, as it is exemplified in Scheme 8 for the FeII species.

There appears to be in general a lower tendency of the Se-
species [TSeDPzM] (M = MnII, CoII, NiII, ZnII) to axial ligation
as shown for instance by the fact that no DMSO adducts could
be isolated for these species in their preparation in this solvent
[17]. Besides, the synthesis of the complexes carried out in pyri-
dine leads to the formation of only monoadducts of formula
[TSeDPzM(py)]. This is clearly the effect of a lower electron
deficiency in the Se-porphyrazine framework than in the S-
containing macrocycles, in keeping with information derived
from the UV/vis spectroscopic data illustrated in Section 4.1. On
the other hand, the Se-porphyrazines confirm that their behav-
ior is more similar to that of the corresponding phthalocyanine
analogues.

Axial coordination is obviously present in the recently
reported TTDPz macrocycles containing AlIII, GaIII and InIII

d
(
p
o
t
t
i
s

r

cesses of the compound in DMF before and after the addition of
TBACl to the solution. The first one-electron reduction is located
at E1/2 = −0.10 V in DMF, 0.1 M TBAP and is reversible when
the negative potential sweep is reversed at −0.40 V (Fig. 26A).
However, this process becomes irreversible and involves a cou-
pled chemical reaction on the reoxidation step if the reversed
scan is initiated at −0.80 V (Fig. 26B), a point negative of the

Fig. 26. Cyclic voltammograms of [TTDPzAlCl] in DMF (0.1 M TBAP): (A)
before and (B) after addition of excess TBACl to solution. Scan rate = 100 mV/s.
ue to the presence of the apical Cl− (AlIII, GaIII) or AcO−
InIII) ions [23]. For the AlIII and GaIII complexes, which incor-
orate only electro-inactive metal centers and hence the uptake
f electrons can only occur on the macrocycle (only processes in
he cathodic region, 0 to −2.0 V versus SCE are observed) elec-
rochemical studies in solution show the presence of equilibria
n pyridine or DMF involving species with axially coordinated
olvent.

An example is shown for [TTDPzAlCl] in Fig. 26 which
eports the cyclic voltammograms for the first two reduction pro-



M.P. Donzello et al. / Coordination Chemistry Reviews 250 (2006) 1530–1561 1559

second reduction which is split into two closely spaced processes
at Ep = −0.48 and −0.58 V for a scan rate of 0.10 V/s.

The type of current–voltage curves for first reduction in
Fig. 26 are what would be expected for an equilibrium involv-
ing [TTDPzAlCl] and solvated [TTDPzAl(DMF)x]+, the latter
of which should be easier to reduce by virtue of the overall pos-
itive charge on the complex. This equilibrium is shown in Eq.
(1) and can be shifted to the left by the addition of excess Cl−
to the solution. This is illustrated by the cyclic voltammogram
in Fig. 26B:

[TTDPzAlCl] + xDMF = [TTDPzAl(DMF)x]+ + Cl− (1)

where E1/2 for the first reduction shifts from −0.10 to −0.19 V.
The reduction at E1/2 = −0.10 V is assigned to the DMF solvated
form of the AlIII complex whilst the process at E1/2 = −0.19 V is
assigned as a reduction of the compound which still maintains
the bound Cl− anion.

An equilibrium of the type shown in Eq. (1) also occurs
for [TTDPzAlCl] and [TTDPzAlOH] and for the parallel GaIII

species in pyridine [23]. In all cases studied, more complex situ-
ations are observed at more negative potentials after the second
reduction due to an involvement of the electroreduced species
in one or more chemical reactions, some or all of which involve
pyridine.

Ill-defined reductions are seen for the InIII complex, [TTD-
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Fig. 27. UV/vis spectroscopic changes in pyridine containing 0.2 M TBAP
during controlled-potentials electrolysis of [TTDPzAlCl] at (A) −0.34 V (first
reduction, first scan) and (B) −0.70 V (second reduction, first scan).

pyridine (Fig. 27) indicate full reversibility of the redox pro-
cesses. Fig. 27A shows the spectroscopic changes which occur
during first reduction of [TTDPzAlCl] at a fixed applied poten-
tial of −0.34 V versus SCE to give [TTDPzAl] as a final product
(coordination of pyridine is neglected). The practically complete
disappearance of the intense Q band at 649 nm is accompanied
by a shift of the B band from 340 to 362 nm and the appearance of
new bands at 433, 536 (sh), 554 and 926 nm. These spectroscopic
changes parallel those obtained for the Pc analogue [PcAlCl]
[99] and are assigned to the formation of the �-anion radical
[TTDPzAl]. Quite similar spectroscopic changes are seen during
the first one-electron reduction of the GaIII and InIII analogues,
[TTDPzGaCl] and [TTDPzIn(OAc)].

Electrogeneration of the dianionic AlIII species [TTDPzAl]−
at −0.7 to −0.8 V gives spectroscopic changes which mainly
consist of a strong intensity increase with minor shifts of
the absorption bands assigned to the �* → �* transitions at
530–560 nm, accompanied by some shifts and changes of the
lower intensity first and second � → �* transitions. This is
illustrated in Fig. 27B which shows the spectroscopic changes
which occur during the second reduction of [TTDPzAlCl] to
give [TTDPzAl]−. It is known from the literature [100] that the
characteristic feature of the second reduction and formation of
the �-dianion for metal phthalocyanine complexes with redox
zIn(OAc)], although the first reduction at E1/2 = −0.26 V seems
o be clear. Several additional ill-defined peaks are present on the
athodic or anodic potential scans and these are due to different
oordinated forms of the electroreduced species which exist in
yridine.

Table 13 shows that the first one-electron reductions of the
TTDPzMX] complexes are all extremely facile. The process at
1/2 = −0.07 V for [TTDPzAlCl] and −0.13 V [TTDPzGaCl] in
yridine gives in both cases the �-anion radical [TTDPzM(py)x]
here x = 1 or 2. The second reduction of [TTDPzMX] gives the
ianion and is also quite facile. Worthy of notice, the measured
1/2 = −0.54 V for the second reduction of [TTDPzAlCl] in pyri-
ine (or DMF) is virtually identical to the half-wave potential
or the first reduction of [PcAlCl] in the same solvent/supporting
lectrolyte mixture (−0.55 V versus SCE). From these data it can
e derived that by substituting the benzene rings in the phthalo-
yanine macrocycle by the strongly electron-deficient thiadia-
ole rings the electron uptake and the concomitantly occurring
egative charge redistribution within the macrocycle are highly
acilitated.

The spectroscopic changes observed during the first two one-
lectron reduction waves of the AlIII complex, [TTDPzAlCl], in

able 13
alf-wave potentials (V vs. SCE) for first and second reductions of [TTD-
zM(X)] and [PcM(X)] [23]

(X) [TTDPzM(X)] [PcM(X)] Solvent

l(Cl) −0.07, −0.54 −0.55, −0.90 py
−0.10, −0.54 −0.55, −1.00 DMF

a(Cl) −0.13, −0.55 −0.53, −0.84 py
n(X) −0.26 (X = OAc) −0.67, −0.94 (X = Cl) py
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inactive central metals is a hypsochromic shift of the �* → �*

transition band which retains its intensity.
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