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Abstract

A unique approach to non-covalent electron and energy transfer is described that is based on the formation of salt bridges
between oppositely charged porphyrin units. A new class of electrostatically linked dimeric and pentameric porphyrins was synthe-
sized by interaction of novel anionic boron containing porphyrins such as 5-(benzamidodecahydro-closo-dodecaborate)-10,15,20-
triphenylporphyrin (N1) and meso-tetrakis-benzamidodecahydro-closo-dodecaborate)porphyrin (N2) and a variety of cationic
meso-tetraarylporphyrin units. A bipyridine linked dimer (N1 - bpy - N1) was also prepared by employing N,N'-dimethyl-4,4’-bipy-
ridinium (bpy) as a spacer between two mono-anionic species. A quinone-porphyrin dyad was also prepared for electron or energy
transfer demonstration. All the synthesized assemblies were characterized by NMR, IR, UV-Vis, and mass spectroscopy. Significant
spectral changes occurred in the absorption spectra of these non-covalent porphyrin assemblies compared to those of the reference
monomers, indicating the presence of electronic interaction between the adjacent porphyrin units. Resonance light scattering was
also used to study the formation of these assemblies in solution.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Weak, non-covalent forces play key roles in the faith-
ful replication of DNA, the folding of proteins into intri-
cate three-dimensional forms, the specific recognition of
substrates by enzymes, and the detection of single mol-
ecules. Indeed, all biological structures and processes de-
pend on the interplay of non-covalent as well as covalent
interactions. Charged porphyrins have attracted consid-
erable attention since their first reported syntheses al-
most three decades ago [1,2] chiefly because of their
remarkable ability to form complexes with and cleave
nucleic acids [3]. Since the molecular recognition of
DNA is of fundamental importance to life, analyzing
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the interaction of small molecules with DNA continues
to be an important area of research. Within the context
of this general theme, evidence that closely coupled por-
phyrin-related structured are involved in bacterial or
plant photosynthesis has led to much recent work on
such associated systems in vitro, in which a number of
covalently linked porphyrin ‘“‘dimers” or higher com-
plexes have been synthesized by various means. Consid-
erable debate within the electron transfer/photosynthetic
modeling community continues, to be devoted to the
question how specific protein pathways might, or might
not, be concerned with salt bridges, and this, in turn, has
focused renewed attention on electrostatically linked,
non covalently assembled, and donor-acceptor conju-
gates [4,5]. Unfortunately, the available porphyrin
assemblies, which could serve as simple salt-bridge-con-
taining energy or electron transfer model systems, are all
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characterized by a face-to-face orientation between the
relevant redox active partners [6,7]. Thus, there is a clear
need at present for electrostatically assembled donor—
acceptor systems that enforce alternative geometries. We
here report the preparation and some properties of di-
meric and aggregated structures formed simply by spon-
taneous association of cationic and anionic porphyrins.

Anionic porphyrins 5-(benzamidodecahydro-closo-
dodecaborate)-10,15,20-¢ris- phenylporphyrin (N1) and
meso-tetrakis-(benzamidodecahydro-closo-dodecabor-
ate)porphyrin (N2) (““N”’ represents negatively charged,
“P” represents positively charged porphyrin) were
prepared by reaction of the acid chloride of
meso-monocarboxyphenylporphyrin and meso-tetrakis-
carbo- xyphenylporphyrin, respectively, with tetrameth-
ylammonium(amino-closo-dodecaborate) (TMA-BNH3)
in DMF in the presence of pyridine. We studied the elec-
trostatic association of these anionic boron containing
porphyrins with different cationic porphyrin monomers
(Fig. 1), 5-(3-methylpyridinum)-10,15,20-¢ris-phenyl-
porphyrin iodide (P1), its zinc complex (P2), 5,10,15-
tris-(4-tolyl)-20-(4-N,N,N-trimethylanilinium)porphyrin
iodide (P3), and 5,10,15,20-tetrakis-(N-methylpyridi-
num-4-yl)porphyrin tetraiodide (P4), affording novel
non-covalent dimeric and pentameric porphyrin arrays.
N,N'-Dimethyl-4,4'- bipyridinium was also used to form
a linker between two mono-anionic species (P1). The
electrostatic interaction of a cationic quinone, namely
2(B-trimethyl-ammoniumethyl)benzoquinone bromide,
with N1 or N2 yields porphyrin—quinone assemblies.
The electrostatic association in solution was confirmed
by UV-Vis, fluorescence and resonance light scattering
(RLS) experiments [8], which showed an indication of
the binding of the oppositely charged units under
investigation.

The influence of anion—cation interactions on the
structure and electronic absorption spectra of cationic
porphyrins (P1-P4) and anionic porphyrins (N1) and
(N2) was investigated. The spectral properties of these
non-covalent linked porphyrins indicate the presence
of electronic communication between the macrocycles
in the ground and excited electronic state. The changes
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Fig. 1. Structure of cationic porphyrins P1-P4.

in absorption spectra of these assemblies can be attrib-
uted to the linear nature of the aggregated anionic por-
phyrin units. Therefore, the resulting oligomeric
porphyrins are suggested as new donor—acceptor por-
phyrins which may be useful in electronic devices and
as constant-potential electron reservoirs or electrically
conducting “molecular wires” (which transmit energy
and/or electron efficiently), if fashioned in linear config-
uration, [9]. These electrical properties of the assemblies
are complementary to their photonic light-harvesting
features.

2. Interactions of oppositely charged porphyrin units

Here, we report the prepartion of dimeric and penta-
meric non-covalent porphyrin assemblies. They are
based on salt bridge formation between a negatively
charged closo-dodecaborate-bearing porphyrin photo-
donor and positively charged porphyrin acceptor. Ani-
onic porphyrins containing one and four polyhedral
boron cages N1 and N2, respectively, were prepared as
shown in Scheme 1. Mixing of concentrated aqueous
or methanolic solutions of N1 or N2, respectivly and
P1-P4 (Fig. 1), produces self-assembled dimeric or pen-
tameric assemblies (Figs. 2 and 3) which can be isolated
as solid products. In some assemblies such as P1 - NI,
P3-NI1 and P4-(Nl),, the structure can be obtained
from mass spectroscopy. The stoichiometry of the
assembly (P:N) can be readily determined by several
methods. In the application of Job’s method [10] for
the stoichiometry of cation—anion porphyrin aggregates
studied, symmetrical curves were obtained which gave
maxima at a mole fraction equal to 0.5 for the dimeric
assemblies. Thus the stoichiometry was assumed to be
1:1. While the mole fraction was equal to 0.2 for the pen-
tameric form. Further support has been observed in the
"H NMR spectra which demonstrate 1:1 or 1:4 stoichi-
ometric cation—anion porphyrin aggregates. Inters-
tingly, both signals due to cationic and anionic moities
can be observed independently. These simple spectro-
scopic characteristics directly give clear information on
stoichiometry of present aggregation.

The '"H NMR spectra of all the present assemblies
show clear shift in the peripheral protons of the anionic
units due to assembly formation. For example, the
chemical shift of the B-H protons of boron cluster chan-
ged from the range 0.85-1.19 ppm to 1.16-1.42 ppm in
its dimeric form P1 - N1. While a high field shift of 0.5
ppm was observed for the N-H protons in all the di-
meric and pentameric forms. The inner N-H protons
were slightly affected by aggregation in the pentameric
assembly (P2), - N2, where a high field shift of 0.2 was
found. 'B NMR spectra show that the B-N atom is af-
fected by dimerization where the dimeric assemlies show
downfield shift of 2.3 ppm.
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Scheme 1. Synthesis of anionic boronated porphyrins N1 and N2. In the cluster, each corner represents a boron atom, all but the N-substituted atom

bearing an exo-H atom.
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Fig. 2. Expected structure of dimeric porphyrin assemblies.

The vibrational frequencies of the B-H bond v(B-H)
and the B-B bond v(B-B) were found to be slightly sen-
and

sitive to aggregation. For N1 v(B-H) is 2481 cm ™!

(P1),N2®= \ ®/ ,

(P2):N2®=—( @/ :

v(B-H) varies from 2489 to 2496 cm ! in the dimeric
assemblies. Whereas, v(B-H) for N2 is 2487 cm ™' and
on pentamerization lies in the range 2466-2476 cm ™.

These porphyrin or metalloporphyrin assemblies are
soluble, to various degrees, in 5% DMSO/H,0. The
number (one or four) of the meso ionic groups on the ax-
ial unit determines whether the assemblies formed are
dimeric or pentameric. Furthermore, the meso-mono-
pyridyl porphyrin, and conceivably also the other
porphyrin of the assembly, can be either free base or
zinc-chelated, leading to a total of 16 different possible
assemblies.

UV-Vis spectra of these assemblies were not merely
the sum of its constituting monomer spectra. Figs. 4-7
show some examples of the absorption spectra of the
monomeric ionic porphyrins and their mixture, all at
the same molar concentration of each porphyrin. The
characteristics of the absorption spectra of the porphyrin

P4.(N1),® = \_@N—CHg, © = (CONH,B,H4)", M = 2H

N

O = (CONH,B1,Hy1)", M = 2H
CHs

N

O= (CONH3B4,H44), M =2Zn

Fig. 3. Expected structure of pentameric porphyrin assemblies.
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Fig. 4. Electronic absorption spectra of P1-NI dimer and its
individual components in methanol at 2 x 107> M.
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Fig. 5. Electronic absorption spectra of PIl-NI1 dimer and its
individual monomers in methanol at 107> M.
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Fig. 6. Electronic absorption spectra of (P2),- N2 pentamer and its
individual components in methanol at 107> M.
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Fig. 7. Electronic absorption spectra of P4 - (N1), and its individual
components in methanol at 2x 107> M.

Table 1
Absorption spectra of non-covalent assemblies and their individual
monomers, dissolved in methanol at 1 x 107> M?

Compound Jemax (6x 1073, M~ Tem ™! (nm)
Pl 417(576), 513, 549, 591, 647
P2 424(570), 560, 603

P3 417(539), 515, 549, 591, 647
P4 416(548), 514, 549, 591, 647
N1 416(560), 513, 549, 591, 647
N2 417(543), 515, 549, 592, 647
P1-N1 421(245), 524, 558, 594, 653
P2 N1 420(321), 521, 560, 592, 653
P3 - N1 420(251), 519, 556, 593, 650
(P2), - N2 429(212), 521, 560, 592, 656
(P1)4 - N2 419(247), 524, 558, 593, 653
P4 - (N1), 423(234), 521, 557, 593, 653
N1 - bpy - N1 422(238), 522, 557, 594, 655

% In all cases, the solutions contained 0.1% DMSO used to dissolve
the porphyrins.

assemblies are summarized in Table 1. The Soret band is
much broadened and/or red shifted, showing a large
hypochromicity in the Soret region of the dimer or pen-
tamer. The decrease in the intensity of the Soret band,
most sharply in the assembly (P2),- N2, indicates the
electronic communication of the porphyrin units. The
Q-bands are also broadened and slightly red shifted.
Similar behavior of Soret bands are sometimes observed
for the covalently linked porphyrin arrays and are illus-
trated by the theory of exciton coupling between chro-
mophores [11]. The characteristic broadening of the
Soret bands found for these systems strongly indicates
that the porphyrin units are arranged in an array mode
and approach each other within the range of exciton
coupling interactions. The same behavior of the Soret
band appears also, and to about the same extent, in
the arrays containing zinc—porphyrin units P2 - N1 and
(P2)4 - N2 as shown in Figs. 5 and 6, respectively. Tak-
ing into account exciton coupling and allowed transi-
tions [12,13], the transitions with the highest dipole
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moment, i.e., the Soret band in the case of porphyrins,
are more affected. A red shift in the Soret band is pre-
dicted from head-to-tail association with in-line transi-
tion dipoles. These changes in absorption spectra of
these assemblies can be attributed to the linear nature
of the aggregated anionic porphyrin units. In order to
check possible effects of the mutual orientation of the
porphyrin rings, an analogous series of assemblies was
synthesized with 3-N-methylpyridyl substituents (P1
and P2) as connecting groups. It showed the same
changes as with the 4’-trimethylammoniumphenyl and
4'-pyridyl groups P3 and P4, respectively, as a connect-
ing group, also reflecting the linear geometry of the
resulting assembly.

The photophysical behavior of the resulting systems
showed that both the anionic units are perturbed, as
indicated by total fluorescence quenching of all assem-
blies with the exception of P2 - N1 and P4 - N1, where
the fluorescence is partially quenched but not shifted.

3. Aggregation of P1-4 and N1-2 in aqueous solution

In methanolic or aqueous solution P4 obeys the Beer—
Lambert law over a wide range of concentrations, there-
fore appears to remain in monomeric form in methanolic
or aqueous solution. While P1 tends to form aggregates
only in aqueous solution as shown in Fig. 8, its absorption
spectrum shows the appearance of an intense new Soret
band at 445 nm with a red shift in the Q-bands. The zinc
complex P2 does not aggregate in contrast to the free base
form neither in methanolic nor in aqueous solution as
judged by UV-Vis. The UV-Vis spectrum of P3 in aque-
ous solution indicates the presence of aggregated forms
due to the considerable broadening and hypochromatic-
ity in the Soret band (not shown). The negatively charged
boronated porphyrin N1 also has some aggregation and
this is obvious from its absorption spectrum in water

0.8
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| ESTee— 4 N Y]
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0.5
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400 500 600 700
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Fig. 8. Electronic absorption spectra of P1 in methanol and in 20 mM
phosphate buffer, pH 7.1 at 2x 107> M.
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Fig. 9. Electronic absorption spectra of bipyridine linked dimer and its
monomeric form in phosphate buffer, pH 7.1 at 2 x 107> M.
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Fig. 10. Electronic absorption spectra of N2 at different concentra-
tions in phosphate buffer, pH 7.1.

shown in Fig. 9 compared to methanol (Fig. 4). N2 tends
to form aggregates in aqueous solution especially at lower
concentrations (Fig. 10). There is an equilibrium between
the monomeric and the aggregated form at 5 uM, and be-
low this value the aggregated form represents the major-
ity. The aggregation behavior of these ionic porphyrins
indicates the formation of J-aggregates [14] in which the
dipole moments of the monomers interacting in J-aggre-
gates are parallel to the line connecting their centers, and
are characterized by a red shift of the Soret band. While
H-aggregates (blue shift in Soret band) break up rapidly
upon dilution, J-aggregates are known to dissociate to
monomers very slowly in aqueous solution.

4. RLS in the Soret absorption band

Recently, Pasternack et al. [8] found that aggregates
of charged porphyrins in solution and on DNA template
exhibit very strong light scattering at wavelengths,
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450-490 nm, where only large aggregates have strong
Soret absorption bands. Hence, a plot of the intensity
of scattered light versus wavelength resembles the
absorption spectrum of porphyrin aggregate. RLS can-
not detect the dimers or pentamers expected from the
present porphyrines, but it is suitable for detection of
higher aggregates.

Although absorption spectra do not show the pres-
ence of aggregation in the case of P2 and P4, RLS exper-
iments as a more sensitive method for detecting
aggregation showed that all the studied ionic porphyrins
do aggregate to different degrees in solution. The inten-
sity of the RLS peak depends on the size of the aggre-
gated form. In general the aggregation of those ionic
porphyrins in aqueous solutions is higher than in meth-
anol. RLS also proved the formation of J-aggregates in
N2, where the intensity of RLS peaks of the aggregated
monomers increases on dilution. If the association of
oppositely charged porphyrins perturbed the aggrega-
tion of each monomer, and consequently led to a de-
crease in the intensity of RLS, then this could be
considered as an indication of the combination of ionic
porphyrin units in solution.

P1 has a tendency of forming porphyrin aggregates in
aqueous solution giving enhanced light scattering at 446
nm, while N1 shows a low intensity RLS peak at 468
nm. Mixing of equal molar concentrations of N1 and
P1 resulted in a decrease in the intensity of the RLS peak
(Fig. 11) of P1, which can be attributed to the formation
of oppositely charged porphyrin dimers and break-up of
aggregates of the pure form.

P2- N1, P3- N1, P4 (N1)y, (P1);- N2, and (P2); - N2
follow the same behavior, where on mixing the RLS
intensity of each monomer decreases sharply. Variation
of pH has no effect on the interaction of oppositely
charged porphyrin units except a slight decrease in
RLS peaks of the mixed solutions on going from pH
0-7.

1000

200 4

350 400 450 500 850 8C0
Wavelength (nm)

Fig. 11. RLS of P1 - N1 and its individual components in phosphate
buffer, pH 7.1 at 107> M.

5. Interaction of N1 with bipyridine dication

As mentioned before, N1 aggregates in aqueous
solution, reflected in its absorption and RLS spectra.
When N,N’-dimethyl-4,4'-bipyridinium (bpy) was used
in a ratio 1:2 as a spacer between two negatively
charged porphyrin units, the resulting dimer has a
red shifted Soret band (5 nm) compared to the mono-
mer, with nearly complete disappearance of the peak
assigned to aggregates (Fig. 9), reflected in a decrease
in the RLS peak detected (not shown). This change in
absorption spectrum was accompanied by total
quenching of the fluorescence. These results seem to
be in accord with assembly formation of N1 with
the dication unit forming a linear bipyridine linked
dimer.

6. Interaction of negatively charged porphyrins with
cationic quinone

The first porphyrin—quinone systems which were
developed in the 1970s, were molecules consisting of
synthytic porphyrins covalently linked to quinones.
The first excited singlet state of the porphyrin is a strong
reductant and is easily observed by flash kinetics. Fol-
lowing absorption of light, the porphyrin transfers an
electron to the quinone resulting a charge-separated
state constiting of a cationic radical P* and an anion-
icQ". The interaction between negatively charged por-
phyrin and positively charged quinones is an easy
method to obtain important: donor—acceptor systems.
2(B-Trimethyl-ammoniumethyl)benzoquinone bromide
was chosen in this study. UV-Vis spectra indicate the
presence of electronic interaction between the oppositely
charged units, reflected in the red shift (7 nm) of the Sor-
et band with a decrease in aggregation of the monomeric
porphyrin, as depicted from its absorption spectrum in
aqueous solution. Interaction of N1 with quinone par-
tially quenches the fluorescence of N1 with a blue shift
of the emission from 650 to 645 nm. RLS supports this
result where the RLS peak of the porphyrin decreases on
mixing (not shown). Interaction of N2 with quinone
leads to blocking the negative charges in porphyrin
and this makes the porphyrin unable to aggregate in
solution as shown in absorption spectrum, where the
Soret peak of the aggregated form disappeared and
the Soret band is blue shifted (Fig. 12). This interaction
also leads to complete quenching of the fluorescence of
N2 at all concentrations. RLS of N2 shows a weak
RLS peak at 465 nm; the low intensity of this peak
can be attributed to the small aggregate size. Mixing
of quinone and porphyrin leads to the formation of a
porphyrin—quinone assembly decreasing the aggregation
of monomeric porphyrin and shifting the RLS peak
from 468 to 452 nm (not shown). Both the changes in
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Fig. 12. Electronic absorption spectra N2-quinone assembly in phos-
phate buffer, pH 7.1 at 107> M.

absorption and RLS spectra confirm the interaction of
N2 with quinone units.

7. Conclusion

In conclusion, the study presented here demonstrate
that electrostatic interaction through salt bridges pro-
vides an easy route to generate (free base)porphyrin-
(metallo)porphyrin assemblies avoiding the complexity
represented in both linker formation and more impor-
tantly, selective metal insertion in the porphyrin sub-
units. Thus these systems are well adapted, through
their ease of preparation, to study phenomena in mixed
metalloporphyrin units. These results are a first step in
the controlled formation of organized multimeric and
polymeric porphyrin arrays of supramolecular nature.
This methodology can be used to generate photoactive
aggregates and to provide an effective pathway for medi-
ating donor-to-acceptor electron and/or energy transfer.
With respect to the previously investigated pentameric
arrays that contain Zn and free base porphyrins, the sys-
tems reported here are expected to have excited states of
the peripheral units higher than those of the central unit.
In this case, however, the presence of the metal is likely
to promote and govern very efficient intersystem cross-
ing in the assembly which makes these systems suitable
for the study of intercomponent energy transfer at the
triplet, rather than at the singlet level. We hope that
such systems can shed light on new aspects of photo-
chemistry and photophysics of porphyrin aggregates.

8. Experimental
8.1. General

The reagents and all dry solvents were used as pre-
sented directly without further purification. The other

chemicals were purchased from Aldrich or Fluka.
N,N’-dimethyl-4,4'-bipyridylium diodide and deca-
hydro-closo-dodecaborate ~ {[(CH3)4sN"[B;,H;NH;3] }
were prepared as described in the literature [15,16].
The measurements for NMR (''B, 'H and '*C) were car-
ried out on a Bruker DPX 200 spectrometer. The chem-
ical shifts ¢ are given in ppm relative to == 100 MHz
for & ("H) (nominally SiMe,), and == 32.083 * 972
MHz for ¢ ('B) (nominally FsBOEt,) in DMSO-dg
and CDCly. IR (cm™') spectra were determined as
KBr disc on a Biorad FTS-7 spectrometer. Mass spectra
were recorded on a Finnigan MAT 8200 spectrometer.
Plate and column chromatography was conducted on
silica gel 60 (Fluka). UV-Vis-spectra were recorded on
Varian Gary 50 Bio-Spectrometer. Fluorescence spectra
were measured on Perkin—Elmer LS-50B-Fluorescence
Spectrometer. RLS measurements were performed as
in Pasternack et al. [8]. Briefly, samples were held in
1-cm quartz cuvettes. The excitation and emission mono-
chromators of the Spectrometer were scanned synchro-
nously (0.0 nm interval between association and emis-
sion wavelength), with detection at 90° relative to
excitation. Unpolarized light was used to excite the sam-
ple and only unpolarized emission was detected.

8.2. Synthesis of cationic porphyrin monomers

5-(N-Methylpyridinum-3-yl)-10,15,20-¢ris-phenylpor-
phyrin iodide (P1), its zinc complex P2 and 5,10,15,20-
tetrakis-(N-methylpyridinum-4-yl)porphyrin tetraiodide
(P4) were prepared according to the literature [17,18].
5, 10, 15-tris-(4'-tolyl)-20- (4’-N,N,N-trimethylanilin-
ium)porphyrin iodide (P3) was prepared from the corre-
sponding mono-aminoporphyrin as described in the
literature [19].

8.2.1.  Tetramethylammonium{5-(benzamidodecahydro-
closo-dodecaborate )-10,15,20-tris-phenylporphyrin] (N1)

5-(4’-Carboxyphenyl)-10,15,20-¢ris-phenylporphyrin
[20] (900 mg, 13.77 mmol) was dissolved in 10 ml of
dry CH,Cl, of freshly distilled oxalyl chloride (1 ml)
was added and the reaction was stirred at room tem-
perature for 1 h. After distilling off the excess oxalyl
chloride, the solvent was removed and the resulting
acid chloride was dissolved in 10 ml dry dimethylform-
amide (DMF). TMA-BNHs (500 mg, 2.26 mmol) was
dissolved in 10 ml dry DMF and the solution was
cooled in ice. NaH (277 mg, 4.15 mmol, 60% suspen-
sion in oil) was added and the mixture was stirred
for 30 min. This mixture was added dropwise to the
acid chloride solution. Dry pyridine (0.3 ml) was added
and the mixture was stirred for 24 h. The solvent was
removed under reduced pressure and the crude product
was purified twice by silica-gel TLC plate (MeOH/
CH,Cl, 20%, R;=0.42) giving 320 mg (27%). 'H
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NMR (DMSO-dg): & —2.92 (bs, 2H, NH), 1.16-1.42
(m, 11H, BH), 3.1 (s, 9H, CHj;), 6.56 (m, 1H, NH),
7.67 (m, 9H, Hgrom), 8.08 (m, 10H, Hyom), 8.73 (d,
8H, P-pyrrole). "B NMR (DMSO-dg) —15.81 (s,
11B, B-H), —6.86 (bs, IB, B-N). IR 3415.3 (s, v-
NH), 2481.6 (vs, v-BH), 1640.5 (s, vCO), 1450.2 (s),
1435.5 (s), 965.5 (m), 709.5 (m). MS (ESI): m/z 866
(M, 55%), 797 (M~", 25%). UV-Vis (MeOH): Jpax (¢
M~ 'em™!) 416 (560 x 10%), 513, 549, 591, 647 nm.

8.2.2.  Meso-tetrakis-( benzamidodecahydro-closo-dode-
caborate )porphyrin (N2)

N2 was prepared as described for N1, by reaction of
200 mg (138 mmol) of meso-tetrakis-(4'-carboxyphe-
nyl)porphyrin [21] with TMA-BNHs (117 mg, 176
mmol) by the previous procedure. The crude product
was purified by TLC silica-gel plate (MeOH, R;=0.3)
to give 153 mg (46%). 'H NMR (DMSO-dg): 6 —2.93
(bs, 2H, NH), 0.82-1.6 (m, 44H, BH), 3.14 (s, 36H,
CH;), 4.16 (s, 4H, OH), 5.72 (bs, 4H, NH), 7.41 (d,
8H, 2,6-phenyl), 8.22 (d, 8H, 3,5-phenyl ), 8.83 (s, 8H,
B-pyrrole). *C NMR (DMSO-d¢) 55.39 (CH3N™),
118.73, 127.72, 128.97, 131.35, 135.38, 135.74, 141.2,
142,92, 175.59. "B NMR (DMSO-d):5 —15.33 (s,
44B, B-H), —5.97 (bs, 4B, B-N). IR 3772.4, 3680.7,
3618.8 (s, v-NH), 2939.8 (s, v-CH), 2487.2 (vs, v-BH),
1661.6 (s, vCO), 1628.8 (m, s, v-C=C), 1484.5 (s),
1350.7 (m), 796.5 (w). MS (ESI): m/z 1343 (M~* + H,
30%). UV-Vis (MeOH): Jmax (¢ M 'em™) 417
(543 x 10%), 515, 549, 592, 647 nm.

8.3. Synthesis of non-covalent porphyrin assemblies

8.3.1. General procedure

A solution of the positively charged porphyrin P
(0.01 mmol) was added to a solution of negatively
charged porphyrin N (0.01 mmol) in 10 ml methanol
at room temperature. The resulting precipitate was fil-
tered and washed several times with MeOH giving
P - N dimer. Pentamer P - (N)4 and (N1 - bpy - N1) were
prepared by the same procedure in ratio 1:4 of the cor-
responding charged porphyrin units and 2:1 porphyrin
N,N'-bipyridinum salt, respectively.

8.3.2. P1- NI Dimer (yield = 56%)

'"H NMR (DMSO-d¢): 6 —2.97 (bs, 4H, NH), 0.85—
1.19 (m, 11H, BH), 4.64 (s, 3H, CH3), 5.74 (s, 1H,
OH), 6.03 (bs, 1H, NH), 7.81 (s, 19H, H.;om), 8.19 (d,
8H, H,.om), 9.01 (s, 16H, B-pyrrole), 8.82 (bs, 1H, 5'-
pyridine), 9.48 (dd, 2H, 4’,6’-pyridine), 10.05 (s, 1H,
2'-pyridine). ''B NMR (DMSO-dg): § —16.22 (s, 11B,
B-H), —4.57 (bs, IB, B-N). IR 3436.2, 3114.5 (m, v-
NH), 2982.8 (m, v-CH), 2489.5 (s, v-BH), 1612 (m,
vC=C), 1470 (s), 1218.1 (s), 1046 (m) 761 (m). MS
(ESI): m/z 1428 (M, 15%), 630 (P1, 100%), 796 (NI,
35%).

8.3.3. P2 - NI Dimer (yield = 42%)

'"H NMR (DMSO-dg): § —2.97 (bs, 2H, NH), 0.75-
1.24 (m, 11H, BH), 4.63 (s, 3H, CH3), 5.70 (s, 1H,
OH), 6.03 (bs, 1H, NH), 7.85 (s, 19H, H,.om), 8.19 (d,
8H, H,om), 9.23 (s, 16H, B-pyrrole), 3.70 (bs, 1H, 5'-
pyridine), 9.29 (dd, 2H, 4',6’-pyridine), 9.96 (s, 1H, 2'-
pyridine). ''B NMR (DMSO-de): 6 —15.92 (s, 11B, B—
H), —4.76 (bs, 1B, B-N). IR 3450.5, 3230.5 (m, v-NH),
289:5.7 (m, v-CH), 2487.8 (s, v-BH), 1608 (m, vC=—C),
1318.9 (s), 1085 (m) 767 (m). MS (ESI): m/z 693 (P2,
95%), 796 (N1, 22%).

8.3.4. P3- NI Dimer (yield = 43%)

'"H NMR (DMSO-d¢): & —2.96 (bs, 4H, NH), 0.8—
1.92 (m, 11H, BH), 2.63 (s, 3H, CHsphenyl), 3.89 (s,
9H, CH;N™), 5.71 (s, 1H, OH), 6.01 (bs, 1H, NH),
7.57 (d, 8H, 2’,6’-phenyl), 7.81 (bs, 7H, 3',5'-phenyl),
8.03 (d, 8H, 3’,5-phenyl), 8.18 (m, 6H, 2',6'-phenyl),
8.46 (q, 6H, 2’,4',5'-phenyl), 8.81 (m, 16H, B-pyrrole).
"B NMR (DMSO-d¢): 6 —16.21 (s, 11B, B-H), —4.57
(bs, IB, B-N). >*C NMR (DMSO-dg):5 21.94, 49.48,
57.59 (CHs), 118.13, 120.19, 121.11, 125.95, 127.88,
128.56, 132.15, 132.51, 135.02, 136.09, 138.29, 139.08,
142.03, 143.86, 147.89. IR 3428.19, 3251.2 (s, v-NH),
2922.1 (m, v-CH), 2496.5 (s, v-BH), 1605 (s, vC=C),
1470 (s), 1350.5 (w), 1102.1 (w), 1023 (m), 966 (m) 980
(s). MS (ESI): m/z 1512 (M + 1, 20%), 714 (P3, 30%),
796 (N1, 15%).

8.3.5. P4 (NI1),4 Pentamer (yield = 66%)

'H NMR (DMSO-dg): 6 —2.97 (s, 10H, NH), 0.81—
1.88 (m, 44H, BH), 4.78 (d, 8H, CHs-N"), 5.73, 6.07
(bs, 8H, NH), 7.26 (m, 8H, pyridine), 7.71, 8.00, 8.12
(m, 84H, H,.om), 8.75 (m, 48H, B-pyrrole + Huom), 9.2
(d, 12H, pyridine). ''"B NMR (DMSO-dg) —15.66 (bs,
44B, B-H), —5.12 (bs, 4B, B-N). IR 3412.8 (s, v-NH),
2476.4 (s, v-BH), 1633.5 (s, vC=0), 1603.5 (s, vC=—C),
1471.5 (s), 1243 (s), 1023.7 (s) 799 (s). MS (ESI): m/z
694 (P4 + 1, 22%), 1354 (N1, 20%).

8.3.6. (P1),- N2 Pentamer (yield =55%)

"H NM:R (DMSO-de): 6 —2.98 (s, 10H, NH), —0.07—
1.32 (m, 44H, BH), 4.63 (s, 12H, CHs-N"), 6.6, 6.8 (s,
8H, NH,), 7.82-8.18 (m, 76H, H,.om), 8.82 (m, 40H,
B-pyrrole), 9.02, 9.36, 9.99 (bs, 16H, pyridine). ''B
NMR (DMSO-dg) —15.36 (s, 44B, B-H), —5.30 (s, 4B,
B-N). IR 3372.8 (s., v-NH), 2466.4 (s, v-BH), 1650.5
(s, vC=0), 1600.9 (s, vC=C), 1381.5 (s), 1265 (s), 799
(s). MS (ESI): m/z 630 (P1, 30%), 3244 [(P1),N2, 70%).

8.3.7. (P2),- N2 Pentamer (yield=61%)

'H NMR (DMSO-dg): 6 —3.09 (s, 10H, NH), 0.32—
1.98 (m, 44H, BH), 4.62 (s, 12H, CHs-N"), 5.73, 6.07
(bs, 8H, NH), 7.97-8.35 (m, 80H, H,.om), 9.03-9.45
(m, 40H, B-pyrrole). ''B NMR (DMSO-d¢) —15.30 (s,
44B, B-H), —5.12 (bs, 4B, B-N). IR 3372.8 (s, v-NH),
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2466.4 (s, v-BH), 1650.5 (s, v*C=0), 1600.9 (s, vC=C),
1381.5 (s), 1265 (s), 799 (s). MS (ESI): m/z 693 (P2,
70%), 1354 (N2, 60%).

8.3.8. Bipyridine linked dimer (NI -bpy- N1) (yield=
41%)

"H NMR (DMSO-dg): 6 —2.96 (bs, 4H, NH), 0.55-
1.18 (m, 22H, BH), 4.42 (s, 6H, CH3), 5.59 (bs, 4H,
NH,OH), 7.35-8.21 (m, 42H, H,om), 8.81 (d, 16H, B-
pyrrole), 9.24 (d, 4H, pyridine). ''B NMR (DMSO-d)
—15.84 (s, 22B, B-H), —6.42 (bs, 2B, B-N). IR 3413.6
(s, v-NH), 3040.6 (m, v-CH), 2489.6 (vs, v-BH), 1638.8
(m, vC=0), 1473 (s), 1437.8 (s), 1023.3 (s) 953.6 (m),
7052 (m). MS (ESI): m/z 186 (bpy, 100%), 974
(M — N1, 10%).

8.4. 2(pB-Trimethyl-ammoniumethyl)benzoquinone bro-
mide

0.52 g (2.25 mmol) of 2,5-dimethoxyphenylethylam-
ine [22] in 25 ml CHCI; was stirred at 40 °C with 10
ml of methyliodide for 3 h and then the solvent evapo-
rated to dryness in vacuum. The residue was dissolved
in 20 ml dry CH,Cl, and 5 ml of BBr;. The solution
was stirred overnight and then the solvent was evapo-
rated under vacuum. The resulting crude material was
dissolved in acetonitrile and treated with silver oxide
according to the literature [23] to yield 75% of the titled
compound. '"H NMR (DMSO-dy): 4 2.77 (d, 2H, CH»),
2.93 (d, 2H, CH»), 3.79 (s, 9H, CHs;), 6.77 (s, 3H, Harom)-
MS (FAB): m/z 194 (M*, 12%), 79 (Br—, 15%).

8.4.1. Nl-quinone dyad

"H NMR (DMSO-dg): 6 —2.98 (bs, 2H, NH), 0.89—
1.22 (m, 11H, BH), 2.97 (d, 2H, CH,), 2.63 (d, 2H,
CH.), 4.04 (bs, 9H, CH3), 5.05 (t, 4H, CH,), 6.47 (b,
1H, NH), 6.82 (s, 3H, Huom), 7.07-8.22 (m, 19H,
Harom), 8.82 (d, 8H, B-pyrrole. ''B NMR (DMSO-d)
—15.71 (s, 11B, B-H), —6.53 (bs, IB, B-N). IR 3415.3

(s, v-NH), 2481.6 (vs, v-BH), 1640.5, 1710.3 (s, vCO),
1440.2 (s), 1434.5 (s), 965.5 (m), 709.5 (m). MS (ESI):
mlz 843 (M~ + 2Na, 45%), 196 (M*, 20%), 797 (M,
50%). UV-Vis (H0): Jmax (66 M 'em™!) 423
(370 x 10%), 522, 551, 593, 652 nm.
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