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Abstract: b,b-tripyrrin-bridged earring porphyrins were syn-
thesized through Suzuki–Miyaura cross coupling reactions.
These porphyrinoids have multiple cavities and can accom-
modate two or three metal ions per molecule. The structures of
the porphyrins have been elucidated by x-ray diffraction
analysis, and feature curved p planes. The electronic spectra of
the porphyrins exhibit near-infrared (NIR) absorptions and
metal insertion leads to red-shifted and intensified absorption
features. Electrochemical analysis and transient absorption
measurements indicated that the porphyrins exhibit effective
electronic communication between their central and peripheral
moieties.

Porphyrins, with their fascinating p-conjugated systems, are
favorable candidates for use in optoelectronic devices,
sensors, photovoltaic devices, pigments for phototherapy,
and nonlinear optical materials.[1] Modification of porphyrin
structures and manipulation of electronic interactions have
attracted much attention in recent years.[2] Porphyrins have
a central cavity that can accommodate one metal ion, while
expanded porphyrins have a much more flexible and larger
cavity that can accommodate one or more metal ions or
phosphorous atoms.[3] Herein we report the synthesis of b,b-
tripyrrin-bridged “earring” porphyrins (Scheme 1) which
possess multiple cavities and can complex up to three metal

ions. The side “ear” cavity of the earring porphyrin also acts
as a carbaporphyrinoid system, so we postulate that the “ear”
could exhibit some similar properties to carbaporphyrins.[4]

The earring metalloporphyrins are also similar to porphyrin
pincer molecules that may have potential catalytic activity.[2j]

To the best of our knowledge, a porphyrinoid monomer
with two or even three cavities has not been reported to date.
The short distance between the “ear” and the “face” means
that the metal insertion can effectively extend the electronic
conjugated systems and trigger activation of the electronic
interaction between the porphyrin (“face”) and the connected
tripyrrin (“ear”). Diboryltripyrrane 1 was synthesized
through Ir-catalyzed borylation of a tripyrrane precursor.[5]

b,b’-dibromo NiII porphyrin 2a was synthesized as previously
reported.[6] With 1 and 2 a in hand, 4a was prepared smoothly
through the Suzuki–Miyaura reaction (Scheme 2). After
oxidation and purification, 4a was obtained in 30% yield.
Although b,b’-diboryl NiII porphyrin and dibromotripyrrin
precursors are more easily synthesized than 1 and 2a,[2a]

neither of the target molecules was obtained. Earring
porphyrin 4a has a newly formed second cavity which could
accommodate a metal ion. In fact, treatment of 4a with
Pd(OAc)2 in dichloromethane/methanol at room temperature
resulted in facile metalation to provide metal complex 4 a-Pd
in 95% yield. The structures of 4a and 4a-Pd have been
assigned by their high-resolution ESI-TOF mass and 1H NMR
spectra.[8] The final structural confirmation of 4a and 4a-Pd
were obtained from single-crystal X-ray diffraction analysis
(Figure 1b, d).[7] Compound 4a has a smoothly curved plane
and the maximum displacement of the porphyrin plane is

Scheme 1. Structures of porphyrins, earring porphyrins, and their
metal complexes.
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0.659(3) è from the meso carbon atom. Both the C–N
distance 4.505(3) è and the N–N distance 4.064(4) è of the
newly formed cavity are longer than the N–N distance
(ca. 3.84 è) of porphyrin, so the new cavity is bigger than
the porphyrin central cavity. The dihedral angle between the
“face” and the “ear” is 162.12(4)88, and the N-C-Ni angle is
175.33(9)88. The C¢C distance between “face” and the “ear” is
1.450(3) è for 4a, 1.409(7) è for 4a-Pd.[8]

In 4a-Pd, PdII insertion resulted in an increase of the
maximum displacement of the porphyrin plane to 0.759(4) è,
a decrease in the dihedral angle between the “face” and the
“ear” to 150.5677(4)88, and a decrease in the N-C-Ni angle to
166.5687(4)88, thus inducing further curvature of the earring
porphyrin. The C–N and N–N distances of the second cavity
are also shortened to 4.14724(9) and 4.05732(4) è, respec-
tively. In order to expand this synthetic strategy, we attempted
to synthesize double earring porphyrin from 1 and
b-tetrabromoporphyrin. Firstly, synthesis of b-tetrabromo-
porphyrin from b-tetraboryl-5,10 bis(3,5-di-tert-butyl) NiII

porphyrin failed and resulted in mixtures with poor solubility.
Then we tried to synthesize the target molecule in a stepwise
reaction from 4b, which was prepared from 1 and 2b. After
borylation and bromination of 4b, b,b’-dibrominated 4b was
obtained in poor yield. Finally, we sought to synthesize
b-tetrabromoporphyrin again. After changing the tert-butyl
group on phenyl the phenyl substituent to an alkoxyl group,[9]

b-tetrabromoporphyrin 3 was successfully obtained in 85%
yield. The double earring porphyrin 5 was then prepared in
15% yield from the cross-coupling reaction of 3 and 1. The
parent ion peak of 5 was observed at m/z 2163.2833 (calcu-
lated for [C144H170N10NiO4]

+ 2163.2816 ([M]+)) in the high
resolution MALDI-TOF mass spectrum. The 1H NMR spec-
trum of 5 in CDCl3 at 25 88C shows singlet peaks at d = 17.18
and 15.9 ppm that arise from the meso-H and N–H protons,
respectively. Compound 5 could coordinate with a NiII ion in
the central cavity, and the two carbaporphyrinoid cavities
remained empty. Treatment of 5 with Pd(OAc)2 in dichloro-
methane/methanol at room temperature provided the metal
complex 5-Pd in 90% yield. The structure of 5-Pd was been
assigned from its high-resolution ESI-TOF mass and 1H NMR
spectra.[8] Fortunately, a crystal of 5-Pd suitable for single-
crystal X-ray diffraction analysis was obtained by slow solvent
diffusion of heptane to its solution in dichloroethane (Fig-
ure 1e, f). The earring porphyrin 5-Pd has a curvature that is
much bigger than that of 4a and 4a-Pd, with a “face”–“ear”
dihedral angle of 142.29(8)88, while the two “ears” are almost
perpendicular to each other, with a 75.26(4)88 dihedral angle.
The structure of 5-Pd is very interesting as the molecule
exhibits a helical “s” conformation, the maximum displace-
ment of the mean plane of the “ear” is 0.625(7) è while that
of the mean plane of the “face” is 1.071(5) è, the Ni–Pd
distance is 5.4966(4) è and the Pd–Pd distance is
10.9254(8) è. The C¢C distance between “face” and “ears”
is 1.420(8) è.[8]

The 1H NMR spectra and nucleus-independent chemical
shift (NICS) calculations indicated that the aromatic path-
ways of these earring porphyrins do not extend over the entire
molecule; two regions are separated in terms of aromaticity/
antiaromaticity. The porphyrin core is aromatic but the side

Scheme 2. Reported compounds. Ar1 = 3,5-di-tert-butylphenyl, Ar2 =3,5-
di-dodecyloxylphenyl, Bpin = pinacolatoboryl, M = metal, Mes= 2,4,6-
trimethylphenyl.

Figure 1. X-ray crystal structures of earring porphyrins. a) Top view of
4a, b) side view of 4a, c) top view of 4a-Pd, d) side view of 4a-Pd,
e) top view of 5-pd, and f) side view of 5-Pd. Thermal ellipsoids are at
the 50% probability level. Alkyl and alkoxyl groups and solvent
molecules are omitted for clarity. Disorder was found for aryl and
alkoxyl groups in 5-Pd.
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moiety is antiaromatic, as supported by the significant
deshielding of the N–H unit (d� 17.5 ppm) and NICS
calculations.[8] Further investigation of the aromaticity/anti-
aromaticity of earring porphyrins will be reported elsewhere.

The UV/Vis/NIR absorption spectra of earring porphyrins
measured in CH2Cl2 are shown in Figure 2. The absorption
spectra of 4 a and 5 are similar, showing broader Soret bands
and red-shifted Q-like bands as compared with porphyrin
monomers. Both 4a and 5 exhibit absorption features with
a weak Q-band tail which extends into the near infrared
spectral region (up to 900 nm). In sharp contrast, that of 4a-
Pd and 5-Pd show remarkably near-infrared absorptions from
700 to 1500 nm (Figure 2, inset), arising from effective p-
conjugation upon PdII insertion. Density functional theory
(DFT) calculations also revealed distinct differences between
the molecular orbitals of 4a (5) and 4a-Pd (5-Pd).[8] Also
more ruffled structures of NiII porphyrin moieties upon PdII

insertion have directly affected their electronic structures, as
evidenced by further red-shifted absorption spectral fea-
tures.[10]

In order to gain further insight into their electronic
properties, electrochemical analysis was performed.[8] The
results of cyclic voltammetry measurements for 4a, 4 a-Pd, 5,
5-Pd are summarized in Table 1. The reference NiII porphyrin
monomer exhibits an oxidation potential at 0.48 V and
a reduction potential at ¢1.83 V, and the electrochemical
HOMO–LUMO gap can be estimated to be 2.31 eV. The
electrochemical HOMO–LUMO gaps of these earring por-
phyrins are significantly lower than 2.31 eV. Both oxidation
and reduction potentials of these earring porphyrins were
split, thus indicating the presence of effective electronic
communication between the “face” and “ear” moieties. The
first oxidation potential (vs. Fc/Fc+) is decreased from 0.38 V
for 4a to 0.21 V for 4a-Pd, and the first reduction potential is
increased from ¢1.23 V for 4a to ¢0.99 V for 4a-Pd. For 5a
and 5a-Pd, we also observed the same trend, which results in
a substantial decrease of the HOMO–LUMO gap by metal-
ation of the side cavities. The optical HOMO–LUMO gaps

estimated from the absorption maxima are in full agreement
with the electrochemistry results. Density functional theory
(DFT) calculations also revealed distinct differences between
the molecular orbitals of NiII porphyrin, earring porphyrins
(4a, 5), and earring PdII porphyrins (4a-Pd, 5-Pd).[8] These
results reveal effective delocalization of the p-electronic
system after modifying the molecular structure through
1) connection of porphyrin with tripyrrin to form the earring
porphyrin and 2) PdII insertion into the side cavity. Figure S22
in the Supporting Information shows that the order of the
gaps obtained from the simulation agrees well with that from
our experimental findings.

To investigate the excited-state dynamics of a series of
earring porphyrins, we carried out femtosecond transient
absorption (fs-TA) measurements. Firstly, we measured the
fs-TA spectra of the reference monomer. The TA spectra of
the reference monomer exhibit typical characteristic features
of NiII porphyrinoids, namely overall blue-shifted excited-
state absorption (ESA) with a sharpened shape, which is
a characteristic feature when the (d,d) state is rapidly
populated upon photoexcitation. This spectral signature is
indicative of fast deactivation from the S1(p,p*) state to the
vibrationally hot (d,d) states followed by a cooling process to
the lowest (d,d) state and subsequently a relatively slow
relaxation from the lowest (d,d) state to the ground state
(Figure S28).[11] As shown in the TA spectra and their decay
profiles of 4a and 5 (Figure S26), we also could partly observe
similar spectral features of NiII porphyrinoids except for very
fast deactivation of S1(p,p*) state to the (d,d) state. This
feature presumably originates from strongly perturbed elec-
tronic structures of earring porphyrins by a direct connection
between NiII porphyrin and earring moieties. Nevertheless,
the TA spectra of 4a and 5 exhibit small spectral shifts arising
from the vibrational cooling processes (3.8 and 5.4 ps) in the
(d,d) state followed by relaxation from the lowest (d,d) states
to the ground state. The TA spectra and their decay profiles of
4a-Pd and 5-Pd are shown in Figure S27. They are too
complicated for the assignment of excited-state dynamics as
PdII insertion results in heterometallic species that allow more
electronic interactions between the (d,d) and (p,p*) states
than those that contain only NiII metal (4a and 5). However,
the TA spectra do show several distinct features compared
with compounds 4 a and 5. In particular, unlike the spectral
shifts shown in the ESA region for monomer, 4 a, and 5, the
TA spectra of PdII-inserted earring porphyrins (4a-Pd and 5-
Pd) were shifted into the blue region and then back again into
the red to the ESA signals at around 525 and 650 nm.

Figure 2. UV/Vis/NIR absorption spectra of earring porphyrins 4a, 5,
4a-Pd, and 5-Pd in CH2Cl2. The inset shows the enlarged Q-like bands
in the absorption spectra of earring porphyrins.

Table 1: Summary of electrochemical potentials.

Compound EOX,1 Ered,1 DEHL
[a] DEop

[b]

Reference[c] 0.48 ¢1.83 2.31 2.36
4a 0.38 ¢1.23 1.61 1.32
5 0.38 ¢1.13 1.51 1.24
4a-Pd 0.21 ¢0.99 1.20 0.99
5-Pd 0.16 ¢0.90 1.06 0.88

[a] Electrochemical HOMO–LUMO gap, DEHL = EOX,1¢Ered,1(vs. Fc/Fc+);
[b] DEop was calculated from the absorption spectra; [c] 5,10,15-tri(3,5-
di-tert-butylphenyl)porphyrinato nickel(II) monomer.
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Furthermore, the fastest decay components of 0.9 ps¢1 and
0.4 ps¢1 are assumed to be rate constants for the newly formed
intersystem crossing (ISC) pathways which arise from
a heavy-atom effect induced by PdII and were therefore not
observed in 4a and 5. Thus, upon photoexcitation, a competi-
tion between deactivation pathways occurs; one for the
S1(p,p*) decay to the vibrationally hot (d,d) states in NiII and
the other for the S1(p,p*) deactivation by ISC, and then
followed by cooling processes (7.7 and 2.5 ps) and subse-
quently relaxation to the ground state (345 and 435 ps).
Although, the excited-state dynamics of a series of metalated
earring porphyrins have been explored by TA measurements,
the exact determination of the interplay between the excited
states still remains to be clearly determined. Correspondingly,
further investigations on other types of earring porphyrins are
currently underway.

In summary, b,b-tripyrrin-bridged earring porphyrins
have been synthesized through Suzuki–Miyaura coupling
reactions. These earring porphyrins have two or three cavities
that can each accommodate a metal ion. The structures of
these earring porphyrins have been elucidated by X-ray
diffraction analysis. These earring porphyrins exhibit near-
infrared (NIR) absorptions and curved p planes. Metalation
causes a further red-shift in and increases the intensity of the
NIR absorption, and results in an increase in the curvature of
the molecule. Electrochemical analysis and TA measure-
ments indicated that the porphyrins exhibit effective elec-
tronic communication between the “face” and “ear” moieties.
The present work is an important advance towards develop-
ing new porphyrinoids with NIR absorption and multimetal
coordinative properties. Exploration of their metal coordina-
tive, magnetic, photophysical, aromaticity/antiaromaticity,
and catalytic properties and development of new earring
porphyrins are ongoing.
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