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Abstract: Bis-porphyrins with flexible linkers such as uridine or 2’-deoxyuridin pre-organize in a face-to-face conformation and form stable
sandwich complexes with bidentate base such as DABCO. The gain in stability can be even greater when a dinucleotide linker is used. Such pre-
organization increases the association constant by one to two orders of magnitude when compared to the one of DABCO with a reference
porphyrin. Comparison with rigid tweezers shows a better efficiency of nucleosidic dimers. The choice of rigid spacers is not the only way to
pre-organize bis-porphyrins, and well-chosen nucleosidic linkers offer an interesting option for the synthesis of such devices.
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INTRODUCTION

E LABORATION of non-covalent multiporphyrinic
assemblies represents an important challenge in
relation to the mimicry of bacterial photosynthesis!tl and
the design of functional molecular materials.l2l Axial
coordination to the central metal ions of porphyrins by
suitable ligands is an effective and widespread strategy for
the assembly of non-covalently bound multi-component
systems. Zn(ll) derivativesi>4! have been extensively used
for this purpose and can be found in the literature.

For the last few years, we have focused on cofacial
bis-porphyrin tweezers by host/guest interactions and in-
vestigated the possibility to obtain self-coordinated molec-
ular systems with predictable spectral and redox
characteristics. We reported a few years ago the synthesis
of a bis-porphyrinic tweezers bearing a tris-anthracenic
spacers.[5! Specifically, a tris-anthracene spacer was chosen
in order to facilitate a cofacial orientation of the chromo-
phores while allowing free rotation around the acetylene
axis, thus adjusting the cavity to a large variety of guests.
Indeed, this adjustable tweezers is able to complex both
small and large bidentate bases, as well as photoactive
guests such as bipyridyl-porphyrins.[€]

However, synthesis of rigid tweezers can be long and
tedious, especially for the preparation of rigid linkers which
may bring solubility and stability problems. As part of our
research on arborescent multi-porphyrins with nucleosidic
linkers, we noticed that nucleosides seem to generate
blocked conformers bringing the porphyrins in a face-to-
face orientation.[”? We thus focus on the study of three bis-
porphyrins bearing either uridine or 2’-deoxyuridine
derivatives as spacers.!8l They differ by the positions where
the chromophores are attached, either on the ribose or on
the nucleic base. We also report the binding studies of
these three bis-porphyrinic nucleosides with a bidentate
base, DABCO. In two out of three cases, the nucleoside
seems to confer sufficient preorganization to the dimers to
enhance the association constants, documenting the fact
that rigid dimers are not necessary for preorganization, and
opening up new routes to the faster synthesis of flexible
tweezers capable of complexing guests with a high
association constant.

Furthermore, we recently highlighted that the gain
in stability and the enhancement of the association
constants for the complexation of bidentate base such as
DABCO can be even greater when a dinucleotide linker is
used. Such pre-organization increases the association
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constants by one to two orders of magnitude when
compared to the association constants of the same
bidentate ligands with a reference Zn(ll) porphyrin.

RESULTS AND DISCUSSION

Bis-Porphyrinic Tweezers with a Simple
Nucleosidic Linker

As part of our studies concerning complexation of
bidentate Lewis bases by bis-porphyrinic tweezers, we
synthesized a few years ago three new bis-porphyrins
bearing a flexible nucleosidic linker (1, 2 and 3 in Figure 1).
These dimers differ by the attachment positions of the two
porphyrins. For bis-porphyrinic dimers 1 and 2, both
porphyrins are attached to the ribose, in the 0-2’ and 0-3’
positions of uridine for dimer 1 and in the 0-3’ and O-5’
positions of 2’-deoxyuridine for dimer 2.[!1 For dimer 2 and
3, the anchoring position of one Zn(Il) porphyrin at the O-3’
position of the sugar moiety is conserved, while the second
chromophore is attached either at the O-5’ position of the
2’-deoxyuridine for dimer 2 or at the C-5 position of the
nucleic base for dimer 3.

The synthesis of dimers 1, 2 and 3 has already been
described.l89 The ability of tweezers 1, 2 and 3 to accom-
modate guests of various size was investigated through
binding studies carried out in dichloromethane with DABCO
or 4,4’-bipyridine as bidentate bases. The complexations
were monitored by UV-visible spectrophotometric titration
of a solution of tweezers in CH,Cl, ([1] =2.7 x 107 M, [2] =
3.0x 107 M, [3] = 2.4 x 10~>M), which resulted as expected
in a significant red-shift of the Soret and Q bands in the por-
phyrin (Figure 2).[10]

The association constants for the formation of the
complexes were calculated from UV-visible spectroscopic
data. A value of 2.5 x 10* M1 was found for tweezers 1,
which is similar to the association constant of DABCO with
a reference Zn(ll) porphyrin 5,10,15,20-tetra-di-tert-butyl-
phenyl-porphyrin A; (2.5 x 10* M™1), thus indicating as
expected that no well-defined pre-organized conformation
exists for bis-porphyrin 1. However, much higher binding
constants were found for the formation of host/guest
complexes between tweezers 2 and 3 and DABCO. Values
of 6.3 x 10° M1 and 2.0 x 106 M1 were found. These
association constants are increased by 1.5 or 2 orders of
magnitude as compared to the association constants of the
same bidentate ligand with the above cited reference Zn(ll)

Absorbance

Figure 2. UV-Vis spectroscopic titration of dimer 2 with
DABCO in CH,Cl; at rt. Spectral changes of 2 on addition of
DABCO at rt: [2] =3.107° M, concentration ratio [DABCO] / [2] =
0 to 100.

Figure 1. Three new bis-porphyrins bearing a flexible nucleosidic linker and differing by the attachment positions of the two

porphyrins.
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porphyrin. This enhanced stability of the complex may be
ascribed to a pre-organization of the bis-porphyrinic
tweezers 2 and 3 forming a cavity and provides convincing
evidence that the bidentate base is inserted into the cavity
of both dimers via host/guest interactions. Such results
were expected for tweezers 3 since it is known that the
anti-conformation is blocked for uridine in the presence of
bulky substituents on the nucleic base, providing more
favorable conditions for the second porphyrin to come in a
face-to-face orientation. However, no explanation could be
found to explain such a high complexing capability of
tweezers 2.

The adjustment of the cavity to bidentate guests of
various size was investigated for tweezers 2 and 3 through
binding studies realized in dichloromethane between these
dimers and 4,4’-bipyridine. The complexations were
monitored by UV-visible spectrophotometric titration of a
solution of tweezers in CH,Cl, ([2] = 2.9 x 10° M, [3] =
2.2 x 10 M), which resulted as expected in a significant
red-shift of the Soret and Q bands in the porphyrin.[1% The
association constants for the formation of the complexes
were calculated from UV-visible spectroscopic data. Values
of 1.3 x 10> Mt and 3.2 x 10°> M~! were found for tweezers
2 and 3 respectively. These binding constants are increased
by 1 or 1.5 order of magnitude as compared to the
association constants of the same bidentate ligand with a
reference Zn(ll) porphyrin 5,10,15,20-tetra-di-tert-butyl-
phenyl-porphyrin A4 (7.9 x 103 M), indicating an enhanced
stability of the complex, which may be ascribed to a pre-
organization of the bis-porphyrinic tweezers 2 and 3
forming a cavity. These results document the insertion of
the bidentate base into the cavity of the dimers via
host/guest interactions, and clearly demonstrate the
adjustment of the cavity to the size of the complexed guest.

Rigid Cofacial Bis-Porphyrinic Tweezers

To rationalize the pre-organization of these flexible dimers
and their capability to behave as tweezers to complex bi-
dentate guests, it is interesting to compare the obtained re-
sults with those of a rigid cofacial bis-porphyrinic tweezers
4 we synthesized.®! More specifically, this rigid dimer was
designed in order to force the cofacial orientation of the
porphyrins to create a cavity between the two chromo-
phores, thus making them capable of hosting bidentate
guests of appropriate size. Poly-anthracenes were chosen
as rigid spacer for the construction of this tweezers. The
tris-anthracenic spacer used in 4 forces a cofacial orienta-
tion of the chromophores while allowing a free rotation
around the acetylenic axis, thus adjusting the cavity size to
accommodate a large variety of guests (Figure 3).

The ability of 4 to accommodate various guests was
investigated through binding studies carried out in di-
chloromethane with two bidentate bases of different

Figure 3. Rigid cofacial bis-porphrynic tweezers with tris-
anthracenic spacer 4.

lengths and pKa values, namely DABCO and 4,4'-
bipyridine.l5! In particular, the complexations were moni-
tored by a UV-visible spectrophotometric titration in
CH,Cl,. The association constants (K,) between tweezers 4
and both bases were calculated from the UV-visible spec-
troscopic data and values of 3.9 x 10> M~ and 4.0 x 10* M1
were found for DABCO and 4,4’-bipyridine respectively.
These association constants are increased by one order of
magnitude, when compared to the association constant for
the binding of the same bidentate ligands with a reference
Zn(ll) porphyrin 5,10,15,20-tetra-di-tert-butyl-phenyl-por-
phyrin A4 (2.5 x 10* M~1 for DABCO and 4.0 x 103 M for
4,4’-bipyridine), in spite of the difference in sizes of the
guests involved in this recognition process (2.7 Aand 7.1 A
respectively) and of the cavity of dimer 4 in its extended
conformation (ca. 15 A). The enhanced stability of the com-
plex is ascribed to the pre-organization of the bis-porphy-
rinic tweezers 4. These results provide convincing evidence
of the adjustability of the host’s cavity size to fit the guest
to be accommodated.

Rigid or Flexible Bis-Porphyrinic
Tweezers?
Molecular modeling studies of 4, 2 and 3 and their 1/1
complexes with DABCO were carried out by geometry
optimizations using molecular mechanics with the ESFF
force field and are represented in Figure 4. In the absence
of guest, the center to center distance between the two
Zn(I1) porphyrins are 15 A, 6.7 A and 10.4 A respectively for
dimers 4, 2 and 3. The insertion of DABCO into the cavity
results in a distortion of the molecule, which adopts a
conformation with a center to center distance between the
chromophores of ~7.4 A. However, as mentioned above,
one to two orders of magnitude are gained in the
association constant documenting the fact that the cavity is
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flexible enough to adapt to the complexed guest without
gaining too much tension energy likely to distabilize the
complex. The cavity of dimers 4 and 3 is reduced by 7.6 A
and 3 A respectively when forming the complexes, while
the cavity of tweezers 3 expands by 0.7 A upon
complexation of DABCO.

Dinucleotide: Particularly High
Association Constant for the Formation
of a Sandwich Type Molecular Complex

We recently synthesized bis-porphyrinic dimer 5 based on
a di-nulceosidic linker (Figure5) and studied its
complexation capabilities by UV-Vis spectroscopy. The gain
in stability for the formation of sandwich type host-guest
complex with DABCO can be even greater when a
dinucleotide linker is used. Such pre-organization increases
the association constants by one to two orders of
magnitude when compared to the association constants of
the same bidentate ligands with a reference Zn(ll)
porphyrin. Comparison of these results with those obtained
for rigid tweezers 4 shows a better efficiency of the flexible
nucleosidic dimers.

The ability of di-nucleotide 5 to accommodate guests
was investigated through binding studies carried out in
dichloromethane with DABCO as bidentate base. As
reported in some of our previous publications,?] it was
assumed that the di-nucleosidic bis-porphyrin could be pre-
organized and thus facilitate the coordination of this rigid
bifunctional ligand. The synthesized molecular system is
amenable to preorganization, because its architecture is
based on combination of rigid and flexible linkers. The
architecture of multi-porphyrinic systems is important
because the covalent connectivity between the interacting
centers commands the geometry of resulting assembly and
the relative orientation of chromophores dictates the
strength of the interaction with ligands. As already noted,
the geometry of porphyrins in supramolecular assembly is
crucial in design of artificial light-harvesting complexes.[11-29]
Data obtained by UV-visible titrations were analyzed by
using the values of the absorbance at fixed wavelengths,
which method is exclusively valid for the complexes with
stoichiometry 1/1, and by simultaneous fitting of the whole
series of spectra collected at 1 nm intervals using the
software SPECFIT.[30-34]

4/DABCO 2/DABCO 3/DABCO
dznzm=73A dznza=74A dznza=74A
Tweezers: Log K,s=5.6 Log K,s=5.8 Log K,;=6.3
Mono-Porph: Log K, =4.4 Log K, =4.4 Log K,;s=4.4

Figure 4. Molecular modeling of dimers 4, 2 and 3 and their 1/1 complexes: 4/DABCO, 2/ DABCO, 3/DABCO. The center to
center distance between the two porphyrins is ~ 7.4 A in all dimers. Geometry optimizations have been done by molecular
mechanics with the ESFF force field using the computer program Spartan.
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L
O'Bu

Figure 5. Rigid cofacial bis-porphrynic tweezers with tris-
anthracenic spacer 5.

Absorbance

0,0 : T . T . : : : —
400 410 420 430 440 450
A, nm

After examining the complexation of the simple
porphyrin with DABCO, we studied the binding of the same
base to dimer 5, the bis-porphyrinic tweezer appended to
an appropriate position of the flexible uridinic scaffold by
the rigid acetylene group. The titration of the dimer with
DABCO was measured by using the coordination shift of
the Soret absorption as well as the Q-bands. The Soret
band absorption was measured at the concentration of
1.04 x 10 M which corresponds to an absorbance of 0.95
at 422 nm. The titration was performed in two parts to be
analyzed in terms of two-state equilibria. The first part of
the titration was processed until 2 equivalents of DABCO
were added per porphyrin. The complete titration that
involved an addition of DABCO until 6000 equivalents per
porphyrin was performed separately, Figure 6.

The clean isosbesticity of spectra obtained in the first
part of the titration demonstrates that the only colored

Absorbance

Figure 6. UV-visible titration of bis-porphyrinic tweezer 5 with DABCO in CH,Cl, at rt. On the left hand side first part of the

titration and on the right the complete titration.

Figure 7. Representation of the proposed equilibria involved in the binding of DABCO to bis-porphyrinic tweezer 5. For clarity

reasons tert-butyls on meso-phenyls are omitted.
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species present in solution are free dimer 5 and one type of
its complex with DABCO. The observed spectral changes are
quite similar to those obtained in the titration of the
monomer. However, there are some minor spectral
changes, i.e. smaller red shift of the Soret peak, from 422
to 427 nm, as well as intensified and sharpened form of the
titration spectrum. A shift in the Soret band of 5 nm is
exactly two times smaller than the shift obtained for the
1/1 monomer/DABCO complex. Accordingly, it was
reasonable to anticipate formation of the intramolecular
1/1 sandwich complex. On addition of more DABCO,
intensity of the absorption band at 427 nm decreased, and
a new absorption band appeared at 432 nm. As observed in
the titration spectrum of the monomer, the Soret
absorption at 432 nm is typical for the simple 1/1
porphyrin/DABCO complex. On the basis of the changes in
absorption spectra, the possible two consecutive two-state
equilibria with corresponding stepwise constants in the
binding of DABCO to bis-porphyrinic tweezer 5 are shown
in Figure 7.

The first method for calculation of the binding
constant by using titration data at selected wavelengths
was applied only to the first part of the titration
characterized by sharp isosbestic point. This analysis could

Abs 432 nm
&
T I-

¢(DABCO), mol dm?

1,10
1,05
1,00
0,95

090
0,85

.
080 %
0754 =

L]
070 e
0,65 L]
L

0,60 =
0,55

Abs 427 nm

T T T T T T T T T 1
00  2,0x10°4,0x10° 6,0x10° 8,0x10° 1,0x10° 1,2x10? 1,4x10® 1,6x10° 1,8x10°

be performed because the complexation by 1/1 binding
model was envisaged in the first equilibrium. The binding
constant for the 1/1 dimer/DABCO complex was found to
be 7.4 x 106 M (log K11 = 6.9). The formation of this type
of a complex was verified by analysis of the whole set of
spectra which correspond to the first part of the titration
by using SPECFIT. The analysis resulted with only one
possible 1/1 complex with corresponding binding constant
log K11 = 6.42 £ 0.03. It is interesting to note that calculated
log K11 for 1/1 dimer/DABCO complex is more than one
order of magnitude higher than log Ki; for 1/1
monomer/DABCO complex. Taken together, these results
strongly support formation of 1/1 dimer/DABCO sandwich
complex through the chelate effect. The whole spectra
obtained by the complete titration was analyzed in terms
of three possible colored species: free dimer 5, 1/1
sandwich complex, and 1/2 open complex (Figure 7). Fitting
of the titration data revealed that 1/1 and 1/2 binding
models for dimer/DABCO are only possible, Figure 8.
Fitting to 1/1 binding isotherm vyielded the
stoichiometric binding constant log K11= 6.65 + 0.08, while
the fit to 1/2 binding model provided log K1>= 3.21 + 0.10.
The calculated log Ki; is almost identical to log K11 value
obtained in the analysis of the first part of the titration.

1,04
0,9+
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Abs 422 nm
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Figure 8. UV-visible titration data (change in absorbance at three wavelengths, 422, 427 and 432 nm) for the binding of bis-
porphyrinic tweezer 5 with DABCO, fitted to the calculated curves for the equilibria in Figure 7.
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Moreover, calculated log Ki; value is three orders of
magnitude lower than log K11 value. Therefore, dissociation
of the more stable chelated 1/1 complex is followed by
coordination of second DABCO and by that formation of the
1/2 complex in which two DABCO molecules are
coordinated to two porphyrins of the dimer. Both, 1/1 and
1/2 complexes involved in these consecutive two-state
equilibria are in agreement with the species represented in
Figure 7.

Similar formation of sandwich complexes was
evidenced by Sanders, Hunter, Anderson and co-
workers.135-41 These studies show that sandwich complex
formation is in concert with the parallel orientation of two
porphyrin macrocycles. In this respect, the shifts in titration
spectra are caused by proximity of the porphyrins and in
this line increased interporphyrinic electronic interaction.
The Soret band of the free dimer 5 has fwhm 15 nm, and
the Soret band of the dimer/DABCO sandwich complex
11 nm. It is believed that this narrowing indicate a
significant increase in the center-to-center distance
between the two porphyrins, due to the insertion of DABCO
into the bis-porphyrinic cavity. This hypothesis is in great
agreement with the half width at half maximum of 13 nm
for the 1/2 dimer DABCO open complex. The outer
coordination of DABCO allows a shorter center-to-center
distance between the porphyrins.

These results thus document the fact that the choice
of rigid spacers is not the only way to pre-organize bis-
porphyrins, and that some well-chosen nucleosidic linkers
offer an interesting option for the synthesis of such devices.
Furthermore, the chirality and enantio-purity of the
nucleosidic linkers paves the way toward the selective
complexation of enantio-pure bidentate guests and the
resolution of racemates.

SUMMARY

We report herein that flexible linkers such as uridine or 2’-
deoxyuridine generate blocked conformers bringing the
two porphyrins in a face-to-face position. Bis-porphyrins
with flexible linkers such as uridine or 2’-deoxyuridin pre-
organize in a face-to-face conformation and form stable
sandwich complexes with bidentate base such as DABCO.
The gain in stability can be even greater when a
dinucleotide linker is used. Such pre-organization increases
the association constants by one to two orders of
magnitude when compared to the association constants of
the same bidentate ligands with a reference Zn(ll)
porphyrin. Comparison of these results with those obtained
for rigid tweezers 4 shows a better efficiency of the flexible
nucleosidic dimers. We thus document the fact that the
choice of rigid spacers is not the only way to pre-organize
bis-porphyrins, and that some well-chosen nucleosidic

linkers offer an interesting option for the synthesis of such
devices. Furthermore, achiral bis-porphyrinic tweezers
have already been used for supramolecular chirogenesis.
The bulkiness of chiral ligands plays an important role in
supramolecular chirality induction by controlling con-
formational changes in achiral hosts via steric repulsion,
with larger ligands inducing more intense CD signals.[42] For
these reasons, we believe that the chirality and enantio-
purity of the nucleosidic linkers of our tweezers could pave
the way toward the selective complexation of enantio-pure
bidentate guests and the resolution of racemates.
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