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Cobalt(II) tetraphenyltetranaphthoporphyrin, with extended conjugation at the pyrrole units, has been
synthesized and its spectroscopic and electrocatalytic behavior toward the reduction of oxygen has been
investigated. The new complex shows a red shift for the Soret band of 75 nm compared to its cobalt(II)
tetraphenylporphyrin analog. In addition, the new complex shows enhanced electrocatalytic ability for the
reduction of oxygen in acidic media converting over 50% of the oxygen directly to water, a four electron
process at relatively high potentials.

© 2012 Elsevier B.V. All rights reserved.
Introduction: There has been a growing interest in the spectro-
scopic effects of extending the conjugation of porphyrins through fusing
of aromatic groups to the pyrrole units [1]. Red shifted porphyrin com-
plexes have found use in photodynamic therapy [2], non-linear optics
[3], and solar energy conversion [4]. Many of these highly conjugated
complexes have exhibited 100 to 150 nm red shifts in the Soret
(B band) band of the porphyrins when compared to their pyrrole
analog complexes [5]. We have recently become interested in looking
at the effects of these extended π-systems, containing cobalt(II) metal
centers, on the electrocatalysis of molecular oxygen in acidic media.
A great deal of work on metallo-porphyrins, specifically cobalt
porphyrins, as electrocatalysts for oxygen reduction has seen numerous
examples of dicobalt cofacial andmultinuclear cobalt porphyrins capable
of catalyzing the reduction of oxygen by four electrons to water [6]. But
for a few exceptions [7] mononuclear cobalt(II) porphyrins are known
to reduce oxygen at catalytic potentials by two electrons, to form hydro-
gen peroxide, rather than the desired four electron process to form
water. This, of course, has limited the use of cobalt porphyrins as
replacements for the currently used platinum catalysts found in
most fuel cells. In our first attempt at investigating the effects of
extended conjugation we chose one of the simplest known two
electron cobalt porphyrin oxygen reduction catalysts, namely,
cobalt(II) tetraphenylporphyrin (CoTPP). To extend the conjugation
we fused naphthylene groups to the pyrrole subunits and inserted
cobalt(II) to give the cobalt(II) tetraphenyltetranaphthoporphyrin
(CoTPTNP).
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Results and discussion: Using an adaptation of Barton–Zard chem-
istry [8], 1-nitronaphthalene was reacted with ethyl isocyanoacetate in

the presence of a strong non-nucleophilic phosphazine base to give
naphtho[1,2-c]pyrrole in excellent yields [9]. Removal of the ester
group was accomplished by refluxing the pyrrole in ethylene glycol
containing potassium hydroxide under nitrogen for 30 min. The
resulting fused pyrrole was reacted, by a slightly altered procedure of
the Lindsey method [5b], with benzaldehyde (under nitrogen) in the
presence of catalytic amounts of BF3∙Et2O in dry methylene chloride at
−50 °C for 2 h followed by 48 h at room temperature.

Addition of excess tetrachloro 1,4-benzoquinone (p-chloranil)
followed by chromatography gave the tetraphenyltetranaphtho-
porphyrin in ca. 9% yield. The first band from the column was the par-
tially oxidized porphodimethene, H4TPTNP (MALDI TOF: found, m/z=
1017.3, M+, calc. for [C76H48N4] 1017.2), followed by the target
tetraphenyltetranaphthoporphyrin, H2TPTNP. Insertion of cobalt(II)
was accomplished by reacting a slight excess of cobalt(II) acetate with
the porphodimethene or porphyrin in refluxing DMF under nitrogen
for 30 min to give the cobalt(II) porphodimethene, CoH2TPTNP
(MALDI TOF: found, m/z=1074.2, M+, calc. for [C76H46N4Co]
1074.1) and the cobalt(II) tetraphenyltetranaphthoporphyrin,
CoTPTNP [10] in ca. 70% yield for both. The reaction is illustrated
in Scheme 1.
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Scheme 1. Synthesis of CoTPTNP.
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Electronic spectroscopy of the free-base tetraphenylporphyrin
(H2TPP) and its cobalt(II) analog (CoTPP) in dichloromethane gave
Soret bands at 418 nm and 411 nm, respectively.

Fig. 1 shows the electronic spectra of H4TPTNP, CoH2TPTNP,
H2TPTNP and CoTPTNP in dichloromethane. The peak absorbance
for the free-base naphtho-fused porphodimethene (blue line,
Fig. 1A) appears at 517 nm, nearly a 100 nm redshift compared to
the free-base tetraphenylporphyrin. Insertion of cobalt(II) shifts the
Soret band even farther to the red with a peak absorbance at
544 nm (green line, Fig. 1A), approximately a 150 nm shift compared
to the cobalt(II) tetraphenylporphyrin. The nearly 30 nm red shift
after insertion of a metal into the porphodimethene has been linked
to structural changes of the macrocycle after metalation [11]. A
broad Soret band (530 nm) with very weak Q-bands is observed for
H2TPTNP (Fig. 1B, blue line) in dichloromethane. Upon addition of
TFA, protonation of the porphyrin leads to formation of the cationic
porphyrin and a much sharper Soret band (549 nm, Fig. 1B red line)
and well defined Q-bands (657 nm and 686 nm) which has been
linked to increased distortions caused by the meso-substituents [5c].
Insertion of cobalt(II) into H2TPTNP results in a shift of the Soret
band and Q-bands to higher energy (486 nm, 626 nm, 671 nm) as
expected for a d7 metal. Molar absorptivities of the complexes are
in the tens of thousands; however, considerably less than the parent
tetraphenylporphyrin and its cobalt(II) analog due to saddling of
the ligand [5b].

The electrocatalytic reduction of molecular oxygen in 1.0 M H2SO4

was studied at a roughened edge plane pyrolytic graphite (EPG) elec-
trode coated with the Co(II) porphyrin complexes using rotating disk
electrode (RDE) voltammetry. Small aliquots, ca. 10 μL, of mM solu-
tions of the complexes in acetone were added to the surface of the
roughened EPG electrode and the solvent was allowed to evaporate.
Fig. 2 illustrates a comparison of the bare EPG electrode (red line),
an EPG electrode coated with CoTPP (green line), an EPG electrode
coated with CoH2TPTNP (black line), and an EPG electrode coated
with CoTPTNP (blue line) at 1000 rpm in air saturated 1.0 M H2SO4.
The bare electrode shows the reduction of molecular oxygen with
an E1/2=−0.35 V vs. SCE. Reduction of molecular oxygen at the
EPG electrode coated with CoTPP shows enhanced catalysis with an
E1/2=0.16 V vs. SCE, a catalytic shift of ca. 500 mV compared to the
bare electrode. When the EPG electrode is coated with the cobalt
porphodimethene (CoH2TPTNP), the E1/2 value for the reduction of
oxygen shifts to an even greater catalytic potential of 0.22 V vs. SCE;
60 mV more positive than the CoTPP complex. In addition the current
is higher than the current observed for the CoTPP coated electrode
suggesting that some of the molecular oxygen is being reduced to
water.

The EPG electrode coated with the fully oxidized CoTPTNP com-
plex displays an E1/2 value of 0.30 V vs. SCE, an additional shift of
80 mV compared to the partially oxidized CoH2TPTNP complex and
a 140 mV catalytic shift compared to CoTPP, with considerably higher
current values for the reduction of oxygen.

To determine the number of electrons transferred to oxygen by
the CoH2TPTNP and CoTPTNP coated electrodes, RDE experiments
were performed at various rotation rates (Fig. 3A and B, respectively)
and the diffusion limited current plotted according the Koutecky–
Levich equation (Eq. (1)) [12].

1=IL ¼ 1=Ik þ 1=Bω1=2

B ¼ 0:2nFCv−1=6D2=3 ð1Þ

Where IL is the current density (μA cm−2), n is the number of elec-
trons for the reaction, F is the Faraday constant (96,500 Cmol−1), D is
the diffusion coefficient for oxygen in solution (2.0×10−5 cm2 s−1),
v is the kinematic viscosity of the solution (0.01 cm2 s−1), C is the con-
centration of oxygen in the air-saturated solution (0.25 mM), and ω is
the rotation rate (rpm).

Fig. 3 illustrates the results of the RDE experiments and the
Koutecky–Levich plot of the limiting current. Results of RDE experiments



Fig. 2. Comparison of the reduction of oxygen in 1.0 M H2SO4 at an EPG electrode,
bare (red line), coated with CoTPP (green line), coated with CoH2TPTNP (black
line), coated with CoTPTNP (blue line), and coated with CoTPTNP in nitrogen saturat-
ed 1.0 M H2SO4 at 1000 rpm, scan rate=10 mV/s.

Fig. 1. Electronic spectra: A) ofH4TPTNP (blue) andCoH2TPTNP (green) indichloromethane.
B) H2TPTNP (blue) and in the presence of less than 1% TFA (red). C) H2TPTNP (blue) and
CoTPTNP (green) in dichloromethane.
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run on an EPG electrode coated with CoTPP gave (from the slope of the
Koutecky–Levich plot) an n value of 2. As expected the CoTPP complex
reduces oxygen by two electrons to hydrogen peroxide (data not
shown). From the data in Fig. 3 the slope of the Koutecky–Levich plot
for the EPG electrode coated with CoH2TPTNP (red line Fig. 3C) gives
an n value of 2.6 electrons for each molecule of oxygen; while the
value for the CoTPTNP coated electrode gave an n value of 3.2 electrons
for eachmolecule of oxygen indicating two parallel pathways for oxygen
reduction are occurring,with one of those pathways being the direct four
electron reduction of oxygen to water.

The intercept of the Koutecky–Levich plot gives the kinetic current
density, Ik, for the reduction of oxygen. This has been related to the
rate of formation of the Co\O2 bond, k [13] (Eq. (2)).

Ik ¼ nFkΓCO2 ð2Þ

Where n is the number of electrons transferred and Γ is the surface
complex concentration. It is; however, difficult to determine the true
surface concentration by the method used in this study to adsorb the
complex onto the roughened EPG electrode. Assuming that the
surface concentration is the same for each of the complexes studied
(which is reasonable since the same amount of each complex was
added to the EPG electrode) and that all of the cobalt porphyrin
molecules added to the EPG surface are electroactive toward the
reduction of oxygen, a more difficult assumption, then the following
preliminary analysis of the kinetic current is conjectured. Ik for CoTPP
from the Koutecky–Levich plot is ca. 900 μA/cm2, it is 1500 μA/cm2

for CoH2TPTNP, and 2300 μA/cm2 for CoTPTNP. Dividing by their
respective n values reveals that k(CoH2TPTNP)=1.23 k(CoTPP),
suggesting that formation of the Co\O2 bond is 1.23 times faster for
CoH2TPTNP compared to its analog complex. The ratio of k(CoTPTNP)/
k(CoTPP) is 1.70 indicating that the formation of the Co\O2 bond for
CoTPTNP is nearly twice as fast than for CoTPP and 1.36 times faster
than Co\O2 bond formation for the partially oxidized CoH2TPTNP
cobalt(II) porphodimethene.

Conclusions: In summary, a new conjugated cobalt(II) porphy-
rin (CoTPTNP) has been synthesized and characterized. A signifi-
cant red shift in the Soret band is observed for this new complex
compared to its analog cobalt(II) tetraphenylporphyrin complex.
In addition, enhanced reduction of oxygen in acidic media is ob-
served for the conjugated system with a shift to more catalytic po-
tentials and greater current density upon reduction of oxygen, as
determined by analysis of the Koutecky–Levich plot. This opens a
new avenue for investigating other conjugated porphyrin com-
plexes as potential electrocatalysts for oxygen reduction. We are
currently looking at computational methods to determine the ef-
fect of the extended π-system on the d-orbitals of the cobalt(II)
metal center.
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Fig. 3. Reduction of oxygen at a rotating disk electrode coated with CoH2TPTNP (A) and
CoTPTNP (B); current–potential curves in air-saturated 1.0 M H2SO4, scan rate=10 mV/s.
(C) Koutecky–Levich plot of the inverse of the plateau current vs. the inverse of the square
root of the rotation rate for the curves in (A, red line and B, blue line). The theoretical two
and four electron lines are marked n=2 and n=4, respectively.

17S. Swavey, A. Eder / Inorganic Chemistry Communications 29 (2013) 14–17
References

[1] (a) J.A. Shelnutt, C.J. Medforth, M.D. Berber, K.M. Barkigia, K.M. Smith, J. Am.
Chem. Soc. 113 (1991) 4077;

(b) C.J. Medforth, M.O. Senge, K.M. Smith, L.D. Sparks, J.A. Shelnutt, J. Am. Chem.
Soc. 114 (1992) 9859;

(c) T.D. Lash, P. Chandrasekar, J. Am. Chem. Soc. 118 (1996) 8767.
[2] (a) S.B. Brown, T.G. Truscott, Chem. Br. 29 (1993) 955;

(b) D. Dolphin, Can. J. Chem. 72 (1994) 1005;
(c) R. Bonnett, Chem. Soc. Rev. 24 (1995) 19.

[3] (a) J.M. Lim, Z.S. Yoon, J.-Y. Shin, K.S. Kim, M.-C. Yoon, D. Kim, Chem. Commun.
(2009) 261;

(b) K.S. Kim, Z.S. Yoon, A.B. Ricks, J.-Y. Shin, S. Mori, J. Sankar, S. Saito, Y.M. Jung,
M.R. Wasielewski, A. Osuka, D. Kim, J. Phys. Chem. A 113 (2009) 4498;

(c) Z.S. Yoon, D.-G. Cho, K.S. Kim, J.L. Sessler, D. Kim, J. Am. Chem. Soc. 130
(2008) 6930.

[4] (a) D. Wu, Z. Shen, Z.-L. Xue, X.-Z. You, Chin. J. Inorg. Chem. 23 (2007) 1;
(b) J.A.A.W. Elemans, R. Van Hameren, R.J.M. Nolte, A.E. Rowan, Adv. Mater. 18

(2006) 1251;
(c) C.-P. Hsieh, H.-P. Lu, C.-L. Chiu, C.-W. Lee, S.-H. Chuang, C.-L. Mai, W.-N. Yen,

S.-J. Hsu, W.E.-G. Diau, C.-Y. Yeh, J. Mater. Chem. 20 (2010) 1127;
(d) S. Hayashi, M. Tanaka, H. Hayashi, S. Eu, T. Umeyama, Y. Matano, Y. Araki, H.

Imahori, J. Phys. Chem. C 112 (2008) 15576.
[5] (a) N. Ono, H. Hironaga, K. Ono, S. Kaneko, T. Murashima, T. Ueda, C. Tsukamura,

T. Ogawa, J. Chem. Soc., Perkin Trans. 1 5 (1996) 417;
(b) H.-J. Xu, J. Mack, A.B. Descalzo, Z. Shen, N. Kobayashi, X.-Z. You, K. Rurack,

Chem. Eur. J. 17 (2011) 8965;
(c) J.D. Spence, T.D. Lash, J. Org. Chem. 65 (2000) 1530;
(d) H.-J. Xu, Z. Shen, T. Okujima, N. Ono, X.-Z. You, Tetrahedron Lett. 47 (2006) 931.

[6] (a) R. McGuire Jr., D.K. Dogutan, T.S. Teets, J. Suntivich, Y. Shao-Horn, D.G.
Nocera, Chem. Sci. 1 (2010) 411;

(b) J.P. Collman, M. Marrocco, P. Denisevich, J. Electroanal. Chem. 101 (1979)
117;

(c) J.P. Collman, P. Denisevich, Y. Konai, M. Marrocco, C. Koval, F.C. Anson, J. Am.
Chem. Soc. 102 (1980) 6027;

(d) R.R. Durand, C.S. Bencosme, J.P. Collman, F.C. Anson, J. Am. Chem. Soc. 105
(1983) 2710;

(e) C.K. Chang, H.Y. Liu, I. Abdalmuhdi, J. Am. Chem. Soc. 106 (1984) 2725;
(f) C.J. Chang, Y. Deng, C. Shi, C.K. Chang, F.C. Anson, D.G. Nocera, Chem.

Commun. (2000) 1355;
(g) Y.-K. Choi, S. Jeon, J.-K. Park, J.-H. Chjo, Electrochim. Acta 42 (1997) 1287;
(h) K.M. Kadish, L. Fremond, Z. Ou, J. Shao, C. Shi, F.C. Anson, F. Burdet, C.P. Gros,

J.-M. Barbe, R. Guilard, J. Am. Chem. Soc. 127 (2005) 5625;
(i) C.J. Chang, Z.-H. Loh, C. Shi, F.C. Anson, D.G. Nocera, J. Am. Chem. Soc. 126

(2004) 10013;
(j) Y. Le Mest, C. Inisan, A. Laouenan, M. L'Her, J. Talarmin, M. El Khalifa, J.-Y.

Saillard, J. Am. Chem. Soc. 119 (1997) 6095;
(k) C.J. Chang, Y. Deng, A.F. Heyduk, C.K. Chang, D.G. Nocera, Inorg. Chem. 39

(2000) 959;
(l) C. Shi, F.C. Anson, J. Am. Chem. Soc. 113 (1991) 9564;
(m) C. Shi, F.C. Anson, Inorg. Chem. 34 (1995) 4554;
(n) F.C. Anson, C. Shi, B. Steiger, Acc. Chem. Res. 30 (1997) 437;
(o) K. Araki, S. Dovidauskas, H. Winnischofer, A.D.P. Alexiou, H.E. Toma, J.

Electroanal. Chem. 498 (2001) 152;
(p) C.T. Carver, B.D. Matson, J.M. Mayer, J. Am. Chem. Soc. 134 (2012) 5444.

[7] (a) H. Alt, H. Binder, W. Lindner, G. Sandstede, Electroanal. Chem. 31 (1971) 19;
(b) C. Shi, B. Steiger, M. Yuasa, F.C. Anson, Inorg. Chem. 36 (1997) 4294;
(c) C. Shi, F.C. Anson, Inorg. Chem. 37 (1998) 1037;
(d) E. Song, C. Shi, F.C. Anson, Langmuir 14 (1998) 4315.

[8] D.H.R. Barton, J. Kervagoret, S.Z. Zard, Tetrahedron 46 (1990) 7587.
[9] T.D. Lash, M.L. Thompson, T.M. Werner, J.D. Spence, Synlett 2 (2000) 213.

[10] Anal. Calc. for C76H44N4Co∙0.5 DMF∙2.5 H2O: C, 80.68; H, 4.59; N, 5.46. Found: C,
80.35; H, 4.33; N, 5.72.

[11] M. Harmjanz, H.S. Gill, M.J. Scott, J. Org. Chem. 66 (2001) 5374.
[12] J. Koutecky, V.G. Levich, Zh. Fiz. Khim. 32 (1958) 1565.
[13] C. Kang, F.C. Anson, Inorg. Chem. 34 (1995) 2771.

image of Fig.�3

	Enhanced O2 electrocatalysis by a highly conjugated cobalt(II) porphyrin
	References


