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Abstract We describe an alternative methodology for the synthesis of
β-pyrazine-fused diporphyrins in high yields from 2-amino-5,10,15,20-
tetraphenylporphyrin nickel(II) derivatives by using p-dodecylbenzene-
sulfonic acid as an efficient Brønsted acid catalyst in 1,4-dioxane at
90 °C. The structural characterization, material morphology and elec-
tronic properties of the products are reported.
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β-Functionalized porphyrins with extended π-systems
have received significant attention in recent decades due to
their potential applications in optoelectronics, energy har-
vesting, electron-transfer processes and molecular devices.1
Previously, a number of synthetic approaches including
condensation of two chromophores,2 stepwise fusion on
the porphyrin periphery and a retro-Diels–Alder reaction3

have been reported for the construction of diverse fused
porphyrin analogues. Strategies such as oxidative annula-
tion,4 coupling5 or metal-catalyzed reactions6 are available
to synthesize β-pyrazine fused diporphyrins, but some of
these methodologies suffer from poor yields, tedious work-

up procedures and the formation of unwanted side prod-
ucts. Therefore, a facile and efficient synthetic protocol for
the synthesis of various π-extended pyrazine-fused dipor-
phyrins from readily available starting materials is desirable
so that the potential of these molecules can be exploited.

In the context of our efforts to develop new methodolo-
gies to construct β-functionalized porphyrins through pe-
ripheral functionalization of meso-tetraarylporphyrins,7 we
recently developed an efficient alternate method for the
synthesis of β-pyrazine-fused meso-tetraphenyldiporphy-
rin nickel(II) derivatives through p-dodecylbenzene-
sulfonic acid (p-DBSA)-catalyzed dimerization of 2-amino-
5,10,15,20-tetraphenylporphyrin nickel(II) (Scheme 1). The
newly synthesized porphyrins showed excellent photo-
physical properties as their electronic absorption spectra
were found to be redshifted with broadening or/and split-
ting in the Soret bands and revealed a reduction in the
HOMO-LUMO energy gap.

Furthermore, a single-crystal analysis of β-pyrazine-
fused meso-tetraphenyldiporphyrin nickel(II) (3) and elec-
tron microscopy showed a layered rectangular sheet (ca.
100 μm) type structure, which may be useful for various
applications in material science. In this communication, we
report the synthesis and characterization as well as photo-
physical and electrochemical studies of β-pyrazine-fused
meso-tetraphenyldiporphyrin nickel(II) analogues.

Scheme 1  Synthetic approaches to β-pyrazine-fused meso-tetraphenyldiporphyrin nickel(II) (3) from 2-amino-TPP (1)
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Initially, the synthesis of β-pyrazine-fused meso-tetrap-
henyldiporphyrin nickel(II) (3) was attempted by heating 2-
amino-5,10,15,20-tetraphenylporphyrin nickel(II) (1) in the
presence of 5 mol% p-DBSA as Brønsted acid catalyst in 1,4-
dioxane at 90 °C and the progress of reaction was moni-
tored by TLC. After one hour, the formation of β-pyrazine-
fused meso-tetraphenyldiporphyrin nickel(II) (3) was ob-
served as a green spot on TLC along with starting material.
Surprisingly, with time, no appreciable change was ob-
served in the formation of the desired product. After the
purification by column chromatography, the desired por-
phyrin product 3 was obtained in 7% yield (Table 1, entry 1).
To improve the yield of 3, attempts were made to optimize
the reaction conditions by varying the catalyst load and re-
action temperature (entries 2–9). The yield of the dipor-
phyrin 3 increased on increasing the catalyst loading from 5
to 20 mol% (entries 1–4), but a further increase in catalyst
loading resulted in a sharp decrease in the yield of dipor-
phyrin 3 (entries 5–6) due to the conversion of starting ma-
terial into an inseparable mixture of by-products. Similarly,
the yield of diporphyrin 3 was decreased when the reac-
tions were carried out at lower temperatures such as 25 and
60 °C (entries 7 and 8); while reaction at 100 °C provided
the desired product in moderate yield (entry 9). Therefore,
it was concluded that formation of diporphyrin 3 critically
depends on the catalyst load and reaction temperature,
with the optimum yield being obtained when the reaction
was carried out with 20 mol% p-DBSA at 90 °C for one hour.

Under the optimized reaction conditions, β-pyrazine-
fused meso-tetraphenyldiporphyrin nickel(II) analogues 3
and 4 were prepared8 in 74% and 82% yields, respectively, by
heating the corresponding precursors 2-amino-5,10,15,20-
tetraphenylporphyrin nickel(II) (1) or 2-amino-12,13-di-
bromo-5,10,15,20-tetraphenylporphyrin nickel(II) (2) with
20 mol% p-DBSA in 1,4-dioxane at 90 °C for 1 hour (Scheme
2). Both the synthesized diporphyrins were character-
ized9,10 spectroscopically. Interestingly, in the 1H NMR spec-
tra, twelve β-protons appeared as six doublets between
7.92 and 8.60 ppm with a coupling constant of 4.9 Hz and
the meso-phenyl protons were observed between 7.12 and
8.08 ppm as multiplets. In the IR spectra (Figure ESI1), the
disappearance of the NH2 stretching band confirmed the
conversion of the amino functionality into a pyrazine ring
via the formation of a new C–N bond between the two por-

phyrin units. Finally, the structure of β-pyrazine-fused
meso-tetraphenyldiporphyrin nickel(II) (3) was confirmed
unambiguously by a single-crystal analysis.

For single-crystal analysis, β-pyrazine-fused meso-tet-
raphenyldiporphyrin nickel(II) (3) was crystallized in chlo-
roform by slow diffusion of MeOH at 298 K. The X-ray dif-
fraction data were collected with an Oxford Diffraction
Xcalibur CCD diffractometer with graphite-monochromat-
ed Mo-Kα radiation (λ = 0.71073 Å) at 298(2) K. The struc-
ture of β-pyrazine-fused meso-tetraphenyldiporphyrin
nickel(II) (3) was solved by direct methods using SIR-92 and
refined by full-matrix least-squares refinement techniques
on F2 using the SHELXL-97 program package in WinGX soft-
ware. The non-hydrogen atoms such as carbon, nitrogen
and chlorine were refined anisotopically and hydrogen at-
oms were placed into the calculated positions in the last cy-
cle of the refinement. Thus, the structure of β-pyrazine-
fused meso-tetraphenyldiporphyrin nickel(II) 3 was estab-
lished as presented in Figure 1.11 Interestingly, β-pyrazine-
fused meso-tetraphenyldiporphyrin nickel(II) (3) exhibits a
nonplanar (Saddle-shaped) conformation in which the pyr-
role rings are alternately displaced above and below the
mean plane of the 24-atom core and the central nickel atom
adopts a slightly distorted square-planar geometry after the
formation of β,β′-pyrazine-fused ring.

Table 1  Optimization of Catalyst Load and Reaction Temperature for 
the Synthesis of Diporphyrin 3 from Nickel Complex of 2-Amino-TPP 1a

Entry p-DBSA (mol%) Temp. (°C) Yield (%)b

1 5 90 7

2 10 90 13

3 15 90 32

4 20 90 74

5 25 90 18

6 50 90 12

7 20 60 22

8 20 25 18

9 20 100 37
a All reactions were carried out in 1,4-dioxane for 1 hour.
b Isolated yields after column chromatography.

Scheme 2  Synthesis of β-pyrazine-fused meso-tetraphenyldiporphyrins 3 and 4
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The single-crystal parameters and refinement data of β-
pyrazine-fused meso-tetraphenyldiporphyrin nickel(II) (3)
are listed in Table ESI1. In particular, the triclinic crystal
system with cell parameters: a = 11.0254(16), b =
14.193(2), c = 14.762(2) Å, α = 62.215(17)°, β = 89.607(13)°
and γ = 84.568(13)° in space group P-1 was found for β-pyr-
azine-fused meso-tetraphenyldiporphyrin nickel(II) (3).
Furthermore, 3 has an inversion center in the middle of the
pyrazine ring and the central nickel atom is slightly dis-
placed towards the N3 from the central position.4,5

The wire-frame and space-filling packing diagrams of
the crystal structure of β-pyrazine-fused meso-tetra-
phenyldiporphyrin nickel(II) (3), as viewed along the b-axis
are presented in Figure ESI3. The two half-molecules of di-
porphyrin 3 are found within the unit cell and therefore the
total contribution to one unit cell is 1, thus justifying Z = 1
(Table ESI1). In addition, the space-filling model clearly
demonstrates the presence of voids within the unit cell.
Calculations were performed using Olex2 crystallographic
software package and various visualizing models such as 2D
view, surface view and point view (Figure ESI4) were devel-
oped that clearly show the presence of voids in the crystal
lattice of 3. Among these voids, the largest spherical void
present in the crystal lattice occupies a volume of 23.4 Å3.
However, the volumes occupied by 3 and solvent molecules
(chloroform) were found to be 931.5 Å3 and 895.5 Å3, re-
spectively.

The short-range interactions between different atoms
present in the crystal lattice of 3 are shown with different
colors in Figure ESI5. In particular, three types of interac-
tions have been shown; π-π stacking and dipole-dipole in-
teractions as expected due to the presence of two (18+4) π-
electron porphyrin systems and the chloroform (solvent)
molecules in the crystal lattice. In Figure ESI5, the red color
represents the interactions between meso-phenyl H (H29)
and β-carbon (C6), the blue color represents the interac-
tions between β-carbons (C12-C12) and the green color

represents the interactions among the chloroform H (H108)
and pyrrole ring atoms (N2, C6, and C9). Among these, the
interactions between β-carbons (C12-C12; blue color) are
purely π-π stacking as the distance between interacting
centers (C12-C12) is 3.39 Å. The remaining interactions
(shown by red and green colors) are dipole-dipole interac-
tions as the distance between interacting centers is found
to be in the range 2.43–2.89 Å.

Interestingly, when a 2D network model of 3 was devel-
oped using Mercury software based on short-range interac-
tions, it was observed that 3 interacts with four other mole-
cules of diporphyrin 3 along with two chloroform mole-
cules as shown in Figure 2.

Figure 2  2D network of β-pyrazine-fused meso-tetraphenyldiporphyrin 
nickel(II) 3 based on short-range interactions

The morphology of 3 was also analyzed by scanning
electron microscopy, which revealed layered rectangular
sheet like structures with dimensions of 150×80×20 μm.
Additionally, these rectangular sheets exhibit a rough sur-
face area and cracks with dimensions of 80×0.2 μm (Figure
3).

The UV/Vis spectra of β-pyrazine-fused meso-tetrap-
henyldiporphyrins 3 and 4 were recorded in dichlorometh-
ane at 25 °C (Figure 4). Interestingly, the electronic absorp-
tion spectrum of 3 displayed split and redshifted Soret
bands between 420–490 nm in addition to two redshifted Q
bands at 577 and 610 nm in comparison to NiTPP (Soret
417 nm, Figure 5). However, β-pyrazine-fused
12,13,12′,13′-tetrabromo-5,10,15,20-tetraphenyldiporphy-
rin nickel(II) 4 showed two well-separated Soret bands at
432 and 490 nm and two redshifted Q bands at 581 and 629
nm in comparison to both NiTPP and diporphyrin 3. The ap-
pearance of a diffuse shoulder with the Soret band in the
spectrum of 3 clearly indicates the presence of some per-
turbation in the ground state. The redshifted Soret and Q
bands of β-pyrazine-fused meso-tetraphenyldiporphyrin
nickel(II) analogues 3 and 4 in comparison to nickel(II)
5,10,15,20-tetraphenylporphyrin may be accounted for by
extended π-conjugation and decrease in HOMO-LUMO
energy gap.4–6,12

Figure 1  Single-crystal structure of β-pyrazine-fused meso-tetraphenyl-
diporphyrin nickel(II) (3). Hydrogen atoms and solvent molecules are 
omitted for clarity.
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Figure 3  SEM images of β-pyrazine-fused meso-tetraphenyldiporphy-
rin nickel(II) 3

Figure 4  UV/Vis spectra of β-pyrazine-fused meso-tetraphenyldipor-
phyrins 3 and 4 in CH2Cl2 (1×10–6 mol L–1) at 25 °C 

Figure 5  UV/Vis spectra of NiTPP and β-pyrazine-fused meso-tetrap-
henyldiporphyrin 3 in CH2Cl2 (1×10–6 mol L–1) at 25 °C

The oxidation and reduction behavior of porphyrins 3
and 4 were studied using three electrodes (glassy carbon,
platinum wire and Ag/AgCl as working, counter and refer-
ence electrode, respectively) by cyclic voltammetry in di-
chloromethane solution containing tetra-n-butylammoni-
umhexafluorophosphate (TBAH) as supporting electrolyte
at 25 °C; the data are presented in Table 2.13 Porphyrins 3
and 4 showed four oxidation peaks between 0.80 and 1.51
V and two reduction peaks between –1.22 and –1.72 V (Ta-
ble 2). The appearance of four oxidation peaks showed that
the two porphyrin units behave as two equivalent units and
interacting redox centers.5 Notably, the separation between
the last two E1/2, ox [E1/2, ox4 – E1/2, ox3 = 260 mV and 370 mV
for 3 and 4, respectively] is greater than first two E1/2, ox [E1/2,

ox2 – E1/2, ox1 = 230 mV and 140 mV for 3 and 4, respectively];
following similar trends to those observed for a zinc deriva-
tive.5 Interestingly, the formation of a fused pyrazine ring
and extension of π-conjugation has affected the HOMO or-
bitals as the first oxidation potentials decreased by 240 mV
in comparison to NiTPP (1.07 V).14 Therefore, it may be con-
cluded that the energy of the HOMO orbitals increases after
the formation of β-pyrazine-fused meso-tetraphenyldipor-
phyrin nickel(II) analogues 3 and 4. As a result, a reduction
in the HOMO-LUMO energy gap and bathochromic shifts in
the UV/Vis spectra are observed in the case of these dipor-
phyrins. Furthermore, the optical energy gap (Qx) and elec-
trochemical energy gap (HOMO-LUMO gaps) were calculat-
ed, which also support the decrease in the HOMO-LUMO
energy gap (Table 2).

Table 2  Cyclic Voltammetry Data of Diporphyrins 3 and 4 in CH2Cl2a

In conclusion, an alternative methodology has been de-
veloped for the synthesis of β-pyrazine-fused meso-tetrap-
henyldiporphyrin nickel(II) derivatives from readily avail-
able 2-amino-5,10,15,20-tetraphenylporphyrins. On photo-
physical and electrochemical investigations, these
porphyrins showed extension of π-conjugation, bathochro-
mic shifts and decreased oxidation potentials compared to
their precursors. These results may be useful in designing
π-extended porphyrin architectures for electronic and ma-
terial applications.

Porphyrins Oxidation 
(E1/2, V)

Reduction 
(E1/2, V)

HOMO-LUMO 
gap (V)b

Qx (0,0) 
(eV)c

3 1.49, 1.23, 
1.06, 0.83

–1.22, –1.68 2.05 2.03

4 1.51, 1.14, 
0.94, 0.80

–1.22, –1.72 2.02 2.00

a Half-wave potentials (E1/2) in volt vs Ag/AgCl at scan rate of 50 mV/s con-
taining tetra-n-butylammoniumhexafluorophosphate as supporting elec-
trolyte (0.1 M) at 25 °C
b Calculated as the difference between the first oxidation and reduction po-
tentials.
c Calculated as 1241/λmax nm.
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