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CHAPTER 1

INTRODUCTION

The profile of the work conducted in the preserdsth is intimately connected and
draws its motivation having as a basis the hugeuamof relevant results cumulated in the
last ten years on the octapyridinated pyrazinopggsine macrocycle shown in Figure 1.1

and derivatives from.

Figure 1.1 [PysTPyzPzH].

The world of the tetrapyrrolic macrocycles in terofsbasic research and human and
technological applications has been dominated enldst century and even at earlier times
by the “naturally” occurring and “new lab preparg@brphyrins. Although the work of this
PhD thesis scarcely concerns tperphyrin macrocycles, a short presentation of their
structural and electronic features and the relevalet played in the many fields of the
scientific area of utility for basic research amdiated applications is believed useful; this
will clearly appear when reference will be made the series of theporphyrazine
macrocycles, a parallel class of tetrapyrrolic malg, to which belongs the molecular
structure shown in Figure 1.1. The porphyrazinekigte the extremely interesting family of
macrocycles namedphthalocyanings an ensemble of molecular structures so highly
investigated in the last 60-70 years for reasonsclwiwill also require some short

illustration below.



A crucial difference in the structure of porphyrigusd porphyrazines, both carrying two
central opposite NH groups, resides on the fadtttiar tetrapyrrolic cores see the pyrrole
rings held together by four bridgimgeso <CH- groups in the porphyrins (see “porphine” in
Figure 1.2A), and by the isosteric and isoelectrdwiatoms instead of theCH- groups in
the case of porphyrazines (see “porphyrazine” iguf@ 1.2B). This apparently limited
difference in terms of composition for the two tgp&f macrocycles, generates important
specific prerogatives for the two tetrapyrrolic sps in terms of physicochemical,
structural and electronic properties and potemiali for practical and technological
applications, as it has been established by tlem&et investigation carried out for years and
years on the immense number of derivatives builthencentral body of the two structures
shown in Figure 1.2A,B. As can be evidenced lookatgthe structures in Figure 1.2,
extensiverrelectron delocalization is possible throughoutrtiedecular framework for both
of them. As a consequence, both types of macrogyaie practically forced to assume a
planar orquastplanar molecular arrangement. Taatwelectron distribution, however, is
different in the two macrocycles due to the facattlthe bridging N atoms in the
porphyrazine are more electronegative than theglmgd=CH- groups in the porphine. As a
result, electron distribution in the porphyrazin@aamocycles (the one of Figure 1.2B or
derivatives from) is less uniform than in the cepending porphyrin compounds, with the
electron density more shifted to the peripheryhefinacrocycle for the former species. As a
consequence, porphyrins and porphyrazines, norrbedhywn and blue/green respectively as

solid materials, show quite different UV-visiblelsiion spectral behaviour as will be

(3

A B

detailed below.

Figure 1.2 A) Porphine; B) Porphyrazine.
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Derivatives from the central porphyrin and porplzyna cores (Figure 1.2A,B) can be
built up in two ways; either by insertion of metahs by substitution of the central H atoms
on the NH groups, or by bearing external appropr&tbstituents on thmesopositions or
at the 3-C atoms of the pyrrole rings. Reviewing work hdmwn the mosaic of the
multifaceted investigations directed to an undeditag of the role played by porphyrin
macrocycles in fundamental biological processesfanthe curative biomedical modalities
of advantage for the living system3ofphyrins and Metalloporphyriné~alk, 1962);"The
Porphyring )? published by Dolphin;The Porphyrin Handbook® Different important
classes of macrocycles strictly connected to parphylike chlorines and bacteriochlorines
(see Figure 1.3A,B) were also extensively studiespeeially for biological and
bacteriological aspecfsEven a short presentation of the above typesunfiests would lead
out of the scope of this Introduction. Neverthelesference to some specific aspects
concerning the work conducted on porphyrins willrbade especially in connection with
their UV-visible spectral features and utilizationphotophysical applications, a subject of

importance in the present PhD work.

A B

Figure 1.3 A) Chlorine; B) Bacteriochlorine.



Part A. Phthalocyanines and Porphyrazines
A.1 Phthalocyanines

For several decades scientific work and possibiiagiions on porphyrazines has been
mostly focused on the phthalocyanine class of ntacites, the basic structures of which
are shown in Figure 1.4 (A: free base [PlclB: metal derivative [PcM], M = bivalent metal

center).

D QWYQ
e h N N>// \\M\/ " N
= //N/ =

= = 7
N N

A B

Figure 1.4 A) [PcH]; B) [PcM] (M = bivalent metal ion).

The phthalocyanine macrocycle carries four benzamgs annulated to the pyrrole
rings. The entire macrocycle is the site for alfertextendedtelectron delocalization with
respect to that present in the porphyrazine cemwadé shown in Figure 1.2B. Several
reasons explain the prevalent attention devotedetudy of phthalocyanines with respect
to that spent on the porphyrazines in generalt,Ringy are often easily accessible by one-
step reactions starting from phthalodinitrile i thresence of the appropriate metal center.
Interestingly, [PcM] compounds can be purified hyblgnation at 400-450 °C under
vacuum [1L0? mmHg) and they can be classified among the mestrtally stable organic
compounds having the presence of a metal centablout 10%. This thermal stability
depends on the molecular structure made rigidiggrldy the strong electron delocalization
extended to the entire macrocycle. Since the §ysitheses of the [PcM] series by R. P.
Linstead and coworkers in 1930-193and associated concomitant X-ray crystallographic

work by J. M. Robertsoh,t could be established that the [PcM] compourxisten the
4



solid state in at least two solid state forms,dhend the forms in which the molecules are
stacked as shown in Figure 1.5, fhéorm being the one normally isolated as singlestaig

by sublimation under the above specified experiadergnditions.

Figure 1.5

The arrangements shown in Figure 1.5 indicate that molecular sheets of the
phthalocyanine macrocycle can stay at a distanabofit 3.4 A. This is a distance apt to
determineTeTt interaction between adjacent molecules. This tgpenteraction can be
frequently observed in solution studies, in whidte tphthalocyanine macrocycles can
manifest tendency to aggregation with formatiomioferic species or forms of aggregation
of higher order. UV-visible solution studies can bseful to detect the presence of
aggregation and can provide information to distisigun which solvents aggregation is a
persistent effect and those solvents which give tts spectra indicative of the exclusive
presence of the monomeric species. It must be ribsgdaggregation is often occurring for
porphyrazines in general.

The UV-visible spectrum of [PcZn] in solution ofine is shown in Figure 1.6. The
spectrum shows intense absorptions in the Soretr€g00-450 nm) and the Q-band region
(600-700 nm). In the absence of aggregation, #wisase for [PcZn] in Figure 1.6, the Q
band at 674 nm appears narrow and sharp and \cl@adicates that the Zn(ll)-

phthalocyanine is present in solution essentiallyts monomeric form. The presence of
5



aggregation can determine for the Q band limiteduite evident broadening. In case of the
presence of two distinct absorptions in the Q-bagion this might suggest an equilibrium
monomer/dimer which needs to be studied as a fumcif the concentration in order to

achieve information about the relative stability tbé two forms. For these problematic
aspects and others related to problems of stabilithe monomeric species with the time or
reactivity in general, UV-visible spectral studiepresent a compulsory methodology of
research and an excellent scientific instrumentirfeestigation. The spectrum reported in
Figure 1.6 is normally found for metal phthalocyses in their monomeric form, and is the
one appearing for simple porphyrazine macrocyctgsignificantly involved in some form

of aggregation.

1.01 Q

0.8+
Q 1
e
E 0.6+
o 1
3
< 0.4

] B
0.0 T T T T T T T T T 1
300 400 500 600 700 800

A (nm)

Figure 1.6. UV-visible spectrum of [PcZn] in pyridine.

It should be reminded here that phthalocyanines pmgbhyrazines in general are
normally insoluble in water and show low solubility low-donor solvents (dimethyl
sulfoxide, DMSO; dimethylformamide, DMF; pyridingyy), reaching rarely in these
solvents concentrations >2®. Since normally porphyrazines, including phtteganines,
have high intensity Soret and Q bands, wethalues of the order of 100.000, UV-visible
spectra can easily be registered using concenisatd the order of 1810° M or even
lower with adequate instrumentation. The intenseudible absorptions in the Soret and
Q-band regions are assigned as dug te n* intraligand transitions. Assignment of these
transitions can be made based on the energy léagtain proposed by Gouternfafiour

orbital model; Scheme 1.1) for the porphyrin magobes but then made applicable also to
6



the phthalocyanine and porphyrazine system. Suafgrain easily allows to identify the
HOMO-LUMO transitions for [PcM] compounds and afso [PcH,], and in general for the
parallel porphyrazine species. As can be seeripthering of the symmetry for the change
[PcM] (Dgn symmetry) - [PcH] (D2n symmetry) implies the splitting of the twq, e
orbitals, which means that for [Pgtor a related porphrazine free-base ([Bzithe Q band
might be seen as split into two bands namedi@dl Q. Depending on the ,QQy energy
separation the splitting of the Q-band can be exidd by the spectrum or not, this
depending also by the type of solvent used. NabigegPcH,] /[PzH,] have acidic
character and, depending on the experimental dondjtcan give dissociation, ie. they
undergo deprotonation with formation of the diasioRé/PZ of Da, symmetry, this
leading to an unsplit Q-band. It is also noticeat thhe shape and position of the Soret and Q
bands can be modified depending on the type of Incetster. More consistent changes of
the spectrum can occur in case, for example, opthsence of metal-to-ligand or ligand-to
metal transitions. No doubt about it, the profile the UV-visible spectrum and its
modification as a function of different elementg. itype of metal center, solvent,
temperature, aggregation, etc. , can provide amirmtacious information on the structural

and electronic features of the Pc/Pz materials.

[PcM] (©ar) [PcH:] (D)
e XA k— TTTTE ::‘i:““"::::::::::? ng
g T b,
Q AUl Q
n- TI*
alU ----- s et au
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Scheme 1.1Gouterman Orbital Energy Level Diagram for thieaieyrrolic Pc/Pz macrocycles.



Already mentioned aspects characterizing the pbtlyahine molecules are concerned
with their structural and electronic features. Aseady evidenced, they are intensively
coloured materials, still today widely used indizdly as dyes in many practical
applications. They are highly thermally stable mate with positive returns in terms of
environmental stability and durability. Insolubjliin water can be seen as an advantage for
some practical applications. As solid materialgcpcal uses have seen phthalocyanines
studied as semiconductors, as non-linear opticéémads and technically used for printers.
Besides, studies are still conducted centered eir tise as porphyrin-like materials in
several fields. It should be taken into account tth@ phthalocyanine macrocycle can
centrally coordinate practically all the elementfstioe Periodic Table known to have
metallic character. In addition, introduction ofvariety of substituents on the external
benzene rings has allowed to expand enormouslguh®er of phthalocyanine derivatives,
this increasing the interest for the basic reseand exploration of the applicative
potentialities. Template macrocyclization @flicyano precursors followed by purification
methods, in addition to sublimation, consistingcbfomatographic techniques, has in most
cases allowed to obtain highly pure materials ofgeniechnological applications. Basic
research, often helped by sophisticated theoret@iallations, has led to learn a lot about
their electronic structure, allowing the definitiohtheir detailed energy level diagrams of
their ground and excited states. Thelectronic delocalization in phthalocyanines, more
extended than in porphyrins, favors the coplanaangement of the entire macrocycle,

which can be seen as a “molecular sheet”.



A.2 Porphyrazines

Porphyrazine macrocycles in general, with the estolu of the phthalocyanine
compounds, were scarcely investigated until retiergs. In the last two-three decades they
have become the object of increasing attentiohafipened in 1952 when R. P. Linstead
and coworkers reported for the first time on thetlsgsis of simple porphyrazines, using a
still today largely utilized procedure (template aryclization)® Luk’yanets et al.
reported later on the synthesis of tdtkaityl-porphyrazines obtained by macrocyclization
of 1,2-dicyano-3,3-dimethyl-1-butene, using thest@ad protocol.However, a major step
forward to the synthesis and structural investaratof novel classes of porphyrazine
macrocycles was made by the concerted work of theGA M. Barrett's and B. M.
Hoffman’s groups with the preparation of a massivenber of3-substituted porphyrazines
([RsPzM], Figure 1.7), often implying exocyclic coordtion and formation of multinuclear
species. This relevant contribution to the develepiof the porphyrazine chemistry has

been nicely reviewetf

Figure 1.7. [RgPzM].

Shown here below in Figures 1.8-1.10 are some @fntlost interesting macrocycles
synthesized and in most cases structurally elueital single crystal X-ray work by the
Hoffman-Barrett group.

In the previous years (1995-2000) it was believeailx group that an area of possible
expansion of new classes of porphyrazine systerghtrbe explored with the synthesis of

phthalocyanine-like macrocycles carrying heteracyeings directly annulated to the
9



porphyrazine core, thus opening the route to nenmgoof investigations and promising
potential practical applications. It must be renaiddhere that the first attempts directed to
obtain phthalocyanine analogues in which the anedlbenzene rings were substituted, for
instance, by five-membered aromatic heterocytlegre already made in the 1930s by R.
Linstead and his group. Since then only thiopheasvdtives were described in some
detail’® In more recent times mainly porphyrazine systemrsying externally annulated
six-membered pyridine and pyrazine rings were reid? A fairly complete overview on
the porphyrazine macrocycles bearing annulatecereifitly sized heterocyclic rings was

published by P. A. Stuzhin and C. Ercol&hi.

-~ /: /\\\ //\
ey Tl
/\%/N\ \,—s /\%/N\ N, s
N A / M/x; ., A _\M\
/ N \ N )
/ N ~N4< \ 7 N N4< / /
S _— Ny/\(\T SN Ny/\(\s
|- 4 s— -\ Y
- \: -~ ——

Figure 1.8 Coordination mode of the porphyrazineoctathioleggand: A) bidentate
mode (S-S); B) tridentate mode (S-N-S).
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Figure 1.9 A) star-porphyrazine; B)solitaire-porphyrazine.
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Figure 1.10 Molecular structure ademintporphyrazines.

Part B. Local experience in porphyrazine macrocycle

This piece of information is planned to provide tleader with a preliminary useful
information for a better understanding of the reasat the basis of the work project of the
present PhD thesis. The effort is to clarify tHa& tesearch lines, defined and developed
during this thesis work, were seen in a contestootinuity with previous work carried out
on a series of new classes of porphyrazines delfyniepresenting an original as well as vast
contribution to the knowledge and investigationtloé potentialities of the porphyrazine
macrocycles in terms of basic research and appicat

Three new classes of macrocycles were prevalentties! in the Donzello’s lab during
the last 10-15 years. These will be named her@/4blenodiazolporphyrazines”, carrying
externally annulated thiadiazole (Figure 1.11A) ,amafternatively, selenodiazole rings
(Figure 1.11B), “diazepinoporphyrazines” (see fartbelow, Figure 1.12) with externally
attached diphenyldiazepino fragments, and “pyrgmnphyrazines” (see Figure 1.1)
characterized by the presence of four dipyridinapyre moieties annulated to the pyrrole
rings of the central core. In the just cited Figuiell, 1.12, and 1.1, the macrocycles are
represented as centrally unmetalated species. These classes of macrocyles represent a
qualified productive effort and an effective cobtrion to the enrichment of the knowledge
of new well defined classes of porphyrazines slgaaimumber of structural and electronic

features and potentialities in terms of application
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B.1 Porphyrazines with annulated five-membered thiadiaole and

selenodiazole rings

The first report on tetrakis(thiadiazol)porphyrasn was on the Cucomplex,
[TTDPzCu], prepared by a one-step macrocyclizatieaction of the precursor 1,2,5-
thiadiazole-3,4-dicarbonitrile with Cu powdé? However, purification was incomplete and
the product was obtained as an impure material.ufber of metal derivatives of the
tetrakis(thia/selenodiazol)porphyrazinet general formulae [TTDPzM] and [TSeDPzM]
carrying bivalent non transition and first transitiseries metal ions were prepared by our
group for both types of macrocycles (S/Se) by sssitting first the M complex by a
template reaction and then expanding the two nesssels of compounds by using the
sequence Mb complex — free-base — metal derivative. The two classes of S/Se
porphyrazines, described in several publicatiams @atents, are the type of macrocycles
most closely recalling the phthalocyanine molecilamework. Noticeably, they are also
isoelectronic with this latter type of moleculangi All the work until the year 2006 on the

S/Se-porphyrazines was reported in detail in sererticle®

S—N Se—N e
| )3 | /
~ / AN = N N / AN = N
N HN N HN
N/ \N N/ 3
/ NH N= NH N—=
N N & A Y N P x>
Ly ™ ] 17 \d
=N N—S e=N \—Se
A B

Figure 1.11 A) Tetrakis(thiadiazol)porphyrazine, [TTDP4HB) Tetrakis(selenodiazol)porphyrazine,
[TSeDPzH].

The two new classes of S/Se compounds share withalglcyanines insolubility in
water and very low solubility in organic low-dorsolvents and, similarly, exhibit very high
thermal stability. The S-porphyrazines, similartyghthalocyanines, are easily sublimable,

although under fairly drastic experimental conditio (10° mmHg, ca. 400 °C).
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Sublimability allowed isolation of single crystdlsr a number of the S-porphyrazines and
X-ray crystallographic work led to elucidation ¢ietstructure of different solid state forms
of several [TTDPzM] complexé.Presently, the crystallographic information foe t8-
porphyrazines is much more extended than that mddain several decades on the
phthalocyanine compounds having similar formulatifeM]. Crystallographic work has
been further enriched by detailed UV-visible spactelectrochemical and theoretical DFT
and TDDFT studies for the accurate investigatiortheir electronic structur®. The UV-
visible spectra of all the S/Se complexes shownsgeabsorptions in the Soret (300-450
nm) and Q-band regions (600-700 nm), assignedealbwed HOMO-LUMO intraligand
n—n* transitions, this behaviour closely approachihg tisual spectral pattern observed for
the class of phthalocyanine species.

The structural arrangement in the solid betweeacadit molecules for the [TTDPzM]
compounds, often suggestive of the formation ofedsnindicates the role played by tite
Tt interaction and explains the frequently observeggregation in solution studies, a
phenomenon common to the porphyrazine macrocyelegeneral, as above outlined.
Another important common feature of the S-and Spipgazines and also of and the other
porphyrazine macrocycles considered in this sectibrihe thesis, is their tendency to
behave as “electron-deficient” macrocycles, due the presence of the peripheral
heterocyclic rings containing the highly electroatdge N, S, and Se atoms. The effect is an
increment of theo/tt electron density distribution towards the perighef the macrocycle
with the consequence that the tendency to reduofitinese macrocycles is enahanced with

respect to what is observed for the parent phtlyaltioe species.

B.2 Porphyrazines with annulated seven-membered diap@e rings

Synthetic work was also extended in our laboratorthe preparation of a new class of
porphyrazine macrocycles carrying annulated seveminered diazepine rings, ie. the
tetrakis-2,3-(5,7-diphenyl##-1,4-diazepino)porphyrazine, [fDezPzH)] (see schematic
representation in Figure 1.12) and its metal dékiea [PhDzPzM] (M = Md'(H.0), Mn",

cd', cd' and zi).*°
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Figure 1.12 Schematic representation of thdiazepinoporphyrazine”
free-base [PiDzPzH)].

Differently from the S/Se-porphyrazines, the diameporphyrazine macrocycles are
appreciably soluble (c = T910* M) in non donor (CHG| CH,Cl,) and low donor solvents
(DMSO, DMF, CHCN). Solubility values even higher were observegyndine. Like S-,
Se-porphyrazines and phthalocyanines, the “diapgoirphyrazines” show intense
absorptions in the Soret (300-400 nm) and Q-baB@-@0 nm) regions. The interesting
new characteristic spectral feature is that theynshemarkable differences in the Q-band
region, where they exhibit two peaks, one in thyea630-640 nm and the other one in the
range 660-680 nm. The presence of these two peaksot be due to a Q band splitting,
since it is also observed for the metallic derwedi It has been suggested that the
absorption at lower wavelenghts is due tozthe transition (“normal” Q band), while the
long-wave absorption is due to therntransition (Q-band).

The diazepine macrocycles are thermally stableouprhperatures of 250-300 °C in an
inert atmosphere or under vacuum. They show noetend to sublimation due to the
presence of clathrated water molecules. The eldutroical and spettroelectrochemical
behaviouf® indicate that the observed reversible multistep-electron reduction processes
take place at remarkably more positive potentiadstthose of the parallel series of metal
phthalocyanines. This provide evidence of the edeetvithdrawing effect determined by
the presence of the diazepinic rings.

From the structural point of view, the new “diazegporhyrazine” macrocycles,

differently from the above mentioned “thia/seleraadilporphyrazines”, are far from
14



complete coplanarity of the macrocycle due to thes@nce of the boat-shaped diazepine
rings in their 6H conformation (see the schematjmresentation of the precursor in Figure
1.13) and the external variable positions of thezkee rings. Reasonably, the four
diphenyldiazepino fragments can have differen¢rdation with respect to the plane of the
central porphyrazine core; correspondingly, différasomers are possibly formed,
coinciding with a different symmetry of the entir&crocycle. This aspect waits for further
research work for a better clarificatioti-NMR studies performed in solution of different
solvents under variable experimental conditionsicetg that the diazepine rings can
undergo a tautomeric equilibrium between the 6H AHdforms ( andll in Figure 1.14,
respectively). Protonation of the diazepine rings tead to their full coplanarity (see forms

[l andlV in Figure 1.14).
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Figure 1.13 SCHAKAL side (A) and front-top (B) views
of the 2,3-Dicyano-5,7-diphenyk61,4-diazepine
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Part C. Pyrazinoporphyrazines with Externally Appended
Pyridine Rings

It was several years ago when the lab group planaestart a synthetic approach
leading to the formation of the free-base pyrazowppyrazine macrocycle tetrakis-2,3-
[5,6-di(2-pyridyl)pyrazino]porphyrazine, [EVPyzPzH], shown in Figure 1.1. It was
established that this free-base macrocycle cartrbglstforwardly obtained in high yield
by direct autocyclotetramerization of its precurdbe 2,3-dicyano-5,6-di(2-pyridyl)-1,4-
pyrazine, [(CN)PyPyz)], in the presence of 1,8-diazabicyclo[5.41@Hec-7-ene (DBU)
as catalyst (Scheme 12Thus, the route was open from §PPyzPzH] to the synthesis of
a new series of mononuclear species of formulaTPyzPzM] (M = Md'(H,0), Mn",
cad', cd', zn").?! These “pyrazinoporphyrazine” macrocycles are \s&grcely soluble in
non-aqueous non-polar solvents (CE@H,CI,) and slightly better soluble in low-donor
solvents (DMSO, DMF, pyridine). Molecular aggregatiis observed in many cases

depending on the particular species and the solvent

zZ
|
~ = ‘ CN M(OAC),
R
x X N py or DMSO
LA

Scheme 1.2Synthesis of “pyrazinoporphyrazine” macrocycles.

The UV-visible spectral changes followed as a fiomcof time indicate, in all cases, a one-
way disaggregation process, ending with formatibol@an monomeric macrocyclic units.
The final spectrum is as expected for a normal [pgngine macrocycle db,, symmetry
for the metal complexes [FPWyzPzM], andD,, symmetry in the case of the free-base

ligand [PgTPyzPzH], showing narrow Q bands (600-700 nm) and B b4d888-450 nm)
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due to the HOMO-LUMOr-n* transitions (Scheme 1.1). A spectrally monitotgchtion
of [PysTPyzPzH] in CH,Cl, with TBA(OH) shows the loss of two protons frometh
macrocyclic core and quantitative conversion ofg]lByzPzH] to its corresponding
dianion [PyTPyzPzf. Cyclic voltammetry and thin-layer spectroelechemical
measurements show that fPiPyzPzH] is present in its neutral form in GEl,, while
deprotonation takes place in pyridine with formatiof the dianion [PyTPyzPzf. Both
forms, neutral and dianionic, of the compound, kithdentical electrochemical behavior,
consistent with a conversion of the dianion tortkeatral porphyrazine in pyridine prior to
electroreduction via four reversible one-electroansfer stepS.A comparison of the
electrochemical behavior of the macrocyclesg]®yzPzH] and [PgTPyzPzM] (M =
Mg"(H.0), Mn", Cd', CU' and zA) with that of the phthalocyanine analogs indicates
more facile trend of the observed stepwise reversibquastreversible reductions leading
to the formation of the species fFPyzPzM[" (n = 1-4). This, in keeping with the
observed UV-visible spectral behaviour, highlighitee remarkable electron-deficient
properties of the new series of “pyrazinoporhyrazimacrocycles.

A special chapter of the investigations conductedtlee species [ByPyzPzM] is
related to the definition of the role played by teternal pyridine rings in terms of
coordination properties and possible formation ofaoationic species, obtained upon
quaternization of the pyridine N atoms by reactiath CHsl. As will be shortly reported
here below, these two aspects were given accattgetion, which consistently enlarged
the work conducted on these “pyrazinoporphyrazmetrocycles with added information

of great interest.
C.1 Exocyclic coordination of metal centers (P4, Pt')
C.1.aCoordination properties of the dipyridinopyrazine fragment

Before entering the aspect of the possible cootidinaof metal centers to the

dipyridinopyrazine fragment, it is useful remindatifor the entire pyrazinoporphyrazine

macrocycle a detailed structural information abtand distances and bond angles,
17



arrangement of the central tetrapyrazinoporphyeziore, and orientation of the pyridine
rings relative to one another and to the centralsgplanar porprhyrazine core, could be
obtained by the single-crystal X-ray work carriedut oon the Cb complex

[PysTPyzPzCo(DMSQ) (Figure 1.15Y2

Figure 1.15 ORTEP drawing of the molecular structure of
[PysTPyzPzCo(DMSQ] (hydrogen atoms omitted).

As can be seen from the structure, the orientaifdhe pyridine rings can be such that
one pyrazine N atom and one pyridine N atom careigge a bidentate coordination site
able to attract a metal center (pyz-py coordinatiétternatively, the dipyridinopyrazine
fragment can appropriately orient the two pyridkh@toms forming a donor center able to
fix the metal center (py-py coordination). Literaueports cite® have shown that in most
cases, for molecules containing the dipyirinopymaziragment or related molecules
(quinoxaline, etc.), py-py coordination frequentigcurs, but rare cases are known in
which pyz-py coordination is also occurring. An ionfant piece of information has been
obtained by our group by isolating single crystaigl elucidating by X-ray work the
structure of the Pdgland PtCl derivatives of the precursor [(CHPy.Pyz], i.e
[(CN),Py:PyzPdC}]** and [(CN}Py:PyzPtC}].> In both compounds a practically identical
py-py coordination occurs. The front and side vigithe structure of the Pdspecies is
reported in Figure 1.16.

Worth of notice, the structure of [(CM¥Py.PyzPdC}] shows a non coplanar positioning
of the pyrazine and pyridine rings. In additiore i ,,)PdCh square planar coordination site

lies nearly perpendicular to the plane of the pymazing. This is a privileged base of
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information when considering the exocyclic coordima of PdC} and PtC units in the

octapyridinated “pyrazinoporphyrazine” macrocydewn in the Figures 1.1 and 1.15.

cl1 ClI2

Figura 1.16. ORTEP front (top) and side (bottom) views (30%
probability ellipsoid) of [(CN)Py.PyzPdC}].

C.1.b Exocyclic coordination of PdC}) and PtCl, units in the

pentanuclear “pyrazinoporphyrazine” macrocycles

A triad of complexes of the pyrazinoporhyrazine magcle [PyTPyzPzH] carrying
centrally Pd could be obtained in the sequence [(BU€WTPyzPzPd] -
[PysTPyzPzPd] - [(2-MepykTPyzPzPd]" (the latter neutralized by lons)?* Mainly
focusing on the aspect of the structural featurederms of the type of exocyclic
coordination of the Pdglunits in the pentanuclear compound [(POUBysTPyzPzPd], it
should be noted that the information achieved fidliR spectral studies revealed with

certainty the equivalent involvement of contiguqugidines in the macrocycle in the
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ligation to Pd; this conclusively indicating the formation of &iur external MNy)PdCh
coordination sites in the macrocycle, in line wilie findings for the Pdgland PtCl
derivatives of the precursor [(CMy.Pyz] (see Figure 1.16).

lllustrative demonstration of the stated py-py choation is shown by the
exemplifying response of tHel-NMR spectra shown in Figure 1.17, where the spaaft
the three species [(CPBy:Pyz] (A), [(CNLPy.PyzPdC}] (B) and the pentapalladated
complex [(PdG)4PysTPyzPzPd] (C) are shown. Four main resonance pmakpgresent
in all three species proving the equivalent involeat of the pyridine rings in the

coordination of the PdgLnits.
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Figure 1.17 *H NMR spectra in DMRg; of A) [(CN),Py,Pyz], B) [(CN)PY,PyzPdClJ]
and C) the pentapalladated species [(PdkTPyzPzPd].

It should be taken into account that an unresttiatgative orientation of the four
NopyPdCh square planar sites with respect to the centrdipoazine core might give rise
to the formation of different isomers (see scheoapresentation in Figure 1.18).

'H-NMR spectral data combined with accurate DFT walions definitely prove that
the largely prevalent arrangement is the 4:0 otifddlL.18 with the four external metalated
residues all directed on the same side with redpebie centralporphyrazine core, as shown

in Figure 1.19.
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Figure 1.18 Structural isomers generated by the arrangenfgheo
dipyridino-PdC} fragments in the pentapalladated species.

Figura 1.19 Predominant structural component present in theune of isomers of
[(PACL),PysTPyzPzPd] having the four externajyPdChL moieties all oriented on the
same side of the central pyrazinoporphyrazine core.

The above triad of Pdpyrazinoporphyrazines were the object of detallaévisible
and electrochemical studies. From the achievedrnmdtion it was learned that the
complexes behave as highly electron-deficient n@a@les, with evident effects in terms of
increasing electron-deficiency moving from the mamdear species [BVPyzPzPd] to
either the pentanuclear complex [(Pg¢RysTPyzPzPd] or to the octacation [(2-
Mepy)TPyzPzPd". Quite interesting studies have been conductedhintriad of PY
compounds exploring their role as photosensitifmrthe generation of singlet oxygem,,
the citotoxic agent in photodynamic therapy (PBTHpecific reference to the role of this
present class of pyrazinoporphyrazine macrocyaethése biochemical aspects will be

made as a separate section in the final part gbtegent Introduction.
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It should be noted here that the type of out-ofiplaxocyclic coordination observed for
the pentanuclear complex [(PdiGPysTPyzPzPd] was at the tiffainprecedented. In fact,
the numerous examples of multinuclear porphyramraerocycles studied by Barrett and
Hoffman'® (see some of the structures in Figures 1.8-1.0M@y& see the external metal
coordination sites lying coplanarly with the cehfparphyrazine core, without exceptions.
The vast physicochemical information collected loa above triad of Pdspecies suggested
an expansion of the synthesis and study of relpgedianuclear analogs. Thus, the series of
new complexes externally carrying PdCland PtCGl units having formula
[(M'CI 24Py TPyzPzM] (M = Md (H,0), zr', cd', cd'; M’ = Pd' and M = M’ = PY)
(Figure 1.20) were prepared and widely investigatedo their stability in the solid state
and in solution of different solvent$.Based mainly on the achieved NMR spectral
information, it can be concluded that the tendewifcthe new series of pentanuclear species
of the present pyridinated pyrazinoporphyrazine no@cle exhibit, as a largely prevalent
structural arrangement, that already found for thmentapalladated species
[(PACh)4PysTPyzPzPd] (Figure 1.19). UV-visible solution spactnd electrochemical
measurements confirmed their behavior as electeficidnt macrocycles, in line with
expectation. Their photosensitizing propertiestf@ generation ofO, will be referred to

in the last section of this Introduction (see bélow

Figure 1.2Q [(M'Cl 2)4PysTPyzPzM](M = Mg"(H,0), znl', Cd', cd';
M = Pd"' and M = M’ = PY).
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C.2 Octacationic pyridinated pyrazinoporphyrazines

Water-soluble porphyrins have been widely inveséidain the fields of biochemistry
and medicine both as naturally occurring and sym@henono or multiply charged
porphyrins?’ whereas water-soluble phthalocyanines and porpmga have been much
less studied. Among the phthalocyanine systemdpraated (-S@) macrocycles, in
particular the tetrasulfophthalocyanine [TSBicHFigure 1.21) and its iron, cobalt, nickel,
and copper derivatives have been prepared and réetivity and applicative properties

studied?®?° Other few examples of water-soluble phthalocyasmire reported in literature.

HO3 SOsH

Negs
HN

N/ \N

HO3 SOH

Figure 1.21 Schematic representation of tetrasulfophthalocygn
[TSPcH).

The first example of an octacationic porphyrazinater-soluble over a wide pH range,
is represented by the macrocycle shown in Figu@2,1which was obtained upon
quaternization of the external pyridine N atomsiysl.>° Aggregation studies confirm the
monomeric nature of these novel cationic porphyreziin water, making them excellent

candidates for a wide variety of applications.
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Figure 1.22 Schematic representation of the octakis(N-
methyl-4-pyridiniumyl)porphyrazine, [(4-MepgBzH:]®".

Quaternization by methyl iodide of the pyridine Noras of the pyridinated
“pyrazinoporphyrazines” [R{fPyzPzM] of reference for this work (see the fresd in
Figure 1.1), leads to the formation of the corresjiog moderately water-soluble salt-like
species of formula [(2-Mepy)PyzPzM](1; (M = 2H, Mg"(H,0), cd', cd', zn"); 2-Mepy
= 2-(N-methyl)pyridiniumyl fragment) containing thectacation [(2-MepylPyzPzMf*
(Figure 1.23¥~ The free-base [(2-MepyPyzPzH]®* (in the form of its iodide salt) shows
solubility in water; depending on the range of @kplored, this macroycles undergoes easy
deprotonation behaving as a strong acid and ititga@trength is definitely higher than that
found for the octacation [(4-MepPzH:]®'in comparable experimental conditions. The
facilitated deprotonation process is determinedthy exceptionally strong electron-
deficient properties of the pyridinated “pyrazingpoyrazine” macrocycle, as determined
by the concomitant electron-withdrawing effects doi¢he presence of the pyrazine rings,
the pyridine rings and quaternization of the pyr@N atoms.

Studies of all charged metal derivatives [(2-MgpPyzPzMf* in aqueous media at ca.
10° M concentration provide evidence for the occureeatmolecular aggregation, but the
formation of monomeric species is generally favduipon dilution of the solution3hese

octacations are essentially monomeric in solutafrsyridine or DMSO.
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Figure 1.23 [(2-Mepy)xTPyzPzMf".

Cyclic voltammetry and thin-layer spectroelectrauieal data in DMSO show well-
resolved reversible multi-step one-electron readunstj all of which appear to be ligand-
centered, the only exception being reduction of @@ octacation [PyTPyzPzCoj"3!?
Similarly to what is observed for the related nauspecies [P§TPyzPzCoF*Pthe first
one-electron reduction for this species is a megatered Cb—. Cd process which implies
formation of the heptacation [FyPyzPzC§"*. This process is reversed during the second
one-electron reduction and leads to the formatioh tlke -2 charged species
[PysTPyzPzCd8]®" with the two excess electrons localized on theromecle. As can be
seen from the data in DMSO (Table 1.1), the Blues for the octacations with different M
are, at all steps of reduction, sensibly less megdéhan those of the corresponding neutral
compounds, ie. reductions are facilitated by thateunization process. These findings
parallel the results of the observed UV-visible i@ changes, mainly consisting of the
bathochromic shift of the Q bands in going from dpectra of the neutral species to those
of the related octacations. These observationpartcularly relevant, if account is taken
that the electronic perturbation determined onntlaerocycle by the quaternization process,
is generated at the pyridine rings located at tkteeme periphery of the molecule and

oriented out-of-plane of the central macrocyclanfiework.
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Table 1.1 Half-wave Potentials @, V vs SCE) for the complexes [[YyzPzM]
and the corresponding octacationic species [(2-W@RyzPzMf".

Compound Solven Oxid Reduction
1st 2nd 3rd ! 5th
[Mg"] Py 040  -0.79 -1.43  -1.70
[Mg"] DMSO -0.33  -0.70 -1.39 -1.67
[Mg"1®* DMSO 031 -0.19 -0.47 -0.84 -1.28
[Zn"] Py -0.34  -0.72 -1.38  -1.66 -1.83
[Zn"] DMSO -0.26  -0.67 -1.38  -1.64
[zn"]®* DMSO 0.33 -0.10 -0.44 -0.81 -1.24 -159
[Cu"] Py -0.30 -0.68 -1.28  -1.61
[Cu"] DMSO -0.22  -0.58 -1.22  -1.58
[Cu"®* DMSO 030 -0.04 -0.38 -0.85  -1.22
[CO"] Py -0.26  -0.87 -1.37  -1.83
[Ca"] DMSO 067 -0.06 -0.76 -1.31 -1.77
[Co"1® DMSO 0.32 0.05 -0.51
[Mn"] Py -0.21 -0.91 -1.35  -1.64
[Mn"] DMSO 036 -0.16 -0.89 -1.33  -1.80
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Part D. Pyrazinoporphyrazines as Photosensitizers ni
Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is a very promising Gartcer therapy nowadays in use
and under investigation for further improvem&ntThe therapy requires the combined
action of light, dioxygen,®0.), and a photosensitizer which is able to absodygnin the
phototherapeutic spectral window (600-850 nm) aatelase energy to dioxygen, generating
singlet oxygen,*0.), believed to be the initial cytotoxic agent inPD

Irradiation of the sensitizer in the presence ofetdar oxygen 302) determines the
formation of highlyreactive oxygen specidROS) andsinglet oxyger(loz), all of these
species being strong cytotoxic agents able to caweeersible damage to any nearby
biologic molecule. As a result, a phototoxic effecturs in the immediate vicinity of drug
localization and the tumour is selectively destobyExcitation by light of a molecular
system leads to a competition between physicaldtiad and nonradiative) and chemical
reaction modes of deactivation (see below Figu2zd)1.The efficiency of each process for a

given compound is expressed by the quantum yietdeoprocess itself:

molecules undergoing the process

total photons absorbed by the molecules

So, the singlet oxygen quantum yiedal,, of a photosensitizer is defined as

'0, molecules generated

DOy = "
A total photons absorbed by the sensitizer
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Figure 1.24 Physical and chemical processes involved in PDT.

A good photosensitizer should preferably be comstit by a single compound, having
constant composition and high degree of purityfigehtly stable under physiological
conditions, non-toxic in the dark and capable ofiny a selective accumulation in the
diseased tissues. Moreover a good photosensitaes b be equipped with an intense
absorption in the therapeutic window (600 - 850 yajually used for irradiation, in which
biological tissues have an increased transparentgtit radiation; on the contrary, it must
have poor absorption in the range 400-600 nm, tmidagkin sensitization during the
treatment period. Finally, regarding the photoptgisiproperties, it must possess a first
excited electronic state of triplet with appropei@nergy and time of life, to enable an
efficient energy transfer in respect of moleculaygen®0,.

Porphyrins have been intensively studied as phosizers>***and some of them like
Photofri’, an oligomer of natural hematoporphyrin, have tbwiinical applications.
However, they have weak absorptions in the photafeitic window and induce long-
lasting skin photosensitivif} Besides, phthalocyaniné&®3** have been actively
considered as promising photosensitizers in PDTalee they show intense absorption

bands in the therapeutic window. The attention d&las been directed to investigate the

photoactivity for the production of singlet oxygen different media of differently
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substituted tetrapyrazinoporphyraziries, secoporphyrazine¥, and
benzonaphthoporphyrazin®s.

As has been anticipated above, the photosensitiacityity of the octapyridinated
pyrazinoporphyrazines was studied for the first etinusing the Pd compounds
[PysTPyzPzPd], [(PdG).PysTPyzPzPd], and the octacation [(2-MefiPyzPzPd{". Data
at hand proved that these complexes are excellatbgensitizers in DMF solution. Due to
reducibility of the species in DMF, experimentsuiegd to perform the measurements in
acidified solution (HCIY> A series of related pentanuclear species carmtgrnally PdGl
and PtC} units having formula [(M'G)4PyTPyzPzM] (M’ = Pd, Pt'; M = zn", Mg"
(H,0), Pd', Pt") were also recently studied in detail as to tipdiysicochemical behaviour
and as photosensitizers in PEFF2° Their fluorescence response was also examinede Wid
reference to the significance of these results lallconsidered in the Discussion Section

later in the thesis.
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Part E. The Target of the Present Thesis

The present Introduction has above illustratedhoaigh in a condensed manner and
certainly in an incomplete form, the achieved infation in terms of basic research and
potential applicative aspects available on the maokear “pyrazinoporphyrazines”
[PysTPyzPzM] and related pentanuclear and superchavgést-soluble species. Structural
and electronic features were studied by singletatysray work, spectral (IR, UV-visible,
NMR) and electrochemical investigations, and cbuoted by detailed theoretical DFT and
TDDFT studies. The important role of the externgtigine rings has been examined by
considering their capability of electronic contadth the central pyrazinoporphyrazine core.
Their ability to coordinate metal centers or to emgdb quaternization processes at the N
atoms has sensibly enriched the knowledge of thel lef electronic perturbation induced
by the peripheral changes to the central framewbthe pyrazinoporphyrazine macrocycle.
The attention for applicative aspects has beencpéatly devoted to learn about their
behavior as photosensitizers in PDT, and potenéslifor their role in multimodal
anticancer therapy is an open problematic aspehtperspectives of further expansion and

therefore far from being concluded.

The present thesis work has selected as the mbjacsuhe synthesis of two novel types
of porphyrazine macrocycles, strictly related to e thabove considered
“pyrazinoporphyrazine” macrocycle, but showing aroaer (“restricted” macrocycle) or
more extended porphyrazine core (“expanded” mactety The two macrocycles, in the
form of unmetalated species are schematically showkigure 1.25A and 1.25C, whereas
the widely referred to “pyrazinoporphyrazine” macyole is given in Figure 1.25B. The
target of the present project is multifaceted.dct faspects of interest were:

a) how the change in the expansion or contractfaine central planar or quasi-planar
T-conjugated skeleton, with respect to that of tigapinoporphyrazine core, will modify
stability, solubility, tendency to aggregation, geal physicochemical and redox behaviour
of the new species and their applicative potemisli with attention centered on their

photoactivity properties;

30



b) how the presence of the external pyridine ridigsctly attached to the porphyrazine
core (“restricted” macrocycle; Figure 1.24A) or mdar away than in the already studied
“pyrazinoporphyrazine” macrocycle (“expanded” maye; Figure 1.24C) added of local
metal coordination or quaternization processes, g@duce consistent effects on the
structural and electronic features of the new n@aariac skeletons;

c) how do the data concerning the response of #we species as photosensitizers
compare with those already known for the origirglrazinoporphyrazine” macrocycles.

These and other problematic aspects, even thieeddo the effective access in terms
of preparative procedures to the new macrocycles pther general information will be

considered and widely illustrated in the Resulid Brscussion section.
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A: [PyPzH)] B: [PyPyzPzH] C: [RYyQuinPzH)]

Figure 1.25

Concomitant work was conducted on “pyrazinoporphiyra’ macrocycles carrying
externally thienyl rings (Figure 1.26). Whereasthe work conducted on the “restricted”
and “expanded” pyrazinoporphyrazine macrocycles titeention was confined to
modifications of the centrai-conjugated porphyrazine core, the new work ontiienyl
pyrazinoporphyrazine macrocycles involved modifmaé of the peripheral part of the
molecule, focusing on the ligating properties o# t& atoms inserted in the external 2-
thienyl rings, in an interesting comparison witlogh seen for the pyridine rings in the

pyridinated “pyrazinoporphyrazines”.
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Figure 1.26 [ThgTPyzPzM].

The attention was directed to explore the aspeotxcarning external metal ion
coordination and involved also the examination loé toordinating capabilities of the
thienyl precursor. The work on the thienyl macrdegcwas the object of the graduation
thesis and will be reported here only for the atspedich were developed during the PhD

thesis.
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CHAPTER 2

EXPERIMENTAL SECTION

Part A. Solvents and Reagents

Solvents and reagents were used as purchased otheswise specified. Pyridine was
dried by refluxing over CaO. Dimethylformamide (DMRPE C. Erba) was used as
purchased. Dimethyl sulfoxide (DMSO, RPE C. Erbaswreshly distilled over CaH
Methanol was dried over sodium. Anhydrous diethiylee was purchased by Aldrich.
Diaminomaleonitrile 98%, 2,2’-pyridil 97% and 2 @widylacetonitrile 99%  were
commercial products from Aldrich and were used withfurther purification. 1,2 Diamino-
4,5-dicyanobenzene 97% was a commercial producBdsche scientific. Palladium(ll)
chloride, 99.9+% and Platinum(ll) chloride were coercial products respectively from
Sigma Aldrich and Pressure Chemical C.o. Magnesianetate tetrahydrate
[Mg(OAc)24H,0; Carlo Erba 99.99%, p.f. 80 °C], zinc acetate({ZAc),2H,O; Merck

99.5%] and cobalt acetate [Co(OAdH.0O; Fluka, 99%] were used as received.

Part B. Syntheses

This Section describes the synthesis of two nolasses of porphyrazine macrocycles,
the “quinoxalinoporphyrazine”(B.1), and the “pyridgrphyrazine”(B.2).

The last set of synthetic procedures (B.3) dessrithe synthesis of the already
reported® “thienylpyrazinoporphyrazine” macrocycle and itsnono- and multinuclear
complexes of formulae [EAPyzPzM] (M = 2H, Mg'(H,0), cd', cd', zn") and
[(PACL).ThsTPyzPzM] (M = Md (H»0), Zn') respectively.
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B.1 MONO- AND PENTANUCLEAR HOMO- AND
HETEROMETALLIC “QUINOXALINOPORPHYRAZINES”

B.l.a The Precursor [(CNY}Py,Quin] and its Pd(ll) and Pt(ll)

Derivatives

B.1l.a.1 Synthesis of the precursor 2,3-di(2-pyridyl)-6,7cgdano-1,4-quinoxaline,

[(CN)2Py-Quin]

The synthesis of [(CNIPY.Quin], reported elsewhetewas carried out according to the

following reaction scheme:

NC N P>
EtOH, CHCOOH II A N
e
reflux — N
NC N =

4,5-diaminophthalonitrile (0.69 g, 4.39 mmol) a&@’-pyridil (1.08 g, 5.09 mmol) were

added to 95% ethanol (40 mL) and glacial acetid #6i mL) and the mixture was kept
refluxing for 4 h at 85 °C. After cooling, the yal solid formed was separated by filtration,
washed with ice ethanol and brought to constanghteinder vacuum (IPmmHg; 1.20 g,
yield 82%). Calcd for [(CNPyQuIn], GoHioNg: C, 71.85; H, 3.01; N, 25.14. Found: C,
71.69; H, 3.03; N, 24.83%. IR (KBr, ¢t 2236 (w-m;vcy), 1583 (s), 1568 (w), 1550 (w),
1473 (s), 1435 (w-m), 1421 (w), 1396 (s), 1346 (994 (w-m), 1286 (w-m), 1248 (w),
1221 (w-m), 1151 (w), 1099 (w-m), 1078 (s), 1043,(&001 (vs), 988 (w), 921 (m-s), 897
(m-s), 848 (w-m), 829 (w-m), 794 (s), 758 (vs), 148 712 (w), 683 (w), 623 (w-m), 578
(m), 550 (w-m), 536 (vs), 494 (vw), 463 (vw), 416)( 399 (w-m), 349 (vw), 325 (vw), 300

(vw).
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B.1.a.2Synthesis of bis-(benzonitrile)palladiumdichloridgCeHsCN),PdCh]

Accordingto the procedure reported in literatdfePdCh (426 mg, 2.40 mmol) was
dissolved in the minimum amount of hot benzonit(da. 8 mL). Upon concentration of the
red-brown solution, a crystalline yellow solid wimsmed. Additional solid material was
obtained by pouring ether into the separated swiufihe total amount of solid material was
washed with ether and brought to constant weigldeuwvacuum (16 mmHg; 711 mg,

yield 78%).
B.1.a.3Synthesis of the palladated precursor of formuléCN).Py,QuinPdCl]

This complex was prepared by a different procedwspect that reported in the

literature?* following the reaction scheme below:

@

;@ jﬁ (C6H50N)2PdCb N:(j[ N\j/ Nt:p <CI
CH CN N l\(\@ cl

[(CN)2Py:Quin] (53 mg, 0.158 mmol) and [{85CN),PdCb] (66 mg, 0.172 mmol) were

added to CKCN (10 mL) and the mixture was heated at 100 °@ wiirring for 4 h. After

cooling and filtration, the solid material was wedlrepeatedly with C}€N and THF and
then brought to constant weight under vacuun¥(fnHg; 53 mg, vield 65%). Calcd for

[(CN)2Py:QuinPdC}], CyoH10CIoNePd: C, 46.95; H, 1.97; N, 16.43; Pd, 20.79. Foubd:
46.58; H, 2.36; N, 16.67; Pd, 19.87%. IR (KBr, m2237 (m-sycy), 1598 (s), 1572 (m),
1543 (w), 1485 (s), 1442 (w), 1398 (w), 1348 ()88 (m), 1275 (m-s), 1251 (s), 1161
(m), 1109 (m), 1082 (vs), 1059 (s), 1036 (w-m), 981§, 933 (w), 899 (m), 848 (w-m), 819
(w-m), 775 (s), 760 (vs), 729 (vw), 712 (w), 675,858 (w), 619 (w), 578 (w), 553 (m),

538 (s), 489 (w), 463 (w), 438 (W), 341 ¥Y$4-c), 305 (M), 257 (w).
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B.1.a.4Synthesis of bis-(benzonitrile)platinumdichloridgCesHsCN),PtCl;]

Accordingto the procedure reported in literatdfePtCh (502 mg, 1.88 mmol) was
dissolved in the minimum amount of hot benzonit(da. 8 mL). Upon concentration of the
red-brown solution, a crystalline yellow solid wimsmed. Additional solid material was
obtained by pouring ether into the separated swiufihe total amount of solid material was
washed with ether and brought to constant weigldeuwvacuum (16 mmHg; 571 mg,

yield 64%).

B.1.a.5Synthesis of the palladated precursor of formul&).Py.QuinPtCl,]

()
;Oi (C6H5CN)2PtC|2 NS~ |[Nj/ N\\Pt/CI
CHCN e N N
/

[(CN)2PyQuin] (54 mg, 0.162 mmol) and [(B5CN),PtChL] (85 mg, 0.180 mmol)

V4

(molar ratio: 1/1.1) were added to &N (10 mL) and the mixture was kept at 100 °C with
stirring for 4 h. After cooling and centrifugatiothe solid yellow material was washed
repeatedly with CECN and THF and then brought to constant weight urdeuum (16
mmHg; 43 mgq, yield 44%). Calcd for [(CHPy.QuInPtC}], CooH10CloNePt: C, 40.01; H,
1.68; N, 13.99; Pt, 32.49. Found: C, 40.09; H, 118514.27; Pt, 31.26%. IR (KBr, chx
2237 (svcn), 1600 (s), 1572 (w), 1545 (w), 1487 (s), 1441, (¥896 (m-w), 1348 (s), 1288
(m-s), 1273 (m-s), 1251 (m-s), 1161 (m-s), 1111, (t0B4 (vs), 1065 (s), 1035 (w-m), 987
(m-s), 905 (m-s), 848 (w-m), 818 (w-m), 771 (v§0Avs), 727 (vw), 712 (w), 675 (vw),
661 (vw), 619 (w), 578 (w), 553 (m-s), 538 (s), 486, 469 (vw), 443 (vw), 376 (vw), 341
(s,Vpt-c), 314 (m-s), 260 (w).
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B.1.b Synthesis of the Tetrakis[2,3-di(2-pyridyl)quinoxdino]porphyrazine
and its Metal Derivatives

B.1.b.1 Synthesis of the Hydrated Tetrakis[2,3-di(2-pyridfiyliinoxalino]porphyrazinato-
monoaquo-M{, [PysTQuinPzMg(H,0)]-4H,O

The hydrated M§complexwas directly obtained by autocyclotetramerizatidrthe

precursor [(CNYPyQuin] as follows :

N CN wmg(oPn,
4 | E—
N X PrOH, reflux
=z N CN

Magnesium (90 mg, 3.720 mmol), propyl alcohol (1B)rand a few crystals of iodine
were introduced in a small flask (25 mL) and thetome was heated to reflux under stirring
for 16 h. The obtained suspension was then addedeoprecursor [(CNPyQuin] (310
mg, 0.927 mmol) and heated to reflux again for 8The mixture, brought to room
temperature, was poured in air in a vessel anddhent was left to evaporate completely.
The solid residue was added of 10% CBOH (5 mL) and the mixture was kept under
stirring for 1h. The solid, separated by centriima and washed repeatedly with water,
then with THF, and finally with acetone was broughtonstant weight under vacuum €10
mmHg; 264.2 mg, yield. 81%). Calcd for WQuinPzMg(HO)]-4H0, CgoHs0MgN240s:

C, 66.19; H, 3.47; N, 23.15. Found: C, 66.59; 393N, 21.83%. IR (KBr, ci): 3400
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(broad), 1772 (vw), 1726 (vw), 1585 (s), 1566 ()73 (m-s), 1383 (w), 1346 (vs), 1280
(vww), 1248 (vw), 1145 (w), 1103 (vs), 1034 (s),99@n), 983 (vw), 893 (w), 875 (w-m),

839 (vvw), 821 (w), 791 (m), 746 (s), 708 (m-s)65fn), 548 (w), 501 (vw), 426 (vw), 403
(w), 279 (vw).

B.1.b.2 Synthesis of the Hydrated Tetrakis[2,3-di(2-pyriftyiinoxalino]porphyrazine,
[PysTQuinPzH;]-6H,0

The synthesis of this macrocycle, previously regrelsewheré! was carried out by

our group with a slightly different procedure, adws:

The Md complex [PysTQuinPzMg(HO)]-4H,0 (251 mg, 0.173 mmol) was
suspended, partly dissolved, in glacial {®OH (9 mL). The mixture was kept to reflux
under stirring for 20 h and, after cooling, was q@alin a vessel and the solvent was left
mostly to evaporate in air. The blue solid wasasated from the mixture by centrifugation,
washed several times with water to neutrality, thth acetone, and brought to constant
weight under vacuum (¥ommHg; 152 mg, yield 8%). Calcd for [P¥TQuinPzH]- 6H,0,
CsoHs52N2406: C, 66.57; H, 3.39; N, 21.31. Found: C, 66.38;3H,6; N, 23.22%. IR (KBr,
cm®): 3290 (vw,vny), 1774 (vw), 1726 (vw), 1629 (vww), 1585 (m), 15@86), 1506 (w),
1471 (m), 1431 (w-m), 1396 (w), 1344 (s), 1317 (2244 (w), 1224 (vw), 1203 (vw), 1167

(m), 1095 (vs), 1078 (vs), 1041 (w-m), 1008 (s)7 99s), 981 (s), 883 (m), 856 (m), 821
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(m), 789 (s), 775 (s), 740 (s), 700 (vs), 634 GO (vw), 592 (vs), 548 (s), 494 (w), 428
(w-m), 403 (w).

B.1.b.3 Synthesis of the Hydrated Tetrakis[2,3-di(2-pyridfiyliinoxalino]porphyrazinato-
Zn", [PysTQuinPzZn]-6H0

Zn(OAc), - 2H,0

[PysTQuinPzH]-6H,0 > [PygTQuinPzZn]-6HO
DMSO, 120 °C, 6 h

[PysTQuinPzH]-6H,O (53 mg, 0.037 mmol) and Zn(OA&QH,O (53 mg, 0.240 mmol)
were suspended in freshly distilled DMSO (3 mL) #mel mixture was heated under stirring
at 120°C for 6 h. After cooling and centrifugatiaine dark green solid was washed
repeatedly with water and acetone and brought twsteat weight under vacuum (10
mmHg; 31 mg, yield 55%). Calcd for [PQuIinPzZn]-6HO, GgoHs2N240sZN: C, 63.59; H,
3.47; N, 22.25. Found: C, 63.82; H, 3.15; N, 21.7T%(KBr, cm"): 3440 (broad), 1585
(m), 1566 (m), 1471 (w-m), 1383 (w), 1346 (vs), 8%4w), 1145 (w), 1109 (s), 1034 (m-s),
999 (w-m), 891 (w), 872 (w-m), 821 (w), 791 (w-rd@l2 (m), 707 (m), 596 (w-m), 545 (w),
501 (vw), 426 (vvw), 401 (vvw).

B.1.b.4 Synthesis of the Hydrated Tetrakis[2,3-di(2-pyriftjliinoxalino]porphyrazinato
Cd', [PysTQuinPzCo]-5HO

Co(OAC), - 4H,0

[PysTQuinPzH]-6H,O > [PysTQuinPzCo]-5HO
DMSO, 120 °C, 6 h

[PysTQuinPzH)]- 6H,0 (46 mg, 0.032 mmol) and Co(OA&H,O (50 mg, 0.200 mmol)
were suspended in freshly distilled DMSO (3 mL) #megl mixture was heated under stirring
at 120°C for 6 h. After cooling and centrifugatidne dark blue solid separated was washed

repeatedly with water and acetone and brought twsteat weight under vacuum (10
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mmHg) (40 mg, yield 83%). Calcd for [PRQuUINPzCo]-5HO, GyoHs0CoNx40s: C, 64.64;
H, 3.96; N, 22.61. Found: C, 64.91; H, 2.81; N,5Z%. IR (KBr, cnt): 3400 (w, broad),
1585 (m), 1568 (m), 1525 (W), 1471 (w-m), 1427 (W-GB888 (W), 1346 (s), 1246 (w), 1159
(w), 1107 (s), 1078 (m-s), 1053 (w), 1041 (w), 1@d4m), 999 (m-s) , 983 (w-m), 889 (w-
m), 856 (vw), 848 (vw), 821 (w), 791 (m), 777 (ws;n%#0 (m), 710 (w-m), 700 (w-m), 661
(vw), 632 (vvw), 592 (w-m), 548 (w), 492 (vw), 48@w), 403 (vw).

B.1.c Homo-and Heteropentanuclear Pd(Il) “Quinoxalinoporphyrazines”
of Formula [(PdCl,)4PysTQuinPzM] (M = Mg " (H,0), zn", Pd")

The heteropentanuclear title complexes with M ="#g0O) and Zf were prepared

starting from the corresponding monometallic spedRwTQuinPzM] by reaction with

7)) cl
/)
N"*li‘cFCI
L =
[ )

PdCL in DMSO, according to the following reaction scleem

_Pd—cl

Cl

The homopentanuclear analog havind Pentrally coordinated, was prepared starting
from the free-base ligand by reaction with Pd@ DMSO under the experimental

conditions specified below.

40



B.1.c.1 Synthesis of [(PdG)4PysTQuinPzMg(H;0)]-5H,0-2DMSO

PdCh

[PysTQuinPzMg(HO)]- 4H,0 > [(PACL)4PysTQuinPzMg(HO)]- 5H,0- 2DMSO
DMSO, 120 °C, 7 h

[PysTQuinPzMg(H0)]- 4H,0 (53 mg, 0.036 mmol) was suspended (partly digsh)lin
freshly distiled DMSO (3 mL). The mixture, addetiPdC} (33 mg, 0.187 mmol), was
heated at 120 °C for 7 h. After cooling, the dataterial was washed with water and
acetone and brought to constant weight under vactifh mmHg; 19 mg, yield 23%).
Calcd for [(PAC))4PysTQuinPzMg(HO)]-5H0-2DMSO, GHesClsMgN240sPd,S,: C,
43.20; H, 2.76; N, 14.39; S, 2.74, Pd, 18.22. FoOnd2.26; H, 2.16; N, 18.46; S, 3.19, Pd,
17.60%. IR (KBr, cm): 3400 (broad), 1693 (m), 1599 (w), 1568 (w), 1488, 1381 (w),
1348 (s), 1284 (vw), 1253 (vw), 1161 (vw), 1101, ()68 (vw), 1059 (w), 1036 (m), 983
(vww), 874 (w), 839 (vw), 814 (vw), 787 (vw), 76@), 746 (w-m), 719 (w), 699 (vvw),
598 (w), 551 (vw), 449 (vww), 337 (W,pg-c)-

B.1.c.2 Synthesis of [(PdG)4PysTQuinPzZn]-10HO

PdCh

[PysTQuinPzZn]-6HO > [(PACh)4PysTQuinPzZn]- 10HO
DMSO, 120 °C, 7 h

[PysTQuinPzZn]-6HO (18 mg, 0.012 mmol) was suspended (partly digsbvn
freshly distiled DMSO (3 mL). The mixture, addetiPdC}) (12 mg, 0.066 mmol), was
heated at 120 °C for 7 h. At the end of the reactthe solvent was distilled off under
vacuum at 100 °C and the solid residue was waslidgdwater and acetone and brought to
constant weight under vacuum ®OmmHg; 11 mg, yield 42%). Calcd for

[(PdClz)4Py3TQUinPZZH]'1O|’4K), C30H600|8M9N24010Pd4: C, 41.91; H, 2.85; N, 14.66, Pd,

41



18.57. Found: C, 41.74; H, 2.30; N, 13.56; Pd, 3%9IR (KBr, cm'): 3450 (broad), 1598
(w), 1566 (w), 1483 (vvw), 1450 (vvw), 1427 (vww)381 (w), 1344 (s), 1278 (vw), 1251
(vw), 1161 (vw), 1099 (vw), 1057 (m), 1032 (w), DOQvw), 893 (w), 869 (vw), 812 (w),
777 (w), 766 (w), 740 (w), 700 (w), 594 (w), 551)(B39 (W,vp4-c)-

B.1.c.3 Synthesis of [(PdG)4PysTQuinPzPd]-11HO
PdCL

[PysTQuinPzH)]- 6H,0 > [(PACL)4PwTQuinPzPd]-11 bD
DMSO, 120 °C, 8 h

[PysTQuinPzH]-6H,O (35 mg, 0.024 mmol) was suspended (partly digshivin
freshly distilled DMSO (1.5 mL). The mixture, addef PdC} (32 mg, 0.182 mmol), was
heated at 120 °C for 8 h. After cooling and evapion of the solvent under vacuum (100
°C), the solid residue was washed with water arelome and brought to constant weight
under vacuum (I6mmHg; 41 mg, yield 79%). Calcd for [(P@GPYTQuinPzPd]- 115D,
CsoH62ClgN24011Pd: C, 40.70; H, 2.74; N, 14.06; Pd, 22.26. Found4@62; H, 2.24; N,
13.04; Pd, 21.20%. IR (KBr, ¢h): 3450 (s), 1658 (w), 1627 (m), 1597 (m), 1566, (1§37
(vw), 1483 (m), 1423 (w), 1385 (w), 1344 (s), 128%), 1253 (w), 1157 (w), 1120 (m),
1082 (w), 1058 (m), 1032 (vw), 1012 (vw), 895 (@43 (vvw), 812 (vw), 766 (w), 746(w),
704 (vvw), 598 (vw), 550 (w), 335 (W-Mipg-c).

B.1.d Homo- and Heteropentanuclear Pt(Il) “Quinoxalinoporphyrazines”
of Formula [(PtCl,)4PysTQuinPzM] (M = Mg" (H.0), zn", Pt")

By analogy with the synthetic work carried out tve Pd species described above, a
series of new pentametallic complexes of formubaQk),PyTQuInPzM](M = Mg" (H,0),
zn", Pt has been prepared.

The Md'(H-0) and Zfl complexes have been synthesized starting frontdhesponding

monometallic species [EyQuinPzM] by reaction with Ptglin DMSO, according to the
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reaction scheme here below; for the pentaplatinafesgties [(PtG)sPysTQuinPzPt] the

starting material was the free-base ligandgJuinPzH).

B.1.d.1 Synthesis of [(PtG)sPysTQuinPzMg(H;0)]-12H,0-DMSO

PtCl,

[PysTQuinPzMg(HO)]- 4H,0 > [(PtCL),PysTQuinPzMg(HO)]- 12H0- DMSO
DMSO, 120 °C, 48 h

[PysTQuinPzMg(H0)]-4H,0 (47 mg, 0.032 mmol) was suspended (partly digslin
freshly distilled DMSO (1.5 mL). The mixture, addef PtC}) (50 mg, 0.188 mmol), was
heated at 120°C for 48 h. After cooling and evapon of the solvent under vacuum 0
mmHg; 100°C) the solid residue was washed with wated acetone and brought to
constant weight under vacuum ®OmmHg; 59 mg, vyield 68%). Calcd for
[(PtCL)4PYsTQuUINPzMg(HO)]- 12H0-DMSO, G:H7:ClsMgN24014P4%: C, 35.95; H, 1.92;
N, 11.21; S,1.15; Pt, 28.64. Found: C, 35.97; 52N, 12.28; S,1.17; Pt, 28.50%. IR
(KBr, cmi®): 3400 (broad), 1600 (w-m), 1566 (w), 1483 (m)723w), 1346 (s), 1280 (vw),
1252 (vw), 1159 (vww), 1099 (s), 1072 (w), 1031 (1983 (vw), 893 (w), 873 (w), 837

(vw), 812 (vw), 783 (w), 765 (w), 746 (w-m), 702)(&97 (w), 551 (w), 337 (Wpt-c).
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B.1.d.2 Synthesis of [(PtG)4sPysTQuinPzZn]-18H0-6DMSO

PtChL

[PysTQuinPzZn]-5HO > [(PtCL)4PyTQuinPzZn]- 18 HO-6DMSO
DMSO, 120 °C, 48 h

[PysTQuinPzZn]-6HO (41 mg, 0.027 mmol) was suspended (partly digshivn
freshly distilled DMSO (1.5 mL). The mixture, addef PtC} (43 mg, 0.162 mmol), was
heated at 120 °C for 48 h. After cooling and evapon of the solvent under vacuum €10
mmHg; 100 °C), the solid residue was washed witltevand acetone and brought to
constant weight under vacuum ®OmmHg; 42 mg, vyield 47%). Calcd for
[(PtCL)4sPyTQUINPzZn]- 18HO-6DMSO, GoH11.ClgN2sO24PUZNn: C, 33.94; H, 2.43; N,
9.94; S, 6.05; Pt, 22.00. Found: C, 33.89; H, 3M610.31; S, 5.90; Pt, 22.93%. IR (KBr,
cm™): 3400 (broad), 1600 (w), 1566 (w), 1485 (m), 138&im), 1346 (s), 1250 (vw), 1103
(s), 1074 (vw), 1034 (m), 895 (vw), 869 (w), 839y 812 (vw), 783 (w), 767 (vw), 740
(w-m), 702 (w), 623 (vvw), 596 (w), 553 (w), 503n} 439 (vw), 337 (Wypt.c).

B.1.d.3 Synthesis of [(PtG)4sPysTQuinPzPt]-13H0-3DMSO

PtChL

[PysTQuINPzH]- 6H;0 > [(PtCL)sP%TQUINPzPt]- 13 KO- 3DMSO
DMSO, 120 °C, 79

[PysTQuinPzH]-6H,O (30 mg, 0.021 mmol) was suspended (partly digshivin
freshly distilled DMSO (3 mL). The mixture, addefl PtCL (38 mg, 0.143 mmol), was
heated at 120 °C for 7 days. After cooling and evaiion of the solvent under vacuum$10
mmHg; 100 °C), the solid residue was washed withewwand acetone and brought to
constant weight under vacuum @MmHg; 48 mg, yield 53%). Calcd for [(PH#ELPt]- 13
H20O-3DMSO, GeHssClgN24O16Pts: C, 33.57; H, 2.29; N, 10.56; S, 3.10; Pt, 33286und:
C, 33.31; H, 2.86; N,10.84; S, 2.90; Pt, 32.45R0(KBr, cmi'): 3500 (broad), 1660 (w),
1598 (w) ,1566 (w) ,1483 (m), 1425 (vw), 1394 (V342 (s), 1315 (vw), 1282 (vw), 1251
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(vw), 1161 (vw), 1098 (s), 1062 (vw), 1014 (s), 984), 891 (w), 854 (w), 810 (w), 692
(W), 592 (W), 551 (W), 438 (W), 378 (W), 337 (W-Mpr.c).

B.1.e Synthesis of Quaternized “Quinoxalinoporphyrazing” of Formula
[(2-Mepy)sTQUINPZM](1) 5 (M = Mg" (H.0), Zn")

The quaternized “quinoxalinoporphyrazines” were pared by methylation at the
pyridine N atoms of the corresponding neutral caxes$ [PyTQuinPzM], by using CHl in

DMF, according to the following reaction scheme:

B.1.e.1 Synthesis of [(2-Mep¥g) QuinPzMg(HO)](I) s ZI3H,0O

CH;l, DMF

[PysTQuinPzMg(HO)]- 4H:0 [(2-Mepy)sTQuinPzMg(HO)](1)s- 13H0

60°C, 4 day

[PysTQuinPzMg(HO)]-4H,0 (50 mg, 0.034 mmol) and GH(0.55 mL, 8.83 mmol)
were added to DMF (1 mL) and the mixture was ke@i0a°C for 4 days. After evaporation
of the excess CH#iin air at room temperature, the solution waseatddf benzene and kept
in the refrigerator overnight. The solid materiahsvseparated by centrifugation, washed
with benzene and brought to constant weight unédeuvm (1¢ mmHg; 81 mg, yield
86%). Calcd for [(2-Mepyl QuinPzMg(HO)](1)sA3H,0O, CggHo2lsMgN24014: C, 38.44; H,
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3.37; N, 12,22. Found: C, 38.19; H, 3.14; N, 12619R (KBr, cni!): 3405 (w-m), 1618
(m), 1577 (w), 1508 (w), 1458 (w-m), 1400 (w-m)A4R3(s), 1275 (w-m), 1163 (m), 1093
(s), 1076 (s), 1008 (w), 997 (m), 981 (w), 943 (887 (W), 816 (W), 773 (W), 748 (w-m),
692 (w-m), 586 (w).

B.1.e.2 Synthesis of [(2-Mepgl QuinPzZn](1)s20H,0

CHsl, DMF

[PysTQuinPzZn]-6HO [(2-Mepy)TQuinPzZn] (13- 20H0

r.t., 4 day:

[PysTQuinPzZn]-6HO (30 mg, 0.020 mmol) and GH(0.55 mL, 8.83 mmol) were
added to DMF (1 mL) and the mixture was kept atmaemperature for 4 days. After
evaporation of excess GHn air at room temperature, the solution wasealdf benzene
and kept in the refrigerator overnight. The solidtenial separated by centrifugation, was
washed with benzene and brought to constant weigtier vacuum (16 mmHg; 81 mg,
yield 62%). Calcd for [(2-Mepy¥T QuinPzZn](I320H,0, GsgH104sN24020ZN0: C, 36.32; H,
3.77; N, 13.24. Found: C, 36.46; H, 3.62; N, 11%60R (KBr, cm®): 3430 (s), 2979 (m-s),
2763 (m), 1624 (m), 1579 (w-m), 1509 (vw), 14660 (v1381 (w), 1346 (s), 1250 (vw),
1140 (w), 1101 (s), 1034 (m), 1016 (m), 997 (w)3 98vw), 879 (vvw), 819 (vw), 779 (w),
740 (m), 698 (w), 590 (w), 501 (vw), 430 (vww).
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B.2 MONO- AND PENTANUCLEAR HOMO- AND
HETEROMETALLIC “PYRIDYLPORPHIRAZINES"

B.2.a The Precursor [(CN)Py,Et] and its Pd(Il) and Pt(Il) Derivatives

B.2.a.1Synthesis of the precursor 1,2-di(2-pyridyl)-1,2sgdanoethylene, [(CNPY-Et]

The synthesis of [(CNPWEt] was carried out following a previously reported

proceduré&® according to the reaction scheme:

NC
, = , | ELO-MeOH, , NaOMe ji
+ > >
NC_X rt. N

2-Pyridylacetonitrile (3.3 mL, 0.030 mmol) and $med iodine (7.5 g, 0.029 mol)
were added under Nn a 50 mL flask to a solution of methanol (10 ndgd anhydrous
ether (10 mL) and the mixture was kept at room tnaoire for 1 h. The mixture was then
added of a solution of GJDNa prepared in a 50 mL flask by dissolving underaNd with
stirring, metallic sodium (1.4 g) in 14 mL of metiwh (preliminarly dried over Na). The
resulting mixture was kept overnight in the refreger. The precipitate was separated by
filtration under vacuum, and the brown crystallswid was washed with ice methanol and
brought to constant weight under vacuum{1®mHg; 1.59 g, yield 45%). Calcd for
[(CN)Py:ELt] CisHgN,: C, 72.4; H, 3.47; N, 24.12; Found: C, 70.93 ;3#5; N, 23.89%.
IR (KBr, cni): 2216 (w-mycn), 1579 (s), 1467 (s), 1438 (s), 1302 (w), 1294 A@R6 (w-
m), 1160 (w), 1103 (m), 1055 (m), 1026 (vw), 995 @&/4 (w), 893 (vw), 850 (vw), 781
(vvs), 737 (vs), 652 (vw), 619 (s), 580 (w), 488 &70 (vs), 397 (m-s), 377 (vw), 272 (m).
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B.2.a.2Synthesis of the palladated precursor of formul&).Py.EtPdCL]

N7 a \

. —

NC ~ (CgHCN),PdCl NC O/C'
| CH.CN, r.t | "\P AN
, I /
NC | o 3 No cl
- @

[(CN)2Pw:Et] (52 mg, 0.225 mmol) and [§8sCN),PdCb] (85 mg, 0.222 mmol) were
added to CHCN (10 mL) in a 50 mL flask and the mixture waptkat room temperature
under stirring until the solution was clear. Aftepoling in the refrigerator, the formed
precipitate was separated by filtration under vatuwashed repeatedly with ice gEN
and brought to constant weight under vacuun?(t®nHg; 63 mg, vield 68%). Calcd for
[(CN),Py,EtPdC}], C,14HsCI:N4Pd: C, 41.06; H, 1.97; N, 13.68; Pd, 25.98. Fod39.56;
H, 2.23; N, 13.14; Pd, 25.21%. IR (KBr, &n 2210 (svcn), 1757 (vww), 1594 (s), 1508
(m), 1477 (s), 1432 (m-s), 1325 (w), 1277 (m), 1@42s), 1165 (m), 1107 (w), 1066 (vw),
1041 (w), 993 (vvw), 966 (vvw), 858 (vw), 775 (v8h2 (m), 649 (w), 621 (vw), 578 (vw),
495 (vw), 447 (vw), 413 (vw), 347 (M-B4-c)-

B.2.a.3Synthesis of the platinated precursor of formuladN).Py-EtPtCl]-H,0

4 cl
Pt

’
/

NC | \ (CeH=CN),PtCh NC
—_ >
\ | N CH4CN, 70 °C

NC N ( \CI
- O

The precursor [(CNPY:Et] (50 mg, 0.22 mmol) and [¢ElsCN).PtCk] (101 mg, 0.222
mmol) were added to GEN (10 mL) in a 50 mL flask and the mixture waptat 70 °C
for 1 h. After cooling, the suspension was filtchtender vacuum and the brown solid
material was washed repeatedly with Ol and brought to constant weight under

vacuumn (16 mmHg; 63 mg, vyield 56%). Calcd for [(CNPyEtPtCh]-H,0,
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Ci4H10CILN4OPt: C, 32.57; H, 1.95; N, 10.85; Pd, 37.79. FouBd:32.02; H, 2.19; N,
12.23; Pd, 36.95% . IR (KBr, ¢hr 2213 (m,vcn), 1593 (w-m), 1506 (vvw), 1481 (vw),
1467 (vw), 1446 (w-m), 1435 (w), 1407 (vw), 1354y, 1294 (vw), 1236 (vw), 1189 (m),
1176 (w), 1163 (w), 1103 (vw), 1068 (vvw), 1056 gy 1027 (w-m), 995 (w), 935 (vw),
852 (vw), 783 (m), 762 (vs), 737 (w), 684 (s), €19, 549 (m), 534 (w), 490 (w), 468 (w),
399 (vw), 350 (S;vptch), 277 (W).

B.2.b Synthesis of the Tetrakis[di(2-pyridyl)]porphyrazine and its Metal
Derivatives

B.2.b.1 Synthesis of the Hydrated Tetrakis[2,3-di(2-pyriflplorphyrazinato-monoaquo-

-~ <) O
N Mg(OPr), 7
O -
N cN PrOH, reflux N
@ apar

Propyl alcohol (15 mL), metallic magnesium (120 #@4 mmol), and a few crystals of

Mg", [PysPzMg(H,0)]-4H,0

iodine were introduced in a small flask (25 mL) ahd mixture was heated to reflux under
stirring for 16 h. After addition of the precurddCN).Py.Et] (300 mg, 1.29 mmol), the

suspension was heated to reflux again for 8 h. mihgure, brought to room temperature,
was poured in air in a vessel and the solvent whstid evaporate completely. The solid
residue was added of 10% €EDOH (5 mL) and the mixture was kept under stirfiogl

h. The solid was then separated by centrifugatwashed repeatedly with water until
neutrality and then brought to constant weight ungeuum. The solid was purified by

column chromatography using alumina (Acros, acéiganeutral, 50-200 microns) as solid
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phase and a solution of 20% €BH in CHC} as eluant for the first column, and a gradient
from 5% to 30% of CEDH in CHCE as eluant for the second column. The blue solid
obtained was brought to constant weight under vac(0> mmHg; 50 mg, yield 15%).
Calcd for [PgPzMg(H0)]- 4H,0, CseHaoMgN160s: C, 64.47; H, 4.06; N, 21.48. Found: C,
64.54; H, 4.22; N, 21.08%. IR (KBr, ¢t 3450 (broad), 1718 (vw), 1629 (w), 1585 (s),
1508 (w), 1463 (m), 1423 (w), 1286 (vw), 1238 (@}49 (m), 1095 (w), 1049 (vw), 1006
(m-s), 983 (m), 881 (w), 835 (w), 786 (m), 742 @5 (vw), 607 (w), 526 (vw), 497 (vw),
403 (w).

B.2.b.2 Synthesis of the Hydrated Tetrakis[2,3-di(2-pyriggorphyrazine,
[PysPzH;]-5H,0

[PysPzMg(H0)]-4H,0 (40 mg, 0.038 mmol) was added to glacial acid iacet
CH3COOH (1 mL) in a 10 mL flask and the mixture wagpkat room temperature with
stirring for 3 h. The obtained solution, broughtrét@m temperature, was poured in air in a
vessel and the solvent was left to evaporate cdeipléelhe solid material residue separated
was washed repeatedly with water and acetone aodgbt to constant weight under
vacuum (16 mmHg; 11 mg, vield 29%). Calcd for [fBzH]-5H,0, GsgHaaN1Os: C,
65.87; H, 4.34; N, 21.94. Found: C, 66.41; H, 319621.40%. IR (KBr, crif): 3310 (w-m,
Vnh), 1606 (m), 1587 (vs), 1564 (m), 1547 (m), 1508, (261 (s), 1417 (m), 1371 (w),
1338 (m), 1277 (m), 1244 (w), 1174 (m), 1151 (n)22 (vw), 1093 (m), 1053 (w), 1020
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(s), 999 (s), 968 (s), 900 (W), 860 (w), 829 (WJLAm-s), 740 (m), 709 (s), 623 (W), 597
(s), 526 (w), 403 (w).

B.2.b.3 Synthesis of the Hydrated Tetrakis[2,3-di(2-pyri}iplorphyrazinato-Zr,
[PysPzZn]-9H,0

Zn(OAc), - 2H,0

[PysPzMg(H:0)]-4H0 > [PyPzZn]-9HO
CH,COOH, r.t., 5 h

[PysPzMg(H:0)]-4HO (41 mg, 0.028 mmol), and Zn(OAE2HO (20 mg, 0.09
mmol), were suspended in glacial §HOOH (3.5 mL). The mixture was kept at room
temperature for 5 h. After evaporation of the sotvihe solid material was washed with
water and acetone and brought to constant weigieruwacuum (18 mmHg; 22 mg, vield
49%). Calcd for [PyPzZn]-9HO, GsgHsoN1¢OoZn: C, 58.16; H, 4.35; N, 19.38; Zn, 5.65.
Found: C, 58.27; H, 3.34; N, 17.37; Zn 6.31%. IRBfKcm?): 3380 (broad), 1587
(vs),1565 (s), 1510 (w-m), 1466 (m), 1429 (w), 139%), 1344 (vvw), 1288 (vw), 1242
(m), 1151 (m), 1095 (w), 1049 (w), 1005 (m), 881),(%B5 (w-m), 744 (s), 700 (w), 607
(w), 494 (w).

B.2.c Heteropentanuclear Pt(ll) “Pyridylporphyrazines” of Formula
[(PtCl,)4PysPzM] (M = Mg" (H,0), Zzn")

The heteropentanuclear title complexes having JP&&kernally coordinated, were
prepared starting from the corresponding monometapecies [PyPzM] with M =
Mg"(H,0) and zH, by reaction with PtGlin DMSO, according to the following reaction

scheme:
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PtCl,

110°C,7h

B.2.c.1Synthesis of [(PtG)4PysPzMg(H.O)]

PtCl,

[PysPzMg(H0)]- 4H,0 > [(PtCh)sPysPzMg(HO)]
DMSO, 110 °C, 7 h

[PysPzMg(H:0)]-4HO (41 mg, 0.039 mmol) was suspended (partly digstlvn
freshly distilled DMSO (1.5 mL). The mixture, addef PtC} (55 mg, 0.210 mmol), was
heated at 110 °C for 7 h. After cooling and fiitra, the solid was washed with water and
acetone and brought to constant weight under vac{ifh mmHg; 16 mg, yield 20%).
Calcd for [(PtC}))4PyPzMg(H0)], CseH34ClsMgN160PY: C, 33.05; H, 1.68; N, 11.01; Pt,
38.34 %. Found: C, 33.74; H, 2.41; N, 9.78; Pt587IR (KBr, cm'): 3440 (m-s), 1616
(m), 1602 (m), 1562 (m), 1527 (vw), 1494 (vw), 1483, 1425 (w-m), 1398 (vw), 1367
(vw), 1288 (w), 1244 (w), 1230 (w), 1186 (w), 1169, 1134 (w), 1113 (w), 1095 (vvw),
1066 (vw), 1037 (w), 1034 (w), 983 (vs), 860 (w-82,7 (w-m), 814 (w), 775 (s), 712 (m),
677 (w), 604 (m), 571 (vw), 528 (vw), 337 (WMptc).

B.2.c.2Synthesis of [(PtG)4PysPzZn]-16H0-2DMSO

PtCl,

[PysPzZn]- 9HO ~  [(PtCh)sPysPzZn]- 16HO- 2DMSO
DMSO, 110°C, 7 h
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[PysPzZn]-9HO (21 mg, 0.018 mmol) and PtGR3 mg, 0.086 mmol) were suspended
(partly dissolved) in freshly distiled DMSO (1.5l The mixture was heated at 110 °C
for 7 h. After cooling and filtration, the sepamtsolid was washed with water and acetone
and brought to constant weight under vacuum ?(1GnmHg). Calcd for
[(PtCL)4PyPzZn]- 16HO- 2DMSO, GoH76ClgN1¢01sPuZn: C, 28.79; H, 3.06; N, 8.90; S,
2.56; Pt, 33.59. Found: C, 28.77; H, 2.44: N, 6832.27; Pt, 32.49%. IR (KBr, ¢t
3430 (s, broad), 1637 (m), 1612 (vww), 1602 (mpBAHwv-m), 1527 (vw), 1493 (w), 1471
(m), 1421(vw), 1400 (vw), 1369 (w), 1288 (vw), 12@8), 1155 (vw), 1115 (vw), 1078
(vw), 1041 (vw), 997 (s), 952 (vw), 881 (w-m), 8@@m), 773 (w-m), 727 (m), 613 (w-m),

337 (W-m,th.CD.

B.2.d Synthesis of Quaternized “Pyridylporphyrazines” of Formula [(2-
Mepy)sPzM]())s (M = Mg" (H-0), Zn")

Quaternized “pyridylporphyrazines” having the folmu(2-MepylPzM](ls) (M =
Mg"(H,0), Zn") can be prepared by methylation at the pyridineatdms of the
corresponding neutral complexes, §P¥M], by using CHl in DMF according to the

following reaction scheme:
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B.2.d.1 Synthesis of [(2-MepyPzMg(H,0)](l) s Z/1H,O

CH;l, DMF

[PysPzMg(H0)]- 4H,0 [(2-Mepy)sPzMg(HO)](1)s- 11HO

r.t, 20t

The complePysPzMg(H0)]-4H,0 (30 mg, 0.029 mmol) and GH(0.20 mL, 3.2
mmol) were added to DMF (1 mL) and the mixture \wept at room temperature for 20 h.
After evaporation of excess GHin air at room temperature, the solution was addé
benzene and kept in the refrigerator. The solid ensdt formed was separated by
centrifugation, washed with benzene and broughtaostant weight under vacuum {0
mmHg). Calcd for [(2-MepyPzMg(HO)](1)sA1HO, CssH7elsMgN16011: C, 33.21; H,
3.52; N, 10.28. Found: C, 33.97; H, 3.47; N, 9.908(KBr, cm): 3430 (m-s), 2979 (m),
1710 (w), 1624 (s), 1579 (w-m), 1512 (w), 1483 (vaA62 (vw), 1273 (m), 1049 (vw),
1016 (w), 1003 (m), 981 (w), 943 (w), 879 (vw), v&w), 762 (m), 700 (vw), 661 (vww).

B.2.d.2 Attempted Synthesis of [(2-MepzZn](1)s

CHl, DMF

[PysPzZn]-9HO —_— [(2-Mepy)PzZn](1)s- xHO
rt., 20t

[PysPzZn]-9HO (19 mg, 0.016 mmol) and GH(0.24 mL, 3.8 mmol) were added to
DMF (1 mL) and the mixture was kept at room tempermfor 20 h. After evaporation of
excess Chl, the solution was added of benzene and keptanrefrigerator overnight. Due
to the impossibility to isolate the solid by cefugation, it was extracted with water in a
separating funnel. The blue water solution contgjrihe complex was then left to evaporate

and the residue solid was brought to constant veigtier vacuum (I®mmHg).
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B.3 MONO- AND PENTAMETALLIC “THIENYLPORPHYRAZINES”

B.3.a Synthesis of “Thienylporphyrazines” of Formula [ThgTPyzPzM]
(M =2H', Mg" (H,0), Cd', cu", zn")

B.3.a.1 Synthesis of the Hydrated Tetrakis[2,3-di(2-thid)pyrazino]porphyrazinato-
monoaquo-M{, [ThsTPyzPzMg(HO)]-3H,0

This Md' complex was obtained by template cyclotetramddmabf the precursor

[(CN),Th,Pyz['® in the presence of Mgpropoxide, according to a previously reported

procedurée®

@S
CN
Z A Mg(OPr),
4 | ——>
A PrOH, reflux
CN

B.3.a.2 Synthesis of the Solvated Tetrakis[2,3-di(2-thie)pyirazino]porphyrazine,
[ThgTPyzPzH]-CFsCOOH-H,0

The free-base macrocycle was prepared as followse ™Md complex
[ThgTPyzPzMg(HO)]-3H,0 (200 mg, 0.157 mmol) was suspended, partly dissglin
CRCOOH (4 mL) and the mixture refluxed under stigrifor 5 h. After cooling, water

was added to the mixture (cautiously!) and the dbitblack solid was separated by
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centrifugation, washed several times with wateil urgutrality of the mother liquors, then
with acetone, and finally brought to constant weighder vacuum (I®mmHg; 155 mg,
yield 7®0). Calcd for [TRTPyzPzH]- CRRCOOH-HO, GseH26N16S3(CRCOOH)(H:0): C,
53.12; H, 2.23; N, 17.09; S, 19.56. Found: C, 531322.54; N, 16.93; S, 19.64%. IR
(KBr, cmY): 3400 (broad), 3300 (Wn.+), 1736 (w-m), 1518 (m), 1423 (m), 1385 (vs),
1319 (vs), 1309 (w) (sh), 1230 (w), 1202 (w), 11¥&), 1136 (m-s), 1084 (w), 1022 (vw),
904 (w), 852 (m), 841 (m), 777 (w), 744 (m), 708 690 (w), 523 (w).

B.3.a.3Synthesis of the Hydrated Tetrakis[2,3-di(2-thid)pyrazino]porphyrazinato-ZH,
[ThgTPyzPzZn]-4HO

The synthesis of the Zncomplex [ThgTPyzPzZn] is described here below as a
representative example of the general syntheticquhare used also for the other metal
complexes all prepared starting from the free-ligsed [ThhTPyzPzH] in the presence of

the corresponding metal acetate in DMSO at 120a%Gjescribed by the following reaction

scheme:
: s S : : S 8 :
\ / \ /
N /W/Nié/'“ N /TNYN\%/N
) A _ 7NN
N N M(OAC);xH0 N M\ N
/N = DMSO, 120°C / N/ N
YW I
O\ et O\ -~

S S
=~ — ~ _——

M=cCd', ", zn".

[ThgTPyzPzH]- CRCOOH-HO (61 mg, 0.047 mmol) and Zn(OA&QH,O (56 mg,
0.250 mmol) (molar ratio 1:5) were suspended isHhg distilled DMSO (3 mL) and the
mixture then heated to 120 °C and kept at this szatpre while stirring for 6 h. After

cooling and centrifugation, the separated dark rgre@id was washed repeatedly with
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water and acetone and brought to constant weigtierumacuum (18 mm Hg; 47 mg,
yield 62%). Calcd for [TEIPyzPzZn]-4HO, GgH3N1604SZNn: C, 51.14; H, 2.45; N,
17.04; S, 19.51. Found: C, 50.87; H, 1.99; N, 163020.02%. IR (KBr, cf): 3400
(broad), 1628 (w), 1543 (vw), 1514 (w-m), 1485 @55 (w), 1421 (m-s), 1362 (m), 1322
(m), 1317 (m), 1250 (m), 1232 (m), 1180 (m), 11619), 1049 (w), 996 (vw), 951 (w),
904 (m-s), 854 (m), 812 (vw), 774 (m-s), 746 (m)D7s), 666 (w), 634 (w), 566 (w), 523
(w), 452 (w).

B.3.b Heteropentanuclear Pd(ll) Complexes of “Thienylpophyrazines”
of Formula [(PdCl,),ThgTPyzPzM] (M = Mg" (H,0), zn")

The pentanuclear hydrated complexes of generalularftPdC}),ThsTPyzPzM] (M =
Mg"(H,0), Zn') were prepared starting from the correspondingrdtgd monometallic
species [TRTPyzPzM] by reaction with Pd€in tetrahydrofuran according to the following

reaction scheme:

Cl Cl

cl— Pld---Q Qs-— El’d— cl

. {
@\% g @QM #@
NS }4 / \N% . §4 N

THF, reflux

L L

=

/ N !

O\ Ly
= C|—|‘5d--s AN
0 O

M = Mg"(H.0), zr'

The synthesis of the Z2rcomplex[(PdCb)sThsTPyzPzZi is described here below as a

representative example.
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B.3.b.1Synthesis of [(PdG)4ThgTPyzPzZn]-6HO

PdC}L

[ThgTPyzPzZn]-4HO > [(PdCL),ThgTPyzPz]- 6HO
THF, 95 °C, 75 h

[ThgTPyzPzZn]-4HO (21 mg, 0.016 mmol) and PdQl3 mg, 0.080 mmol) (molar
ratio 1:4.5) were suspended (partly dissolved) T4 mL) and the mixture was heated to
reflux under stirring for 75 h. After cooling anerdrifugation, the dark-green solid was
washed repeatedly with water, twice with acetoné brought to constant weight under
vacuum (1F mmHg; 16 mg, yield 56%). Calcd forsgHseClsN1¢0sPhSsZn: C, 32.65; H,
1.76; N, 10.88, S, 12.45; Pd, 21.81. Found: C,32H 1.69; N, 9.48, S, 11.24; Pd, 23.40
%. IR (KBr, cm): 3400 (broad), 1632 (w), 1551 (vw), 1516 (w),194s), 1362 (s), 1317
(m-s), 1252 (m), 1232 (m), 1180 (m-s), 1101 (mi&K5 (vw), 1049 (vw), 904 (s), 856 (m),
812 (m), 773 (s), 746 (m), 713 (s), 702 (s), 66¥)(\b65 (Vw), 525 (W), 335 (W, py-c).
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Part C. Physical Measurements

Here below the different types of physicaht@ques utilized in the present work are
summarized.

NMR. NMR solutions measurements were made at the CNRed&ch Area
(Montelibretti, Roma) in collaboration with Prof.. IMannina. NMR spectral data were
obtained by dissolving the samples in 400 of DMF-d; (99.5%, CIL) or of DMSQds
(99.9%, Aldrich). The'H and**C experiments were performed at 27 °C on a Bruker
AVANCE AQS 600 spectrometer operating at 600.13 850.95 MHz, respectively, and
equipped with a Bruker multinuclear, z-gradienterse probeheadH and**C assignments
were obtained by means of HSQC experiments caotigdising 1024 data points in the 2
dimension and 512 data points in the f1 dimensianmecycle delay of 1s and a coupling
constant of 150 HZH and**C chemical shifts are reported in parts per milljppm) and
are referred to the residual proton (2.5 ppm) dmedresidual CH carbon (40.40 ppm) of
DMSO-ds respectively, or to the residual singlet protd@08 ppm) and to the CO (162.5
ppm) of DMFd;, respectively.

EXAFS Data Collection and Analysis of [(CN)Th,Pyz(PdCL);]. XAS (X-ray
Absorption Structure) spectra of solid [(GNh.Pyz(PdC}),] were collected in transmission
mode at the ELETTRA Synchrotron (Trieste, Italy) dhe beamline 11.1. Solid
[(CN).Th,Pyz(PdC}),] was diluted with boron nitride to give an absorptainange over the
edge of about one logarithmic unit. The storagg was operating at 2/2.4 GeV with an
optimal storage beam current of between 300 andni@0Measurements were carried out
at the Pd K-edge and the incident beam was mormahtized with a Si(111) double
crystal. To obtain good signal-to-noise statidhispectra were recorded and averaged. A Pd
foil internal energy calibration was measured stan#ously with each spectrum. The
energy was defined by assigning the first inflattpmint of the Pd foil spectrum to 24350
eVv.

EXAFS data analysis was performed using a GNXAS@m which has proven to give
reliable structural information also in the higheggy domairf®> The GNXAS method

accounts for multiple scattering (MS) paths by uiohg the configurational average of all
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MS signals to allow fitting of correlated distancasd bond length variances described by
Debye—Waller factors. Due to the short range seitgiof the EXAFS technique only the
first coordination shell up to 3.5 Bas been taken into account in the analysis. lipriz@s
two chlorine atoms, one nitrogen and one sulphomatEach theoretical signal has been
modeled with a gamma-like function which depends foar parameters, namely the
coordination number N, the average distance Rdistance variance” and the skewness
B. B is related to the third cumulang Gf the distance distribution through the relatiéy~
o’/B, and R is its first moment of the distance distiibn. Additional nonstructural
parameters were minimized, namely (Eore ionization threshold energy) angf.S east-
squares fits of the EXAFS raw experimental dataehbgen performed by minimizing a
residual functior® Phase shifts were calculated using muffin-tin ptiéds and advanced
models for the exchange-correlation self-energyd(iundqvist). The muffin-tin radii
were chosen according to the Norman criterion Wil®6 of overlapping.

Theoretical Calculations DFT and TDDFT calculations were performed in ortke
provide both gas phase structures and absorptiactrep of the two compounds,
[(CN),ThoPyz] and [(CN)Th,Pyz(PdC}),]. The calculations were done with gaussiaff03.
For the energy calculations and geometric optinorat the DFT method was used with the
B3LYP functionaf® using the 6-311+G(&) basis on the first and second row atoms and the
LANL ECP with a TZ basis on the Pd atdhExcited state calculations were performed by
means of the TDDFT methading the same functional and the same basis set.

Electrochemical and Spectroelectrochemical Measureemts The solvents used for
electrochemical measurements, pyridine (99.9+%),30M99.9+%) and DMF (99.8+%),
were purchased from Sigma-Aldrich Co. and were wgildout further purification. High
purity N, from Trigas was used to deoxygenate the soluteforb each electrochemical
experiment. Tetra-butylammonium perchlorate (TBAP, 99%) from Flukhetnika Co.
was used as supporting electrolyte (0.1 M for aycloltammetry and 0.2 M for
spectroelectrochemistry) and stored under vacuu® &€ prior to use.

Cyclic voltammetry (CV) was performed at 298 K wdah EG&G model 173 potentiostat
coupled with an EG&E model 175 universal programn@urrent-voltage curves were

recorded on an EG&G Princeton Applied Research m&i6151 X-Y recorder. A
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three-electrode system was used, consisting ofaasgl carbon working electrode, a
platinum counter electrode, and a saturated calomirence electrode (SCE). The
reference electrode was separated from the bulkisnlby a fritted-glass bridge filled with
the solvent/supporting electrolyte mixture.

UV-visible spectroelectrochemical experiments weagied out with a home made thin-
layer* cell which has a light-transparent platinum gauzeking electrode. The applied
potential was monitored with an EG&G Model 173 poiestat and UV-visible spectra
were recorded on a Hewlett-Packard Model 8453 davdiey spectrophotometer.

Singlet oxygen quantum vyield measurementsMeasurements of singlet oxygen
guantum vyield ¢,) of the complexes were carried out in DMF and/&AHCI by an
absolute method reported in the literattife®® recently modified by u¥ 1,3-
diphenylisobenzofuran (DPBF) was used as the sgeveof 'O,. Solutions of the
complexes (ca. 1810° M) and DPBF (ca. 5xI0M) in DMF were irradiated in a 10-mm
path length quartz cell with monochromatic lightgier LC Lasers/HG Lens, Global
Laser). The irradiation wavelength;( = 635, 670, 778 nm) was close to the maximum of
the Q-band absorption peaks for all the compoufs.light intensity was set to 0.300 mW
and accurately measured with a radiometer (ILT P8&L100/F/QNDS2, International
Light Technologies). The decay of DPBF absorptiod14 nm ¢°7°= 2.3x1d mol* L
cm™) was detected at 20 °C by a UV-visible spectropimatter (Varian Cary 50 Scan).

The @, values were obtained from the quantum yield of phetoreaction ®ppgp)

calculated with respect to different concentratiohBPBF, on the basis of Equation 2.1:

1 1 k1 1
+

CDDPBF _CDA k_rcDA [DPBF]

2.1)

whereky is the decay rate constant '@, in the solvent and is the rate constant of the
reaction of DPBF withtO,. The 1fb, value was obtained as the intercept of the Stern-
Volmer plot (1@pper Vs 1/[DPBF] (see Figure 3.34B in Part E of the Rssand
Discussion section), while tHe/k; value, which depends exclusively on the scaveagdr
the solvent used, is calculated by the ratio betvike slope and the intercept of each linear
plot. For the experiments in DMF and DMF/HCI, thé; value calculated was (3.3 £ 0.3) x

10°> M. This value compares very well with previouslybfished data for similar
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measurements: (2.9 + 0.3) X 1M (DMF),**" (3.7 + 0.4) x 18 M (DMF),>* and (3.0 + 0.2)
x 10°> M (DMF/HCI).>® This optimal agreement supports the reliabilitytioé ®, values
measured for the present compounds and reportedrirE of Result and Discussion.
Fluorescence measurementsSteady-state fluorescence and excitation speuaie
obtained in DMF and/or DMF/HCI with a Fluorescerggectrophotometer (Cary Eclipse,
Varian) using a 10 mm quartz SUPRASIL cuvette. Therescence quantum yields were
determined by a comparative method with a referstexedard of chlorophyb:(®F = 0.32,
ether solution), according to Equaton 2.2, wh@éris the integrated emission areais the
refractive index of the solvend is the absorbance at the excitation wavelengtiandR

indicate the sample and the reference.

S _ GSmSMF mR
F T GRm?

ether

e OF (22)

In all cases the absorbances of the solution wel@b0.1 at and above the excitation
wavelength.

Other Physical Measurements IR spectra of the solid materials as KBr pelletre
recorded in the range of 4000-250twn a Varian 660-IR FT-IR spectrometer. UV-visible
solution spectra other than those for spectro@ebt@mistry (see above) were recorded with
a Varian Cary 5E spectrometer by using 1-cm quantzttes. Thermogravimetric analyses
(TGA) were performed on a Stanton Redcroft modeAS81 analyzer under a N
atmosphere (0.5 L/min). Elemental analyses for C,NHand S were provided by the
“Servizio di Microanalisi” at the Dipartimento dihBnica, Universita “La Sapienza”
(Rome) on an EA 1110 CHNS-O instrument. X-ray powddfraction patterns were
obtained on a Philips PW 1710 diffractometer byngsa Cukx (Ni-filtered) radiation. The
ICP-PLASMA analysis of palladium, platinum and zweas performed on a Varian Vista

MPX CCD simultaneous ICP-OES.
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CHAPTER 3

RESULTS AND DISCUSSION

As will be extensively illustrated in this chaptarge part of the work conducted in this
thesis has been focused on the synthetic aspeuysjcpchemical characterization and
applicative perspectives of two types of new porphne macrocycles obtained from the
precursors 2,3-di(2-pyridyl)-6,7-dicyano-1,4-quiatire, [(CNYPyQuin] (Chart 3.1A) and
1,2-di(2-pyridyl)-1,2-dicyanoethylene, [(CPPy.Et] (Chart 3.1B).

e M oA
* q
NC/©; \‘ ~ NC/\:ji A
7 %
A: [(CN),Py,Quin] B: [(CN).Py:Et]
Chart 3.1

Mononuclear derivatives of formulae [(CIR),QuinMCl;] and [(CNYPywEtMCI;] (M =
Pd', Pt') were also prepared and studied, and data availabl both the compounds
[(CN),Py:Quin] and [(CN)Py-Et] and their P4 and Pt complexes will be discussed first
here below. The discussion will then be extendeth whe presentation of the results

obtained on the new series of related porphyraniaerocycles.
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Part A. Synthesis and Characterization of 2,3-Di(3yridyl)-6,7-
dicyano-1,4-quinoxaline, [(CN)Py,Quin] and 1,2-Di(2-pyridyl)-
1,2-dicyanoethylene, [(CN)Py,Et] and their Pd(ll) and Pt(ll)
Metal Complexes

A.1 Synthesis and General Properties of the Quinoxalen Derivative
[(CN).,Py,Quin] and its Complexes [(CN)Py,QuinPdCIl,] and

It is known from the literature that the dipyridpyrazine fragment can exhibit two
different bidentate modes of coordination to metak. One mode involves the N atoms of
the two vicinal pyridine rings (“py-py” coordinatip Scheme 3.1A). The alternative type of
coordination involves one pyrazine N atom and ongidme N atom (“pyz-py”
coordination, Scheme 3.1B). A number of exampleskamown in the literature in which

both types of coordination take plee.

Scheme 3.1

The present study on the quinoxaline compound EZgayridyl)-6,7-dicyano-1,4-
quinoxaline, [(CN)PyQuin] (Chart 3.1A) and its Pdand P! metal derivatives
[(CN)2PyQuinPdC}] and [(CNYPyQuinPtC}], was conducted as a work directed to
achieve a well defined level of preliminary infortiea on the coordination properties of the
dipyridinoquinoxaline fragment, useful to understarts role in the tetrapyrrolic

macrocyclic compounds described below amegded by using [(CBPyQuin] as
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precursor. The results allowed also a comparisdh thiose previously described by our
group on the parallel species 2,3-dicyano-5,6-gifdyl)-1,4-pyrazine, [(CNPY:Pyz],
and its corresponding mononuclear compounds [{RPyzMChL] (M = Pd', Pt') also
structurally elucidated in detdif*** Added information was given by previous work
conducted on the unmetalated compound [¢EMQuin] and its palladated derivative
[(CN)Py,QuinPdC}], this latter prepared by reaction of [(GR}Quin] with
(DMSO)PdCL.*

As described in the Experimental Section, the gxatine compound [(CNPy.Quin]
(Chart 3.1A) was prepared via a Schiffs base comsdgon of 2,2-pyridil and 4,5-
diaminophthalonitrile, according to the previousdyported procedur®.The compound was
converted in CHCN into its mononuclear derivatives [(GR)»QuinPdC}] and
[(CN)2PyQuinPtC}] by reaction with (gHsCN),PdCL and (GHsCN).PtCh, respectively.

The NMR spectra of [(CNPyQuin] and its monopalladated complex
[(CN)2PyQuinPdC}] were obtained in solution of DMS@ (Figures 3.1 and 3.2,
respectively). For the two compounds, thé and also®C NMR spectral data were
collected and are given in Table 3.1. Phespectral data are in substantial agreement with

those previously reported for both species in messolvent (DMSQ@ig).**

=

I |

8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 ppmr

Figure 3.1. 'H NMR spectrum of [(CNPy:Quin] in DMSO4; at 300 K.

65



r—— 1 1 - 1 -~ 1 - 1 - 1 -~ T - T
9.2 9.0 88 86 84 82 80 7.8 ppnr

Figure 3.2 '"H NMR spectrum of [(CNPY.QuinPdC}] in DMSO-ds; at 300 K. The singlet at
9.11 ppm is assigned to the aromatic CH protors ad 8 positions.The low intensity peaks
detected in the spectrum are due to a little amotiffCN),Py,Quin] present as impurity.

Table 3.1 'H and"*C NMR Assignments of [(CNPy,Quin] and [(CN)Py,QuinPdC}] in DMSO-
ds at 300 K.

[(CN),Py-Quin] [(CN)PyY,QuinPdCl,]
H m J(Hz) ¢ H m J(Hz2) ¥c
a? 8.307 ddd 4.8,1.7,1.0 149.0 9.080 bd 5.8 153.3
B* 7.420 ddd 4.8,7.6,1.3 1227 7.843 ddd 5.8, 7%,1 128.0
v 8.006 ddd 7.6,7.6,1.7 1377  8.269 ddd  7.7,7®,1 1415
6° 8.052 ddd  7.6,1.0,1.0 1248 7.954 ddd  7.9,09, 0 129.5
CH,CH 911 0 s 137.84

2 See Scheme 3.1A

Figure 3.1 and 3.2 show only one set of four resoegeaks associated with the hydrogen

atoms of the pyridine rings in tle 3, y andd positions (Scheme 3.1A). This unequivocally

indicates that the pyridine rings are equivalentlie two species, which is fully in line with

expectation at least for the unmetalated compo(@N)pPy.Quin]. The identicatH NMR

response of the pyridine rings for the palladatpdcies [(CN)PyQuinPdC}] strongly

suggests that the PdQlInit forms upon ligation to [(CMPy.Quin] a coordination site of the
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type NopynyPdCh which involves the N atoms of the two vicinal myne rings (“py-py”
coordination). This is in keeping with the findindsmsed on single crystal X-ray work for
the crystalline solid materfdi(see the structure shown in Figure 3.3A). Lookinghe
chemical shifts listed in Table 3.1, it is evideghat in going from the precursor to its
monopalladated complex a remarkable low-field staftobserved for three of the four
resonance peaks,@’, 8.307 - 9.080;3,3’, 7.420 - 7.843;y,y, 8.006 — 8.269), while the
fourth one shows a small change in the reversetire ©,6', 8.052 - 7.954). In keeping
with expectation, the highest shift is observedtf@a proton, which is the one closest to
the coordinated N atom (Scheme 3.1A). These reRulyscoincide with the NMR spectral
information achieved in DMIg; (see data in Table 3.2) for the parallel couple of
compounds 2,3-dicyano-5,6-di(2-pyridyl)-1,4-pyrazif(CNLPy:Pyz], and its related Pd
derivative [(CN)Py.PyzPdC}].?* The suggested “py-py” coordination for the lattasbbeen
confirmed by singe-crystal X-ray work on the sdifdhe same type of coordination was

established for the Panalog, [(CN)Py:PyzPtC}], by X-rays resolution of the structufe.

A B

Figure 3.3 An ORTEP representation (30% probability ellips)i of the
molecular  structure  of A)  [(CNPY.QuinPdC}|** and B)
[(CN),Py,PyzPdCJ] (top/front and bottom/side views).
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Table 3.2 'H NMR Assignments of [(CNPY,Pyz] and [(CN)Py,PyzPdC}] in DMF-d; at 300 K.

[(CN)Py-Pyz]" [(CN),Py,PyzPdChL]*
H m J(Hz) H m J(Hz2)
a® 8.367 ddd  4.7,1.6,1.4 9.216 dd 5.7,1.5
R 7.497 ddd  4.7,7.1,1.6 7.950 ddd 5.7,7.7,15
VP 8.068 ddd  7.1,7.6,1.8 8.352 ddd 7.7,7.7,15
> 8.093 ddd  7.6,1.6,1.3 8.027 i 5.7 15

2 Data takerfrom ref. 3; see Scheme 3.1A%h = hidden: the assignment was obtained by means
of 'H-'H COSY experiment.

With reference to the structure of the quinoxaktte complex?* the metal ion adopts a
square-planar coordination geometry, the site, NPdChL being oriented almost
perpendicularly to the plane of the quinoxalinades (dihedral angle between the pyridine
rings is 87.0(2)°), as can be seen in Figure 3.8Ad the seven membered ring
C3C4CsNsPdiN4 roughly approaching a boat conformation. The desdr geometry for
[(CN)2Py.QuinPdC}] closely resembles that found for the already citipyridinopyrazine
derivative [(CN)Py:PyzPdC}]** (Figure 3.3B) and the corresponding" Ptomplex,
[(CN).Py:PyzPtC}].% It is relevant that similar types of “py-py” codmdtion were also
established by X-rays for the related compoundgamoimg the quinoxaline fragment, ie.
dichloro(6,7-dimethyl-2,3-di(2-pyridyl)quinoxalinglladium(l1) >* dichloro(2,3-di(2-
pyridyl)quinoxaline)platinum(Iy® and dichloro(6,7-dimethyl-2,3-di(2-
pyridyl)quinoxaline)platinum(lI}®

The IR spectra for the [(CBBY.Quin] and its P§and Pt complexes are reported in
Figure 3.4. The spectrum of the precursor showerdnces with respect to those of the
metal derivatives, particularly in the range 11@D7cm'. Due to the assumed closely
similar structures of the Pand P! complexes, it is not surprising that the IR speofrthe
two compounds have an almost superimposable fonterdstingly, both Pdand PY
compounds show the presence of an absorption atcB4l not observed for the
unmetalated species, which can be assignegbas andveic, respectively. As the two
cyano groups, the position oy remains practically unchanged (2336-2337 ¢mwhen

going from the unmetalated compound to its metaldaves.
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Figure 3.4 IR spectra in KBr of A) [(CNPy.Quin],
B) [(CN),Py,QuinPdC}], C) [(CN),Py,QuinPtC}].

The UV-visible spectra of [(CMPyQuin] and its Pdand Pt complexes taken in
solution of CHCN show absorptions only in the range 200-500 nigufe 3.5), with three
distinct absorptions in the range 200-300 nm abdoad peak at 350-390 nm (quantitative
data in Table 3.3). The relative intensity of thsa@rptions in the range 200-300 nm changes
in going from [(CN)PyQuin] to its metal derivatives, whilst the absooptiof lower
intensity at ca. 350-390 nm becomes broader anbdapitp covers different absorptions.
These changes are evidently caused by the metdihgiat the dipyridinopyrazine fragment
of [(CN).PyQuin]. The observed absorptions for the threepmumnds can be confidently
assigned tort - T transitions, although a definitive assignationulcb be made by

theoretical calculations.
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Table 3.3. Quantitative

UV-visible

Spectral

Data of

[(CN),Py:QuinPdC}], and [(CN)Py,QuinPtCH, in CHCN.

[(GRY-Quin],

Compound A, nm (loge)
[(CN).PyQuin] 222 (4.47) 252 (4.65) 282 (4.42) 350 (3.98)
[(CN)2Py:QuinPdC}] 212 (4.74) 250 (4.63) 279 (4.54) 347 (3.96) &&O7)
[(CN).Py.QuinPtC})] 207 (4.60) 250 (4.68) 278 (4.66) 355(3.91) GB37)
154 252 A
104 222 282
0.5 350
00 T T 1
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0.8+
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3
<
347 360
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0.0 T T T 1
200 300 400 500
A (nm)

Figure 3.5 UV-visible spectra in CECN of A) [(CNLPy.Quin],
B) [(CN),Py,QuinPdC}], C) [(CN),Py,QuinPtC}].

Preliminary electrochemical measurements were madée precursor [(CNPyQuin]
[(CHPyQuINPdC}] and [(CNY}Py:.QuinPtCh]. Cyclic

voltammograms of the three species in DMSO forrdakeiction range (0.0-2.0 V) are shown

and its metal complexes

in Figure 3.6. Half-wave potential€y,, V vs SCE) of these species and the related
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dicyanodipyridinopyrazine [(CNPy.Pyz] and its P4 and Pt derivatives are reported in
Table 3.4.

[(CN)2Py:Quin]

[(CN)2PyQuinPdC}]

[(CN)2PyQuinPtC}]

0.00 -040 -080 -120 -1.60 -2.00
Potential (V vs SCE)

Figure 3.6. Cyclic voltammograms of [(CMPy,Quin], [(CN),Py.QuinPdC}]
and [(CN}Py,QuinPtC}] in DMSO, 0.1 M TBAP. Scan rate 0.1 Vs

Table 3.4 Half-wave Potentials for Reduction of [(CIR),Quin],
[(CN),Py-QuinPdC}], [(CN).,Py,QuinPtC}] and Related Compounds in
DMSO containing 0.1 M TBAP. Scan rate 0.1'Vs

Eip, V VS SCE

Compound Tred 29 red
[(CN)>Py.Quin] -0.88 ~1.66
[(CN),Py,QuinPdC}] -0.58
[(CN)>Py,QuinPtCh] -0.63 -1.37
[(CN).Py.Pyz] -0.87 -1.72
[(CN)2PY,PyzPdC}] -0.54

[(CN),Py,PyzPtC}] -0.60 -1.25

Upon scanning the potential from 0.0 to -2.0 V, tewgersible reductions &;/,, = -0.88
and -1.66 V, respectively, are obtained for a seae of 0.1 V3, involving stepwise one-

electron additions, as described by egs. 3.1 dhd 3.
71



(3.1)
(3.2)

[(CNYPYQuin] + &€ =~—— [(CNRLPyQuiIn]

[(CNRPYQuIn] + 6 === [(CNLPyQuIn*

The E;/2 values are similar to those observed for the dioglgoyridinopyrazine already
mentioned above [(CBPY.Pyz] in the same solvent (see Table 3.4 and Figufg -0.87
and -1.72 V respectively for the first and secoaduction. Noteworthy, in this case the
second reduction is irreversible and involves a fa€chanism (an electron transfer (E)

followed by a chemical reaction (C)), to give andemtified product that is oxidized B} =

-1.28 V in DMSO on the return anodic sweép.

-1.7z
— 0‘?}"'
[(CN)ZPYZPYZ] k——-w' 1.2¢
\_s
-1.6¢€

[(CN)XPy.PyzPdC}]

[(CN).Py:PyzPtC}]

0.00 -040 -080 -1.20 -1.60-2.00
Potential (V vs SCE)

Figure 3.7. Cyclic voltammograms of [(CNPY.Pyz], [[CN)LPy,PyzPdCJ]
and [(CN)Py,PyzPtC}] in DMSO, 0.1 M TBAP. Scan rate 0.1 Vs
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The cyclic voltammogram of the quinoxaline monoplated complex
[(CN)2PyQuinPtC}] in DMSO is also shown in Figure 3.6. Two revelsibne-electron
reductions are present in this solvent. It is wordking that the first one-electron addition at
Ei1» = -0.63 V is easier than that for reduction of flaeent unmetalated compound (Figure
3.6 and Table 3.4) by 250 mV. This clearly indisatieat coordination of the P#Qlnit at
the two pyridine sites of [(CMPy.Quin] causes electron-withdrawing effect, this
significantly facilitating the reduction process[@EN),Py.Quin] in the formation of the -1
charged species [(CDy-QuinPtCh". The doubly reduced [(CBRYQUINPtCH* (E1/p = -
1.37 V) is also significantly easier to generatenththe doubly reduced parent compound
[(CN),Py:Quin]* (E1» = -1.66 V), indicating that upon coordination dB the excess of
negative charge is adequately redistributed withenorganic fragment. The same trend was
observed for the analogous monoplatinated comgeX pPy.PyzPtC}], which is easier to
reduce than the corresponding unmetalated comp®@n).Py:Pyzf* (Figure 3.7 and
Table 3.4). The absolute potential difference betws , values for the second reduction of
[(CN).PyQuin] and the platinated complex [(GIR),QuinPtC}] (290 mV) is similar to
that observed for the first reduction of the same tompounds, this suggesting that RtCI
is retained on the molecule after the second eledtansfer. In summary two electrons can
be reversibly added to [(CBBy:-QuinPtC}] in the solvent examined, and these reactions are

given by egs. 3.3 and 3.4:

[(CNYPwQuUINPtCE + €

[(CN)2Py,QuIinPtCh] (3.3)
[(CN)Py:QuinPtCh]* (3.4)

[CN)PYQUINPICY  + &

For the monopalladated complex [(GRYQuinPdC}] the cyclic voltammogramm in
DMSO (Figure 3.6) shows an irreversible first retthut located aE, --0.58 V for a scan
rate of 0.1 V&. The electron transfer is easier by 300 mV, aspeosd to the first reduction
of the unmetalated [(CAPyQuin]. The similarity in the values of first redigt potential
of [(CN)Py.QuinPdC}] (E, - -0.58 V) and [(CN)PyQuInPtC}] (Ei. = -0.63 V) is
consistent with a similar site of electron transfeboth molecules, and is assigned at the

conjugated 1 system. The chemical reaction following electrorddiaon to
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[(CN).Py:-QuinPdC}] is consistent with a loss of the palladium fragireafter the formation of
Pd and P8>" after which the uncomplexed parent compound umgsrgeductions d - -
0.87 and -1.59 V (see Figure 3.6). The similanitythis behaviour with the findings for the

reduction of the analogous 'Pebmplex [(CN)Py,PyzPdC}] is evident (see Figure 3.7.

A.2 Synthesis and General Properties of [(CNPy,Et] and its Complexes

The compound 1,2-di(2-pyridyl)-1,2-dicyanoethyle(€N).PyEt] (Scheme 3.2A) was
deeply studied in our laboratory and was used asirgj material for the synthesis of a

novel series of macrocyclic porphyrazines named hgyridylporphyrazines”.

A: [(CN)Py.Et] B: “py-py*
Scheme 3.2

It was prepared according to a procedure alreadyorted®® by mixing 2-
pyridylacetonitrile and bisublimed iodine followdxy a treatment of the reaction mixture
with a methanolic solution of sodium methoxide. eTleaction mechanism consists of an

oxidative dehydrogenation process according tdahewing scheme:

~ ]
NC N
= 2 NaOCH, Z I, SCcH
2 NC_ | 2 N N | |
N -2 CHOH — -2 Nal
CH; : > o a ne— CH , N
FZ



The solid is obtained with high yields as a micystalline, air stable brown powder.
Attempts to obtain single crystals suitable foras-work were unsuccessful.

The reaction of [(CNPY:Et] with (CsHsCN),PdC}h or (GHsCN),PtCL in CH;CN leads
to the formation of the monometalated complexes N)EywEtPdCh and
[(CN).PywEtPtCL] as dark brown powders. Since ttis or trans arrangements predictable
for [(CN),Py:Et] were not accurately studied in the literatiings aspect was not considered
here, since, as it is obvious, upon successful latetn, the structure of the metalated
species formed must have the two pyridine ringsheir cis-arrangement, as shown in
Scheme 3.2B (“py-py” coordination). The structuteosld see the Mcentre to adopt a
square-planar coordination geometry provided byNrsoms of the two pyridine rings and
the chlorine atoms, with the formation of thed§MCI, coordination site (M = Pd Pt')
lying almost orthogonal to the plane defined bylthad system NC-C=C-CN. Attempts to
obtain single crystal suitable for single-crystatay work, so far unsuccessful, are in due
course in order to confirm the structure of the twetal derivatives, for which NMR spectra
provided useful support.

'H and **C NMR spectra of [(CNPYEt] and [(CNYPyEtPdCh] were measured in
DMSO-ds at 27 °C (see Figures 3.8 and 3.9 and Table 3.th&NMR assignments). For
both the precursor and its 'Pcomplex only one set of four resonance peaks iscied
with the H atoms of the pyridine rings, which iralies that the pyridine rings are equivalent
in both the systems, as expected. For data in Tablat can be notice that the external
coordination of a Pd@lunit does not seem to influence the resonance pesikions, ie. no
low-field shift is observed neither for the proton, which is the one closest to the
coordinated N atom (Scheme 3.2B), nor for the ofher, andd protons. This is quite a
different result from those seen for the othef' Bdrivatives of the “quinoxaline” and
“pyrazine” precursors discussed above; this coaddasonably due to the absence in this

case of delocalized electronic charge.
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Figure 3.8 *H NMR spectrum of [(CNPY.Et] in DMSO-ds a 300 K.
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Figure 3.9 '"H NMR spectrum of [(CNPY,EtPdC}] in DMSO-d; a 300 K.

Table 3.5 'H and™C NMR Assignments of [(CNPy.Et] and [(CN}Py,EtPdC}] in DMSO-ds at 300

[(CNPY-EL] [(CN)Py-EtPdCI;]
H m J (Hz) 3¢ H m J(Hz) 3¢
8.823 ddd 4.8,1.7,1.0 150.5 8824 hd 4.7 150.3

7.672 ddd 4.8,7.8,1.0 1271 7673 ddd 4.7,7.7,0.9 127.0
8.124 ddd 7.8,7.8,1.7 1388 8.125 ddd 7.7,7.7,1.7 1389
8.045 ddd 7.8,1.0 125.1 8.047 ddd 7.9,0.9,09 125.1

o< W Q
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The IR spectra in KBr in the range 1800-260"care shown in Figure 3.10 for the
precursor [(CN)Py:Et] and its Pland Pt derivatives. Important changes in the IR spectra
are observed in going from [(CMPy:ELt] to the two metalated derivatives. The spectoim
[(CN).PyEt] shows clean narrow absorptions throughout tnege. The quality of the
spectrum is not maintained for the two metal denes, and their spectra, similar to one

another, indicative of closely existing structufehtures, appear with lower and broader

absorptions.
A
T
B
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350
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Figure 3.1Q IR spectra in KBr of A) [(CNPY.EL], B) [(CN)Py.EtPdC}]
and C) [(CN)Py,EtPtC].

In the spectra of the two complexes, peaks areeptext 347 and 350 ¢ in a region
lacking of absorptions in the spectrum of the méts precursor, attributable agPd-Cl)
andv(Pt-Cl) for the Pl and the Pt complexes, respectively. Practically unchangethés
position of the intense absorption due to the shirg of the CN groups, at ca. 2210tm

(see Experimental Section), not shown in the figure
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Quantitative UV-visible spectral data for [(GIR)xEt] in CH;OH and CHCN and for
its Pd and P4 complexes [(CNJPYEtPdC}E and [(CNPWEtPtCh] in CHCN are
reported in Table 3.6. Figure 3.11 shows the spantCHCN for the three compounds in
the range 200-600 nm. The spectrum of the dicyayodiylethylene compound
[(CN).Py:EL1] is characterized in both the examined solve&itOH and CHCN by the
presence of absorptions in the range 200-230 nnadmmdad intense peak with maximum at
322-323 nm. In low donor solvents such as pyridD&SO and DMF only the absorption
at 325-335 nm can be evidenced due to the solNms@rptions in the region 200-300 nm.
The observed bands are assignett to 1t* transitions of the molecular system. The spectra
of the two metal complexes [(CHPy.EtPdC}] and [(CNYPWwEtPtCL] are very similar to
each other but different with respect to the spectof the metal-free precursor. The spectra
show absorptions in the range 200-230 nm and arlowensity absorption at 310-315 nm,
possibly assigned as - T1t* transitions, plus a broad tale in a wide rangethaf visible
(400-550 nm), more evident for the'Rebmplex, caused evidently by metalation (LMCT?).

2.0+ 323
{212

1.5\ 224 A
1.0+

0.5+

OO T T T T T T T
200 300 400 500 600

0.8+
224 B

0.44 313

Absorbance

462 494

0.0 T T T T T T T 1
200 300 400 500 600

0.64

0.2 312

OO T T T T T T T
200 300 400 500 600
A (nm)

Figura 3.11 UV-Visible spectra in CECN of A) [(CNLPy.ELt], B)
[(CN),Py,EtPdC}], C) [(CNRPY-EtPtCL].
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Table 3.6 Quantitative UV-visible Spectral Data of [(GRY.Et] in CH;OH, and
CH3CN and of [(CN)Py,EtPdC}] and [(CNYPy,EtPtCh] in CHsCN.

Compound Solvent A, nm (loge)
[(CN)PyEL] CHOH 212 (4.17) 222(sh)(4.10) 322(4.22)
CH.CN 212 (4.16) 224(sh)(4.07) 323(4.21)
[(CN)PyEtPdC] CHLCN 224 (4.17) 263 (sh) (3.92) 313(3.72) 462 (3.03) 494 (2.89)

[(CN)PYELPLCH] CHCN  231(4.18) 250(sh)(372)  312(3.86)

Just preliminary electrochemical measurements weside on the ethylene precursor
[(CN).PyEt] and its metal complexes [(CHy.EtPdC}] and [(CNYPy.EtPtChb]. Cyclic
voltammograms of the three species in DMSO arstiiied in Figure 3.12; the half-wave

potentials E1/2, V vs SCE) are reported in Table 3.7.

Table 3.7 Half-wave Potentials for Reduction of [(CIR).Et],
[(CN),Py,EtPdC}], [(CN),Py,EtPtCL] in DMSO containing 0.1 M TBAP.
Scan rate 0.1 Vs

Eip, V vs SCE

Compound Tred 29 red
[(CN),PyE1] -0.71 -1.15
[(CN),Py,EtPdC}] -0.70

[(CN),Py,EtPtCH] -0.70 -1.13

Upon scanning the potential from 0.0 to -2.0 V, tiewersible one-electron reductions
are seen dt;» = -0.71 and -1.15 V for the metal-free precurg@N),Py.Et] at a scan rate
of 0.1 Vs, leading to the formation of the -1 and -2 chargpdcies [(CNPY.Et]" and
[(CN),PyEt]*. This behaviour closely parallels what has beesn der the quinoxaline
compound [(CNYPyQuin]. The less negative potentials measured fON}(PyEt] indicate
that the electron capture by this compound is tydatilitated, particularly for the second
reduction.
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Figure 3.12 Cyclic voltammograms of [(CNPy-ELt], [(CN),Py.EtPdC}] and
[(CN),Py,EtPtC}] in DMSO, 0.1 M TBAP.

As to the monoplatinated complex [(GR),EtPtCb] two one-electron reductions are
also observed at half-wave potential valugég,(= -0.70 and -1.13 V) practically coincident
with those measured for the parent precursor. @iffely from the other examined systems
(see above) these reductions are not reversibleted cathodic peaks are visible at=&
1.23 and -1.68 V, whose explanation needs morensixte studies to be done. Worth of
notice is the fact that in this case the potentélBrst and second reduction are not shifted
at less negative values as observed above for theldpivative of the “quinoxaline”
precursor and its analogous dicyanodipyridinopyrazompound. In summary, this means
that the one-electron reductions are not easiertter platinated species and that the
electron-withdrawing effect of the P#Clgroup upon coordination to the precursor
[(CN),Py:Et] appears irrelevant. For the monopalladated ¢exnf{CN):LPyEtPdC}] the
situation in DMSO seem to be further complicated tuthe poor response, and associated
complicating elements, presumably due to the lobsthe palladium fragment and
irreversibility of the processes involved. Furthgudies to be conducted in different
solvents are needed to design a more clear picfuttee electrochemical behaviour of the

monopalladated species.
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Part B. Synthesis, General Properties and UV-visilel Spectral
Behaviour of Neutral Monometallic
“Quinoxalinoporphyrazines”, [Py sTQuinPzM], and
“Pyridylporphyrazines”, [Py gPzM]

B.1 “Quinoxalinoporphyrazines”, [PysTQuinPzM] (M = 2H', Mg" (H,0),
zn", CO”)

On the basis of our research work it has been ledted that the title
“quinoxalinoporphyrazines” having formula [f3QuinPzM] (M = 2H, Mg"(H,0), zZr',
Ca") (Figure 3.13) can be obtained in the followingsence [PyTQuinPzMg(HO)] -
[PysTQuinPzH] — [PysTQuinPzM] (M = zd', Cd").

Figure 3.1: Structural formulation of the “quinoxalinoporplagines”
[PysTQuinPzM] (M = 2H, Mg'(H,0), zrl', Cd").

The Md" complex [PyTQuinPzMd(H,O)] was prepared by a template
cyclotetramerization of its precursor 2,3-di(2-pt)-6,7-dicyano-1,4-quinoxaline,
[(CN)2Py,Quin], in the presence of magnesium propylate asrdeed in the Experimental
Section. The complex, which is formed in high yielsl a stable-to-air hydrated dark-blue
amorphous material, is formulated with one watetemale directly ligated to My in line
with a similar formulation for the complex [PyPyzPzMg(H0)].** The presence of such a
water molecule is difficult to be proved directhyt its presence is encouraged by the fact

that the MJ(H,0) moiety is commonly observed in porphyrazine magcles. Examples
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are the structures, elucidated by single-crystalrayxX- work, of the complexes
(aquo)(octakis(methylthio)porphyrazinato)-magnesilin ~ [(omtp)Mg(H,0)]>® and
[PcMg(H0)]2py*®° (Pc = phthalocyaninato dianion,s®B1¢Ns). The same monoaquo
moiety Mg(HO) was given some support of its presence for teeipusly reported My
complexes of the tetrakis(thia/selenodiazole)poratine§® and tetrakis-2,3-(5,7-diphenyl-
6H-diazepino)porphyrazin€:?° Interestingly, even the bis-hydrate [PcMg(¥] has been
recently reportet and a dimerized monohydrate of a low-symmetry porpzine
macrocycle have been structurally elucidat@dboth these examples proving the tendency
of Mg", if in the center of a porphyrazine macrocyclegdordinate water molecules.

Demetalation of the Mgcomplex with formation of the corresponding fiesse, ie. the
process [PyTQuinPzMg(HO)] - [PysTQuinPzH], is obtained in boiling glacial acetic
acid in fairly good vyield. [PyfQuinPzH] is formed as a solid, dark-blue, air stable
material. The used synthetic procedure is diffefearn that reported elsewhétéy direct
cyclotetramerization of the same “quinoxaline” presor [(CN}PyQuin] in the presence of
lithium pentoxide. Our attempts to reproduce thiscpdure were unsuccessful because of
the difficulties encountered in the separation padfication of the macrocycle. Conversion
of the free-base [RYQuinPzH] to its dark blue stable-to-air Znand Cd derivatives
[PysTQuinPzZn] and [Py QuinPzCo], was obtained with good yields in DMSOthe
presence of the pertinent metal acetate.

It is noticed here that all the new speciess[fuinPzM] (M = 2H, Mg'"(H,0), zr',
Co'") are obtained as hydrated species. In our expEriéghis is a common feature for
macrocycles carrying externally annulated heterocymgs, as has been frequently pointed
out!®*2136ch|atrated water is variable from batch to batahefach single species. It can
be easily eliminated by heating the macrocyclesaatl00 °C under vacuum. After the loss
of water, thermogravimetric analysis shows that mh&crocycles are stable in an inert
atmosphere at temperatures up to ca. 300 °C. Expasuhe heated samples to air leads to
a rehydration of the material. Throughout the pmeskesis, chlatrated water will not be
given in the formulated macrocycles unless stricdguired, due to its unrelevant role

played in the explored general physicochemical @rtogs and studied photoactivity.
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As a general observation, all the *“quinoxalinopomalzines” prepared are not
sublimable, and all the attempts made to isolaigles crystals suitable for X-ray work were
unsuccessful. The structural and electronic infaionawas essentially achieved by IR and
UV-visible spectral studies, as described below.

As illustrative examples, the IR spectra of the'Mgmplex [PyTQuinPzMg(HO)] and
the free-base [RYQuinPzH] are reported in the range 1800-260 dm Figures 3.14 and
3.15, respectively. The spectra are quite diffeferth one another, which can facilitate the
accomplishment of the preparation of the free liasa the Mg" complex. It is of interest
that formation of the free-base determines the a@mee of an absorption band at 3290 cm
(Figure 3.15, inset), which is assigned to t{BH) stretching of the central NH groups,
similarly to what has been seen to occur for ogaphyrazine macrocyclés?®% This
absorption disappears in the reverse process, enwhe free-base is converted, for
instance, into its Zh and C4 metal derivatives. Indeed the IR spectra of thdgame
complexes [Py QuinPzM] (M = Md'(H,0), Zr', Cd") are very similar to each other, thus
no matter which the type of metal center. The na#filerences between the spectrum of the
free-base ligand and those of the metal complexései range 1800-260 chare located in
the regions 1100-950 ¢mand 850-650 cih Particularly in this latter region, the
disappearance of absorptions at 856 and 775arnurs on going from the free-base to the

metal complexes.

1004

504

Transmittance

T T T T
1500 1000 500
cm’

Figure 3.14. IR spectrum in KBr of [Py QuinPzMg(HO)].
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Concomitantly, new absorptions appear in the sagen in the form of a clean triplet
with peak positions at 791, 746 and 708'dior the Md' complex and practically fall in the

same positions for the Zrand C4 complexes.
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Figure 3.15 IR spectrum in KBr of [Py QuinPzH].

B.2 “Pyridylporphyrazines”, [Py sPzM] (M = 2H', Mg" (H,0), Zn")
Template cyclotetramerization of 1,2-di(2-pyrid#l2-dicyanoethylene, [(CHWEL] in

refluxing propyl alcohol in the presence of magnexil) propylate gave the Mgomplex
[PysPzMg(H0)] (Figure 3.16). The crude material was purifidg chromatography on
alumina column by using as eluant a mixture of ZDROH in CHCE for the first column,
and a gradient from 5% to 30% of gbH in CHCE for the second column, as specified in
the Experimental Section. The alternative methodseparation and purification by
centrifugation and washing of the solid sample, awhis normally used for other
porphyrazine macrocycles, could not be used, ddleetdigh solubility of this compound in
a variety of non-donor (CHgICHsOH) or low-donor solvents such as pyridine, DMS@ an
DMF. Elemental analyses and an accurate contris dfV-visible spectrum were used for
the definition of the level of purity of the compuali The M{ species is obtained with low
yield as hydrated green stable-to-air amorphousdpowcarrying chlatrated water. The

amount of this water can vary significantly forfdient batches of preparation. It can be
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easily removed by mild heating (ca. 100 °C) undmuum. The M{species is formulated
as a monoaquo complex [fPgMg(H0)] for reasons adequately detailed above for the

quinoxaline Md complex [P¥TQuinPzMg(HO)].

Figure 3.16 The “pyridylporphyrazines” [RzM] (M = 2H, Mg"(H,0), Zn".

The free-base macrocycle gPgH] can be easily obtained by demetallation of
[PysPzMg(H:0O)] in glacial acetic acid at room temperature. pheduct was separated as a
hydrated dark-green solid, stable to the air upompdete evaporation of the solvent and
washings with water to neutrality.

The zr' complex, [P¥PzZn], was prepared by a trasmetallation procespending the
Mg" species in glacial acetic acid at room temperatutbe presence of an excess of zinc
acetate. The solid was isolated, after evaporaifdhe solvent and washings with water to
neutrality, as a hydrated dark-green powder, stablair. The occurred exchange of the
metal center was checked by elemental analysethdéocontent of C, H, N and Zn, which
confirmed the given formulation. The complex couldt be obtained by the process
[PysPzH] — [PysPzZn] due to the poor amounts of the starting madtand difficulties
with purification. Presently, it has been verifigmht the ZH complex needs further studies
and, due to the importance of this species for gtk applications in photodynamic
therapy, more research work is needed in ordebtaim adequate amounts of enough pure
material.

The observed high solubility in low-donor solvefygridine, DMSO, DMF) as well as
in non donor solvents like CHEfor the “pyridylporphyrazines” [R§?zM] so far prepared

(M = 2H', Md"(H-0), Zn'") (the maximum concentration of a saturated satutias ca. 18
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M for the Md' complex and ca. 1OM for the free-base macrocycle in DMF), allowed to
carry a preliminary NMR study on the macrocycfi#s.and**C NMR spectra of the Mg
complex were performed in DM& using a saturated solution which shows a UV-u&sibl
spectrum indicative of the exclusive presence efabmplex in its monomeric form, with
no traces of aggregation. THé NMR spectrum is shown in Figure 3.17 andtHeand**C
NMR assignments are reported in Table 3.8, togethidrthose of the respective precursor
[(CN),Py:Et] in DMSOds, for comparison. As can be seen from the figure omle set of
four resonance peaks is associated with the H atdrtise pyridine rings, which indicates
that the pyridine rings are equivalent, as expected

Table 3.8 'H and™C NMR Assignments of [(CNIPY.Et] in DMSO-ds,and of[PysPzMg(H0)]
in DMF-d;.

[(CNPY-ET] [PysPzMg(H:0)]

H m J (Hz) 3¢ H m J(Hz) 3¢

8.823 ddd 48,17,1.0 150.5 8766 ddd 4.7,1.8,09 1494
7.672 ddd 48,7.8,1.0 1271 7564 ddd 4.7,7.6,0.9 1227
8.124 ddd 7.8,7.8,17 1388 8201 ddd 7.6,7.6,1.8 1357
8.045 ddd 7.8,1.0 1251 8998 ddd 7.6,0.9,0.9 129.0

o< W Q

If we compare the data for the precursor with thoséhe macrocycle, it is interesting to
observe that, consequent to the formation of therocgcle, therering current induces a
low field shift of they andd resonances peaks of the pyridine rings, the madmiof this
shift depending upon the distances of the protomfthe central macrocycle. Thegy
protons are shifted by 0.077 ppm, while & & protons, being in the closest position to the
centralr-conjugated system, are shifted by 0.953 ppm.

This clearly indicates that the deshielding effettthe macrocycle on thé,d protons
overcome the influence of the pyridine N-atom oadkn’ protons. As a consequence, an
inversion of the position ofi,a’ and §,0' proton resonances is observed (see Table 3.8).
These results partially parallel those obtainedr@nprecursor dicyanodipyridinopyrazine,

[(CN),Py,Pyz] and the correspondingacrocycle [PyTPyzPzH].*
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Figure 3.17 *H NMR spectrum of [PPzMg(H0)] in DMF-d; at 300 K.

The IR spectra of the free-base macrocyclegfRit] and the M complex
[PysPzMg(H:0)] are reported in Figures 3.18 and 3.19, respsgt(range 1800-260 c).
The formation of the metal-free macrocycle from kg' complex can be easily followed
by the observed changes in the IR spectra in tbeeps [PyPzMg(HO)] - [PysPzH].
The absorption found in the IR spectrum of gPstb] at 3310 crit (Figure 3.18, inset) is
assigned as(NH). This absorption disappears during the fororatf the Zfl complex in
the reverse process [#BzH)] - [PysPzZn] as expected. The main differences betwesn th
spectrum of the free-base and that of magnesiunplexmn the range proposed in Figures

3.18 and 3.19 are located in the regions 1450-89band 800-700 cih
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Figure 3.18 IR spectrum in KBr of [PyPzH,].
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The free-base [RiPzH,], which displays a well resolved spectrum, shobsoaptions at
1417, 1338, 1272, 1174 and 968 “tand a peak at 707 ¢hwhich are not present in the
spectrum of the M complex.

The spectrum of this latter appears in general tess of absorptions and less well
defined. A doublelbcated at 1149 and 1095 ¢mppears characteristic of the monometallic
complexes, since it disappears going to the penteau complexes formed by external

coordination of four PtGlunits (see below).
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Figure 3.19.IR spectrum in KBr of [PyPzMg(HO)].

B.3 UV-Visible Spectral Behaviour of “Quinoxalinoporphyrazines” and
“Pyridylporphyrazines”

B.3.a“Quinoxalinoporphyrazines”, [Py sTQuinPzM] (M = 2H *, Mg" (H,0), zn", Cd")

The examined “quinoxalinoporphyrazines” fPQuinPzM]are completely insoluble in
water and exhibit very low solubility in nonaqueawsnpolar solvents (CHg;l CH.CL).
This novel class of macrocycles, due to their mexended macrocyclic framework with
respect to that present in the widely studied octdimated “pyrazinoporphyrazined™* are
generally less soluble than these latter specieacéhtrations ca. 10M and in rare cases
10* M are possible for the “quinoxalinoporphyrazines’ metal derivatives in the low-

donor solvents pyridine, DMSO and DMF. This allonsdhntitative UV-visible spectra to
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be accurately measured for the compoundsT®uinPzM] with the spectra showing in
most cases, immediately or after a short timegd#sgn typical of monomeric species. Data
are summarized in Table 3.9. Reasons will be gamercifically for those compounds and
solutions for which only qualitative spectra cobkltaken.

The UV-visible spectra of the Mgcomplex [P¥TQuinPzMd'(H-0)] in pyridine,
DMSO and DMF at concentration close to saturatizm (0" M) indicate the presence of
highly aggregated macrocycles. At more diluted Smhs (c< 10° M) stable spectra are
obtained with features expected for the monomgrécies characterized by HOMO-LUMO
TU - T¢ transitions, as indicated by an unsplit narrowb@nd in the 700-800 nm region,
accompanied by an absorption envelope in the Segidn (300-420 nm). These spectral
features recall those normally observed for phityalaine and porphyrazine macrocydies.
A similar spectrum for the Mgcomplex is obtained in CHEIThe spectrum is stable for a
few hours, but for longer times tends to changed€ling of the Q band and appearance of a
shoulder around 800 nm), due to the probable foomatf aggregates.

The zrd' complex [PyTQuinPzZn] shows in general more tendency to mdéecu
aggregation as compared to its 'Manpalogue. The spectrum in pyridine and DMF sotutio
is only little disturbed by aggregation and stablth the time (24 h). It shows a Q band of
comparable intensity with respect to the Soret b@ee quantitative data in Table 3.9). In
DMSO solution the Zhcomplex manifests strong aggregation also@i6°M (or lower).
Persistence of aggregation is seen also afterrigetiie solution at 120 °C for 1 h, so that
only qualitative UV-visible spectral data could bealuated. The spectrum of the'Zn
complex in CH{{ indicates complete absence of aggregation. Irtteghg, it shows a split

Q band with peaks at 775 and 796 nm (Figure 3.@8nftitative data in Table 3.9).
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Table 3.9 UV-visible Spectral

Data A( nm (log ¢)) of

pyridyl)quinoxalino]porphyrazines, [ByQuinPzM] (M = 2H, Md"(H,0), zd', Cd").

the Tetrakis[2,3-di(2-

Compound Solvent  Soretregion Q-band region
A, nm (log)

[PyTQuUINPzMg(HO)] Py 378(5.09) 534(410) 684(447) 70545 726(4.63) 765(5.21)
DMSO 371(503) 533(4.05) 676sh(4.40) 7(vsth) 756(4.96)
DMF  373(4.99) 535(399) 677sh(4.32) 698(445)  721(449) 9(5)
CHCE 374(500) 535394) 684(422) 701(421) 727(4.33) 766(5.11)

[PysTQuinPzZn| Py 376(5.25) 528(4.11) 702sh(4.98) H2=6) 763(5.29)
DMSO 369 526 704sh 728 756
DMF 373(4.93) 535(4.09) 699(4.61) 719(4.63) T9414.
CHCL  381(496) 546(4.23) 697sh(4.48) 774(4.93) 799(5.02
CHCE* 379 540 683 696 724 762

[PysTQuinPzCo| Py 360 483 536sh 674sh 23971 746
DMSO 355 460sh 683sh 707sh 743
DMF® 365 519sh 668sh 634 708 746

[PysTQuIinPzH] CHCL  353(499) 509(3.58) 686 (4.41) 702 (444) (4029 767(5.22)

aAfter addition of one drop of pyridin8After addition of HCI.

This is similar to what was observed also for tird Zomplex of the corresponding

pyrazinoporphyrazine [RYPyzPzZnJ**Addition of one drop of pyridine to the solution

determines the appearance of a narrow clean si@gand with maximum at 762 nm

(Figure 3.20). It is likely that traces of HCI pees in the CHG determine protonation of

the meso N atoms with consequent some loweringeofymmetry of the macrocycle as has

been seen in a work on the simple porphyrazine megcte®

Unlike the Md and Z complexes, the Cocomplex [P¥TQuinPzCo] shows heavy

aggregation in DMSO. Nevertheless, a fairly goodligative spectrum in this solvent can

be obtained after long centrifugation and heatingG°C for 30 minutes. Aggregation is

also disturbing in pyridine. Because of this, thgedrum in pyridine could not be

quantitatively estimated for its monomeric formsplige the detection of its pertinent peaks.
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Figure 3.2Q UV-visible spectra of [Py QuinPzZn]: in CHCJ (red
line) and inCHCI; after addition of one drop of pyridine (black lit

The spectrum of [RYfQuinPzCo] in DMF shows high aggregation (spectri@nin
Figure 3.21). In addition the complex in DMF underg a spontaneous metal-centered one-
electron reduction to its corresponding -1 spel@gsTQuinPzCY*". The reduction process,
caused by the presence in DMF of a reducing ageimethylamine?), is similar to that
observed (in the absence of aggregation) for tlate® Cd pyrazinoporphyrazine complex
[PysTPyzPzCo], for which one-electron reduction detemesias the main spectral changes
the total disappearance of the Q band with con@rhiappearance of a peak in the region
540-560 nm, not detected for WQuinPzCY', due to aggregation. Nevertheless,
reoxidation of the Co monoanion [PyTQuinPzCd* to the neutral Cb species
[PysTQuinPzCq] in its clean monomeric form can be ot#diupon addition to the solution
of progressive amounts of HCI (see spectral evaruih Figure 3.21).

Persistent aggregation dominates the UV-visiblectspke behaviour of the free-base
[PysTQuinPzH)] in pyridine, DMSO and DMF, no matter which thencentration of the
compound. The UV-visible spectrum of FQuinPzH] in DMSO and DMF presents
broad featureless absorptions of low intensity ugfmut the explored region. Aggregation
persists for this compound in DMSO or DMF even imgathe solutions up to almost 100
°C or in the presence of HCI, addition of which wiasnd resolutive in the case of other
porphyrazine macrocycles for the disaggregatiorcgss and formation of the monomeric
species. Interestingly, [EyQuinPzH)] is present in CHGIsolution in its practically pure

monomeric form (Figure 3.22) with a Soret band hguinaximum at 353 nm and a more
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intense sharp Q band at 767 nm (data in Table B893. aspect will be discussed in more
detail below in connection with the findings foretHpyridylporphyrazine” analogue
[PysPzH,] (data in Table 3.10) and the parallel pyrazingbgrazine macrocycle

[PysTPyzPzH] (data in Table 3.11).

1.0

Absorbance

Figure 3.21 UV-visible spectra of [Py QuinPzCo] in DMF: (a) spectrum of
[PysTQuinPzCo] immediately after dissolution; (b) firgdectrum upon addition
of slight excess of HCI.

From the spectral data in Table 3.9, it can be se&nthe Q-band peaks show a general
scarce dependence from the type of solvent. Thevisdle spectra of the Mgand Z
complexes are quite similar to each other in teohsiumber of absorptions and their
wavelength maxima. The Soret and Q bands of thecowmaplexes vary over narrow ranges
(371-381 and 756-766 nm, respectively). The spadtthe C8 complex, [PyTQuinPzCo],
in pyridine, DMSO or DMF are distinct from those thie other metal derivatives in that
they exhibit peaks of the Soret and Q bands whiehshifted to lower wavelengths by an
average of 16 and 13-20 nm, respectively. Thesknigs are in keeping with those observed
for the corresponding pyrazinoporphyrazine" Gzomplex, [PyTPyzPzCo] (see Table

3. 11) .21,31b,22
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Figure 3.22 UV-visible spectrum of [RyrQuinPzH] in CHCls.

B.3.b “Pyridylporphyrazines”, [Py sPzM] (M = 2H*, Mg" (H,0), Zn")

The examined pyridylporphyrazine macrocycles ofmfola [PgPzM] (M = 2H,
Mg"(H,0), Zn'") exhibit better solubility (saturation limit in DRifor [PysPzMg(H:0)] ca.
10° M) than the parallel series of quinoxalino- andrazjnoporphyrazine macrocycles in
the nonaqueous non-donor solvents (CHCIHH.CI,) and in the polar low-donor solvents
pyridine, DMSO and DMF. In all these solvents tlmmpounds [PyPzM] show spectra
with Soret and Q bands in line with those found fprinoxalinoporhyrazines and
pyrazinoporphyrazines, and porphyrazines in generaidencing the monomeric form
immediately after dissolution of the compounds fierashort times. The available UV-
visible spectral data for the all three compouriRisPzMg(H:0)], [PywPzZn] and [PyPzH;]
are summarized in Table 3.10.

The observed stable UV-visible spectra of the' Mgmplex [PyPzMg(H,0)] in the
solvents explored, ie. pyridine, DMSO, DMF and Cgi@irmally indicate the formation of
the exclusive monomeric form. The spectrum in CHSBlution shown in Figure 3.23
presents an absorption of very low intensity, raatishing with time, probably indicative of
the presence of subtle traces of an aggregatedespéss can be seen in Table 3.10, the
guantitative UV-visible spectral data show littlkeanges of the Soret and Q-band maxima
for the different solvents. The monomeric form eamed also at the highest possible

concentrations (ca. TV in DMF).
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Figure 3.23 UV-visible spectrum of [RyzMg(H0O)] in CHCL.

Table 3.10 UV-visible Spectral Data\( nm (loge)) of the Tetrakis[2,3-di(2-pyridyl)]porphyrazines
of Formula [PyPzM] (M = 2H', Mg"(H,0), Zr') in Different Solvents.

Compound Solvent Soret region Q-band region
A, nm (log)
[PysPzMg(HO)] Py 380(4.66) 581sh(4.19) 638(4.66)
DMSO 378(4.50) 579sh(4.04) 635(4.49)
DMF 376(4.61) 578sh(4.17) 636(4.68)
CHCL  377(4.49) 582sh(4.04) 637(4.47)
[PysPzZn] Py 379 581 638
DMSO 376 581 635
DMF 378 580 635
[PysPzH)] Py 372(4.58) 554sh(4.10) 598(4.43) 664(4.58)
DMSO 367 599 660
DMF 367(4.72) 555sh(4.26) 595(4.53) 660(4.68)
CHClL  368(4.59) 526(4.16) 595(4.40) 663(4.48)

As already detailed in the Experimental Sectioe, Zn' complex can be contaminated
by small amounts of its precursor and further jpeatfon is still needed. This is why in
Table 3.10 only qualitative spectral data are reggbrComparison of the data in Table 3.10
for the Md' and Zi' complexes shows that the two species have quit#asispectra in

terms of Soret and Q-band positions in the reg8#&380 and 635-638 nm, respectively.
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The free-base [RPzH,] exhibits stable spectra in solution of DMSO, DMiRd CHC}
(24 h for DMSO and DMF, few hours for CHEI The free-base behaves differently in
pyridine. Figure 3.24 shows the spectral changssrokd for the macrocycle in this solvent
as a function of time (24 h). Most likely, the fispectrum is a mixture of the monomeric
and dimeric form. This is strongly suggested byftrenation, during spectral evolution, of
isosbestic points at 403, 584, 614, 650 and 678Tma.final spectrum, attributable to the
macrocycle in its monomeric form, practically codes with those observed for all the
other solvents (compare the final spectrum of R4 with the spectrum of [fBzH] in
CHCl; in Figure 3.25). As can be seen, the spectrunhefriee-base shows then in all the
solvents two intense highly separated absorptiorisda region of the Q band at 595-599 and
660-664 nm (Table 3.10). The two absorptions, du¢he presence of the central NH
groups and the pertinentisymmetry of the central porphyrazine core, aregassl as the
two components of the Q band, ig, &hd Q, due to the transitions, a- bygand @ — bs,

respectively; the absorption in the Soret regioB6at-372 nm is assigned as the B band.
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Figure 3.24 UV-visible spectral changes of [§BzH,)] in
pyridine solution as a function of the time.
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Figure 3.25 UV-visible spectrum of [RyzH,] in CHCls.

As it has been noticed above, the spectrum of theogalinoporphyrazine macrocycle
[PysTQuinPzH] shows an unsplit Q band at 767 nm in Cgl®urthermore, the
pyrazinoporphyrazine corresponding free-basgTPyzPzH] shows in CH solution a
split Q band with peaks at 635 and 668 nm. Thusth@ sequence [B¥zH)] -
[PysTPyzPzH] - [PysTQuinPzH)], which sees a progressive increase of the exiers
the centraltconjugated porphyrazine framework, the relatededdhce in nanometers
between the Q-band components decreases from 6tr6&r [PyPzH,] to 33 nm for
[PysTPyzPzH], finishing with O nm for the quinoxaline macro¢gc[PwTQuinPzH).
These findings seem to suggest that the splittinth® by and by HOMO energy levels
decreases with the increase of the complexity efrthdelocalized system of the different
macrocycles. In other words, the effect of the lomge of the symmetry,, — D, due to
the asymmetry of the central porphyrazine tovanishes with the expansion of the
macrocycle.

The presence of a split Q band for §P¥H] suggests a higher relative stability of the
neutral form with respect to that of its deproteaaform [PyPz} in pyridine. Worth to
notice, the corresponding pyrazinoporphyrazine-tvase [PyTPyzPzH], which shows a
well seen split Q band (636/668 nm) in Chl@hd CHCI, and in CHCOOH (640/666 nm)
indicative of the presence of the neutral sped®glPyzPzH] (D2, symmetry), the same

species exhibits a clean unsplit Q band (667 nnpyndine (see spectra in Figure 3 ref 1)
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which addresses for the occurrence of the macredyclts dianionic form [PyTPyzPzf
(Dsn Ssymmetry) consequent to release of the central téin@ Thus, the achieved
information of the UV-visible spectral behaviour jpyridine solution of [PyPzH,] and
[PysTPyzPzH], seems to suggest that the former speciesPiy], is less acidic than the
latter, in which the presence of the external pyi@zings, annulated to the central pyrrole
rings, due to their electron-withdrawing propertiserease the electron-deficiency of the
macrocycle, thus allowing release of the centratgrs. It is most unfortunate that the same
level of information could not be obtained for tparallel quinoxalinoporphyrazine free-
base for the very pooor response given under thexalored conditions in the same
solvent.

One further aspect emerging from the consideraifahe UV-visible spectral features
of the “pyridylporphyrazines” and “quinoxalinopongiazines” (see Tables 3.9 and 3.10) is
the different position of the entire barycentretltg explored region of the spectrum (300-
800 nm) for these two new classes of macrocyclekingy as reference the approximate
average value (nm) of the Q-band position, it can deen that in going from
pyridylporphyrazines (635 nm) to the quinoxalinggoyrazines (760 nm), the relative
bathochromic shift for the latter species is 125 fiimis so relevant difference in the Q-
band positions finds the series of “pyrazinoporplaymes” (data in Table 3.11) placed just
in between the two presented extremes, the aveépagand maximum being at 659 nm.
These findings are well exemplified by the seriespectra shown in Figure 3.26 for the
Mg" complexes. It can be seen that the Q-band maxasitigns incredibly well coincide
with the average values reported above. This sgdothaviour finds strong support in the
work directed to explain the influence on the egelgvel diagram for a series of
macrocycles of the type shown in Figure 9 of rdf*®Bit is shown that with increasing the
expansion of the delocalized-conjugated framework the difference in energy loé t

HOMO-LUMO mt- Tt orbitals progressively decreases.
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Figure 3.26.UV-visible spectra in DMF of [R§fzMg(H0)](red), [P¥TPyzPzMg(HO)](blue),
and [P¥TQuinPzMg(HO)](black).

Table 3.11 UV-visible Spectral Data A( nm (log ¢)) of  Tetrakis-2,3-[5,6-di(2-
pyridyl)pyrazino]porphyrazines of Formula [HWPyzPzM] (M= 2H, Mg'(H,0), zn', Cd") in Different
Solvents.
Compound Solvent  Soret region Q-band region
A, nm (log)
[PysTPyzPzH| CHCL  356(5.05) 400sh 582(440) 609(4.57) 6184.61) dARHG 668(5.21)
[PyTPyzPZ Py 362(4.83)  402sh 605(4.39) 643sh 667(5.06)
DMSO 362 402sh 607 635sh 664
DMF 360 402sh 606 632sh 662
[PyTPyzPzMg(HO)] Py 375(6.23) 596(4.65) 631sh(4.64) 658(5.54)
DMSO 374(5.08) 566sh(3.96) 594(4.36) 629sh(4.5653(5.34)
DMF  370(4.94) 579(4.39) 628sh(4.43) 658(5.20)
[PysTPyzPzZn| Py 378(4.90) 598(4.31) 630sh(435) 53
DMSO 372(5.10) 565(@454) 592(4.54) 629sh(4.6855(5.36)
DMF  375(4.90) 600(4.38) 626sh(4.84) 657(5.15)
[PysTPyzPzCo] Py 364(5.01) 441(4.40) 575sh 635(4.94)
DMSO 355(5.23) 450sh(4.65) 586sh(4.71) 634)(5.24
DMF 353 442 579 634

4 DMF added of HCI; spectrum perturbed by aggregatio
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Part C. Pentanuclear “Quinoxalinoporphyrazines” and
“Pyridylporphyrazines” of Respective Formulae
[(M'CI 5)4PysTQuinPzM] (M = Mg"(H,0), zn", Pd', Pt"; M’ =
Pd", Pt') and [(PtCl,)4PysPzM] (M = Mg" (H,0), zn")

The above reported mononuclear quinoxalinoporpliyeszand pyridylporphyrazines
have offered the opportunity to explore the posgsibrmation of pentanuclear species by
exocyclic coordination of Pdgland PtCl units. The results of this research item are

reported here below.

C.1 General Properties of [(M'Cl,)4PysTQuinPzM] (M = Mg " (H,0), Zn",
Pd",pt"; M =Pd", Pt")

The heteropentametallic species [(POUBYsTQuinPzM] (M = Md'(H,0), zr")
(Scheme 3.4A) having four externally coordinatedCRdinits have been prepared by
reaction of the respective monometallic complexhviRtdC} (molar ratio PdGImacrocycle
> 5:1) in DMSO at 120 °C for 7-8 h, as specifiedhe Experimental Section. Larger molar
ratios (ca. 8:1) were used for the preparationtbé homopentametallic Pccomplex of
formula [(PdC})4PysTQuinPzPd] for which the starting material was tree-base ligand.
These reaction conditions led systematically anutoducibly to the formation of a single
porphyrazine product, as confirmed by elementalyaea for C, H, N and Pd.

All the compounds were obtained as hydrated dauk-lplowders, stable to the air. As
specified above for the parent “quinoxalinoporplayma” macrocycles, retention of
clathrated water molecules by the solid materiah isnown feature for these and related
porphyrazine systems. This water is normally eletaa by heating under vacuum at mild
temperatures, but it is again at least partly veoed by exposure of the porphyrazine
compounds to the air, as verified also for the gmespecies. The number of retained water
molecules can be different from batch to batchelach compound, and hence clathrated

water is not shown in the formulation of the compas![(PdCl),PysTQuinPzM].
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Analogous but more drastic reaction conditionsdenreaction times) were used for the
synthesis of the homo- and heteropentanuclear nplati complexes of formula
[(PtCL)4PysTQuinPzM] (M = Md'(H,0), zrl', Pt) (Scheme 3.4B), which were prepared in
the same solvent (DMSO) by reaction of the monaearctlerivatives for Mgand zr, and
of the free-base ligand for the pentaplatinatedcigge with PtGl (molar ratio
PtCh/macrocycle 6-7:1). The purity of the compounds,cwhare dark-blue, air stable
solids, has been systematically checked by elerhan#dysis for C, H, N, Pt. Also for these

species all of the reported compounds carry clatedrwater molecules of variable amount.

79
N M—cl
=
[
Cr
<
-
\\ cl

Scheme 3.4A) M = Md"(H,0), zd', Pd'; M’ = Pd"'
B) M = MY{H,0), zd', Pt'; M’ = Pt"

A noteworthy feature in the IR spectrum of the @ddited and platinated complexes is
the presence of the stretching of the Pd-CIl an®tdZ| respectively as a moderately intense
absorption at 335-337 ¢mOn going from the mononuclear to the pentametabimplexes
the disappearance of absorptions at 1585, 999 ad@m’ is also observed. Actually these
absorptions were of some utility in discriminatitige monometallic complex from the
pentametallic species during the synthetic procesiuiThe IR spectrum in KBr of

[(PtCL)4PysTQuinPzMg(HO)] is reported in Figure 3.27 as an example.
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Figure 3.27. IR spectrum in KBr of [(PtG),PysTQuinPzMg(HO)].

All the pentanuclear palladated and platinated isgesre completely insoluble in water
and generally show very poor solubility (lower nht&hat of the parent mononuclear
compounds, especially for the platinated speciesjonaqueous nondonor (CHLor low-
donor (pyridine, DMSO, DMF) solvents, giving gerirastrong aggregation also at low
concentrations (I0 M). This is the reason why it was not possibleprform NMR
measurements, nor to prepare single crystals $mifab an X-ray investigation useful to
achieve information on the molecular structure bé& tcompounds. Insights into the
structural features of the palladated complexesewaade possible from théd NMR
spectra and the X-ray data of the related earlicudsed palladated precursor
[(CN).PyQuinPdC}] which unequivocally indicate a “py-py” coordinati mode of the
dipyridinoquinoxaline fragment for PdFurther support is also given by the data reporte
in the literature on the analogous palladated Pyoporphyrazine  species
[(PAChL).PywTPyzPzM] (M = Md(H,0), cd', zn", cd', Pd').?*?*?|t can therefore be
confidently concluded that the “py-py” coordinationost likely occurs in the present
pentanuclear quinoxalinoporphyrazine complexes @&iPywTQuinPzM] (M =
Mg"(H0), zr', Pd', Pt'; M’ = Pd", Pt') with the four square-planarafy,»M’Cl , moieties
displaced out of plane and directed nearly perpetai to the plane of the
quinoxalinoporphyrazine ring. Also we can assumeamalogy with the case of the just
mentioned pyrazinoporphyrazine complexes, thatatgely prevalent isomer formed is the
4:0 isomer (G, symmetry) which carries the exocyclic dipyridind€, fragments on the

same side of the macrocyclic porphyrazine framewbiure 1.19). It should be noted that
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for the series of externally platinated speciesG(PBsPysTQuinPzM] NMR or X-ray data,
not yet available, on the relative platinated preou[(CNLPy.QuinPtC}], might provide

further support to the structural features of #lated pentanuclear macrocycles.

C.2 General Properties of [(PtCh).PysPzM] (M = Mg" (H,0), Zn")

The [(PtCh).PysPzM] complexes (M = MH,0), Zr') (Scheme 3.5), were obtained
by platination of the corresponding mononucleargi2] derivatives by reaction with
PtCL (molar ratio PtG¥Ymacrocycle ca. 5:1) in DMSO at 110 °C for 7 hdatailed in the
Experimental Section. These reaction conditiodsskstematically and reproducibly to the
formation of a single porphyrazine product, as cardd by elemental analyses for C, H, N
and Pt, but the yields were very low especiallytfer Zri complex, and further studies are
needed to improve reproducibility and yield of tteaction. Both the compounds were
obtained as hydrated green-blue powders, stabtbet@ir. The number of retained water
molecules can be different from batch to batchdach compound. Interestingly, for the
synthetic procedure reported in the Experimentaiti®e the Md is formulated just as
monoaquo derivative with one water molecule digettbund to the metal center, and no

clathrated water molecules were found present.

Scheme 3.5[(PtCL).PysPzM] (M = Md'(H,0), zn").
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A noteworthy feature in the IR spectrum of theaptatinated M§ and Zif complexes
is the presence of the stretching of the Pt-Cl basd moderately intense absorption at 337
cm’. The IR spectrum of [(Pt@kPysPzMg(H:0)] in the range 1800-300 ¢his shown in
Figure 3.28. The external platination leads to geanin the spectrum of the monometallic
species with disappearance of absorptions at 15863, 1149, 1095, 821 and 742 tm
whereas new absorptions appear at 1560, 1471, i@J L cnt. The absorptions at 983,
777 and 602 cih present in the spectrum of the starting'Mgmplex, show much higher

intensities in the spectrum of the tetraplatinatpecies.
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Figure 3.28 IR spectrum in KBr of [(PtG)4PysPzMg(HO)].

As already pointed out for the two metal derivadivé the related precursor of formula
[(CN),PyEIMCl,] (M = Pd', Pt"), the ligation of the MGl units to the porphyrazine
macrocycle obviously takes place at the N atomsth@ pyridine rings (“py-py”
coordination) as strongly suggested by the abovetioreed NMR spectral data for the
compound [(CN\N)PyEtPdC}]. Again, the proposed overall structure of thetpeaclear
species sees the four square-planagyMMCl, coordination sites all directed nearly
perpendicularly to the plane of the porphyrazineecand oriented on the same side of
macrocyclic framework (Figure 1.19). An unequivoassignment of this structure waits for
the '"H and®*C NMR spectral measurements, which should beita@ietl by the higher
solubility of these pyridylporphyrazines with respeo the pyridinated quinoxalino-

analogues.
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C.3 UV-Visible Spectral Behaviour of the PentanuclearCompounds
[(M'CI ,)4PysTQuinPzM] (M = Mg " (H,0), zn", Pd', Pt"; M’ = Pd", Pt")
and [(PtCl,)4PysPzM] (M = Mg " (H,0), zn")

The title pentanuclear quinoxalinoporphyrazines '{M),PysTQuinPzM] (M =
Mg"(H,0), zd', Pd', Pt'; M = Pd', Pt") exhibit even lower solubility than the
corresponding mononuclear species. In addition #ppear as highly aggregated species in
solution of pyridine, DMSO, and DMF. Blue-greeniwdans are obtained in these solvents
and their UV-visible spectral behaviour could beéyajualitatively studied. It was verified
that no spectral data could be taken in pyridin©®MSO solution for the pentanuclear
complexes with central Mg and zf, ie.  [(PAC})sPywTQuinPzMg(HO)] and
[(PACh)4PysTQuinPzZn], because both complexes, immediatelgr aftssolution, release
the external PdGlunits with formation of the respective mononucleamplexes. It is
worth of notice that, analogous depalladation whseoved in pyridine solution for the
externally palladated pyrazinoporphyrazine macrtes/¢(PdC}),PysPyzPzM], but not in
DMSO2#%?2  The externally tetraplatinated Mg and Z{  complexes,
[(PtCL)4PysTQuinPzMg(HO)] and [(PtC})4PysTQuinPzZn], exhibit stable solution spectra
in that they do not manifest the tendency to labseexternal PtGlunits. However, heavy
aggregation, especially in the case of thé Zomplex, is present in solution of all the
solvents examined, including DMF (blue-violet salas), and disaggregation is not
obtained by heating the solutions at 70-80 °C asnugilution (c = ca. 10 M). Slightly
more stable solutions are obtained in DMF, whessatiation of PdGlis observed after ca.
1 h. No different behaviour was seen for the homtgpmiclear species
[(PACL)4PysTQuinPzPd] and [(PtG,PysTQuinPzPt]. The qualitative spectral data

collected for the species examined are given iblela.12.
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Table 3.12 Qualitative UV-visible Spectral Data\,(nm) for [(M'CL)PyTQuinPzM] (M =
Mg"(H,0), zn', Pd', Pt': M’ = Pd", Pt") and [(PtC}).PysPzM] (M = Md'(H,0), Zr') in Different

Solvents
Compound Solvent Soret region Q-band region
A, nm
[(PAChL),PysTQuinPzMg(HO)] DMF 385 777
[(PACL)4PysTQuinPzZn] DMF 362 777
[(PtCL).PysTQuinPzMg(HO)] Py 392 733 788
DMSO 393 721sh 776
DMF 393 725sh 776
[(PtCL)4PysTQuinPzZn] DMF 388 773
[(PtCL,),PysPzMg(H:0)] Py 399 600sh 663
DMSO 394 607sh 660
DMF 395 596 651
[(PtCl,)4PysPzZn] Py 399 600sh 648
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Figure 3.29 UV-visible spectra in DMF of [RyQuinPzMg(HO)]
(blue line), and [(PtG)4PysTQuinPzMg(HO)] (black line).
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The spectra of all the pentanuclear species altoidentify the peaks attributable to the
monomeric species, of which the Q band and the Bdb@&oret region), assigned to
intraligand et transitions, are found at 773-788 and 385-392 rempectively. It can be
seen that, after external palladation or platimatid the monometallic complexes at the
dipyridinoquinoxaline fragments, the Q band of tlesulting pentanuclear products is in
each case shifted bathochromically of ca. 20 nnc@spared to the position of the
respective Q band of the corresponding mononudpacies [PyTQuinPzPM] with the
same central metal ion (compare data in Table 8dOTable 3.12). In Figure 3.29 the UV-
visible spectra in DMSO of the mono- and pentartietdlg" quinoxaline compounds are

reported.

Table 3.13 UV-visible Spectral DataA( nm (log €)) of [(PAC}) Py TPyzPzM] and
[(PtCL),PysTPyzPzM] (M = Md (H,0), Zr!', Pd") in Different Solvents.

Compound Solvent  Soret region Q-band region
A, nm (log)
[(PACL),PysTPyzPzMg(HO)] DMSO 342 368sh 597 656
DMF 342 600 662
[(PACL)4PysTPyzPzZn] DMSO 370(5.03) 598(4.47) 657(5.23)
DMF 377(4.86) 420sh(4.57) 600(4.38) 662(5.26)
[(PACL)PysTPyzPzPd] DMSO 341(5.02)370sh(4.69) 575(4.34) 636(5.03)
DMF/HCI 343(5.00) 575(4.37) 635(5.11)
[(PtCL),PysTPyzPzMg(HO)] Py 387(4.68) 608(4.22) 639sh(4.24) 671(4.96)
DMSO 385(4.17) 600(4.22) 628sh(4.26) 659(5.00)
DMF 383(4.69) 603(4.18) 664(4.96)
[(PtCL)4PysTPyzPzZn] Py 391(4.82) 607(4.36) 672(5.20)
DMSO 382(4.91) 603(4.44) 667(5.30)
DMF 382(4.91) 603(4.44) 667(5.30)
[(PtCL),PysTPyzPzPt] Py 322(5.07)368(5.08) 571(4.62) 631(5.36)
DMSO 323(4.99) 361(5.00) 568(4.48) 627(5.18)
DMF 321(5.05) 363(5.02) 566(4.51) 624(5.26)

106



This trend is evidently the result of a loweringtbé HOMO-LUMO gap upon going
from [Py TQuinPzM] to [(PdG)4PysTQuinPzM] or to [(PtG)sPysTQuinPzM]; noteworthy
these results parallel what is seen for the pyogorphyrazine analogs [PWPyPzM], for
which the same bathochromic shift is observed umotternal palladaticii®®® or
platinatior?® (see data in Tables 3.11 and 3.13).

The UV-visible spectral behaviour of the [(P{GPysPzM] complexes (M = M§H,0),
Zn'"), was studied in pyridine, DMSO and DMF. The 'Mpecies [(PtG)sPyPzMg(H,0)]
shows in all solvents initial low aggregation whigmnds to increase with the time (24 h).
The decreasing Q band is substituted by a new banits red side and spectral changes
evidence clean isosbestic points in pyridine and9Mss well defined changes in DMSO)
indicating an equilibrium between two species (mmacdimer?). The initial spectra show
the presence of a Q band at 651-663 nm (pyrididdSO) and a Soret band at 394-399 nm,
the observed peaks due to intraligamt* transitions. The Q band is at 648 nm for thé Zn
companion species. The peaks of the monomeric espeor both the MY and zr
compounds could be easily identified and they msted at the bottom of Table 3.12. After
external platination of the monometallic complexshe dipyridino-double bond C = C
fragments, the Q band of the new formed pentanusfaecies are shifted bathochromically
by ca. 15-25 nm as compared to thegfg(HO)] complex in the same solvents (see
data in Table 3.10 and Table 3.12). The initialcszein DMF of [(PtC})4PysPzMg(H:O)]

and the related monometallic speciessfPyMg(HO)] are shown in Figure 3.30.
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Figure 3.3Q UV-visible spectra in DMF of [(Pt@LPysPzMg(HO)]
(black line) and [PyPzMg(H0)] (blue line).
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As observed for the “quinoxalinoporphyrazines” ttéadency is evidently the result of
a lowering of the HOMO-LUMO gap upon going from jPgM] to [(PtC}),PywsPzPM];
noteworthy these results parallel what is seen tfer pyrazinoporphyrazine analogs
[PysTPyPzM] (see Tables 3.11 and 3.13).

Only preliminary studies have been conducted orzife complex [(PtCl)4PysPzZn],
whose behaviour needs further investigation. Thigainspectrum in pyridine is a typical
spectrum of a monomeric species with a narrow Q@ lvaith maximum at 648 nm shifted
bathochromically of 10 nm with respect to the sdrard for the mononuclear [§BzZn].
The spectral changes with time lead to a final spat in which the Q band almost
disappears while a new narrow band, of lower intgngth respect to Q band, appears with
maximum at 751 nm, accompanied by new absorptibB8&and 578 nm. Clean isosbestic
points are visible, indicative of the existenceaof equilibrium between two species. In
DMSO and DMF a spectrum stable with the time iseobsd, showing a narrow peak at
725-727 nm and low absorptions in thegion 350-600 nm. This spectrum might be
ascribed to a reduced form, but at the moment potrelchemical data are available to

elucidate this aspect.

Part D. Quaternized “Quinoxalinoporphyrazines”, [(2-
Mepy)sTQuinPzM](l) g and  “Pyridylporphyrazines”, [(2-
Mepy)sPzM](1) s (M = Mg" (H20), Zn")

D.1 Quaternized “Quinoxalinoporphyrazines”, [(2-Mepy)sTQuinPzM](l) g
(M = Mg" (H,0), Zn")

Octacationic quinoxalinoporphyrazine metal derwadi carrying external pyridines
bearing N-methylated moieties having the formula [(2-MedWQuinPzMf* (M =
Mg"(H,0), zn') (Figure 3.31) were obtained in fairly good yielas hydrated iodide salts
by reaction of the corresponding neutral speciegl@uinPzM] with CHI in DMF,
following the procedure already used for the pyrapbrphyrazine analogues [(2-

Mepy)TPyzPzM](15.3*® As for the neutral species, clathrated water muéec are
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systematically present for the Zeomplex but not for the Mgcomplex which is formulated
with  only one water molecule directly bound to thenetal, i.e., [(2-
Mepy)kTQuinPzMd' (H,0)]?*. The aspect of water coordination to Vitas been previously

discussed and is not further considered here.

Figure 3.31 [(2-Mepy):TQuinPzM)f* (M = Mg"(H,0), Zr').

In the low-donor solvents pyridine, DMSO and DMMetMd' octacation [(2-
Mepy)TQuinPzMg(HO)]*" shows initial aggregation (broad Q band) whichdgerio
disappear along with the time (24 h) or by heatimg solution, although it is finally still
residually present. The Zroctacation behaves differently in that it showsmiediately
after dissolution, the spectra expected for the anmaric form in all solvents, stable with
the time (several hours). Table 3.14 (top) lists $pectral data of the two octacations in
pyridine, DMSO and DMF solutions along with the alaff the pyridinoporphyrazine [(2-
Mepy)xPzM](l)s and pyrazinoporphyrazine [[(2-MepyPyzPzM](ly analogues. The
spectra of the two quinoxaline macrocycles in alVents are very similar to each other in
that they show an unsplit Q band in the range @2+Im accompanied by a B band at
higher energy (379-385 nm). This spectral featusaggest aDs, symmetry for the
macrocycle, independent of the type of thé dénter, as might be expect88The presence

of axially ligated water evidently does not altee bveralD,, symmetry of the macrocycle.
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Table 3.14 UV-visible Spectral Data\(nm (log)) of [(2-MepyyTQuinPzM](I)s, [(2-Mepy}PzM](l)s and
related compoundg(2-Mepy)xTPyzPzM](l; (M = Mg"(H,0), zr') in Different Solvents.

Compound Solvent  Soret region Q-band region
A, nm (log)
[(2-Mepy)TQuUinPzZMgHO)* HO 353 775
Py 385(5.01) 615(4.35) 725sh(4.53) 745sh(5.59) (518)
DMSO 379(5.19) 579sh(4.42) 732sh(4.83)  776(5.38)
DMF 379(5.08) 591sh(4.46) 730sh(4.76)  776(5.19)
[(2-Mepy)9TQuianan+ Py 381(4.99) 577sh(4.24) 718(4.52) 742(4.52) )5

DMSO 381(509) 558sh(4.23) 688(450) 731(458) (538
DMF  383(507) 566sh(4.29) 709(459)  732(459)  Sad

[(2-Mepy)}PzMg(HO)[** HO 374(443) 584sh(3.92) 642(4.39)
py 661
DMSO 378(456) 597sh(4.13) 656(4.58)
DMF 666
[(2-Mepy)yPzznf* HO 363 595sh 657
DMF 360 584sh 642
DMSO 370 655

[(2-MepyyTPyzPzMg(HO)F* Py 368(4.06) 410sh(381) 578sh(322) 605(359) SHEAB6) 673(4.34)

DMSO 370(4.83) 415sh(456) 562sh(380) 600(4.33) 630sh 660(5.15)
HO 601(5.18)  631sh(5.35) 657(5.94)
[(2-Mepy)TPyzPzZrf Py 373(4.92) 468sh(4.09) 607(438)  640sh(4.48B(56B)
DMSO  373(4.37) 600sh(3.86)  637sh(3.89) 666(4.74
HO  360(4.89) 626(4.69)  654(4.70)

It can be seen from Table 3.14 that the octacatiff@iMepy:TQuinPzMF* species (M
= Mg"(H,0), zn") display a Q-band position in pyridine which isfs bathochromically
by ca. 10 nm as compared to the spectra in DMSODavii. This shift inAg may result
from different axial ligation in pyridine with respt to DMSO and DMF.

An additional and more important observation regaydhe peak position of the Q band
comes from the comparison of the data of the otitatawith those of the corresponding
unquaternized species shown in Table 3.9. It iseofesl that a bathochromic shift is

systematically present (15-22 nm) in the directiomguaternized- quaternized in each
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solvent. This shift must be ascribed to an eledtreffect due to the quaternization of the
pyridine N atoms, which determines a change indleetronic charge distribution on the
entire macrocyclic framework in the direction ofhancement of the electron-deficient
properties of the quaternized species. A simildhdehromic shift was observed also after
external palladation or platination of the compeXBwyTQuinPzM], as discussed in the
previous section, and this clearly suggests th#t poocesses, ie. external metalation and
quaternization of the mononuclear speciesg[RuinPzM] at the dipyridinoquinoxaline
fragments results in a lowering of the HOMO-LUMOpgdhese results parallel what was
observed for the analogous pyrazinoporphyrazine®PyTPyzPzM] upon external
palladatiod*?®? or quaternizatioft®, which implies an enhancement of electron-deficy

of the macrocycles. It is expected that the appatprelectrochemical exploration of the
behaviour of the octacationic quinoxalinoporphynazi in pyridine, DMSO, or DMF might
results in less negative potentials for the onetede reductions than those of the respective
neutral species. The electrochemical study is ptgsm due course.

The two Md and zZfl octacationic macrocycles exhibit moderate soltybili water
with a maximum concentration (saturation limit)aaf. 10° M, a little higher at 50 °C. For
both the complexes molecular aggregation is obdenvevater solution, evidenced by the
presence of a broad absorption in the Q-band rg@ib®-780 nm) and a B band at 350-365
nm (Table 3.14). The spectra afld0 M do not change significantly as a function of time
(24 h). Changes for the Mgomplex are observed by dilution of the solutiod @onsist of
an increase of the intensity of the absorptioraa/@5 nm and a decrease of intensity for the
absorption at ca. 720-730 nm, a behaviour whichliethat seen for the analogous class of
octacationic specief2-MepyxTPyzPzMf* *** (Table 3.14).This allows to identify the first
absorption as the Q band of the monomeric formenthie second one is assigned to an
aggregated form, probably the dimer. For both thg' ind zZf octacationic complexes,

however, a high amount of aggregated speciedlipssent at 1M solutions.
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D.2 Quaternized “Pyridylporphyrazines”, [(2-Mepy)gPzM](l)g (M =
Mg" (H;0), zn")

The fully quaternized metal derivatives of the gylporphyrazine [PyPzH)] were
obtained in fairly low yields as hydrated iodidéts&aving the formula [(2-MepyPzM](1)s
(M = Mg"(H-0), znl") (Figure 3.32). This was accomplished by methgtatt the pyridine
N atoms of the corresponding neutral ?xM] by using CHI in DMF under experimental
conditions milder (room temperature) than thosedu®e the corresponding quinoxaline
derivatives. Due to the high solubility of thes¢amationic species, it was not possible in the
case of the Zh complex to separate it in a pure form from the heotliquors by
centrifugation. The complex has been extracted atewvand then left to evaporate, as
described in the Experimental Section. The diffigalf separation is also responsible of the
low reaction yield. Samples of the compound wertaiolked as dark-green powders stable to
the air. Also in this case clathrated water moleswdre systematically present with variable
amount from preparation to preparation. The'Mgtionic fragment is formulated with one

water molecule directly bound to the metal, i.€2;NepyxPzMd'(H.0)]?".

Figure 3.32 [(2-Mepy}xPzMd'(H,0)]** (M = Mg" (H,0), Zrl").

The Md' complex is soluble in water giving, at concentmatof ca. 10 M or little
higher, a stable spectrum conform to that expedtedthe monomeric form of the
compound with a narrow unsplit Q baridl{ symmetry) at 642 nm and a B band at 374 nm

(Figure 3.33). The spectrum is stable as a funatfctnme (24 h). Molecular aggregation is
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observed at higher concentratiorsl0* M). This behaviour is different from that observed
for the analogous octacationic quinoxalino- and apyroporphyrazines. For these
macrocycles, as discussed above, a second bawdpbcable intensity is always present at
concentration of 1810° M on the blue side of the Q band, belonging toaggregated
species that shows the tendency to disappear uptiod (107 M).

Table 3.14 lists the spectral data of the two cexgd [(2-MepyPzM](l)s (M =
Mg"(H,0), zr") in H,O, pyridine, DMSO and DMF solutions. The initialesprum of the
Mg" complex in DMSO is typical of a monomeric speciégna narrow Q band at 756 nm
and a B band at 378 nm. Upon staying of the salutioe appearance of a peak at ca. 730
nm is observed with the concomitant lowering of @éand at 756 nm; the final spectrum
(24 h) shows the two peaks with almost the samengity and clean isosbestic points are
detectable. The solution behaviour is more heasolyplicated by aggregation in pyridine
and DMF and only the Q-band position could be dettdcComparing the data in DMSO for
the octacationic species [(2-Mep§xMg(H0)]** and the neutral  [RBPzMg(H:0)] a
bathochromic shift, as expected, is observed (@arg) in the direction unquaternized
guaternized species and this once again is attbeito the enhancement of the electron

deficient properties of the macrocycle due to thatgrnization at the pyridine N atoms.
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Figure 3.33 UV-visible spectrum of [RyPzMg(H0)]* in H,0.

The zr' octacationic complex [(2-MepyBzZnf* is less soluble in water than the
respective MY species, the solubility slightly raising with teemature (50 °C). Molecular

aggregation, persisting also upon dilution, is obse in the other solvents (pyridine, DMSO
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and DMF). In addition, the UV-visible spectra confithat the complex is not at the highest
level of purity and further work is needed to betiefine the preparative aspects and its

spectroscopic behaviour.

Part E. PDT and Fluorescence Measurements of
“Quinoxalinoporphyrazines” and “Pyridylporphyrazine s”

The use of porphyrins and phthalocyanines in phatadhic therapy (PDT) of cancer
has been intensively studiédas already outlined in Part D of the Introductidmut
porphyrazines have received in general only limagention in this regartf:382°°22¢The
efficiency of a porphyrazine photosensitizer, meadwy the quantum yield value of its
singlet oxygen productiond,), will depend on its tendency to achieve, uporhtlig
irradiation, the triplet state;Wwith high quantum yield, and have fog ddequate energy
and lifetime to allow a proper energy transferimxgigen for the proces®©, - *0..

The type of the central metal ion in the macrocydan strongly influence this process
and it is known that closed shell ions like"zamd Md', and in some cases, open-shell
diamagnetic 8 metal centers, like Bdor Pt, give rise to complexes with good
photosensitizing capabilities. In this contest tesearch group has recently demonstrated
that Pd 2>®” and Pt-pyridinated “pyrazinoporphyrazines®® are photoactive in DMF
solutions and act as singlet oxygen sensitizers.

In the present thesis work we have explored thegsiensitizing activity of the Znand
Mg" complexes of the new quinoxalino- and pyridylpomaizine macrocycles,
[PysTQuinPzM] and [PyPzM], respectively. The measurements were made MF D
([complex] 0 10° M) by an absolute method, using a laser souré8&mnm for the pyridyl
compounds and at 760 nm for the quinoxaline spgciese to the maximum of the Q-band
absorption peaks of the corresponding compoundmif€i3.34). A drawing exemplifying a
typical Stern-Volmer plot used to calculate thegkh oxygen quantum yieldd{) of the
sensitizers, according to Eq.2.1 (reported in tRpeimental Section), is shown in Figure

3.34B for [PyPzMg(H:O)]. The inset Iillustrates the related experimentdta
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corresponding to the absorption decay at 414 nmhiefO, scavenger, DPBF, recorded
during the irradiation time of the solution. Thetalaf ®, are reported in Table 3.15.
Fluorescence quantum yield®d) and Stokes shiftAd) obtained in DMF ([complex]<

10°® M) are also listed in the table.
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Figure 3.34 UV-visible data recorded during a typical experirhof a®, measurement. A: Spec
of a solution containing [RPzMg(HO)] and DPBF before (red line) and after (black lireye
irradiation (635 nm); B: Stern-Volmer data analysishe DPBF photooxidation (see inset).

Table 3.15.Singlet Oxigen®,) and Fluorescence Quantum Yieldg)
in DMF of [PysTQuinPzM] and [PyPzM] with (M = Md'(H,0), Zn").

Singlet oxygen Fluorescence
Compound Amax  Air (DAa Aexc  Aem (A)\)b (DFa
[nm] [nm] [nm] [nm]
[PysTQuinPzZn] 757 778 0.22 620 763(5) 0.04
[PysPzZn] 635 635 0.54 580 647(14) 0.14
[PysTQuUiNnPzMg(HO)] 759 778  0.08 620 767(7) 0.10
[PysPzMg(H:O)] 636 635 0.41 580 647(13) 0.23

#Mean value of at least three measurements. Unegriigi half dispersion and it is typically + 0.03.
¢ A\ is the Stokes shift.

Solutions in DMF of the complexes [fBzM] (M = Mg'(H,0), Zr') are generally
stable under irradiation. The quinoxalinporphyrasin [P¥TQuinPzM] (M = Md'(H0),
Zn") present instead marked instability, showing sdegree of decomposition (ca. 15%)

within the time of a run.
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The DMF solutions of the complexes fPgM] with M = Md'(H,0) or Zr' generally
present some scattering material, probably du@doluble impurities, which determines a
highly disturbing noise in the spectrum. This ireplian error in the evaluation of the exact
absorbance and consequently an undervalutatidmedi{ and®r values. This is the reason
why the absorption spectra have been baselined hby Morton-Stubbs three point
correction® The®, and® values reported in Table 3.15 are the correctes amd can be
considered fairly reliable values (see Experime8tadtion for they/k. values).

The observed®, values for the Zh and Md' complexes of both quinoxalino- and
pyridylporphyrazine macrocycles follow the order' ZnMg"; higher®, values for the Zh
species as compared to those of thé klympounds are in line with expectation, in vidw o
the “heavy atom effect” which enhances the trigtetited state quantum yield for the'’zn
with respect to M The®, value of the Zh complex, [PyPzZn] (0.54) is in the range
0.4-0.7 observed for a number of'"Zporphyrazined®®"%and this qualify it as excellent
photosensitizer for the generation of singlet oxyg€he comparison of thég values
observed for the two metal centers also seems to lx@e with expectation, i.e., the value
of the Md' complexes (0.10-0.23) are higher than those ofziie analogs (0.04-0.14),
which is coherent with the reverse order founddqr

Worth of notice, highe®, and® values are observed for the same metal centeggoin
from the quinoxalino- to the pyridylporphyrazin&sis suggests that the more extended
quinoxaline macrocycle has higher facility to disde the excitation energy by non
radiative internal conversion processes, which kead decrease of the singlet and triplet
excited state lifetimet§; andtr) and of their quantum yieldsbg;, ®+). The effect is the
decrease of botldr and ®, values. Furthermore the presence of more extemeed
interactions causes a higher tendency to moleagjgregation which leads to a decrease of
photoactivity®®

Additional considerations refer to the trend of txservedb, values upon increasing of
the macrocycle dimensions. On going from quinoxalinto pyrazino- and to
pyridylporphyrazines, i.e. decreasing of the extamf the reconjugated system in the
macrocycle, the®, variations are [RYQuinPzZnpur (0.22) — [PysTPyzPzZnpwmr

(0.55f" — [PysPzZnbme (0.54) for the zKh complexes and [RYQuinPzMg(HO)]ome
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(0.08) — [PysTPyzPzMg(HO)lowrimci (0-29F" — [PysPzMg(HO)lowr (0.41) for the MY
species. It is important to notice that the gradumaltraction of the macrocycle determines
an increasing of the singlet oxygen quantum yielddpction. The effect is particularly
evident in the case of the Mderivatives.

This behaviour has been observed also for otheapatrolic macrocycles such as
naphthalocyanines (Nc) and phtalocyanines (Pc);f@eeomparison the data reported in
Table 3.16 for the Zhcomplexes of different couples of Nc/Pc systems.

Table 3.16 Singlet Oxigen Quantum Yield®{) of Naphthalocyanines (Nc) and
Phtalocyanines (Pc) in Different Solvents.

(O solvent Ref.
NcZn 0.36 DMF 35e
PcZn 0.49
(t-Bu)sNczn 0.48 DMF 38
Pczn 0.56
S/NcZn 0.25 HO 66
S,PcZn 0.70

Fluorescence emission spectra typical of porphgeaznacrocycles are obtained for
both the series of systems. Figures 3.35A and 3d%®v the absorption and excitation
spectra of the Mbcomplexes [PyTQuinPzMg(HO)] and [PyPzMg(H:0)], respectively.
The overall coincidence of the narrow Q band athéoabsorption and excitation spectra in
the case of [RyzMg(H0)], indicates that the monomeric species is alneastusively
present in solution. A different behaviour is obser for the quinoxaline compound
[PysTQuinPzMg(HO)], for which the correspondence of the excitatiith the absorption
spectrum is not observed in all the Q-band randps B particularly evident in the range
650-750 nm, where the low intensity bands preserthé absorption spectrum could be

assigned to a form of molecular aggregation.
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Figure 3.35.Fluorescence excitation (black lines, left handiratks) and absorption (i
lines, right hand ordinates) spectra of JRQuinPzZn] (A) and [PyPzMg(H0)] (B) in
DMF.

Part F. Tetrakis[di(2-thienyl)pyrazino]porphyrazine s

The synthesis and general physicochemical charzatien of the new class of thienyl
pyrazinoporphyrazinddhsTPyzPzM] (M = 2H, Mg"(H,0), Cd', Cd', zn") (Figure 3.36A)
and their heteropentametallic derivatives [(RCThsTPyzPzM] (M = Md'(H.0), zn")
(Figure 3.36B) were described in the graduatiositheork of the candidate. In this Section
only the new aspects pertaining to work developatihd the PhD thesis will be referred to
as follows: ParF.1: Electrochemical behaviour of [§hPyzPzM] in a very brief manner;
Par. F.22 PDT and Fluorescence Measurements on glPgzPzM] and
[(PAChL)4ThgTPyzPzM] (PDT data were partially illustrated iretgraduation thesis); Par.
F.3: DFT and TDDFT calculations and the EXAFS spectrotiected in the context of the
investigation of the Pttomplex of the precursor 2,3-dicyano-5,6-di(2-tlyipd,4-pyrazine,
[(CN),Th,Pyz]. Almost all the material presented here hasnbihe object of two recent

publications®®
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Cl

Figure 3.36 A) [ThgTPyzPzM]; B [(PdC)4ThsTPyzPzM].

The work on the octathienyl pyrazinoporphyrazinestsms involved pheripheral
modifications of the tetrapyrazinoporphyrazine moagcle, focusing on the ligating
properties of the S atoms inserted in the exteth#thienyl rings, in an interesting
comparison with those seen for the pyridine rings ithe pyridinated
“pyrazinoporphyrazines” [Ry PyzPzM].

All the mono- and multimetallic compounds, compghetensoluble in water, were
characterized by their UV-visible spectra in saos of DMF, DMSO and pyridine.
Molecular aggregation occurs at concentrationsaof10* M or less, but monomers are
formed in more dilute solutions of 0V or less. The examined octathienyl compounds
[ThgTPyzPzM] behave as electron-deficient macrocyclasd UV-visible spectral
measurements provide useful information about Hwoeveripheral thienyl rings influence
the electronic distribution over the entire macaicyframework. Electrochemical data for
[ThgTPyzPzM] (see below) confirm the easier reducipitit the compounds as compared to
the related phthalocyanine analogues, and the lbvedox behaviour is similar to that of
the octapyridinated analogues §PRyzPzM].

Spectroscopic data on the tetrapalladated compol{RdChL),ThsTPyzPzM] strongly
suggest an equivalent employment of vicinal 2-tyieimgs through their sulphur atoms and
formation of exocyclic &nPdCh coordination sites (“th-th” coordination). This samnilar

to what was found for the corresponding octapyatkd analogues (“py-py” coordination)
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and different from the findings for the bis-palléeth derivative formed from the precursor
[(CN).ThoPyz(PdC)),] (see below).

It is noteworthy that the mono- and pentametaltitathienyl compounds exhibit both
the Soret and Q-band positions bathochromicallfteshiwith respect to what is observed
for the corresponding octapyridino analogues. Téeems to indicate that the thienyl
residues behave as stronger electron-withdrawimgpg than the pyridine rings in the
respective macrocycles. An interesting aspect efsfectra is that the Soret and Q bands
remain unshifted upon exocyclic coordination of BCE units. This is different from what
has been seen for the parallel series of octapyridinalogues, for which peripheral
coordination of PdGlunits leads to a bathochromic shift of 7-9 nm M$0 and in other
solvents. In an attempt to explain this, theseifigsl require a knowledge of the precise
local geometry at the Patoordination sites as well as an understandirtupef the pyridyl
and thienyl rings are positioned with respect ®dhntral pyrazinoporphyrazine core, a fact
which may influence the/m electronic contact between the central macrocychimework

and the peripheral metalated fragments.

F.1 Electrochemical behaviour of [ThTPyzPzM] (M = Mg" (H,0), Co',
cu', Zn”)

Electrochemical and spectroelectrochemical measemswere carried out in pyridine,
DMSO and DMF. Figures 3.37 and 3.38 exemplify tbkammograms in these solvents for
[ThgTPyzPzZn]. Table 3.17 list the half-wave potenti@lsvs SCE) of the compounds
examined. A detailed discussion of the electrocbahmnd spectroelectrochemical results
have been reported in ref. 40a and will be refetodukere very briefly.

Referring to the electrochemistry of the mononuclea‘octathienyl-
pyrazinoporphyrazines[ThgTPyzPzM], it is clear from the measured,Ealues in Table
3.17 that the stepwise addition of electrons tosémges of [TBTPyzPzM] compounds takes
place at much more positii,, values than for the related phthalocyanine analegue

fact which is attributed to the presence of theorgily electron-withdrawing
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dithienylpyrazino fragments which replace the b@ezaings of the phthalocyanine

macrocycle (see Figure 3.36A).

[ThgTPyzPzZn]

--- First scan
— Second scan

0.00 040  -080  -120  -160  -2.00
Potential (V vs SCE)

Figure 3.37 First scan (---) and second scafn)(thin-

layer cyclic voltammograms of [EfPyzPzZn] in DMSO

and DMF, 0.2 M TBAP.

0.00 -0.40 -0.80 -1.20 -1.60 -2.00

Potential (V vs SCE)

Figure 3.38 Second scan thin-layer cyclic voltammograms
of [ThgTPyzPzZn] in pyridine, 0.2 M TBAP.
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Table 3.17 Half-wave PotentialsH,,, V vsSCE) for Reduction of [T§fTPyzPzM]
(M = zn", Md"(H,0), Cd', cd') in DMSO, DMF and pyridine, 0.2 M TBAP.

Metal ion Solvent red  2%red  3red
zn" DMSO -0.32 -0.68 -1.34
DMF -0.41 -0.75 -1.42

pyridine -0.37 -0.76 -1.39

Mg"(H,O DMSO -0.37 -0.68  -1.40
DMF 043  -0.77 -1.41
pyridine -0.46 -0.79 -1.49

cu' DMSO -0.30 -0.67 -1.34
DMF -0.26 -0.60 -1.24
pyridine -0.35 -0.67 -1.36

Ca' DMSO® -0.12 -0.78 -1.36
DMF -0.13 -0.82 -1.36
pyridine -0.25 -0.85 -1.35

2 Unknown impurity or side reaction seen for Mgpmplex aEy, = -0.98 to -1.04 V vs
SCE in all solvent®. The oxidization of [TETPyzPzCd] to [ThsTPyzPzCd8'1* occurs at
Ei2,=0.57 Vin DMSO.

This shift of E;;; values towards more positive potentials is a feashared by the
related diazepind® and thiadiazolporphyraziff® macrocycles, with parallel results also
being obtained for related macrocyclic compoundeirttaperipheral dipyridinopyrazine

é,21,24

fragment and their corresponding octacatidgiit® and the homdé*? and

heteropentametalfi&*derivatives.
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E2 PDT and Fluorescence Measurements on [EhPyzPzM] and
[(PACI,),ThgTPyzPzM] (M = Mg" (H,0), Zn")

In the present studyp, values were calculated from Eq. 2.1 (see Expetiaten
Section) using Stern-Wolmer plots of the type shawrFigure 3.39 for the compound
[ThgTPyzPzZn]. The data obtained for the octathienyl' Znd Md porphyrazine
compounds [T§lTPyzPzM] and the corresponding tetrapalladated ispec
[(PACh),TheTPyzPzM]in DMF (c [0 10° M), and in DMF acidified with HCl (DMF/HCI;
[HCI] = 1x10* M) are listed in Table 3.18. Regardless of thespnee or absence of HCI,
the observed, values follow the order Zn> Mg'(H-O). As can be seen in Table 3.18, the
same order is mantained for the'"Zand Md octapyridinated analogues, [YyzPzZn]
and [PyTPyzPzMg(HO)] ® and their corresponding tetrapalladated complexes
[(PACL)PysTPyzPzM](M = Mg" (H-0), Zr".

1o 144 -

DPBF A -
124 ///
| -
10 e
1 A~ 41416}
84 /./'/ A
| o 1.24
i P
6 {,,r" 0.84
44 e ol 0.41
4 ,///
2 - 0.0 : : :
500 1000 1500
)l t(s)
0 T T T T T T N
0.0 4.0x16 8.0x1d 1.2x16

1/[DPBF] (M%)

Figure 3.39 Stern-Volmer data analysis of the DPBF decay (sset) recorded
during ad, measurement of the complex gTPyzPzZn] in DMF.

Higher @, values for the Zhspecies as compared to those of thé' Mgmpounds are in
line with expectation, in view of the heavy atoffeet which favors Zh. The®, values of

the zr' species (0.4-0.6) are in the range 0.4-0.7 obdeffiee a number of Zh

§E§,37,38

porphyrazine and qualify them as excellent photosensitizerstiigr generation of

singlet oxygen.
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Table 3.18 Singlet Oxygend®,) and Fluorescenc&f) Quantum Yields in DMF for
[TheTPyzPzM] and [(PdG),TPyzPzM] (M = Z#, Mg"(H,0)) and related species.

Compound [HCI] Amax i ®,°  kykx10°%¢ Aem O P
(M)  (Qband) (nm) (M) (AV)®
(nm) (nm)
[TheTPyzPzZn] 0 672 670 0.43 35 679(7) 0.1%
1x10* 672 670 0.51 3.1 680(8) 0.17
[TheTPyzPzMg(HO)] 0 672 670 0.14 3.1 679(7) 0.1%°
1x10° 669 670 0.27 3.1 677(8) 0.40
[(PACL),ThsTPyzPzZn] 0 672 670 0.43 35 680(8) 0.11
1x10* 672 670 0.54 3.3 680(8) 0.1
[(PACL),ThsTPyzPzMg(HO)] 0 675 670 0.13 2.9 679(4) 0.17
1x10* 669 670 0.27 2.9 678(9) 0.20
[PysTPyzPzZn] 0 657 660 0.55 3.4 664(7) 0.23
1x10* 657 660 0.58 2.7 664(7) 0.17'
[PysTPyzPzMg(HO)] 0 658 660  0.09 2.9 665(7) 0.10'
1x10* 653 660  0.29 3.0 663(10) 0.43'
[(PACL),TPyzPzZn] 0 662 670 0.48 3.4 671(9) -
1x10* 662 670 0.52 2.7 671(9) 0.16'
[(PACL),TPyzPzMg(HO)] 0 662 670 0.23 3.2 673(11) -
1x10* 660 670 0.37 3.3 671(11) -

2 Wavelength of laser source irradiati6hMean value of at least three measurements. Umiesrts half
dispersion and it is typically + 0.02The list of reported values, which depend exclugiom the scavenger
and the solvent used, are close to the previoushjighed data for similar measurements: (2.9 + 8.3)° M
(DMF), (3.7 £ 0.4) x 18 M (DMF), and (3.0 + 0.2) x I0M (DMF/HCI)' ¢ Uncertainty: + 0.1.% A) is the
Stokes shift which move in the range 4-10 hifhe value measured in pyridine for this compouas @.635.
9 Excitation wavelength: 620 nfiExcitation wavelength: 600 nm.

Among the compounds listed in Table 3.18 therenareases for which preacidification
with HCI (1x10* M) was strictly required, since no tendency toudibn was in general
observed in DMF for the mono- and pentametalliatiienyl Zi' and Md compounds.
This reduction process is ascribed to small amoahteducing agents normally present in
the solvent at a level of concentration comparabtke that of the macrocycles, and it is was
showrf®> that HCI is able to reoxidize the reduced forms toravoid reduction with
preacidification. So, the increment®f observed in the presence of HCI might be attrithute
to the elimination of residual forms of aggregatwimch are not observed by UV-visible and

spectroelectrochemical studies of the compound$odgh the relatively small increase of
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@, for the Z! species might be explained in such a way, it apeficult to justify the
observed variations for the Mgompounds on the same basis.

Fluorescence quantum yield®r and Stokes shiftfAr) obtained in DMF and
DMF/HCI for the Zi' and Md' mono- and pentametallic species1(0°® M) are also listed
in Table 3.18 The values for the octapyridino pyraporphyrazine analogues are also
reported for comparison. Small Stokes shifts (4+kfl) are observed for all in the
compounds series, as is normally found for porgtigeamacrocycles. Figure 3.40 shows,
as a representative example, the absorption, @rcitand emission spectra of the'zn
complex [TRTPyzPzZn] in DMF solution. The overall coinciderafeghe narrow Q-band as
to the absorption and excitation spectra, commoraltadhe compounds, indicates that

monomeric species are almost exclusively preseslintion.

679
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Figure 3.4Q UV-visible absorption (black line), excitation (leldine; Aem =
690 nm) and emission (red lin@,,= 620 nm) spectra of the complex
[ThgTPyzPzZn] in DMF.

The ®¢ values of the Zh species in DMF or DMF/HCI are lower than the
correspondingb, values, which is in line with expectation. The #mhanges ofbg values
for the zZn' species determined by acidification are in stgkiontrast with the parallel
changes of the Mgmonometallic species. For these latter origsyvariations are 0.11
(DMF) - 0.40 (DMF/HCI) and 0.10 (DMF)> 0.43 (DMF/HCI) for the octathienyl and the
octapyridino compounds, respectively (Table 3.18}he light of these data, the hypothesis

that the observed changes might be due to disagfwagohenomena appears inadequate.
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The observed behavior suggests that more advartgdiks are needed, especially in the
light of fluorescence values (0.40-0.43) in DMF/H#&hich appear to be of interest in the

area of the medical imaging response and diagnosis.

E.3 Structural Studies and Theoretical Calculations onthe Dinuclear
Pd(ll) Derivatives of the Precursor 2,3-Dicyano-5,&li(2-thienyl)-1,4-
pyrazine, [(CN)Th,Pyz(PdCh),]-H,O

The target of the work on the precursor 2,3-dicyajgedi(2-thienyl)-1,4-pyrazine,
[(CN),Th,Pyz], was to establish the type of metal coordbmato the di(2-thienyl)pyrazino
site. The involvement of the thienyl residues @Ni),Th,Pyz] in the P coordination of
[(CN),ThPyz(PdC)),]-H,O was studied by NMR and extended X-ray absorpfina
structure (EXAFS) measurements and was supportedehgity functional theory (DFT)
and time-dependent DFT (TDDFT) calculations. Asadetl below, two different
coordination sites occur in the complex, in whitle two PdC] units are bound to a
pyrazine N atom and to a S atom, generating diftelecal environments for the Pd
centers and an overall asymmetric structure. Téabiour is different from what has been
observed for its monopalladated bispyridine anatod(CN)Py:PyzPdCi]** and the
tetrapalladated thienyl macrocycles as illustratiedve.

EXAFS Results A quantitative determination of the coordinatigeometry of P4 in
[(CN),Thy,Pyz(PdC}),] was obtained by assuming the first coordinatioresptof each Pd
center in the compound as being composed of twat@hs, one N atom of the pyrazine
ring and possibly the S atom of one thienyl ringtikg procedures were applied to the
whole set of structural and nonstructural pararseterimprove, as far as possible, the
agreement between the calculated signals and tperimental EXAFS spectrum. In
particular, we optimized four structural parametienseach single shell contribution and
least-squares fits were performed in the range x5=12.8 Al. The best-fit analysis is
shown in the upper panel of Figure 3.41 The fiosir fcurves from the top are the Pd-N, Pd-
Cl and Pd-S first shell two-body contributions, ahé reminder of the figure shows the

total theoretical signal compared with the expentakspectrum, and the resulting residual.
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Overall, the fitted EXAFS spectrum matches the erpental data well enough, and the
dominant contribution to the total EXAFS signalsgisen by the two Pd-ClI first shell
signals, and by the Pd-N signal. Moreover, onehef$ atoms also provides a detectable
contribution well above the experimental noise loé spectrum. The FT moduli of the
experimental spectra extracted with a three segrderiibic spline are shown in the lower
panel of Figure 3.41. The FTs have been calculatéide interval k = 2.5-12.5 Awith no
phase-shift correction applied. The agreement twbe theoretical and experimental
curves is quite good, reinforcing the validity bétfollowing structural results. Elaboration
of EXAFS experimental data provide evidence of tlweurrence of two different Pd
coordinations sites. In one of them,"Hist shell was fitted with one Pd-N contribution
with a distance of 2.03 + 0.03 A, two Pd-Cl contitibns with a distance of 2.36 + 0.03 A
and one Pd-S contribution with a distance of 2.2604 A (Table 3.19). The presence of a
short Pd-S bond distance hinders a comparable agipfor the second S atom to thé' Pd
center, the coordination site of which sees theo8iat a much longer distance (3.21 £ 0.05
A), in an overall asymmetric arrangement of theirenmolecular framework. The
relatively low intensity of both the Pd-S signadsprobably due to the coexistence of two
different Pd coordination environments.

Table 3.19 Palladium(ll) First Shell Geometrical Paramete@btained by EXAFS on

[(CN),Th,Pyz(PdCJ),]. N is the Coordination Number, R the Average &ise,c” the Distance
Variance and3 is the Skewness. The last column reports the lisidnces obtained by DFT

calculations.
N R (A) o” (A% B R (A)
Pd-N 1 2.033)  0.020(4) 0.9(3)  2.12-2.14
Pd-Cl 2 2.36(3)  0.011(4) 0.9(3)  2.28-2.29
Pd-S1 0.5 2.254)  0.019(5) 1.1(3) 2.46-3.5
Pd-S2 0.5 3.21(5)  0.025(5) 1.2(3)
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Figure 3.41 Analysis of the Pd K-edge EXAFS spectrum of s§({@N),Th,Pyz(PdC}),]. Upper panel:
theoretical Pd-N, Pd-CI, and Pd-S first shell cdnitiions, total theoretical signal (full red linepmpared
with the experimental spectrum (dotted blue lire)d residual curve (full black line). Lower panel:
nonphase-shift-corrected Fourier transforms of ¢xperimental data (dotted blue line), of the total
theoretical signal (full red line), and of the sl curve (dashed-dotted black line).
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DFT and TDDFT Calculations Data from DFT studies of [(ChlIh,Pyz(PdC}),]
concerning the Pd-N, Pd-Cl and Pd-S bond distaacesreported in Table 3.19 (last
column). As can be seen, the Pd-N and Pd-Cl bostdriies of the optimized structure are
in good agreement with those obtained from elabwraif the EXAFS experiments. Two
Pd-S bond distances are obtained from calculatibosh sufficiently close to those
obtained from the EXAFS spectrum. This generatessthucturally distorted arrangement
shown in Figure 3.42, where it can be seen thatvitbehienyl rings are oriented with the S
atoms on the same side, displaying a quite difteemproach to the two Pdcenters.
Formation of this nosymmetrical arrangement might be explained by assythat after
the binding of the first Pdglunit at a distance of 2.25(4) A (Table 3.19). Beeond unit
binds preferably the N atom, but the S atom of skeond thienyl ring is at a longer

distance.

CN
N
7N N
e, T

A

Figure 3.42 Calculated optimized structure (A) and schemaficegentation (B)
for the bis-palladate compound [(GNh,Pyz(PdC}),].
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CONCLUSIONS

The target of the present thesis work has beerehion the synthesis of two novel
series of porphyrazine macrocycles carrying periglhe pyridine rings, either directly
attached to the central tetrapyrrolic core (pymadyphyrazines; Figure 3.43A) or bridged to
it through quinoxaline rings (quinoxalinoporphynaes; Figure 3.43C). Concomitantly with
the investigation of their stability in the solidate and in solution and their general
physicochemical behaviour, it was of interest foe two series of mononuclear compounds,
to explore the effect on the UV-visible spectrahd#a@our caused respectively by the
reduction of thereconjugated macrocyclic framework, in the pyridyiployrazines, and/or
by the extension of the sameatdelocalized electronic arrangement in the
quinoxalinoporphyrazine compounds, with respectthie level of delocalization of the
previously studied series of pyrazinoporphyrazifiegure 3.43B); in other words the target

was to establish a possible relationship betweervidWle spectral response and dimension

SveeTs O% 40 Q%Q; Q‘Q
e Qﬁ%ﬁ 5;&4%

of thetrdelocalized system.

O O Y

/ \ /
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Figure 3.43

Following the accurate work conducted by elemeatalyses, IR and NMR spectral
studies, the detailed UV-visible spectral behawvimuthe nonaqueous solvents pyridine,
DMSO, DMF and in water was deeply explored. UV-hligispectral data in the low-donor
nonaqueous solvents, in which occurring aggregaitftenomena and/or reducibility of the
compounds were often faced and accurately examindaiate that there is a progressive

highly remarkable bathochromic shift of the baryeenof the overall spectrum in the
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direction pyridylporphyrazines-» pyrazinoporphyrazines- quinoxalinoporphyrazines, in
line with the parallel enhanced extension of theonjugated system of the macrocycles in
the order given. These results are in line witheexation as seen on the basis of theoretical
results developed on a parallel series of macracyggstems”

The eight external pyridines, each two of them tedan a vicinal relative position,
allow the accomplishment of exocyclic coordinatenmd formation of pentanuclear species
carrying externally PdGland PtCl. Figure 3.44 proposes the pentametallic specieth&
pyridyl- (A) and quinoxalinoporphyrazines (B). Datahand indicate that coordination of
the Pd or Pt units takes place in all cases at the pyridine dinat and sites of the type
N2@yM'Cl2 (M = Pd", Pt'; “py-py” coordination) are generated, displayingcaiare planar
geometry and directed nearly perpendicularly to pemne of the centratrconjugated
macrocyclic system. External ligation modifies tb&-visible spectrum of the initial
mononuclear species, the effect evidencing a bhatbauc shift of the original main Q band
by an average value of 15-20 nm. This remarkatfeis surprising if account is taken that
exocyclic coordination of Pdand P, particularly for the pyrazino- and even more thoe
quinoxalinoporphyrazine compounds, takes place heg éextreme periphery of the
macrocycle and progressively more far away from ¢eatral metal. In addition, the
external sites are oriented nearly perpendicul@rihe plane of the macrocycle, a situation

which appears unfavourable to trt electronic contact of the Pénd Pt metal ions with

cl (,:MI"}‘\ y Z‘”ci(l"*C'
~ ; ~n = &
s Se s
~C

M\ N

the central porphyrazine core.

Figure 3.44 A) [(PtCL),PysPzM] (M = Md'(H,0), Zr'"); B) [(PtCL),PysTQuinPzM] M = Md'(H,0),
zn", Pd', Pt'.; M’ = Pd'", Pt
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Further extension to the present work focused am ghinthesis of supercharged
macrocycles for the pyridyl- and quinoxalinoporpd®ines. The new octacationic
compounds were prepared from the mononuclear spapi@n reaction with C3H{f a process
which results in the full N-methylation of the pgine rings (Figure 3.45). Mention is
deserved by the fact that the new charged specegesvater soluble (moderately) and
examination of these species could be conductedater solution and in the low-donor
solvents pyridine, DMSO and DMF. In these lattdwsnts interesting effects are seen from
the UV-visible spectra, which parallel those deteed by the external metalation. In fact
the spectra evidence in the process from neutrattacationic species a bathochromic shift
of the Q bands more or less of the order alreadypwantered for the change mononuclear
pentanuclear species. As a result, this meansthieatharged macrocycles enhance their
electron deficiency, a fact that should be confunigy the electrochemical behaviour in
terms of the expected less negative half-wave piaterwith respect to those pertinent to
the neutral mononuclear species. The electrochéwstiedy of the neutral, pentanuclear and
octacationic species is an obvious further stepngéstigation necessary for a better
understanding of the role played by external metalaor quaternization of the macrocyclic

periphery.

Figure 3.45 A) [(2-Mepy)xPzM* and B) [(2-MepydTQuinPzM)f*
(M = Mg"(H,0), zr").
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The final certainly important challenge of some dhe pyridyl- and
quinoxalinoporphyrazines, especially those carngagtrally Zif, Mg" (closed shell metal
ions) or P4 and P! (d® electronic structure and diamagnetic in a squaanap
arrangement), is their measured photoactivity thergeneration in DMF of singlet oxygen,
'0,, the citytoxic agent in the photodynamic therapgancer (PDT). The quantum yields
of 'O, measured, particularly for the two pyridylporphyss having centrally Znand
Mg", qualify these compounds as excellent photosessiti A combination of purity of the
samples, water solubility, stability under the ayprate irradiation (600-750 nm), absence
of aggregation in solution may be profitable fopkgation in the PDT curative modality.
The species carrying outside Pt@Qhits may open perspectives for applications amdal
PDT/cis-platin anticancer agents. An effort foruatlier development of the work carried
out in the present thesis, focusing on the appheabiomedical aspects, is believed
necessary.

The parallel work on the new class of thienylpomalzsne macrocycles, allowed to
provide information about the multifaceted modecobrdination of vicinal thienyl rings to
a metal center for the precursor and corresponaiagrocyclic systems. On the other hand
the singlet oxygen and fluorescence response ofmtieo- and pentametallic complexes
open perpectives for their potential use in PDTcahcer and for medical imaging and

diagnosis.
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