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Abstract

Tetrapyrrolic porphyrazine macrocycles with externally appended 2-pyridyl rings were synthesized
and characterized as to their spectroscopic, electrochemical and photophysical properties. The
investigated compounds are represented as [PysPzH-], the unmetalated octakis(2-pyridyl)porphyrazine,
and the metal complexes [PysPzM] where M is Mg'(H20), Cu", zn" or Co'". The spectroscopic
properties and the electrochemical behavior of these compounds were examined in solution of polar
(pyridine, DMSO and DMF) and non donor solvents (CHCIs, CH2Cl,) and the data compared with
those obtained from earlier studies on the related tetrapyrazinoporphyrazines, [PysTPyzPzM], and the
tetraquinoxalinoporphyrazines, [PysQxPzM], also bearing externally 2-pyridyl rings, and characterized
by a more extended central =-conjugated macrocyclic framework. The newly synthesized
porphyrazines possess good solubility and are present in their monomeric form in all the examined
solvents as shown by UV-visible spectra. The unmetalated species and metal derivatives undergo
multiple one-electron reductions within the potential range of the non-aqueous examined solvents. The
derivatives with non-redox active metal centers could accept four electrons on the conjugated
macrocycle while the Co' complex was characterized by a single one-electron oxidation and five
reductions in DMSO. The photosensitizer activity for the generation of singlet oxygen was also
examined for the Mg'(H.0) and zn'" complexes in DMF, with measured ®, values being,
respectively, 0.42 and 0.64, this latter value indicating the Zn" species as being a promising material

for use as anticancer agent in Photodynamic therapy (PDT).



Introduction

The synthesis and characterization of tetrapyrazinoporphyrazines with externally appended 2-
pyridyl rings was recently reviewed.> An example of these compounds is represented by derivatives
having the formula [PysTPyzPzM] where PysTPyzPz represents the tetrapyrazinoporphyrazine dianion
and M is a divalent metal ion (Figure 1B). One goal of the earlier studies was to explore their potential
as photosensitizers in photodynamic therapy (PDT)? and to define possible interactions of these
compounds with a telomeric G-4 quadruplex structure®and a ds model of B-DNA.*

Based on measurements of UV-visible spectral and electrochemical data, it was established that the
[PysTPyzPzM] complexes bearing annulated electron-withdrawing pyrazine rings exhibit remarkably
higher electron deficient properties than the related phthalocyanine analogs [PcM] (Pc =
phthalocyaninato anion) which contain R,3-fused benzene rings.> This is clearly evidenced by the
observed hypsochromic shift of the Q band positions and the easier uptake of electrons for these
compounds.

As part of our ongoing studies involving porphyrazines, we wished to explore the influence of
reducing or extending the central macrocyclic framework, with the aim of changing the size of the -
electron delocalized system. Accordingly, macrocycles having the formula [PysPzM] (Figure 1A) and
[PysQxPzM] (Figure 1C) were synthesized. The compounds in Figure 1A can be formally thought of as
being derived from [PysTPyzPzM] by removing the pyrazine rings from the compounds in Figure 1B,
while the complexes of formula [PysQxPzM] (Figure 1C) carry additional benzene rings interposed
between the four pyrazine rings and the four linked pyrroles. Template macrocyclization reactions
enabled synthesis of the two new species as Mg'" derivatives, ie. [PysPzMg(H20)] and
[PysQxPzMg(H20)],° and the examined UV-visible spectra of these compounds in dimethylformamide
indicate that the Q band maximum moves systematically towards the red as the macrocycle n-system
expands, ie. 635 — 658 — 759 nm for the sequence [PysPzMg(H20)] — [PysTPyzPzMg(H20)] —
[PysQxPzMg(H20)]. TDDFT calculations of absorption spectra were made for the corresponding
water-free model compounds,6 and a good agreement was found between theoretical calculations and
the experimental data, thus providing a satisfactory description of the UV-visible spectra as determined

by the electronic structural changes along the series.
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Figure 1. Schematic representation of (A) [PysPzM], (B) [PysTPyzPzM], and (C) [PysQxPzM].

A further aspect of our work recently focused on metal derivatives with the smaller macrocycle
bearing the 2-pyridyl groups directly attached to each of the four internal pyrrole rings, ie [PysPzM]
(Figure 1A). Worthy of note is the fact that the Zn'' complex in the series, [PysPzZn], could be obtained
from the corresponding Mg" analog under mild experimental conditions via a transmetalation process
in glacial CH3COOH containing Zn(OAc)2:2H20. The same type of reaction was attempted for the
synthesis of Co'' and Cu'' complexes but this did not lead to satisfactory results since analytically pure
compounds were not obtained. This suggested that a synthesis of the unmetalated [PysPzH:]
macrocycle was needed and could potentially open up perspectives for formation of a new series of
compounds with different central metal ions. As described in the current manuscript, the octakis(2-
pyridyl)porphyrazine, [PysPzH,], was successfully obtained from its Mg'" complex and was used for
the synthesis of its Co'' and Cu" derivatives. The Zn'' complex was also prepared via a conversion of
[PysPzH>] to [PysPzZn] as an alternative to the transmetalation process.

Synthetic procedures are now reported in the current manuscript for all of the species represented
as [PysPzM] (M = 2H' Mg'"(H20), zn", Co", Cu'"), along with IR, UV-visible, NMR and
electrochemical characterization of the compounds. The photoactivity of the Mg" and zZn'' species is

also reported in a non-aqueous solvent (DMF) with the goal of using these metal complexes as



sensitizers for the generation of singlet oxygen, 1O, a topic of interest in PDT, with positive results as

to their response in terms of quantum yields values (®a).

Experimental Section

Solvents and reagents were used as purchased, unless otherwise specified. Pyridine, dried by
refluxing over CaO, and dimethyl sulfoxide (DMSO, RPE C. Erba), freshly distilled over CaH», were
used for the spectroscopic measurements. Methanol was dried over sodium and freshly distilled before
use. The already reported’ synthesis of 1,2-di(2-pyridyl)-1,2-dicyanoethylene, [(CN).PyzEt], was
slightly modified as recently described.® The Mg'" complex [PysPzMg(H20)] was prepared following
the reported procedure,® slightly modifying its purification (checked by UV-visible spectra; see Figure
S1) which was performed by column chromatography using alumina (Merck, activated, basic, 0.063-
0.200 microns) as the solid phase and CHClIs as first eluant, followed by the use of a gradient from 5%
to 20% of CHsOH in CHCIs. Elemental analysis: Calcd for [PysPzMg(H20)]-4H20, Cs6H42MgN160s:
C, 64.47; H, 4.06; N, 21.48. Found: C, 64.54; H, 4.22; N, 20.98%. HNMR (DMSO-ds, 300 K): &/ppm
=8.775 (d,J = 4.4 Hz, 8 H; a,a’), 7.590 (d,d,d, J = 6.9; 5.6; 1.0 Hz, 8 H; B,p’), 8.205 (d,d,d, J = 7.8;
7.7; 1.7 Hz, 8 H; v,y°), 8.910 (d, J = 7.8 Hz, 8 H; §,8°). 3C NMR (DMSO-ds, 300 K)::6/ppm = 154.4
(2-pyridyl ring: quaternary C), 150.2 (a,a”), 123.7 (B,B°), 136.7 (v,y’), 129.7 (8,8’); signals of the pyrrol
C atoms are not detectable due to low intensity.
Synthesis of [PysPzH2]-5H20. [PysPzMg(H20)]-4H20 (49 mg, 0.047 mmol) was added to glacial
acid acetic CH3COOH (1 mL) in a 10 mL flask and the mixture was kept at room temperature under
stirring for 5 h. The obtained solution was poured in air into a vessel and the solvent was left to
evaporate completely. The solid residue was dissolved in water and the resulting acid solution was
neutralized by dropwise addition of a solution of 0.1 M NaOH. The bluish precipitate was isolated by
centrifugation, washed with water until neutrality and brought to constant weight under vacuum (102
mmHg; 31 mg, yield 62%). Calcd for [PysPzH2]-5H20, Cs6HasN16Os: C, 65.87; H, 4.34; N, 21.95.
Found: C, 65.47; H, 3.59; N, 21.42%. IR (KBr, cm™): 3425 (broad), 3293 (w, vnn), 1584 (s), 1562 (m),
1461 (s), 1421 (s), 1286 (W), 1243 (vvw), 1178 (w-m), 1150 (m), 1121 (w-m), 1095 (m), 1048 (w-m),



998 (vvs), 976 (vs), 860 (m-s), 829 (vvw), 799 (w), 771 (m), 739 (m), 710 (m-s), 676 (w), 621 (w), 595
(m), 569 (vww), 523 (vw), 444 (vw), 409 (vw), 401 (w). *H NMR (CDCls, 300 K): 6/ppm = 8.811 (d, J
= 4.8 Hz, 8H; a,a”), 7.460 (d,d,d, J = 7.7; 4.8; 1.0 Hz, 8H; B,p’), 7.959 (d,d,d, J = 7.7; 7.7; 1.8 Hz, 8H;
v,7v), 8.771 (d, J = 7.7 Hz, 8H; 5,8’), -1.423 (s, 2H (NH)). 3C NMR (CDCls, 300 K): 5/ppm = 152.9
(2-pyridyl ring: quaternary C), 149.5 (a,a’), 122.7 (B,B°), 135.6 (v,y’), 129.0 (8,8’); signals of the pyrrol
C atoms are not detectable due to low intensity.

Synthesis of [PysPzZn]-7H20 via a transmetalation process. [PysPzMg(H20)]-5H20 (53.8 mg,
0.051 mmol) and Zn(OAc).-2H.0 (34.3 mg, 0.16 mmol) were suspended in glacial CHsCOOH (2 mL).
The suspension was kept under stirring at room temperature for 5 h. The mixture was then poured into
a vessel and the solvent was left to evaporate completely. The solid residue was dissolved in water and
the resulting acid solution was neutralized by dropwise addition of a solution of 0.1 M NaOH. The
formed bluish precipitate was isolated by centrifugation, washed with water and brought to constant
weight under vacuum (102 mmHg; 48.6 mg, yield 84.3%). Calcd. for [PysPzZn]-7H.0,
CseHaeN16072Zn: C, 60.03; H, 4.14; N, 20.00; Zn, 5.83. Found: C, 60.04; H, 2.89; N, 19.77; Zn
6.23%.IR (KBr, cm™): 3380 (broad), 1585 (vs), 1561 (w), 1513 (w), 1463 (m-s), 1423 (m), 1367 (w-
m), 1286 (w-m), 1241 (vw), 1149 (vs), 1092 (m), 1047 (m), 1005 (vvs), 983 (s), 880 (s), 834 (m), 753
(w), 721 (wm), 697 (w), 604 (m), 497 (vw).

Synthesis of [PysPzzZn]-3H20 from [PysPzH:]. [PysPzH2]-5H.0O (14 mg, 0.014 mmol) and
Zn(OAC)2-2H20 (9 mg, 0.041 mmol) were suspended in pyridine (1 mL) and the suspension kept under
stirring for 3 h at 60 °C. After evaporation of the solvent, the blue-green solid material was washed
with water and acetone and brought to constant weight under vacuum (102 mmHg; 7 mg, yield 43%).
Calcd. for [PysPzZn]-3H.0, CssH3sN103Zn: C, 64.16; H, 3.65; N, 21.38; Zn, 6.24%. Found: C, 63.76;
H, 3.58; N, 21.06 %, Zn, 6.12%.

Synthesis of [PysPzCo]-6H20. [PysPzH2]-4H20 (23 mg, 0.022 mmol) and Co(OAc)2-4H20 (18 mg,
0.072 mmol) were suspended in freshly distilled pyridine (1 mL) and the mixture was kept under
stirring for 2 h at 60 °C. After evaporation of the solvent the solid material was washed with water and

acetone and brought to constant weight under vacuum (102 mmHg; 12 mg, yield 50%). Calcd. for



[PysPzCo]-6H20, Cs6H44C0N160s: C, 61.37; H, 4.05; N, 20.45; Co, 5.38. Found: C, 61.21; H, 3.80; N,
20.39; Co, 5.38%. IR (KBr, cm™): 3436 (broad), 1601 (w), 1584 (w), 1503 (w-m), 1466 (w), 1421 (w-
m), 1370 (w), 1329 (vw), 1288 (vw), 1173 (m), 1152 (vw), 1104 (vw), 10534 (vw), 1015 (s), 987 (vw),
901 (w), 845 (w), 800 (vw), 777 (vww), 745 (w), 529 (w-m), 513 (w-m).
Synthesis of [PysPzCu]-4H20. [PysPzH2]-4H>0 (30 mg, 0.029 mmol) and Cu(OAc).-H2O (18 mg,
0.09 mmol) were suspended in freshly distilled pyridine (1 mL) and the mixture kept under stirring for
2 h at 60 °C. After evaporation of the solvent the solid material was washed with water and acetone and
brought to constant weight under vacuum (102 mmHg; 21 mg, yield 65%). Calcd. for
[PysPzCu]-4H20, Cs6H42CuN160s: C, 63.18; H, 3.79; N, 21.05; Cu, 5.87. Found: C, 63.55; H, 4.02; N,
20.76; Cu, 5.97 %. IR (KBr, cm™): 1584 (m-s), 1564 (w), 1463 (w-m), 1420 (m), 1371 (w), 1287 (w),
1168 (vw), 1151 (w), 1095 (vw), 1051 (w), 1012 (s), 987 (w), 893 (w-m), 840 (w), 800 (vw), 774 (m),
752 (vw), 740 (vw), 669 (vvw), 615 (vvw), 548 (w), 529 (w), 433 (vw).

Electrochemical and Spectroelectrochemical Measurements. Dimethyl sulfoxide (DMSO,
99.9+%) was purchased from Sigma-Aldrich Co. and utilized without further purification. High purity
N2 from Trigas was used to deoxygenate the solution before each electrochemical experiment. Tetra-n-
butylammonium perchlorate (TBAP, 99%) from Fluka Chemika Co. was used as supporting
electrolyte and stored under vacuum at 40 °C prior to use.

Cyclic voltammetry (CV) was performed at 298 K with an EG&G model 173 potentiostat coupled
with an EG&G Model 175 Universal Programmer. Current-voltage curves were recorded on an Allen
Datagraph 1000 or 1100 series X-Y recorder. A three-electrode system was used, consisting of a
glassy carbon working electrode, a platinum counter electrode and a saturated calomel reference
electrode (SCE). The reference electrode was separated from the bulk solution by a fritted-glass bridge
filled with the solvent/supporting electrolyte mixture.

UV-visible spectroelectrochemical experiments were carried out with a home made thin-layer cell
which has a light-transparent platinum gauze working electrode. The applied potential was monitored
with an EG&G Model 173 potentiostat and UV-visible spectra were recorded on a Hewlett-Packard

Model 8453 diode array spectrophotometer.



Singlet oxygen quantum yields measurements in DMF. Measurements of the singlet oxygen
quantum yields (®a) of the neutral species were carried out in DMF solutions by an indirect and
absolute method using 1,3-diphenylisobenzofuran (DPBF) as an 'O scavenger, as earlier reported.’
Solutions of the complexes (ca. 10°-10° M) and DPBF (ca. 5 x 10° M) in DMF or DMF/HCI were
irradiated with monochromatic light (Premier LC Lasers/HG Lens, Global Laser) at 635 or 650 nm,
values close to the Q-band maximum of each compound. The light intensity was set to 0.300 mW and
accurately measured with a radiometer (ILT 1400A/SEL100/F/QNDS2, International Light
Technologies).

The @4 values were obtained from the quantum yield of the photoreaction (®ppgrr) calculated with

respect to the different concentrations of DPBF, on the basis of Equation 1

1 1 k1 1
=t

(I)DPBF q)A kr (DA [DPBF] (1)

where ky is the decay rate constant of 'O, in the solvent and k; is the rate constant of the reaction of
DPBF with '0,. The 1/®x value was obtained as the intercept of the Stern-Volmer plot (1/®pppr Vs
1/[DPBF)).

Other Physical Measurements. IR spectra of the solid materials as KBr pellets were recorded in
the range of 4000-400 cm™ on a Varian 660-IR FT-IR spectrometer. UV-visible solution spectra other
than those for spectroelectrochemistry (see above) were recorded with a Varian Cary 5E spectrometer
by using 1-cm quartz cuvettes. Thermogravimetric analyses (TGA) were performed on a Stanton
Redcroft model STA-781 analyzer under a N2 atmosphere (0.5 L/min). Elemental analyses for C, H,
and N were provided by the “Servizio di Microanalisi” at the Dipartimento di Chimica, Universita
“Sapienza” (Rome) on an EA 1110 CHNS-O instrument. The ICP-PLASMA analysis of Zn, Co, Cu
was performed on a Varian Vista MPX CCD simultaneous ICP-OES. NMR spectral data were obtained
by dissolving the samples in 700 uL of DMSO-ds (99.9%, Aldrich) or CDClIs (99.8%, Aldrich) at 27
°C. H and *3C experiments were performed on a Bruker AVANCE AQS 600 spectrometer operating at

the proton frequency of 600.13 MHz and equipped with a Bruker multinuclear, z gradient probehead.



'H and ®C assignments were obtained by means of HSQC experiments carried out using 1024 data
points in the f2 dimension and 512 data points in the f1 dimension, a recycle delay of 1 s, and a

coupling constant of 150 Hz.

Results and Discussion

Synthesis and properties of [PysPzH:] and its metal complexes [PysPzM] (Mg''(H20), Zn",
Co'' and Cu"). The purity of the metal free [PysPzHz] and [PysPzMg(H20)] was established by
elemental analyses and the results supported by *H-NMR spectra taken at room temperature in CDCl3
and DMSO-ds, respectively (Figure 2; data listed in Experimental Section an in Table 1). The presence
of only one set of four resonance peaks for the H atoms of the external 2-pyridyl rings indicates their
equivalence in both species and the measured spectra are in line with the spectrum of the [(CN)2Py:Et]
precursor.® For [PysPzH,] a resonance peak assigned to the two protons of the central NH groups is
located at -1.423 ppm (Figure 2A, inset). In going from the precursor to either the free ligand or the
Mg" complex, the largest low field shift consequent to formation of the macrocycle is observed for the
8,0’ protons which are shifted by approximately 0.7-0.9 ppm. This resonance shift, independent of the
solvent used, is due to the closeness of the pyridyl groups to the central Pz chromophore, paralleling
results previously reported for the related metal-free ligand [PysTPyzPzH2] and the related precursor
[(CN)2Py2Pyz].° It is worth noting that a “clean” *H-NMR spectrum for a different synthesized batch of
the Mg'" complex was also obtained in DMF-d,° which indicates that the Mg" complex can be easily
obtained in its pure form. The Zn' complex [PysPzZn] (either formed from the Mg'' complex or from
the unmetalated species) and the Co'' and Cu'" analogs were also obtained in pure form as indicated by
C, H, N elemental analysis and ICP-PLASMA analysis of the Zn'"', Co'" and Cu" derivatives. All of the
bluish [PysPzM] compounds (Figure 1A; M = 2H', Mg'(H.0), zn", Co", Cu") are stable in their

hydrated form after exposure to air.
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Figure 2. 'H NMR spectra at 300 K of (A) [PysPzH:] in CDCl; and (B)
[PysPzMg(H20)] in DMSO-de. The inset shows the resonance of the protons of the
central NH groups located at -1.423 ppm.



Table 1. 'H and *C NMR Assignments for the precursor [(CN)2Py,Et] in DMSO-ds,
[PysPzH:] in CDClsand [PysPzMg(H20)] in DMSO-ds at 300 K.

[(CN)2Py-Et]? [PysPzH:] PysPzMg(H20)]
H m J (Hz) 13c H m J (Hz) 3c H m J (H2) 3c

152.9° 154.4°

a0’ 8.823  ddd | 4.8;1.7;1.0 150.5 8.811 d 4.8 149.5 8.775 d 4.4 150.2

B,p’ 7.672  ddd | 7.8;4.8;1.0 127.1 7.460  ddd | 7.7;4.8;1.0 1227 7590  ddd | 6.9;5.6;1.0 @ 123.7

Yy 8.124 | ddd = 7.8;7.8;1.7 138.8 7959 | ddd @ 7.7;7.7;1.8  135.6 8.203  ddd @ 7.8;7.7;1.7  136.7

5,8 8.045 | ddd = 7.8;1.0;1.0 125.1 8.771 d 7.7 129.0 8.910 d 7.8 129.7

NH -1.423 s

4See ref. 6.

bSignal of the quaternary carbon of the pyridine rings; the other signals are not visible because comparable to the
background noise.

The presence of clathrated water molecules in [PysPzM] parallels previous findings for
porphyrazine macrocycles bearing externally annulated heterocyclic rings.>® The amount of clathrated
water, which can change for the different prepared batches of each species, is generally removed by
mild heating (ca. 100 °C) under vacuum (102 mmHg). After the loss of water, thermogravimetric
analysis of the Mg'" derivative indicated that the complex was stable under an inert atmosphere up to
temperatures of ca. 300 °C. A comparable thermal stability was also observed for the other reported
mononuclear species but exposure of the heated samples to air generally led to rehydration of the
materials. Due to the limited influence of clathrated water molecules on the general physicochemical
properties of the examined compounds, they will be neglected in the given formulae of the described
species.

The Mg" complex was earlier formulated as [PysPzMg(H20)]° and is reported in this study as
having one water molecule axially ligated to the Mg' ion, in line with a similar formulation for the
pyrazinoporphyrazine complex [PysPyzPzMg(H20)].%® The presence of such a water molecule is

difficult to prove directly, but its presence is strongly suggested by the fact that the Mg(H20) moiety,
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as established by crystallographic work, is commonly observed in porphyrazine and phthalocyanine
macrocycles carrying central Mg' ions. Examples of this are given by the complex [(omtp)Mg(H20)]*
(omtp = octakis(methylthio)porphyrazinato dianion), a porphyrazine macrocycle carrying externally
pyrrole and pyridylmethylamino groups,'! a dimerized monohydrate of a low-symmetry porphyrazine
macrocycle,'? the phthalocyanine complexes [PcMg(H20)]-2py*® (Pc = phthalocyaninato dianion,
Cs2H16Ns?) and [PcMg(H20).] bearing two axially ligated water molecules.* The presence of axially
bound H2O on Mg" was also indicated for previously characterized complexes of
tetrakis(thia/selenodiazole)porphyrazines.'®

The IR spectra of [PysPzH,] and its Mg'" metal derivative over the range of 1800-600 cm™ are
shown in Figure 3. The Co", Cu", and zZn" complexes exhibit quite similar spectral patterns. The IR
spectrum of each M"" derivative shows a characteristic doublet in the region 900-700 cm™, which
suggests a structural analogy in the series with different metal derivatives. The position of this doublet
varies with changes of the central metal ion and is located at 881/835 cm™ for the Mg' complex (Figure
3A), 879/833 for M = Zn'!, 898/845 for M = Co'" and 892/838 for M = Cu'. In contrast, [PysPzH;] has
only a single peak at 860 cm™ in the same spectral region (Figure 3B). Differences between spectra of
[PysPzM], and [PysPzH:] also appear in the region 1200-900 cm™. In this spectral region, [PysPzH2]
shows a peak at 1120 cm™ which is absent in spectra of the metal complexes. Finally, an intense double
peak present at 998/976 cm™ for [PysPzH:], is slightly shifted to 1006/983 cm™, 1014/985 cm,
1010/985 cm™ and 1004/982, for the Mg'", Co", Cu'" and Zn'" species, respectively. This doublet can
be assigned to the macrocyclic framework, its position being only slightly influenced by the specific
central metal ion. In keeping with these results, worth of mention here is that the IR spectra of
octaphenyl substituted porphyrazine analogs contain similar metal sensitive bands (double band near
1000 cm* and strong band at ~1150 cm™) which were assigned to CC and CN skeleton vibrations of
the porphyrazine macrocycle.l'> '®Al Noteworthy, a new absorption for [PysPzH:] is found at 3293 cm™
(Figure 3B, inset) and is assigned as vih). As expected, this band disappears during formation of the
M" complexes (M = Co", Cu", Zn") in the process [PysPzH,] — [PysPzM]. These IR spectral features

recall those observed for octaphenyl porphyrazine analogs.®
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Figure 3. IR spectra in KBr of A) [PysPzMg(H20)], B) [PysPzH2]
and B) [PysPzzn].

UV-Visible Spectral Behavior of [PysPzH2] and the Metal Complexes [PysPzM] (Mg''(H20), Co",
Cu'l, Zzn").

The examined [PysPzH2] and its metal derivatives [PysPzM] possess good solubility in the polar
non aqueous solvents pyridine, DMSO and DMF (c < 10 M), and, as expected, higher than that of the
related pyrazinoporphyrazine macrocycles [PysTPyzPzM]. Solubility of the [PysPzM] compounds was

generally found to be lower in the non-donor solvents CHCl3z, CH.Cl>, exceptions being observed in the
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case of [PysPzH:] and its Mg' complex, for which solubility approached that observed in the low donor
solvents. All of the examined compounds were stable in solution, as indicated by unchanged UV-
visible spectra over a period of 24/48 h.

[PysPzH:]. The spectrum of unmetalated macrocycle [PysPzH:] is stable with time in solutions of
CHCIs and is characterized by an intense absorption in the Soret region (370 nm) and a split Q band
with peaks at 594 and 663 nm (Figure 4). This type of spectrum is as expected for D2n symmetry and
supports the presence of the macrocycle being in its monomeric form with two central N-H groups. A
low intensity peak at 637 nm can be assigned to the presence of a small amount of the dianion [PysPz]*
in equilibrium with the neutral form. Quite similar spectra were observed in CH>Cl, (peaks at 594 and
662 nm) and pyridine (peaks at 598 and 664 nm) (data listed in Table 2). The two distinct absorptions
in the Q-band region are assigned as the two components of the Q band, ie. Qx and Qy, due to the
transitions ay — bag and ay — bag, respectively. The presence of a stable split Q band for [PysPzH-] at
room temperature suggests a higher stability in its neutral form with respect to the related dianion
[PysPz]* in CHCls, CH.Cl; or in pyridine. The absorption in the Soret region at 370-375 nm is
assigned as the B band in all the solvents, DMSO and DMF included (Table 2).
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Table 2. UV-visible Spectral Data (A, nm (log €)) of [PysPzH] and [PysPzM] (M = Mg'(H-0),
Co'', cu", zn") in Different Solvents.

A (nm) (loge)

Compound Solvent st Q-band
region region
[PysPzH] DMF 370 (4.68) 551sh (4.04) 596 (4.45) 635 (4.46) 660 (4.64)
DMSO 368 (4.67) 554sh (4.10) 598 (4.47) 633 (4.43) 661 (4.63)
Py 375 (4.73) 557sh (4.11) 598 (4.53) 637 (4.36) 664 (4.71)
CHCIl; 370 (4.87) 551sh (4.20) 594 (4.67) 637 (4.45) 663 (4.86)
CH:Cl, 367 (4.67) 559sh (4.05) 594 (4.46) 637 (4.20) 662 (4.65)
[PysPzMg(H.0)]* DMF 378 (5.05) 583 (4.46) 636 (5.18)
DMSO 378 (4.52) 583 (3.95) 636 (4.63)
py 381 (4.80) 583 (4.18) 638 (4.89)
CHCl; 378 (4.74) 583 (4.10) 637 (4.80)
[PysPzCo] DMF 354 (4.52) 573sh (4.17) 613 (4.55)
DMSO 357 (4.40) 572sh (3.06) 611 (4.50)
py 356 (4.23) 571sh (3.88) 613 (4.29)
[PysPzCu] DMF 371 (4.06) 578sh (3.62) 623 (4.24)
DMSO 374 (4.54) 580sh (4.17) 627 (4.70)
py 376 (4.71) 573 (4.27) 627 (5.01)
[PysPzZn] DMF 380 (4.82) 585 (4.26) 637 (4.98)
DMSO 380 (4.92) 584 (4.35) 636 (5.07)
py 381 (4.85) 583 (4.27) 637 (4.97)

a See reference 6.
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Figure 4. UV-visible spectrum of [PysPzH>] in CHClI3 solution.

It should be pointed out that the spectrum of the corresponding tetrapyrazinoporphyrazine
compound [PysTPyzPzH:], exhibits an unsplit Q band (667 nm) in pyridine.® This suggests a loss of the
central protons and formation of the deprotonated dianion [PysTPyzPz]* (D Symmetry). This result in
pyridine solutions indicates that [PysTPyzPzH>] is more acidic than [PysPzH2]. An explanation for this
result most likely resides in the fact that the pyrazine rings in the pyrazinoporphyrazine complex
enhance the electron-deficiency of the macrocycle due to their electron-withdrawing properties, thus
facilitating release of the central protons. A somewhat related spectral evolution was also observed for
the octaphenyl substituted porphyrazine in pyridine solution.*’

It should be noted that the observed 68-69 nm splitting of the Q bands for [PysPzH>] in CHCIz and
CH2Cl> is much higher than the 33 nm splitting observed in the same solvents for the corresponding
free-base pyrazinoporphyrazine, [PysTPyzPzH,].° This seems to indicate that in going from [PysPzH:]
to [PysTPyzPzH>], the splitting of the byg and bsg HOMO energy levels decreases along with an
extension of the n-delocalized system.

The examined spectral behavior of [PysPzH2] in DMSO and DMF provides additional useful
information about conversion of the neutral species to the corresponding dianion [PysPz]? in these

solvents. Figure 5 shows the spectral changes observed for [PysPzH.] in DMSO as a function of time,
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combined with heating of the solution (a parallel time dependent behavior is observed in DMF). As can
be seen from the figure, the initial spectrum shows two peaks at 598 and 661 nm which are attributable
to the split Qx and Qy absorptions in addition to a peak at 633 nm, a position coincident with that of the
low intensity peak also seen in the spectrum recorded in CHCIs, CH2Cl> and pyridine. This is clearly
attributable to the presence of a small amount of the free-base macrocycle being in its dianionic
[PysPz]? form (single Q band and Dan symmetry). The combined double action of time and heating of
the solution leads to an increase in intensity of the band at 633 nm and a concomitant decrease in
intensity of peaks at 598 and 661 nm which are assigned to the neutral form of the compound. The final
spectrum obtained after four days reveals exclusively the presence of the dianion (see Figure 6, red
line). Noteworthy, differences do exist, as compared to the corresponding free-base
pyrazinoporphyrazine [PysTPyzPzH>], which behaves the same in DMSO, DMF and pyridine
solutions, giving rise immediately after dissolution to formation of the deprotonated species

[PysTPyzPz]*.°

—— T=25°C

T=70°Cfor30min 33
—— T =120 "°C for 60 min
—— T =25°C after 4 days

661

0.4 1
598
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T T T T T T T T T 1
300 400 500 600 700 800
X (hm)

Figure 5. UV-visible spectral changes for [PysPzH2] in DMSO as a function of time
and heating of the solution.

In order to further support the formation of the dianion [PysPz]?> in DMSO, a titration of [PysPzH>]
was performed in this solvent with TBAOH. The observed UV-visible spectral changes are illustrated
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in Figure 6, where it can be seen that the spectrum of the neutral species changes towards that of the
corresponding dianion, with the peak of this latter centered at 641 nm, only slightly batochromically
shifted with respect to the position indicated in Figure 5. Accordingly, the concomitant disappearance

of the absorptions of the neutral species at 597 and 661 nm is observed.
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Figure 6. UV-visible spectral changes during the titration of PysPzH> with TBAOH in DMSO.

Spectral behaviour of the complexes [PysPzM] (Mg'(H20), Co", Cu", Zn"). The UV-visible
spectra of the metal complexes in pyridine, DMSO and DMF all show similar well-defined profiles
(see example in Figure 7), with a single band in the Soret region of the spectrum (340-450 nm) and
sharp unsplit Q bands in the region 610-640 nm which are attributable to ligand-centered 1 — w*
transitions in an approximate Dan symmetry. The overall shape of the spectra indicate the presence of
the almost exclusively monomeric species, even at the highest examined concentrations (ca. 1023 M in
DMF). The observed spectral features suggest a behavior which is in line with previous findings for M"
pyrazinoporphyrazines.®

Quantitative spectral data for the [PysPzM] complexes (M = Mg (H:0), Co", Cu", zn'") are
summarized in Table 2. In general, the Soret and Q bands exhibit only a small solvent effect,
analogous to what is seen for the parallel series of pyrazinoporphyrazines. However, a marked change
in the position of the Q-band maxima is seen with changes in the central metal ion, which increases in
the sequence: Co'" (611-612 nm), Cu'"' (623-627 nm), and Mg'" and Zn'"" (636-638 nm). Interestingly, the
same sequence of shifts occurs for the pyrazinoporphyrazine analogs: Co' (634-635 nm), Cu"' (648-653

nm), and Mg" and Zn" (653-658 nm).%" From these data it clearly appears that moving from the
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[PysPzM] complexes to the corresponding pyrazinoporphyrazines [PysTPyzPzM] results in a 20-25 nm
bathochromic shift of the Q-band maxima for each metal derivative. This bathochromic shift is
determined by the increased extension of the w-electron delocalization consequent to incorporation of
the pyrazine rings in going from [PysPzM] to [PysTPyzPzM]. This behavior is reminiscent of similar
findings for other porphyrazines, phthalocyanines and naphtahlocyanines.’® A rational explanation of
the observed spectral behavior was earlier provided by TDDFT calculations for [PysPzMg],
[PysTPyzPzMg] and [PysQxPzMg] which are water-free model compounds of the corresponding
axially-hydrated triad [PysPzMg(H20)], [PysTPyzPzMg(H-O)] and [PysQxPzMg(H.0)] (Qx =
quinoxaline; see Figure 1). The theoretical calculations agree well with the UV-visible experimental
data® in that there is a shift of the Q-band maxima from 636 to 658 and then to 759 nm in DMF as the

macrocycle nt-system is further increased.
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Figure 7. UV-visible spectra of the complexes [PysPzM] (M = Mg'(H20), Co", Cu", zn'"
in DMF.

Electrochemistry
[PysPzH2] and the triad of complexes [PysPzM] (M = Mg'(H20), Zn", Cu'") were electrochemically
investigated in DMSO and pyridine, while [PysPzCo] was investigated in the same two solvents in

addition to PhCN and CHCl». Previous electrochemical studies on the related pyrazinoporphyrazine
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macrocycles derivatives [PysTPyzPzH]%and [PysTPyzPzM],%+>42¢ and similar macrocycles bearing
annulated diazepine®® and thienyl rings,?! have generally shown that each porphyrazine macrocyclic
species can be reduced in four one-electron transfer steps and this is also the case for the currently
investigated compounds, although the current-voltage curves were in many cases “complicated” by the
presence of aggregation under some of the solution conditions. The electrochemical behavior of the
present compounds is detailed here below.

[PysPzH:]. Cyclic voltammograms of the metal-free [PysPzH>] in pyridine are illustrated in Figure
8. The first two reductions are reversible and involve one electron additions to the macrocycle
generating [PysPzH,] and [PysPzH:]%, respectively. These processes occur at E1» = -0.26 and -0.65 V
vs. SCE and can be compared to Ei» values of -0.17 and -0.48 V for the corresponding reductions of
[PysTPyzPzH,] under the same solution conditions.® Two reversible one-electron reductions of
[PysPzH:] are also observed in DMSO (at E1»=-0.17 and -0.57 V).

A third reversible reduction of [PysPzH>] is observed at -0.93 V in pyridine (see Fig. 7) and this
process corresponds to reduction of the deprotonated [PysPz]*> macrocycle according to eq. 1 as

described earlier for [PysTPyzPzH,].°

[PysPal? +& == [PysP]* @

The first and second reductions of [PysPzH2] are harder than the first and second reductions of
[PysTPyzPzH-], which is consistent with the smaller conjugated system in [PysPzH>]. The same order
in ease of reduction is also observed for the metal derivatives of these two macrocycles as described on
the following pages. Surprisingly, the measured half wave potential for reduction of the deprotonated
[PysPz]? in pyridine is exactly the same as Ei for reduction of [PysTPyzPz]* (-0.93 V) under the
same solution conditions. Almost identical values in half-wave potentials are also seen for the same
two macrocycles in DMSO where [PysPz]?* is reduced at -0.87 V and [PysTPyzPz]* at -0.89 V (see
Table 3).
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Figure 8. Cyclic voltammograms of [PysPzH:] in pyridine, 0.1M TBAP. Scan rate = 0.1 V/s.
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Table 3. Half-Wave Potentials (E12, V vs SCE) of [PysPzM] and [PysPyzPzM] (M =
2H', cu", zn", Mg(H20), Co") in Py and DMSO, containing 0.1M TBAP.

Reduction

Solvent Macrocycle 15t 20 [Pz]*/[Pz]> 3 4t ref.
Py [PysPzH>] -0.26 -0.65 -0.93 -1.53  -1.86*  tw.

[PysTPyzPzH,] -0.17 -0.48 -0.93 -1.24  -1.61 9
[PysPzCu] -0.38 tw.
[PysTPyzPzCu] -0.30 -0.68 -1.28  -1.61 Sa
[PysPzZn] -0.46 -0.91 -1.66*  -1.92*  tw.
[PysTPyzPzZn] -0.34 -0.72 -1.38  -1.66 Sa
[PysPz Mg(H,0)] -0.54 -0.93 -1.49  -1.84*  tw.
[PysTPyzPz Mg(H,O)]  -0.40 -0.79 -1.43  -1.70 5a
[PysPzCo] -0.33 -1.01 -1.60  -1.92*  tw.
[PysTPyzPzCo] -0.26 -0.87 -1.37  -1.83 Sa
DMSO [PysPzH>] -0.17 -0.57 -0.87 -1.44  -1.80*  tw.
[PysTPyzPzH,]° -0.16 -0.40 -0.89 -1.21 -1.57 5b
[PysPzCu] -0.34 -0.67 tw.
[PysTPyzPzCu] -0.33 -0.58 -1.22 -1.58 5b
[PysPzZn] -0.43 -0.85 -1.57  -1.88  tw.
[PysTPyzPzZn] -0.26 -0.67 -1.38  -1.64 5b
[PysPzMg(H,0)] -0.44 tw.
[PysTPyzPzMg(H,O)]  -0.33 -0.70 -1.39  -1.67 5b
[PysPzCo] -0.19 -0.95 -1.53  -1.85 tw.
[PysTPyzPzCo] -0.06 -0.76 -1.31  -1.77 5b

& Irreversible reduction reaction at scan rate = 100 mV/s.
tw. = this work.

The last two reductions of [PygPzH>] in pyridine are located at E1/» = -1.53 V and Epc = -1.86 V as
seen in Figure 8. Like the first two reductions, these processes are harder (occur at more negative
potentials) than the third and fourth reductions of [PysTPyzPzH>] in the same solvent, the magnitude of
the potential difference between the relevant redox reactions being 290 and ~250 mV, respectively (see

Table 3). The lack of well-defined reoxidation peaks for the reductions of [PysPzH>] at -1.53 and -1.86
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V are most likely related to equilibria involving the fully protonated porphyrazines and the
deprotonated porphyrazine in its initial and/or singly reduced form, i.e. [PysPz]* and [PysPz]*.

[PysPzM] where M = Cu", Zn" and Mg'(H20). The first one-electron reduction of the Cu', Zn"
and Mg'(H20) porphyrazines is well defined in pyridine and located at -0.38, -0.46 and -0.54 V,
respectively. These values can be compared to the first one-electron reduction of the analogous
[PysTPyzPzM] derivatives which are reduced at -0.30, -0.34 and -0.40 V, respectively as seen in Table
3. Thus, like in the case of the free-base derivatives, more facile reductions are again seen for
[PysTPyzPzM] than for [PysPzM], with the exact difference in potential varying with the type of
central metal ion and following the order: Cu" (AE12 = 80 mV) < Zn"' (AE1 = 120 mV) < Mg'(H20)
(AE12 = 140 mV). The above separation in E12 between the two related metallomacrocycles with the
same metal ion can be compared with a AE1, of 90 mV between half-wave potentials for the first
reduction of [PysPzH2] and the first reduction of [PysTPyzPzH>] (see above discussion and Table 3).

A second reversible one-electron reduction of [PysPzZn] is observed in pyridine and DMSO. These
reductions occur at -0.91 and -0.85 V, respectively, and are shifted negatively by 180 to 190 mV from
E1 values of [PysTPyzPzZn] in the same solutions, thus suggesting that the effect of the different =
systems on Ey/» values is greater for the second electron addition than for the first.

Unfortunately, all other electroreductions of the Cu", zn'" and Mg'(H.0) porphyrazines are ill-
defined due to the presence of aggregation after electroreductions. This is seen by the cyclic

voltammograms in Figure 9.
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Figure 9. Cyclic voltammograms of [PysPzM] with M = Cu", Zn'"" and Mg'"/(H.0), in DMSO and Pyridine,
0.1M TBAP. Scan rate = 0.1 V/s.

[PysPzCo'""]. The Co' complex is characterized by four one-electron reductions in pyridine and five in
DMSO. A single oxidation is also observed at +0.25 V in pyridine. This process is quasi-reversible and
corresponds to the reaction Co'/Co''. A similar Co'"/Co"' process has been reported for the
pyrazinoporphyrazine complex [PysTPyzPzCo] in DMSO® as well as for Co''-phthalocyanines.??

The first one-electron reduction of [PysTPyzPzCo] to its Co' form is reversible in DMSO®® and this
is also true for cobalt phthalocyanine [PcCo"]] in this solvent. Both of these processes occur at similar
half wave potentials of -0.06 and -0.08 V (data in Figure 10), but this is not the case for [PysPzCo]
where the reduction and reoxidation reactions are split into two separate processes which are located at

Ebe=-0.32 V and Epa = -0.06 V for a scan rate of -0.1 V/s (see Figure 10).
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Figure 10. Cyclic voltammograms for [PcCo], [PysPzCo] and [PysTPyzPzCo] in DMSO, 0.1M
TBAP. Scan rate = 0.1 V/s

This large separation of reduction and oxidation peaks for the Co'/Co' and reverse Co'/Co!
reaction of [PysPzCo] can be accounted for by a well-known box mechanism® of the type illustrated in
Scheme 1. The reduction at Ep. = -0.32 V involves electron addition to a six coordinate Co"
porphyrazine while the reoxidation at Ey. = -0.06 V involves electron abstraction from an unsolvated

four-coordinate Co' form of the compound.

[PygPzColl(S);] ————  [PygPzCO!(S),]"
32V

+2S -2S

-0.06V
Scheme 1. Mechanism for the reduction and reoxidation of [PysPzCo] in DMSO, 0.1M TBAP.

[PygPzCo'l] [PygPzCo'l-
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The almost identical Ej, values for the first reduction of [PcCo] (-0.08 V) and
[PysTPyzPzCo] (-0.06 V) indicates a negligible difference in how these two macrocycles effect the
Co'/Co! process of the compounds. However, this is not the case for the second, third and fourth
reductions of the three related species, where the ease of electron addition follows the order:
[PysTPyzPzCo] > [PysPzCo] > [PcCo] for each redox process beyond the first. The absolute difference
between the measured reduction potential of [PysPzCo] and [PysTPyzPzCo] amounts to 190 mV for
the second electron addition, 210 mV for the third and 80 mV for the fourth. A fifth, never before seen
reduction of [PysPzCo] is also present in DMSO and this may be related to the fact that four ring-
centered reductions and one metal-centered Co'/Co' process are expected to occur for this compound.

In this regard, it should be pointed out that the reversible third and fourth reductions of
[PysTPyzPzCo] were earlier proposed to generate a Co!' porphyrazine with a triply and quadruply
reduced macrocycle® and this may also be the case for [PysPzCo] where E1 values for addition of the
third and fourth electrons are quite similar to measured potentials for reduction of the [PysPzZn]
derivative under similar solution conditions (see Table 3).

Finally, the axial coordination of pyridine to the Co™ and Co" forms of [PysPzCo] in CH,Cl, and
neat pyridine was investigated. Aggregation of [PysPzCo] is present in CH>Cl, solutions and, under
these conditions, neither the first metal-centered reduction nor first metal-centered oxidation can be
observed in initial scans by cyclic voltammetry. However, the extent of aggregation decreases upon
addition of pyridine to solution and in CH>Cly/pyridine mixtures, three well-defined reductions and one
oxidation can be easily detected. The potentials for the second and third reductions are almost invariant
with changes in the CH>Cly/pyridine ratio but this is not the case for the first oxidation and first
reduction where the half-wave potentials vary systematically with the concentration of pyridine as

shown by the data in Figure 11.
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The measured Ej» for the Co'/Co™ and Co'/Co! processes of [PysPzCo] initally shifts by 53-59
mV per ten-fold change in the log[py] concentration (Region I of Figure) but as more pyridine is added
to solution, the half-wave potentials for these two reactions stop shifting, as shown in Region I of the
figure. The magnitude of the shift follows classical behavior for the loss or gain of axial ligands upon
oxidation or reduction?® and the overall mechanism for the first electron addition and first electron
abstraction of [PysPzCo] is as described in the figure. In CH>Cl, solutions with low concentrations of
pyridine, the prevailing electrode reactions involve [PysPzCo™(Py).]*, [PysPzCo'(Py)] and [PysPzCo']
species, while in solutions with higher concentrations the reactive species are all six-coordinate on the

timescale of the electron transfer, i.e. [PysPzCo™(Py).]*, [PysPzCo'(Py):] and [PysPzCo'(Py)]".
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Figure 11. Plot of E1. for the first oxidation and first reduction of [PysPzCo] in
CH:ClI2 vs log of the pyridine concentration added to solution.
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Quantum Yields of Singlet Oxygen (®x) and Fluorescence (®r) of [PysPzM] in DMF.

The efficiency of singlet oxygen production, expressed by the singlet oxygen quantum yield ®a
values, of the complexes [PysPzM] (M = Mg''(H20), Zn'"), were examined in DMF and the results are
presented in Table 4. The measurements were performed by an absolute method, using a laser source at
635 nm, which is close to the Q-band absorption peaks for the two complexes. Solutions were found to
be stable under laser irradiation during the experiments (Figure 12A). A drawing exemplifying a
typical Stern-Volmer plot used to calculate the singlet oxygen quantum yield (®a) of the sensitizers,
according to Eqg. 1 (see Experimental Section), is shown in Figure 12B for [PysPzZn]. The first inset
illustrates the related experimental data corresponding to the absorption decay at 414 nm for the 'O,
scavenger, DPBF, recorded during irradiation of the solution. The ®a values are reported in Table 4
(see Experimental Section for the kq/kr values). Fluorescence quantum yields (®f) obtained in DMF for

the same species (¢ < 10 M) are also listed in the table.
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Figure 12 A: UV-visible Spectra in DMF solution of [PysPzZn] and DPBF before (blue line)
and after (red line) laser irradiation (Air = 635 nm); B: Stern-VVolmer data analysis of the DPBF
photooxidation (see inset; the blue line indicates stability of the complex during irradiation).
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Table 4. Singlet Oxygen (®4) and Fluorescence Quantum Yields (®f) in DMF of the
species [PysPzM] (M = Mg'"'(H20), Zn'").

Compound Singlet Oxygen Fluorescence
(Aexc= 600 nm)
Amax Nirr O Aem O?
[nm] [nm] [nm]
[PysPzMg(H20)] 636 635 0.42 650 0.25
[PysPzZn] 637 635 0.64 650 0.18

& Mean value of at least three measurements. Uncertainty is half dispersion and is typically £ 0.03.

As can be seen in Table 4, the observed @, values for the Zn'' and Mg'" complexes follow the order
Zn" > Mg", due to the “heavy atom effect” which enhances the triplet excited state quantum yield for
Zn" with respect to Mg". Indeed, the introduction of a heavier metal ion into a porphyrazine
macrocycle increases the rate of intersystem crossing via enhancement of spin-orbit coupling, favoring
formation of a triple Ty state with an adequate energy and lifetime to allow for proper energy transfer to
dioxygen for the process >0, — 1O, to occur.

The measured @, values for the Zn'" (0.64) and the Mg" (0.42) compounds fall within the range of
values reported in the literature for neutral Zn'" and Mg'" phtalocyanine and porphyrazine derivatives
(0.4-0.6 for zn"; 0.2-0.4 for Mg")?*% indicating that both species exhibit a promising response for
applications in PDT. A comparison of the ®r values for the two metal centers also seems to be in line
with expectation, i.e., the values of the Mg'' complexes are higher than those of the Zn" analogs, which
is consistent with the reverse order found for ®a.

It should be pointed out that higher ®4 values have been observed for compounds with the same
metal center upon going from the earlier decribed pyrazinoporphyrazines to the currently examined
porphyrazines, i.e. [PysTPyzPzZn]omr (0.55) — [PysPzZn]ome (0.64) for the Zn' complexes and
[PysTPyzPzMg(H20)]omermct (0.29) — [PysPzMg(H20)]ome (0.42) for the Mg'" species. This suggests
that the more extended pyrazinoporphyrazine macrocycle has a higher facility to dissipate the
excitation energy by nonradiative internal conversion processes, which leads to a decrease of the

singlet and triplet excited state lifetimes (ts1 and tr) and of their quantum yields (®s:, @) with an
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implied decrease of the ®, values. This behavior closely recalls the trend observed for other
tetrapyrrolic macrocycles such as naphthalocyanines (Nc) and phtalocyanines (Pc), i.e. [NcZn]pomr
(0.36) and [PcZn]owmr (0.49).%%¢

Fluorescence emission spectra typical of porphyrazine macrocycles were obtained for the zZn'
complex [PysPzZn]. Figure 13 shows its absorption, excitation and emission spectra. The overall
coincidence of the narrow Q bands in the absorption and excitation spectra indicates that monomeric

species is almost exclusively present in solution.
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Figure 13. UV-visible absorption (red line), fluorescence excitation (black line; Aem = 670 nm)
and emission (blue line; Aexc = 600 nm) spectra of [PysPzZn] in DMF .

Conclusions

As part of our continuing studies on porphyrazine compounds, which included extensive work
conducted on the recently partly reviewed tetrapirazinoporphyrazines of formula [PysTPyzPzM] (M =
bivalent metal ion), it was found of great interest to explore the effect of reducing or extending the size
of the central pyrazinoporphyrazine macrocyclic framework, thus modifying the level of the w-electron
delocalization. Previously octapyridinated Mg" complexes were prepared of formula [PysPzMg(H20)],
formally derived from the corresponding species [PysTPyzPzMg(H-O)] by removing the pyrazine
rings, and [PysQxPzMg(H20)] with the pyrazine rings in turn substituted by quinoxaline rings. It has

been shown that the Q-band maximum for the triad of the Mg" complexes moves remarkably toward
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the red with the extension of the macrocyclic n-system. In the present work attention has been focused
on the unmetalated macrocycle of reduced size [PysPzH.] obtained by demetalation of the related Mg"
complex in CH3COOH under mild experimental conditions. The available [PysPzH:] allowed access to
the formation of centrally metalated derivatives of formula [PysPzM] (M = Co", Cu'"' and Zn'") which
have been the object of this research work.

UV-visible spectra of [PysPzH>] in solution of non donor solvents (CH.Cl,, CHCIs) and in pyridine
are indicative of Don Ssymmetry, as suggested by the observed large splitting of the Q band peaks (ca. 65
nm). Spectral changes in solution of DMSO and DMF show that [PysPzH>] irreversibly results along
with the time in the formation to its corresponding dianion [PysPz]*. The overall spectral data suggest
lower acidity for the smaller macrocycle [PysPzH2] with respect to that of [PysTPyzPzH], the
findings being in strict relationship with the different extension of the w-electron delocalized system for
the two species. UV-visible spectra of the complexes [PysPzM] (M = Co", Cu", Zn"), similarly to what
previously reported for the Mg'"" analog, show clean UV-visible spectral profiles in pyridine, DMSO
and DMF, typical of monomeric species, with the Q band hypsochromically shifted by 20-25 nm with
respect to the corresponding values of the parallel series of [PysTPyzPzM] compounds, this confirming
for the two series of compounds the dependence of the UV-visible spectral behaviour by the different
size of the macrocycle and level of w-electron distribution. Cyclic voltammetric studies of [PysPzH>]
show that the observed reversible first and second one-electron reductions in pyridine solution
generating [PysPzH:]" and [PysPzH,]* are found at more negative Ex; values (similar values in DMSO)
than those for [PysTPyzPzH:], data proving that harder reductions are occurring for [PysPzHz], in
keeping with its smaller n-conjugated system. The third and the fourth reductions for [PysPzH2] follow
the same trend. Well defined first one-electron reductions occur in pyridine for the Cu", Zn' and Mg"
complexes at slightly more negative E:; values than those of the [PysTPyzPzM] systems, paralleling the

results for the unmetalated species. A second reversible one-electron reduction is observed for the Zn"
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complex in pyridine and DMSO, but all other reductions of the Zn", Cu", and Mg(H.0) complexes are
ill defined due mainly to aggregation, among other possible reasons (demetalization?). Four one-
electron nicely reversible steps of reduction are observed for the Co'' complex [PysPzCo] in pyridine
(five in DMSO). The Co'/Co"" oxidation process occurs in pyridine, recalling similar processes in
DMSO for [PysTPyzPzCo] and Co'-phthalocyanines. The first one-electron uptake and release for
[PysPzCo] in DMSO has been interpreted as metal centered, ie. Co'/Co' and reverse Co'/Co"
processes, involving the “box-mechanism”, details of which are given in the text; this is in line with the
findings for [PysTPyzPzCo] and [PcCo] in the same solvent, the difference being that for [PysPzCo]
the process is split into two separate processes, characterized by Epc and Epg values different by 0.24 V
vs SCE. Other aspects of the overall electrochemical behavior of [PysPzCo] have been illustrated and
discussed. Finally, the measured photoactivity for the generation of singlet oxygen, 'O, of the
complexes [PysPzMg(H20)] and [PysPzZn] in DMF solution has led to quantum yield values (®a) of,
respectively, 0.42 and 0.64, coherent with the “heavy atom effect”, the high value for the Zn" complex
suggesting this latter as a highly promising material for future applications in Photodynamic Therapy

(PDT).
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Synopsis

Synthesis, UV-visible spectra,

electrochemistry and photoactivity

in

PDT of octakis(2-

pyridyl)porphyrazine, [PysPzH.], and its metal derivatives [PysPzM] (M = Mg'"(H20), Co'", Cu", zn'"

are reported.
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