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Abstract: The interactions of the tetra-
cationic meso-tetrakis(N-methyl-4-pyri-
dyl)porphyrin (H,TMPyP) and its met-
allo derivatives (MTMPyP) (where
M =copper(11), zinc(u), and gold(i)
with the octa-anionic form (at neutral
pH) of 5,11,17,23-tetrasulfonato-
25,26,27,28-tetrakis(hydroxycarbonyl-

methoxy)calix[4]arene (C,TsTc) lead
to a series of complex species whose
stoichiometry and porphyrin sequence
can be easily tuned. Crystallographic,
spectroscopic, and diffusion NMR stud-
ies converge towards a common picture
in which a central 1:4 porphyrin/calix-
arene unit serves as a template for the

formation of more complex species.
These species arise by successive, step-
wise addition of single porphyrin mole-
cules above and below the plane of the
1:4 central core to ultimately give a 7:4
complex. Noticeably, the stoichiometry
of the various complex species corre-
sponds to the actual concentration
ratio of porphyrins and calixarenes in
solution allowing the stoichiometry of
these species to be easily tuned. This
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behavior and the remarkable stability
of these species allow homo-porphyrin
and hetero-(metallo)porphyrin species
to be formed with control of not only
the stoichiometry but also the sequence
of the porphyrin array. The flexibility
and ease of this approach permit, in
principle, the design and synthesis of
porphyrin arrays for predetermined
purposes. For example, we have shown
that it is very easy to design and obtain
mixed porphyrin species in which a
foreseen photoinduced electron-trans-
fer is indeed observed.

Introduction

Porphyrins are very interesting molecules for different rea-
sons. In addition to their quite unique (spectroscopic, elec-
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trochemical, etc.) properties, easily tunable by metallation
or variation of the nature and number of peripheral sub-
stituents, they are involved in many biologically crucial reac-
tions: from the binding and transport of small molecules to
electron transfer and the capture of energy. To attain the
high level of specificity entailed in biological reactions, most
of these natural machineries require cooperativity between
the various porphyrins and/or different functional/structural
elements of the complex structure they belong to. These nat-
ural devices, if replicated in simpler model systems, could
find remarkable applications in both biomedical and techno-
logical fields.

A “classical” covalent synthesis is mostly used to obtain
these multi-porphyrin supramolecular species.!! The main
reason for the predominance of the covalent synthesis over
the noncovalent method is that the former allows finer con-
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trol over the structure of the final species, intrinsic to the
strength of the covalent bond. Noncovalent interactions are
weaker and less addressable. One possible way to partly
overcome the limitations inherent in the noncovalent route
is to use a combined approach and begin the synthesis with
covalently synthesized multipart components (as porphyrin
conjugates) and then self-assemble these with the other
components (or multiparts) to obtain the final species.'"?

Only few examples of noncovalent “total” syntheses (that
is, syntheses performed by starting from the simplest mono-
meric components) of multi-porphyrin species have been re-
ported to date.**234<] Some of these “purely” noncova-
lent approaches take advantage of the high thermodynamic
stability and/or kinetic inertness of the species formed by
the interaction between multi-anionic and multicationic
components.’™*

Recently, good control was achieved over the “total” non-
covalent synthesis of multi-porphyrin systems in aqueous
solution.®<! This self-assembly is driven by the templating
action of an octa-anionic calixarene (5,11,17,23-tetrasulfona-
t0-25,26,27,28-tetrakis(hydroxycarbonylmethoxy)calix[4]ar-
ene (in a cone conformation), C,TsTc, Figure 1a) on a tetra-
cationic porphyrin (meso-tetrakis(N-methyl-4-pyridyl)por-
phyrin, H,TMPyP, Figure 1b) and/or its metal derivatives.
Starting from a central 1:4 porphyrin/calixarene species it
has been shown by structural (Figure?2) and solution
datal®< that it is possible to pile, in a stepwise fashion, up
to six porphyrins above and below the central porphyrin to
form a final 7:4 species. Interestingly, the stoichiometric
ratio of the complex species corresponds to the actual ratio
of the components in solution.

To better assess the relation-
ship between the porphyrin/cal-
ixarene stoichiometry in the
complexes and the concentra-
tion ratio of the two compo-
nents in solution we present
here additional emission (ob-
tained by irradiating the calixar-
ene or porphyrin moieties) and
diffusion NMRP! measurements.
The latter technique is a fast,
reliable, and accurate way of
determining the diffusion coeffi-
cients of supramolecular sys-
tems in solution.""" It has also
been used, inter alia, to evalu-
ate association constants, to
probe encapsulation in dimer-
ic and hexameric capsules,® to
determine dendrimer genera-
tion and structure,”'” and to
elucidate the structure of the
self-assembled supramolecular
systems.
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Experimental Section

The synthesis of the 5,11,17,23-tetrasulfonato-25,26,27,28-tetrakis(hydroxy-
carbonylmethoxy)calix[4]arene (cone conformation) (C,TsTc) has previ-
ously been reported."” H,TM4PyP and its metal derivatives were pur-
chased from Mid-Century or obtained by metal insertion following litera-
ture procedures.' Absorption measurements were carried out on a
Varian Cary 500 spectrophotometer. Fluorescence measurements were
performed on Jasco 747 and Jobin-Yvon Fluorolog3-111-VUV instru-
ments. To avoid photodegradation, calixarene fluorescence measurements
(Aexe =240 nm) were performed using a black glass filter (Melles Griot,
no. 03 FCG 177) which cuts out about 50% of the intensity at this wave-
length. All spectroscopic measurements have been performed in aqueous
solution using ultra-pure Millipore water (without buffer) in 1x1cm?
quartz cuvettes.

NMR diffusion measurements were performed on a 400 MHz Avance
Bruker NMR spectrometer equipped with a Great 1 gradient system ca-
pable of producing magnetic field pulse gradients of about 50 Gem™ in
the z direction. All experiments were carried out using a 5 mm inverse
probe. Measurements were performed at least three times and the diffu-

sion coefficients are reported as the mean +standard deviation of at least

+ CH,

=N
o~
* "CH,
b) H,TM4PyP

H.C  +
a) C,TsTc

Figure 1. Schematic drawing of a) the calixarene and (b) the porphyrin
used in this work.

Figure 2. Top: Host—guest interactions in the unit formed by the central tetracationic porphyrin and four calix-
[11,12] arenes as extracted from the structure of the complexes shown in the lower part of this figure. Each calixarene
hosts a sodium ion (violet circles) in the lower rim.*) Bottom: Side view of the tri- (left) and penta-porphyrin

(right) supramolecular complexes. The two calixarenes interacting with the central porphyrin above and below

the figure plane have been omitted for clarity.
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three experiments. Only data for which the correlation coefficients of In-
(I/L,) versus y*0*G*(4—06/3) (in which y is the gyromagnetic ratio, G the
pulsed gradient strength and A and 0 are the time separation between
the pulsed-gradients and their duration, respectively), generally termed
the “diffusion weighting” and denoted as the b values, were higher than
0.999 are reported. The measurements were all performed at 298 K using
LED pulse sequences™ with sine-pulsed gradients of 7 ms duration
(6="7 ms) which were incremented from 0 to 36 Gem™ in 10 or 20 steps.
The diffusion time was 30 ms and the echo time (TE) was 18, 22, and
26 ms depending on the linewidth of the sample. The eddy current delay
(te) in the LED experiments was 50 ms. For the free porphyrin and
C,TsTc the same parameters were used, the only difference being that o
was set to 4 ms as a result of their significantly higher diffusion coeffi-
cients.

Single crystal preparation: The supramolecular complexes H,TMPyP/
C,TsTc (1) and CuTMPyP/C,TsTc (2) were prepared and crystallized by
the vapor diffusion method with hanging-drops at 20°C using Linbro
multi-well tissue plates as containers of reservoir solutions. The stock sol-
utions used contained C,TsTc (7mm) (A), H,TMPyP (14mm) (B), and
CuTMPyP (14mm) (C). Crystals of 1 were obtained in drops formed by
mixing solution A (4 pL) with solution B (1.5 uL) and a reservoir solu-
tion (2 uL) containing poly(ethylene glycol) (PEG 300) (45-60% v/v) as
precipitant and allowing this to equilibrate against the reservoir (1 mL).
Crystals suitable for X-ray diffraction experiments (dimensions 0.6 x 0.6 x
0.2 mm®) were obtained from a solution containing PEG 300 (57 % v/v).
Crystals of 2 were obtained in drops formed by mixing solution A (2 uL)
with solution C (2 uL), a reservoir solution (2 uL) containing poly(ethy-
lene glycol) (PEG 300) (30-52% v/v) as precipitant, and Tris buffer
(0.1m, pH9.0) and allowing this to equilibrate against the reservoir
(1 mL). Crystals suitable for X-ray diffraction experiments (dimensions
0.5%x0.5x0.1 mm®) were obtained from a solution containing PEG 300
(50% v/v).

X-ray data, solution, and refinement of structures: Preliminary in-house
diffraction experiments using a conventional X-ray source with crystals
frozen at 100 K permitted only the determination of the unit cell parame-
ters (maximum resolution limit=3.5 A). Therefore, data collection was
performed using synchrotron radiation (XRD1 diffraction beam-line of
Elettra, Trieste) with a monochromatic X-ray beam and MarCCD detec-
tor. The crystals, dipped in their cryoprotected mother liquor, were
mounted in a loop and frozen at 100 K in nitrogen. The diffraction data
were indexed and integrated using MOSFLM!" and scaled with SCALA
(Collaborative Computational Project, Number 4, 1994). Crystal data are
reported in Table 1. The structure of
the complexes were solved by direct
methods by using SIR2002!"" and ani-
sotropically refined (hydrogen atoms at

lent porphyrin/calixarene complexes is underlined by the re-
sults obtained by titrating a calixarene solution against in-
creasing amounts of porphyrin (Figure 3). By using the
structural data, which show that the central building block
of the supramolecular complexes is the 1:4 porphyrin/calix-
arene unit, we have plotted the emission intensities of por-
phyrin (left panel) and calixarene (right panel) versus the
number of porphyrins complexed to four -calixarenes.
Figure 3 reveals the presence of various break points corre-
sponding to the formation of different species with stoichio-
metric ratios ranging from 1:4 to 7:4.

This stepwise building indicates that these species are not
in equilibrium with the free components or that the equilib-
rium is by far shifted towards species formation. Support for
this thermodynamic stability and/or kinetic inertness comes
from a back-titration performed by titrating the 7:4 species
against calixarene, as shown in Figure 4.

Figure 4 shows H,TMPyP emission following the titration
of a calixarene solution against increasing amounts of por-
phyrin (blue line) and the back-titration performed by
adding increasing amounts of C,TsTc (black line). The ini-
tial addition of calixarene to the 7:4 species (red point) led
to the expected decrease in porphyrin emission (see the
black curve).'"s! However, the reduction in fluorescence
stops at a stoichiometric ratio of 4:4 and remains constant in
spite of further additions of calixarene."” This means that it
is easier to dismantle those complexes with a high porphy-
rin/calixarene ratio (from 7:4 to 5:4), but, as the net negative
charge of the complexes increases, the (cationic) porphyrins
experience stronger electrostatic interactions and the com-
plexes become much more stable such that they cannot be
taken apart.”"!

To further corroborate the formation of the different com-
plexes and probe their stoichiometry we performed NMR
diffusion measurements. These studies, which were carried

the calculated positions) with bond-
length and -angle restraints by full-
matrix least-squares methods on F*
(SHELXL-97).'"1 Refinement details
are reported in Table 1.

CCDC-255225 and CCDC-255226 con-
tain the supplementary crystallographic
data for this paper. These data can be
obtained free of charge from the Cam-
bridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/data_request/
cif.

Results and Discussion

Spectroscopic  characterization
of the porphyrin/calixarene
complexes: The feasibility of the
stepwise synthesis of noncova-
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Table 1. Crystallographic data for 1 and 2.
Compound 1 2
molecular formula [(CyH3sNyg)s [(CyyH36CuNy)s

crystal system

space group

V4

a [A]

b[A]

c[A]

al]

B

7 [l

V[A7]

Peatea [gem ]

absorption coefficient [mm ']
resolution limit, A/2sin 6 [A]
reflections collected/unique
unique reflections 1>20(1)
data/restraints/parameters
goodness-of-fit on F?

R, [I>20(1)]

WR, [I>20(1)]

(C3H,,Na0,,S,),Nag]-64 H,O
triclinic

(C3sH,,Na0,,S,),Nag]-67 H,0
triclinic

P1 P1

1 1

13.5055(6) 13.7984(7)
29.363(2) 30.051(3)
30.295(3) 31.151(3)
88.122(4) 88.157(4)
95.179(5) 94.912(6)
102.837(5) 102.987(6)
11665(2) 12539(2)
1.238 1.200

0.163 0571

0.97 1.07
53460/23140 36497/18990
15077 11724
23140/13127/2664 18990/13755/2709
1.39 1.35

0.132 0.136

0.344 0.346
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Figure 3. Left: Fluorescence of H,TMPyP (.,.=420 nm) following the titration of a calixarene solution (1 pum) against increasing amounts of H,TMPyP.
Line a) shows H,TMPyP emission in the absence of calixarenes. Right: Fluorescence of C,TsTc (4., =240 nm) following the titration of a calixarene so-
lution (2.5 um) against increasing amounts of H,TMPyP. Line a) shows C,TsTc emission in the absence of porphyrins.
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Figure 4. H,TMPyP fluorescence at 650 nm concerning: a) the titration of
an aqueous solution of calixarene against a solution containing increasing
amounts of porphyrin up to the formation of the 7:4 species (blue curve,
for the sake of simplicity we have reported only the break-points); b) the
back-titration of the previous solution containing the 7:4 species (2.5x
107"m) (red point) performed with increasing amounts of C,TsTc. The
arrow indicates the titration direction.

out at significantly higher con-
centrations than those used in
the spectrophotometric studies,
show unequivocally the forma-

ponent in the complex. The left panel of Figure 5 shows the
signal decay, as a function of the gradient strength, of three
peaks of the porphyrin and two peaks of the C,TsTc in the
porphyrin/C,TsTc complex formed in D,O solution when
the porphyrin/C,TsTc stoichiometry is exactly 1:4. Figure 5
clearly shows that all five peaks have the same signal decay,
implying that they have the same diffusion coefficient and
represent molecular components that diffuse as a single mo-
lecular entity. The right panel of Figure 5 shows the signal
decay of the peaks of C,TsTc and the porphyrin H,TMPyP
in the 1:4 porphyrin/C,TsTc complex and in their free state.
The diffusion coefficients extracted from these NMR diffu-
sion experiments are summarized in Table 2.

The data clearly show that, as expected, the diffusion co-
efficient of C,TsTc is somewhat smaller than that of
H,TMPyP and that both diffusion coefficients are much
higher than the diffusion coefficient found for the 1:4 por-
phyrin/C,TsTc complex. Importantly, the diffusion coeffi-
cients for the two molecular species in the complex are ex-
actly the same implying that these molecular species diffuse
as a single molecular entity. From this low diffusion coeffi-

Table 2. Diffusion coefficient (D) of H,TMPyP, C,T,T,, and the different complexes formed between them in
D,O solutions at different stoichiometric ratios at 298 K.

tion of a 1:4 porphyrin/C,TsTc Entry System

Concentration [mm]

D [107° cm?s7']

complex. When C,/TsTc is in a H,TM4PyP GT.T. D,0"
large excess (beyond the 14 1 C,T,T. 20.0 - 0.2654+0.001  1.940+0.020
stoichiometry) two sets of 2.0 - 0.27040.001 1.898 +0.004
. 2 H,TMPyP 5.0 0.301 +0.001 - 1.9374+0.014
NMR signals are observed for 05 031640002 - 199340011
the calixarene indicating, on the 3 H,TMPyP/C,T.T, (1:4)  5.0/20.0 0.1304£0.002  0.1294£0.004  1.917+0.004
NMR timescale, slow exchange 4 H,TMPyP/C,T,T. (1:4) 1.0/4.0 0.129+0.003  0.126£0.009  1.913+0.006
between the unbound and the 3 H,TMPyP/C,T,T, (1:4)  0.2/0.8 0.12140.007  0.12040.010  1.91740.009
bound calixarenes in the com- 6 HZTMPyP/C4TSTC[b] (2:4) 10.0/20.0 0.1234+0.0031)  0.1254+0.002  1.910+0.004
7 H,TMPyP/C,T.T.¥ (3:4)  15.0/20.0 D 02340016 0107+0.001  1.907+0.008

plex. However, when the por-

Daoy, 0.110£0.008

phyrin/C,TsTc stoichiometry is
exactly 1:4, only one set of sig-
nals is observed for each com-

Chem. Eur. J. 2006, 12, 2722 -2729
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[a] Diffusion coefficient of HOD in D,O. [b] System obtained by addition of H,TMPyP to the system of
entry 3. [c] For this system, the lines were broader than those obtained with entry 3. [d] System obtained by
the addition of H,TMPyP to the system of entry 6.
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Figure 5. Left: Signal decay of three peaks of H,TMPyP and two peaks of C,TsTc in a 1:4 porphyrin/C,TsTc complex as a function of the gradient
strength (G). Right: Normalized signal decay of H,TMPyP and C,TsTc in the unbound state and in the 1:4 porphyrin/C,TsTc complex as a function of

the diffusion weighting (b).

cient a hydrodynamic radius (r,) of 1.88+0.04 nm was calcu-
lated for this complex. This radius is slightly higher than the
value expected for the 1:4 complex whose dimensions are
3.0x3.0x 1.4 nm®. Because of the relatively low diffusion co-
efficient found for the 1:4 complex and since we had to use
high concentrations of the components (5 and 20mMm of
H,TMPyP and C,TsTc, respectively) we could not rule out,
a priori, aggregation of the 1:4 porphyrin/C,TsTc complex.
Therefore we repeated the diffusion experiments on this
complex after dilution by a factor of 5 and 25 and in both
cases no significant changes in the extracted diffusion coeffi-
cients were observed, implying that the 1:4 complex prevails
in solution over this range of concentrations. These results
also suggest that, over this range of concentrations, self-ag-
gregation of the 1:4 PyP complex is not very significant.
More importantly, addition of a second equivalent of the
porphyrin H,TMPyP to the 1:4 complex resulted in a small,
but noticeable reduction in the diffusion coefficients of the
two components of the complex (Table2). Addition of a
third equivalent of H,TMPyP to the complex obtained re-
sulted in a further small, albeit significant, reduction in the
diffusion coefficients of the two components of the complex,
as shown in Figure 6. A plausible explanation for these re-
sults is the formation of the 2:4 and 3:4 H,TMPyP/C,TsTc
complexes following addition of the porphyrin to the 1:4
species. Note that the NMR signals of the 3:4 complex in so-
lution are broader than those observed for the 1:4 species.
Therefore the determination of the exact ratio between the
two components was difficult to obtain from simple integra-
tion and it may well be that there is an excess of H,TMPyP
beyond the 3:4 ratio. In this case, the decay (in the diffusion
experiment) of the H,TMPyP signals of the 3:4 H,TMPyP/
C,TsTc complex was found to be non-monoexponential and

2726 —— www.chemeurj.org
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Figure 6. Graphical representation of the diffusion coefficients of
H,TMPyP and C,TsTc in D,O solution for porphyrin/calixarene ratios of
1:4,2:4, and 3:4.

two diffusion coefficients, namely Dgy,, and D, could be
extracted. Dy, is similar to that of C,TsTc in the complex
species, while Dy, is higher although significantly lower
than that of H,TMPyP in the unbound state (Table 2). This
may well originate from the fact that, under the experimen-
tal conditions used in the NMR diffusion experiments, addi-
tional porphyrin beyond the 3:4 ratio of H,TMPyP/C,TsTc
can exchange with a small fraction of unbound porphyrin on
the NMR timescale such that a certain fraction of
H,TMPyP have, on average, a higher diffusion coefficient
than that of the 3:4 complex (see Table 2).

Therefore, the fluorescence and NMR data (Figure 3,
Figure 4, Figure 5, and Figure 6) suggest that the self-assem-
bly of the tetracationic H,TMPyP, in the presence of the
anionic calixarenes, leads to the formation of a series of dis-

Chem. Eur. J. 2006, 12,2722 -2729
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crete complexes having well-defined and tunable stoichio-
metries derived from the piling of porphyrin macrocycles
above and below the plane of a central 1:4 porphyrin/calix-
arene complex (Figure 2). The ditopic nature of C,TsTc
turns out to be crucial. The presence of four sulfonate and
four carboxylate moieties on the upper and lower rim, re-
spectively, shields the electrostatic repulsion between the
like-charged porphyrins and provides an environment in
which various types of noncovalent interactions can be ar-
ranged.

The “sharpness” of the break-points suggests that these
complexes are kinetically inert and thermodynamically
stable. On the other hand, the existence of a network of
electrostatic interactions between net opposite charges, to-
gether with many other noncovalent interactions (from m—m
to van der Waals), has been shown to be important not only
to ensure thermodynamic stability but also to render such
species kinetically inert. !

Multi-porphyrin complexes:
The distinct and quite sharp

break-points observed in the 14000
fluorescence titrations of
C/IsTc  against H,TMPyP 12000

(Figure 3) suggest that it may
be possible to obtain multi-por-
phyrin complexes. These por-
phyrin/calixarene species exhib-
it a remarkable stability and
form with a stoichiometry cor-
responding to the stoichiomet-
ric ratio of the various compo-
nents in solution and by the
successive piling of porphyrins,

10000

8000

6000

4000

2000

Calixarene Emission at 310 nm / a.u.

=== H,TMPYP ==~
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In order to ascertain the possible influence of the central
metal on the complexation properties of porphyrins with
calixarenes we have studied the structures of the systems
with the free base and its copper derivative (CuTMPyP).

At buffered pH 8.2 and 9.0 we were able to obtain single
crystals of both H,TMPyP/C,TsTc (1) and CuTMPyP/
C,TsTc (2), respectively, which are isomorphous (Table 1)
and, hence, have very similar crystal structures. In both, the
crystal structure may be considered as being built up by
piling the porphyrin/calixarene 3:4 units (like that shown on
the left side of the lower part of Figure 2) one over another
and shifted by 3.9(1) A, with the external porphyrins sepa-
rated by 4.0(1) A. A side view of the resulting pile of the
copper complex 2 is shown on the left side of Figure 8. The
unit cell contains one 3:4 unit which is arranged about a
crystallographic symmetry center. It consists of four octa-
anionic calixarenes, each hosting a sodium ion, and three
tetracationic porphyrins, separated by 4.1(1) A, and, hence,

e CuTMPYP Ll ZnTMPyP

whose sequence is governed
only by the order of addition.[*"

Therefore, for example, start-
ing with the free calixarene, the
addition of one equivalent of
the porphyrin A will lead to the
1:4 species. Further addition of
another equivalent of the por-
phyrin B will lead to the 2:4
supramolecular complex, and
so forth, up to seven different
porphyrins.[*! Figure 7 shows an
example of a multi-porphyrin
supramolecular species built by
successively piling two equiva-
lents of AuTMPyP, two equiva-
lents of CuTMPyP, and two
equivalents of ZnTMPyP above
and below the plane of a pre-
formed 1:4 species formed by
using H,TMPyP as the central
porphyrin.

3 4 5 6 7 8 9
[pophyrin]x4 / [calixarene]

Figure 7. Fluorescence variation of C,TsTc following the titration of a calixarene solution (2.5 pum) against in-
creasing amounts of different porphyrins schematically presented at the top of the figure.

Figure 8. Left: Side view of the chain of 2 along the crystallographic a axis; the two calixarenes above and
below the plane of the figure are not shown. Right: View of the chain projected in a plane perpendicular to
the a axis. The cationic copper—porphyrins arranged about the symmetry centers and surrounding the chains

are also shown. Blue and yellow circles represent copper and sodium ions, respectively.
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has an electric charge of —16. This negative charge is com-
pensated by two additional free porphyrins, arranged about
the pile as shown on the right side of Figure 8, and eight
sodium ions per unit cell. This result shows that the forma-
tion of the supramolecular complexes is not significantly in-
fluenced by the presence of metals in the porphyrin core
and that the structure of the complex does not rearrange
following metal insertion.

Knowledge of the complex structures and the tunability
of their stoichiometry make possible a rational exploitation
of these supramolecular species.

Among the different applications of these multi-porphyrin
species, here we will show one concerning a species designed
to activate energy-transfer processes. It is known, in fact,
that, owing to the different electronegativities of the two
metal centers, Zn"-porphyrin/Au™-porphyrin dimers give
rise to the above-mentioned energy-transfer processes.”
The following results show that it is possible to obtain vari-
ous dimers and trimers with different sequences by simply
“mixing and shaking” the chosen components in the right
order and ratio to give the desired sequence and stoichiome-
try, respectively. In order to understand the importance of
the molar ratio between donor and acceptor we have syn-
thesized various complexes.

Complex formation was checked by monitoring the emis-
sion at 310 nm of a calixarene solution (2.5x107°m). The
multi-porphyrin complex with a zinc(i)—porphyrin as the
central moiety was synthesized by adding, first, one equiva-
lent of ZnTMPyP (6.25x107"m). The formation of this spe-
cies is clearly evidenced by the first break-point (Figure 9).
Successively, two equivalents of AuTMPyP were added lead-
ing to the formation of the 2:4 and 3:4 species. Finally, the
addition of another equivalent of ZnTMPyP leads to the
ZnTMPyP/AuTMPyP/ZnTMPyP/AuTMPyP/(C,TsTc), spe-
cies.

Figure 10 shows the absorption spectrum of the AuTM-
PyP/ZnTMPyP/AuTMPyP/(C,TsTc), species. Together with
the absorption of AuTMPyP (at 402 nm) and ZnTMPyP
(at 436 nm), a further absorption is present at about 450 nm;
according to Segawa etal.??! this band can be assigned
to a Zn"—Au™ energy-transfer process. The spectrum
of ZnTMPyP/AuTMPyP/ZnTMPyP/AuTMPyP/(C,TsTc), is
not significantly different from that observed for the trimer-
ic species.

Conclusions

C,TsTc is able to template the formation of discrete porphy-
rin arrays assembled by four calixarene units. Diffusion
NMR measurements corroborate our hypothesis that in
aqueous solution the stoichiometry of the various complexes
corresponds to the actual concentration ratio of porphyrins
and calixarenes. Knowledge of the structures of the com-
plexes from crystallographic data, together with the possibil-
ity of forming in solution discrete complexes with desired
porphyrin sequences, opens the way to a new rational syn-
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Figure 9. Fluorescence variation of C,TsTc following the titration of a

calixarene solution (2.5uM) against increasing amounts of different por-
phyrins schematically represented at the top of the figure.
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Figure 10. Absorption spectrum of an aqueous solution of the ZnTMPyP/
(AuTMPyP),/(C,TsTc), species.

thesis of porphyrin arrays suitable for different applications
ranging from molecular devices to simple models of haemo-
proteins.

Acknowledgement

We thank MURST (FIRB RBAUOIhAAAA and PRIN 2003037580) for
partial financial support.

[1] a) A. K. Burrell, D. L. Officer, P. G. Plieger, D. C. W. Reid, Chem.
Rev. 2001, 101, 2751-2796; b)J. Wojaczynski, L.-G. Lechoslaw,
Coord. Chem. Rev. 2000, 204, 113-171; ¢) C. C. Mak, D. Pomeranc,
J.K. M. Sanders, M. Montalti, L. Prodi, Chem. Commun. 1999,
1083-1084; d) G. M. Dubowchik, A.D. Hamilton, J. Chem. Soc.
Chem. Commun. 1986, 1391-1394; ¢) E. Scamporrino, D. Vitalini,
Macromolecules 1992, 25, 1625-1632; f) H. A. M. Biemans, A.E.
Rowan, A. Verhoeven, P. Vanoppen, L. Latterini, J. Foekema,
A. P H.J. Schenning, E. W. Meijer, F. C. de Schryver, R. J. M. Nolte,
J. Am. Chem. Soc. 1998, 120, 11054-11060; g) R. G. Khoury, L. Ja-
quinod, D.J. Nurco, R.K. Pandey, M. O. Senge, K. M. Smith,
Angew. Chem. 1996, 108, 2657-2660; Angew. Chem. Int. Ed. Engl.
1996, 35, 2496-2499; h) H. L. Anderson, S.J. Martin, D. D. C. Brad-

Chem. Eur. J. 2006, 12,2722 -2729


www.chemeurj.org

Synthesis and Characterization of Multi-Porphyrin Complexes

ley, Angew. Chem. 1994, 106, 711-713; Angew. Chem. Int. Ed. Engl.
1994, 33, 655-658; 1) V. S.-Y. Lin, S. G. Di Magno, M. J. Therien, Sci-
ence 1994, 264, 1105-1111; j) R. W. Wagner, T. E. Johnson, J.S.
Lindsey, J. Am. Chem. Soc. 1996, 118, 11166-11180; k) J. L. Sessler,
V. L. Capuano, Angew. Chem. 1990, 102, 1162-1164; Angew. Chem.
Int. Ed. Engl. 1990, 29, 1134-1137; 1) M. G. H. Vicente, M. T. Can-
cilla, C. B. Lebrilla, K. M. Smith, Chem. Commun. 1998, 2355-2356;
m) C. A. Hunter, R. K. Hyde, Angew. Chem. 1996, 108, 2064-2067,
Angew. Chem. Int. Ed. Engl. 1996, 35, 1936—-1938; n) C. M. Drain,
J-M. Lehn, J. Chem. Soc., Chem. Commun. 1994, 2313-2314;
0) M.-S. Choi, Y. Yamazaki, I. Yamazaki, T. Aida, Angew. Chem.
2004, 116, 152-160; Angew. Chem. Int. Ed. 2004, 43, 150-158.

a) T. Imamura, K. Fukushima, Coord. Chem. Commun. 2000, 198,
133-156; b) T. Arimura, S. Ide, H. Sugihara, S. Murata, J. L. Sessler,
New J. Chem. 1999, 23, 977-979; c) K. Ogawa, A. Ohashi, Y.
Kobuke, K. Kamada, K. Hota, J. Am. Chem. Soc. 2003, 125, 13356—
13357; d) T.E. O. Screen, J.R. G. Thorne, R.G. Denning, D.G.
Bucknall, H. L. Anderson, J. Am. Chem. Soc. 2002, 124, 9712-9713;
e) T. Arai, M. Inudo, T. Ishimatsu, C. Akamatsu, Y. Tokusaki, T.
Sasaki, N. Nishino, J. Org. Chem. 2003, 68, 5540-5549; f) V. V. Bor-
ovkov, G. A. Hembury, Y. Inoue, Angew. Chem. 2003, 115, 5468—
5472; Angew. Chem. Int. Ed. 2003, 42, 5310-5314; g) Israel J. Chem.
2005, 45, 255-319 (special issue); h) Encyclopedia of Nanoscience
and Nanothecnology, Vol. 9 (Ed.: H. S. Nalwa), American Scientific
Publishers, Stevenson Ranch, CA, USA, 2004, pp. 21-42.

a) E. Iengo, E. Zangrado, E. Alessio, Eur. J. Inorg. Chem. 2003,
2371-2384; b) H. Yamaguchi, A. Harada, Chem. Lett. 2001, 778—
779; ¢) C. M. Drain, J. D. Batteas, G. W. Flynn, T. Milic, N. Chi,
D.G. Yablon, H. Sommers, PNAS 2002, 99, 6498-6502; d)H.
Matsui, R. MacCuspie, Nano Lett. 2001, 1, 671-675; ¢) C. Ikeda, Y.
Tanaka, T. Fujihara, Y. Ishii, T. Ushiyama, K. Yamamoto, N. Yoshio-
ka, H. Inoue, Inorg. Chem. 2001, 40, 3395-3405; f) S. L. Springs, D.
Gosztola, M. R. Wasielewski, V. Kral, A. Andrievsky, J. L. Sessler, J.
Am. Chem. Soc. 1999, 121, 2281-2289; ¢g) E. E. Simanek, L. Isaacs,
X. Li, C.C.C. Wang, G. M. Whitesides, J. Org. Chem. 1997, 62,
8994-9000; h) Y. Kuroda, Y. Kato, H. Ogoshi, Chem. Commun.
1997, 469-470; i) P. J. Stang, J. Fan, B. Olenyuk, Chem. Commun.
1997, 1453-1454; j) T. S. Balaban, R. Goddard, M. Linke-Schaetzel,
J-M. Lehn, J. Am. Chem. Soc. 2003, 125, 4233-4239; k) M. C. Feit-
ers, M. C. T. Fyfe, M.-V. Martinez-Diaz, S. Menzer, R.J. M. Nolte,
J.F. Stoddard, P.J. M. van Kann, D. J. Williams, J. Am. Chem. Soc.
1997, 119, 8119-8120; 1) A. Tsuda, S. Sakamoto, K. Yamaguchi, T.
Aida, J. Am. Chem. Soc. 2003, 125, 15722-15723; m) V. Kral, F. P.
Schmidtchen, K. Lang, M. Berger, Org. Lett. 2002, 4, 51-54; n) C.
Endisch, J.-H. Fuhrhop, J. Buschmann, P. Luger, U. Siggel, J. Am.
Chem. Soc. 1996, 118, 6671-6680; o) T. Hatano, M. Takeuchi, A.
Ikeda, S. Shinkai, Org. Lert. 2003, 5, 1395-1398; p) J. Crusats, J.
Claret, I. Diez-Perez, Z. El-Hachemi, H. Garcia-Ortega, R. Rubires,
F. Sagues, J. M. Ribo, Chem. Commun. 2003, 13, 1588-1589; q) L.
Monsit Scolaro, A. Romeo, R.F. Pasternack, J. Am. Chem. Soc.
2004, 126, 7178-7179; r) K. Kano, R. Nishiyabu, T. Yamazaki, I. Ya-
mazaki, J. Am. Chem. Soc. 2003, 125, 10625-10634.

a) R. Lauceri, A. Raudino, L. Monsi Scolaro, N. Micali, R. Purrello,
J. Am. Chem. Soc. 2002, 124, 894—895; b) L. Di Costanzo, S. Gere-
mia, L. Randaccio, R. Purrello, R. Lauceri, D. Sciotto, F. G. Gulino,
V. Pavone, Angew. Chem. 2001, 113, 4375-4377; Angew. Chem. Int.
Ed. 2001, 40, 4245-4247; ¢) A. Moschetto, R. Lauceri, F. G. Gulino,

2

—

3

[

4

—_

FULL PAPER

D. Sciotto, R. Purrello, J. Am. Chem. Soc. 2002, 124, 14536-14537,

d) K. Lang, P. Kubat, P. Lhotak, J. Mosinger, D. M. Wagnerova, Pho-

tochem. Photobiol. 2001, 74, 558-565; ¢) R. Fiammengo, K. Wojcie-

chowski, M. Crego-Calama, P. Timmerman, A. Figoli, M. Wessling,

D. N. Reinhoudt, Org. Lett. 2003, 5, 3367-3370.

a) E. O. Stejskal, J. E. Tanner, J. Chem. Phys. 1965, 42, 288-292;

b) S.J. Gibbs, C.S. Johnson Jr., J. Magn. Reson. 1991, 93, 395-402;

for an early review, see: c) P. Stilbs, Prog. Nucl. Magn. Reson. Spec-

trosc. 1987, 23, 1-45, and references therein.

a) O. Mayzel, Y. Cohen, J. Chem. Soc. Chem. Commun. 1994, 1901 -

1902; b) A. Gafni, Y. Cohen, J. Org. Chem. 1997, 62, 120-125;

¢) K. S. Cameron, L. Fielding, J. Org. Chem. 2001, 66, 6891 -6895.

[7] L. Frish, S.E. Matthews, V. Bohmer, Y. Cohen, J. Chem. Soc.,
Perkin Trans. 2 1999, 669-671.

[8] a) L. Avram, Y. Cohen, J. Am. Chem. Soc. 2002, 124, 15148-15149;
b) L. Avram, Y. Cohen, J. Am. Chem. Soc. 2004, 126, 11556-11563.

[9] a) H. Ihre, A. Hult, E. Soderlind, J. Am. Chem. Soc. 1996, 118,
6388-6395; b) C. B. Gorman, J. C. Smith, M. W. Hager, B. L. Par-
khurst, C. Sierzputowska-Gracz, A. Haney, J. Am. Chem. Soc. 1999,
121, 9958-9966.

[10] J. M. Riley, S. Alkan, A. Chen, M. Shapiro, W. A. Khan, W. R. Mur-
phy Jr., J. E. Hanson, Macromolecules 2001, 34, 1797-1809.

[11] a) M. Greenwald, D. Wessely, I. Goldberg, Y. Cohen, New J. Chem.
1999, 23, 337-344; b) M. Shaul, Y. Cohen, J. Org. Chem. 1999, 64,
9358-9364; c) Y. H. Ko, K. Kim, J.-K. Kang, H. Chum, J. W. Lee, S.
Sakamato, K. Yamaguchi, J. C. Fettinger, K. Kim, J. Am. Chem. Soc.
2004, 126, 1932-1933.

[12] Y. Cohen, L. Avram, L. Frish, Angew. Chem. 2005, 117, 524-560;
Angew. Chem. Int. Ed. 2005, 44, 520-554, and references therein.

[13] A. Casnati, Y. Ting, D. Berti, M. Fabbi, A. Pochini, R. Ungaro, D.
Sciotto, G. G. Lombardo, Tetrahedron 1993, 49, 9815-9822.

[14] O. Herrmann, S.H. Mehdi, A. Corsini, Can. J. Chem. 1978, 56,
1084-1087.

[15] W. Kabsch, J. Appl. Crystallogr. 1993, 26, 795-800.

[16] M. C. Burla, B. Carrozzini, G. L. Cascarano, L. De Caro, C. Giaco-
vazzo, G. Polidori, Acta Crystallogr., Sect. A 2003, 59, 245-249.

[17] G. M. Sheldrick, SHELXL-97, University of Géttingen (Germany),
1997.

[18] The emission of the back-titration is higher than that observed for
the forward experiment (performed by adding porphyrins) owing to
the higher concentration of the species.

[19] The emission remains constant for three days.

[20] The higher negative potential causes an increase in the calixarene—
porphyrin attractions and more effective shielding of the positive—
positive repulsions. Consequently, the m—m interactions strengthen as
a result of the decreased porphyrin—porphyrin distance.

[21] Owing to the overlap or lack (CuTMPyP) of porphyrin emission
these experiments could only be performed by monitoring the calix-
arene emission.

[22] H. Segawa, C. Takehara, K. Honda, T. Shimidzu, T. Asahi, N.
Mataga, J. Phys. Chem. 1992, 96, 503-506.

[5

—

[6

—

Received: July 15, 2005

Please note: Minor changes have been made to this manuscript since its
publication in Chemistry—A European Journal Early View. The Editor.
Revised: November 10, 2005

Published online: January 17, 2006

Chem. Eur. J. 2006, 12, 2722 -2729

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 2729


www.chemeurj.org

