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Introduction

Light-induced processes and properties are receiving in-
creasing interest regarding their potential use in several im-
portant fields. The search for new chromophores exhibiting
photo- and electroactive properties which can complement

or replicate the characteristics of already known dyes to be
used in the construction of functional molecular arrays and
materials is an important topic in synthetic and physical
chemistry nowadays. In the last decades the efforts to in-
crease the list of available chromophores adding new ones
with specific absorption, emission, redox, and excited-state
properties have produced a wide variety of compounds
which can be usefully employed in the engineering of smart
multicomponent structures able to perform light-driven ac-
tions.[1] The class of porphyrins has long been the most fre-
quently used in the construction of these arrays[2] and has re-
cently been extended with several new chromophores. Ex-
panded porphyrins,[3] porphyrin tapes,[4] phthalocyanines,[5]

subphthalocyanines,[6] chlorins,[7] porphyrins with an expand-
ed p-conjugated system[8] have proven to be viable alterna-
tives to simple porphyrins in the construction of photoactive
dyads or higher homologues.

In this context, we have studied over the last few years
the photophysical properties of free-base corroles and their
potential use in the construction of assemblies with useful
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photoinduced properties. This research can be regarded as
part of the more general and rapidly increasing interest in
corroles, their synthesis, reactivity, and applications.[9] Con-
cerning free base-corroles, we and others have shown that
these tetrapyrrolic species, especially when bearing electron-
withdrawing substituents, are photostable, display high lumi-
nescence, can sensitize singlet oxygen, have singlet and trip-
let excited states with well-characterized spectra and can be
easily oxidized and reduced.[10,11,12] Free-base corroles can
be connected to other units yielding photo- and thermally
stable dyads able to undergo interesting photoinduced pro-
cesses, such as energy[13,14,15] or electron transfer.[15] Herein
we address the formation of charge-separated states follow-
ing photoinduced electron transfer in new free-base corrole-
based dyads. To have efficient electron transfer and the pos-
sibility to unambiguously identify and study the charge-sepa-
rated states (CS) the corrole has been connected to a pery-
lene bisimide unit. The latter is a stronger electron acceptor
than the phenylene derivative and has similar electron affin-
ity to the naphthalene bisimide (E1/2 of the order of �0.5 V
versus SCE). It also has a well-characterized and extremely
intense spectrum of the reduced radical (e
�100000m

�1 cm�1) in the near-infrared (NIR) spectral
region and therefore is very useful in the characterization
and study of the CS state.[16–18]

Results and Discussion

Design and synthesis: Several issues merit particular consid-
eration when contemplating the synthesis of complex dyads
that contain corrole. Regarding synthetic efficiency, in anal-
ogy to porphyrins, two general strategies are possible. The
first starts with the synthesis of corrole followed by modifi-
cations of peripheral substituents. The second strategy starts
with the preparation of an elaborated aldehyde which will
then be used in the reaction that forms corrole. Given the
moderate stability of corroles it is desirable to perform as
few manipulations as possible. In this regard we decided to
follow the second route as in our previous endeavor.[15] It is
worth to mention that all dyads composed of perylene bisi-
mide and porphyrin moieties studied to date (with one ex-
ception)[19] were synthesized by the opposite approach (that
is, through joining both units).[7c,18i,19]

We decided to further build up our experience in the syn-
thesis of meso-substituted trans-A2B-corroles from dipyrro-
methanes and aldehydes.[20] This methodology allows the in-
troduction of the desired substituent at the 10 position of
the macrocycle core. The two remaining identical substitu-
ents at the positions 5 and 15 allow the control of other
properties of the system, such as, solubility, stability, and
redox properties. We envisaged the use of two different
types of substituents at these positions: The strongly elec-
tron-withdrawing pentafluorophenyl group and the sterically
hindered 2,6-dichlorophenyl group. This choice was induced
by the desire to achieve reasonable stability and solubility of
the dyads. As far as the linker connecting both chromo-

phores is concerned we chose simple phenylmethylene and
biphenylmethylene groups which should guarantee a good
structural control and a sufficient electronic coupling to
allow intramolecular processes.

In light of the considerations above, the crucial part of
the synthesis of the dyads was the facile generation of the
pivotal perylene bisimide core, endowed with an aldehyde
functionality for further elaboration. Clearly, synthons for
such synthesis need to possess both primary amino and
formyl groups, but the formyl group needs to be present in a
protected form. Additionally, the perylene bisimide unit has
to show good solubility in common organic solvents,[21] pos-
sess a formyl group, and be robust. A few different ap-
proaches have been proposed towards producing perylene
bisimides with good solubility. The most common is to use
2,6-diisopropylphenylamine[19] or 2,5-di-tert-butylphenyla-
mine[22] as solubilizing moieties. After preliminary experi-
ments we decided to focus on less common, but more effi-
cient “swallow-tail” aliphatic amines introduced by Langh-
als.[23] We used monoimide-monoanhydride 4[24] as the cru-
cial building block which has to be combined with the unit
containing free amino and protected aldehyde units. Suita-
ble building block 3 was synthesized in two steps
(Scheme 1) from 4-cyanobenzaldehyde (1).[25] Final conden-
sation performed in melted imidazole[26] in the presence of
zinc acetate afforded aldehyde 5 in 76% yield (Scheme 1).
A chromatographic purification of initially formed acetal
with silica[27] and ethanol proceeded with deprotection to
form the aldehyde 5 directly. Although it is well described
in the literature that mix-condensation of perylene bisanhy-
dride (6) with two different amines leads almost exclusively
to symmetrically substituted product,[21] we decided to try
this approach as a conceptually simpler alternative pathway.
Thus perylene-3,4,9,10-tetracarboxylic dianhydride 6, amine
7, and amine 8[15] (bearing a masked formyl group) were
heated in melted imidazole for 24 hours. After typical
workup, we were delighted to find that all three possible
products could be detected by using TLC. The column chro-
matography allowed us to separate the desired acetal from
PI0 and from the second symmetrical side product. Subse-
quent cleavage by using a DCM/TFA mixture afforded alde-
hyde 5 in 16% yield (after 2 steps).

The synthesis of aldehyde 14 bearing the elongated biphe-
nylene unit took significantly longer although a similar
method was used. The crucial biphenyl linkage was created
through Suzuki coupling of 4-bromo-1-cyanobenzene (9)
and 4-formylboronic acid (10) (Scheme 2).[28] The following
protection with ethylene glycol and further reduction with
LAH afforded amine 13 in 19% overall yield. Subsequent
condensation with monoanhydride 4 afforded aldehyde 14
in 57% yield (Scheme 2). Both aldehydes were highly solu-
ble in CH2Cl2 which is the typical solvent of choice in the
synthesis of porphyrinoids.

Aldehydes 5 and 14 were subjected to conditions for the
synthesis of trans-A2B-corroles by using aldehydes and di-
pyrromethanes.[20] Poor solubility of perylene-aldehydes in
MeOH precluded the use of otherwise superior H2O/
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MeOH/HCl conditions.[29] Consequently, we condensed di-
pyrromethanes 15 and 16 with aldehyde 5 in CH2Cl2 in the
presence of TFA, under slightly more acidic conditions de-
scribed in original publications.[20c,d] Quenching of the reac-
tion with p-chloranil or DDQ resulted in the corresponding
dyads C2-PI and C3-PI in 14 and 15% yields, respectively
(Scheme 3). Analogous condensation of aldehyde 14 with di-
pyrromethane 16 furnished dyad C3-PPI in 11% yield.

Photophysical properties

Absorption spectroscopy: A spectroscopic and photophysi-
cal investigation was carried out on corrole component
models C2, C3, and on perylene bisimide model PI0, as well
as, on the three dyads C2-PI, C3-PI, C3-PPI. The first two

dyads have different substituents around the corrole periph-
ery, 5,15-bis(2,6-dichlorophenyl)corrole moiety (C2), and a
5,15-bis(pentafluorophenyl)corrole moiety (C3) and the
latter dyads have different distances between the perylene
bisimide and the corrole component, having one or two
phenyl groups, respectively, between the imidic nitrogen and
the corrole meso position. The absorption spectra of the
components superimposed with the spectrum of the dyad
are reported in the three panels of Figure 1. Model C2 dis-
plays a splitting of the Soret band previously discussed[15]

and typical of corroles with a deviation from planarity of
the macrocycle induced by crowding of substituents and re-
ported for meso aryl groups bearing bulky ortho substitu-
ents.[12,11]

The dyads C2-PI, C3-PI, and C3-PPI display spectra
which are essentially the superimposed absorption spectra
of the component models, Figure 1. A very slight bathochro-

Scheme 1. The synthesis of aldehyde 5.

Scheme 2. The synthesis of aldehyde 14.
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mic shift (2–3 nm) in the absorption maximum of the dyads
with respect to the components can be noticed in C2-PI and
C3-PI, but it is completely absent in C3-PPI, where the in-
sertion of a further phenyl group electronically decouples
components even more. In all cases, the good additive prop-
erties of the spectra indicate a very weak electronic coupling
between the components and allow an approach based on a
localized description of the individual subunits in the subse-
quent discussion of the photoinduced-energy and electron-
transfer reactions.

From inspection of the spectra in Figure 1 one can see
that selective excitation of the corrole component in the

dyads is possible at wavelength >560 nm, whereas major ex-
citation of the imide unit (about 85–90%) is possible on the
two major peaks of the PI unit at 490 and 527 nm.

Luminescence spectroscopy : The luminescence spectra of
model corroles C2 and C3 excited at 565 nm are reported in
Figure 2. The luminescence spectra of the dyads C2-PI, C3-
PI, C3-PPI selectively excited at the corrole units under the
same experimental conditions are also shown in Figure 2.
The fluorescence quantum yield of corroles is Ffl =0.06 and
0.14 for C2 and C3, respectively, whereas the fluorescence
of the corrole units in the dyads decreases in a different
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order: Ffl =0.0015, 0.0076, and 0.12 for C2-PI, C3-PI, and
C3-PPI, respectively. The quenching is quite strong in the
first two dyads, but it is only of the order of 15% in C3-PPI,
characterized by a larger distance between bisimide and cor-
role. The results of excitation at 490 nm, where the PI unit
is preferably excited (90% in C2-PI, 87% in C3-PI and C3-
PPI, respectively), are shown in Figure 3. This compares the
luminescence of the dyads with that of the models PI0, C2,
or C3 with concentrations adjusted to absorb the same
number of photons as those absorbed by the pertinent unit
in the dyad. The luminescence of PI0 is scaled by a factor of
100 to better visualize the less intense emissions from the
corroles and the dyads. The displayed results show that the
emission of the perylene bisimide unit is quenched to less
than 1% in all dyads, whereas the luminescence of corroles
is quenched to 20 and 25% in C2-PI and C3-PI, respectively
(less than upon selective excitation of the corrole unit), but
it is increased by a factor of approximately four in C3-PPI
(Figure 3). If one takes into account that at the excitation
wavelength the absorbance of the corrole unit in C3-PPI is
about 14% (see above) a quantitative sensitization of the

corrole unit by the bisimide component would increase the
corrole emission about seven times.

Time-resolved luminescence studies were performed by
using a picosecond time-resolved system after excitation at
532 nm and a nanosecond-time-correlated single-photon
counting apparatus following excitation at 560 nm (selective
excitation of the corrole unit) and 465 nm (prevalent excita-
tion of the bisimide unit). Models C2, C3, and PI0 have life-
times of 1.7, 3.8, and 4 ns, respectively, in toluene, at room
temperature. Time-resolved spectra with picosecond resolu-
tion in the dyads C2-PI, C3-PI, and C3-PPI show the pres-
ence of the bisimide luminescence early on which decays
during the pulse and leaves the luminescence of the corrole
component. In all dyads the luminescence lifetime of the

Scheme 3. The synthesis of dyads.

Figure 1. Absorbtion spectra of the model components and of the arrays
in toluene. a) C2 (b), PI0 (g), C2-PI (c); b) C3 (b), PI0
(g), C3-PI (c); c) C3 (b), PI0 (g), C3-PPI (c).
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perylene bisimide unit is reduced to �10 ps (the time reso-
lution of the apparatus). The lifetime of the corrole unit is
decreased to 40 ps, 190 ps, and 3.2 ns in C2-PI, C3-PI, and
C3-PPI, respectively (Figure 4). These values represent
about 2, 5, and 85%, respectively, of the lifetimes of the per-
tinent model, and are fully consistent with the reduction in
luminescence quantum yield upon selective excitation of the
corrole unit at 565 nm discussed above and amounting to
2.5, 5.4, and 86% for C2-PI, C3-PI, and C3-PPI, respective-
ly (Table 1). It is therefore clear that after excitation of the
corrole unit in the dyad the excited state is depopulated by
a process with an efficiency decreasing in the order C2-PI>
C3-PI>C3-PPI, however, excitation of the bisimide under
certain conditions causes an increase of the population of
the excited state localized on corrole as verified by steady-
state luminescence results. Time-resolved luminescence
spectroscopy gives an “instant” picture rather than an “inte-
grated” picture and indicates that the luminescent excited
states of both imide and corrole undergo a decrease in life-
times, in most cases very important. To obtain more insight
on the mechanism of deactivation of the excited states, we
determined the excitation spectra of the corrole lumines-
cence at l=735 nm. The spectra, reported in Figure 5, show
that for all dyads excitation of perylene bisimide is effective
(the typical absorption peaks of PI0 appear at 490 and
527 nm) in producing corrole luminescence although with
different efficiencies, as the comparison with the normalized
absorption spectra shows. This indicates the occurrence of

an energy-transfer process from the bisimide excited state to
the corrole, however the absence of quantitative sensitiza-
tion of corrole luminescence in all dyads suggests the exis-
tence of other competitive processes which will be discussed
below.

Luminescence spectra and lifetimes of the models were
measured at 77 K in a glassy toluene matrix and are report-
ed in Table 1 along with the room-temperature lumines-
cence data. Model PI0 shows the same lifetime as at room
temperature, 4 ns, and a slight bathochromic shift. The cor-
roles display a slight increase in the lifetime and nearly iden-

Figure 2. Room-temperature luminescence spectra in toluene of model
corroles and dyads excited at 565 nm. a) C2 (b) and C2-PI (c) A=

0.136; b) C3 (b), C3-PI (c), C3-PPI (g) A=0.133.

Figure 3. Room-temperature luminescence spectra in toluene of models
and dyads excited at 490 nm. The luminescence of PI0 is divided by 100.
a) C2 (b), PI0 (g), C2-PI A=0.12 (c); b) C3 (b), PI0 (g),
C3-PI A=0.12 (c); c) C3 (b), PI0 (g), C3-PPI A=0.12 (c).
The absorbance of the solutions are arranged to provide the same num-
bers of photons absorbed by the reference model and the same unit in
the arrays.
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tical band maxima. Concerning the dyads, though a quanti-
tative evaluation of emission quantum yields is prevented by
geometric factors (see Experimental Section for emission at
77 K), some qualitative considerations can be derived. PI lu-
minescence is nearly completely suppressed also at 77 K in
all dyads; the luminescence of the corrole unit is not
quenched or only slightly quenched in C3-PI and C3-PPI,
but it is absent in C2-PI (data not shown).

Transient absorption spectroscopy : Valuable information on
non-emitting intermediates formed during the deactivation
process can be gained by transient absorption techniques.
We performed transient absorbance experiments with pico-
second resolution upon excitation at 532 nm. At this wave-
length the perylene bisimide unit absorbs around 90% and
the corroles about 10% of the photons.

The end-of-pulse transient absorption spectra detected
with picosecond resolution of the models C2, C3, PI0, and
the dyads C2-PI and C3-PPI are reported in Figure 6. The
results for C3-PI show identical intensity and spectral shape
to those for C2-PI and are not shown. The absorbances of
the examined solutions have been arranged to provide the
same absorbance of the model solutions as that of the corre-
sponding unit in the array, in order to allow a direct compar-

ison of the transient signals.
Models C2 and C3 display ab-
sorption spectra attributed to
the lowest singlet excited state
1C2 or 1C3 with negative fea-
tures at 655 nm, due to the
stimulated emission and posi-
tive absorbance above
750 nm.[10] The signal is, howev-
er, very weak under the experi-
mental conditions. Model PI0
displays negative signals around
575 and 625 nm, due to the
lowest energy bands of the
stimulated emission, and posi-
tive peaks at 690 and 855 nm,

Figure 4. Time evolution of the luminescence registered at 650 nm from
dyads in toluene after excitation with a laser pulse (35 ps, 532 nm, 1 mJ):
C2-PI (c), C3-PI (*), and C3-PPI (*).

Table 1. Fluorescence data of dyads C2-PI, C3-PI, C3-PPI, and models in air-equilibrated toluene at 295 K,
and in rigid toluene glass at 77 K.

295 K 77 K
State lmax [nm] Ffl

[a] Ffl
[b] Ffl

[c] t [ns][d] lmax [nm] t [ns][d] E [eV][e]

PI0 1PI0 534, 574, 622 0.92 4.0 543, 587, 638 4.0 2.28
C2 1C2 653, 710 (sh) 0.06 1.7 652, 717 2.5 1.90
C2-PI C2-1PI 535, 576 0.0021 �10 ps 543, 587 2.28

1C2-PI 652 0.0015 0.013 40 ps 653 1.90
C3 1C3 656, 716 (sh) 0.14 3.8 654, 718 5.2 1.90
C3-PI C3-1PI 535, 575 0.0010 �10 ps 543, 587 2.28

1C3-PI 658, 728 (sh) 0.0076 0.036 190 ps 654, 720 1.90
C3-PPI C3-1PPI 534, 574 0.0023 �10 ps 543, 585 2.28

1C3-PPI 657, 720 (sh) 0.12 0.54 3.2 656, 718 5.0 1.89

[a] Luminescence yields in air-equilibrated solutions, excitation at 490 nm for PI0 and at 560 nm for corroles.
[b] Luminescence yields upon selective excitation of corrole component at 565 nm. [c] Luminescence yields
upon excitation at 490 nm, absorption of the PI component in the dyads is about 90%. [d] Excitation at 465,
560, and 532 nm for PI0, corroles, and dyads, respectively. [e] Derived from the emission maxima at 77 K.

Figure 5. Excitation spectra measured at 735 nm (c) and absorption
spectra normalized in the corrole Q-band region (b). a) C2-PI ; b) C3-
PI ; c) C3-PPI.
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assigned to the singlet excited state 1PI0. The decay of the
spectra in the time window of the experiment (0–3.3 ns) is
low, but compatible with a lifetime of 4 ns, confirming the
assignment to the lowest singlet excited state. The spectra in
the dyads are characterized by very strong features with
maxima at 710, 800, and 960 nm identical for the three
dyads, but in C3-PPI the intensity of the signal is only half
that in C2-PI and C3-PI. Since these bands are not present
in the component units and they appear very quickly, we
have to assign them to the product of an intramolecular pro-
cess. According to previous spectroelectrochemical charac-
terization, they can be assigned to the perylene bisimide
anion.[16,17] To explain this, we assume that intramolecular
transfer of an electron takes place leading to the formation
of a charge-separated state (CS) with the hole localized on
the corrole unit and the electron on the PI unit.[18] The time
evolution of the bands assigned to CS is different for the dif-
ferent dyads. In Figure 7 the time-resolved spectra taken at
710 nm with delays of 165 ps for C2-PI and C3-PI are
shown. The CS time evolution is characterized for both
dyads by an immediate (during the laser pulse) formation
and by a slower rise with lifetimes of 40 and 190 ps for C2-
PI and C3-PI, respectively. This slower rise accounts for
20% of the total band intensity for C3-PI and for a value of
the order of 30–50% for C2-PI, a more precise estimate is
precluded by the timescale of the determination, which is
close to the instrumental resolution. The formation is fol-
lowed by an exponential decay to the baseline of the CS
bands which is fitted by a single exponential with a lifetime
of 540 ps for C2-PI and 2.5 ns for C3-PI. For C3-PPI the sit-
uation is different, there is essentially no decay of the CS
bands in the time window explored by the picosecond ex-
periment, about 3.5 ns, and a nanosecond flash-photolysis
experiment was performed in order to detect the decay of
the CS bands. Figure 8 shows the spectrum for air-purged
solutions of C3-PPI in toluene at the end of the pulse and
after the interfering emission signal coming from the pery-
lene imide excited state. It displays the anion bands at 710
and 800 nm and decays exponentially with a lifetime of

24 ns. The time resolution of this experiment, approximately
10 ns, did not allow the detection of the presence of a part
that rises in the CS spectrum, similarly to what was detected
for the other dyads C2-PI and C3-PI.

Photoinduced processes : To discuss the photoinduced pro-
cesses occurring in the dyads it is convenient to introduce

Figure 6. End-of-pulse absorption spectra of C2 (b) A=0.05, C3 (d)
A=0.05, PI0 (g) A=0.43, C3-PI A=0.6 (*), C3-PPI A=0.6 (*), C2-
PI A=0.6 is superimposable on that of C3-PI and not shown. The ab-
sorbance of the solutions has been adjusted to provide the same light ab-
sorbance by the unit in the model and in the dyad.

Figure 7. Time evolution of the transient spectra in toluene after excita-
tion at 532 nm (3.3 mJ) taken with delays of 165 ps. In the insets, the
time evolution of the absorbance at 710 nm and the biexponential fitting
are shown. a) C2-PI, A=0.6; b) C3-PI, A=0.6.

Figure 8. Time evolution of the transient spectrum of C3-PPI in toluene,
A=1.24, after excitation with a nanosecond laser at 532 nm (3.5 mJ),
spectra at 20 ns after the pulse (*) and at 120 ns after the pulse (*). In
the inset, the time evolution of the absorbance at 710 nm and the expo-
nential fitting are shown.
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the energy level diagram showing the energy of the excited
states and of the states originating from possible intramolec-
ular reactions, such as the CS derived from the transfer of
an electron from one component to the other (Scheme 4).
The excited-state energy levels are derived from the lumi-
nescence maxima at 77 K shown in Table 1 and the CS
energy levels are derived from the energy necessary to
reduce the acceptor and oxidize the donor after correction
for the different solvents used in the photophysical experi-
ments and in the electrochemical determinations. Electro-
chemical data are available from the literature, the phenyl-
substituted compound corresponding to PI0 reduces at
�0.92 V versus Fc+/Fc in acetonitrile[16] which is converted
to �0.52 V versus SCE.[30]

Corroles are known to display irreversible oxidation at
potentials which depend on the substitution pattern.[12] The
one-electron oxidation is followed by fast chemical reactions
which shift peak potentials to less positive values, thus oxi-
dation peak potentials should be considered as lower limits
of the thermodynamic oxidation potentials. For the present
corroles, oxidation in benzonitrile occurs at +0.72 V versus
SCE for C2, and at +0.86 V versus SCE for C3.[15] Given
the very weak coupling of the components in the dyads (see
spectroscopic data), we can reasonably assume that the
above oxidation and reduction values are retained by the
components in the dyads.

After corrections,[31, 32] CS state levels in toluene are calcu-
lated at about 1.71, 1.85, and 1.96 eV for C2-PI, C3-PI, and
C3-PPI, respectively; these figures should be considered as
approximate values. It should be noticed that for all dyads
the CS state involving the transfer of an electron from the
bisimide to the corrole has higher energy than the excited
states of the system, and will not be considered here.[33]

Selective excitation of the lowest singlet excited state of
corrole units in the dyads, which was performed by using
steady-state experiments at l=565 nm, indicates a very high
quenching for the corrole luminescence except for C3-PPI,
where quenching is only of the order of 15% (Table 1 and
Figure 2). Time-resolved experiments agree with the steady-

state luminescence data, see above. The only feasible pro-
cess for quenching of the corrole unit is process 1 (see
Scheme 4), electron transfer from excited corrole to the per-
ylene bisimide to form the CS states C2+-PI�, C3+-PI�, and
C3+-PPI�. However, whereas the DG8 is positive (DG8=

+0.07 eV) for C3-PPI, it is slightly negative (DG8=

�0.05 eV) for C3-PI, and even more negative for C2-PI
(DG8=�0.19 eV). This allows a very fast reaction for C2-PI
and a still efficient process in C3-PI, but a very slow reac-
tion in C3-PPI, where the electron-transfer process is
slowed down with respect to the similar C3-PI both by the
unfavorable thermodynamics and by the increased distance
between photoactive units. The reaction rates k1 of this elec-
tron transfer can be calculated from the experimental life-
times by the equation k=1/t�1/t0, where t and t0 represent
the lifetimes of the excited state in the model and in the
dyad, respectively (Table 1). The calculated rates are k1 =

2.4-1010, 5-109, and 4.9-107 s�1 for C2-PI, C3-PI, and C3-
PPI, respectively, unable in the latter to compete successful-
ly with the intrinsic deactivation of corrole, k=1/t0 =2.6-
108 s�1.

When nearly selective excitation of the perylene bisimide
unit at 490 nm is performed, a strong quenching of the 1PI
unit is detected, as well as a quenching of the corrole lumi-
nescence, except in the case of C3-PPI, where a sensitization
of the luminescence of corrole is noted (Figure 3). This is in-
dicative of an energy-transfer process from the PI unit to
the corrole unit in the dyads, step 2, as confirmed by the ex-
citation spectra, see Figure 5. Clearly the sensitized excited
states 1C2-PI, 1C3-PI, and 1C3-PPI undergo electron transfer
as discussed above, resulting in a further strong quenching
for the former two cases, whereas 1C3-PPI which is only
weakly quenched by electron transfer, appears sensitized.
The luminescence lifetime of the PI unit in all dyads is re-
duced from 4 ns in the model to �10 ps, indicating a very ef-
ficient quenching, with a rate �1011 s�1. The excited state lo-
calized on the perylene bisimide C2-1PI, C3-1PI, and
C3-1PPI can deactivate, in addition to step 2, through an
electron transfer from ground-state corrole to yield the

Scheme 4. Energy level diagrams and main reaction paths following excitation of C2-PI, C3-PI, and C3-PPI.
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charge-separated states C2+-PI�, C3+-PI�, and C3+-PPI�,
step 3 (see Scheme 4). Both reactions are characterized by a
strong driving force, DG8=�0.4 eV for 2 and �0.57 eV<

DG8<�0.32 eV depending on the dyad, for process 3.
Charge separation can be produced both by step 3 and

step 1, with different mechanisms. When the PI unit is excit-
ed, a reductive quenching of its excited state will occur, that
is, the electron will move from the HOMO localized on the
donor corrole to the HOMO localized on the perylene bisi-
mide. When the corrole is excited, an electron will move
from the LUMO localized on the donor to the LUMO on
the perylene bisimide acceptor. Steps 3 and 1 can be distin-
guished by their kinetics; in the former case, the rate is very
fast and formation occurs within the laser pulse whereas the
latter process is characterized by slower rates coincident
with the decay of corrole luminescence in the dyads, 2.4-
1010, 5-109, and 4.9-107 s�1 for C2-PI, C3-PI, and C3-PPI,
respectively. In agreement, two steps can be identified in the
formation of the CS spectrum, as discussed in the section on
transient absorbance, a fast step occurring during the pulse
and a slower one with rates of 2.4-1010 and 5-109 s�1 for
C2-PI and C3-PI, respectively. For C3-PPI the timescale of
the formation is too slow for the picosecond experiment and
too fast for the nanosecond experiment and cannot be re-
solved (Figure 7). It should be noted that the CS spectrum
(lmax =710, 800, and 960 nm) is essentially identical to that
of the reduced perylene bisimide radical and no contribution
can be detected from the corrole-oxidized radical. This is
not surprising given the rather low molar absorption coeffi-
cient expected for the corrole cation, of the order of 104 sim-
ilar to parent tetrapyrrole cations,[34] whereas the remarka-
bly high molar absorption coefficient of the PI� radical, of
the order of 100000, can account for this observation.[16,17]

An estimate of the relative values of k1 and k2 can be at-
tempted if one takes into account that the slower formation
of CS ascribable to step 1 accounts for 20% of the total in
C3-PI and that by excitation at 532 nm approximately 10%
of the corrole excited state is formed directly by the absorp-
tion of light, a contribution of about 10% can be ascribed to
sensitization of this state by the excited state of perylene bi-
simide (step 2). From this value an approximate estimate of
the efficiency of the energy-transfer step 2 of about 10%
can be derived for C3-PI, and k3 =9k2 is calculated, indicat-
ing a minor contribution of energy-transfer step 2 with re-
spect to electron-transfer step 3. A similar evaluation for
C2-PI is difficult because of the uncertainty in the determi-
nation of the pre-exponential coefficient, see above.

Concerning the yield of the electron-transfer reaction, as-
suming a similar molar absorption coefficient for the CS of
the different dyads, that is, C2+-PI�, C3+-PI�, and C3+-
PPI�, CS yield in C3-PPI is about half that determined for
the corresponding C3-PI. For the C3-PI a CS yield of about
100% can be assumed because nearly all photons eventually
generate C3+-PI� (see Scheme 4) and consequently for C3-
PPI a CS yield of about 50% can be calculated. This is in
good agreement with the sensitization of corrole lumines-
cence by a factor of four detected in the steady-state experi-

ment upon excitation at 490 nm, which corresponds to an ef-
ficiency of energy-transfer step 2 of around 50% (Figure 3).
Therefore, for C3-PPI, k3 is equal to k2 which represents a
noticeable increase of k2 with respect to C3-PI, for which
k3 =9k2. This remarkable change in the relative value of the
two rates seems to be due more to the change in the ther-
modynamic parameters of step 3, with a net decrease in
driving force of the order of 0.11 eV from C3-PI to C3-PPI,
rather than to the increase in distance between the donor
and the acceptor, which would affect both energy- and elec-
tron-transfer rates. We will try to make a quantitative evalu-
ation of such effects on each process below. Energy-transfer
rates calculated according to a Fçrster mechanism are con-
sistent with the experimental ones,[35, 36] therefore, a dipole–
dipole interaction mechanism is considered sufficient to ex-
plain the process, without requiring the contribution of an
exchange mechanism (Dexter). However, the latter was
found to be necessary to explain the high energy-transfer
rates in several porphyrinic donor–acceptor systems con-
nected by highly conjugated bridges.[37] With a Fçrster
model we would expect a 1/R6

DA dependence of the energy-
transfer rate and consequently an increase in distance R
from 13.5 O for C3-PI to 17.7 O for C3-PPI would lead to a
fivefold reduction in k2. Concerning the bridge-mediated
electron transfer, it has recently been pointed out that the
key parameter electronic coupling has a donor-bridge (and
acceptor-bridge) energy gap dependence in addition to the
most obvious donor–acceptor distance dependence.[38] This
can cause a more complex formulation of electron-transfer
rate than in terms of bridge type and length, that is, k=

A0exp ACHTUNGTRENNUNG(�brDA) where b is considered a characteristic of the
bridge. Though not accurate, for the present purposes the
simpler exponential dependence with distance can be used
with a damping factor b=0.4 O�1, previously derived for
electron-transfer processes between porphyrinic units con-
nected by poly(phenylene) bridges.[39] Within this model, the
increase in distance from C3-PI to C3-PPI would lead to an
approximately fivefold decrease in rate, which is the same
ratio found for the energy-transfer attenuation. Therefore,
in the context of this simplified interpretation, a distance in-
crease would affect both energy and electron transfer to the
same extent and the reason for the decrease in electron-
transfer efficiency from the excited state localized on PI
seems to be ascribable to the change in thermodynamic pa-
rameters of the reactions. On the other hand the electron-
transfer reaction from the excited state localized on corrole
1C3-PPI, which has a positive DG8, becomes very slow and
noncompetitive with the intrinsic deactivation of the lumi-
nescence, in fact, the efficiency of electron transfer is only
15%.

Once CS has been formed through the steps discussed
above, it recombines to the ground state without leaving any
residual species, as verified by the absence of residual ab-
sorbance in the spectra. The recombination rates of the CS
states are rather different and depend both on the thermo-
dynamics of the process and on the distance of the reduced
acceptor and oxidized donor which can favor a better cou-
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pling and faster recombination. The lifetime of the CS state
increases from 540 ps for a recombination DG8 of about
�1.71 eV in C2-PI to 2.5 ns for a DG8 of about �1.85 eV in
C3-PI and to a lifetime of 24 ns for a DG8 of approximately
�1.96 eV in C3-PPI ; the reaction is very likely placed in the
Marcus inverted region and, as such, its rate decreases by in-
creasing the driving force.[40] In addition, for the latter two
cases where a tenfold increase is registered, the parameter
of the distance has, as discussed above, an important effect.

The lifetimes of charge-separated states in the system cor-
role/perylene bisimide are not very different from those re-
ported for other tetrapyrrole/perylene bisimide dyads, rang-
ing from hundreds of picoseconds to a few tens of nanosec-
onds (just one case reports a lifetime of one hundred pico-
seconds for a noncovalently linked array[5c]) depending on
parameters like solvent, bond type, position of the connect-
ing bridge, thermodynamics.[18a–k] However the 24 ns lifetime
measured for the CS state in C3-PPI is one of the longest in
covalently connected dyads, which is remarkable if one con-
siders the relatively short center-to-center distance between
the reacting units, less than 18 O.

Conclusion

We proved that complex corrole dyads can be synthesized in
an elegant way from respective perylene bisimide-aldehydes.
Moreover it was shown that asymmetrically N-substituted
perylene bisimides can be synthesized by mix-condensation
in a moderate yield when the two employed amines display
similar reactivity.

Upon illumination in an extended wavelength range (380–
680 nm) the studied dyads can convert the light energy
stored in their excited states into chemical energy, yielding
charge-separated states with an electron localized on the
perylene bisimide unit and a hole localized on the corrole
component. The yield of charge separation changes from
nearly 100% to about 50% for excitation of the perylene bi-
simide unit (100 and 15% for excitation of the corrole unit)
and the lifetime of the charge-separated state varies from
0.54 to 24 ns. The relatively long lifetimes of the CS state
compared to the close spacing of the counterparts (center-
to-center distance of 13.5 O for C2-PI or C3-PI and 17.7 O
for C3-PPI) render these arrays promising with respect to a
possible utilization of the stored energy, eventually after fur-
ther elaboration of the dyads into more complex structures.
These systems represent important progress in photoactive
multicomponent structures: 1) they contain a new, easily
available tetrapyrrolic chromophore with good photochemi-
cal properties; 2) they have clearly overcome the previously
reported instability of free-base corroles; 3) the properties
reported here can favorably compare with those of the most
frequently used porphyrin-based arrays, as shown by the
lifetimes and yields of the CS states.

This confirms that free-base corroles are valuable compo-
nents in the construction of artificial arrays for light energy
conversion and open new possibilities for photovoltaic

(light-to-electrical energy) and artificial photosynthetic
(light-to-chemical energy) applications.

Experimental Section

Synthesis : All chemicals were used as received unless otherwise noted.
Reagent-grade solvents (CH2Cl2, hexanes, cyclohexane) were distilled
prior to use. All reported 1H NMR and 13C NMR spectra were recorded
on Bruker AM 500 MHz or Varian 400 MHz spectrometer. Chemical
shifts (d [ppm]) were determined with TMS as the internal reference.
UV/Vis spectra were recorded in toluene (Cary). Chromatography was
performed on silica (silica gel 60, 200–400 mesh), or dry column vacuum
chromatography (DCVC)[41] was performed on preparative thin-layer-
chromatography silica (Merck 107747). Mass spectra were obtained by
using EI, field desorption (FD) or electrospray MS (ESI-MS). The fol-
lowing compounds were synthesized according to the literature proce-
dures: 4,[24] 7,[42] 8,[15] 11,[28] 15,[43] 16,[43] PI0,[44] C2,[15] and C3.[20d] The
purity of all new corroles was established based on 1H NMR spectra and
elemental analysis.

4-(1,1-Dimethoxymethyl)benzonitrile (2): 4-Cyanobenzaldehyde (1,
4.85 g 37 mmol), trimethylorthoformiate (12.0 mL, 110 mmol), anhydrous
methanol (150 mL), and 6n HCl (7 drops) were heated at 40 8C for 3 h,
stirred at room temperature for 12 h, treated with saturated aqueous
Na2CO3 (10 mL), extracted three times with isohexane (20 mL each),
dried (MgSO4), evaporated in vacuo, and distilled in vacuo. Yield 5.09 g
(78%) colorless liquid, b.p. 128–130 8C/18 mbar. Other physicochemical
properties agree with published data.[25a]

4-(1,1-Dimethoxymethyl)benzylamine (4): 4-(1,1-Dimethoxymethyl)ben-
zonitrile (2, 4.00 g, 22.6 mmol) in anhydrous diethyl ether (15 mL) was
added dropwise to a suspension of lithium aluminum hydride (1.72 g,
45.2 mmol) in anhydrous diethyl ether (50 mL, 0 8C, Ar atmosphere)
within 10 min, allowed to come to room temperature, stirred for 12 h,
cooled (ice), treated dropwise with 20% aqueous NaOH with cooling
(12 mL), and extracted three times with ether (50 mL each). The com-
bined organic phases were dried (MgSO4), filtered, and evaporated in
vacuo. Yield 2.37 g (58%) yellowish oil, n20

D =1.528; 1H NMR (300 MHz,
CDCl3, 25 8C): d=1.55 (s, 2H; NH2), 3.31 (s, 6H; 2-CH3), 3.86 (s, 2H;
CH2), 5.37 (s, 1H; CH), 7.30 (d, 3J=8.2 Hz, 2H; CHarom.), 7.41 (d, 3J=

8.1 Hz, 2H; CHarom.);
13C NMR (75 MHz, CDCl3, 25 8C): d=50.4, 56.8,

107.3, 131.1, 140.9, 147.7 ppm; IR (ATR): ñ=3375.9 (w), 2989.8 (w),
2935.2 (m), 2828.6 (m), 1615.4 (w), 1511.7 (w), 1443.5 (w), 1414.7 (w),
1350.6 (m), 1303.1 (w), 1213.5 (m), 1191.8 (m), 1097.9 (s), 1047.1 (vs),
1019.6 (w), 979.7 (m), 908.8 (w), 806.1 (m), 770.6 (w), 658.2 cm�1 (w); MS
(DEI+/70 eV): m/z (%): 181 (5) [M+], 150 (100) [M+�CH3O], 134 (17)
[M+�C2H7O], 120 (17) [M+�C2H5O2], 118 (24) [M+�C2H9NO], 106 (6)
[M+�C3H7O2], 91 (10) [M+�C3H8NO2], 77 (7) [M+�C4H10NO2], 75 (9)
[C3H7O2]; HRMS (C10H15NO2): m/z : calcd: 181.110; found: 181.110; ele-
mental analysis calcd (%) for C10H15NO2 (181.2): C 66.30, H 8.34, N 7.73;
found: C 66.42, H 8.54, N 7.82.

4-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]benzaldehyde (5):
Method A. 9-(1-Hexylheptyl)-2-benzopyrano[6’,5’,4’:10,5,6]anthra[2,1,9-
def]isoquinoline-1,3,8,10-tetraone (4, 860 mg, 1.50 mmol), imidazole
(17.0 g), and a microspatula quantity of zinc acetate (Zn ACHTUNGTRENNUNG(OAc)2·2H2O)
were homogenized, heated under argon at 140 8C, treated with 4-(1,1-di-
methoxymethyl)benzylamine (3, 460 mg, 2.55 mmol), heated at 140 8C for
2 h with stirring, allowed to cool, treated with ethanol (50 mL), precipi-
tated with aqueous 2m HCl (150 mL), collected by vacuum filtration,
thoroughly washed with distilled water, dried in air at 110 8C for 16 h,
and purified and deprotected with column separation (silica gel, chloro-
form/ethanol 40:1). Compound 5 was obtained after an orange-colored
forerun as an intensely red-to-orange band and was dissolved in a small
amount of chloroform and precipitated with acetonitrile. Yield 785 mg
(76%). Method B. A dispersion of perylene-3,4,9,10-tetracarboxylic bi-
sanhydride (6, 1.96 g, 5 mmol), 1-hexylheptylamine (7, 1.095 g, 6 mmol)
and acetal 8 (1.215 g, 6 mmol) in imidazole (40 g) was heated at 160 8C,
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for 24 h. The resulting mixture was diluted with water (20 mL) and 2m

HCl (140 mL) and allowed to sediment for 24 h. The precipitate was col-
lected by vacuum filtration, washed with water, dried, and purified by
column chromatography (silica, CH2Cl2, then CH2Cl2/acetone 98:2). The
second fluorescent fraction was evaporated (mixture of acetal/aldehyde
9:1 based on NMR spectrscopy), the residue was dissolved in CH2Cl2/
TFA/H2O mixture (40:10:1, 51 mL), and stirred for 16 h. Saturated
NaHCO3 was carefully added and the organic phase was separated,
washed with water, dried with Na2SO4, and evaporated. The pure alde-
hyde was obtained after refluxing with MeOH and filtration, red crystals,
540 mg, 16% after 2 steps. M.p.=>250 8C; Rf (silica gel, CHCl3/EtOH
40:1)=0.29; 1H NMR (600 MHz, CDCl3, 25 8C): d=0.82 (t, 3J=7.0 Hz,
6H; 2-CH3), 1.28 (m, 16H; CH2), 1.87 (m, 2H; a-CH2), 2.23 (m, 2H; a-
CH2), 5.18 (m, 1H; a-CH), 5.48 (s, 2H; NCH2), 7.70 (d, 3J=8.2 Hz, 2H;
CHarom.), 7.85 (d, 3J=8.3 Hz, 2H; CHarom.), 8.68 (m, 8H; CHarom.),
9.98 ppm (s, 1H; CHO); 13C NMR (125 MHz, CDCl3): d =13.7, 22.3,
26.7, 28.9, 31.5, 32.1, 43.2, 54.6, 122.4, 122.5, 122.9, 126.0, 129.0, 129.1,
129.2, 129.7, 131.2, 134.6, 135.5, 143.5, 162.9, 191.5 ppm; IR (ATR): ñ=

2953.8 (m), 2923.0 (s), 2855.3 (m), 1697.4 (s), 1646.4 (vs), 1610.0 (m),
1593.4 (s), 1577.3 (m), 1506.9 (w), 1436.2 (m), 1403.9 (m), 1378.2 (w),
1336.1 (s), 1301.7 (w), 1249.8 (m), 1212.4 (w), 1199.7 (w), 1168.2 (m),
1125.2 (w), 1106.0 (w), 987.0 (w), 849.6 (w), 823.9 (w), 808.9 (m), 774.3
(w), 742.6 (m), 723.1 (w), 631.4 cm�1 (w); UV/Vis (CHCl3): lmax (e)=

459.1 (18600), 491.0 (51400), 527.4 nm (85800); fluorescence (CHCl3):
lmax (I)=534.5 (1.00), 578.0 nm (0.50), fluorescence quantum yield
(CHCl3, lexc =491 nm, E491nm =0.0212 cm�1, reference: 2,9-bis-(1-hexyl-
heptyl)anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetraone with
F=1.00): 1.00; MS (DEI+/70 eV): m/z (%): 690 (33) [M+], 508 (100)
[M+�C13H26], 374 (14), [M+�C21H35O2], 346 (19) [M+�C22H34NO2], 44
(15) [CH2NO]; HRMS: m/z : calcd: C45H42N2O5: 690.309; found: 690.308;
elemental analysis calcd (%) for C45H42N2O5: C 78.24, H 6.13, N 4.06;
found: C 77.98, H 6.01, N 4.05.

4’-(1,3-Dioxolan-2-yl)biphenyl-4-carbonitrile (12): 4’-Formylbiphenyl-4-
carbonitrile (11, 1.45 g, 7.00 mmol) and ethylene glycol (1.74 g,
28.0 mmol) in toluene (50 mL) was allowed to react analogously to 2 and
was crystallized from hexane/ethanol 5:1. Yield 610 mg (35%) colorless
crystalline solid, m.p. 170–171 8C; 1H NMR (200 MHz, CDCl3, 25 8C): d=

4.02–4.21 (m, 4H; 2-CH2O), 5.87 (s, 1H; CH), 7.60–7.76 ppm (m, 8H;
CHarom.);

13C NMR (150 MHz, CDCl3, 25 8C): d=65.6, 103.5, 111.4, 119.1,
127.4, 127.5, 128.0, 132.8, 138.7, 140.3, 145.5 ppm; IR (ATR): ñ=3409.2
(w), 3070.0 (w), 2956.2 (m), 2884.5 (s), 2364.8 (w), 2225.5 (vs), 1930.0
(w), 1808.3 (w), 1699.7 (w), 1607.0 (s), 1555.9 (w), 1495.9 (m), 1481.2 (w),
1432.2 (m), 1401.8 (s), 1386.3 (s), 1312.4 (w), 1286.4 (w), 1227.2 (w),
1212.0 (w), 1184.5 (w), 1137.2 (w), 1117.2 (w), 1073.1 (s), 1021.8 (m),
1005.9 (w), 971.7 (m), 942.1 (m), 860.5 (w), 817.4 (vs), 720.2 (w), 689.9
(w), 648.7 cm�1 (w); MS (DEI+ /70 eV): m/z (%): 251 (69) [M+], 250
(100) [M+�H], 206 (35) [M+�C2H5O], 190 (21) [M+�C2H5O2], 179 (72)
[M+�C3H4O2], 151 (17) [M+�C4H6NO2], 73 (14) [C3H5O2]; HRMS
(C16H13NO2): m/z : calcd: 251.095; found: 251.095.

4’-(1,3-Dioxolan-2-yl)biphenyl-4-methanamine (13): 4’-(1,3-Dioxolan-2-
yl)-biphenyl-4-carbonitrile (12, 600 mg, 2.39 mmol) in THF (10 mL) and
lithium aluminum hydride (181 mg, 4.78 mmol) in THF (10 mL) were al-
lowed to react analogously to (1,1-dimethoxymethyl)benzylamine (3).
Brown crystalline solid, yield 375 mg (62%); m.p 120–123 8C; 1H NMR
(200 MHz, [D6]DMSO, 25 8C): d=3.75 (s, 2H; CH2), 3.92–4.12 (m, 4H;
2-CH2O), 5.77 (s, 1H; CH), 7.39–7.69 ppm (m, 8H; CHarom.);

13C NMR
(100 MHz, [D6]DMSO, 25 8C, TMS): d=45.9, 65.5, 103.3, 127.0, 127.1,
127.8, 128.3, 137.7, 138.4, 141.6, 144.2 ppm; IR (ATR): ñ =3380.3 (m),
3029.3 (w), 2953.7 (m), 2887.5 (s), 1915.2 (w), 1613.6 (w), 1562.6 (w),
1498.1 (m), 1432.5 (m), 1403.6 (m), 1382.7 (m), 1346.3 (w), 1310.3 (w),
1277.7 (w), 1205.8 (m), 1183.7 (w), 1114.2 (w), 1074.0 (v s), 1017.0 (m),
1003.6 (w), 964.8 (m), 939.1 (s), 877.8 (w), 838.2 (m), 798.0 (vs),
697.2 cm�1 (w); MS (DEI+/70 eV): m/z (%): 255 (100) [M+], 210 (14)
[M+�C2H5O], 196 (6) [M+�C2H3O2], 182 (42) [M+�C3H5O2], 166 (40)
[M+�C3H7NO2], 152 (15) [M+�C4H9NO2], 106 (18) [M+�C9H9O2], 73
(25) [C3H5O2]; HRMS (C16H17NO2): m/z : calcd: 255.126; found: 255.126.

4’-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]biphenyl-4-carbal-

dehyde (14): 9-(1-Hexylheptyl)-2-benzopyrano[6’,5’,4’:10,5,6]anthra[2,1,9-
def]isoquinoline-1,3,8,10-tetraone (4, 400 mg, 0.697 mmol), 4’-(1,3-dioxo-
lan-2-yl)biphenyl-4-methanamine (13, 350 mg, 1.37 mmol)), imidazole
(10.0 g), and a microspatula quantity of zinc acetate (Zn ACHTUNGTRENNUNG(OAc)2·2H2O)
were allowed to react under argon as was described for 5 and the product
was purified and deprotected by column separation (silica gel, chloro-
form/ethanol 40:1). The intensely reddish-orange main fraction was col-
lected after an orange forerun and was evaporated, dissolved in the mini-
mum amount of chloroform, and precipitated with acetonitrile. Bright
light-red solid; yield 440 mg (57%); m.p. >250 8C, Rf (silica gel, CHCl3/
EtOH 40:1)=0.28; 1H NMR (600 MHz, CDCl3, 25 8C, TMS): d =0.82 (t,
3J ACHTUNGTRENNUNG(H;H)=7.0 Hz, 6H; 2-CH3), 1.18–1.38 (m, 16H; 8-CH2), 1.83–1.91
(m, 2H; b-CH2), 2.21–2.29 (m, 2H; b-CH2), 5.15–5.22 (m, 1H; a-CH),
5.46 (s, 2H; NCH2), 7.58–7.61 (m, 2H; CHaryl), 7.67–7.72 (m, 4H; CHaryl),
7.91–7.94 (m, 2H; CHaryl), 8.59–8.71 (m, 8H; CHperylene), 10.0 ppm (s, 1H;
CHO); 13C NMR (150 MHz, CDCl3, 25 8C, TMS): d=14.3, 22.8, 27.2,
29.4, 32.0, 32.6, 43.7, 55.1, 123.2, 123.5, 126.6, 126.8, 127.7, 127.8, 129.7,
129.8, 129.9, 130.5, 132.0, 135.3, 135.4, 137.7, 139.3, 147.0, 163.7,
192.1 ppm; IR (ATR): ñ =2952.5 (m), 2924.0 (s), 2854.9 (m),1691.9 (s),
1650.2 (vs), 1592.6 (s), 1577.7 (m), 1506.5 (w), 1456.1 (w), 1434.7 (w),
1403.6 (m), 1378.0 (w), 1332.6 (s), 1247.0 (m), 1214.8 (w), 1169.3 (m),
1125.8 (w), 1106.2 (w), 1003.6 (w), 987.8 (w), 849.6 (w), 808.2 (m), 782.0
(w), 748.8 (w), 740.3 (w), 606.5 cm�1 (w); UV/Vis (CHCl3): lmax (e Erel.)=

459.2 (0.22), 490.4 (0.60), 527.0 nm (1.00); fluorescence (CHCl3): lmax

(Irel.)=535.2 (1.00), 576.5 nm (0.50); fluorescence quantum yield (CHCl3,
lexc =490 nm, E490 nm =0.0132 cm�1, reference: 2,9-bis-(1-hexylheptyl)an-
thra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetraone with F =1.00):
1.00; MS (DEI+/70 eV): m/z (%): 766 (21) [M+], 584 (100) [M+

�C13H26], 346 (55) [M+�C28H38NO2], 195 (14) [C14H11O]; HRMS
(C53H50N2O6): m/z : calcd: 766.340; found: 766.339.

10-[(4-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]phenyl)]-5,15-
bis(2,6-dichlorophenyl)corrole (C2-PI): 2,6-Dichlorophenyldipyrrome-
thane 15 (232 mg, 0.8 mmol) and aldehyde 5 (276 mg, 0.4 mmol) were
dissolved in CH2Cl2 (6 mL). TFA (12 mL, 0.16 mmol) was added and mix-
ture was stirred at RT for 20 min. Et3N (22 mL, 0.16 mmol) was added
followed by p-chloranil (296 mg, 1.2 mmol) and stirring was continued
for 16 h. The reaction mixture was concentrated and was purified by
chromatography (DCVC, silica, CH2Cl2). After evaporation, the residue
was dissolved in THF and loaded on an SEC column (THF). The corrole
fraction was collected, evaporated, refluxed with MeOH, and filtered to
afford 70 mg (14%) of corrole C2-PI. Rf =0.5 (silica, CH2Cl2);

1H NMR
(500 MHz, CDCl3) d =�3–�1 (sbr, 3H; NH), 0.84 (t, J=6.2 Hz, 6H; 2-
CH3), 1.20–1.40 (m, 16H; alkyl), 1.85–1.95 (m, 2H; alkyl), 2.22–2.32 (m,
2H; alkyl), 5.15–5.25 (m, 1H; CH), 5.62 (s, 2H; CH2), 7.60 (t, J=8 Hz,
2H; C6H3Cl2), 7.72 (d, J=8 Hz, 4H; C6H3Cl2), 8.09, 8.25 (AA’BB’, J=

6.5 Hz, 2-2H; C6H4), 8.28–8.70 (m, 14H; 8H; C20H8 +6H; b-H),
8.97 ppm (d, J=4 Hz, 2H; b-H); labs (toluene, e)=413 (113), 428 (104),
459 (22.2), 492 (51.7), 528 (85.3), 561 (18.5), 611 (11.5), 640 nm (6.6 -
10�3); ESI-LR obsd: 1246.3 [M++H]; elemental analysis calcd (%) for
C75H58Cl4N6O4: C 72.12, H 4.68, N 6.73; found: C 72.24, H 4.87, N 6.58;

10-[(4-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]phenyl)]-5,15-bis-
(pentafluorophenyl)corrole (C3-PI): Pentafluorophenyldipyrromethane
(16) (250 mg, 0.8 mmol) and aldehyde 5 (276 mg, 0.4 mmol) were dis-
solved in CH2Cl2 (6 mL). TFA (12 mL, 1.6 mmol) was added, and the mix-
ture was stirred at room temperature. After 20 min Et3N (22 mL,
0.16 mmol) was added followed by CH2Cl2 (14 mL). DDQ (590 mg,
2.6 mmol) was dissolved in toluene/CH2Cl2 (1:3, 20 mL) and both mix-
tures were added simultaneously to vigorously stirred CH2Cl2 (20 mL).
After 15 min the reaction mixture was concentrated and was purified by
chromatography (DCVC, silica, CH2Cl2). After evaporation, the residue
was dissolved in THF and loaded on an SEC column (THF). The corrole
fraction was collected, evaporated, refluxed with MeOH, and collected
by vacuum filtration to afford 76 mg (15%) of corrole C3-PI. Rf (silica,
CH2Cl2)=0.43; 1H NMR (500 MHz, CDCl3): d= (�3)–(�1) (sbr, 3H;
NH), 0.83 (t, J=7 Hz, 6H; 2-CH3), 1.20–1.40 (m, 16H; alkyl), 1.85–1.95
(m, 2H; alkyl), 2.22–2.32 (m, 2H; alkyl), 5.10–5.20 (m, 1H; CH), 5.50
(sbr, 2H; CH2), 8.09, 8.25 (AA’BB’, J=6.5 Hz, 2-2H; C6H4), 8.28–8.70

www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 169 – 183180

L. Flamigni, H. Langhals, D. T. Gryko et al.

www.chemeurj.org


(m, 14H; 8H; C20H8 and 6H; b-H), 8.93 ppm (d, J=4 Hz, 2H; b-H); labs

(toluene, e)=421 (124), 460 (25.5), 492 (57.7), 529 (94.4), 563 (19.6), 616
(11.6), 643 nm (8.8 -10�3); ESI-LR obsd 1290.5 [M++H]; elemental
analysis calcd (%) for C75H52F10N6O4·H2O: C 68.98, H 4.27, N 6.35;
found: C 68.95, H 4.08, N 6.48.

10-[4’-[9-(1-Hexylheptyl)-1,3,8,10-tetraoxo-3,8,9,10-tetrahydro-1H-
anthra[2,1,9-def ;6,5,10-d’e’f’]diisoquinoline-2-ylmethyl]biphenyl-4-]-5,15-
bis(pentafluorophenyl)corrole (C3-PPI): Pentafluorophenyldipyrrome-
thane (16) (125 mg, 0.4 mmol) and aldehyde 14 (153 mg, 0.2 mmol) were
dissolved in CH2Cl2 (6 mL). TFA (6 mL, 0.8 mmol) was added, and the
mixture was stirred at room temperature. After 40 min, Et3N (44 mL,
0.16 mmol) was added, followed by CH2Cl2 (306 mL). The reaction was
quenched by addition of DDQ (118 mg, 0.52 mmol), dissolved in toluene
(1 mL), and stirring was continued for 20 min. The reaction mixture was
concentrated and was purified by chromatography (DCVC, silica,
CH2Cl2). After evaporation, the residue was dissolved in THF and loaded
onto an SEC column (THF). The corrole fraction was collected, evapo-
rated, refluxed with MeOH, and filtered to afford 30 mg (11%) of cor-
role C3-PPI. Rf =0.6 (silica, CH2Cl2);

1H NMR (500 MHz, CDCl3): d=

(�3)–(�1) (sbr, 3H; NH), 0.84 (t, J=7 Hz, 6H; 2-CH3), 1.20–1.40 (m,
16H; alkyl), 1.86–1.96 (m, 2H; alkyl), 2.22–2.32 (m, 2H; alkyl), 5.15–5.25
(m, 1H; CH), 5.34 (sbr, 2H; CH2), 7.72, 8.86 (AA’BB’, J=6.5 Hz, 2-
2H; C6H4), 7.90, 8.10 (AA’BB’, J=6.5 Hz, 2-2H; C6H4), 8.15–8.70 (m,
14H; 8H; C20H8 and 6H; b-H), 8.94 ppm (sbr, 2H; b-H); labs (toluene,
e)=422 (121), 491 (53.4), 528 (88.6), 564 (18.2), 617 (10.8), 643 nm (7.9 -
10�3); FD-LR obsd. 1366.4 [MC+]; elemental analysis calcd (%) for
C81H56F10N6O4: C 71.15, H 4.13, N 6.15; found: C 71.02, H 3.88, N 5.96.

Spectroscopy and photophysics : Spectrophotometric grade toluene at
295 K and at 77 K was used without further purification. Standard 10-mm
fluorescence cells were used at 295 K, whereas for experiments at 77 K,
we used capillary tubes in a home-made quartz Dewar filled with liquid
nitrogen. Due to these geometrical conditions at 77 K the absolute quan-
tum yield could not be determined with confidence, only qualitative in-
formation could be derived. If not otherwise specified, solutions were air-
equilibrated. Air-free solutions were bubbled for 10 min with a stream of
argon in home-modified 10-mm fluorescence cells. A Perkin–Elmer
Lambda 9 UV/Vis and a Spex Fluorolog II spectrofluorimeter were used
to acquire absorption and emission spectra. Reported luminescence spec-
tra were uncorrected unless otherwise specified. Emission quantum
yields were determined after correction for the photomultiplier response,
with reference to an air-equilibrated toluene solution of PI0 in dichloro-
methane with a Ffl =0.99,[45] or to TPP with a Ffl =0.11,[46] for corroles.
Luminescence lifetimes in the nanosecond range were obtained with an
IBH single-photon counting apparatus with excitation at 465 or 560 nm
from pulsed-diode sources (resolution 0.3 ns). For determination of emis-
sion lifetimes in the picosecond range an apparatus based on a Nd:YAG
laser (35 ps pulse duration, 532 nm, 1.5 mJ) and a Streak Camera with
overall resolution of 10 ps was used.[47] Transient absorbance in the pico-
second range made use of a pump and probe system based on a Nd:YAG
laser (Continuum PY62/10, 35 ps pulse). The second harmonic (532 nm)
at a frequency of 10 Hz and an energy of about 3.5 mJ/pulse was used to
excite the samples the absorbance of which at the excitation wavelength
was approximately 0.6. The residual 1064 nm light (about 40 mJ) was fo-
cused on a stirred 10-cm cell containing a mixture of D2O/D3PO4 to pro-
duce a white-light continuum which was used as analyzing light. A com-
puter-controlled optical delay stage (Ealing) on the path of the excitation
beam provided a delay between excitation and analysis. The analyzing
light was split in two parts probing irradiated and unirradiated portions
of the sample, respectively, and crossed the sample cell in a nearly collin-
ear geometry with respect to the excitation beam. The transmitted
probes were fed through optical fibers into a spectrograph (Spec-
trapro 275, Acton) and were detected in two separate regions of a CCD
detector (Princeton Instruments). The control units for the delay line, for
the spectrograph and for the CCD detector were driven by customized
software (Eurins) which also allowed spectral acquisition at increasing
time delays between the pump and the probe. Typically, 200 to 500 laser
shots were collected and averaged to obtain a single spectrum at a specif-
ic time delay. Kinetic analyses were made by selecting the absorbance
values of successive time-resolved spectra at the selected wavelength and

by applying standard iterative procedures. More details can be found
elsewhere.[48] Nanosecond-laser flash-photolysis experiments were per-
formed by using a system based on a Nd:YAG laser (JK Lasers, 532 nm,
3.5 mJ, 18 ns pulse) by using a right-angle analysis on the excited sample,
previously described.[49]

Experimental uncertainties were estimated to be within 10% for lifetime
determination, 15% for quantum yields, 20% for molar absorption coef-
ficients, and 3 nm for emission and absorption peaks. The temperature of
operation was 295 K except otherwise stated. Molecular dimensions were
estimated after MM2 minimization by CS Chem3D Ultra 6.0 software.[50]

Computation of the integral overlap and of the rate for the energy-trans-
fer processes according to the Fçrster mechanism were performed with
the use of Matlab 5.2.[51]
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