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Synthesis and solvent driven self-aggregation studies of
meso-“C-glycoside”-porphyrin derivatives†
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New types of porphyrin derivatives bearing “C-glycoside” moieties, either in 5,10,15,20- or in
5,15-meso-positions, were prepared and fully characterized. The presence of the glycosidic groups
imparts to the title macrocycles, besides an amphiphilic character, a clear tendency to form chiral
suprastructures upon solvent-driven self-aggregation in different aqueous–organic solvent mixtures.
Supra-assembly phenomena, in terms of the size and morphology of the resulting structures, as well as
their kinetics of aggregation, were studied by UV-visible, fluorescence, resonance light scattering (RLS),
and CD spectroscopy, indicating that the morphology of the aggregates depends strongly on the
structure of the porphyrin rings, and on the bulk conditions of aggregation.

Introduction

The control of the symmetry and chirality of important receptors
is a key issue in modelling natural pathway-mimics in the
chemical laboratory today and in nanodevice design tomorrow.
Supramolecular chemistry, as defined by Jean-Marie Lehn,1 is the
“the chemistry beyond the molecules, bearing on the organized
entities of higher complexity that result on the association of two
or more chemical species held together by intermolecular forces.”

Generally, compounds in which the active bearer of property
(functiophore, pharmacophore, chromophore, and so on) is
conjugated with a vector such as a peptide,2–4 nucleotide,5 borane,6

saccharide7–17 or combined18 moieties, are of great interest. The
introduction of a chiral hydroxylated vector, such as, for example,
a carbohydrate group, into a porphyrin frame, would impart to
such derivatives promising molecular recognition features, i.e.
hydrogen bonds, with appealing stereoselective properties brought
by the presence of carbon stereogenic centres.17,19 Porphyrin–
carbohydrate conjugates, although based on different synthetic
philosophies, have been found to have important applications as
sensitizers in photodynamic therapy (PDT) for cancer treatment,
and for other therapeutic utilisation.20 Moreover, these derivatives
have been recognized to present other important features, such
as incorporation into cell membrane models,21 interaction with
DNA and nucleotides22 or electrochemical23 properties, which
makes them suitable for utilization in catalysis24–27 or in analytical
chemistry.28,29
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Republic
cDipartimento di Scienze e Tecnologie Chimiche, Univ. Roma “Tor Vergata”,
I-00133, Rome, Italy
dIMR-CNR, c/o Dip. Chim., Univ. Roma “La Sapienza”, I-00185, Rome,
Italy
† Electronic supplementary information (ESI) available: NMR data and
experimental details. See DOI: 10.1039/b616096d

The aim of our project is to implement into our supramolecular
synthon (a porphyrin building block) a chiral recognition and/or
discrimination feature/function. Hence, we adopted a very simple
philosophy entailing the functionalisation of the known porphyrin
platform by tailored, well-functioning chiral ligands with eas-
ily tunable properties such as, for example, steroids, peptides
or carbohydrates.30,31 A straightforward procedure would then
concern the construction of a porphyrin–saccharide conjugate,
where the “sugar” moiety is linked to the macrocycle in a meso-
position32–34 with direct and robust covalent C–C bonds, which,
differing from the previously reported O-glycosidic bond, is stable
towards hydrolytic or enzymatic degradation. Furthermore, the
“sugar” moiety should impart to the resulting porphyrin platform
tunable polar/lipophilic properties, depending on the level of
protection and/or hydroxylation, and on the OH groups spatial
orientation (stereo- and regiochemistry). This issue would be
also of great importance for the development of biological-like
receptors, able to work in aqueous media.19,35 Another important
point is that the presence of chiral appended functionalities (i.e.
sugar moieties) would impart to these substrates interesting stere-
oselective properties, in terms of, for example, chiral recognition,
self-recognition and aggregation (cf. ref. 19, for example).

Results and discussion

The synthetic part of this work exploited several attempts to
synthesize the meso-“C-glycosylated” porphyrins (“C-glycoside”
is a trivial name for a compound in which an oxygen atom of
the glycosidic bond is replaced by a methylene group. Similar
compounds in which the sugar moiety is directly connected with
more than one methylene unit are sometimes trivially called
pseudo-C-glycosides36). There are several papers reporting on the
synthesis of porphyrins with the “carbohydrate” moiety bonded
directly,32,34 either by a heteroatom37–39 or by a spacer.39 To the best
of our knowledge, we present in this paper the first example of a
compound in which a “sugar moiety” is linked to the methylene
bridge of a porphyrin ring.

960 | Org. Biomol. Chem., 2007, 5, 960–970 This journal is © The Royal Society of Chemistry 2007



Two basic strategies were used: one, leading to a porphyrin type
with all four meso-positions substituted with identical ligand (type
A), relies on direct cyclization of “sugar” aldehydes with pyrrole,
whereas the second, based on sequential construction from the
dipyrrylmethane precursors, yields to porphyrin derivatives with
5,15-meso-substitution pattern (type B).

As far as the former strategy is concerned, aldehydes 1 (ref. 40)
and 3 (ref. 41) were used as building blocks in direct condensation
with pyrrole in dichloromethane (Lindsey conditions42), to give A-
type meso-substituted porphyrins in very good 18 and 36% yields
(for 2 and 4, respectively, Scheme 1).

Scheme 1 Reaction of aldehydes with pyrrole under catalysis with
BF3·Et2O.

The modular synthesis of B-type porphyrins was accomplished
by following a well-established 2 + 2 MacDonald type procedure:
dipyrryl derivatives 5 and 6 can be obtained by condensation of
aldehydes 1 and 3 with pyrrole in dichloromethane in the presence
of trifluoroacetic acid (TFA) in good yields, i.e., 49 and 84% for “D-
galacto” and “D-gluco” derivatives 5 and 6, respectively (Scheme 2).
The products obtained are relatively stable and can be purified by
flash chromatography.

Scheme 2 Reaction of aldehydes with pyrrole under catalysis with TFA.

Scheme 3 Condensation of dipyrrylmethane 5 with pentafluor-
benzaldehyde.

Hence the B-type porphyrin derivative 7 was prepared by
acid catalyzed (TFA) condensation of dipyrryl derivative 5 with
pentafluorbenzaldehyde in dichloromethane and subsequent in
situ DDQ oxidation, to yield porphyrin 7 in a good 22% yield
(Scheme 3). The pentafluorophenyl substitution was selected for
two reasons. Firstly, the moiety is very lipophilic and, thus, rather
different from a “carbohydrate” one (not considering different
binding possibilities). The second reason was the reactivity of the
fluorine in position of the C-4 of benzene ring, which is utilized
for substitution reactions and binding to the solid phase.

Similar reactions carried out on dipyrryl derivative 6 gave a
mixture of porphyrin derivatives with very similar structures, in
low yields. Spectral investigation (MS and NMR), gave good
evidence of the presence of porphyrin 8 as one of the main
components (Scheme 4), together with other porphyrinic material
with a larger MS (MALDI) ion peak at m/e 2085.72 (which had
typical a UV-vis absorption, too). Here, we were unable to get a
sufficient amount of the pure compounds and the reaction will be
the subject of further investigations—the details will be reported
elsewhere. It could be suggested that the compound is a porphyrin
with one pentafluorophenyl and three “C-glycosides”, obtained
by the scrambling phenomena described by Lindsey;43 such a
compound should have the chemical formula: C131H123F5N4O15,
with the exact mass: 2086.89.

Scheme 4 Condensation of dipyrryl derivative 6 to porphyrin 8.

The best protocol to obtain porphyrin 7 selectively entails the
condensation of pentafluorphenyldipyrrylmethane 9 (ref. 44) with
sugar aldehydes 1 and 3, followed by treatment with DDQ. The
resulting reaction mixtures gave, in the case of starting aldehyde
1, porphyrin 7 in a very good 27% yield (Scheme 5). In the
case of aldehyde 3, however, the reaction showed an outcome
similar to that observed in the case of the reaction of the
pentafluorbenzaldehyde and dipyrryl derivative 6 discussed above.

Debenzylation of this kind of complex structure could be a real
problem.18 However, we found that the only case of a successful
attempt was that entailing the simple hydrogenation of 7 over
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Scheme 5 Condensation of pentafluorphenyldipyrrylmethane 9 to por-
phyrin 7.

palladium on charcoal, to give the fully hydroxylated derivative
10 in a 63% yield (Scheme 6). Characteristic UV-visible spectral
patterns are reported in Fig. 1. These unprotected (free-OH)
derivatives can be of importance for the preparation and the study
of sugar-based, water-soluble tetrapyrrolic macrocycles.

Scheme 6 Deprotection of porphyrin 7.

The above-reported series of novel compounds were further
studied on the basis of their properties and potential use as
building blocks for more elaborate and functional architectures.

This latter issue can be of striking importance for the development
of supramolecular mimics of the enzyme machinery45 of photosyn-
thetic bacteria, or for sensor applications. We recently reported, in
fact, that layered films of amphiphilic porphyrin derivatives are of
importance in the construction of selective solid-state sensors for
Hg2+ ions.46

The results show major differences in the chemical as well as
physico-chemical properties of the compounds prepared, even
at the same level of OH group protection, depending on the
specific structure of the glycosidic peripheral functionalisation.
Namely, several properties of compounds derived from “D-gluco”
precursors do differ from those from “D-galacto” ones, which can
be illustrated by their purification and reaction ability, i.e., the
differences observed can be ascribed to the occurrence of specific
intermolecular interactions in solution. Chloroform solutions of
the “sugar” substituted pyrroles and porphyrins in fact gave
unexpected polarimetric measurements with rather high readings
even in quite dilute solutions, which became stable only after a
prolonged time (minutes to hours) from preparation, with no
other apparent chemical change detected. This finding can be
undoubtedly interpreted on the basis of the occurrence of self-
aggregation phenomena between porphyrin macrocycles and at
a lower level also in dipyrrole derivatives. We recently reported
that the self-aggregation of chirally-functionalized porphyrin
derivatives results in the formation of architectures characterized
by well-defined supramolecular chirality.47 A similar behavior
can be surmised to be operative in this present case. In order
to shed more light on this important issue, a series of detailed
spectroscopic studies was carried out. For this initial study we
selected two candidates, i.e., porphyrins 2 and 7, which were found
to be the most promising in early investigations.48 Other molecules
are currently under study.

Fig. 1 Typical UV-vis spectral pattern of porphyrin 10 in methanol, showing a Sorret band at 410 nm and Q-bands from both sides (dash-and-dot line
to dashed ×5, to solid ×40).
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The title porphyrins 2 and 7, differing in their peripheral
substitution pattern (the former being substituted by four “glyco-
sidic” groups, and the latter featuring two pentafluorophenyl rings
and two “glycosidic” moieties in mutually alternating positions)
would feature different properties, in terms of electronic and steric
effects, and consequently, different self-aggregation properties.
These tetrapyrrolic macrocycles show good solubility in either
chlorinated and polar aprotic solvents such as DMSO, DMF
and MeCN. The relative UV-visible spectra, at lM concentration,
show a narrow Soret band (kmax 422 and 416 nm, in chloroform,
for 2 and 7, respectively) indicating the solubilisation of the
chromophores in the monomeric form. The hypsochromic shift
of porphyrin derivative 7 is safely ascribable to the electron
withdrawal effect of C6F5 moieties.49 The aggregation behavior
of the tetrapyrrolic macrocycles was studied in aqueous solvent
mixtures, namely DMSO–water, DMF–water and MeCN–water,
at different water proportions in lM concentrations. In all of
the mixtures investigated, a hypochromic effect of the electronic
bands was observed, ongoing through 0 to 100% water com-
position. A concomitant red shift of the absorption maxima is
also evidenced. This indicates the occurrence of solvent-driven
porphyrin aggregation, toward the formation of J-type, edge-
to-edge, supramolecular architectures.50 Evidently, the increasing
of solvent polarity steers the onset of hydrophobic (e.g., p–p)
interaction among the aromatic porphyrin platforms. These results
are graphically reported in Fig. 2, for the aggregation studies of
7 carried out in MeCN–H2O. The nature of solutions (true/non-
true; or solution/emulsion) was not examined.

Fig. 2 UV-vis spectroscopic variation of 7; 1.3 lM, in MeCN–H2O
solvent mixtures (uppermost curve: 0–40% H2O; lowermost curve: 100%
H2O). Inset: “aggregation curves” for 2 (lower curve), and 7 (upper curve)
3.7 lM, at T = 298 K.

The intensity of the Soret bands is monitored upon changing
the composition of solvent (v/v). (The term “extinction” is more
appropriate than “absorbance” because of the presence of RLS
contribution to UV visible and CD bands. For a discussion on
this topic see ref. 51.) The solvent composition at which a sudden

intensity drop occurs can be noted as the “critical aggregation sol-
vent composition” (casc).52 In this case, the term “casc” indicates
a solvent composition at which the aggregation process becomes
evident. At water compositions below this value, the aggregation
is too slow to be appreciated (or even does not occur), whereas
at higher values the aggregation is complete within the time of
mixing. At this particular solvent composition, a detailed kinetic
study can be conveniently carried out by means of conventional
techniques (see the Experimental section). Similar results, in terms
of spectral changes and “casc”, are observed at higher porphyrin
concentration, i.e., 3.6 lM. Similar trends are observed in different
aqueous solvent mixtures, namely DMSO–water and DMF–water.
However, in these latter solvents, aggregation promoted at H2O >

60% v/v occurs with some cloudiness of the solution, indicating
the formation of large, mesoscopic-sized porphyrin aggregates.
The aggregation experiments, as far as this explorative stage is
concerned, have then been focused on the case of MeCN–H2O
solvent mixtures, in which accurate conventional spectroscopic
studies can be safely carried out. Detailed studies on the effect of
different solvents are under investigation, and the results will be
reported elsewhere.

Aggregation of porphyrin derivative 2 shows the “casc” at
ca. 50% water content (Fig. 2, inset). The bis-pentafluorophenyl
derivative 7 shows some differences in aggregation behaviour.
Complete aggregation of the bis-pentafluorophenyl derivative 7
in fact occurs significantly at ca. 60% of water. This would be
interpreted on the basis of the presence of C6F5-groups, which
would be better solvated by H-bonding. Moreover, this latter
macrocycle features a less-extended aromatic electronic surface,
with respect to that of derivative 2, resulting in the one set of p–p
stacking interactions only at higher water proportions.

Fluorescence experiments confirm the formation of porphyrin
aggregates in water-rich solvent mixtures. It is well known that
porphyrin chromophores feature strong intensity emission in
the 600–700 nm range, with a decay time, s, of about 12 ns.
In a typical experiment (kex = 518 nm; kem = 645 nm), the
emission of the porphyrin concerned (i.e., 7 or 2) is monitored
in aqueous MeCN, at [P] = 1.1 lM. The fluorescence is strongly
quenched upon increasing water proportion, indicating the for-
mation of strongly electronically-coupled, non radiative porphyrin
aggregates53 (Fig. 3, inset). Remarkably, the drop in signal emission
occurs at the same solvent composition found by UV-visible
techniques, safely confirming the occurrence of the aggregation
phenomena.

The formation of large porphyrin aggregates is further corrob-
orated by resonance light scattering spectroscopy studies. This
relatively new technique,54 which is based on the enhancement
of the scattering of light on the red edge of the Soret band,
is strongly dependent on the size of porphyrin aggregates, the
extent of electronic coupling between adjacent chromophores
and their molar extinction coefficients. Indeed, light scattering
experiments on aqueous MeCN solutions of either 2 and 7
show a gradual growth of the RLS signal on the Soret band
region of the aggregates (ca. 430 nm; see Fig. 3) on increasing
water proportion, with the intensity approaching a maximum
value above 60% H2O. RLS features at ca. 490 nm (Q visible
bands) are also detectable in the spectrum. The strong intensities
observed indicate the formation of large aggregates, typically 104–
105 monomer units. (It has been reported that the minimum
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Fig. 3 RLS spectra of 2, 1.1 lM in various MeCN–H2O mixtures: (a)
0–35%, (b) 40%, (c) 45%, (d) 60% H2O. Trace (a) appears at near zero on the
plot. In the inset, the corresponding (a, top three traces)–(d) fluorescence
emission spectra are reported. The arrows indicate the spectral changes
upon increasing water proportion.

number of interacting chromophores needed to observe the RLS
effect is n ≥ 25. See, for example ref. 55) It is worth noting that the
RLS spectra of porphyrin solutions in the monomeric form are
undetectable on the observed intensity scale.

Analogous results are observed in the case of the bis-
pentafluorophenyl derivative 7, with the notable difference that
this derivative shows, as expected, a maximum RLS effect at a
somewhat higher water : MeCN ratio. Moreover, the relative RLS
intensities, normalized by the relative molar extinction coefficients,
are less pronounced (ca. 67%), probably indicating the formation
of smaller aggregates.

Kinetic studies on the aggregation of title glycoporphyrins 2
and 7 have been performed in MeCN–H2O solvent mixtures.
The kinetics of aggregation can be carried out by conventional
hand-mixing techniques, and can be conveniently followed by
monitoring the decrease of Soret band intensity with time. In the
case of porphyrin 2 the kinetic experiments have been carried out in
a 1 : 1 MeCN–H2O mixture. In the case of the “less hydrophobic”
pentafluorophenyl derivative 7, the aggregation occurs, as already
evidenced in the preliminary solvent driven aggregation experi-
ments (vide supra), only at higher water proportions (i.e., ≥55%).
At lower water contents no aggregation is observed, even after a
prolonged time, as witnessed by the invariance of the UV-visible
spectral pattern of the porphyrin solutions.

It has been reported56 that the aggregation process can be
quite dependent on either the initiation protocol, such as, for
example, the mixing order of solution components, and on the
ageing of the porphyrin stock solutions. In our case, using freshly
prepared solutions and the same order of mixing ensures good
reproducibility, as indicated in the Experimental section. However,
different mixing protocols gave similar results, although of lower
reproducibility, in terms of kinetic parameter values.

The experimental data points can be nicely fit by a so-called
“stretched exponential” equation (eqn (1)).57

E = E0 + DE[1 − exp(−(kt)n)] (1)

In this equation E0 represents the initial extinction at t = 0,
DE = E∞–E0 is the difference between the initial extinction value
(t = 0) and that at t = ∞, k is the kinetic rate constant, and
n is the aggregation growth factor, related to the mean value of
binding sites available for aggregate growth process. This equation
is valid in the case of monodispersed systems,58 in which large
clusters are formed by interaction between initial smaller clusters
(seeds) and monomers. In this case, known as diffusion limited
aggregation (DLA), the n factor is required to be <1. Notable
examples are reported in the aggregation of charged cyanine dyes
on charged polymeric templates, such as poly(vinylsulfonate).48 A
typical example is reported in Fig. 4, in which the close adherence
of the experimental points to the calculated curve fit can be
nicely evidenced. The quality of the fit is generally very good,
with R2 ≥ 0.9996, and the calculated values for E∞ and E0 are
always in excellent agreement with the experimental values. It
is worth mentioning that aggregation kinetics followed by RLS
spectroscopy gave similar results, in satisfactory agreement (Fig. 4,
inset; Table 1). This clearly indicates that these two techniques are
probing the same aggregation process.

Fig. 4 Aggregation kinetics of 2 (3.7 × 10−6 M; MeCN–H2O 50 : 50,
UV-vis spectroscopy). The full circles are the experimental points and the
continuous line represents the theoretical curve fit according to eqn (1).
Inset: corresponding kinetic plot, followed by RLS (see text).

Table 1 Kinetic parameters of the aggregation reaction of 2 and 7 a

Entry [P]/M kagg (2)/s−1 b kagg (7)/s−1 c

1 1.1 × 10−6 1.3 × 10−3 (0.62) 1.0 × 10−3 (0.39)
2 2.2 × 10−6 2.1 × 10−3 (0.60)
3 3.7 × 10−6 2.8 × 10−3 (0.64) 1.6 × 10−3 (0.42)
4 3.7 × 10−6 2.7 × 10−3 (0.66)d

5 3.7 × 10−6 1.2 × 10−3 (0.76)e

6 7.6 × 10−6 5.4 × 10−3 (0.61) 2.4 × 10−3 (0.40)
7 1.1 × 10−5 8.7 × 10−3 (0.67) 4.9 × 10−3 (0.45)

a T = 298 K. The value of parameter n is reported in parentheses (see text).
Runs are in duplicate with uncertainties within 5%. b In MeCN–H2O 50 :
50. c in MeCN–H2O 45 : 55. d Protocol of preparation B. e Followed by
RLS.
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The results, in terms of apparent aggregation rate constant
(kagg, s−1) and n values, are reported in Table 1. From inspection
of the table, it is evident that an increase of aggregation rate
is promoted by increasing the initial porphyrin concentration.
The porphyrin derivative 2 shows a higher rate of aggregation
with respect to the counterpart 7. This, again, can be related to
the different peripheral substitution pattern. This would infer a
different hydrophobicity of the macrocycles, producing a different
tendency to self-aggregation. Apparently, the more electron-
withdrawing C6F5 moiety promotes a more favorable solvation,
resulting in a slower aggregation rate. The effect of the different
structural parameters reflects itself also in the mean n values. The
above kinetic studies gave mean values of 0.63 and 0.42, for 2 and 7,
respectively. Moreover, they are virtually independent, within the
experimental uncertainties, of the initial substrate concentration,
safely ruling out a change in aggregation mechanism upon varying
substrate concentration. Again, the differences found for the
values of n, although at the present stage of unstraightforward
interpretation, would be certainly related to the different structural
features. Addressed studies will be carried out to elucidate this
topic, and the results will be reported elsewhere.

Aggregation experiments, conducted at different ionic strengths,
have been further carried out in the case of both 2 and 7 derivatives,
and the results, in terms of aggregation constant values (kagg) and
parameter n, are reported in Table 2, and in graphical form in
Fig. 5.

The increase of ionic strength of the bulk medium (NaBr addi-
tion) promotes an increase of the aggregation rate, as it would be
expected for a self-interaction mainly promoted by the solvopho-
bic effect.59 Interestingly, the effect of the medium is quite similar
for the two derivatives, ruling out the occurrence of a specific
interaction of the ions with the polar porphyrin frames (Fig. 6).

Remarkably, the n values remain unchanged, within experi-
mental error, with respect to the values obtained in the case
of aggregation carried out in the absence of NaBr. This finding
would safely rule out a change in the aggregation mechanism. In
different case of aggregation of charged, water soluble, porphyrin
derivatives, namely tetrakis(sulfonatophenyl)porphine,60 the addi-
tion of salts causes a change of mechanism, from DLA to DCCLA
(diffusion limited cluster–cluster aggregation). This effect has been
interpreted on the basis of specific ion-pairing (cation–anionic
porphine) interaction. In our present case (i.e., uncharged species),
the addition of salts results in an aspecific, general salt effect, which
apparently influences only the rate of self-interaction.

Table 2 Kinetic parameters of the aggregation reaction of 2 and 7 in the
presence of NaBra

Entry [NaBr]/M kagg (2)/s−1b kagg (7)/s−1c

1 0.0020 0.0041 (0.61) 0.0045 (0.43)
2 0.010 0.0087 (0.68) 1.2 × 10−2 (0.39)
3 0.010 0.0090 (0.70)d

4 0.050 0.026 (0.63) 0.032 (0.42)
5 0.10 0.040 (0.67) 0.044 (0.46)
6 1.0 e e

a [P] = 3.7 × 10−6 M; T = 298 K. In parentheses the value of parameter n is
reported (see text). Runs are in duplicate with uncertainties within 5%. b In
MeCN–H2O 50 : 50. c in MeCN–H2O 45 : 55. d Protocol of preparation B.
e Too fast to be measured.

Fig. 5 Kinetic constant values of 7 (�) and 2 (�) (7.3 × 10−6 M;
MeCN–H2O 50 : 50) as a function of ionic strength.

Fig. 6 RLS spectra of 2 (3.7 lM in 50% aqueous MeCN, T = 298 K).
Full line: [NaBr] = 0.0 M; dashed line: [NaBr] = 0.010 M.

At a salt concentration higher than 0.1 M, the aggregation
became too rapid to be followed by conventional techniques.
Remarkably, in those latter cases, the aggregation results in an
evident opalescence of the solution. This is accompanied by
dramatic spectral changes, in which the absorption bands are
severely broadened, with non-zero extinction throughout the
visible range. Moreover, an anomalous B : Q band intensity ratio is
observed (see Fig. 7). This phenomenon is similar to that recently
reported in the case of formation of spermine-induced porphyrin
fractal J-aggregation, in which this unusual enhancement of light
scattering has been attributed to the formation of large porphyrin
aggregates behaving as metal particles.61
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Fig. 7 UV-visible spectra of 2 in MeCN (solid line); in MeCN–H2O
[NaBr] = 0.0 M (dotted line) and in MeCN–H2O [NaBr] = 1.0 M (dashed
line).

RLS spectra of 2 and 7 (3.7 lM; 50% aqueous MeCN or
45% aqueous MeCN, respectively) show a reduction in scattering
intensities (Fig. 8), once performed in the presence of added salt
(NaBr, 0.010 M). This would indicate, in the first instance, that the
higher ionic strength, although promoting a faster aggregation,
results in self-assembled species characterised by a lower size
(lower number of components). This could be tentatively explained
in terms of a fine balance between two opposing effects, i.e., (i) a
general increase of the polarity of the bulk medium boosting a
faster aggregation by p–p interaction (hydrophobic effect) and,
concomitantly, (ii) the onset of electrostatic repulsion between the
Na+ ions that surround the polar appended functionalities on the

Fig. 8 RLS spectra of 2 and 7 (inset) (3.7 lM in 50% aqueous MeCN,
T = 298 K) at [NaBr] = 0.0 M (solid line) and [NaBr] = 0.010 M (dotted
line).

tetrapyrrolic frames. This latter effect would become predominant
on increasing the size of the porphyrin aggregates.

Circular dichroism (CD) spectroscopy has been found to be
an excellent tool for the studies of porphyrin chiral aggregates.
The formation of chiral aggregates has been achieved by several
means. Seminal papers by Pasternack demonstrated the formation
of chiral porphyrin aggregates by templating with DNA, RNA, or
other chiral synthetic polymers.62 Supramolecular chirogenesis can
be induced in achiral porphyrin systems by metal coordination.63

Spontaneous chiral symmetry breaking has been achieved by
stirring effects in homoassociation of water soluble derivatives.64

We recently reported47 that the presence of a chiral functionality
on the molecular frame of amphiphilic porphyrin derivatives
steers the aggregation toward the formation of supramolecular
structures featuring supramolecular chirality. In light of the above
reports, the study of the aggregation of these title glyco-derivatives
certainly constitutes an intriguing task, not only from an academic
point of view, but also for practical, future applications.

CD experiments, carried out on porphyrins 2 and 7, reveal
that the aggregation results in the formation of intrinsically-chiral
assemblies, triggered by the presence of the sugar moieties (Fig. 9).
The aggregation results, in both of the cases, in a strong, negative
bisignate CD spectrum, indicating that the electronically-coupled
macrocycles are held in a mutual chiral conformation.

Fig. 9 CD spectra of porphyrins (3.7 lM) in aggregative conditions.
(Solid line) 2 in H2O–MeCN 1 : 1; (dashed line) 7 in H2O–MeCN 55 : 45;
(dotted line) 7 H2O–MeCN 55 : 45, NaBr 0.010 M.

Remarkably, some differences in the CD spectral features can
be evidenced. Porphyrin 2 (solid line) give rise to a negative peak
at k 426 nm ([h] = −1.2 × 104) and a positive one at k 416 nm
([h] = + 2.0 × 104), with the “zero point” at 420 nm, whereas
7 aggregates present slightly shifted and somewhat more intense
spectral features with k 427 nm ([h] = −2.3 × 104) and k 412 nm
([h] = + 2.2 × 104), with the “zero point” at 420 nm (dashed
line). The stronger intensity of the spectral CD features of 7
should indicate the formation of porphyrin assemblies, although
of smaller size (RLS experiments), which are characterized by
a higher degree of asymmetry. Further important insights can
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be given by monitoring the evolution of CD signals during the
aggregation process. In both the cases of porphyrin 2 and 7, the
maximum CD intensity is reached during the very first part of the
process (i.e., within few minutes from solution preparation and
mixing), reaching a steady value after this initial period. This,
according to the proposed mechanism of aggregation (DLA),
would imply the fast formation of initial chiral smaller cluster,
slowly growing in size, with no further modification of the whole
chirality, during the subsequent growth, which is completed, in the
same experimental condition, within one–two hours after mixing
(UV-visible and RLS experiments).

Interestingly, the aggregation promoted in the presence of NaBr
(0.01 M) resulted in the formation of porphyrin suprastructures
characterised by a lower degree of asymmetry, as evidenced by
the lower intensities of relative CD spectral features (dotted
line, Fig. 9). This would indicate the formation of aggregates
characterized by a lower degree of supramolecular chirality.
Moreover, in the case of aggregation of 2, scarcely detectable CD
signals are obtained. The different CD intensities can be ascribed
to a different porphyrin–porphyrin geometrical orientation. It
has been stated, for the aggregation of related tetrapyrrolic
macrocycles, that the intensity of the CD signals are directly related
to the intrinsic asymmetry of the system, and not on the size of the
growing structures.65 In earlier cases, reported by Pasternack et al.,
the formation of highly charged, water soluble, porphyrin–DNA
assemblies, occurred with dramatic variation of CD features (sign
inversion) upon changing the ionic strength of the medium.66 This
has been attributed to a change of conformation from a “face-
on” to “end-on” orientation of the aggregates. In our case this
effect, although not as great as the above reported, concerning the
aggregation between uncharged platforms, would be explained in
terms of the shielding effect of the Na+ with the polar groups (Na+-
- -:OR; Na+- - -:F5C6– ion–dipole interaction), that would result
in a less effective reading of the molecular information stored in
the stereogenic centers during the molecular recognition process.

All these findings would indicate the possibility of some tuning
and control of the final structural morphology and the electronic
properties of the investigated aggregates. (For a recent report
on the modulation of the tuning of supramolecular chirality of
self-assembled porphyrin systems by solvent modulation of p–p
stacking interactions, see ref. 67.) We recently reported a similar
behaviour (cf. ref. 47a) in the case of solvent driven aggregation
of amphiphilic chiral porphyrin derivatives. These results can
be of great importance in many areas of research, such as, for
example, the construction of artificial light-harvesting systems
(for some recent examples see ref. 68), supramolecular materials,69

optoelectronic devices,70 and for the development of stereoselective
solid-state sensors, in which the chiral features of the receptors
are of crucial importance to chiral molecular recognition and
discrimination.71

Experimental

TLC was performed on HF254 plates (Merck), detection by UV
light or by spraying with a solution of 5 g of Ce(SO4)2(H2O)4

in 500 ml 10% H2SO4 and subsequent heating. Flash column
chromatography was performed on silica gel (MERCK, 100–
160 lm) in solvents, distilled prior to use. Optical rotations were
measured in chloroform solutions on a Rudolph Research Autopol

IV polarimeter at 25 ◦C and [a]D values are given in 10−1 deg cm2 g−1

with concentration in 10 g l−1. Routine UV spectra were recorded
on Varian Cary 50 UV-VIS spectrometer; wavelengths are given in
nm; molar absorptivity (e) is given in parentheses, in m2 mol−1. IR
spectra (wavenumbers in cm −1) were recorded on a Perkin-Elmer
PE 580 spectrometer in CHCl3 solutions (temperature 23 ◦C),
unless stated otherwise. 1H and 13C NMR spectra were taken in
deuterochloroform (Aldrich, 99.8% D) on a Bruker AVANCE 500
(500.1 MHz for 1H and 125.8 MHz for 13C) FT NMR spectrometer
at 300 K if not stated otherwise. As standard, the internal signal
of tetramethylsilane (d 0.0) for 1H and central line of solvent (d
77.0) for 13C spectra were used. Chemical shifts are presented in
ppm (d), coupling constants in Hz (J). Mass spectra were taken
on a Q TOF micromass spectrometer with direct inlet (ESI) or on
a ZAB-EQ (VG Analytical) instrument (FAB) with Xe ionization,
accelerating voltage 8 kV. Microanalysis was performed on an
elemental analyzer Perkin-Elmer 2400 Series II CHNS/O.

All solvents used were of the highest degree of purity and used
as received. Porphyrin solutions for spectroscopic studies have
been prepared by using solvents of spectroscopic grade. Milli-
Q, Millipore, previously doubly distilled water, was used for the
preparation of porphyrin aqueous solutions.

Kinetic studies

Kinetic experiments were performed on a Perkin Elmer k18
spectrophotometer equipped with a thermostating apparatus, by
measuring the UV-visible spectroscopic changes (Soret B band)
of porphyrin derivatives with time. Porphyrin aqueous solutions,
suited for kinetic studies, were prepared as follows (protocol A).
Proper aliquots, of a millimolar stock solution in acetonitrile
(15 150 lL), were added to 2.0 mL of acetonitrile in an 8 mL glass
vial. To this solution, 2.0 mL of water were then added and the
resulting solution was vigorously shaken. A 3 mL portion was then
transferred in a quartz cuvette and the relative UV-visible spectra
acquired. This procedure ensures a 50 : 50 H2O–MeCN (v/v)
final solvent composition, with final porphyrin concentrations
spanning the range of 1.1 to 11.1 × 10−6 M. Values of k were
obtained by analysing the absorbance (extinction) vs. time data
points by a nonconventional kinetic treatment, earlier proposed
by Pasternack for a related case of the aggregation of porphyrin
derivatives on (bio)polymer templates.

The equation used is as follows:

E = E0 + (E inf − E0)[1 − exp(−(kt)n)] (2)

where E, E0, E inf are the extinction values at time t, initially, and at
equilibrium, respectively. The kinetic parameters, k and n, where
obtained by nonlinear least-squares regression fit (Kaleidagraph R©

program, Synergy Software, 2003) over hundreds of experimental
data points. Values obtained at different wavelengths (e.g., 450
nm) were similar, within experimental errors. Data reported are
the average values of at least two different runs.

A different protocol, entailing the simple addition of porphyrin
stock solution to a preformed H2O–MeCN mixture (protocol
B) gave, although with a lower degree of reproducibility, similar
results. Attempts to perform kinetic runs at higher H2O–MeCN
solvent composition by standard routine equipment failed, as
the spectral pattern changes were too rapid to be conveniently
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followed. Studies by rapid-mixing methods are planned, and the
results will be reported elsewhere.

Analogous experimental protocols have been used in the case of
kinetic experiments run in the presence of NaBr. Proper aliquots
of a millimolar stock solution in acetonitrile (50 lL), where added
to a 2.0 mL of acetonitrile in an 8 mL glass vial. To this solution
2.0 mL of NaBr solution in water were then added and the resulting
solution vigorously shaken and transferred in a quartz cuvette and
the relative UV-visible spectra acquired.

CD spectroscopic studies

CD spectra have been performed on a JASCO J-600, equipped
with a thermostatted cell holder, and purged with ultra-pure
nitrogen gas.

Resonance light scattering experiments

RLS experiments have been performed on a Spex Fluorolog
Fluorimeter. Spectra have been acquired, at 25 ± 0.5 ◦C, in a
“synchronous scan” mode, in which the emission and excitation
monochromators are pre-set to identical wavelengths. Solutions
have been prepared by following the protocol used in the kinetic
experiments (protocol A).

Fluorescence spectroscopy experiments

Fluorescence, excitation spectra were recorded, at 25 ± 0.5 ◦C, on
a Spex Fluorolog Fluorimeter.

5,10,15,20-Tetrakis(2,3,4,6-tetra-O-benzyl-a-D-galactopyranosyl-
methyl)porphyrin (2). Through the solution of pyrrole (33 ll,
0.48 mmol) and aldehyde 1 (ref. 40, 275 mg, 0.49 mmol) in
40 ml of dry dichloromethane Ar was bubbled for 10 min. Then
6 ll of BF3·Et2O was added as catalyst. The reaction vessel was
shielded from light and stirring under Ar at ambient temperature
was continued for 3 hours. Then, the reaction mixture was
transferred via canula into another flask with 118 mg of DDQ,
and the reaction mixture was stirred at room temperature for an
additional 12 hours. After this period silica gel was added and the
solvent was evaporated under vacuum.

The resulting powder was placed at the top of a short silica
gel column. Increasing polarity elution with light petroleum–ethyl
acetate 4 : 1 gave porphyrin 2 (55 mg, 18%) as a dark brown–violet
amorphous solid. [a]25 (c 9 × 10−3) [a]436 = +910; [a]546 = +489;
[a]D = +311; [a]633 = +311. For C160H158N4O20 (2456.9) calculated:
78.21% C, 2.28% N; 6.48% H, found: 77.95% C, 2.02% N, 6.07% H.

5,10,15,20-Tetrakis(2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl-
methyl)porphyrin (4). Through the solution of pyrrole (36 ll,
0.52 mmol) and aldehyde 3 (ref. 41, 300 mg, 0.53 mmol) in 43 ml
of dry dichloromethane Ar was bubbled for 10 min. Then 7 ll of
BF3·Et2O was added as catalyst. The reaction vessel was shielded
from light and stirring under Ar at ambient temperature was
continued for 2 hours. Then, the reaction mixture was transferred
via canula into another flask with 128 mg of DDQ, and the
reaction mixture was stirred at room temperature for an additional
12 hours. After this period silica gel was added and the solvent was
evaporated under vacuum.

The resulting powder was placed at the top of a short silica
gel column. Increasing polarity elution with light petroleum, light

petroleum–ethyl acetate 4 : 1 gave porphyrin 4 (120 mg, 36%) as a
dark brown–violet solid. [a]25 (c 2.8 × 10−3) [a]436 = +720; [a]546 =
+267; [a]D = +167; [a]633 = +133. For C160H158N4O20 (2456.9)
calculated: 78.21% C, 2.28% N; 6.48% H, found: 77.84% C, 2.24%
H, 5.95% N.

2,6-Anhydro-1,3,4,5-tetra-O -benzyl-7,8-dideoxy-8,8-di-1H-
pyrrol-2-yl-D-glycero-L-galacto-octitol (5). Through the solution
of pyrrole (0.68 ml, 9.8 mmol) and aldehyde 1 (ref. 40, 270 mg,
0.48 mmol) in 16.2 ml of dry dichloromethane Ar was bubbled
for 10 min. Then 55 ll of TFA was added and a solution was
stirred in the dark at ambient temperature under Ar for 90 min.
The reaction was quenched by addition of a saturated aqueous
solution of NaHCO3 and solid NH4Cl.

The mixture was extracted with diethylether and the combined
organic layers were dried MgSO4, filtered and concentrated under
vacuum. The crude product was purified by flash chromatography
(light petroleum–ethyl acetate 12 : 1) to give 160 mg (49%) of
dipyrrylmethane 5 as a dark brown solid. [a]25 (c 5.6 × 10−3) [a]365 =
−300; [a]405 = −200; [a]436 = −183; [a]546 = −67; [a]D = −50;
[a]365 = −50. For C44H46N2O5 (682.8) calculated: 77.39% C, 6.79%
H, 4.10% N; found: 76.98% C, 6.45% H, 3.61% N.

2,6-Anhydro-1,3,4,5-tetra-O -benzyl-7,8-dideoxy-8,8-di-1H-
pyrrol-2-yl-D-glycero-L-gulo-octitol (6). Through the solution of
pyrrole (2.5 ml, 36.0 mmol) and aldehyde 3 (ref. 41, 640 mg,
1.13 mmol) in 15 ml of dry dichloromethane Ar was bubbled
for 10 min. Then 50 ll of TFA was added and a solution was
stirred in the dark at ambient temperature under Ar for 110 min.
The reaction was quenched by addition of a saturated aqueous
solution of NaHCO3 and solid NH4Cl.

The mixture was extracted with diethylether and the combined
organic layers were dried MgSO4, filtered and concentrated under
vacuum. The crude product was purified by flash chromatography
(hexane–ethyl acetate 12 : 1) to give 650 mg (84%) of dipyrryl-
methane 6 as a pale violet foam. [a]25 (c 5 × 10−3) [a]365 = −250;
[a]405 = −148; [a]436 = −110; [a]546 = −67; [a]D = −30; [a]365 = −30.
For C44H46N2O5 (682.8) calculated: 77.39% C, 6.79% H, 4.10% N;
found: 76.99% C, 6.54% H, 3.59% N.

5,15-[Bis(pentafluorophenyl)]-10,20-[bis-(2,3,4,6-tetra-O-benzyl-
a-D-galactopyranosylmethyl)porphyrin 7. (i) To a solution of
dipyrrylmethane 5 (130 mg, 0.19 mmol) in 40 ml of dry dichloro-
methane was added a solution of pentafluorobenzaldehyde
(37 mg, 0.19 mmol) in 0.5 ml of dry dichloromethane via canula.
Then Ar was bubbled through the reaction mixture for 10 min.
Then TFA (18 ll, 0.19 mmol) was added as catalyst. The reaction
vessel was shielded from light and stirring was continued for
20 hours under Ar at ambient temperature. Then the triethylamine
(26 ll, 0.19 mmol) and DDQ (90.8 mg, 0.4 mmol) were added
and the reaction mixture was stirred at room temperature for an
additional 2 hours.

After this period, silica gel was added and the solvent was
evaporated under vacuum. The resulting powder was placed at the
top of a short silica gel column. Increasing polarity elution with
light petroleum, light petroleum–ethyl acetate 4 : 1 gave porphyrin
7 (37 mg, 22%) as a dark brown–violet amorphous solid. [a]25 (c
3.8 × 10−3) [a]436 = −27 730; [a]546 = −16 798; [a]D = −14 132;
[a]633 = −13 332 For C102H84F10N4O10 (1715.7) calculated: 71.40%
C, 4.93% H, 3.27% N, 11.07; found: 71.74% C, 5.48% H, 2.60% N.
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(ii) To a solution of dipyrrylmethane 9 (100 mg, 0.32 mmol)
(ref. 44) in 67 ml of dry dichloromethane was added a solution of
aldehyde 1 (182 mg, 0.32 mmol) in 0.5 ml of dry dichloromethane
via canula then Ar was bubbled though the reaction mixture for
10 min. Then TFA (31 ll, 0.32 mmol) was added as catalyst. The
reaction vessel was shielded from light and stirring under Ar at
ambient temperature was continued for 20 hours. Then the triethy-
lamine (44 ll, 0.32 mmol) and DDQ (152 mg, 0.67 mmol) were
added and the reaction mixture was stirred at room temperature
for an additional 3 hours. After this period silica gel was added and
the solvent was evaporated under vacuum. The resulting powder
was placed at the top of a short silica gel column. Increasing
polarity elution with light petroleum, light petroleum–ethyl acetate
4 : 1 gave porphyrin 7 (73 mg, 27%) as dark brown–violet solid of
the same properties as had (i).

5,15-[Bis(pentafluorophenyl)]-10,20-[bis-(a-D-galactopyranosyl-
methyl)porphyrin (10). To a solution of porphyrin 7 (100 mg,
0.058 mmol) in CH2Cl2 1 ml and MeOH 2 ml 10% Pd(C) 90 mg was
added. The reaction mixture was stirred under H2 (atmospheric
pressure) at ambient temperature for one night. After filtration,
silica gel was added and solvents were evaporated under reduced
pressure. The resulting powder was placed at the top of a short
silica gel column. Increasing polarity elution with CHCl3, CHCl3–
MeOH 2 : 1 gave porphyrin 10 (37 mg, 63%) as dark green
amorphous solid.

UV (MeOH) kmax 410 (54600); 510 (5180); 543 (2340); 589
(1950); 647 (1970). 1H NMR 300 MHz (CD3OD): porphyrin
moiety −9.90 bs (4H), 9.05 bs (4H); sugar moiety −4.05–3.52
m (18H). 13C NMR 75 MHz (CD3OD): 151.17, 149.11, 145.19,
141.17, 137.73, 133.72, 129.79, 129.66, 71.51.71.12, 70.89, 70.67,
70.55, 70.21, 69.97, 37.76. For C46H36F10N4O10 (exact mass 994.23)
MS (m/z, FAB): 995.0 (M + H)+, 1011.1 (M + H2O)+.
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