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a b s t r a c t

Four novel dendritic molecules bearing a porphyrin core and peripheral cholic acid units (TPPh(Zn)
Tetra-CA, TPPh(2H) Tetra-CA, TPPh(Zn) Octa-CA and TPPh(2H) Octa-CA) have been synthesized by the
“click chemistry” approach, using azide-alkyne couplings. These compounds are fully characterized by 1H
and 13C NMR spectroscopy and MALDI-TOF. The optical properties of the dendronized porphyrins are
studied by absorption and fluorescence spectroscopy in different solvents, in order to study the
amphiphilic properties of the cholic acid units in combination with the optical response of the porphyrin
unit. After complexation with Zn, the metallated porphyrins (TPPh(Zn) tetra-CA and TPPh(Zn) octa-CA)
tend to form J-aggregates in solvents of different polarity, whereas the free base porphyrins TPPh(2H)
tetra-CA and TPPh(2H) octa-CA behaved differently. The aggregation phenomenon has been investigated
by varying the polarity of the environment, temperature and metallation.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Porphyrins are macrocyclic molecules which attracted much
attention from researchers due to their importance in both natural
and artificial chemical and biochemical systems. From the biolog-
ical perspective, some classes of porphyrins and their metallic
complexes play a key role in essential biological processes such as
oxygen transport and photosynthesis [1,2]. In the fields of chem-
istry and materials science, they have been widely studied due to
their vast range of potential applications including catalysis, elec-
trocatalysis and photodynamic therapy when they are used as
building blocks to engineer light-responsive systems. Of special
interest are the nonlinear optical properties of the porphyrin ag-
gregates for energy transfer to design artificial photosynthetic
systems, molecular photonic wires and multiporphyrin arrays as
artificial light-harvesting antennas [3e5].

The chemical modifications at their meso positions and the
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coordination chemistry either at the tetrapyrrolic core or the pe-
riphery give rise to a large number of porphyrin derivatives with
unique optical and electronic features. A variety of ligands have
been used to functionalize the porphyrin core, i.e., crown ethers,
phosphines and pyridines to name a few [1,5]. Moreover, the
porphyrin unit has been used as a core to design and synthesize
novel dendritic systems. In this case, the optoelectronic properties
can be tuned by modifying the structure of the dendrons, thus
extending the potential of porphyrin applications [6,7]. The fasci-
nating optical and electrochemical features of the porphyrin den-
drimers have inspired us to continue exploring them.We have been
working on the construction of dendritic systems by attaching
branches of different architectures to the porphyrin periphery. Very
recently, we reported the synthesis, photophysical and electro-
chemical properties of pyrene-dendronized porphyrins in order to
investigate the energy transfer (FRET) mechanisms in these sys-
tems [8e10]. The interesting outcomes of this workmotivated us to
continue exploring the optical and photophysical properties of
different dendritic porphyrin constructs, as well as the FRET phe-
nomena which occur in them.

On the other hand, the steroid scaffold is a large and rigid non-
conjugated structure prone to a variety of chemical modifications to
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Fig. 1. Synthesis of 4-(prop-2-1-yloxy)benzaldehyde (1) and 4-((3,5-bis(prop-2-yn-1-
yloxy)benzyl)oxy)benzaldehyde (3).
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generate derivatives with a well-defined architecture. These com-
pounds are suitable for the binding of polar species and therefore
may be potentially used in anion sensing [11]. In a previous work,
Vollmer and co-workers reported an energy transfer system based
on a bithienylporphyrin and an anthrylthiophene unit linked via a
rigid androstene bridge with the aim to investigate the influence of
distance, orientation and electronic communication between the
chromophores in intramolecular FRET processes. They found that
the steroid nucleus partially interrupted the energy transfer and
that may influence the parameters governing the efficiency of
F€orster-type FRET, which was assumed to be the most relevant
transfer mechanism within the system [12]. These findings
encouraged us to construct dendritic systems by attaching steroidal
nuclei to a porphyrin unit. Several synthetic routes can be used to
synthesize the porphyrinic dendrimers. The click reactions, namely
the copper (I)-catalysed 1,3-dipolar cycloaddition of azides and
terminal alkynes, produce in a regioselective manner the 1,4-
disubstituted 1,2,3-triazole products in high yields [13]. Since the
1,2,3-triazole group has a significant performance as a p-conju-
gated linker in intramolecular energy transfer processes [14,15], we
employed the click chemistry approach to link the cholic acid units
to the porphyrin core.

On the other hand, aggregation has been widely studied in
porphyrins, where H and J aggregates have been observed [16e23].
Particularly J-aggregates have a bright future in nanophotonics,
since they could operate in molecular plasmonic devices, where
they can feed nanostructures with absorbed light energy or serve as
self-assembled optical microcavities [23,24]. Many studies about
the formation of J-aggregates in porphyrins have been carried out
by different research groups focussing on applications such as pH
sensors, luminescence, electro and photoactivity [25e35].

In this work, we report for the first time novel dendritic por-
phyrins bearing cholic acid at the periphery and the study of their
optical and photophysical properties in terms of the meso-spacer
and the porphyrinic core. In addition, the aggregation phenomenon
was studied under different conditions in order to study the effects
of the following conditions on the self-assembly processes: polarity
of the solvent, presence of the triazole units, metallation of the
porphyrin and temperature.

2. Experimental part

2.1. Equipment

1H and 13C NMR spectra of all compounds involved in the syn-
thesis were recorded on a Bruker Avance 400MHz, operating at 400
and 100 MHz, for 1H and 13C, respectively, in CDCl4, MeOD4 or d6-
DMSO solution. The assignments of the signals are illustrated in the
Supporting Information (SI).

Absorbance spectra of the dendritic compounds were recorded
on a Cary Series UV vis NIR Spectrophotometer (Agilent Technol-
ogies) using quartz cells with a width of 1 cm, employing THF,
hexane and CHCl3 spectrometric grade as solvent. Fluorescence
spectra were recorded at room temperature on a Varian fluores-
cence spectrophotometer with a Xe-900 lamp exciting at 420 nm;
excitation and in both cases the emission slit widths were of 5 nm.
MALDI-TOF mass spectra were obtained using dithranol as matrix,
on a Bruker Daltonic Felx Analysis.

2.2. Reagents

All reagents employed in the synthesis were purchased from
SigmaeAldrich and used without further purification. The solvents
used in reactions were dried and purified by distillation and con-
ventional methods.
2.3. Synthesis of the dendritic molecules

2.3.1. Synthesis of 4-(prop-2-1-yloxy)benzaldehyde (1)
4-hydroxybenzaldehyde (5 g, 40 mmol) and propargyl bromide

(3.6 mL, 40 mmol) were reacted, with K2CO3 (8.28 g, 60 mmol) as
base and dry acetone (50 mL) as solvent, heating at 60 �C for 24 h
(Fig. 1). The crude product was filtered and purified by column
chromatography using a mixture of hexanes: ethyl acetate (9:1) to
give the desired product (1), which was isolated as a pale yellow
solid (5.18 g, 32.3 mmol). Yield: 80%.

1H NMR (400 MHz CDCl3) (SI-Scheme 1) d (ppm): 9.90 (s, 1H),
7.89e7.82 (m, 2H), 7.12e7.06 (m, 2H), 4.78 (d, J ¼ 2.42 Hz, 2H), 2.57
(t, J ¼ 2.40, 2.40 Hz, 1H).
2.3.2. Synthesis of 4-((3,5-bis(prop-2-yn-1-yloxy)benzyl)oxy)
benzaldehyde (3)

4-((3,5-bis(prop-2-yn-1-yloxy)benzyl)oxy)benzaldehyde (3)
was obtained by a multistep Williamson etherification reaction.
First, 3,5-hydroxibenzylalcohol (5 g, 36 mmol) and propargyl bro-
mide (8 mL, 89 mmol) were reacted in dry acetone (50 mL) at 60 �C
for 24 h. The crude product was purified by column chromatog-
raphy to yield (2) as a pale yellow solid. Secondly, an Appel reaction
was performed to give the corresponding alkyl bromide. This in-
termediate (1.68 g, 6.02 mmol) was further coupled in the presence
of 4-hydroxybenzaldehyde (0.74 g, 6.02mmol), using K2CO3 (3.32 g,
2.4 mmol) as base in dry acetone (50 mL) at 60 �C for 24 h (Fig. 1).
The crude product was purified by column chromatography using a
mixture of hexane: CHCl3 (3:7) as eluent to give the desired product
(3) as a pale yellow solid (1.41 g, 4.4 mmol). Yield: 73%.

1H NMR (400 MHz, CDCl3) (SI-Scheme 2) d (ppm) ¼ 2.69e2.64
(m, 2H), 4.81 (d, J ¼ 2.37 Hz, 4H), 5.23 (s, 2H), 6.72 (t, J ¼ 2.21,
2.21 Hz, 1H), 6.82 (d, J ¼ 2.17 Hz, 2H), 7.96 (d, J ¼ 8.71 Hz, 2H), 7.19
(d, J ¼ 8.69 Hz, 2H), 10.01 (s, 1H).
2.3.3. Synthesis of the porphyrin core
TPPh (2H) tetra-alkyne (4) was obtained using the Lindsey

method (Fig. 2) [36], which has been already reported in the liter-
ature. Pyrrole (0.495 mL, 7.1 mmol) and 4-(prop-2-1-yloxy)benz-
aldehyde (1) (1.13 g, 7.1 mmol) were dissolved in dry CH2Cl2
(31 mL); after 10 min of stirring BF3OEt2 (0.03835 mL, 0.71 mmol)
was added to the solution. Then, DDQ was added (0.709 g,
7.1 mmol) to the reaction mixture in order to achieve the oxidation
reaction. The crude product was purified by column



Fig. 2. Synthesis of TPPh (2H) tetra-alkyne (4) and TPPh (2H) octa-alkyne (5).
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chromatography using CH2Cl2 (100%) as eluent to give the product
(4) as purple crystals (90.1 mg, 0.108 mmol). Yield: 14%.

1H NMR (400 MHz, CDCl3) (SI-Scheme 3) d (ppm) ¼ �2.75 (s,
2H), 2.70 (dd, J ¼ 3.09, 1.66 Hz, 4H), 4.98 (d, J ¼ 2.38 Hz 8H), 7.36
(dd, J ¼ 9.02, 2.30 Hz 8H), 8.22e8.08 (m, 8H), 8.89 (s, 8H).

13C NMR (100MHz, CDCl3) (SI-Scheme 4) d (ppm)¼ 56.17, 75.84,
78.68, 113.13, 119.56, 135.49, 135.56, 157.46.

TPPh (2H) octa-alkyne (5) was obtained using the same proce-
dure described above (Fig. 2), employing 4-((3, 5-bis (prop-2-yn-1-
yloxy)benzyl)oxy)benzaldehyde (3) (500 mg, 1.56 mmol), pyrrole
(0.108mL,1.56mmol), BF3OEt2 (0.02mL, 0.16mmol), DDQ (354mg,
1.56 mmol) and CH2Cl2 (16 mL). The product was obtained as a
purple solid (200 mg 0.136 mmol). Yield: 35%.

1H NMR (400 MHz, CDCl3) (SI-Scheme 5) d (ppm) ¼ 2.58 (t,
J ¼ 2.39, 2.39 Hz, 8H), 4.78 (d, J ¼ 2.41 Hz, 16H), 5.32 (s, 8H), 6.68 (s,
1H), 6.91 (d, J ¼ 2.30 Hz, 4H), 7.35 (d, J ¼ 8.69 Hz, 8H), 8.12 (d,
J ¼ 8.70 Hz, 8H), 8.86 (s, 8H), �2.74 (s, 2H).

13C NMR (100 MHz, CDCl3) (SI-Scheme 6) d (ppm) ¼ 56.04,
75.79, 78.35, 101.89, 107.05, 113, 131.93, 135.42, 139.72, 150.45,
158.32, 158.98.
2.3.4. Metallation of the porphyrin core
The metallation of the porphyrin core was carried out by dis-

solving the porphyrin in chloroform with further addition of zinc
Fig. 3. Synthesis of TPPh (Zn) tetra-alkyn
acetate in excess (Fig. 3). The progress of the reaction was moni-
tored by TLC until the reaction was completed; after that, the re-
action mixture was filtered and the product was employed without
further purification.
2.3.4.1. TPPh (Zn) tetra-alkyne (6). TPPh (2H) tetra-alkyne (3)
(0.76 g, 0.914 mmol) was dissolved in CHCl3 (20 mL) until the so-
lution was homogenous. Then, Zn (OAc)2 (1.67 g, 9.14 mmol) was
dissolved in MeOH (50 mL) and added to the reaction mixture,
which was stirred overnight, filtered, washed with water, and dried
with Na2SO4. The desired product was obtained as a purple solid
(735 mg, 0.822 mmol). Yield: 90%.

1H NMR (400 MHz, CDCl3) (SI-Scheme 7): d ppm ¼ 2.70 (t,
J ¼ 2.36, 2.36 Hz, 4H), 4.99 (d, J ¼ 2.33 Hz, 8H), 7.37 (d, J ¼ 8.35 Hz,
8H), 8.17e8.12 (m, 8H), 8.86 (s, 8H).

13C NMR (100MHz, CDCl3) d ppm 56.19, 75.82, 78.74,113,120.58,
131.93, 135.36, 136.09, 150.44, 157.31.
2.3.4.2. TPPh (Zn) octa-alkyne (7). This reaction was carried out
employing the same procedure described above, in this case using
TPPh (2H) octa-alkyne (5) (0.56 mg, 0.38 mmol) and Zn(OAc)2
(0.698 g, 3.8 mmol). The desired product was obtained as a purple
solid (525 mg 0.342 mmol). Yield: 90%.

1H NMR (400 MHz, CDCl3) (SI-Scheme 8) d ppm ¼ 2.58 (t,
J ¼ 2.40, 2.40 Hz, 8H), 4.78 (d, J ¼ 2.40 Hz, 16H), 5.32 (s, 8H), 6.67 (t,
J ¼ 2.29, 2.29 Hz, 4H), 6.91 (d, J ¼ 2.27 Hz, 8H), 7.35 (d, J ¼ 8.64 Hz,
8H), 8.97 (s, 8H), 8.13 (d, J ¼ 8.59 Hz, 8H).

13C NMR (100 MHz, CDCl3) d (ppm): 56.04, 75.79, 78.35, 101.89,
107.05, 113, 131.93, 135.42, 139.72, 150.45, 158.32, 158.98.
2.3.5. Cholic acid azidation
The azidation of cholic acid was achieved according to the

method reported by Pore et al. [37] and the synthetic sequence is
illustrated in Fig. 4.
2.3.5.1. Methyl 3a, 7a, 12a-trihydroxy-5b-cholan-24-ate (8).
Cholic acid (20 g, 48.9 mmol) was dissolved in methanol (100 mL)
and H2SO4 (3 mL) was added as catalyst; the reaction mixture was
heated at 80 �C for 3 h. Then, the solvent was removed under
vacuum and the solid was extracted using ethyl acetate and water
(1:1). The obtained product was used in the next step without
further purification.
e (6) and TPPh (Zn) octa-alkyne (7).



Fig. 4. Synthesis of 3a, 7a, 12a-Trihydroxy 24-azido-5b-cholane (11).
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2.3.5.2. 3a, 7a, 12a-Tetrahydroxy-5b-cholane (9). For the next step
Methyl 3a, 7a, 12a-trihydroxy-5b-cholan-24-ate (8) (23 g,
54.5 mmol) was dissolved in THF at 0 �C. Afterwards, LiAlH4
(10.34 g, 272.5 mmol) was added slowly and the mixture was
stirred overnight. A mixture of water and ethyl acetate (4:2) was
added slowly in order to quench the reaction and the mixture was
stirred for 2more hours. Then, it was filtered under vacuum and the
product was purified by extraction using water, ethyl acetate and
brine. The organic phase was concentrated at reduced pressure and
the desired product was obtained as a white solid (19.9 g,
50.4 mmol). Yield: 92%.

1H NMR (400 MHz, DMSO-d6) d ppm 3.24e3.13 (m, 1H),
3.65e3.58 (m, 1H), 3.83e3.76 (m, 1H), 4.31 (t, J ¼ 4.76, 4.76 Hz, 2H),
4.09 (d, J ¼ 3.61 Hz, 1H), 4.00 (d, J ¼ 3.42 Hz, 1H), 0.9 (d J ¼ 6.5 Hz
3H) 0.60 (s, 3H), 0.81 (s, 3H).

2.3.5.3. 3a, 7a, 12a-Trihydroxy 24-mesyloxy-5b-cholane (10).
3a, 7a, 12a-Tetrahydroxy-5b-cholane (9) (3 g, 7.6 mmol) was dis-
solved in pyridine and the solutionwas placed in an ice bath at 0 �C.
Mesylchloride (0.6 mL, 7.6 mmol) was then slowly added and the
reaction mixturewas stirred for 30 min; then it was quenched with
water. The product was extracted using water, ethyl acetate and
brine. After that, the organic phase was concentrated under vac-
uum and the crude product was purified by column chromatog-
raphy using ethyl acetate and hexanes (7:3). The desired product
(10) was obtained as a white powder (500 mg, 1.05 mmol). Yield:
14%.

1H NMR (400 MHz, CDCl3) d (ppm): 0.71 (s, 3H), 0.91 (s, 3H),
1.02e0.97 (m, 3H), 2.99 (d, J ¼ 0.88 Hz, 3H), 3.67e3.58 (m, 2H),
3.90e3.83 (m, 1H), 4.05e3.98 (m, 1H), 4.60e4.46 (m, 1H).

2.3.5.4. 3a, 7a, 12a-Trihydroxy 24-azido-5b-cholane (11). 3a, 7a,
12a-Trihydroxy 24-mesyloxy-5b-cholane (10) (1 g, 2.38 mmol) was
dissolved in dry DMF. Then, sodium azide (0.873 g, 13.4 mmol) was
added and the reaction mixture was heated at 80 �C for 24 h. The
product was isolated by extraction using water, ethyl acetate and
brine. Afterwards it was purified by column chromatography using
ethyl acetate and hexanes (6:4). The desired product (11) was ob-
tained as a white powder (598 mg, 1.428 mmol). Yield: 60%.

1H NMR (400 MHz, CDCl3) (SI-Scheme 9) d ppm ¼ 0.70 (s, 3H),
0.93 (s, 3H), 1.0 (d, 3H), 3.62 (m, 2H), 3.86 (m, 1H), 3.9 (m, 1H), 4.01
(m, 1H).

2.3.6. Synthesis of modified porphyrins
After having obtained TPPh (Zn) tetra-alkyne (7), TPPh (Zn) octa-

alkyne (8) and the 3a, 7a, 12a-Trihydroxy 24-azido-5b-cholane (11)
we carried out the corresponding coupling reaction to obtain the
final products: TPPh (Zn) tetra-CA (12) and TPPh (Zn) octa-CA (13).

2.3.6.1. TPPh (Zn) tetra-CA (12). TPPh (Zn) tetra-alkyne (7) (200 mg,
0.2236 mmol) was added to a mixture of dry THF (2 mL) and Et3N
(2 mL) to get a homogeneous solution. Then 3a,7a,12a-Trihydroxy
24-azido-5b-cholane (11) (0.563 g, 1.34 mmol) and a catalytic
amount of CuBr(PPh3)3 were added. The resulting reaction mixture
was heated at 60 �C for 3 days; then the reactionwas quenched. The
crude product was obtained as a dark purple solid, which was
washed with methanol, acetone, ethyl acetate, chloroform and
dichloromethane. Finally the product (Fig. 5) was purified by col-
umn chromatography using CH2Cl2:MeOH (97:3) as eluent and
concentrated at reduced pressure to give a purple solid (0.42 g,
0.16 mmol) Yield: 73%.

1H NMR (400 MHz, DMSO-d6) (SI-Scheme 10) d ppm ¼ 0.62 (s,
12H), 0.84 (s, 12H), 0.98e0.93 (m, 12H), 3.63e3.57 (m, 4H),
3.71e3.65 (m, 4H), 3.87e3.80 (m, 4H), 4.20e4.16 (m, 4H, OH),
4.29e4.25 (m, 4H, OH), 4.34e4.29 (m, 4H, OH), 5.48e5.37 (m, 8H),
7.49e7.42 (m, 8H), 8.10e8.05 (m, 8H), 8.49e8.46 (m, 4H), 8.79 (s,
8H).

13C NMR (100 MHz, DMSO-d6) (SI-Scheme 11) d (ppm): 149.43,
142.27, 135.12, 131.45, 124.06, 119.83, 112.86, 79.10, 79.08, 71.02,
70.94, 66.18, 66.04, 61.43, 61.34, 61.29, 57.89, 48.52, 46.26, 45.69,
41.33, 36.85, 35.39, 34.01, 32.08, 31.8, 30.61, 29.22, 27.33, 26.11,
22.97, 17.36, 12.3.

MALDI-TOF-MS (SI-Scheme 12): m/z: calcd for
C152H200N16O16Zn: 2572.69; found 2572.47 [MþH] þ.

2.3.6.2. TPPh (Zn) octa-CA (13). TPPh (Zn) octa-alkyne (8) (100 mg,
0.0423 mmol) was dissolved in a mixture of dry THF (2 mL) and
Et3N (2 mL). Then, 3a, 7a, 12a-Trihydroxy 24-azido-5b-cholane (11)
(0.1773 g, 0.423 mmol) and a catalytic amount of CuBr(PPh3)3 were
added. The reaction mixture was heated at 60 �C for 5 days (Fig. 6).
The crude product was purified by column chromatography using
CH2Cl2:MeOH (97:3). Finally, the desired product was obtained as a
purple solid (155 mg, 0.0317 mmol). Yield: 75%.

1H NMR (400 MHz DMSO-d6) (SI-Scheme 13) d ppm ¼ 0.56 (s,
24H), 0.77 (s, 24H), 0.94e0.91 (m, 24H), 3.65e3.60 (m, 8H),
3.83e3.77 (m, 8H), 4.17e4.10 (m, 8H), 4.24e4.19 (m, 8H, OH),
4.37e4.26 (m, 8H, OH), 4.70e4.64 (m, 8H, OH), 5.25e5.19 (m, 16H),
5.35e5.31 (m, 8H), 6.83e6.80 (m, 4H), 6.97e6.94 (m, 8H), 7.47e7.41
(m, 8H), 8.12e8.07 (m, 8H), 8.38e8.35 (m, 8H), 8.83e8.79 (m, 8H).

13C NMR (100 MHz, DMSO-d6) (SI-Scheme 14) d (ppm):149.42,
142.05, 135.23, 131.72, 130.99, 124.01, 112.85, 107.08, 106.96, 70.98,
66.12, 61.39, 60.33, 56.27, 46.54, 45.32, 41.29, 36.82, 34.43, 31.83, 29,
26.16, 26.02, 24.14, 22.92, 22.64, 17.39, 12.36.

MALDI-TOF-MS (SI-Scheme 15): m/z: calcd for
C288H396N28O36Zn: 4886.93; found 4890.72 [MþH]þ.

2.3.7. Demetallation of TPPh (Zn) tetra-CA (12) and TPPh (Zn) octa-
CA (13)
2.3.7.1. TPPh (2H) tetra-CA (14). TPPh (Zn) tetra-CA (12) (61 mg,
0.0237mmol) was dissolved in THF and a few drops of concentrated



Fig. 5. Synthesis of TPPh (Zn) tetra-CA (12).

Fig. 6. Synthesis of TPPh (Zn) octa-CA (13).
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H3PO4 were added to the solution. The reaction mixture was stirred
for 24 h (Fig. 7). Once the reaction was completed the product was
isolated by biphasic extraction using THF andwater; the extractions
were repeated until the solution had a value of pH ¼ 6 and the
colour changed from green to purple. The organic phase was dried
with Na2SO4 and concentrated under vacuum. The desired product
was obtained as a purple solid (53.57 mg, 0.0213 mmol). Yield: 90%.
1H NMR (400MHz, DMSO-d6) (SI-Scheme 16) d ppm�2.86 (m, 2H),
0.60 (m, 12H), 0.83 (m, 12H), 0.97e0.92 (m, 12H), 3.70e3.64 (m,
4H), 3.78e3.74 (m, 4H), 3.86e3.82 (m, 4H), 4.21e4.16 (m, 4H, OH),
4.29e4.25 (m, 4H, OH), 4.36e4.31 (m, 4H, OH), 5.47e5.41 (m, 8H),
Fig. 7. Synthesis of TPPh
7.53e7.46 (m, 8H), 8.16e8.10 (m, 8H), 8.50e8.47 (m, 4H), 8.8 (s, 8H).
MALDI-TOF-MS (SI-Scheme 17): m/z: calcd for C152H202N16O16:

2507.55; found 2510.86 [MþH]þ.

2.3.7.2. TPPh (2H) octa-CA (15). TPPh (Zn) octa-CA (13) (50 mg,
0.0102 mmol) was treated under the same reaction conditions
described above, using the same demetallation and purification
methods (Fig. 8). The product was obtained as a purple solid
(44.3 mg, 0.00919 mmol). Yield: 90%.

1H NMR (400 MHz, DMSO-d6) (SI-Scheme 18) d (ppm) ¼ �2.80
(m, 2H) 0.49e0.45 (m, 24 H), 0.71e0.66 (m, 24H), 0.92e0.86 (m,
(2H) tetra-CA (14).



Fig. 8. Synthesis of TPPh (2H) octa-CA (15).
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24H), 3.66e3.57 (m, 8H), 3.56e3.49 (m, 8H), 3.75e3.68 (m, 8H),
4.12e4.06 (m, 8H, OH), 4.19e4.12 (m, 8H, OH), 4.33e4.27 (m, 8H,
OH), 5.23e5.19 (m, 16H), 5.35e5.32 (m, 8H), 6.80e6.78 (m, 4H),
6.96e6.95 (m, 8H), 7.47e7.44 (m, 8H), 8.14e8.11 (m, 8H), 8.35e8.33
(m, 8H), 8.86e8.82 (m, 8H).

MALDI-TOF-MS (SI-Scheme 19): m/z: calcd for C288H398N28O36:
4825.02; found 4849.67 [M þ H]þ.
3. Results and discussion

The synthesis of four novel dendritic compounds bearing a
porphyrin core and four or eight cholic acid units as peripheral
groups was carried out successfully by the use of click chemistry.
This approach consists on a series of azide-alkyne couplings, which
allows the preparation of highly functionalized dendritic molecules
under mild conditions. Furthermore, the demetallation was ach-
ieved from the corresponding metallated porphyrins in order to see
the influence of the metal on the optical and photophysical
properties.
3.1. Synthesis and characterization of the dendronized porphyrins

The dendronized porhyrins were synthesized as shown in
Figs. 5e8. Firstly, the cholic acid unit was functionalizedwithmulti-
step reactions to give a cholic acid derivative bearing a terminal
azide group (11) (Fig. 4). This intermediate was further coupled in
the presence of a functionalized porphyrin containing 4 and 8
terminal alkyne groups to give 12 and 13 (Figs. 5 and 6). The pre-
cursor porphyrins (4 and 5) were obtained by reacting 4 equiv of
pyrrol in the presence of 4 equiv of the appropriate benzaldehyde
derivative (Fig. 2). All the intermediates and final compounds
prepared in this work were characterized by 1H and 13C NMR
spectroscopy. The synthetic methods and the assignment of the
NMR signals are described in detail in the Experimental Section.

The 1H NMR spectrum of 4-(prop-2-1-yloxy)benzaldehyde (1)
shows the signal of the terminal alkyne proton at 2.57 ppm.
However, for 4-((3,5-bis(prop-2-yn-1-yloxy)benzyl)oxy)benzalde-
hyde (2) the terminal alkyne proton signal appears at 2.69 ppm,
which confirms the structure of these intermediates.

In the case of the porphyrin TPPh (2H) tetra-alkyne (3) the NMR
spectrum shows a singlet at 8.86 ppm due to the b-pyrrole protons,
followed by two doublets at 8.15e8.13 and 7.37e7.34 ppm
belonging to the orto and meta phenyl protons. In addition, a
doublet at 4.98e4.97 ppm due to methylene groups, a triplet at
2.69 ppm corresponding to the terminal alkyne proton and a singlet
at �2.75 ppm related to the porphyrin inner protons are also
observed.
For porphyrin TPPh (2H) octa-alkyne (4) the structure was also

confirmed by NMR spectroscopy. We observe a singlet at 8.86 ppm
due the b-pyrrole protons, as well as a series of signals located at
8.13e8.10, 7.36e7.33, 6.91e6.90 and 6.68e6.66 ppm corresponding
to the phenyl protons of the construct. A singlet at 5.31 ppm due to
CH2eO protons, followed by a doublet at 4.78e4.77 ppm belonging
to the CH2eC^C protons, a triplet at 2.58 ppm corresponding to the
C^CeH protons and a singlet at �2.75 due to the porphyrin inner
protons are also seen.

3.2. Metallation of the dendronized porphyrins

The metallation of the porphyrin core was carried out in the
presence of Zn (OAc)2 before the coupling reaction to avoid any
complexation of the porphyrin core with copper derivatives,
thereby obtaining the corresponding Zn-metallated compound
[38]. In both compounds, TPPh (Zn) tetra-alkyne (5) and TPPh (Zn)
octa-alkyne (6), the insertion of the metal was confirmed by 1H
NMR spectroscopy due to the absence of the singlet arising from
the inner protons of the free base porphyrin, which usually appear
at �2.75 ppm.

Both dendronized porphyrins were obtained via click chemistry
using azide-alkyne couplings. For this aim, we employed mild
conditions that allow us to get a high functionalization of the
porphyrin core, using a small amount of solvent with a simple
purification.

In the 1H NMR spectra of TPPh (Zn) tetra-CA (12) and TPPh (Zn)
octa CA (13), two spectral changes reveal the success in achieving
the azide-alkyne coupling. The signal at 2.60 ppm due to the^CeH
proton disappeared, whereas a new signal at 8.40 ppm due to the
triazole protons appeared, thereby proving that the expected
coupling occurred.

3.3. Demetallation of the dendronized porphyrins

Finally, TPPh (Zn) tetra-CA (12) and TPPh (Zn) octa CA (13) were
demetallated (Figs. 7 and 8) to obtain the free-base derivatives TPPh
(2H) tetra-CA (14) and TPPh (2H) octa-CA (15), respectively. The
demetallation is confirmed by 1H NMR spectroscopy by the
appearance of the signal at �2.80 ppm (inner protons) and the
remaining signal at 8.40 ppm of the triazole protons.

3.4. Optical properties of the dendronized porphyrins

The absorption spectra of the free base porphyrins TPPh(2H)
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tetra-CA and TPPh(2H) octa-CA exhibited an intense absorption
band (Soret band) at 421 nm, due to S0 / S2 transition, followed by
a series of low intensity bands (Q bands) at 517, 553, 594 and
651 nm (see Table 1) arising from the S0/S1 transition. On the
other hand, the UVevis spectra of branched metallated porphyrins,
TPPh(Zn) tetra-alkyne, TPPh(Zn) octa-alkyne, TPPh(Zn) tetra-CA and
TPPh(Zn) octa-CA, showed a Soret band at 426 nm, corresponding to
the S0/S2 transition, followed by two Q bands at 559 and 599 nm,
due to the S0/S1 transition. After metallation the absorption bands
of the porphyrins showed a red shift compared to the non-
metallated porphyrins. Moreover, Zn-metallated porphyrins
exhibit two Q bands instead of four, because of their higher
symmetry.

In the emission spectra of the free base porphyrins, two bands
are observed at 650 and 721 nm due to the S1 / S0 transition (see
Table 1). By contrast, in the corresponding metallated porphyrins
these bands appear at 605 and 650 nm, thereby showing a signif-
icant blue shift.

3.5. Aggregation in function of the polarity of the solvent

With the aim to study the effect of the polarity of the solvent on
the self-assembly behaviour, we prepared 2 mM solutions of TPPh
(Zn) tetra-CA (12) and TPPh (Zn) octa-CA (13) using THF as starting
solvent, and the percentage of water varied from 0 to 70%; the
aggregation was studied by monitoring the changes in the UVevis
spectra, the porphyrin concentration was kept in 2 mM (Fig. 9).

As soon as the polarity of the solvent increases, both metallated
porphyrins, TPPh (Zn) tetra-CA (12) and TPPh (Zn) octa-CA (13) start
to form J-aggregates, which is confirmed by a broadening of the
Soret band of TPPh (Zn) tetra-CA (12). In the case of TPPh (Zn) octa-
CA (13), a red shift of the Soret band from 427 to 433 nm is observed
in both compounds. Moreover, the Q bands exhibit also a significant
red shift from 558 to 664 nm.

3.6. Influence of triazole moieties

Similarly, to study how the presence of triazole units may affect
the self-assembly behaviour of the metallated porphyrins, we
prepared 2 mM solutions of TPPh (Zn) tetra-alkyne (5), TPPh (Zn)
octa-alkyne (6), TPPh (Zn) tetra-CA (12), and TPPh (Zn) octa-CA (13)
under the conditions mentioned above, increasing gradually the
quantity of water in order to see whether the J-aggregates are
formed (Fig. 10).

In TPPh (Zn) tetra-CA (12) and TPPh (Zn) octa-CA (13), the Soret
band exhibits a red shift. In the case of TPPh (Zn) tetra-CA (12) the
slight red is about 2 nm; the main difference is the spectral change
in the Soret band shape, since in TPPh (Zn) tetra-alkyne (6) this band
is sharp and well defined, whereas in porphyrin (12) the Soret band
is broader, showing a shoulder which indicates the presence of J-
aggregates [16]; in addition the Q bands show a red shift of 5 nm.
On the other hand, TPPh (Zn) octa-CA (13) shows a red shift of 3 nm
in the Soret band, compared to TPPh (Zn) octa-alkyne (7). This band
Table 1
Optical properties of the free base and metallated porphyrins in THF.

Compound Absorption
l (nm)

ε

(M�1 c

TPPh (Zn) tetra-alkyne 426, 559, 598 274,06
TPPh (Zn) octa-alkyne 426, 557, 599 474,23
TPPh (Zn) tetra-CA 426, 558, 599 550,22
TPPh (Zn) octa-CA 427, 557, 598 306,02
TPPh (2H) tetra-CA 421, 517, 553, 594, 651 342,02
TPPh (2H) octa-CA 421, 519, 554, 594, 651 516,98
resulted to be broader and the Q bands exhibit also a red shift of
3 nm compared to porphyrin (13). According to these results, it is
possible to remark the influence of the triazole units in the self-
assembly of the branched porphyrins in aqueous media. The
presence of this moiety makes possible the formation of J-aggre-
gates because of the possible interactions between triazole units
with Zinc (II).

3.7. Effect of the metallation

The metallation of the branched porphyrins plays an important
role in the formation of aggregates. To obtain a deeper insight, we
have studied themetallated porphyrins (TPPh (Zn) tetra-CA (12) and
TPPh (Zn) octa-CA (13)) as well as their free base analogues (TPPh
(2H) tetra-CA (14) and TPPh (2H) octa-CA (15)) by absorption spec-
troscopy (Fig. 11).

It is well known that the interaction of zinc (II)-porphyrins with
pyridine or imidazole tends to give a good association without
spoiling the photoexcited-state dynamics of porphyrins [39,40].
The Soret band is the most affected, showing a broadening and a
red shift due to the electron-withdrawing effect of the metal ion. In
the Zn-metallated porphyrins, the Soret band also changes in shape
due to the self-assembly process (aggregation) promoted by the
triazole-zinc (II) interactions. As soon as we remove the Zinc (II)
ions these interactions disappear and the self-assembly process do
not occur, which can be detected by the shape and wavelength of
the Soret band.

3.8. Effect of the temperature

The temperature is one of the main factors able to modify the
self-assembly process, so that we decided to perform some ex-
periments in order to monitor the formation of aggregates as a
function of the temperature and to study thermal stability of the
metallated porphyrins (Fig. 12).

It is worth noticing that in the absorbance spectra of TPPh (Zn)
tetra-CA (12) and TPPh (Zn) octa-CA (13), as soon as we increase the
temperature, the Soret band exhibits significant changes in shape
and shift. Enhancing the temperature provokes a disappearance of
the Zn-porphyrin-triazole interactions, thereby causing a dissoci-
ation of the J-aggregates. This can be observed by the changes in
shape and shift of the Soret band. In the case of TPPh (Zn) tetra-CA
(12) once the temperature increased the shoulder of the Soret band
vanished and the Soret band suffered a slight blue shift from 429 to
427 nm at 55 �C. On the contrary, upon the heating in the UVevis
spectrum of TPPh (Zn) octa-CA (13) the Soret band became narrower
and exhibited a blue shift from 439 to 435 nm.

3.9. Effect of the aggregates on the emission

The comparison of the emission spectra of compounds TPPh(Zn)
tetra-alkyne (6), TPPh(Zn) tetra-CA (12) (Fig. 13), TPPh(Zn) octa-
alkyne (7) and TPPh(Zn) octa-CA (13) (Fig. 14) confirms the
m�1 at)
Cut off
(nm)

Emission
l (nm)

Cut off
(nm)

9 650 605, 658 750
2 650 614, 656 750
0 650 608, 659 750
9 650 615, 655 750
6 700 657, 721 800
8 700 654, 719 800
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formation of porphyrin aggregates in THF:water and THF: hexane
solutions [41].

As we can see, TPPh(Zn) tetra-alkyne (Fig. 13 right) shows the
typical emission spectrum of a porphyrin in THF (black line).
However, as soon as we change the polarity of the media, using
mixtures THF:water 30:70 (red line), THF:Hexane 30:70 (blue line)
and THF:chloroform 30:70 (magenta line) we can observe signifi-
cant changes in the intensity of the emission bands, due to the
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formation of aggregates, which are less emissive.
When we performed the same experiments with TPPh(Zn)

tetra-CA (Fig. 13 left) this compound exhibited a typical behaviour
in THF, however, the emission spectra changed drastically in shape
and intensity in THF:water 30:70 (red line), THF:Hexane 30:70
(blue line) and THF:chloroform 30:70 (magenta line). It is worth to
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point out that in THF:water 30:70 and THF:hexane 30:70 this
compound showed a significant quenching in the emission bands,
arising from the formation of the aggregates. A similar behaviour
has been reported for other similar porphyrinic compounds, whose
aggregates showed poor emission intensity [41].

The emission spectra of compounds TPPh(Zn) octa-CA and
TPPh(Zn) octa-alkyne are shown in Fig. 14, left and right, respec-
tively. A similar behaviour has been also observed in these systems,
which confirmed the formation of aggregates as in the previous
case.

4. Conclusion

A new series of dendronized porphyrins containing cholic acid
units were synthesized and characterized. The absorption and
emission spectra show the characteristic bands of the porphyrin
core which are not significantly affected by the presence of the
cholic acid units. These compounds exhibit the typical Soret ab-
sorption of the porphyrin at ca. l ¼ 421 nm followed by four Q
bands between 500 and 700 nm. After metallation, the Soret band
red-shifts to ca. l¼ 421 nm and only two Q bands are observed. The
free base porphyrins show emission at ca. l ¼ 657 and 721 nm
whereas after metallation these bands are blue-shifted to ca.
l ¼ 605 and 658 nm. The aggregation phenomenon was studied as
a function of factors such as the polarity of the solvent, tempera-
ture, metallation and presence of the triazole rings. Increasing the
polarity of the solvent gives rise to the formation of J-aggregates.
On the other hand the metallated porphyrins containing triazole
units favour the formation of intramolecular J-aggregates due to
the triazole-zinc (II) interactions. Enhancing the temperature pro-
vokes a disappearance of the Zn-porphyrin-triazole interactions,
thereby causing a dissociation of the J-aggregates.
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