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ABSTRACT: Zinc and manganese complexes of porphyrin
triads have been synthesized and are shown to be efficient as
highly sensitive and selective tripod optical sensors for
amines at the picomolar level.

Dendron-type materials are of current interest for a multitude
of applications.1�5 Their unique structural features can

be tailored and controlled; the size and shape of the molecule
and the orientation of the functional groups, arising from their
three-dimensional architecture, can be designed for specific
applications.6

Multiporphyrin arrays have also been the focus of considerable
attention, resulting, in particular, from possibilities of incorpor-
ating multiple functionalities,7,8 designed specifically for ad-
vanced applications, including molecular optoelectronic gates,9

molecular photonic wires,10 optical switches,11 and light-harvest-
ing arrays.5 Because dendritic architectures allow for maximum
interactions between the chromophores, the construction of
branched multiporphyrin structures seems to provide an efficient
and alternative approach for the synthesis of porphyrin triads,12

which will maximize these interactions by taking advantage of the
synergy between the individual porphyrin constituents.

We report a straightforward methodology for the preparation
of a tripodal porphyrin system, linked through the branched triol
tris(hydroxymethyl)ethane, an interesting starting material for
the design of hyperbranched dendritic compounds.13 Combin-
ing a strongly interacting system with a highly conjugated struc-
ture, whose electronic distribution, in either central or radial
porphyrin sites,14 changes after interaction with a toxic analyte
(e.g., amines) are expected to allow sensing of low concentra-
tions of these chemicals. Amine detection is of particular impor-
tance15 because both aliphatic and aromatic amines can induce
toxicological responses at low concentrations.16 Aliphatic amines
are found in many wastewater effluents from industry, agricul-
ture, pharmaceuticals, and food processing,17 and their easy
detection is valuable in environmental and industrial monitoring,
food quality control, etc.18

The synthesis of compound 3 was accomplished via the
nucleophilic substitution reaction of tris(triflate) ether (2)19 with
5-(3-hydroxyphenyl)-10,15,20-triphenylporphyrin (1),20 using
Cs2CO3 as the base and dimethylformamide (DMF) as the
solvent and gave the triad 3 in 42% yield (Scheme 1). Metalation
of the porphyrin cavity was achieved by reflux with an excess of
ZnIIOAc2 or MnIIOAc2 during approximately 5 h. After

appropriate workup, the corresponding metalloporphyrin
triads 3a and 3b were obtained in 79% and 74% yield, res-
pectively. Characterization of the systems was achieved using
MS, NMR, and UV�vis.21

Full geometry optimization computational studies were car-
ried out for several possible conformers of compound 3, using the
semiempirical PM6 Hamiltonian22 available in MOPAC2009.23

This focused on a relatively large number of conformers with
different spatial organization levels, ranging from C3-symmetry
conformers in syn and anti configurations with M orientation24

to unsymmetrical (C1), termed nonorganized forms. We found
that the differences in the heats of formation between the lowest-
energy conformers found for each of the C3- and C1-symmetry
forms are relatively small, ca. 1 kcal/mol, showing that there
is not a large stability difference between them (Figure 1 and
Supporting Information, SI).

We have looked at the effect on the UV�vis spectra, recorded
in tetrahydrofuran (THF), of various structurally different
amines to test the synergic effect of the zinc(II) triad complex
3a as an optical sensor. Picomolar quantities of amines, with open
aliphatic chain (primary, secondary, and tertiary), secondary
cyclic (piperidine), tertiary cyclic (1,4-diazabicyclo[2.2.2]octane,
DABCO), and aromatic (pyridine) structures, were successively
added. The addition of amines leads, in most cases, to a 6 nm
bathochromic shift, except in the cases of pyridine (3 nm) and
triethylamine, where no change was observed. For example, with
piperidine, it was observed that the change in the zinc(II)
complex (as the triad) in UV�vis spectra started after the
addition of 13 pmol of piperidine to a solution containing 9.3 �
10�7 mol of the zinc(II) triad (Figure SI1 in the SI); with
dimethylamine and methylamine, a similar shift was observed
after the addition of 2 nmol and 20 pmol, respectively, while
DABCO required the addition of 100 pmol. In contrast, with
triethylamine no change was observed. These UV�vis spectral
changes were accompanied by similar modifications in the NMR
spectra (Figure 2) and were consistent with changes in the
electron density in the porphyrin ring caused by amine binding to
the metal ion. However, it is worth noting that only a gradually
shifting single set of peaks is observed for the β protons of
the triad. This indicates that the three porphyrin moieties are
equivalent on the NMR time scale, indicating fast ligand
exchange.

The actual dynamic binding equilibrium appears to be com-
plex andmay involvemore than one species (Figure SI3 in the SI).
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A binding constant was calculated for piperidine using UV�vis
data and gave a value of Kassoc = 9.8 � 104 M�1 (λ = 401 nm).
However, 105M�1 values forKassoc seem to be the limit for NMR
titration experiments25 and therefore no binding constant was
calculated in this case.

We have also carried out a UV�vis study on the effect of
amine with the corresponding manganese(III) porphyrin acetate
triad to test its potential in sensing applications. This shows the
typical 474 nm absorption band of manganese(III) porphyrins,
while no signal was seen in the NMR spectrum, suggesting the
species is paramagnetic, in agreement with this oxidation state.26

As with the zinc(II) complex, successive additions of amine lead

to alterations in the UV�vis spectra, in all cases, except with
pyridine and triethylamine. However, the spectral changes were
much more pronounced than those with the zinc(II) complex,
with a 35 nm hypsochromic shift of the B-band maximum, upon
addition of methylamine, whose progress can be seen in Figure 3.

Similar behavior was observed with the other amines tested,
but with differences in the sensitivity. The detection limit proved
to be the lowest (highest sensitivity) for the case of methylamine,
where 2 nmol was necessary to induce a minimal spectral change
in a solution containing 4.7 � 10�7 mol of the manganese(III)
triad. The association constant with methylamine, determined
from UV�vis spectra, gave a value of Kassoc = 7.71 � 104 M�1

(λ = 474 nm).
To confirm the synergic effect of the manganese(III) triad, we

tested the manganese tetraphenylporphyrin (MnIIITPP acetate)
and found that the sensing effect comes purely from the triad
system because only small changes in the spectrum of MnIIITPP
were observed upon the incremental addition of methylamine
(λ = 474 nm, Kassoc = 4.5 � 101 M�1). With both ions (Zn and
Mn), chosen as representative transition-metal ions (having di-
and trivalent oxidation states), no significant changes were ob-
served upon the addition of amines to the corresponding mono-
meric zinc or manganese tetraphenylporphyrins, while marked
spectral changes were seen with the triads, confirming the synergic
effect of the dendritic architectural structure, which allows for
excellent interaction between the chromophores and really es-
tablishes our intended pi�ece de r�esistance. In addition, differences
were observed in both the wavelength shifts and sensitivity with
the type of amine studied, which implies selectivity for these
systems. The two triads can readily be combined in a colorimetric
sensor array,27 to combine high sensitivity with selectivity for
amine detection.

In conclusion, zinc(II) and manganese(III) triads have been
synthesized and are effective as selective high-sensitivity sensors
for amines. With the reported triads, the dendron-type architec-
ture leads to a synergic effect, as shown by an ca. 170-fold increase
in binding, confirming amplification of the interactions between
the porphyrin counterparts and between them and the bound
substrates. These types of materials are likely to be important in
sensing not only these types of amines but also other analytes.
Work on this is currently underway.

In addition, the straightforwardmethodology used is currently
being extended tomore complex hyperbranched dendritic systems,
with advanced materials applications.

Scheme 1. Synthesis of the Triads 3, 3a, and 3ba

aReagents and conditions: (i) for 3, Cs2CO3, DMF, RT, 48 h; (ii) for 3a
(M = Zn): Zn(OAc)2, DME, 70 �C, 5 h (1:8 porphyrin/salt); for 3b
(M = Mn): Mn(OAc)2, DME, 70 �C, 5 h (1:10 porphyrin/salt).

Figure 1. PM6 calculation for a C3 syn M-oriented lowest-energy
conformer (blue, gray, red, and white represent nitrogen, carbon,
oxygen, and hydrogen, respectively).

Figure 2. Chemical shift variation (1H NMR) from the porphyrinic
β protons of the zinc(II) porphyrin triad 3a, resulting from titration
with piperidine [initial quantity of zinc(II) triad = 9.3 � 10�7 mol; the
solvent was THF].

Figure 3. UV�vis titration of 3b with methylamine, recorded in THF.
Number ofmoles of amine added (�10�8 mol): A, 0; B, 0.2; C, 0.6; D, 1;
E, 1.2; F, 1.6; G, 2; H, 2.4; I, 2.8; J, 3.2; K, 3.6; L, 4; M, 5; N, 6; O, 7; P, 8;
Q, 9.6; R, 10; S, 12. (b) Graphical response upon amine addition at
λ = 439 and 474 nm (initial number of moles of the manganese(III)
triad = 4.7 � 10�7 mol).
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