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Abstract: This paper reports the synthesis of Fe(II)/Co(II) fused triphenyl porphyrin
dimers as candidate of hybrid organic metal electrocatalyst. The synthesis was conducted
in five-step reactions using the starting materials pyrrole and benzaldehyde. The fuse
oxidative reaction was done via free-base form of triphenyl porphyrin to omit metal
insertions/removals of intermediate products. This strategy is very beneficial for the
synthesis of metal fused triphenyl porphyrin that needs less reactions where
phenyliodine(III) bis(trifluoroacetate) (PIFA) was successfully deployed in the oxidative
reaction of two free-base triphenyl porphyrins. Here, the comparisons of NMR spectra
were presented to see the changes of the starting material to the product. Initial
electrochemical tests showed that reduction current of planar structure of Fe/Co fused
triphenyl porphyrin dimer was on the potential range at -1.10 V to 0.45 V vs Au. Fe-fused
triphenyl porphyrin dimer with 7.58 × 10–4 A (-1.05 V) showed slightly better
performance than Co-fused triphenyl porphyrin dimer with 5.67 × 10–4 A (-0.97 V).
Keywords: fused triphenyl porphyrin; metal insertion; oxidative reaction; planar
structure

■

INTRODUCTION

In recent years, synthesis of porphyrin compounds
has been developed in various fields focusing mostly on
determining organic methods for new structures and
gaining the benefit of its functionalization of these
materials. Porphyrin consists of four methine carbons and
four pyrroles with 18π aromatic macrocycle. Until now,
synthesis and structure modification of porphyrin
macromolecules have been performed to extend its π
system in some way from simple to complicated reactions
to gain the benefits of electronic system properties in
specific applications. Altering the π system in the
molecule porphyrin is done by the addition of substituent
groups owing also π system through connection of meso
and β position carbon atom on main porphyrin structure.
Therefore, hundreds of new porphyrin molecules with π
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system extension and a longer conjugation system than
the original porphyrin have been reported up to now.
However, extended porphyrins with planar structure of
macromolecules have gained more attentions than the
non-planar ones due to their effectiveness in the
extension of the electronic π system of molecules. Fused
porphyrins are of interest in developing new planar
structures because of their unique physical properties
derived from the narrow HOMO-LUMO gap and
supramolecular assemblies based on the intermolecular
π-π stacking interaction facilitated by the expanded and
planar π conjugation [1]. Therefore, fused porphyrins
and metal complexes thereof have attracted considerable
interest recently as functional materials for sensor
devices, catalysts including photocatalysts and
electrocatalysts, nanowires, solar cells, photodynamic
therapy, etc., including investigation on magnetic
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properties [2-3], absorption spectroscopy [4-12],
electrochemistry [3,7-8,10-11,13-14], conductivity [1517] and photovoltaics [18].
In the year 2000, Osuka and coworkers [19] have
reported oxidative transformation of meso-meso linked
diphorphyrins into triply linked fused porphyrins owing
a planar-structure form. Since then, reports on fuse
synthesis from porphyrin monomer to porphyrin dimers
and porphyrin arrays via meso-meso or/and β-β
connections have been increasingly published. Ouyang et
al. [14] has synthesized symmetrically fused triply
porphyrin using oxidant of phenyliodine(III)
bis(trifluoroacetate) (PIFA) directly on the position of ββ and meso-meso of carbon atoms. Fused asymmetrically
porphyrin has also been then synthesized by Ryan et al.
[20] with triply C–C connections to fused porphyrins
bearing different substituents on each porphyrin
monomer. This strategy was done by firstly singly fuse
synthesis of meso position of C atoms via Suzuki coupling
of porphyrin priors to oxidation of each 2β positions of
two porphyrins. Up to now, various synthesis of fused
porphyrins to extend π electron conjugation by porphyrin
dimerization [10,21-23] have been reported. Besides, the
presence of supporting materials or in combination with
bulky functional groups such as triphenylene and
polycyclic aromatic hydrocarbons (PAHs) on porphyrins
has been synthesized.
In this study, the synthesis of a fused porphyrin
dimers with 2D planar structure of two triphenyl
porphyrin is performed. The electrochemical properties
of this dimer porphyrin for oxygen reduction are also
investigated. Fused porphyrin dimers were synthesized
with the procedure modification by Ouyang et al. [14],
Lee et al. [24] and Ryan et al. [20] where a fair amount of
PIFA is used as an oxidation agent. Fuse synthesis is done
without the presence of zinc metal in the porphyrin cavity
to cut the procedures that are commonly done in the form
of zinc porphyrin complex as its intermediate product.
The planar structure of Fe(II)/Co(II) porphyrin dimer
synthesized with more rigid form is supposed to support
the effectivity for oxygen reduction reaction.
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■

EXPERIMENTAL SECTION

Materials

All reagents and solvents used were of high purity
grade. Pyrrole and pyridine were from Sigma-Aldrich
Chemicals. Benzaldehyde, toluene, chloroform,
methanol, sodium borohydride (NaBH4), catalyst of
trifluoroacetic acid (TFA) and trichloroacetic acid
(TCA), trimethyl orthoformate, ferro chloride
cobalt(II)
chloride
tetrahydrate
(FeCl2·4H2O),
hexahydrate (CoCl2·6H2O), dimethylformamide (DMF),
sodium carbonate (Na2CO3), dichloromethane
(CH2Cl2), silica gel 60 (230–400 mesh) were all from
Merck. Phenyllithium solution was from Tokyo
Chemical Industries (TCI), Japan. Phenyliodine(III)
bis(trifluoroacetate) (PIFA) and 2,3-dichloro-5,6dicyano-1,4-benzoquinone (DDQ) were from Shanghai
Industries. Silica gel used for the separation was from
Merck. All solvents were purchased from Sigma-Aldrich
without any further purification.
Instrumentation

H and 13C-NMR spectra were taken from
AGILENT VNMR 400 Hz instrument. Infrared spectra
(IR) were obtained from Shimadzu model Prestige 21.
MALDI-TOF was from Kratos PCAxima CFR V2.3.5.
Cyclic Voltammetry was from Metrohm µ Autolab type
III.
1

Procedure
Synthesis of 5-phenyl dipyrromethane/PDP (2)

PDP was synthesized based on the report from Lee
and Lindsay [25]. Necessary modification was made to fit
the apparatus in our laboratory. 150 mL Pyrrole (1) (2.16
× 103 mmol) and benzaldehyde (6 mL, 59 mmol) were put
into a 250 mL three neck flask equipped with magneticstirrer bar and connected with nitrogen-gas pipe. The
flask was flown with nitrogen for 15 min prior to the
addition of TFA (0.45 mL, 5.80 mmol). Stirring of the
mixture was done for 15 min at room temperature. The
crude product yielded from the reaction was checked
with silica TLC with an eluent of DCM:n-hexane (70:30)
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at Rf = 0.82, whereas the pyrrole and unidentified product
were checked at Rf = 0.55 and Rf = 0.88, respectively. After
the reaction was accomplished, the excess pyrrole was
removed with a vacuum rotary evaporator at 60 °C until a
viscous brownish black liquid was obtained. Purification
of DPP was done by column chromatography with silica
(50 g, 230–400 mesh) and eluted with gradient method
(DCM:n-hexane 60:40, 70:30, 80:20, and DCM). Solvent
was then collected and evaporated with vacuum until
white crystals of the product were obtained.
Synthesis of 5,15-diphenylporphyrin/DPP (3)

DPP was synthesized and modified as reported by
Baldwin et al. [26]. PDP (2) (0.5 g, 2.30 mmol) was put in
300 mL DCM in a 500 mL flask and added to trimethyl
orthoformate (18 mL, 1.65 × 102 mmol). The flask was
covered with aluminum foil to protect from the sun light
before the stirring was started. Trichloroacetic acid/TCA
(8.83 g, 54 mmol) in 55 mL DCM was added little by little,
followed by a 4 h reaction with stirring. Pyridine (15.6 mL)
was then added into the mixture. Stirring at room
temperature for 17 h was continued. The crude product
was controlled using silica TLC with eluent of DCM:nhexane (70:30) at Rf =0.90 (DPP product) and at Rf = 0.82
(PDP). The reaction was stopped after no PDP spot on
TLC was seen. The aluminum foil was then discovered
and the mixture was exposed to the air for 10 min
followed by stirring underneath the sun light and in
contact with air for 4 h. Solvent was evaporated in vacuum
at 30 °C and the rest of the solid form was put in the
vacuum desiccator for 17 h. The purification was done on
a column using silica gel and eluent DCM:n-hexane
(70:30). The eluate was removed with a vacuum evaporator
until the purple solid was obtained. Recrystallization was
performed using toluene and pyridine.
Synthesis of 5,10,15-triphenylporphyrin/TPP (4)

About 0.1 g (1 equivalent) of DPP (3) was put in a
100 mL flask and dissolved in THF. Before in use, the flask
was vacuumed and flown with nitrogen for 15 min. Some
preliminary synthesizes have been done to investigate the
duration time of the reaction at 0 °C. In this study, the
lower initial temperature was taken up to -25 °C to avoid
too fast oxidation using self-designed cooler. After the
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temperature was set to -25 °C, phenyllithium (0.16 mL,
6 equivalent) was added slowly into the solution. The
temperature was increased up to room temperature
prior to stirring for 2 h. Crude product was monitored
with silica TLC using eluent DCM:n-hexane (70:30)
until only one product at Rf=0.93 as the target product
was seen and the starting material at Rf = 0.90
disappeared. Quenching was performed with water and
THF (1:4, v/v). The solution was then oxidized with 2,3dichloro-5,6-dicyano-1,4-benzoquinone
1.04
mL
(DDQ) (3 equivalent, in 10 mL DCM) for about 30 min.
The solvent was removed with a vacuum rotary
evaporator. Purification was done with column
chromatography using silica gel and DCM eluent. The
solvent was then removed with a vacuum evaporator
until a light purple solid was obtained. Recrystallization
was done with chloroform and methanol.
Synthesis of
dimer/FP (5)

fused

5,10,15-triphenylporphyrin

Synthesis of the fused porphyrin dimers was done
through the reaction of oxidative coupling with 2.5
equivalents of phenyliodine(III) bis(trifluoroacetate)
(PIFA). This procedure is modified from the previously
reported from [14] and Lee et al. [24], where no zinc
metal or metal center was involved in the reaction.
About 0.03 g (1 equivalent) TPP (4) was dissolved in
50 mL DCM at -25 °C with self-designed cooler.
Phenyliodine(III) bis(trifluoroacetate) (PIFA) (2.5 eq)
was then added into the solution. The mixture was
stirred while the temperature was slowly increased until
room temperature. The crude product was identified on
silica TLC using DCM:n-hexane (70:30) until only one
spot of FP product (Rf = 0.98) and no other spots seen.
The reaction was quenched with the addition of NaBH4
and CH3OH. Purification was done with column
chromatography using silica gel and DCM eluent. After
removal of the solvent, a dark purple solid of FP was
obtained.
Insertion of Fe(II) and Co(II) into fused porphyrin
dimer (FP)

Synthesis of Fe(II) and Co(II) FP was done by
insertion of Fe(II) and Co(II) into the free-base FP (5).
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Firstly, FP was dissolved in 70 mL DMF. To the solution,
FeCl2·4H2O (1.5 equivalent) was added at room
temperature and refluxed for about 1 h. This reaction was
controlled with TLC until no FP spot was seen on the
plate. The reaction was stopped at the time where only
spot was detected (Rf = 0.97). The solution was then
added to 80 mL HCl solution (6 M). The precipitate was
then filtered and washed with a little amount of 3 M HCl
and dried. Similar procedure was also applied for the
insertion on free-base FP with CoCl2·6H2O.

■

RESULTS AND DISCUSSION

In the general procedure, the critical stage of the
reaction was in the third and fourth stage of the reaction,
where the fit and controlled condition were required.
Therefore, a cooler equipped with an automatic cooler
and thermostat up to -25 °C was made to stabilize the
temperature during the oxidation reaction with
phenyllithium (stage iii) and PIFA (stage iv). The
synthesis method was modified from Lee et al. [24]
where the metal center of zinc in the fuse dimer reaction
was used. The role of zinc metal was to help in
withdrawing electron on the meso carbon in the
oxidation reaction. This method is beneficial to the
meso-meso linking of two porphyrins. However, this
zinc insertion was not preferred in this fuse reaction,
where the target products are Fe/Co-FP. In the common
procedure, zinc should be inserted and then removed if
the Fe or Co ion would be inserted. This caused
inefficiency and time consuming for the whole reactions.
To compensate the absence of zinc, careful reaction is

Oxygen reduction test with voltammetry cyclic

Fe(II)-FP was dissolved in 50 mL DMF. The solution
was then added to 1 M H2SO4. Bubbling with N2 for 2 h
was done to remove O2 dissolved in the solvent. After no
dissolved O2 into the solution, the solution was bubbled
with O2 for 5 min. A certain volume of the solution (15 mL)
was tested using cyclic voltammetry at room temperature
with scan rate 100 mV/s, voltage range from -5 to 5 volt
with a reference electrode of gold (Au). Similar procedure
was applied also to the measurement of Co(II) FP.
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Fig 1. Reaction scheme of the general synthesis of fused triphenyl porphyrin dimer
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is done by controlling the temperature with thermostat
and to keep the temperature stable in the oxidation
reaction. In the dimerization, the initial temperature of
the cooler was also adjusted only at -25 °C instead of -75
°C. Ouyang et al. reported that the amount of PIFA added
into the fuse reaction influenced the yield of the product.
Addition of 2.5 eq PIFA produced the highest yields of
only triply linked porphyrins, but increasing the amount
of PIFA (up to 5 eq) could depress the dimer yield.
Besides, the use of NaBH4 and CH3OH was also reported
well for quenching the oxidation reaction. The following
result is of synthesis from the PDP to the target product
of Fe/Co-FP. Some NMR spectra comparisons are
presented to convince the reaction products.
Synthesis of 5-Phenyl Dipyrromethane/PDP (2)

After purification, PDP product obtained was in the
form of white solid about 0.860 g (32.92%), melting point
= 101 °C. 1H-NMR spectra of PDP in CDCl3 showed that
7 proton-environment peaks of PDP was found with δH
= 7.91 ppm (s, 2H), δH = 7.20–7.33 ppm (m, 5H), δH =
6.68 ppm (d, J = 2.4 Hz, 2H), δH = 6.15 ppm (t, 2H), δH
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= 5.91 ppm (s, 2H), and δH = 5.46 ppm (s, 2H). 13CNMR spectra in CDCl3 showed that 9 carbons have been
identified. Carbons on PDP were identified at δC =
107.18, 108.36, 117.19, 117.23, 126.96, 128.37, 128.63,
132.46 and 142.02 ppm. The yield of the synthesis of
PDP was 0.860 g (32.92%)
Synthesis of 5,15-Diphenylporphyrin/DPP (3)

The DPP obtained was about 0.851 g (78.45%) in
the form of purple crystal solid, melting point = 302 °C.
1
H-NMR spectra of DPP in CDCl3 showed proton groups
identified at δH = 10.31 ppm (s, 2H), δH = 9.38 ppm (d,
J = 2.2 Hz, 4H), δH = 9.08 ppm (d, J = 3.4 Hz, 4H), δH =
8.26 ppm (d, J = 3.2 Hz, 4H), δH = 7.80–7.36 ppm (m,
6H), and δH = -3.04 ppm (s, 2H). 13C-NMR spectra in
CDCl3 showed carbon atom groups at δC = 105.23,
119.10, 126.94, 127.63, 131.02, 131.57, 134.83, 141.37,
145.01, 147.21 ppm. m/z = 462.2. The yield of the
synthesis of DPP was 0.851 g (78.45%)
The change of NMR spectra from PDP to DPP
proved that the reaction of the conversion occurred. The
spectra comparison was shown in Fig. 2.

Fig 2. 13C-NMR spectra comparison of (a) 5-phenyl dipyrromethane/PDP and (b) 5,15-diphenyl porphyrin (DPP)
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From the Fig. 2, it was clear that the peak number
and chemical shift of carbon groups on PDP different
from DPP. The carbon groups of pyrrole ring on the PDP
was at δ = 106.23, 119.10, 126.94, and 127.63 ppm,
whereas DPP showed chemical shift at δ = 107.18, 108.36
and 117.19 ppm. It proved that the condensation of two
PDPs with porphyrin was successfully.
Synthesis of 5,10,15-Triphenylporphyrin/TPP (4)

The formation of TPP was an important stage before
the fuse reaction. The preliminary investigation of the
factors that determine the occurrence of the reaction with
phenyllithium has been done. Fig. 3 shows the progress of
the reaction of DPP with phenyllithium in different
reaction times. From Fig. 3, it was seen that the time
reaction was not the main factor in obtaining the TPP
product. The mass spectra showed that the 2 h, 14 h, and
17 h reaction times had almost similar mass intensity at
m/z = 461/462. At initial temperature 0 °C, it was seen that
the side products at about m/z = 551 appeared. For the
further reaction, the lower temperature at -25 °C was
chosen to more carefully handle the initial reaction.
The addition of phenyl to DPP with the present of
phenyllithium has been successfully carried out with 0.13
g (97.74%) reddish purple powder product (melting point
at 295 °C). 1H-NMR spectra of TPP in CDCl3 showed 7

proton groups at δH = -3.04 ppm (s, 2H), 7.76–7.79 ppm
(m, 9H), 8.20–8.26 ppm (m, 6H), 8.85–8.90 (d to d, J =
13.1–4.8 Hz, 4H,), 9.01–9.02 (d, J = 4.4 Hz, 2H), 9.33–
9.34 (d, J = 4.3 Hz, 2H), 10.21 (s, 1H). 13C-NMR spectra
of TPP in CDCl3 showed that 15 carbon atom groups
were detected at δC = 104.89, 119.74, 120.67, 126.64,
126.91, 127.48, 127.80, 130.82, 131.57, 134.59, 134.78,
140.46, 140.75, 141.86, 142.65 and 169.36 ppm.
The conversion of the synthesis from the starting
material (DPP) into the product of TPP can be proved
by the 1H-NMR and 13C-NMR spectra in comparison
with DPP and TPP as given in Fig. 4 and 5.
Based on Fig. 5, comparison of 1H-NMR spectra of
DPP and TPP showed that new peaks (multiplets) of
TPP were seen at δH = 7.77 and 8.23 ppm indicating that
one phenyl group from phenyllithium was attached on
the DPP. Fig. 5 showed that there were chemical-shifting
changes of DPP at 131.02, 131.57, 134.83, and 141.37 ppm
to 134.59, 134.78, 140.46 and 140.75 ppm, and carbon of
meso position on DPP from 147.21 ppm to 169.16 ppm.
The yield of the synthesis of TPP was 0.130 g (97.74%).
Synthesis of Fused 5,10,15-Triphenylporphyrin
Dimer/FP (5)

The FP after purification was a dark purple crystal
about 0.083 g (83.41%) with melting point of 398 °C.

Fig 3. Comparison of mass spectra from MALDI-TOF of the reaction of DPP (1.6 mmol in THF) with phenyllithium
after 2 h (blue line), 14 h (green line), 17 h (orange line) reaction and 17 h quenched (purple line) at initial addition
temperature 0 °C
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Fig 4. Comparison of 1H-NMR spectra (a) 5,15-diphenylporphyrin/DPP and (b) 5,10,15-triphenylporphyrin/TPP

Fig 5. Comparison of 13C-NMR spectra (a) 5,15-diphenylporphyrin/DPP and (b) 5,10,15-triphenylporphyrin/TPP
H-NMR spectra of FP in CDCl3 showed 6 proton groups
with δH = -2.77 ppm (s, 4H), 7.73–7.79 ppm (m, 18H),
8.16–8.21 ppm (m, 12H), 8.77–8.79 ppm (d to d, J = 4.7–

1
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3.4 Hz, 4H), 8.90–8.88 ppm (d to d, J = 4.6–3.3 Hz, 4H),
9.63 ppm (s, 4H). Meanwhile, 13C-NMR spectra of FP in
CDCl3 showed 23 carbon atoms at δC = 120.73, 120.81,
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120.85, 126.64, 126.83, 126.91, 127.54, 127.97, 128.89,
130.96, 131.12, 134.06, 134.53, 134.63, 134.78, 140.77,
141.65, 141.80, 141.99, 169.67, 169.51, 169.36 and m/z =
1070.8. The comparison of the spectra of the starting
material and the product was done to validate that the
reaction was accomplished, as in Fig. 6 and 7.
From the spectra in Fig. 6 and 7, it was seen that
there were changes of 1H-NMR and 13C-NMR spectra

after reaction. C–H meso on the TPP at δ = 10.21 ppm
disappeared in the FP spectra. This was caused by the C–
H binding to the meso position of the two TPPs to form
a dimer structure. 1H-NMR spectra of TPP showed a peak
(doublet) at δ = 9.33 ppm, whereas the spectra of FP
showed a singlet peak at δ = 9.63 ppm. This indicated the
change of C–H on the pyrrole ring in TPP. 13C-NMR
spectra showed that TPP has peak pattern differences with

Fig 6. Comparison of 1H-NMR spectra of (a) TPP and (b) FP

Fig 7. Comparison of 13C-NMR spectra of (a) TPP and (b) FP
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FP. A peak at δ = 104.89 ppm was not found on FP spectra,
indicating that a dimerization process has already
accomplished. The yield of the synthesis of FP was 0.083 g
(83.41%)
Insertion of FP with Iron(II) and Cobalt(II) (6)

As the conversion was accomplished, the FTIR data
was done to ensure the binding of the N atom to Fe(II) or
Co(II) in the cavity of the dimer as seen in Fig. 8.
The metal binding into the porphyrin cavity could
be proved from the FTIR spectra (Fig. 8). The absorption
peak at about 400–560 cm–1 was not found in the FP.
Meanwhile, Fe-FP and Co-FP showed absorption peak at
431.11 and 426.29 cm–1, respectively. These absorption
peaks indicated that the Fe and Co ions were bonded with
the N-atoms in the porphyrin cavities.

vs RHE [27] and the oxygen reduction potential of MOF
at 0.60–0.80 V vs RHE [28]. This potential value proved
that Fe-FP and Co-FP owe the catalytic activity for
oxygen reduction reaction.
(a)

N

Co

N
Co

N

N

N

N

(b)

N

N

Catalytic Test of Fe/Co-FP for Reduction of Oxygen

The result test of Fe/Co FP planar structure (as seen
in Fig. 9) using cyclic voltammetry (CV) with voltage scan
from -4 to 4 Volt, scan rate = 100 mV/s, T = 25 °C, 1 mm2
surface area of working electrode and M-FP
concentration in DMF = 5 mM was seen in Fig. 10.
Voltammogram in the Fe-FP and Co-FP electrodes
showed that the reduction current was on the potential
range at -1.10 V to 0.45 V vs Au. Reduction potential peak
occurred at -1.05 V vs Au. As comparison that the oxygen
reduction potential of Pt electrode was reported at 0.40 V

N

N

N

Fe
N

N
Fe

N

N

N

Fig 9. The structure of Co-FP (a) and Fe-FP (b)

Fig 10. Voltammogram from the Fe FDP (－) and CoFDP (－) in 1 M H2SO4, saturated with oxygen and scan
rate 100 mV/s
Table 1. Peak current and voltage of CV from Fe/Co
FDP in DMF with H2SO4 1 M, saturated with oxygen and
scan rate 100 mV/s.

Fig 8. FTIR spectra of FP (a), Co-FP (b) and Fe-FP (c)
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M-FDP
Fe-FDP
Co-FDP

Peak current (A)
7.58 × 10–4
5.67 × 10–4

Voltage (V)
-1.05
-0.97

880
■

Indones. J. Chem., 2021, 21 (4), 871 - 881

CONCLUSION

Synthesis of fused triphenyl porphyrin dimer (FP)
could be done without the metal presence (zinc) in the
porphyrin cavity or via free-base porphyrin oxidation of
meso and β carbon of the porphyrin using PIFA. Initial
electrochemical tests showed that the planar/coplanar
structure of Fe/Co-FP dimers was capable to be employed
as a catalyst for oxygen reduction, where Fe-FP showed
slightly better performance than Co-FP.
■
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