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In memoriam Dr. Juan Carlos del Amo, who died in the tragedy in Madrid on March 11th

Abstract: A series of subphthalocya-
nine—phthalocyanine dyads has been
prepared by means of palladium-cata-
lyzed cross-coupling reactions between
a monoalkynylphthalocyanine and dif-
ferent  monoiodosubphthalocyanines.
Electronic coupling between the two
photoactive units is ensured by a rigid
and m-conjugated alkynyl spacer. In ad-
dition, the electronic characteristics of
the subphthalocyanine moiety were
modulated by the introduction of dif-
ferent peripheral substituents. Cyclic
and Osteryoung square-wave voltam-
metry experiments revealed that the
reduction potential of this subunit can
be decreased by about 400 mV on

Introduction

In recent years, a great deal of research has aimed at the un-
derstanding of the mutual interplay between energy- and

going from thioether or no substituents
to nitro groups. As a consequence, the
energy level of the charge-transfer
state could be fine-tuned so as to gain
control over the fate of the photoexci-
tation energy in each subunit. The di-
verse steady-state and time-resolved
photophysical techniques employed
demonstrated that, when the charge-
transfer state lies high in energy, a
quantitative  singlet-singlet energy-
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transfer mechanism from the excited
subphthalocyanine to the phthalocya-
nine takes place. On the contrary, sta-
bilization of the radical pair by lower-
ing the redox gap between electron
donor and acceptor results in a highly
efficient photoinduced electron-trans-
fer process, even in solvents of low po-
larity such as toluene (@Pgr~0.9).
These features, together with the extra-
ordinary absorptive cross section that
these molecular ensembles display
across the whole UV/Vis spectrum,
make them model candidates for appli-
cation in situations where broadband
light sources are needed.

electron-transfer processes in synthetic molecular or supra-
molecular systems!'! designed to reproduce the fundamental

energy exchanges occurring in natural photosynthesis.”!
These systems are based on electron-donor and -acceptor
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'"H NMR, *C NMR, MS, and UV/Vis spectra of SubPcs 4a—d and 5a-
¢, Pcs 2 and 3, and SubPc-Pc dyads 1a—¢, with complete assignment of
NMR signals. Fluorescence emission, excitation, phosphorescence
emission, and triplet-triplet absorption spectra of reference com-
pounds Sa—c¢, 3, and dyads 1a—c.
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units linked by a well-defined spacer and thus mimick some
aspects of the protein-embedded multiporphyrin—quinone
assembly found in nature. Chemists, however, are not re-
stricted to these natural components and, though extensive
work has been dedicated to the study of porphyrin—quinone
dyads,”! other photo- or electroactive moieties, which in
some cases provide novel or enhanced properties,” may be
employed in such artificial photosynthetic systems.

Phthalocyanines® (Pcs) are 18m-electron aromatic com-
pounds made of four isoindole units linked together through
their 1,3-positions by aza bridges. Two-dimensional aromatic
delocalization over these macrocycles gives rise to their ex-
ceptional optical and electrical properties, which have found
wide application in materials science.®® Subphthalocya-
nines® (SubPcs), lower homologues of phthalocyanines, are
14m-electron aromatic compounds comprising three N-fused
diiminoisoindole units. The C; aromatic structure and cone-
shaped geometry of SubPcs makes them very promising can-
didates in the fields of supramolecular chemistry,” nonlinear
optics,®! and photo- or electroactive systems.")

For these reasons, it is not surprising that many examples
of SubPc- and Pc-containing dyads and triads have been de-
scribed in the literature.”!*! Nonetheless, the study of the in-
terchromophoric interactions, both in the ground and excit-

Abstract in Spanish: Se han preparado una serie de diadas
de subftalocianina-ftalocianina a través de reacciones de aco-
plamiento cruzado catalizadas por paladio entre una mo-
noalquinilftalocianina y distintas monoiodosubftalocianinas.
El empleo de un espaciador rigido y m-conjugado de tipo al-
quinilo asegura el acoplamiento electronico entre ambas uni-
dades. Ademds, las caracteristicas electronicas de la unidad
de subftalocianina han sido moduladas mediante la introduc-
cion de diferentes sustituyentes periféricos. De hecho, los ex-
perimentos de voltametria ciclica y de onda cuadrada de Os-
teryoung han revelado que el potencial de reduccion de esta
unidad puede disminuirse en aproximadamente 400 mV al ir
desde sustituyentes tioéter o ningtin sustituyente, a grupos
nitro. Como consecuencia, el nivel de energia del estado de
transferencia de carga puede ajustarse con el fin de alcanzar
un control sobre el destino de la energia de fotoexcitacion en
cada subunidad. Las diversas técnicas fotofisicas empleadas
han demostrado que, en aquellos casos en los que el estado
de separacion de cargas posee una energia elevada, se produ-
ce una transferencia de energia cuantitativa desde el estado
singlete de la subftalocianina al singlete de la ftalocianina.
Por el contrario, la estabilizacién del par radical mediante la
disminucion del gap redox entre el dador y el aceptor de elec-
trones da lugar a un proceso de transferencia electronica fo-
toinducida muy eficiente, incluso en disolventes de polaridad
moderada como el tolueno (Dgr ~0.9). Estas caracteristicas,
junto con la intensa absorcion que presentan estas moléculas
en todo el espectro de UV/Vis, las convierte en excelentes can-
didatos para su aplicacion en aquellos casos en los que se ne-
cesiten fuentes de luz de banda ancha.
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ed state, of covalently linked SubPc-Pc systems is still pend-
ing. Owing to the particular electronic properties of each of
these units,>* !l such an ensemble seems to be perfectly
suited for the study of intramolecular energy/electron-trans-
fer processes.'”! First, since the absorption of each chromo-
phore perfectly complements that of the other, a SubPc-Pc
dyad would cover a very wide section (up to 750 nm) of the
UV/Vis spectrum. Second, energy transfer from the higher
lying SubPc singlet excited state (ca. 2.1 eV) to the Pc sin-
glet (ca. 1.8 eV) seems a quite plausible deactivation path-
way, whereby the SubPc plays the role of a light-harvesting
antenna. Finally, the redox gradient can be easily tuned by
the introduction of different peripheral substituents on both
macrocycles, and thus control can be gained over the com-
petition between photoinduced energy- and electron-trans-
fer mechanisms.

Here we describe the design and synthesis of a series of
SubPc-Pc dyads 1a-1¢, as well as the study of their most
relevant electrochemical and photophysical properties. The

OCsH17

two units are linked by a conjugated ethynyl spacer, which
allows efficient electronic communication.’? The Pc frag-
ment is equipped with solubilizing, electron-donating octy-
loxy groups, and variation of the peripheral substituents of
the SubPc ring allows fine-tuning of its reduction potential
and therefore of the energy level of the charge-transfer
state, whose population may compete with energy-transfer
mechanisms. The synthetic approach envisaged for SubPc—
Pc dyads 1a—c is centered on a palladium-mediated cross-
coupling reaction between different monoiodo-SubPcs and a
Pc bearing a single ethynyl group. The Pc and SubPc moiet-
ies were chosen so as to avoid the presence of a mixture of
more than one isomer in a given dyad. This strategy there-
fore requires the isolation of specifically substituted macro-
cycles resulting from the statistical condensation of two dif-
ferent phthalonitriles. Even if the syntheses of such unsym-
metrically substituted Pcs!™™ and SubPcs!™ are now well
documented, they still represent a challenge as far as purifi-
cation is concerned. It is well known that strong aggregation
of Pcs in solution usually makes their chromatographic sepa-
ration a tedious process. Nonplanar SubPcs, in contrast,
show a much lower tendency to aggregate and in most cases

www.chemeurj.org  Chem. Eur. J. 2005, 11, 38813893


www.chemeurj.org

Subphthalocyanine—Phthalocyanine Dyads

even regioisomerically pure compounds can be isolated
from these complex mixtures.¥

Results and Discussion

Synthesis and characterization: Pc 2 was synthesized in 14 %
yield by statistical condensation of 4,5-dioctyloxyphthaloni-
trile and 4-(3-hydroxy-3-methyl-1-butynyl)phthalonitrile in
dimethylaminoethanol (DMAE) in the presence of zinc
chloride (Scheme 1).""! The presence of a bulky dimethylcar-
binol protecting group facilitated chromatographic separa-
tion of 2 from the other Pc derivatives formed. Deprotec-
tion of Pc 2 to give Pc 3 was achieved in 73 % yield by treat-
ment with NaOH in toluene." The stacking of these Pc
macrocycles in solution produces broad features in the
'H NMR spectra, especially those corresponding to the aro-
matic protons. In the case of Pc 2, broad signals were detect-
ed between 0=7 and 8 ppm and around 6=4 ppm, corre-
sponding to the aromatic and the OCH, protons, respective-
ly. For Pc 3, only the aliphatic part of the spectrum could be
distinguished. Compounds 2 and 3 both exhibit the typical
electronic transitions of Pcs (Figure 1a). From the relative
widths and intensities of the Q band of both macrocycles (at
685 nm), it can be inferred that, at the same concentration,
Pc 3 has a somewhat higher degree of aggregation in CHCI;,
which can be reduced by dilution. The IR features of both
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Figure 1. UV/Vis spectra (CHCl;, 2.5x10°m) of a)Pcs 2 and 3 and
b) SubPcs 4a-d.

Pcs are very similar. However, in the case of Pc 3, new
bands at 3306 and 2110 cm ™' were ascribed to the stretching
of the alkynyl C—H and C=C bonds, respectively.
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Scheme 1. Synthesis of SubPc—Pc dyads 1a—c¢ and reference compounds SubPcs 4a-d, Sa—c and Pc 3.
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Monoiodo-SubPcs 4a-d (Scheme 1) were likewise ob-
tained by statistical condensation of the two corresponding
phthalonitrile derivatives in the presence of boron trichlor-
ide in p-xylene at reflux."”! Most compounds and isomers
could be isolated from the resulting reaction mixture by
column chromatography on silica gel with appropriate elu-
ents."8 Unlike Pcs, SubPcs yield quite informative NMR
spectra, which helped in the identification of the desired iso-
mers. The electronic absorption spectra of 4a-d (Figure 1b)
display the typical B and Q bands of SubPcs at around 300
and 580 nm, respectively. The latter presents a red shift with
respect to unsubstituted SubPc, whose magnitude depends
on the nature of the peripheral substituents and which is es-
pecially evident for SubPcs 4b-d. A less intense band
around 400 nm, attributed to n—m* transitions, was also
seen for 4b.

SubPc-Pc dyads 1a, 1b, and 1¢ were synthesized by stan-
dard Sonogoshira palladium cross-coupling with iodo-
SubPcs 4a, 4b, and 4c, respectively, in the presence of cata-
lytic amounts of [PdClL,(PPh;),] and Cul. Dry and deoxygen-
ated solvents (toluene or THF) must be utilized to minimize
formation of the bis-phthalocyanine derivative from 3 by ox-
idative homocoupling."” Notwithstanding this drawback, the
Pc dimer is formed in the very first steps of the mechanism
to generate the active catalytic species (Pd"). Therefore, the
addition of a small excess of Pc 3 (1.2 equiv) was found to
be essential for total SubPc consumption, which was moni-
tored by TLC. A remarkable dependence of the reaction
rate on SubPc peripheral substitution was noticed; electron-
poor aromatic rings react much faster (4¢>4a>4b). Com-
pound 4d, bearing alkylsulfonyl functional groups, could not
be coupled under these conditions, and instantaneous de-
composition was observed instead. In fact, the addition of
triethylamine to toluene or THF solutions of 4d resulted in
the total bleaching of the original pink color. The use of
other bases (diisopropylethylamine, 1,8-diazabicyclo-
[5.4.0]Jundec-7-ene) or lower temperatures reproduced quali-
tatively the same outcome. After chromatographic separa-
tion, dyads 1a (dark blue solid), 1b (green viscous solid),
and 1c¢ (green-blue solid) were obtained in 53, 45, and 69 %
yield, respectively. In all cases, the bis-Pc by-product was
isolated in 5-10% yield. The three dyads are very soluble in
common organic solvents and were characterized by
'HNMR, IR, UV/Vis, MALDI-TOF MS, and elemental
analysis. Similar to Pcs, the '"H NMR spectra of 1a—¢ show
very broad signals, but those corresponding to the OCH,
and SCH, (for 1b) protons could be clearly recognized.
MALDI-TOF MS experiments revealed the molecular ion
of 1a—c as the most prominent peak, with an isotopic pat-
tern that compares well with the simulated one (see Sup-
porting Information).

Pentynyl-substituted SubPcs 5a, Sb and 5¢ were synthe-
sized as test compounds in 78, 54, and 88% yield, respec-
tively, according to the same cross-coupling methodology
starting from 1-pentyne and iodo-SubPcs 4a, 4b, and 4c. In
this reaction, precursors 4a—c followed the same reactivity
pattern aforementioned for the synthesis of the dyads, that
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is, electron-deficient macrocycles reacted faster. Once more,
SubPc 4d did not lead to the expected coupling compound
but decomposed on addition of the base. The characteriza-
tion of 5a—¢ by '"H and “C NMR, IR, UV/Vis, FAB-MS, and
elemental analysis confirmed the presence of the 1-pentynyl
group in the periphery of the macrocycle.

Electrochemistry: The solution electrochemistry of SubPc—
Pc dyads 1a—¢ was studied by cyclic voltammetry (CV) and
Osteryoung square-wave voltammetry (OSWYV) in dry THF
and o-dichlorobenzene (0-DCB). The results measured for
the dyads were compared with those of reference Pc 3 and
SubPcs 4a—¢c. The CVs and OSWVs are presented in Fig-
ures 2 and 3, respectively. The OSWV peak potentials are

collected in Table 1.
w

754

60

45

304

Current / pA

TN

'45 T T T T
1.0 0.5 0. -0.5 -1.0

Potential / V (vs Ag/AgCl)

T T
-1.5 -2.0

Figure 2. Cyclic voltammograms (sweep rate 0.1 Vs') for dyads la-c,
SubPcs 4a—¢, and Pc 3 in THF/TBAPF; at room temperature.

Model Pc 3 exhibits two hardly resolvable one-electron
quasireversible oxidation waves on the CV anodic scan in
THF. The resolution of the oxidation waves was not im-
proved by changing the scan rate and the solvent (o-DCB).
In this aromatic solvent, the oxidation waves became slightly
less resolved than in THF. This indicates that the ZnPc com-
pound shows a slightly higher tendency toward aggregation
in 0-DCB than in THF, which is in agreement with our own
recent experience.'™ Because the anodic scan window is
much wider in o-DCB (0-1.5 V) than in THF (0-1.1 V), we
observed in this solvent a second oxidation wave around
1.3V, which could be attributed to a third oxidation of the
Pc ring or the oxidation of nitrogen in the Pc unit. In the
cathodic scan, Pc 3 showed four electrochemically quasi-
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Figure 3. Oxidative and reductive OSWVs for dyads 1a—c, SubPcs 4a—c,
and Pc 3 in THF/TBAPF, at room temperature.

reversible processes in THF between 0 and —2.3V (see
Table 1).

In the CVs of SubPc reference compounds 4a and 4¢, no
macrocycle-based anodic waves were observed between 0
and +1.2V in THF, while for 4b an oxidation wave was
seen at 1081 mV in the OSWV. In contrast, in the cathodic
part of the voltammograms, these compounds displayed a
very rich electrochemistry, with the first reductive event at
—832 (4a), —801 (4b), and —452 mV (4c¢). The reversibility
of this first cathodic wave was found to be greatly depend-
ent on the scan rate. Thus, for example, increasing the scan
rate to 600 mVs™' for 4a made this wave chemically reversi-
ble but electrochemically irreversible with AE,=110 mV.
The electron-withdrawing effect of the nitro groups is not
only reflected in the lower reduction potentials, but also in
the larger number of reductive processes observed (six pro-
nounced waves from —0.4 to —2.4V, see Table 1). Other
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weak reductions were observed for 4a and 4b that may be
due to decomposition products or impurities.

The voltammograms of SubPc-Pc dyads show some fea-
tures in common with their individual subunits. Owing to
the large number of redox processes, their assignment to
each electroactive component was achieved on the basis of
their OSWVs, which show more clearly resolved waves
(Figure 3). In the anodic part of the OSWVs in THF it is
clear that, after covalent bonding to the SubPc moiety in the
dyads, the Pc-based oxidations became more resolvable
under identical experimental conditions. This may indicate
intramolecular electronic interactions between the two com-
ponents or a lower degree of Pc ring stacking on attachment
of the nonplanar SubPc. In the cathodic sweep direction, the
origin of the reduction processes was assigned to one or
other electroactive component (see Table 1). The assign-
ment was facilitated by the difference in reversibility that
the waves of each moiety exhibited. For instance, one can
assign that the first reduction of 1a to the SubPc unit, since
this reduction peak becomes chemically more reversible at
higher scan rates, as in the case of 4a. On sweeping to
highly negative potentials (> —1.5 V) several waves were ob-
served, but most of them could not be assigned to either of
the subunits.

The electrochemical data collected in Table 1 show that
the redox potentials of both the Pc and SubPc moieties in
dyads 1a—c changed to some extent compared to those of
model compounds 3 and 4a—c, and this indicates some
degree of intramolecular electronic interaction between the
two fragments in the ground and/or charged states. Thus, for
example, when we carefully compare the redox potentials of
3, 1a, and 4a, we find that the first Pc-based oxidation and
reduction potentials are both slightly negatively shifted in
the dyad by 30 and 100 mV, respectively. Similar negative
shifts were also observed for 1b and 1c.

Photochemistry: The properties of the excited states of
dyads 1a—c were analyzed by means of different photophysi-
cal techniques and compared to those of reference com-
pounds 3 and Sa—c. The most relevant photophysical data
are collected in Table 2.

First, the steady-state absorption and emission spectra of
the three dyads and their individual components in various
solvents were compared. Aggregation phenomena, especial-
ly evident for dyad 1¢, were detected in CHCl;, toluene, and

Table 1. Electrochemical data [mV versus Ag/AgCl] of the redox processes of dyads 1a—c, SubPcs 4a—c and Pc 3 detected by OSWYV in THF solution at
room temperature under identical experimental conditions. Errors are estimated at about £5 mV.

Ej, Ey, Eq Erg Ergy Era Erg B Erg Erg Erg Er
3 840 7500 —904 —1288 —1604 —2068 —2557
4a —832 —1980
1a 856" 720071 83288 —10021  —1300"1  —1592"1 185581 _1955[PS]
4b 1081 —801 —934 —1881 —2313
1b  >120000 856 7401 814881 _933CaSl _1364F1  _17691F1  _2066!"S1 23658
4c —452 —812 —1144 —1476 —1795 —2083
1c 848F1 74011 _4371S) —79988! —944®1 108081 —1161%°1 14861 _1858PSI 21201 228718
[a] Hardly resolved process, shoulder value: [P] =Pc-based redox processes; [S] =SubPc-based redox processes; [P/S] = not assignable.
Chem. Eur. J. 2005, 11,3881-3893  www.chemeurj.org  © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 3885
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Table 2. Summary of photophysical data acquired for SubPc-Pc dyads 1a—c and reference Pc 3 and SubPcs 5a—c in toluene/pyridine (25/1), unless other-

wise specified.

Aexe [nm] Sa 5b 5c 3 la 1b 1c
Amax [nm] 573 (4.5) 595 (4.6) 596 (4.6) 686 (4.9) 698 (4.8) 701 (4.9) 702 (4.9)
(1ge) 573 (4.5) 677 (4.8) 677 (4.9) 678 (5.0)
578 (4.5) 597 (4.6) 594 (4.6)
Eingier [€ V]! 2.16 2.06 2.06 1.81 177" 1.77") 176"
@, 570 0.51 0.39 0.47 - 0.201"1 0.19""1 0.02!71/0.002!¢"!
0.005'S! 0.0058! 0.003!8/0.003!!
640 - - - 0.20 0.19"! 0.19"! 0.04%1/0.01(*!
75 [ns] 590 3.1 2.8 33 - 2.9 32 difficult
370 - - - 3.1 2.7 3.0 to assign
Erpgpier [€ V]! —d —dl _ld 1.12 1.1 1.11 —dl
ki [10%s71] - 1.6 1.4 1.6 0.65
N 570 0.59 0.61 0.46 - 0.55 0.50 0.059
646 - - - 0.54 0.55 0.56 0.15
Tr [us] 570 90 120 85 - 79 107 not detected
640 - - - 110 100 118 110
AGey [eV]H toluene: 2.14 toluene: 2.17 toluene: 1.73
CH,Cl,: 1.39 CH,Cl,: 1.42 CH,Cl,: 0.99
- 570 1.0040.01 1.0040.01 0.39+0.01
ke [1010571] 3+1 3+1 341
Dy 570 - - 0.940.110
640 - - 0.75+0.05
kpr [101°571] - - 54+1180.1%)

[a] Only the Q band absorption maxima (in CHCL;) of both chromophores are given. [b] For dyads 1a—c: [P]=values assigned to a Pc excited state;
[S]=values assigned to a SubPc excited state. [c] In toluene/CH,Cl, (4/1). [d] Phosphorescence was not detected. [e] Free energy level of the charge-
transfer state calculated as described in the Experimental Section. [f] Total electron-transfer quantum yield, obtained from the contributions of both

SubPc and Pc singlet excited states.

cyclohexane/pyridine by a concentration-dependent broad-
ening of the Q band of the Pc and reduction of its intensity
(see Supporting Information). In contrast, THF and toluene/
pyridine (25/1) were found to impede ring stacking, since
the spectra measured at different chromophore concentra-
tions were virtually identical in the range 1077 to 10~*m. In
all cases, though the individual contributions of the SubPc
and Pc to the electronic spectra of the dyads can be clearly
recognized, the spectra are not merely the sum of the spec-
tra of their macrocyclic components. As shown in Figure 4, a
small but clear bathochromic shift in both Q bands as well
as a more pronounced splitting of the Pc Q band is ob-
served, which indicates that m conjugation is extended
through the triple bond and confirms electronic communica-
tion between the two macrocycles."® The absorption of
these SubPc—Pc ensembles covers a huge range of the UV/

Abscrbance [ a.u.

250 350 450 550 650 750 850
Al nm

Figure 4. UV/Vis spectra (CHCl,, 2.5x 10>Mm) of SubPc-Pc dyad 1a and
reference compounds 3 and 5a.
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Vis spectrum (up to 750 nm),?” since each individual chro-
mophore fills regions of low absorption of the other.

In steady-state fluorescence experiments, the wavelength
gap between the Q bands of the two chromophores (>
100 nm) allowed the selective excitation of each macrocycle.
Each sample was accordingly irradiated at two different
wavelengths: 570 nm, where most of the radiation is absor-
bed by the SubPc unit, and 640 nm, where only the Pc is
able to absorb. Excitation at the blue edge of the absorption
bands was mandatory to avoid Rayleigh scattering overlap-
ping the fluorescence. Figure 5 displays the absorption and
emission spectra of 1b in toluene/pyridine (25/1) as an ex-
ample. For dyads 1a and 1b, in which the SubPc moiety
bears no substituents or thioether groups, excitation of
either of the two units led to the detection of a major emis-
sion band with a maximum at 710 nm. These features, which
match the fluorescence signal of 3, are consistent with the
emission of the Pc component. An additional very weak
band centered around 600 nm, corresponding to the SubPc
fluorescence emission, can also be distinguished when excit-
ing at 570 nm.

Fluorescence quantum yields of 1a and 1b were then
measured to quantify the singlet emission from the Pc at
both wavelengths. As reference compounds, zinc phthalo-
cyanine (ZnPc, ®r=0.30)?) was used for i, =640 nm, and
subnaphthalocyanine (@r=0.22)""! was employed at A, =
570 nm. Interestingly, the fluorescence quantum yields deter-
mined (@r=0.19+0.01) were exactly the same in the two
dyads and for the two excitation wavelengths, as well as
being identical to that obtained for reference Pc 3 (see

www.chemeurj.org  Chem. Eur. J. 2005, 11, 38813893
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Figure 5. Absorption and emission spectra (excitation at 570 and 640 nm)
of dyad 1b in toluene/pyridine (25/1).

Table 2). On the other hand, fluorescence quantum yields of
the SubPc unit in 1a and 1b were estimated to be less than
0.005 by using cresyl violet in methanol as reference (®Pr=
0.54),2 much lower than those of references 5a—¢ (Pp=
0.39-0.51). Given the energy values for the singlet excited
state of both subunits (ca. 2.1 eV for SubPc and 1.7 eV for
Pc) and the fact that excitation at 570 nm mainly (>90%)
populates the singlet SubPc, this outcome points to an effi-
cient energy-transfer process from the excited SubPc unit to
the Pc. Further evidence for energy transfer was obtained
from the excitation spectra of dyads 1a and 1b (Figure 6).
The excitation spectra of 1a and 1b are essentially coinci-
dent with the ground-state absorption spectra and revealing
contributions from both chromophoric subunits.

The quantum yield of the energy-transfer process @gy can
be calculated from the fluorescence quantum yields of the
dyads when selectively exciting the SubPc [@x(570 nm)] and
the Pc [@:(640 nm)] by Equation (1).

@:(570nm) = P(640 nm) Py (1)

— Excitation

| ——— Absorption

‘n'e / 9oUB0SBI0N|4

Absorbance / a.u.

T T T T
550 600 650 700 750
A/nm

Figure 6. Absorption and excitation spectra of 1a in toluene/pyridine
(25/1); Agps=707 nm.
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In toluene/pyridine (25/1), Pg(570 nm)=P(640 nm)=
0.1940.01; hence, the energy-transfer yield for 1a and 1b is
@py=1+£0.01. In addition, the fact that the fluorescence
quantum yields coincide with that of the reference Pc rules
out different deactivation pathways for the Pc-localized sin-
glet excited state of the dyad than for the singlet of 3. Quan-
titative energy-transfer events have also been observed in
carotenoid-Pcl'®! and porphyrin-Pc dyads."?

A very different scenario was noted for compound 1¢, in
which the SubPc unit is substituted with nitro groups. In this
case, the emission and excitation spectra were strongly de-
pendent on the solvent employed and, most importantly,
fluorescence emission from both the SubPc and Pc compo-
nents was substantially quenched (see Supporting Informa-
tion). The magnitude of this quenching was found to be de-
pendent on solvent polarity. For example, exciting the Pc
unit (1., =640 nm) in toluene/pyridine (25/1) or in the more
polar toluene/CH,Cl, (4/1) resulted in Pc-based fluorescence
quantum yields of @x=0.04 and 0.01, respectively. Exciting
the SubPc moiety in both solvents resulted in the same
trend, though the smaller fluorescence quantum yields of
the Pc unit (see Table 2) indicate a less efficient energy-
transfer process for dyad 1c¢. On the other hand, the SubPc-
based fluorescence yields were also slightly lower than in 1a
and 1b (@£=0.003 in both solvents). So, it seems that for
dyad 1c the singlet excited states of both units undergo a
new nonradiative deactivation process, different from com-
pounds 1a and 1b, which will be detailed below.

The fluorescence lifetimes of 1a—¢ were determined by
the time-correlated single-photon counting technique and
are listed in Table 2 together with those of the model com-
pounds. As in steady-state fluorescence experiments, the
samples were irradiated at two different wavelengths to
preferentially excite the SubPc (4., =580 or 590 nm) or the
Pc moiety (A.,=370 nm). In each test, the detection wave-
length was set at 710 nm, the maximum of the Pc emission,
or at 590 nm, the maximum of the SubPc emission. A singlet
excited-state lifetime of about 3 ns was observed for the Pc
moieties of 1a and 1b, a value which is similar to that found
for reference compound 3 and for other zinc alkyloxyphtha-
locyanines™ and thus confirms the absence of additional
deactivation pathways for the singlet Pc moiety in these
dyads. While SubPcs Sa-c are strongly fluorescent with sin-
glet lifetimes of 70=2.8-3.3 ns, our failure to observe any
decay at their emission maximum in the dyads probably re-
flects a SubPc singlet lifetime close to or below the resolu-
tion limit of the apparatus used (ca. 30 ps). In fact, from the
SubPc-based fluorescence yields and the lifetime of the
model SubPcs, the singlet SubPc lifetime in dyads 1a, 1b,
and 1c is estimated as 30, 36, and 21 ps, respectively, by
using Equation (2).

DY/ Py = 13/75 @)

Likewise, we estimate the rate constant for energy trans-
fer kgy using Equation (3).
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(p?:/@F =1+kex- Tg 3)

A value of kgy=3x10""s™! was obtained for dyads 1a and
1b. The rather complex fluorescence decay kinetics of dyad
1c prevented assignment of the singlet lifetime in this
system. We note, however, that the average lifetime is short-
er than that of dyads 1a and 1b.

The energy of the triplet states of 1la—c was elucidated
from the near-IR room-temperature phosphorescence emis-
sion spectrum determined in laser flash photolysis experi-
ments. Figure 7 illustrates the weak features recorded and
their kinetic decay. Disappearence of the signal in the pres-
ence of oxygen confirmed the assignment to triplet phos-
phorescence. Triplet energies and phosphorescence lifetimes
7p thus acquired for dyads 1a and 1b resembled those ob-
tained for Pc 3 (E;=1.11¢V and 1=60+5 ps). In the case
of dyad 1e, phosphorescence that was too weak to be de-
tected, which indicated lower population of the Pc triplet
excited state.

Q.30 0.3
3 | - Fitting
1a o
0.254 Y a2 Signal
0.20- %
A
0.15 R
0.10- , , : . 01l |
1000 1050 1100 1150 1200 Q 50 100 150
A nm tins

Figure 7. Phosphorescence emission spectra (4., =650 nm) of dyad la
and Pc 3 and the corresponding decay signal (4,,,=1100 nm) of dyad 1a
in argon-saturated toluene pyridine (25/1) at room temperature. The
same spectrum was found for dyad 1b.

Triplet quantum yields were not calculated, but a lower
limit for this parameter can be estimated from measure-
ments of singlet-oxygen production. For the determination
of singlet-oxygen quantum yields @,, the dyads were irradi-
ated at two wavelengths and compared with a suitable refer-
ence compound: 1) for the selective excitation of the SubPc,
the samples were irradiated at 570 nm and Cg, (@,=0.95)4
was used as the reference, and 2) for the direct excitation of
the Pc unit, irradiation was performed at 646 nm and tetra-
phenylporphyrin (&,=0.62) was used as reference com-
pound. The data obtained in these experiments are included
in Table 2.

Production of the triplet state was confirmed by time-re-
solved transient absorption measurements. The triplet-trip-
let absorption features of deoxygenated solutions of 1a—c in
toluene/pyridine (25/1) were determined and compared to
the features of 3 and 5a—c. Again, the samples were excited
at 570 and 640nm. The transient spectra registered
(Figure 8), which match the triplet-triplet features of Pc 3
(see Supporting Information), were exactly the same at both
excitation wavelengths and for the three dyads, even though
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Figure 8. Left: Triplet—triplet transient absorption spectra of compound
1b in argon-saturated toluene/pyridine (25/1). Right: Decay signals at
500 nm (excitation at 570 or 640 nm).

1c exhibited weaker signals that reflect a lower triplet quan-
tum yield. In all cases, the signal grew with the time constant
of our detection system (ca. 20 ns). Triplet-state lifetimes 7
were deduced from the analysis of the transient decay kinet-
ics (Figure 9) and are compiled in Table 2. Monoexponential
decays were recorded for all compounds and at all excita-
tion wavelengths, so the transient should be the product of
only one triplet species that, in view of the similarity in
spectral features and lifetimes, is assigned to the Pc triplet.
No additional transients could be observed within the time
resolution of our apparatus.

The outcome of these experiments (singlet-oxygen gener-
ation and time-resolved flash photolysis) further confirmed
the conclusions drawn from steady-state and time-resolved
fluorescence tests. First, an efficient singlet-singlet energy-
transfer event from the SubPc to the Pc unit indeed occurs
in 1a and 1b, since the spectral features and photophysical
parameters derived (@,=0.55+0.05 and 7;=100=+20 ps)
are very similar regardless of the excitation wavelength and
equal to those of 3 (®,=0.54 and 7:=110 ps). Figure 9 sum-
marizes the deactivation route in dyads 1a and 1b on photo-
excitation of the SubPc or the Pc component. First, because
of the near 100 % efficiency of energy transfer, these dyads
can be said to behave photophysically as phthalocyanines,
the only difference being that 1a and 1b maintain a strong
absorption across almost the whole UV/Vis spectrum,
whereby the SubPc antenna assists in the collection of elec-
tromagnetic radiation in the region below 600 nm.

Second, the Pc-based triplet undergoes no other process
than decay to the ground state or, in the presence of
oxygen, energy transfer to this species to produce singlet
oxygen. Dyads 1a and 1b can thus be used as singlet-oxygen
photosensitisers working throughout the UV and visible re-
gions with wavelength-independent quantum yield. This fea-
ture endows SubPc—Pc dyads with ideal properties for appli-
cation in situations where broadband light sources are used,
for example, in solar photoreactors.
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Figure 9. Photophysical processes occurring on a) SubPc or b) Pc excita-
tion of SubPc-Pc dyads 1a and 1b in toluene/pyridine (25/1).

Third, a different deactivation route must be taking place
in dyad 1c¢, as the fluorescence and singlet-oxygen quantum
yields are considerably lower and dependent on the direct
excitation of the SubPc or the Pc. Interestingly, compound
1c has the lowest reduction potential of the three dyads
owing to the presence of electron-withdrawing nitro groups
in the periphery of the SubPc macrocycle. Taking into con-
sideration this fact, together with the high sensitivity of the
fluorescence to the polarity of the medium, the most reason-
able hypothesis for the deactivation of the singlet state of
both subunits is the formation of a radical ion pair (SubPc'-
Pc't) by electron transfer from the Pc to the SubPc. An ap-
proximate free energy of the charge-transfer state relative
to the ground state AG¢ of 1a—c¢ in toluene and CH,CI, can
be obtained from the first oxidation and reduction potentials
in THF with consideration of solvent and distance effects
(see Experimental Section). As can be noted from Table 2,
only dyad 1c has a charge-transfer state lower in energy
than the singlet excited state of both chromophore subunits
in toluene.

In the specific case of 1¢, the efficiency of singlet—singlet
energy transfer @y can be estimated from the ratio of the
fluorescence @y or singlet-oxygen quantum yields @, ob-
tained for the Pc unit when exciting the SubPc (A, =
570 nm) or the Pc component (4..~640 nm) [Egs. (4) and

®)]-
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Dy = Pp(Pc, Ay = 640nm)/Pg(Pc, A, = 570nm) 4)

Dy = Py (Pe, Ay = 646nm) /P, (Pc, Aoy = 570 nm) 5

Values obtained in toluene/pyridine (25/1) are Ppy=
0.50+£0.1 and @py=0.39+0.05, respectively. Since Dy
values have larger errors than @, values, an energy transfer
efficiency of 39% was assumed for 1e, significantly lower
than for dyads 1a and 1b (100 % efficiency). Under the as-
sumption that electron transfer accounts for this difference
and since the sum of the yields of all pathways leading to
the deactivation of the singlet excited state of the SubPc in
1c must equal unity, an estimation of the electron transfer
efficiency from the excited SubPc unit of @y (SubPc)=
0.61+0.05 can be made. Combining this value with the yield
and rate constant of energy transfer, the rate constant of
electron-transfer from the singlet SubPc is estimated as
ker=5x10"s"1,

Similarly, the yield of the electron-transfer process from
the Pc component @ (Pc) can be approximated from the
fluorescence or singlet-oxygen quantum yields of dyad le
and dyads 1a or 1b by means of the Equations (6) and (7).

Per(Pe) = [Pr(1a,1b)—Pr(1¢)]/Pr(1a,1b) (6)
Per(Pe) = [@5(1a,1b)—P,(1¢)]/P5(1a,1b) )

Using the data from Table 2 in toluene/pyridine (25/1),
values of @g(Pc)=0.78+0.05 and Pg(Pc)=0.73+0.05
were derived. From these data it was concluded that
Di(Pc)=0.751+0.05. By combining this value with the sin-
glet lifetime of model compound 3, the rate constant for
electron transfer from the Pc moiety was estimated as kgr=
1x10°s™". Finally, the total charge-transfer quantum yield
(®gr) on excitation of the SubPc moiety in 1¢ can be ob-
tained from the contribution of both components [Eq. (8)]

Per = Per(SubPce) + Per(Pe) - Py (8)

which affords a value of @pr=0.9+0.1 in the low-polarity
toluene/pyridine (25/1) medium. In the more polar CH,Cl,,
given the lower Pc fluorescence quantum yields measured
(vide supra), we expect this value to be even higher.
Figure 10 illustrates the deactivation pathway in dyad 1c¢ on
SubPc or Pc excitation.

Since nanosecond transient absorption experiments failed
to detect the charge-transfer state, we must conclude that
charge recombination is faster than the time resolution of
our experiment (ca. 20 ns). Furthermore, since the triplet
quantum yield is clearly lower for dyad 1c than for 1a and
1b, the radical ion pair does not recombine to a triplet state
as, for example, in carotenoporphyrin—fullerene triads,* but
to the singlet ground state. This limits somewhat the applica-
bility of these dyads to artificial photosynthesis or other ap-
plications where trapping of the charge-transfer state is re-
quired. Nevertheless, fine-tuning the Pc and SubPc energy
levels and redox properties, as well as coupling the dyads to
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Figure 10. Photophysical processes occurring upon a) SubPc or b) Pc exci-
tation of SubPc-Pc dyad 1¢ in toluene/pyridine (25/1).

secondary electron donors or acceptors, may provide a
novel route to photoactive materials.

Summary and Conclusions

We have demonstrated that subphthalocyanines and phtha-
locyanines are ideal partners for the construction of molecu-
lar systems able to process light. The energy level of their
excited states and therefore of their optical transitions are
very well suited for the efficient absorption and directional
funneling, via energy-transfer processes, of photoexcitation
energy. Owing to the possibility of fine-tuning the redox gap
between the electron-donor and -acceptor moieties by the
introduction of different substituents around the macrocyclic
cores, the charge-transfer state may also be efficiently ac-
cessed via photoinduced electron-transfer processes. These
features, together with the extraordinary absorptive cross
section that these molecular ensembles display across the
whole UV/Vis spectrum, orders of magnitude higher than
those based on fullerenes and porphyrins, render them
model candidates for application in situations where broad-
band light sources are necessary.
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Experimental Section

General remarks: UV/Vis spectra were recorded with Hewlett-Packard
8453 and Varian Cary 4E instruments. IR spectra were recorded on a
Bruker Vector 22 spectrophotometer. LSI-MS and HRMS spectra were
determined on a VG AutoSpec instrument. MALDI-TOF MS spectra
were recorded with a Bruker Reflex III spectrometer. NMR spectra were
acquired with a Bruker AC-300 instrument. Elemental analyses were per-
formed with a Perkin-Elmer 2400 apparatus. Column chromatography
was carried out on silica gel Merck-60 (230-400 mesh, 60 A), and TLC
on aluminum sheets precoated with silica gel 60 F,s, (E. Merck). Chemi-
cals were purchased from Aldrich Chemical Co. and used as received
without further purification. 4,5-Dioctyloxyphthalonitrile,* 4-(3-hy-
droxy-3-methyl-1-butynyl)phthalonitrile,”™ 4-nitrophthalonitrile,*®! 4-io-
dophthalonitrile,?” and 4,5-dioctylthiophthalonitrile® were prepared ac-
cording to published procedures.

Electrochemistry: Cyclic voltammetry and Osteryoung square-wave vol-
tammetry were performed on a Windows-driven BAS 100w electrochemi-
cal analyzer (Bioanalytical Systems, West Lafayette, IN) at room temper-
ature with a three-electrode configuration in THF or o-dichlorobenzene
solutions containing the substrate (typically about 0.5-1 mmoldm ) and
the supporting electrolyte. A glassy carbon (¢ 3 mm) disk served as the
working electrode, a platinum wire (& 1 mm) as counterelectrode, and a
commercial Ag/AgCl aqueous electrode as reference electrode. Both the
counter- and the reference electrodes were directly immersed in the elec-
trolyte solution. The surface of the working electrode was polished with
commercial Alpha Micropolish Alumina No. 1C (Aldrich) with a particle
size of 1.0 um. Tetrabutylammonium hexafluorophosphate (nBu,NPF,,
Fluka, >99%) was recrystallized twice from ethanol and dried in
vacuum overnight prior to use and was employed as the supporting elec-
trolyte in 0.1 moldm concentration. Solutions were stirred and deaerat-
ed by bubbling argon for a few minutes prior to each voltammetric meas-
urement. Scan rate was 100 mVs~', unless otherwise specified. OSWVs
were obtained for a sweep width of 25 mV, a frequency of 15 Hz, a step
potential of 4 mV, a SW amplitude of 25 mV, and a quiet time of 2 s.

Photophysics: Emission spectra were recorded with a Jobin Ybon Spex
Fluoromax-2 spectrofluorometer, and the data were analyzed by the Da-
tamax-Std. 2.20 software. A scan rate of 0.3 nms™' and 2 nm (emission)
and 1 nm (excitation) slits were employed. Fluorescence quantum yields
were determined by comparing the areas under the fluorescence spectra
recorded for optically matched solutions of the samples and suitable ref-
erences, correcting for refractive index changes where appropriate. For
the SubPc units, the range 570-650 nm was used, and for the Pc unit,
650-800 nm. Singlet-state energies were deduced from the crossing point
between the normalized absorption and fluorescence spectra. Time-re-
solved fluorescence experiments were carried out with a fluorescence
lifetime system based on the time-correlated single-photon counting tech-
nique (Edinburgh Instruments, Model FL900). The triplet-state proper-
ties, i.e., phosphorescence, transient absorption, and singlet-oxygen sensi-
tization, were studied by nanosecond laser flash photolysis using a Con-
tinuum Surelite 10 Nd:YAG laser (355 nm, 5 ns pulse width, 100 mJ per
pulse) to pump a Continuum OPO laser (410-700 nm, 5-10 mJ per
pulse). Triplet- and singlet-oxygen phosphorescence was detected with a
North Coast EOL-817P germanium photodiode. Transient absorption
was probed by a Photon Technology International (PTI) system compris-
ing a 75W OSRAM Xe lamp illuminator, a monochromator, and a Ha-
mamatsu R928 photomultiplier. In each case, the output of the detector
was fed to a Lecroy 9410 (150 MHz) digital oscilloscope for data acquisi-
tion and averaging and ultimately sent to a computer for storage and
analysis. The triplet energy was allocated as the maximum of the near-IR
emission band. The quantum yields of singlet-oxygen production were
determined by comparing the singlet-oxygen phosphorescence intensity
at 1270 nm recorded for optically matched solutions of the samples and
suitable references in the same solvent.!

The energy of the charge-transfer state (AGcs) was estimated from the
redox potentials by using Equation (9), where F is the Faraday constant,
e the electron charge, &, the permittivity of vacuum, E(D*/D) and E(A/
A") are the Pc oxidation and SubPc reduction potentials, respectively, in
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the solvent considered (see below), & is the relative permittivity of the
solvent, and a the center-to-center distance between the two aromatic
rings directly linked by the ethynyl spacer, taken as 6 A.

Fe

AGes = FIE(D' /D)=E(A/A))]| = gt

)

Redox data (E(D*/D) and E(A/A"), obtained from the voltammograms
in THF) were corrected for the change in solvent polarity from Equa-
tion (10), where r is the molecular radius and &5, and &g, are the relative
permittivities of solvent 1 (THF) and solvent 2 (CH,ClI, or toluene).

2
:NLez[l(i_Lﬂ (10)
dre; |7\ &2 Esi

From the value of AG;_s;,), the redox potentials in toluene or CH,Cl,
may be straightforwardly estimated from Equations (11) and (12).

AG i)

E(D*/D)s, = E(D"/D)g; + AGs1_s2)/F (11)
E(A/A )5, = E(A/A )51 —AG 5152/ F (12)

[2,3,9,10,16,17-Hexaoctyloxy-23-(3-hydroxy-3-methyl-1-butynyl)-

29H 31H-phthalocyaninato(2—)-kN?,kN* xN*' ,xN*]zinc(m) (2): A so-
lution of 1,2-dicyano-4,5-dioctyloxybenzene (640 mg, 1.67 mmol), 1,2-di-
cyano-4-(3-hydroxy-3-methyl-1-butynyl)benzene (117 mg, 0.55 mmol),
and ZnCl, (75 mg, 0.55 mmol) in DMAE (2 mL) was stirred at reflux
under an argon atmosphere for 16 h. After cooling to room temperature,
the crude mixture was treated with methanol/water (1/1) and the result-
ing suspension was centrifugated several times. The resulting green solid
was then purified by column chromatography on silica gel with CH,Cl,/2-
propanol (30/1) as eluent to afford phthalocyanine 2 as a green solid in
14% yield (113 mg). M.p. >250°C; '"HNMR (CDCl;, 300 MHz, 25°C,
TMS): 6=8.0-7.0 (m, 9H), 44-3.8 (m, 12H), 2.3-12 (m, 72H), 1.1-
0.8 ppm (m, 24H); IR (KBr): #=2931, 2853, 2154, 1606, 1460, 1384,
1278, 1049 cm™'; UV/Vis (CHCL;): Apa (Ig(e/dm*mol™'cm ™)) =672 (5.0),
615 (4.6), 358 (4.8), 293 nm (4.7); LSI-MS (m-NBA): m/z: 1429 [M+H]*;
elemental analysis calcd (%) for CgsH;sNgO,Zn: C 71.43, H 8.32, N 7.84;
found: C 71.80, H 8.12, N 7.34.
[2,3,9,10,16,17-hexaoctyloxy-23-ethynyl-29H 31 H-phthalocyaninato(2—)-
KNZ, eNY kN eN*]zine(m) (3): A dry toluene solution (2 mL) of phtha-
locyanine 2 (100 mg, 0.07 mmol) and NaOH (3 mg, 0.075 mmol) was stir-
red under reflux in an argon atmosphere for 6 h. The solvent was re-
moved and the solid residue was extracted with CH,Cl, and washed with
water. The organic phase was dried over MgSO, and the solvent re-
moved. The resulting green solid was purified by column chromatography
on silica gel with hexane/ethyl acetate (4/1) as eluent. Pc 3 was obtained
as a green solid in 73% yield (70 mg). M.p. >250°C; '"H NMR (CDCl,,
300 MHz, 25°C, TMS): 6=82-7.0 (m, 9H), 4.5-3.7 (m, 12H), 2.4-
0.8 ppm (m, 90H); IR (KBr): #=3306, 2923, 2853, 2110, 1604, 1495,
1460, 1384, 1279, 1049cm™; UV/Vis (CHCL): A, (g(ef
dm’mol'cm ™)) =686 (4.9), 615 (4.2), 357 (4.6), 289 nm (4.3); LSI-MS
(m-NBA): m/z: 1372 [M+H]*. HRLSI-MS calcd for Cg,H,;;,NsO¢*Zn
[M*]: 1370.7965; found: 1370.7982; elemental analysis caled (%) for
CgH,1,NgOZn: C 71.83, H 8.23, N 8.17; found: C 72.22, H 7.95, N 7.89.

General procedure for the preparation of subphthalocyanines 4a-d: BCl;
(9mL, 1M in p-xylene) was added to a mixture of 4-iodophthalonitrile
(0.76 g, 3mmol) and the corresponding phthalonitrile (6 mmol; see
Scheme 1) under argon atmosphere. The reaction mixture was stirred
under reflux for 30 min, allowed to reach room temperature and flushed
with argon. The reaction slurry was dissolved in toluene/THF (10/1) and
passed through a short silica plug. The solvent was removed by vacuum
distillation and the resulting dark solid was subjected to column chroma-
tography on silica gel with toluene/THF (100/1) (4a), hexane/ethyl ace-
tate (15/1) (4b), toluene/THF (50/1) (4¢), or CH,Cl,/hexane (3/1) (4d).
Chloro[2-iodo-7,12:14,19-diimino-21,5-nitrilo-5H-tribenzo[ c,h,m]-

[1,6,11]triazacyclopentadecinato(2—)-kN?,kN*,xN*]-boron(m) (4a): ma-
genta solid; 217 mg (13%); M.p. >250°C; '"H NMR (CDCl;, 300 MHz,
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25°C, TMS): 6=9.26 (d, “J(H,H)=1.5 Hz, 1H), 8.95-8.85 (m, 4H), 8.61
(d, 3J(H,H)=8.5Hz, 1H), 8.22 (dd, J(H,H)=8.5 Hz, */(H,H)=1.5 Hz,
1H), 8.0-7.9 ppm (m, 4H); ®C NMR (75.5 MHz, 25°C, TMS): Owing to
the low solubility of this compound, the "*C signals could not be detected
in any of the solvents examined (CDCl;, [D4Jacetone, and CDCIL,/CS, (1/
2)), even after an acquisition time of 48 h; IR (KBr): #=2923, 1629,
1438, 1282, 1136, 953, 758cm™'; UV/Vis (CHCL): An. (g(e/
dm’mol'em™)) =570 (4.5), 537 (sh), 523 (sh), 309 (4.2), 272 nm (4.1);
LSI-MS (m-NBA): m/z: 556 [M]*; HRLSI-MS calcd for C,,H;;N(BCI
[M*]: 555.9871, found: 555.9886; eclemental analysis caled (%) for
C,,H\N(IBCI: C 51.79, H 1.99, N 15.10; found: C 51.76, H 2.06, N 15.10.
Chloro[2-iod0-9,10,16,17-tetraoctylthio-7,12:14,19-diimino-21,5-nitrilo-
5H-tribenzo[ c,h,m][1,6,11]triazacyclopentadecinato(2—)-

kN2 N= kN*]boron(m) (4b): greenish viscous solid; 713 mg (21%);
'"HNMR (CDCl;, 300 MHz, 25°C, TMS): 6=9.19 (d, “/(H,H)=1.5 Hz,
1H), 8.59 (d, *J(H,H)=8.5 Hz, 1H), 8.58 (s, 2H), 8.56 (s, 1 H), 8.54 (s,
1H), 8.17 (dd, *J(H,H)=8.5 Hz, */(H,H)=1.5 Hz, 1H), 3.4-3.1 (m, 8H),
2.0-1.8 (m, 8H), 1.7-1.5 (m, 8H), 1.5-1.2 (m, 32H), 1.0-0.8 ppm (m,
12H); C NMR (CDCl,, 75.5 MHz, 25°C, TMS): 6=150.3, 150.2, 149.5,
149.3, 148.6, 147.5, 141.6, 141.5, 141.0, 140.9, 138.4, 132.0, 131.4, 129.6,
128.7, 128.4, 128.2, 128.1, 123.5, 119.7, 119.3, 119.1, 95.8, 33.7, 33.5, 31.8,
29.3,29.2,29.1, 28.4, 22.6, 14.1 ppm; IR (KBr): 7=2954, 2924, 2852, 1596,
1461, 1419, 978, 785, 705cm™'; UV/Vis (CHCL): A, (g(e/
dm’mol'em™))=593 (4.6), 577 (sh), 553 (sh), 429 (3.9), 357 (3.9),
309 nm (4.3); LSI-MS (m-NBA): m/z: 1133 [M]*; HRLSI-MS calcd for
CsH;sNGIS,BCI [M]*: 1133.3841, found: 1133.3821; elemental analysis
caled (%) for CsHysNGIS,BCl: C 59.33, H 6.67, N 7.41, S 11.31; found: C
59.41, H 6.74, N 7.35, S 11.20.
Chloro[2-iod0-9,16-dinitro-7,12:14,19-diimino-21,5-nitrilo-5 H-tribenzo-
[c.h,m][1,6,11]triazacyclopentadecinato(2—)-xN?,xN>,xN**]-boron ()
(4¢): dark purple solid; 116 mg (6%); M.p. >250°C; 'H NMR (CDCl,,
300 MHz, 25°C, TMS): 6=9.76 (d, */(H,H)=2.0 Hz, 2H), 9.28 (d, */-
(H,H)=1.5Hz, 1H), 9.06 (d, */(H,H)=8.5Hz, 1H), 9.00 (d, *J(H,H)=
8.5 Hz, 1H), 8.83 (dd, *J(H,H) =8.8 Hz, *J(H,H)=2.0 Hz, 1H), 8.80 (dd,
*J(H,H)=8.8 Hz, *J(H,H)=2.0 Hz, 1H), 8.64 (d, *J(H,H)=8.5Hz, 1H),
835ppm (dd, Y(HH)=85Hz, “J(HH)=15Hz, 1H); “CNMR
(CDCl;, 75.5MHz, 25°C, TMS): 6=140.3, 132.1, 125.2, 124.8, 124.2,
123.5, 119.0, 118.8, 97.9 ppm; IR (KBr): 7=2922, 1617, 1525, 1440, 1342,
1317, 1261, 1183, 1097, 973, 793, 740, 647 cm™'; UV/Vis (CHCL): Apqy
(Ig(e/dm*mol 'cm™")) =591 (4.5), 569 (4.4), 546 (4.2), 524 (4.1), 300 nm
(43); LSI-MS (m-NBA): m/z: 646 [M]*; HRLSI-MS caled for
C,,HoNGIO,BCl [M]*: 645.9573, found: 645.9560; elemental analysis
caled (%) for C,yHoNGIO,BCI: C 44.58, H 1.40, N 17.33; found: C 44.59,
H 1.42,N 17.32.
Chloro[2-iodo-9,10,16,17-tetraoctylsulfonyl-7,12:14,19-diimino-21,5-ni-
trilo-5H-tribenzo[ c,h,m][1,6,11]triazacyclopentadecinato(2—)-

kN2 xN=kN*]-boron(m) (4d): dark purple solid; 832mg (22%);
'"H NMR (CDCl;, 300 MHz, 25°C, TMS): §=9.9-9.75 (m, 4H), 9.31 (d,
“J(HH)=14Hz, 1H), 8.64 (d, *J(HH)=85Hz, 1H), 842 (dd, *J-
(H,H)=8.5Hz, *J(H,H)=1.4Hz, 1H), 3.9-3.6 (m, 8H), 1.95-1.7 (m,
8H), 1.5-1.3(m, 8H), 1.35-1.1 (m, 32H), 0.9-0.75ppm (m, 12H);
CNMR (CDCl,;, 75.5 MHz, 25°C, TMS): 6 =153.8, 152.7, 150.2, 150.0,
147.8, 147.6, 141.1, 140.2, 140.1, 132.8, 132.6, 132.4, 131.6, 131.5, 130.5,
128.8, 128.7, 124.4, 98.9, 57.1, 31.6, 28.9, 28.2, 22.6, 22.5, 14.0 ppm; IR
(KBr): #=2954, 2926, 2853, 1781, 1615, 1316, 1277, 1130, 980, 803 cm;
UV/Vis (CHCL): Apna (Ig(e/dm*mol'cm™"))=595 (4.7), 564 (4.3), 552
(4.1), 516 (4.0), 356 (sh), 306 nm (4.3); LSI-MS (m-NBA): m/z: 1261
[M]*; HRLSI-MS caled for CsgH;sN(IS,04BCl [M*]: 1260.3355, found:
1260.3348; elemental analysis calcd (%) for CsgH;sNGIS,OsBCl: C 53.31,
H 5.99, N 6.66, S 10.16; found: C 53.45, H 6.17, N 6.55, S 10.02.

General procedure for the synthesis of subphthalocyanines Sa—c: Trie-
thylamine (0.5 mL) was added to a dry toluene solution (2 mL) of 1-pen-
tyne (5.5 mg, 0.081 mmol), [PdCL,(PPh;),] (1.5 mg, 0.0022 mmol), Cul
(0.2 mg, 0.0011 mmol) and the corresponding monoiodosubphthalocya-
nine 4a—c (0.054 mmol) under an argon atmosphere. The solution was
stirred at room temperature for 16 (5a), 24 (5b), or 10h (5¢) and
quenched with water. SubPc 4d did not lead to the expected coupling
compound but decomposed on addition of the base. The product was ex-
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tracted with CH,Cl, (3x10 mL) and the organic phases were dried over
Na,SO,. The solvent was removed and the resulting pink solid was puri-
fied by column chromatography on silica gel with CH,Cly/hexane (1/1)
(5a), (1/4) (5b) or (3/1) (5¢) as eluent. SubPcs 5a and 5¢ were obtained
as shiny purple solids, and SubPc 5b as a viscous dark purple solid.
Chloro[2-(1-pentynyl)-7,12:14,19-diimino-21,5-nitrile-5H-tribenzo[ c,h,m]-
[1,6,11]triazacyclopentadecinato(2—)-kN?,kN?,xN*]boron (1) (5a):
21 mg (78%); m.p. >250°C; 'HNMR (CDCl,;, 300 MHz, 25°C, TMS):
0=8.92 (s, 1H), 8.95-8.85 (m, 4H), 8.78 (dd, *J(H,H)=8.1 Hz, */(H,H) =
22 Hz, 1H), 8.0-7.9 (m, 5H), 2.51 (t, *J(H,H)=6.9 Hz, 2H), 1.73 (h, *J-
(HH)=73Hz, 2H), 1.13ppm (t, *J(H,H)=73Hz, 3H); “CNMR
(CDCl;, 75.5MHz, 25°C, TMS): 6=150.2, 150.0, 149.9, 149.4, 149.3,
133.1, 131.13, 131.08, 131.0, 130.2, 130.1, 129.3, 126.3, 125.5, 122.4, 122.1,
93.8, 80.8, 22.1, 21.6, 13.6ppm; UV/Vis (CHCL): A, (lg(e/
dm’mol'ecm ™)) =573 (4.5), 527 (sh), 308 (4.0), 273 nm (4.0); LSI-MS
(m-NBA): m/z: 497 [M]*; HRLSI-MS calcd for C,H;sN,BCl [M]*:
496.1374, found: 496.1345; FElemental analysis caled (%) for
CyH sNGBCl: C 70.12, H 3.65, N 16.92; found: C 70.17, H 3.66, N 16.97.
Chloro[2-(1-pentynyl)-9,10,16,17-tetraoctylthio-7,12:14,19-diimino-21,5-
nitrilo-5H-tribenzo[ c,h,m][1,6,11]triazacyclopentadecinato(2—)-
kNZ kN2 kN*]boron(m) (5b): 32mg (54%); 'HNMR (CDCl,,
300 MHz, 25°C, TMS): 6=38.89 (s, 1H), 8.74 (d, *J(H,H)=8.6 Hz, 1H),
8.6-8.5 (m, 4H), 7.90 (d, *J(H,H)=8.5 Hz, 1H), 3.4-3.1 (m, 8H), 2.52 (t,
3J(H,H)=7.0 Hz, 2H), 1.9-12 (m, 50H), 1.14 (t, *J(H,H)=7.2 Hz, 3H),
0.8 ppm (m, 12H); UV/Vis (CHCL): A (Ig(e/dm*mol'cm™))=595
(4.6), 580 (sh), 553 (sh), 422 (4.1), 363 (4.3), 305 nm (4.6); LSI-MS (m-
NBA): m/z: 1074 [M+H]*; HRLSI-MS calcd for CqHg;N(S,BCI [M+H]*
1072.5265, found: 1072.5301; elemental analysis caled (%) for
CsHgN(S,BCl: C 68.23, H 7.70, N 7.83; found: C 68.37, H 7.96, N 7.76.
Chloro[2-(1-pentynyl)-9,16-dinitro-7,12:14,19-diimino-21,5-nitrilo-5H-
tribenzo[c,h,m][1,6,11]triazacyclopentadecinato(2—)-
kNZ N2 xkN*]boron(m) (Sc): 28 mg (88%); M.p. >250°C; 'HNMR
(CDCl,, 300 MHz, 25°C, TMS): 6 =9.76-9.74 (m, 2H), 9.02 (d, *J(H,H) =
8.5 Hz, 1H), 9.00 (d, *J(H,H)=8.5Hz, 1H), 8.92 (s, 1H), 8.85-8.7 (m,
3H), 8.03 (dd, *J(H,H)=8.1 Hz, */(H,H)=1.3 Hz, 1H), 2.53 (t, */(HH) =
72Hz, 2H), 1.74 (h, JJ(HH)=72Hz, 2H), 1.14ppm (t, *J(HH)=
7.2 Hz, 3H); ®*CNMR ([Dglacetone, 75.5 MHz, 25°C, TMS): 0 =153.8,
153.6, 152.4, 150.8, 150.7, 150.0, 148.6, 148.5, 134.3, 134.2, 133.6, 130.7,
130.3, 130.0, 126.8, 124.8, 124.4, 124.0, 123.0, 122.9, 122.4, 117.8, 117.6,
80.5, 61.1, 22.0, 21.1, 13.0ppm; UV/Vis (CHCL): A, (g(e/
dm’mol~'cm™")) =596 (4.6), 573 (4.5), 551 (4.3), 527 (4.2), 296 (4.4), 274
(4.5), 246 nm (4.4); LSI-MS (m-NBA): m/z: 587 [M]*; HRLSI-MS calcd
for CyH,(N3O,BCl [M]*: 586.1076, found: 586.1075; elemental analysis
caled (%) for C,0H;(NgO,BCl: C 59.36, H 2.75, N 19.10; found: C 59.41,
H 2.79, N 19.04.

General procedure for the synthesis of SubPc-Pc dyads 1a—c: Freshly
distilled triethylamine (0.5 mL) was added to a dry toluene solution of
monoalkynylphthalocyanine 3 (40 mg, 0.03 mmol), [PdCL,(PPh;),] (1 mg,
0.0014 mmol), Cul (0.2 mg, 0.001 mmol), and the corresponding monoio-
dosubphthalocyanine 4a-d (0.026 mmol) under an argon atmosphere.
The mixture was stirred for 8 h (1a), 16 h (1b) or 3 h (1¢) at room tem-
perature, quenched with water and extracted with CH,Cl, (3x10 mL).
SubPc 4d did not lead to the expected coupling compound but decom-
posed on addition of the base. The combined organic layers were dried
over Na,SO,. After removal of the solvent the greenish blue solid was
purified by column chromatography on silica gel with CHCls/ethyl ace-
tate (40/1) and then hexane/dioxane (4/1) as eluents for 1a, CHCly/ethyl
acetate (50/1) and then hexane/dioxane (6/1) as eluents for 1b and
CHCly/ethyl acetate (40/1) and then hexane/dioxane (4/1) as eluents for
1c.

Subphthalocyanine—phthalocyanine dyad 1a: Intense blue solid; 26 mg
(53%); m.p. >250°C; '"HNMR (CDCl;, 300 MHz, 25°C, TMS): 6=9.0-
8.5, 8.0-7.5 (m, 20H), 4.2-3.3 (m, 12H), 2.2-1.3 (m, 72H), 1.1-0.8 ppm
(m, 18 H); IR (KBr): 7=2923, 2853, 2208, 1605, 1495, 1460, 1384, 1280,
1092, 1048, 973, 796 cm™'; UV/Vis (CHCL): Ap. (g (¢/dm’mol 'em™)) =
698 (4.8), 677 (4.8), 641 (4.2), 617 (4.2), 578 (4.5), 528 (sh), 357 (4.7),
298 nm (4.6); MALDI-TOF MS (dithranol): m/z: 1796-1806 [M]* (see
isotopic pattern in the Supporting Information); elemental analysis caled
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(%) for CipH,,N,0.BC1Zn: C 70.74, H 6.83, N 10.89; found: C 71.26,
H 6.44, N 10.22.

Subphthalocyanine—phthalocyanine dyad 1b: Green viscous solid; 28 mg
(45%); '"HNMR (CDCls, 300 MHz, 25°C, TMS): §=9.0-8.5, 8.0-7.5 (m,
16H), 4.2-2.9 (m, 20H), 2.2-1.3 (m, 120H), 1.1-0.8 ppm (m, 30H); IR
(KBr): 7=2954, 2924, 2852, 2208, 1597, 1456, 1280, 1092, 1048, 977, 785,
706 cm™'; UV/Vis (CHCL): Ay (Ig(e/dm*mol~'em™))=701 (4.9), 677
(4.9), 656 (4.4), 597 (4.6), 426 (sh), 357 (4.8), 296 nm (4.7); MALDI-TOF
MS (dithranol): m/z: 2372-2382 [M]* (for isotopic pattern, see Support-
ing Information); elemental analysis caled (%) for
Ci3sH 56N 1,06S,BCl1Zn: C 69.73, H 7.89, N 8.25; found: C 70.28, H 7.21,
N 8.04.

Subphthalocyanine-phthalocyanine dyad 1c: Greenish blue solid; 34 mg
(69%); m.p. >250°C; 'H NMR (CDCl,, 300 MHz, 25°C, TMS): 6 =9.5—
9.0, 8.0-7.0 (m, 18H), 42-3.5 (m, 12H), 2.0-1.1 (m, 72H), 1.1-0.8 ppm
(m, 18H); IR (KBr): #=2924, 2854, 2200, 1605, 1529, 1494, 1459, 1384,
1339, 1279, 1093, 1048, 970, 797 cm™'; UV/Vis (CHCLy): An. (g(e/
dm’mol'em™)) =702 (4.9), 678 (5.0), 654 (sh), 594 (4.6), 586 (sh), 557
(sh), 538 (sh), 361 (4.8), 298 nm (4.8); MALDI-TOF MS (dithranol): m/
z:1885-1895 [M]™* (for isotopic pattern, see Supporting Information); el-
emental analysis calcd (%) for C,sH;2N;sO0;(BClZn: C 67.37, H 6.40, N
11.86; found: C 67.80, H 6.05, N 11.45.
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