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There has been a strong interest in recent years in developing
multiporphyrin arrays through covalent or noncovalent
synthetic methodologies.[1–8] The synthesis of porphyrin-
based framework solids is also an active field.[9–12] These
multiporphyrinic systems are of interest because of their
potential application in a range of areas, such as electronics,
materials, catalysis, and medicine.[13–16] In fact, porphyrins are
one of the most attractive building blocks for supramolecular
systems. They offer a variety of desirable features, such as
rigid planar geometry, high stability, intense electronic
absorption and emission, a small HOMO–LUMO energy
gap, and the ability to tune their optical and redox properties
by changing the metal center.[6] During the past decade,
various synthetic strategies have been developed to make
multiporphyrin oligomers with linear, cyclic, and cross-linked
geometries. An elegant and versatile method developed by
Osuka and Shimidzu consists of a AgI-promoted coupling
reaction of meso-unsubstituted porphyrins.[17] This method
allows the preparation of porphyrin arrays in which the
constituent porphyrins are connected directly at their meso
positions without any extra linking atoms. By using this
method, Osuka1s group prepared a wide range of covalently

linked porphyrin arrays,[5] including meso-meso-linked linear
porphyrin arrays,[18] two-dimensional windmill arrays,[19]

three-dimensional gridlike arrays,[20] strapped meso-meso-
linked diporphyrins,[21] and cyclic arrays.[8,22] Further oxida-
tion of the meso-meso-linked porphyrin arrays under strong
conditions (DDQ and Sc(OTf)3) provides porphyrin
tapes[23, 24] and sheets (DDQ= 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone, OTf= trifluoromethanesulfonate).[25] These
fully conjugated porphyrin systems have planar structures
and display drastically red-shifted absorption spectra that
reach into the far-IR region, which reflects the extensive
p conjugation over the molecules. Other very interesting
linear,[26–29] dendritic,[30] and cyclic[31,32] multiporphyrin sys-
tems, as well as organometallic porphyrin arrays[33] have been
published in recent years. All of these well-defined multi-
porphyrin arrangements are interesting for application such
as molecular photonic and electronic wires. In particular, the
cyclic porphyrin arrays are excellent light-harvesting antenna
systems that mimic those found in the photosynthetic
system.[8,31]

Herein we report the synthesis of the novel heterocyclic
system [1,2,3]triazolo[4,5-b]porphyrin and its use in the
preparation of porphyrinic dimers and pentamers. The 1,2,3-
triazoles are an important type of heterocyclic compounds
and are being studied by many research groups because of
their theoretical interest and synthetic usefulness. They also
find numerous applications in industry, in medicine, and as
agrochemicals.[34, 35] 1,2,3-Triazoles can be synthesized by
many approaches;[36] one method involves the reaction of
sodium azide with alkenes bearing strongly electron-with-
drawing substituents to afford N-unsubstituted 1H-1,2,3-
triazoles in good yields. We have considered a synthetic
route involving the reaction of b-nitro-meso-tetraarylpor-
phyrins with sodium azide; in these reactions the porphyrins
should behave as nitroalkenes and the formation of triazolo-
porphyrins was anticipated. Indeed, the [1,2,3]triazolo[4,5-
b]porphyrins 2were obtained in moderate to good yields from
the reaction of nitroporphyrins 1 with NaN3. The alkylation
and arylation of the triazole moiety allowed easy access to
new porphyrinic materials with potentially interesting appli-
cations.

[1,2,3]Triazolo[4,5-b]porphyrins 2a,b[37] were prepared by
treating b-nitro-meso-tetraarylporphyrins 1a,b with sodium
azide in N,N-dimethylformamide (DMF, Scheme 1). The
reaction with porphyrin 1b occurs at room temperature, and
after 1.5 h product 2b was isolated in 80% yield; the reaction
with the less reactive porphyrin 1a requires stirring at 80 8C
for two days to afford 2a in 30% yield.

Scheme 1. Synthesis of triazoloporphyrins.

[*] P. S. S. Lacerda, Dr. A. M. G. Silva, Prof. Dr. A. C. Tom,,
Prof. Dr. M. G. P. M. S. Neves, Prof. Dr. A. M. S. Silva,
Prof. Dr. J. A. S. Cavaleiro
Departamento de Qu1mica
Universidade de Aveiro
3810–193 Aveiro (Portugal)
Fax: (+351)234-370-084
E-mail: jcavaleiro@dq.ua.pt

Prof. Dr. A. L. Llamas-Saiz
Unidad de Rayos X
Laboratorio Integral de DinDmica y Estructura de Biomol,culas Jos,
R. Carracido
Edificio CACTUS
Campus Sur
Universidad de Santiago de Compostela
15782 Santiago de Compostela (Spain)

[**] Thanks are due to the University of Aveiro, FundaG¼o para a CiÞncia
e a Tecnologia and FEDER for funding the Organic Chemistry
Research Unit. P. S. S. Lacerda and A. M. G. Silva also thank FCT for
their doctoral and postdoctoral grants, respectively.

Supporting information (full characterization data of synthesized
products) for this article is available on the WWW under http://
www.angewandte.org or from the author.

Angewandte
Chemie

5613Angew. Chem. 2006, 118, 5613 –5617 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



The structure of compounds 2a,b was unambiguously
established by spectroscopic data from mass spectrometry, as
well as UV/Vis and NMR spectroscopy (1H, 13C, 19F, and 2D
HSQC and HMBC). The NMR spectra showed the com-
pounds to be C2-symmetric and the UV/Vis spectra were
typical for etio-type porphyrins.[38] The main feature of their
1H NMR spectra is a singlet at low field attributable to the
resonance of the triazole NH proton (d= 11.32 ppm for 2a
and d= 12.38 ppm for 2b).

The synthesis of the closely related [1,2,3]triazolo[4,5-
b]phthalocyanine system was reported recently. However, a
completely different synthetic approach was used: 5,6-
dicyano-1H-benzotriazole was prepared first, and then it
was used to synthesize tetra-[39] and monotriazolophthalocya-
nines.[40] 1N-Amination of the latter compound and oxidation
of the resulting amino derivative resulted in the generation of
a dehydrophthalocyanine, which could be trapped in situ with
several dienes to afford the corresponding Diels–Alder
adducts.[41]

The N-alkylation and N-arylation of triazoloporphyrins 2
are convenient routes to other porphyrinic derivatives. For
example, their methylation and benzylation afford mixtures
of the isomeric products 3 and 4 (Scheme 2). The ratio of the

two isomers in each reaction can be controlled by the choice
of solvent used (Table 1). As an example, N-methylation of 2a
with dimethyl sulfate in boiling acetone favors the formation
of the 2-methyl isomer, whereas the main product in toluene
is the 1-methyl isomer. A similar effect is observed with
porphyrin 2b.

The 1H NMR spectra of compounds 4a1 and 4b1 are
similar to those of the corresponding N-unsubstituted pre-
cursors, except for the presence of a singlet ascribed to the N-
methyl group and the absence of the singlet at low field
assigned to the NH proton. The 1H NMR spectra of the 1-
methyl derivatives 3a1 and 3b1 show clearly that these
compounds are not symmetrical. A NOESY spectrum of 3a1

shows space proximity between the methyl group and a
phenyl group, thus confirming substitution at triazole N-1. In
the 1H NMR spectrum of 3b1 the two protons of the
porphyrin nucleus appear as two singlets at d=�3.11 and
�3.06 ppm,which indicates that the macrocycle tautomers are
not degenerated.

Benzylation of porphyrin 2a with benzyl bromide in DMF
afforded compounds 3a2 (13% yield) and 4a2 (72% yield),
along with some precursor 2a (13%). Under similar con-
ditions, benzylation of 2b was highly selective; the 2-benzyl
isomer was obtained in 90% yield and only a trace amount of
the 1-benzyl isomer was present.

The N-arylation of triazoloporphyrins 2 was carried out
using 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin
(TPFPP) as arylating agent. The reaction of triazoloporphyrin
2a with an excess of TPFPP (2 equivalents) for 4 h at 80 8C
afforded dyad 5a in 57% yield and other minor compounds
whose mass and 19F NMR spectra are consistent with further
fluorine substitution (triads and tetrads). The formation of
dyad 5b required careful control of the reaction temperature:
it was obtained in 30% yield after stirring for 3 days at 60 8C,
with 35% of the triazoloporphyrin 2b being recovered. When
longer reaction times or higher temperatures were used, the

amount of side products increased significantly. When
TPFPP was treated with a large excess of triazolopor-
phyrin 2a (5 equivalents), the pentamer 6 was obtained
in 40% yield as the main product. The reaction occurred
smoothly for a period of 22 h and led to the substitution
of the four para-fluorine atoms of TPFPP by the
triazoloporphyrin. Such aromatic nucleophilic substitu-

Scheme 2. N-Methylation and N-benzylation of triazoloporphyrins.

Table 1: Yields of products obtained by N-methylation of 2a and 2b in
various solvents.

N-Methylation of 2a N-Methylation of 2b
Solvent 3a1 4a1 3b1 4b1

acetone 34% 59% 10% 80%
toluene 62% 15% 40% 55%
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tion of the para-fluorine on one or more phenyl rings of
TPFPP by amines and other nucleophiles is a well-known
reaction;[42, 43] it has recently been used to prepare galactose–
[44] and PEG–porphyrin[45] conjugates (PEG= poly(ethylene
glycol)).

The mass, 1H, 13C, and 19F NMR spectra of pentamer 6 are
consistent with the proposed structure. The UV/Vis spectrum
of 6 shows an etio-type pattern similar to that of the
triazoloporphyrin 2a, but with a bathochromic shift (10 nm)
of the Soret band. The electrospray ionization mass spectrum
does not show the expected [M+H]+ ion, but rather the peaks
corresponding to the multiply charged ions [M+2H]2+,
[M+3H]3+, and [M+4H]4+, which result from multiple
protonation of the molecule. Deconvolution of the ESIMS
spectrum reveals an ion withm/z 3516.190, which corresponds
to the monoisotopic mass (3516.035) of the [M+H]+ ion. The
simplicity of the NMR spectra of 6 is consistent with the high
symmetry of the molecule. The main features of the 1H NMR
spectrum are a singlet at d=�2.69 ppm, assigned to all the
NH protons of the five porphyrin nuclei, a singlet at d=

8.79 ppm, assigned to the eight b-pyrrolic protons of the
antipodal pyrrole rings of the four TPP moieties, a broad
singlet at d= 9.02 ppm, assigned to the sixteen b-pyrrolic
protons in the adjacent pyrroles of the four TPP moieties, and
a singlet at d= 9.29 ppm, assigned to the eight b-pyrrolic
protons of the TPFPP moiety. The 19F NMR spectrum shows
only two double doublets assigned to the ortho- and meta-
fluorine atoms.

Single crystals of 6were obtained by recrystallization from
a mixture of chloroform and methanol. The crystal and
molecular structures of 6 were determined by X-ray crystallo-
graphic analysis. The crystal is triclinic with space group P1̄
and Z= 2 (see Experimental Section). The molecules are
located around crystallographic inversion centers, and there-
fore there are two half molecules in the asymmetric unit of the
crystal cell. Figure 1 shows an overlay representation of the

two molecules with the central porphyrin rings used as a
reference. All the peripheral porphyrin moieties in both
molecules display the same tautomeric form; however, the
positions of the NH protons in the central porphyrin rings are
switched. The inner hydrogen atoms could not be found in the
difference Fourier synthesis map; nevertheless, their positions
were determined unambiguously by considering the signifi-
cant differences among the bond angles of the nitrogen atoms
(110.0(4), 105.6(4), 109.3(4), and 107.0(4)8 for N1, N101,
N201, and N301, respectively). The situation is the same for
the hydrogen atoms defining the tautomeric form of the
triazoloporphyrin rings (see Supporting Information for
values of the bond angles at the nitrogen atoms). All
triazoloporphyrin moieties display the same tautomeric
form (Figure 1), which is expected because of the fused
triazole ring.

In conclusion, we have shown that triazoloporphyrins,
which can be easily prepared from b-nitroporphyrins, are
valuable building blocks for the preparation of novel por-
phyrinic materials. Currently, we are extending these studies
to the synthesis of di(triazolo)porphyrins and their use in the
construction of molecular rods.

Experimental Section
5,10,15,20-Tetraphenyl[1,2,3]triazolo[4,5-b]porphyrin (2a): A solu-
tion of 1a (100.0 mg, 151 mmol) and sodium azide (29.6 mg, 455 mmol,
3 equiv) in DMF (20 mL), under a nitrogen atmosphere, was stirred
for 2 days at 80 8C. After cooling to room temperature, the product
was precipitated with an aqueous solution of citric acid, filtered, and
washed with water. The solid was dissolved in dichloromethane and
then washed with water. The organic phase was dried (Na2SO4) and
then concentrated. The residue was purified by column chromatog-
raphy (silica gel) using dichloromethane as eluent. Compound 2a (a
pink fraction) was then crystallized from dichloromethane/methanol
(30.0 mg, 30% yield).

5,10,15,20-Tetrakis(pentafluorophenyl)[1,2,3]triazolo[4,5-b]por-
phyrin (2b): A solution of 1b (50 mg, 49 mmol) and sodium azide
(3.2 mg, 49 mmol, 1 equiv) in DMF (10 mL), under a nitrogen
atmosphere, was stirred at room temperature for 1.5 h. Workup was
as described above. The residue was purified by column chromatog-
raphy (silica gel) using a mixture of dichloromethane/light petroleum
(7:3). Compound 2b was crystallized from dichloromethane/meth-
anol (80 mg, 80% yield).

Methylation of 2a : Reaction in toluene: To a solution of 2a
(15.9 mg, 24 mmol) and potassium carbonate (10.0 mg, 72 mmol,
3 equiv) in dry toluene (3 mL) was added an excess of dimethyl
sulfate (1 drop). This mixture was stirred under a nitrogen atmos-
phere at 80 8C overnight. After cooling to room temperature, the
reaction mixture was evaporated to dryness, and the residue was
recovered in dichloromethane, washed with water, and dried
(Na2SO4), and then the solvent was evaporated. The obtained residue
was purified by silica gel column chromatography using a mixture of
dichloromethane/light petroleum (1:1) to give two pink fractions. The
first fraction was 4a1 (2.5 mg, 15% yield) and the second was 3a1
(10.0 mg, 62% yield).

Reaction in acetone: The experimental procedure was similar to
that described above, but using acetone as solvent at reflux temper-
ature. The reaction of 2a (15.0 mg, 23 mmol) gave compound 4a1 in
59% yield (8.6 mg) and 3a1 in 34% yield (4.9 mg).

Methylation of 2b : Reaction in toluene: To a solution of 2b
(17.3 mg, 17 mmol) and sodium carbonate (5.4 mg, 51 mmol, 3 equiv)
in dry toluene (3 mL) was added an excess of dimethyl sulfate
(1 drop). This mixture was stirred for 2 h under a nitrogen atmosphere

Figure 1. Overlay of the two crystallographically independent molecules
of 6 showing the conformational similarities and the different locations
of the inner hydrogen atoms in the central porphyrin ring. The same
tautomeric form is shown for all triazoloporphyrin substituents. The
symmetry-related atoms are included to show the complete molecules.
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at room temperature. The reaction mixture was then evaporated to
dryness, and the residue was recovered in dichloromethane, washed
with water, and dried (Na2SO4), and finally the solvent was
evaporated. The obtained residue was purified by silica gel column
chromatography using a mixture of dichloromethane/light petroleum
(3:7) to give two brown fractions. The first fraction was 4b1 (9.4 mg,
54% yield) and the second was 3b1 (6.9 mg, 40% yield).

Reaction in acetone: To a solution of 2b (18.3 mg, 18 mmol) and
sodium carbonate (5.7 mg, 54 mmol, 3 equiv) in acetone (5 mL) was
added an excess of dimethyl sulfate (1 drop). This mixture was stirred
for 2.5 h under a nitrogen atmosphere at room temperature. Workup
was the same as described above. Compound 4b1 was obtained in
79% yield (8.6 mg) and 3b1 in 10% yield (2.0 mg).

Benzylation of 2a : To a solution of 2a (11.5 mg, 18 mmol) and
sodium carbonate (3.7 mg, 35 mmol, 2 equiv) in DMF (2 mL) was
added an excess of benzyl bromide (1 drop). This mixture was stirred
under a nitrogen atmosphere at room temperature for 2 h. Workup
was the same as described above for procedures with DMF. The
residue was purified by silica gel column chromatography. Elution
with a mixture of dichloromethane/light petroleum (6:4) afforded 4a2
(10.7 mg, 82% yield) followed by 3a2 (1.9 mg, 15% yield).

Benzylation of 2b : To a solution of 2b (24.2 mg, 24 mmol) and
sodium carbonate (5.0 mg, 48 mmol, 2 equiv) in DMF (2 mL) was
added an excess of benzyl bromide (1 drop). This mixture was stirred
under a nitrogen atmosphere at room temperature for 2 h. Workup
was the same as described above for procedures with DMF. The
residue was purified by silica gel column chromatography. Elution
with amixture of dichloromethane/light petroleum (2:8) afforded 4b2
(23.6 mg, 90% yield) followed by a trace amount of 3b2.

Dyad 5a : A solution of 2a (14.9 mg, 23 mmol), TPFPP (44.3 mg,
45 mmol, 2 equiv), and potassium carbonate (6.3 mg, 45 mmol,
2 equiv) in DMF (3 mL) was stirred under a nitrogen atmosphere at
80 8C for 4 h. Workup was the same as described above for procedures
with DMF. The residue was purified by column chromatography
(silica gel) using a gradient of dichloromethane/light petroleum. The
first fraction was the precursor TPFPP (2.7 mg, 6%), followed by 5a
(20.7 mg, 57% yield). Other minor fractions were discharged.

Dyad 5b : A solution of 2b (20.0 mg, 20 mmol), TPFPP (38.6 mg,
40 mmol, 2 equiv), and sodium carbonate (4.2 mg, 40 mmol, 2 equiv) in
DMF (4 mL) was stirred under a nitrogen atmosphere at 60 8C for
3 days. Workup was the same as described above for procedures with
DMF. The residue was purified by column chromatography (silica
gel) using a gradient of dichloromethane/light petroleum. The first
fraction was the precursor TPFPP, then 5b (11.2 mg, 29% yield), and
finally the precursor 2b (7.0 mg, 35%).

Pentamer 6 : A solution of TPFPP (5.9 mg, 6 mmol), 2a (20.0 mg,
30 mmol, 5 equiv), and potassium carbonate (4.2 mg, 30 mmol,
5 equiv) in DMF (2 mL) was stirred under a nitrogen atmosphere at
80 8C for 20 h. Workup was the same as described above for
procedures with DMF. The residue was purified by silica gel
column chromatography. Using a gradient of dichloromethane/light
petroleum, a pink major fraction was eluted, followed by several
other fractions, and precursor triazoloporphyrin 2a (15%). Themajor
product was identified as 6 (40% yield).

Crystal data for 6 : C220H122F16N32; triclinic; space group P1̄; a=
23.003(2), b= 23.446(2), c= 25.998(2) J, a= 63.8390(10), b=

83.8860(10), g= 88.325(2)8, V= 12511.0(18) J3, Z= 2; T=
120.0(1) K; M= 3517.51; m(MoKa)= 0.065 mm�1, crystal dimensions
0.38 L 0.37 L 0.07 mm3, 1.76� 2q� 36.208. In total 49763 reflections
were measured, of which 17325 were independent (Rint= 0.0653,
Friedel pairs merged) and employed for refinement: 2413 parameters,
5208 restraints, R1=� jFo�Fc j /�Fo= 0.0536 [I> 2s(I)], wR2=
[�w(F2

o�F2
c)

2/�wF4
o]

1/2= 0.1468 (all data); min./max. difference elec-
tron density �0.22/0.23 eJ�3. Intensity data were collected with a
Bruker SMART CCD X-ray diffractometer with MoKa radiation (l=
0.71073 J) and a graphite monochromator by performing four w-
scans (0.28 oscillation) at different f angle settings (0, 90, 180 and

2708). Raw images were integrated using SAINT+ ,[46] and the
resulting intensities were corrected from absorption effects and scaled
using SADABS.[47] Crystal cell constants were calculated by global
refinement. The structure was solved by direct methods with
SHELXD[48] employing real/reciprocal space recycling and peaklist
optimization and refined with no intensity cutoff using the block-
matrix least-squares refinement implemented in SHELXL97.[49] For
block-matrix refinement, the model was split into three blocks
containing approximately the same number of parameters. The
crystal packing of 6 left a big cavity located around the crystallo-
graphic inversion center at the unit-cell origin that is filled with
disordered solvent, probably a mixture of chloroform, methanol, and
water. The cavity is connected to symmetry equivalent ones through
narrower channels in a three-dimensional fashion. The void volume
per unit cell is 5194.2 J3 (41.3%). Attempts to model solvent
molecules into the solvent electron density did not result in an
acceptable model. The contribution of the disordered solvent to the
scattering factors was taken into account with PLATON/
SQUEEZE.[50] A total of 1560e� per unit cell was found, correspond-
ing to approximately 26 chloroform molecules per cavity, that is, 13
molecules per each molecule of compound 6, or even more molecules
if the disordered solvent is a mixture of chloroform, methanol, and
water. The crystal data reported earlier in this paper are given without
the contribution of the disordered solvent. Throughout the refine-
ment, bond length, bond angle, and planarity restraints were imposed
because the best diffracting crystal found diffracts only to 1.15 J
resolution. All non-hydrogen atoms were refined anisotropically with
suitable rigid bond and similarity restraints. Hydrogen atoms were
included as isotropic using a “riding model” in later stages of the
refinement. Molecular diagrams have been generated using Pymol.[51]

CCDC-276180 (6) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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