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ABSTRACT: The first synthesis of meso-fused carbapor-
phyrin via a premodification method was accomplished by
substituting two pyrrole moieties and one meso-carbon
with 2-(naphthalen-1-yl)thiophene. The obtained global π-
conjugation pathway of the macrocycle noticeably disturbs
the 10π local aromaticity of naphthalene, and its aromatic
nature was supported by NMR spectroscopy together with
nucleus-independent chemical shift, anisotropy of the
induced current density, and harmonic oscillator stabiliza-
tion energy calculations. In addition, the meso-fused
carbaporphyrin also allowed the formation of a square
planar PdII complex.

Porphyrin (1) is a natural pigment and aromatic macrocycle
having four pyrroles that are fully conjugated with four

meso-carbons. Its importance in living organisms cannot be
disregarded (Figure 1).1 Unlike natural porphyrins, new
synthetic porphyrins (porphyrinoids) have been obtained either
from direct synthetic precursors of the target molecule
(premodifications) or from postmodifications of known
porphyrins. These porphyrinoids have drawn considerable
interest due to their different π-conjugation pathways from
those of natural porphyrins, a variable degree of aromaticity, and
their own unique metal coordination chemistry.2 To obtain new
porphyrinoids, premodification methods have been attempted
by replacing the pyrrole moieties with new building blocks rather
than simple thiophenes or furans (porphyrin (1) vs carbapor-
phyrin (2)). These synthetic approaches have been very
challenging, and their rich chemistry has been proven in the
field of synthetic porphyrinoid chemistry. Listed examples
include o-(or p)-benziporphyrins,3 napthiporphyrins,4 oxy-
benziporphyrins,5 dithiaethyneporphyrin,6 azuliporphyrins,7

ferrocenothiaporphyrin,8 N-confused porphyrins,9 and neo-
confused porphyrins.10 On the other hand, many new
porphyrinoids have also been synthesized by postmodification
methods through common or known porphyrin intermediates.
Consequently, these postmodifications potentially need new
types of porphyrinoids that are formed via premodifications.
Both synthetic approaches have their own merits. Thus, meso-
fused porphyrins (4)11−14 have been successfully accomplished
from porphyrin intermediates such as meso-haloporphyrins,12

meso-unsubstituted β-haloporphyrins,13 and zinc(II) 2,3,12,13-
tetrabromo-tetraphenylporphyrin14 via postmodification techni-
ques. Structurally, meso-fused porphyrinoids are similar to
corroles (3), contracted porphyrinoids formed by removing one
of the meso-carbons of porphyrin. To date, to the best of our
knowledge, meso-fused porphyrins have been rarely synthesized
via a premodification method.15 Herein, we report the first
synthesis of a meso-fused carbaporphyrin (5)16 via a
premodification method using a new motif, 2-(naphthalen-1-
yl)thiophene to replace two pyrroles and one meso-carbon,
instead of one pyrrole. In this communication, its reduced
aromaticity, unique electronic pathway that noticeably disturbs
the 10π local aromaticity of naphthalene, and metal coordination
chemistry are discussed in connection with this new motif.
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Figure 1. (a) Simplified structures of porphyrin (1), carbaporphyrin (2),
corrole (3), meso-fused porphyrin (4), and conceptual drawings of the
meso-fused carbaporphyrin (5) and its synthetic method reported
herein. (b) Two different synthetic approaches (pre- vs post-
modification.
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The synthesis of carbaporphyin (11) was achieved by a
modified [2 + 2] condensation of the naphthalene biscarbinol
derivative with a typical porphyrin precursor, dipyrromethane
(Scheme 1).17 A thiophene-substituted diformyl derivative (9)

was used as the building block to prepare the carbaporphyrin
because of the ease-of-handling of the product than the pyrrolic
congener. First, ethyl 8-iodo-2-naphthoate (6) was reduced with
diisobutylaluminium hydride (DIBAL) and subsequently
reoxidized to the corresponding formyl derivative (8).18 Then
the Suzuki coupling of compound 8 with 5-formyl-2-
thienylboronic acid afforded the corresponding dialdehyde 9 in
83% yield. Bis-carbinol (10) was obtained from compound 9 by a
Grignard reaction. Then a Lewis-acid-catalyzed [2 + 2] reaction
followed by the oxidation with 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ) produced the target macrocycle 11 in
15% yield. Compound 11 was characterized by standard
analytical techniques such as 1H, 13C, 2D-correlation spectros-
copy (COSY), and nuclear Overhauser enhancement spectros-
copy (NOESY) NMR spectroscopies and high-resolution mass
analysis.
Suitable single-crystals of 11were grown in CH2Cl2/n-hexane,

and the structure was unambiguously elucidated by X-ray
crystallographic analysis (Figure 2).19 Each atom of naphthalene
moiety is lying in a quasi-planar geometry with the range of
deviations (0.003−1.057 Å) from the mean plane (defined with
C5, C10, C15, and C19) (Figure S4 in the Supporting
Information). Most β-carbons of pyrroles and thiophene atoms
are located within 0.4−0.5 Å from the mean plane. In addition,
larger dihedral angles were found around bonds such as C15−
C16 (23.9°), C1−C19 (14.8°), and C4−C5 (10.7°) (Figure S5).
Supported by its relatively planar solid-state structure, the 1H

NMR spectrum of 11 is characteristic of aromatic porphyrins
(Figure 3). The peripheral β-CHs and naphthalene-CHs are
observed in the typical aromatic region (7.3−9.5 ppm). A
combination of D2O exchange and 2D NMR experiments
showed broad resonance peaks at 3.72 and 4.33 ppm that were
assigned to the internal C17H and NH groups, respectively
(Figure 3). The maximum difference between the chemical shifts

of the peripheral CH moieties and those of the interior CH or
NHmoieties is generally utilized as a benchmark for aromaticity.
The values of ΔδCH−CH = 5.7 (naphthalene) and ΔδCH−NH = 5.1
ppm were comparable to those of the weakly aromatic p-
benziporphyrin (δCH−CH = 5.35 ppm at 168 K),3b indicating the
presence of a weak diatropic ring current in 11. Moreover, the
whole local aromaticity of naphthalene is noticeably disturbed by
the global π-conjugation pathway of 11 due to its designed
coplanar geometry. Thus, this disturbance is not clearly observed
in 1,4-naphthiporphyrin.4b For example, ΔδCH−CH (naphtha-
lene) is less than 0.9 ppm for 1,4-naphthiporphyrin, while a larger
value (ΔδCH−CH = 5.7) is observed on the naphthalene part of 11
at 298 K. The above results indicate that meso-fused
carbaporphyrin is the very first aromatic macrocycle that
noticeably disturbs the whole local aromaticity of aromatic
molecules larger than 6π.
The UV−visible absorption spectrum of 11 in CH2Cl2 shows a

characteristic intense Soret band at 429 nm (ε = 6.02 × 104 M−1

cm−1) accompanied by broad Q-like bands at 642 nm (Figure 4).
These spectroscopic features of 11 likely resemble an aromatic
porphyrin with an 18π electron circuit. The freebase 11 also
exhibits a weak fluorescence emission at λmax = 685 nm, similarly
indicating the aromatic character (Figure S3).

Scheme 1. Synthetic Scheme of Meso-Fused Carbaporphyrin
and Its PdII Complex

Figure 2. Molecular structure of 11·CH2Cl2; (a) top view and (b) side
view without meso-phenyl groups. Thermal ellipsoids are scaled to the
50% probability level. Most hydrogen atoms and residual solvent
molecule are omitted for clarity. The potential hydrogen bonding is
denoted by a dotted line.

Figure 3. Partial 1H NMR spectrum of 11 in CDCl3 at 298 K. Inset
shows the upfield region of the spectrum. Peak labels correspond to the
systematic numbering shown in Scheme 1.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.6b01063
J. Am. Chem. Soc. 2016, 138, 4992−4995

4993

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01063/suppl_file/ja6b01063_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01063/suppl_file/ja6b01063_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01063/suppl_file/ja6b01063_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01063/suppl_file/ja6b01063_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b01063


To investigate the electronic structure of 11, density functional
theory calculations were carried out (Figure S11). The optimized
structure obtained by B3LYP/6-31G(d,p)-level calculations
showed a similar geometric structure to that of the crystal
structure. The reduced symmetric structure of 11 gave rise to the
disordered four frontier orbitals of porphyrins with a broken
degeneracy of HOMO and LUMO pairs (Figure S11). This was
attributed to the reduced aromatic nature. By using the
anisotropy of the induced current density (AICD) plot, the
three-dimensional delocalized electron densities can be
visualized with a vector field obtained by the current induced
by an external magnetic field at each point in space.20 As a result,
the well-delocalized macrocyclic densities are represented in the
structure of 11, and the clockwise ring current was thus
interpreted as its aromaticity (Figure S10). The weak aromatic
nature of 11 was further supported by moderately negative
nucleus-independent chemical shift (NICS) values (i.e.,
NICS(0) = −5.3 ppm) obtained at the central point of π-
conjugated pathways in 11 (Figure S8). Importantly, two
NICS(0) values at the center of the naphthalene ring (i.e., A
and B) were determined to be−14.0 and−6.3 ppm, respectively,
which are different from that of the original naphthalene (−8.6
ppm, B3LYP/6-31G(d,p)) as shown in Figure S9. This also
indicates the canonical conjugation circuit across the boundary of
the local naphthalene subunit. To gain further insight into the
canonical structures of 11 with either 18π or 22π-electron
conjugation pathways, harmonic oscillator stabilization energy
(HOSE) calculations were conducted based on the optimized
structure obtained from the X-ray structure (Figure 5 and Table

S3). These indices allowed the estimation of the contributions of
particular canonical structures in π-electron systems. The 22π-
electron conjugated contributor 11a probably best described the
structure of 11 with a higher rate of 31.9%, while the rest of the
structures 11b−d had a rate of 25.6%, 28.6%, and 14.0%,
respectively. Therefore, it should be noted that the 22π-
conjugative pathway in 11 is most likely; however, further
structural studies may be necessary in the future.
The central cavity of carbaporphyrin 11 offers a dianionic

coordination environment for metal ions with an “NNCS”mixed
donor upon the activation of the interior C−H bond. A
palladium(II) ion often affords a diamagnetic square-planar
complex with regular porphyrins.21 In some cases, carbaporphyr-
ins have shown unique metal-mediated skeletal transformations
via metal−arene interactions.22 Thus, the reaction of freebase 12
with palladium(II) acetate was conducted in CH2Cl2 containing
10% CH3CN (Scheme 1).23 After the chromatographic
purification of the product, the high-resolution mass spectrum
of the product showed the parent ion peak at m/z 750.1314
(calcd for C46H32N2PdS [M]+: 750.1321), indicating the
formation of a mononuclear complex, Pd-12. Consistent with
the mass data, the 1HNMR spectrum of Pd-12 in CDCl3 showed
the absence of the inner NH and CH signals in the entire spectral
region because of cyclopalladation (Figure S2). The pyrrolic β-
CHs resonated at 7.96, 7.82, 7.68, and 7.62 ppm, and the
thiophenyl β-CHs appeared at 8.41 and 8.00 ppm. This indicates
that the Pd complexation afforded similar geometric species as
that of the free base. The detailed structure of complex 12 was
also successfully confirmed by single-crystal X-ray diffraction
(Figures 6 and S6).19 The PdII metal center is connected by the

macrocyclic framework with bond lengths of 2.139 (Pd−N1),
2.025 (Pd−N2), 2.097 (Pd−C17), and 2.195 Å (Pd−S1). The
shorter metal−carbon bond may have originated from the
stronger σ-donor character of the naphthalene unit as observed
in other carbaporphyrins.24 The thiophene ring slightly tilted
toward the mean plane with an angle of 38.19° (Figure S7). This
distortion of the annulenic circuit reflects to the reduced
diatropicity in Pd-12.
The electronic absorption spectrum of Pd-12 shows split

Soret-like bands at 423 and 503 nm and a Q-like band at 694 nm
(Figure 4). Compared to the Q-band of 12, the band red-shifted
by 52 nm in Pd-12 (Figure 4). This reflects the redox properties

Figure 4. UV−vis absorption spectra of 11 and Pd-12 recorded in
CH2Cl2.

Figure 5. Possible canonical structures of 11.

Figure 6. X-ray crystal structure of Pd-12·MeOH. Thermal ellipsoids
are scaled to the 50% probability level. Most hydrogen atoms and
disordered solvent molecules are omitted for clarity.
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of the porphyrin upon metal complexation. Therefore, the
electrochemical properties of 11 and Pd-12 in CH2Cl2
containing 0.1 M n-Bu4NPF6 as the electrolyte were investigated
by cyclic voltammetry (Figure S13). In the voltammogram of 11,
two reversible oxidation waves were observed at Eox = 0.28 and
0.59 V (vs Fc/Fc

+), and one reversible reduction potential was
observed at Ered = −1.49 V. The estimated highest occupied
molecular orbital (HOMO)−lowest occupied molecular orbital
(LUMO) energy gap of 11was thus estimated to be 1.77 eV. The
CV of Pd-12 showed similar redox processes as 11 at 0.16, 0.84,
and −1.52 V. The Pd complex has a smaller HOMO−LUMO
energy gap (Egap = 1.68 V) than that of 11, consistent with the
theoretical energy gap (Figures S11 and S12).
In summary, we report the first synthesis of meso-fused

carbaporphyrin via a premodification method. The incorporated
naphthalene moiety in 11 has a coplanar geometry, thus leading
to significant disturbance in the whole local aromaticity of
naphthalene when compared to other reported naphthiporphyr-
in compounds. Macrocycle 11 showed a distinct diatropic ring
current in the NMR spectrum together with porphyrin-like
photophysical features, even though these effects are weak. The
electronic structure of 11 can be described as either an 18π or a
22π aromatic species as inferred from NICS, AICD, and HOSE
calculations. Derivative 12 formed a diamagnetic square-planar
PdII complex. The unique π-conjugation pathway of meso-fused
carbaporphyrin and its synthetic strategy to use 2-(naphthalen-1-
yl)thiophene as an intermediate could be applied to understand
other π-conjugation pathways and obtain new macrocycles.
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