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Introduction

The elaboration of noncovalent multiporphyrin assemblies
represents an important challenge in the mimicry of bacteri-
al photosynthesis[1] and the design of functional molecular
materials.[2] Axial coordination to the central metal ions of
porphyrins by suitable ligands is an effective and widespread
strategy for the assembly of noncovalently bound, multicom-
ponent systems. ZnII derivatives[3–6] have been extensively
used for this purpose, but examples based on RuII,[7] CoII,[8]

RhIII,[9] SnIV,[10] PV,[11] and AlIII[12] porphyrins can also be
found in the literature.

Pyridines with ZnII porphyrins have rather weak associa-
tion constants, of the order of 103–104m�1 depending on
their pKa values and the steric hindrance at the nitrogen
atom, and multiple recognition sites are required in order to
obtain the high association constants that would allow these
assemblies to be observed as the major molecular entity in
solutions at spectroscopic concentrations.[6] Several bis(zinc–
porphyrin) structures with a tweezer-like structure have
been designed so far in order to effectively complex biden-
tate guests. Tweezers with chiral structures form a special
class of these compounds and find applications in enantio-
meric discrimination and in the determination of the abso-
lute configuration of optically active guests.[13] Our interest
lies in the design and study of photoactive multicomponent
systems and we have been intrigued, as have other groups,
by the possibility of using bis-porphyrin tweezers in solu-
tions as hosts for convenient photo- or electroactive guests
in order to assemble molecular structures with some degree
of complexity that are able to undergo photoinduced energy
or electron transfer.[14]

We herein report the photophysical properties of bis-
(zinc–porphyrin) tweezers with a skeleton consisting of an-
thracene chromophores connected by ethynyl bonds, 1 in
Scheme 1, and examine its complexation properties with
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photochemically innocent guests like pyridine (Pyr) and bi-
pyridine (Bipy). Bis(zinc–porphyrin) 1 has a cavity defined
by two nearly parallel zinc–porphyrins with a bite (Zn–Zn
distance) at the maximum extension of approximately 15 :,
and it has been shown that through rotation around a single
bond, the cavity can adjust to a smaller size with the two
porphyrin planes close and cofacial (distance ca. 5 :) and
thereby efficiently complex small bidentate guests such as
DABCO.[5] We have selected as potential guests a series of
dipyridylporphyrins with different inter-pyridyl nitrogen (N–
N) distances (Scheme 1). Porphyrins 5 and 6 have N–N dis-

tances of approximately 16 :,
whereas 7 has an N–N distance
of about 11 :. Taking into con-
sideration the fact that the Zn�
N bond length is about 2 :,
one can anticipate for 7 nearly
perfect size-matching, whereas
the fitting of 5 and 6 within the
cavity would require some dis-
tortion of the tweezersA struc-
ture. We herein show that com-
plexation of all porphyrins
takes place with association
constants typical of in-cavity
complexation, indicating that
these tweezers have a remarka-
bly good degree of flexibility.
Finally we characterize and

discuss the photoinduced pro-
cesses that occur within the
complexes formed by the bis-
porphyrin tweezers and the
free-base porphyrin guests 5, 6,
and 7, which are characterized
by different excited-state
energy levels.

Results and Discussion

Synthesis : The synthesis of
dimer 1, described in Scheme 2,
relies upon the cross-coupling
of two porphyrin–anthracene
conjugates 11 to a central 1,8-
bis(bromoethynyl)anthracene
(12).[5] Compound 12 was ob-
tained by bromination of 1,8-di-
ethynylanthracene (3)[4] with N-
bromosuccinimide and silver ni-
trate in acetone. The dissym-
metrical 1-ethynyl-5-triethylsilyl-
ethynylanthracene (8) was pre-
pared from the commercially
available 1,5-dichloroanthraqui-
none. Statistical deprotection of

one of the triethylsilyl protecting groups of 1,5-bis(triethylsi-
lylethynyl)anthracene (4)[15] in a 85:15 mixture of THF/
MeOH in the presence of potassium carbonate gave 8 in
43% yield, together with 16% of the fully deprotected com-
pound and 33% of unreacted starting material. A Sonoga-
shira coupling reaction was, at that stage, carried out be-
tween the free acetylene of 8 and the iodoporphyrin 9[16] in
degassed NEt3 in the presence of [Pd(PPh3)2Cl2] and CuI.
Compound 11 was obtained by subsequent deprotection of
the triethylsilyl group in a 50:50 mixture of THF/MeOH in
the presence of potassium carbonate. The desired tweezers 1

Scheme 1. Bis-porphyrin tweezers (1), component models (2–4), free-base porphyrin guests (5–7) and other
guests described in this work.
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were finally obtained by coupling two porphyrinic arms (11)
to the central 1,8-bis(bromoethynyl)anthracene linker (12).
Great difficulties were encountered in this step due to the
formation of a homocoupling product. The heterocoupling
conditions developed by Cai and Vasella gave the best re-
sults for the present purpose.[17] Two equivalents of 11 were
allowed to react with one equivalent of 12 in degassed
DMSO in the presence of [Pd2(dba)3] (dba=dibenzylidena-
cetone), LiI, CuI, and 1,2,2,6,6-pentamethylpiperidine. After
tedious preparative chromatography on Al2O3, the desired
bis-porphyrin tweezers 1 were finally isolated in 33% yield.

The bis-porphyrin tweezers 1: Scheme 1 shows the various
components, 2–4, of the bis-porphyrin tweezers 1. In a first
approximation the tweezers can roughly be considered to
consist of the following constituents: two units of 2 connect-
ed to two units 4 which in turn are linked to a common unit
3. The absorption and emission spectra of units 3 and 4 in
toluene at room temperature are shown in Figure 1. Both
spectra display a good mirror image, indicative of a very
modest distortion in the excited state; there are slight differ-
ences in their epsilon values—higher for 4—and in the ener-
gies of their transition sequences—lower for 4—compared
with those of 3. The absorption spectrum of the bis-porphy-
rin tweezers 1 is shown in Figure 2, in which it is compared
with the absorption spectrum of the model zinc–porphyrin 2
and the cumulative absorption spectrum of two units of 4

and one unit of 3, which should
represent the contribution of
the anthracene components to
the absorbance of 1. From the
absorption spectrum of 1 the
following conclusions can be
derived: 1) the porphyrin chro-
mophores absorb nearly all the
light over the whole spectral
range except at around 380–
390 nm, where the anthracene
units absorb about 60% of the
light, and 2) the spectrum of
array 1 is not a simple superpo-
sition of the component units,
the main difference involving a
broadening of the Soret band
of the zinc–porphyrin compo-
nents, a modest decrease in the
absorption coefficients over the
Soret and Q bands (note that
only the absorption of a single
unit of 2 is reported in
Figure 2), and the appearance
of a new band at around
450 nm. The latter, which has
previously been observed in an
anthracene-linked zinc–porphy-

rin,[18] has to be ascribed to a sizeable electronic coupling of
the transitions of anthracene and zinc–porphyrin (Soret
band), which are of similar energies (see Figures 1 and 2).
The emission spectrum of 1 is very similar to that of the

reference porphyrin 2, with an emission quantum yield that
is identical. The fluorescence quantum yield of 1, excited
either at 383 nm, where 60% of the light is absorbed by the
anthracene units, or at 551 nm, whereby the light is absor-
bed only by the zinc–porphyrin component, is the same
within experimental error (Table 1). Excitation at 383 nm of
a solution of 1 (1Q10�6m) is compared in Figure 3 with the
excitation of a solution containing the components 3 (1Q

Scheme 2. Reagents and conditions: a) TESCCMgBr, PPh3, Ni(acac)2, THF, reflux, 25%; b) K2CO3, THF/
CH3OH 85:15, RT, 6 h 30 min, 43%; c) [Pd(PPh3)2Cl2], CuI, NEt3, RT, 24 h, 58%; d) K2CO3, THF/CH3OH
50:50, RT, 6 h, 87%; e) NBS (2.4 equiv), AgNO3 (0.12 equiv), acetone, RT, 4 h, 87%; f) [Pd2(dba)3]
(0.02 equiv), CuI (0.025 equiv), LiI (0.2 equiv), PMP (2.8 equiv), DMSO, RT, 3 days, 33%.

Figure 1. Absorption (continuous lines) and arbitrarily scaled emission
spectra (dashed lines) of 3 (thin lines) and 4 (thick lines) in toluene.
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10�6m) and 4 (2Q10�6m) and a solution of 2 (2Q10�6m) and
it shows that in 1 the emission due to the anthracene com-
ponents is totally quenched whereas the emission from the
porphyrin component is sensitized relative to the pertinent
models. This points to an extremely efficient intramolecular
energy transfer from the anthracene units to the zinc–por-
phyrin chromophores in 1, as expected on the basis of the

good overlap between the emission of 3 and 4 and the ab-
sorption band of 2 (Soret region) and on their not exceed-
ingly large mutual distance, about 12 : for 4 and about
22 : for unit 3. The luminescence lifetime for the tweezers
1, 2.04 ns at 298 K and 3 ns at 77 K, is very similar to that of
the zinc–porphyrin model 2, 2.3 ns at 298 K and 2.6 ns at
77 K, indicating that in spite of some perturbation, the chro-
mophore in the array retains typical porphyrin properties.
The components 3 and 4 emit quite strongly, about three
times that of unsubstituted anthracene, but their lumines-
cence lifetimes, 5.3 ns for 3 and 4.5 ns for 4 at 298 K, are
very similar to that of anthracene in apolar solvents,
5.3 ns.[19a] In 1 the anthracene-based luminescence could not
be detected with an apparatus characterized by a 20 ps reso-
lution, indicating an energy-transfer rate constant from the
anthracenes to porphyrin higher than 5Q1010 s�1. This
energy transfer could occur in a stepwise fashion from 3 to 4
and finally to the zinc–porphyrin component, but we are
unable to resolve such rapid processes. The luminescence
data are summarized in Table 1.

Complexation

Zinc–porphyrins are known to bind pyridine or pyridyl resi-
dues through an axial bond of the ZnII ion with association
constants of the order of 104m�1. These constants have been
found to increase by several orders of magnitude when mul-
tiple bonds contribute to the formation of the complex and
in the presence of a size-matching between host and
guest.[4–6,14a–f]

The maximum aperture of the cavity of 1 in the absence
of any strain is 15 :. Of the porphyrins chosen as potential
guests, 5 and 6 have interpyridyl nitrogen distances of about
16 :, whereas 7 has a distance of about 11 : (Scheme 1).
By taking into account two pyridyl N�Zn bonds, 7 fits per-
fectly within the cavity, whereas 5 and 6, with an overall size
of 20 :, will not fit inside the cavity unless some distortion
in the host occurs.
The free-base dipyridylporphyrins 5–7 can clearly ap-

proach and axially bind to both zinc–porphyrins of 1 from
the outside. Since this is expected to occur with association
parameters similar to those displayed by simple pyridine
(Pyr), we used this compound as a reference model for ex-
ternal complexation. In contrast, bidentate 4,4’-bipyridine
(Bipy), which is known to bind rather strongly in the cavity
of 1 in dichloromethane,[5] was identified as a suitable model
for internal complexation, that is, the binding of both zinc
ions in the same array 1. Association phenomena between 1
and Pyr or Bipy were therefore examined by spectroscopic
techniques.

Complexation with Pyr and Bipy : The absorption and emis-
sion changes following the addition of increasing amounts of
Pyr to 1 are shown in Figure 4. The association of a pyridyl
residue to one zinc–porphyrin moiety (1:1 complex) induces
a shift of approximately 6 nm (from 425 to 431 nm) in the
Soret band (Figure 4 top) and an even larger change in the

Figure 2. Absorption spectra in toluene of 1 (thick continuous line), 2
(dotted line) and the anthracene components (thin continuous line) ob-
tained by adding the molar absorption coefficients of two units of 4 plus
one unit of 3.

Table 1. Luminescence properties of 1, the model component units 2–4
and the porphyrin guests 5–7 in toluene.

298 K 77 K
lmax [nm] ffl

[a] t [ns] lmax [nm] t [ns] E [eV][b]

1 598 0.08[c] 2.04 596 3.0 2.07
0.075[d]

2 596 0.08 2.3 596 2.6 2.08
3 406 0.87 5.3 408 6.5 3.05
4 416 0.82 4.5 416 5.1 2.98
5[e] 628 0.11 9.7 620 – 2.00
6[e] 648 0.13 9.0 644 – 1.93
7[f] 648 0.11 9.3 640 14.8 1.94

[a] Fluorescence quantum yields, the standards used are anthracene and
2,[19] see the Experimental Section for details. [b] Derived from the emis-
sion maxima at 77 K. [c] Excitation at 551 nm. [d] Excitation at 385 nm.
[e] From reference [14e]. [f] From reference [14f].

Figure 3. Emission spectra in toluene of solutions of 1 (thin continuous
line), 2 (dotted line) and a mixture of 3 and 4 (thick continuous line) ex-
cited at 383 nm. The concentrations of the components are 1Q10�6m for
1 and 3 and 2Q10�6m for 2 and 4.
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emission spectrum of the zinc–porphyrin moiety (Figure 4
bottom) involving a 12 nm bathochromic shift (from 598 to
611 nm and from 648 to 660 nm) of the emission bands and
a different intensity distribution in the vibronic progression.
Association of one bidentate ligand to two zinc–porphyrins
(1:2 complex) induces a smaller bathochromic shift in the
absorbance spectrum (from 425 to 429 nm) and an emission
spectrum that is essentially identical to that of the 1:1 com-
plex.[20] For a bidentate guest, the formation of a complex
with one ligand and one zinc–porphyrin (1:1) is possible and
is favored by an excess of guest. Figure 5 shows the absorp-
tion and emission spectra of 1 upon addition of increasing
amounts of Bipy in a concentration range that favors the
formation of a 1:2 complex; further evolution of the spectra
with further increases in Bipy concentration corresponds to
the formation of the 1:1 com-
plex (lmax=431 nm) and only
the final spectrum at [Bipy]=
5Q10�3m is reported. The asso-
ciation constants, Ka=2Q
104m�1 for Pyr and Ka=3.8Q
107m�1 for Bipy (Table 2), were
derived by a nonlinear treat-
ment of the absorption and
emission data at the reported

wavelength (insets of Figures 4 and 5, Table 2). The data
have been analyzed according to a procedure previously de-
veloped (see the Experimental Section for details) and the
association constants are summarized in Table 2.
Since the nitrogen–nitrogen distance in Bipy is much

smaller than the bite of the extended host, approximately
7 : compared with 15 :, complexation of Bipy requires a
reduction of the bite distance in 1; this reduction can, in
principle, occur by rotation around a single bond to yield a
nearly cofacial orientation of the two intermediate anthra-
cene units or by a multiple collapse of the bond angles of
the cavity to achieve the required distance. We cannot ex-
clude the possibility that both rearrangements play a role in

Figure 4. Changes in the absorption and emission of 1 (8.8Q10�7m) in tol-
uene solution upon titration with increasing amounts of Pyr (1Q10�6–5Q
10�3m). Top: The change in absorbance of the Soret band region. The
fitted data points at 431 nm are shown in the inset. Bottom: The change
in emission intensity upon excitation at 428 nm. The fitted data points at
612 nm are shown in the inset.

Figure 5. Absorption and emission spectra of compound 1 (1.1Q10�6m) in
toluene solution upon titration with increasing amounts of Bipy (5Q10�8–
5Q10�6m) are shown as full lines. For further spectral evolution at higher
concentrations of Bipy, representing the formation of the 1:1 complex
(see text), only the final spectrum for [Bipy]=5Q10�3m is shown as a
dotted line. Top: The change in absorbance of the Soret band region.
The fitted data points at 425 nm are shown in the inset. Bottom: The
change in emission intensity upon excitation at 427.5 nm. The fitted data
points at 612 nm are shown in the inset.

Table 2. Association constants Ka [m
�1] of 1 and the model 2 in toluene at 298 K as determined by spectropho-

tometric (Abs) or spectrofluorimetric titration (Em).

Pyr Bipy 5[a] 6[a] 7[a]

Abs Em Abs Em Abs Em Abs Em Abs Em

1 2.0Q104 2.0Q104 3.8Q107 3.9Q107 2.0Q106 1.4Q106 1.0Q106 8.0Q105 4.2Q106 5.2Q106

2.0Q104[b] 3.8Q107[b] 1.7Q106[b] 9Q105[b] 4.7Q106[b]

2 9Q103[b] 1.2Q104[b]

[a] The uncertainty in these determinations is higher than the usual 20% because of the method used for the
determination, see text. [b] Average of fluorimetric and photometric determinations.
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adapting the cavity size and orientation to the Bipy guest
which is tightly bound (Scheme 3).

Complexation with porphyrins : In order to determine
whether the free-base porphyrins 5–7 associate with 1, spec-
trophotometric and spectrofluorimetric experiments involv-
ing the titration of 1 against increasing concentrations of the
potential guest were undertaken. This type of experiment is
complicated by the fact that the guest strongly absorbs and
emits in the same wavelength region as the host (Figure 6

and Table 1). This problem has been addressed in detail pre-
viously[21] and, in brief, to analyze the absorption and emis-
sion spectra, derived spectral profiles can be used, which
can be fitted by the usual equation [see the Experimental
Section, Eq. (4)]. The derived spectral profiles, DA or DI,
are obtained by subtraction of the absorption or emission
signal of the free-base guest from the experimental signal
detected for the mixture of 1 and the guest. Assuming that
no spectral changes occur in the free-base porphyrin guest
upon complexation, the DA profile will represent the
changes in the zinc–porphyrin host brought about by com-
plexation and will be comparable, but not necessary identi-
cal since in this case the tweezers can have some degree of

distortion, to those of Figures 4a and 5a derived for Pyr and
Bipy complexation. In contrast, the luminescence of the
complex is not only determined by changes brought about
by association, as for Pyr and Bipy, but also by the nature of
the photoinduced process that can take place in the photo-
active components of the complex. In fact, as a consequence
of the complexation that brings the partners into close con-
tact, a flux of energy from the singlet excited state of the
zinc–porphyrins in 1 (2.07 eV) to the lower-lying singlet ex-
cited state (Table 1) of the free-base component 5 (2.0 eV),
6 (1.93 eV), or 7 (1.94 eV) can take place. This will show up
as a change in the emission spectrum of the complex 1·n (in
which n represents any free-base porphyrin guest), which
will show a decreased contribution from the zinc–porphyrin
and an increased contribution from the free-base porphyrin.
Owing to the short lifetime of the donor, the photoinduced
processes can only take place between partners that are
close to each other, that is, in the complex, so the quenching
and sensitization phenomena are also strictly correlated to
the amount of complex present. Therefore the spectral pro-
file DI will contain information both on complexation and
on the nature and efficiency of the photoinduced process oc-
curring within the complex.
Figure 7 shows DA following the addition of increasing

amounts of free-base porphyrin 5, 6, and 7 respectively, to a
constant concentration of 1. The concentration range ex-
plored is limited by the high absorbance of the solutions; in
order to avoid the nonlinear instrumental region, measure-
ments were performed with a constant concentration of 1
(7–8Q10�7m) and up to an excess of guest of about 2–2.5
times. The spectral changes of 1 upon interaction with the
three free-base porphyrins are similar, and are characterized
by a decrease in the Soret band absorbance and a shift of its
maximum to lower energies. It is, however, evident that dif-
ferent extents of complexation are achieved in the three
cases: 7>5>6. Because of the limited concentration range
of guest which could be used (see above), the uncertainty of
this determination is larger than the usual 20%. The associ-
ation constants Ka reported in Table 2 were derived by fit-
ting the experimental data (insets of Figure 7).

Scheme 3. Different binding modes of tweezers 1.

Figure 6. Absorption and emission spectra (inset) in toluene of 5 (dotted
line), 6 (continuous line), and 7 (dashed line).
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The results of fluorimetric titrations upon excitation at
the isosbestic points of 1 and the complexes 1·n for the same
sets of solutions are shown in Figure 8 as DI, after correction
for the direct emission of the guests. The nonlinear fittings
to experimental data are reported in the insets and the de-
rived association constants are reported in Table 2. The
agreement with the values of Ka derived from the absorp-
tion titrations is reasonably good in view of the uncertainty
associated with these determinations and from the average
of the photometric and fluorimetric determinations mean
values of 1.7Q106m�1 for 5, 9Q105m�1 for 6, and 4.7Q106m�1

for 7 have been calculated.

The association constants of the dipyridyl–porphyrin
guests are higher by two orders of magnitude than those of
the monodentate Pyr and point to an interaction of the
guest with the inside of the cavity rather than with the out-
side. Guest 7, which best fits the dimensions of the tweezers,
displays the highest association constant, Ka=4.7Q10

6
m

�1,
which is lower by nearly one order of magnitude than the
Bipy case. The fact that 7 can approach the cavity in a non-
axial geometry with respect to the zinc ions of 1 could bias
the bidentate coordination in spite of the favorable size pa-
rameter compared with Bipy (see Scheme 2). It should, in
fact, be noted that the association constant of 7 with 1 is

Figure 7. Top: DA for compound 1 (6.9Q10�7m) in toluene solution upon
titration with increasing amounts of 5 (2.2Q10�7–1.5Q10�6m). The inset
displays the fitted experimental points at 431 nm. Middle: DA for com-
pound 1 (7Q10�7m) in toluene solution upon titration with increasing
amounts of 6 (2.2Q10�7–1.7Q10�6m). The inset shows the fitted experi-
mental points at 433 nm. Bottom: DA for compound 1 (8Q10�7m) in tolu-
ene solution upon titration with increasing amounts of 7 (2Q10�7–1.8Q
10�6m). The inset shows the fitted experimental points at 431 nm.

Figure 8. Top: DI for excitation at 429 nm of 1 (6.9Q10�7m) in toluene so-
lution upon titration with increasing amounts of 5 (2.2Q10�7–1.5Q10�6m).
The inset shows the fitted experimental points at 598 nm. Middle: DI for
excitation at 430 nm of 1 (7Q10�7m) in toluene solution upon titration
with increasing amounts of 6 (2.2Q10�7– 1.7Q10�6m). The inset shows the
fitted experimental points at 598 nm. Bottom: DI for excitation at 429 nm
of 1 (8Q10�7m) in toluene solution upon titration with increasing
amounts of 7 (2Q10�7–1.8Q10�6m). The inset displays the fitted experi-
mental points at 598 nm.
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lower by two orders of magnitude than that determined for
7 with an oblique bis-porphyrin host able to give perfect
axial geometry coordination in addition to good size-match-
ing.[14f]

For 5 and 6, as discussed above, a cavity distortion of
nearly 5 : is needed to allow bidentate complexation.
Though 1 is rather rigid, a larger aperture of the bite could
be achieved by multiple small-angle distortions in the struc-
ture of the bis-porphyrin tweezers, which could be afforda-
ble with low-energy costs. Recently, force-field calculations
have shown that compression and expansion of the side-
walls in a molecular clip with anthracene side-walls are low-
energy processes.[22] The energy necessary for the expansion
can be compensated by the formation of new bonds in the
host–guest complex. Very likely, concerted rotation and dis-
tortion occur to accommodate large as well as small guests
(Scheme 3). However, the distortion needed to accommo-
date the two trans-dipyridylporphyrins can explain the lower
association constants of 5 and 6, of the order of 106m�1, rela-
tive to 7. Also, note that the presence of bulky tert-butyl-
phenyl groups in 6 causes the binding to 1 to be weaker
than in 1·5 in spite of the same N–N distance. On the other
hand the association constants of 5 and 6 are 100 and 50
times higher, respectively, than that of Pyr and so the associ-
ation cannot be ascribed only to external binding.
To fully exploit other possible association modes responsi-

ble for the spectral changes observed, we considered the
possibility of p–p stacking of the free-base porphyrin guests
with the anthracene or the porphyrin units of 1. As already
pointed out, after rotation around single bonds the two an-
thracene and porphyrin units can come parallel and rather
close (ca. 5 :) and this could be an ideal site for such an in-
teraction. We reasoned that a simple tetraphenylporphyrin
(TPP, Scheme 1) would serve as a model for this type of in-
teraction and determined the spectral changes following the
addition of TPP to a solution of 1 in toluene (7.4Q10�7m).
No effect on the spectral properties of 1 were detected up
to a concentration of TPP of 5Q10�6m, largely exceeding the
concentrations of 5, 6, and 7 used. This result rules out the
possibility that our guests are involved in this type of inter-
action in the concentration range explored.
We have therefore confirmed our model of inclusion by

the tweezers cavity of all the porphyrin guests, including the
larger 5 and 6, and this implies that the cavity in 1 can open
up to approximately 20 :. This conclusion, together with
the previous observation of the ability of the cavity to
shrink the bite through rotation around single bonds and so
complex small bidentate ligands efficiently, makes 1 an ex-
tremely versatile building block for the assembly of porphy-
rin-based noncovalent architectures. It should be pointed
out that whereas several bis(zinc–porphyrin) tweezers have
been reported that are able to reduce the bite and bind
smaller guests,[3h,14c] this is the first report of this type of
tweezers in which the cavity can open very wide, by about
30%, to accommodate larger guests.

Photoinduced processes in the complexes : As discussed
above, when 1 is complexed with a photoactive component,
luminescence spectra also indicate the occurrence of photo-
induced processes. From an inspection of Figure 8 (middle
and bottom), it is evident that upon association of 1 with 6
and 7 there is quenching of 1, as testified by the decrease in
the 598 nm band without any spectral shift, and a concomi-
tant sensitization of the free-base porphyrin bands, as shown
by the increase in the 700–720 nm emission, which is unique
to the free-base guest (see Figure 6). In these cases no lumi-
nescence from the complexes, characterized by bands at 612
and 660 nm (see Figures 4b and 5b) could be detected indi-
cating an extremely fast energy transfer. Less straight for-
ward is the interpretation of the results of the 1·5 complex
system shown in Figure 8 (top). Upon complexation, a de-
crease in the emission band at 598 nm and a concomitant
shift in the emission to 610 nm can be detected, which is ac-
companied by an increase in the emission at 696 nm, corre-
sponding to the emission maximum of the guest 5. Therefore
sensitization of the guest is discernible, but at variance with
the other cases, the quenching of the emission of 1 at
598 nm is accompanied by a shift to 610 nm. This is inter-
preted as an increased contribution to the detected emission
from the complex form 1·5, which is expected to display a
maximum at 612 nm, similarly to what occurs in the Bipy or
Pyr complexes. This implies a reduced efficiency in the
quenching of 1 by 5 within the complex compared with the
cases of 6 and 7.
Time-resolved determinations in the pico- and nanosec-

ond range have been performed in order to derive kinetic
parameters for the energy-transfer processes. Picosecond ex-
citation at 532 nm was performed on solutions of 1 (1Q
10�5m) with 5, 6, and 7 with a fast-streak camera-detection
system. The concentration of guest was approximately 8Q
10�6m leading to incomplete complexation of 1, but the use
of higher guest concentrations was prevented by solubility
problems. The time-resolved decay of the 1 component was
determined at 600 nm and the growth in the luminescence
of the free-base guests was determined at 715 nm for com-
plexes 1·6 and 1·7 and at 700 nm for complex 1·5. The results
are collected in Figure 9; the decay is fitted by a bi-exponen-
tial law for all systems and for both wavelengths. At short
reaction times a fast decay followed by an approximate 2 ns
lifetime occurs at 600 nm, whereas a fast growth followed by
a lifetime of about 9 ns is detected in the 700–720 nm
region. The lifetimes of the fast decay at 600 nm and of the
growth at around 700–720 nm are in good agreement for
each system: 42 ps for 6 and 7 and 120 ps for 5. This reac-
tion, which is interpreted as an energy-transfer process from
1 to the free-base porphyrin guest, has the following rate
constants (calculated as ken=1/t�1/t0): 7.8Q109 s�1 for 5 and
2.3Q1010 s�1 for 6 and 7. The efficiency is nearly quantita-
tive: 98% for 6 and 7 and 95% for 5. By comparison with
the data in Table 1, the decays of approximately 2 ns at
600 nm and of ca. 9 ns at around 700–720 nm are identified
as the luminescence lifetimes of uncomplexed 1 and of the
free-base guest units in the complex, respectively.
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An energy-level diagram (Scheme 4) can be drawn from
the spectroscopic data of Table 1, and the calculated values
of DG8 for the energy-transfer process are DG8=�0.07 eV
for the system 1·5, DG8=�0.14 eV for the system 1·6, and
DG0=�0.13 eV for the system 1·7. The lower driving force
for energy transfer in complex 1·5 is in agreement with the
lower rate constant detected in this system, 7.8Q109 s�1 rela-
tive to 2.3Q1010 s�1 for 1·6 and 1·7.
Energy transfer between singlet states can occur by two

different mechanisms, the Fçrster (or dipole–dipole interac-
tion) and the Dexter (or electron exchange) mecha-
nisms.[23,24] When strongly emitting donors and strongly ab-
sorbing acceptors such as porphyrins are involved, the
mechanism is generally of the former type. In this case it is
possible to calculate, on the basis of geometric, spectroscop-
ic, and photophysical data, the rate constant of the process,

kFen, by means of Equation (1),
[23] in which F and t are the

emission quantum yield (0.08) and lifetime (2 ns) of the
donor 1, respectively, dDA is the donor–acceptor center-to-
center distance (ca. 10 : in all cases), n is the refractive
index of toluene, and JF is the overlap integral calculated
from the luminescence spectrum of the donor, F(n̄), and the
absorption spectrum of the acceptor, e(n̄) [Eq. (2)].

kF
en ¼

8:8� 10�25k2F

n4tdDA
6 JF ð1Þ

JF ¼
R
Fð�nÞeð�nÞ=�n4d�n
R
Fð�nÞd�n ð2Þ

The calculated value of JF is 2.34Q10�14 cm3
m

�1 when 5 is
the acceptor, 3.54Q10�14 cm3

m
�1 when 6 is used, and 3.37Q

10�14 cm3
m

�1 when 7 is the acceptor. The parameter k2 in
Equation (1) is the orientation factor and takes into account
the relative orientation of the transition dipole moments of
the donor and the acceptor. Whereas the value is statistical
(2=3), in a couple of reacting partners that freely diffuse in
solution, since they are randomly approaching, the value for
k2 can be quite different when the two partners are locked
in rigid positions with respect to each other. In this case k2

can be calculated from Equation (3),[25] in which qD and qA
are the angles formed between the line connecting the
donor and acceptor centers and the transition moments of
the donor and acceptor, respectively, and f is the angle be-
tween the projections of the transition moments on a plane
perpendicular to the line connecting the centers of the
donor and acceptor.

k2 ¼ ðsin qDsinqAcos��2cos qDcosqAÞ2 ð3Þ

The transition dipole of the zinc–porphyrin donor is de-
generate in the plane of the tetrapyrrolic rings and the tran-
sition dipole of the free-base porphyrin guests is oriented
along the direction of the pyrrolic nitrogen atom.[26] If we
assume that in the formation of the complex a nearly axial
coordination is maintained, qD=908 and qA=458 for 5, 6,

Figure 9. Time-resolved luminescence of 1 (1Q10�5m) in toluene solutions
upon excitation at 532 nm (35 ps, 1.5 mJ) in the presence of 5 (8Q10�6m)
(top); 6 (8Q10�6m) (middle); and 7 (8Q10�6m) (bottom). Decay of the
luminescence donor at 600 nm (*) and growth of the free-base acceptor
at 715 nm for 6 and 7 and at 700 nm for 5 (*).

Scheme 4. Energy-level diagram of the complexes 1·n, where n=5, 6, and
7.
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and 7, whereas f varies between 0 and 3608. Under these
conditions the average value of k2 is of the order of 0.2 for
all systems. By introducing this value together with the
other parameters into Equation (2), rate constants of ken~
3Q1010 for 1·5 and ken~4Q1010 for 1·6 and 1·7 are derived.
In view of the many simplifications introduced into these
calculations and of the several limits of this theory in de-
scribing closely spaced large chromophores as in the present
case,[27] the results can be considered to be in acceptable
agreement with the experimental results, 7.8Q109 s�1 for 1·5
and 2.3Q1010 s�1 for 1·6 and 1·7, since they reproduce both
the order of magnitude and the relative reactivity scale. This
suggests that a Fçrster-type energy-transfer mechanism is
operative within the complexes formed by 1 and the free-
base dipyridylporphyrin guests.

Conclusions

We have synthesized and photophysically characterized the
bis(ZnII–porphyrin) tweezers 1 with anthracene components
as apex and side-arms. These tweezers can bind pyridyl resi-
dues through axial coordination to the zinc ions of porphy-
rins and we have shown that 1 has excellent binding proper-
ties with bidentate pyridyl guests of very different dimen-
sions. In fact it binds to 4,4’-bipyridine (ca. 7 :), cis-dipyri-
dylporphyrin free-base (ca. 11 :), and trans-dipyridylpor-
phyrin free-base (ca. 16 :) with association constants >9Q
105m�1. This is made possible by the ability of the cavity to
adjust its bite: rotation through single bonds can reduce the
size of the cavity whereas multiple slight distortions of the
angles in the scaffold can open or close the bite in order to
accommodate guests of different sizes. Very likely, concerted
rotation and distortion occur to bind guests of very different
sizes with remarkably high association constants. Photoin-
duced energy transfer in the triporphyrin complexes from
the host to the guest is nearly quantitative and the results
are compatible with a dipole–dipole mechanism with a re-
duced orientation factor.

Experimental Section

Spectroscopic and photophysical determination : NMR spectra were re-
corded on a Bruker AC 300 (300 MHz) or a Bruker ARX500 (500 MHz)
with solvent peaks as reference. FAB mass spectra in positivemode were
acquired on an Autospec (VG). Spectroscopic grade toluene was used
(C. Erba). Pyridine (Aldrich) and 4,4’-bipyridine (Merck) were used as
received. Absorption spectra were recorded with a Perkin-Elmer
Lambda 9 spectrophotometer and emission spectra, uncorrected if not
otherwise specified, with a Spex Fluorolog II spectrofluorimeter equip-
ped with a Hamamatsu R928 photomultiplier. Relative luminescence in-
tensities were evaluated from the area (on an energy scale) of the lumi-
nescence spectra corrected for the photomultiplier response. Lumines-
cence quantum yields for anthracene derivatives were obtained by refer-
ence to anthracene in toluene (ffl=0.3).

[19a] For the porphyrin compo-
nents, the emission quantum yields were obtained by reference to
(5,10,15,20-tetra-tert-butylphenyl)porphyrinatozinc(ii) in toluene (ffl=
0.08).[19b] Experiments at 77 K were performed by using quartz capillary

tubes immersed in liquid nitrogen contained in a home-made quartz
Dewar flask.

Titration experiments for the determination of the association constants
were performed by using a constant concentration of 1, in the range of
7Q10�7–1.1Q10�6m, and variable concentrations of Pyr, Bipy, 5, 6, and 7.
In the titration experiments excitation was performed at the isosbestic
point of the complexed and uncomplexed zinc–porphyrin spectra. Equa-
tion (4) was used to determine the association constant Ka, whereby Ka=

1/Kd. Obs is any observable (i.e., absorbance or emission intensity or DA
and DI, as detailed in the text), S0 is the constant concentration of 1, X is
the variable concentration of the complexing agent, DObs is the maxi-
mum variation of the observable under examination, and Obs0 is its
value at zero concentration of titrating agent.[21,28]

Obs ¼ Obs0 þ
DObs
2S0

fKd þX þ S0�½ðKd þX þ S0Þ2�4XS0	
1=2g ð4Þ

Fluorescence lifetimes in the nanosecond range were detected by using
an IBH time-correlated single-photon-counting apparatus with excitation
at 337 nm. Luminescence lifetimes in the picosecond range were deter-
mined with an apparatus based on a Nd:YAG laser (Continuum PY62-
10) with a 35 ps pulse duration (1.5 mJpulse�1) at 532 nm, and a fast-
streak camera-detection system (Hamamtsu C1587 equipped with
M1952). The luminescence signals from 1000 laser shots were averaged
and the time profile was measured from the streak image in a wavelength
range of about 20 nm around the selected wavelength. The luminescence
decays were fitted by using standard iterative nonlinear programs, taking
into consideration the instrumental response.[29]

Computation of the integral overlap and of the rate of energy transfer ac-
cording to the Fçrster mechanism were performed with the use of
Matlab 5.2.[30]

Molecular dimensions and distances were estimated by using CS Chem
3D Ultra 6.0 software.[31]

Estimated errors are 10% on lifetimes, 20% on quantum yields, and
20% on association constants, except for the equilibria involving two por-
phyrins for which uncertainties are of the order of 30–40%. Working
temperatures, if not otherwise specified, are 295�2 K.
1,5-Bis(triethylsilylethynyl)anthracene (4): Triethylsilylacetylene (3.1 mL,
17.5 mmol) and a 1m solution of ethylmagnesium bromide in THF
(17.5 mmol, 17.5 mL) were added to distilled THF (6.5 mL). The solution
was stirred for 45 min at 0 8C under argon. The mixture was then added
to a solution of 1,5-dichloroanthracene (864 mg, 3.5 mmol, 1 equiv), Ni-
(acac)2 (1.8 mg, 6.57 mmol, 2 equiv), and PPh3 (3.8 mg, 10.9 mmol,
3 equiv) in distilled THF (39 mL). Whilst stirring, the solution was re-
fluxed for 3 days under argon. After column chromatography, the desired
product 4 was isolated in 25% yield (398 mg, 0.87 mmol) as a yellow
solid. 1H NMR (300 MHz, CDCl3): d=8.94 (s, 2H; 9,10-H), 8.02 (dd,

3J=
8.4, 4J=0.9 Hz, 2H; 4,8-H), 7.75 (dd, 3J=6.9, 4J=1.1 Hz, 2H; 2,6-H),
7.43 (dd, 3J=8.6, 3J=7.0 Hz, 2H; 3,7-H), 1.18 (t, 3J=8.2 Hz, 18H; -CH3

(TES)), 0.81 ppm (q, 3J=7.9 Hz, 12H; -CH2 (TES)).

1-Ethynyl-5-triethylsilylethynylanthracene (8): Compound 4 (250 mg,
0.55 mmol, 1 equiv) was dissolved in a 85:15 mixture of THF/MeOH
(8 mL). K2CO3 was added (562 mg, 4.39 mmol, 8 equiv). The reaction
mixture was stirred for 6 h 30 min. The resulting suspension was filtered
through a glass frit and the solvent was evaporated. The crude product
was dissolved in dichloromethane and the resulting organic phase washed
with a saturated NH4Cl solution and distilled water. After column chro-
matography, the desired product 8 was obtained in 43% yield (80 mg,
0.23 mmol) as a yellow solid. 1H NMR (300 MHz, CDCl3): d=8.96 (s,
1H; 9- or 10-H), 8.91 (s, 1H; 9- or 10-H), 8.06 (dd, 3J=8.1, 4J=0.6 Hz,
2H; 4,8-H), 7.77 (dd, 3J=6.6, 4J=1.1 Hz, 2H; 2,6-H), 7.45 (dd, 3J=8.6,
3J=6.9 Hz, 1H; 3- or 7-H), 7.44 (dd, 3J=8.6, 3J=7.0 Hz, 1H; 3- or 7-H),
3.59 (s, 1H; Hacetylene), 1.17 (t,

3J=7.9 Hz, 9H; -CH3 (TES)), 0.81 ppm (q,
3J=7.5 Hz, 6H; -CH2 (TES)).

Porphyrin/anthracene conjugate 10 : Compound 8 (100 mg, 0.29 mmol,
1 equiv) and 5-(p-iodophenyl)-10,15,20-tris(3,5-tert-butylphenyl)porphy-
rinatozinc(ii) (334 mg, 0.29 mmol, 1 equiv) were dissolved in degassed
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NEt3 (24 mL). [Pd2(PPh3)2Cl2] (5.5 mg, 7.3 mmol, 0.025 equiv) and CuI
(3 mg, 14.6 mmol, 0.05 equiv) were added. The reaction mixture was stir-
red overnight under argon at room temperature. The solvent was evapo-
rated and the crude product dissolved in dichloromethane. The resulting
organic phase was washed with a 0.35m solution of Na2S2O3, a 2% solu-
tion of disodium EDTA, a saturated solution of NH4Cl and distilled
water. After column chromatography, the desired compound 10 was iso-
lated in 58% yield (228 mg, 0.17 mmol) as a violet, glassy product. 1H
NMR (300 MHz, CDCl3): d=9.19 (s, 1H; 9- or 10-H), 9.05 (d,

3J=
4.6 Hz, 2H; b-H), 9.03 (d,

3J=4.6 Hz, 2H; b-H), 9.02 (s, 4H; b-H), 9.02
(s, 1H; 9- or 10-H), 8.33 (d, 3J=8.4 Hz, 2H; o-H), 8.21 (d, 3J=6.9 Hz,
1H; 4-H), 8.13 (d, 3J=4.6 Hz, 1H; 8-H), 8.13 (d, 3J=8.4 Hz, 2H; m-H),
8.11 (d, 4J=1.8 Hz, 4H; o’-H), 8.10 (d, 4J=1.4 Hz, 2H; o’’-H), 7.97 (dd,
3J=6.9, 4J=0.9 Hz, 1H; 2-H), 7.80 (t, 4J=1.5 Hz, 3H; p’-, p’’-H), 7.80 (d,
3J=3.7 Hz, 1H; 6-H), 7.58 (dd, 3J=8.6, 3J=7.0 Hz, 1H; 3- or 7-H), 7.49
(dd, 3J=8.6, 3J=7.0 Hz, 1H; 3- or 7-H), 1.54 (s, 36H; tBu), 1.53 (s, 18H;
tBu), 1.17 (t, 3J=7.7 Hz, 9H , CH3 (TES)), 0.81 ppm (q, 3J=7.6 Hz, 6H;
CH2 (TES)); UV/Vis (CH2Cl2): lmax (e)=425 (497000), 552 (19700),
593 nm (7900m�1 cm�1).

Porphyrin/anthracene conjugate 11: Porphyrin/anthracene conjugate 10
(220 mg, 0.16 mmol, 1 equiv) was dissolved in a 50:50 mixture of THF/
MeOH (6 mL). Potassium carbonate (166 mg, 1.30 mmol, 8 equiv) was
added and the reaction mixture was stirred for 6 h under argon. The sus-
pension was filtered through a glass frit and the solvent was evaporated.
The crude product was dissolved in dichloromethane and the resulting or-
ganic phase was washed with a saturated solution of NH4Cl and distilled
water. After column chromatography, the desired product was isolated in
87% yield (175 mg, 0.14 mmol). as a violet, glassy product. 1H NMR
(300 MHz, CDCl3): d=9.20 (s,1H; 9- or 10-H), 9.05 (d,

3J=4.6 Hz, 2H;
b-H), 9.03 (d,

3J=4.6 Hz, 2H; b-H), 9.02 (s, 4H; b-H), 9.02 (s, 1H; 9- or
10-H), 8.33 (d, 3J=6.5 Hz, 2H; o-H), 8.24 (d, 3J=8.8 Hz, 1H; 4-H), 8.17
(d, 3J=8.8 Hz, 1H; 8-H), 8.17 (d, 3J=6.4 Hz, 2H; m-H), 8.14 (d, 4J=
1.8 Hz, 4H; o’-H), 8.11 (d, 3J=1.7 Hz, 2H; o’’-H), 7.97 (dd, 3J=6.9, 4J=
0.9 Hz, 1H; 2-H), 7.80 (t, 4J=1.5 Hz, 3H; p’-, p’’-H), 7.80 (d, 3J=3.7 Hz,
1H; 6-H), 7.58 (dd, 3J=8.5, 3J=6.8 Hz, 1H; 3- or 7-H), 7.51 (dd, 3J=8.6,
3J=7.0 Hz, 1H; 3- or 7-H), 3.60 (s, 1H; Hacetylene), 1.54 (s, 36H; tBu),
1.53 ppm (s, 18H; tBu); UV/Vis (CH2Cl2): lmax (e)=425 (429000), 552
(22300), 593 nm (8500m�1 cm�1).

1,8-Bis(bromoethynyl)anthracene (12): Compound 3 (150 mg, 0.66 mmol,
1 equiv) was dissolved in acetone (7 mL). N-Bromosuccinimide (282 mg,
1.58 mmol, 2.4 equiv) and silver nitrate (13.5 mg, 79.4 mmol, 0.12 equiv)
were added and the solution was stirred for 4 h. After evaporation of the
solvent, the yellow solid obtained was dissolved in dichloromethane and
the organic phase was washed with a 0.35m solution of Na2S2O3 and dis-
tilled water. After purification by column chromatography (eluent:
hexane/CH2Cl2 90:10), the desired compound 12 was isolated in 87%
yield (222 mg, 0.58 mmol) as a yellow solid. 1H NMR (300 MHz, CDCl3):
d=9.30 (s, 1H; 10-H), 8.44 (s, 1H; 9-H), 8.02 (dd, 3J=8.6, 4J=0.6 Hz,
2H; 4,5-H), 7.72 (dd, 3J=7.0, 4J=1.0 Hz, 2H; 2,7-H), 7.43 ppm (dd, 3J=
8.6, 3J=7.0 Hz, 2H; 3,6-H).

Tweezers 1: Porphyrin/anthracene conjugate 11 (70 mg, 56.5 mmol,
2 equiv) and compound 12 (11 mg, 28.3 mmol, 1 equiv) were dissolved in
degassed DMSO (1 mL). [Pd2(dba)3] (1.55 mg, 1.69 mmol, 0.03 equiv), LiI
(1.5 mg, 11.3 mmol, 0.2 equiv), CuI (0.27 mg, 1.41 mmol, 0.025 equiv), and
1,2,2,6,6-pentamethylpiperidine (PMP) (30 mL, 0.16 mmol, 2.8 equiv)
were added. The reaction mixture was stirred under argon at room tem-
perature for 3 days. Dichloromethane and distilled water were added.
The resulting organic phase was washed with a 0.35m solution of
Na2S2O3, a 2% solution of disodium EDTA, and distilled water. After
preparative chromatography on Al2O3, the desired tweezers 1 were iso-
lated in 33% yield (25 mg, 9.25 mmol) as a violet, glassy product. 1H
NMR (300 MHz, CDCl3): d=9.78 (s, 1H; 10-H), 8.93 (d,

3J=4.7 Hz, 4H;
b-H), 8.91 (d, 3J=4.8 Hz, 4H; b-H), 8.89 (d, 3J=4.4 Hz, 4H; b-H), 8.88
(d, 3J=4.6 Hz, 4H; b-H), 8.81 (s, 2H; 9’-H), 8.80 (s, 2H; 10’-H), 8.57 (s,
1H; 9-H), 8.25 (d, 3J=8.2 Hz, 4H; o-H), 8.13 (d, 3J=8.4 Hz, 4H; m-H),
8.13 (d, 2H; 4’-H, hidden), 8.13 (d, 2H; 8’-H, hidden), 7.99 (d, 4J=
1.7 Hz, 4H; o’’-H), 7.98 (d, 3J=7.2 Hz, 2H; 6’-H), 7.92 (d, 4J=1.4 Hz,
8H; o’-H), 7.91 (d, 2H; 2’-H, hidden), 7.88 (d, 3J=4.2 Hz, 2H; 4-H), 7.75

(t, 4J=1.7 Hz, 2H; p’’-H), 7.63 (t, 4J=1.8 Hz, 4H; p’-H), 7.57 (dd, 3J=
8.5, 3J=7.0 Hz, 2H; 7’-H), 7.49 (dd, 3J=8.6, 3J=7.0 Hz, 2H; 3’-H), 7.26
(d, 2H; 2-H, hidden), 6.95 (dd, 3J=8.5, 3J=7.0 Hz, 2H; 3-H), 1.53 (s,
72H; tBu), 1.48 ppm (s, 36H; tBu); UV/Vis (toluene): lmax (e)=425
(661000), 551 (31700), 592 nm (9100m�1 cm�1). MS (FAB+): m/z calcd
for [M]+ : 2700.3; found: 2700.3.
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