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Synthesis of [n]Cyclo-5,15-porphyrinylene-4,4’’-biphenylenes
Displaying Size-Dependent Excitation-Energy Hopping
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Abstract: A set of 5,15-biphenylene-bridged porphyrin wheels,
namely, [n]cyclo-5,15-porphyrinylene-4,4’-biphenylenes
[n]CPB, have been synthesized through the platination of
5,15-bis(4-(pinacolboranyl)phenyl) nickel(II) porphyrin and
subsequent reductive elimination of PtII(cod)-bridged cyclic
porphyrin intermediates. The calculated strain energies for
[3]CPB, [4]CPB, [5]CPB, and [6]CPB are 49.3, 32.9, 23.5,
and 16.0 kcalmol¢1, respectively. UV/Vis absorption spectra
and cyclic voltammetry indicated characteristic ring-size-
dependent absorption-peak shifts and redox-potential shifts,
which presumably reflect the degree of strain in the p-systems.
Excitation-energy hopping (EEH) times were determined to be
5.1, 8.0, 8.0, and 9.6 ps for [3]CPB, [4]CPB, [5]CPB, and
[6]CPB, respectively, in a pump-power-dependent TA experi-
ment.

Cyclic porphyrin arrays have been explored extensively as
hosts for molecular recognition, models of artificial photo-
synthetic antenna complexes, and scaffolds for efficient hole
delocalization.[1] In most cases, bent structural motifs, such as
1,3-phenylene bridges, were incorporated to construct por-
phyrin wheels.[2, 3] In recent years, new synthetic strategies
have been invented for the synthesis of porphyrin wheels
from linear precursors. One strategy developed by Anderson
and co-workers involves template-assisted oxidative coupling
of meso-ethynyl zinc(II) porphyrins, which were thought not
to be suitable as precursors for porphyrin wheels. Various 1,3-
butadiyne-bridged cyclic oligomers were elegantly synthe-
sized by this method (Scheme 1).[4] Later, this synthetic
method was extended to include the Vernier template
strategy, which has enabled the synthesis of specific large
porphyrin wheels from linear oligomers through the use of
a suitable templating host molecule, thus highlighting its
effectiveness in overcoming the entropic disadvantages and
inherent structural strain associated with cyclization.[4c]

Another strategy makes use of a sequence of platinum(II)
bridging and reductive elimination. This strategy was initially

employed to synthesize cyclic 2,5-oligothiophenes and
[n]cycloparaphenylenes ([n]CPP),[5–7] and has been used for
the synthesis of nickel(II) [n]cyclo-2,12-porphyrinylenes
[n]CP from 2,12-diborylated NiII porphyrins (Scheme 1b).[8]

An important factor in these syntheses is a preferred cis
geometry of the platinum-bridged nanoring intermediates,
which causes molecular curvature as a favorable structural
feature for nanoring formation. To prove the generality of this
strategy, we examined the synthesis of [n]cyclo-5,15-porphyr-
inylene-4,4’-biphenylenes ([n]CPB) as larger porphyrin
wheels from a linear 5,15-bis(4-(pinacolboranyl)phenyl) NiII

porphyrin precursor.
A solution of 5,15-bis(4-(pinacolboranyl)phenyl) nickel-

(II) porphyrin (1Ni) and [Pt(cod)Cl2] in THF was heated at
reflux in the presence of cesium fluoride (6 equiv) for 24 h to
afford a mixture containing platinum-bridged cyclic porphy-
rin intermediates.[9] After the solvent had been changed to
toluene, the mixture was refluxed in the presence of PPh3 to
promote reductive elimination (Scheme 2). Separation of the
products by repeated recycling preparative gel permeation
chromatography (GPC) with CHCl3 as the eluent, followed
by recrystallization, afforded cyclic oligomers: the cyclic
trimer [3]CPB, tetramer [4]CPB, pentamer [5]CPB, and

Scheme 1. a) Template-assisted synthesis of butadiyne-bridged cyclic
porphyrin oligomers. b) Two-step synthesis of [n]CP oligomers by
platination and subsequent reductive elimination.
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hexamer [6]CPB in 6.5, 4.8, 5.3, and 4.4 % yield, respec-
tively.[10] The parent-ion peaks of [n]CPB were observed at
m/z = 2677.23 (calcd for C180H174N12

58Ni3 : 2677.20, [M]+) for
[3]CPB, at m/z = 3569.53 (calcd for C240H232N16

58Ni4 : 3569.60,
[M]+) for [4]CPB, at m/z = 4462.16 (calcd for
C300H290N20

58Ni5 : 4462.01, [M]+) for [5]CPB, and at m/z =

5354.42 (calcd for C360H348N24
58Ni6 : 5354.41, [M]+) for

[6]CPB by matrix-assisted laser
desorption–ionization time-of-flight
mass spectrometry (MALDI-TOF
MS). When the platination reaction
was conducted at room temperature
for 4 days with the intention of facil-
itating the formation of larger oligo-
mers, oligomers larger than [7]CPB
were detected by MALDI-TOF MS
(see Figures S4–S10 in the Supporting
Information). However, poor yields
and low solubility have hampered the
isolation of such large wheels, and the
yields of [n]CPB wheels with n = 3–6
were even lower under these condi-
tions. None of the corresponding
[n]CPB rings were obtained from
either ZnII or free-base porphyrin
precursors under similar conditions,
thus suggesting that a NiII porphyrin
scaffold is of vital importance for the
successful formation of porphyrin
nanorings, in analogy with the forma-
tion of [n]CP systems.[8]

In line with the symmetrical (Dnh)
structures of the [n]CPB nanorings,
their 1H and 13C NMR spectra display
a single set of signals for the porphy-
rin and biphenylene bridge. In the
aromatic region of the 1H NMR spec-
tra of the [n]CPB oligomers
(Figure 1), two doublets due to the
porphyrinic b-hydrogen atoms (Hc

and Hd), two doublets due to the hydrogen atoms of the
biphenylene bridge (Ha and Hb), and signals due to the
aromatic hydrogen atoms of the 3,5-di-tert-butylphenyl
groups (He and Hf) are observed. The chemical shifts of the
signals for Ha and Hb are progressively shifted downfield,
nearer to the position of the signals of the reference monomer
1Ni, as the ring size increases. These shifts may be ascribed to
the bending effect (for angles q1 and q2, see the Supporting
Information), as seen in the case of [n]CPP.[7b] The chemical
shift of Hc remains at a rather constant position, but that of Hd

is shifted downfield as the ring size increases. The observed
chemical-shift change of Hd may be explained in terms of
increasing aromaticity and thus an increase in the diatropic
ring current of the NiII porphyrin, since the NiII porphyrin is
more distorted in the small wheel. The chemical shift of Hc is
dependent upon both the diatropic ring current of the NiII

porphyrin and the anisotropy of the meso-phenylene group.
These two factors may compensate each other in the case of
Hc. The He atoms in [3]CPB and [4]CPB are observed as
broad signals, probably owing to restriction of the free
rotation of the meso-aryl groups on the 1H NMR timescale.

The structure of the most distorted nanoring, [3]CPB, was
determined by X-ray diffraction analysis, which showed
a wheel structure with a diameter of 15–16 è (Figure 2).[11]

The NiII porphyrins were severely ruffled with mean-plane-
deviation (MPD) values of 0.373–0.420 è, which are slightly

Scheme 2. Synthesis of [n]CPB oligomers.

Figure 1. 1H NMR spectra of a) [3]CPB, b) [4]CPB, c) [5]CPB, d) [6]CPB, and e) 1Ni in CDCl3 at
room temperature.
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larger than those of meso-tetraaryl NiII porphyrin monomers
(0.2–0.3 è).[12] Structural optimization of [3]CPB was per-
formed by Gaussian 09, starting either from the crystal
structure (C1 symmetry) or with the
assumption of D3 symmetry.[13, 14] The
D3 conformer was found to be only
slightly higher in energy than the C1

form (ca. 1.2 kcalmol¢1). Therefore, we
used the structures optimized on the
basis of the assumption of Dn symmetry
(Table 1) for further consideration. The
strain energy was calculated by the
homodesmotic reaction model[13] to be
49.3, 32.9, 23.5, and 16.0 kcalmol¢1 for
[3]CPB, [4]CPB, [5]CPB, and [6]CPB,
respectively. As the number of porphy-
rin units increases, the dihedral angle
a between the p-phenylene and NiII

porphyrin units becomes larger,
whereas the dihedral angle b between
two p-phenylene units decreases.

Demetalation of the [n]CPB oligomers was examined by
treatment with sulfuric acid in trifluoroacetic acid. The
corresponding free bases were obtained and characterized
by MALDI-TOF MS and 1H NMR spectroscopy (see the
Supporting Information). However, these free-base porphyr-
ins were found to be rather unstable under ambient con-
ditions, which hampered their full characterization.[15] Indeed,

DFT calculations revealed the strain energy of the corre-
sponding free bases to be much higher than that of the NiII

complexes (67.2, 49.0, 41.2, and 32.6 kcalmol¢1 for the free-
base derivatives of [3]CPB, [4]CPB, [5]CPB, and [6]CPB,
respectively). Furthermore, the strain energies of the corre-
sponding ZnII complexes were calculated to be even larger.
These results again indicate the particular suitability of NiII

porphyrin scaffolds for accommodating the strained cyclic
structures.

Soret-like bands were observed at 435, 430, 428, and
427 nm and Q-like bands at 559 and 600 nm, 549 and 587 nm,
542 and 586 nm, and 540 and 586 nm in the UV/Vis
absorption spectra of [3]CPB, [4]CPB, [5]CPB, and
[6]CPB, respectively (Figure 3). Both the Soret and the Q-
like bands were red-shifted and broadened as the ring size
decreased. This trend can be explained on the basis of the
dihedral angle a. As the angle a becomes smaller, the

porphyrin unit becomes more conjugated to the biphenylene
segment, thus resulting in the red-shifts of the absorption
bands. Furthermore, a bent porphyrin chromophore itself
shows red-shifted absorption bands.[16]

Cyclic voltammetry (CV) and differential-pulse voltam-
metry (DPV) experiments were conducted for the [n]CPB
oligomers (see the Supporting Information). The electro-
chemical HOMO–LUMO gaps (DEHL) become smaller as the
ring size decreases, probably as a result of increased structural
distortion. DFT molecular-orbital energy calculations repro-
duced this tendency (see Figure S7-2). In both the HOMO
and the LUMO, the orbital coefficients are localized on the
porphyrin moiety, and the interaction between two porphyrin
units through the biphenylene linker is negligible (see Fig-
ure S7-3). The first oxidation and reduction potentials of
[6]CPB are similar to those of the NiII porphyrin monomer.

To examine the excited-state dynamics of the [n]CPB
systems, we measured their femtosecond transient absorption
(fs-TA) spectra (see the Supporting Information). The TA
spectra exhibited broad excited-state absorption (ESA) bands
at the initial stage, and subsequent rapid spectral changes led
to sharp derivative-like TA spectra as a result of the

Figure 2. X-ray crystal structures of [3]CPB, top view (left) and side
view (right). The asymmetric unit contains two molecules. tert-Butyl
groups, solvent molecules, and hydrogen atoms have been omitted for
clarity. The ellipsoids are scaled to 30% probability.

Table 1: Structures of [n]CPB, as calculated by Gaussian09 at the level of
B3LYP/6-31G(d) (for C,H,N) + LANL2DZ (Ni) with the assumption of Dn

symmetry.

Compound Diameter [ç] MPD [ç][a] a [88][b] b [88][c] DH [kcal mol¢1][d]

[3]CPB 16.0 0.376 63.1 56.2 49.3
[4]CPB 22.4 0.331 66.3 47.1 32.9
[5]CPB 26.9 0.300 67.9 43.5 23.5
[6]CPB 33.1 0.274 68.9 41.4 16.0

[a] Mean-plane deviation defined by the average distance between the
mean plane of 24 core atoms and each atom. [b] Dihedral angle between
the NiII porphyrin plane and the p-phenylene unit. The porphyrin plane
was defined by the connecting meso-carbon atom and two neighboring
carbon atoms. [c] Dihedral angle between the two p-phenylene planes.
[d] Strain energy calculated by the homodesmotic reaction model (for
calculation details, see the Supporting Information).

Figure 3. UV/Vis absorption spectra of [n]CPB oligomers and the monomer in CH2Cl2.
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formation of a NiII 3(d,d) state. These spectral features are
characteristic of NiII porphyrin derivatives.[17] Generally, it
was previously reported that the excited NiII porphyrin
returns to the ground state by three main dynamic pathways.
First, upon photoexcitation, the excited NiII porphyrin
molecules in the 1(p,p*) state undergo energy transfer
within a sub-picosecond time frame to a NiII-centered
3(dz2 ,dx2¢y2 ) state, hereinafter referred to as the 3(d,d) state,
owing to a strong electronic interaction between the 1(p,p*)
state and the 3(d,d) state. Next, a vibrational cooling process
from the vibrationally hot 3(d,d) state to the relaxed 3(d,d)
state proceeds in 5–25 ps, followed by ground-state recovery
with a time constant of approximately 200 ps. Accordingly,
the TA decay profiles of the [n]CPB series are in good
agreement with these dynamics, and the time constants varied
slightly depending on the degree to which the structures were
ruffled, which directly affects their electronic energy levels.

To explore the excitation-energy migration processes
occurring in [n]CPB, we measured the pump-power-depen-
dent TA spectra by varying the averaged pump power (1, 2,
and 4 mW; Figure 4). The pump-power-dependent TA decay
profiles provide strong evidence for exciton–exciton annihi-
lation processes. Upon photoexcitation with high-density
photons, two or more excitons are generated within a mole-
cule. Then, adjacent excitons interact to form a doubly excited

state, which rapidly relaxes to the S1 state. The exciton–
exciton annihilation process occurs due to the migration-
limited process (Figure 4; see also Table S7).[16] In this regard,
we evaluated the time constant of the EEH dynamics by
extracting the hopping time (th) from the exciton–exciton
annihilation time (ta) according to Equation (1):[2d, 18, 19]

ta ¼ ðthðN2¢1ÞÞ=24 ð1Þ

Thus, the pump-power-dependent TA decay profiles were
fitted with three decay components as described above. In the
[n]CPB series, except in the case of [3]CPB, the fastest decay
component is regarded as the transition from 1(p,p*) to the
3(d,d) state, because this decay process does not show power-
dependent behavior. In contrast, [3]CPB exhibits pump-
power dependence in the fastest decay component (1.3 ps),
which indicates that [3]CPB exhibits competition between
the transition 1(p,p*)!3(d,d) and the exciton–exciton anni-
hilation process in the 1(p,p*) state. On the basis of the
annihilation times of 1.3, 5, 8, and 13 ps observed for [3]CPB,
[4]CPB, [5]CPB, and [6]CPB, we determined th times of 5.1,
8.0, 8.0, and 9.6 ps for [3]CPB, [4]CPB, [5]CPB, and [6]CPB,
respectively, by using Equation (1). The trend of a slower
EEH process for a larger [n]CPB ring may be directly related
to the increased distance between NiII porphyrin units. These
results are similar to our previous findings on the EEH times
in [n]CP.[8]

In summary, we synthesized a series of oligomers [n]CPB
through PPh3-mediated reductive elimination from PtII(cod)-
bridged intermediates. These novel cyclic porphyrin arrays
have moderate ring-strain energies. UV/Vis absorption spec-
tra and cyclic voltammetry indicated characteristic ring-size-
dependent absorption-peak shifts and redox-potential shifts.
Furthermore, EEH dynamics in [n]CPB were analyzed in
pump-power dependent TA experiments. Denickelation of
[n]CPB gave the corresponding free-base porphyrins, which
were rather unstable, thus indicating that a NiII porphyrin
scaffold is of vital importance for the successful formation of
the porphyrin nanorings.
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Figure 4. Pump-power-dependent TA decay profile of [n]CPB oligomers
in toluene.
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