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ABSTRACT: A Ni(II) complex of a π-extended porphyrin
bearing three mesityl substituents and one electron-rich
naphthalene moiety has been prepared via electrochemical
oxidation. It was proven that the whole oxidative process starts
from electrochemical generation of a radical-cation on the
porphyrin core. Electrochemistry and spectroelectrochemistry
of both a naphthalenyl-substituted porphyrin and a porphyrin
with a fused naphthalenyl group on the π-ring system provide
clear distinction between metal- and ring-centered processes.
The redox reactivity of the naphthalenyl-substituted metalloporphyrin in nonaqueous media is presented while outlining the
most important structural factors which influence the reversible half-wave potentials for oxidation and reduction of this complex
and the following chemical reactions which lead to an extended π-system.

■ INTRODUCTION

Highly conjugated porphyrins by nature of their electronic and
redox properties, have attracted attention as conducting
materials, near-IR dyes, nonlinear optical materials, or photo-
sensitizers for photodynamic therapy (PDT) of cancer tissues
or in vivo studies.1,2 Ring extension of the porphyrins will lead
to a significant modification of the compound’s optical features,
redox characteristics and the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).
The relationship between the structure of porphyrinoids and

their spectroscopic and photophysical properties is a complex
issue.3 Over the past two decades considerable attention has
been devoted to studies involving the π-conjugation of
porphyrins. These materials display significant changes in
their optical and electrochemical properties when compared
with native porphyrins. Among other changes, π-extension of a
porphyrin chromophore usually leads to a bathochromic shift in
its absorption (and hence emission) spectrum.4 The diverse
class of π-extended porphyrinoid molecules has attracted much
attention because of their fundamental and theoretical interest,
as well as because of the opportunities they offer in technology
and medicine that arises from their linear and nonlinear optical
properties.5 The π-electron system of a porphyrin macrocycle
can be extended by peripheral substituents at the meso-
positions, or by the addition of one or more fused polycyclic
ring systems.6 The magnitude of this alteration depends more
on the type of conjugation than on the actual number of
double/triple bonds or aromatic rings added.7 In the past years
three fundamental papers showed that it is possible to prepare
porphyrins fused with other porphyrins or with aromatic

hydrocarbons at both the meso and β-positions of the
macrocycle.8 These discoveries have opened up new avenues
that were quickly followed by other researchers.8−10

Over time, it was observed that the synthesis of π-extended
porphyrins via intramolecular oxidative coupling usually
requires activation of the aromatic subunits (for example by
introducing alkoxy groups).11

Oxidative aromatic coupling has recently become a popular
method for the π-extension of a porphyrin.12 The first example
of a porphyrin fused with naphthalene was reported by
Cammidge and co-workers in 2005.13 In principle, any aromatic
unit located at the meso-position of a porphyrin and possessing
high electron density should be able to form analogous
products via oxidative aromatic coupling, which was proven in a
seminal contribution by Anderson et al.14a

Previous studies11 (most notably by Osuka and Ander-
son)8a,11c−f,12b,dg and general knowledge of aromatic oxidative
coupling both indicate that the planned concept can only be
realized if the naphthalene-porphyrin bears an electron-
donating substituent at a suitable position.14,15 In the course
of our studies involving an elucidation of relationships between
the output of oxidative aromatic coupling reactions, the nature
of the oxidizing agent, and the central metal cation we were
able to establish a protocol for oxidative coupling leading to a
meso,β-naphthalene-fused porphyrinoid 4 (see Chart 1) in high
yield without contamination from chlorinated side-products
using Fe(ClO4)3·H2O.

16 Unfortunately, the described proce-
dure is sensitive to solvents and oxidant quality and not general
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for diverse meso-substituted porphyrinoids. Because of these
drawbacks, we were led to consider the use of electrochemical
methods as a possible alternative in solving mechanistic issues.
Such an approach was pioneered by Smith and co-workers who
described the first electrosynthesis of porphyrins from a,c-
biladienes.17a,b Recently an elegant approach toward cyclo[n]-
pyrroles via electrochemical intermolecular oxidative coupling
was presented by Bucher and Sessler.17c,d Electrochemically
mediated aromatic oxidative coupling has also been applied for
other substrates.17e−g

Another motivation to perform this study came from the fact
that a major road-block to enhancing the synthesis of π-
extended porphyrins via intramolecular oxidative coupling
requires a better understanding of the mechanism of these
reactions. Specifically it is pivotal to know which moiety
(porphyrin or the second aromatic system) is first attacked by
the oxidant to form an electrophilic radical-cation. An answer to
this and similar questions will help explain the apparently
contradictory observations such as (a) the participation of units

which are by no means electron rich18 and (b) the difficulty
with carrying out oxidative aromatic coupling on an already
partially fused porphyrin14,19 where product decomposition is
observed in cases when multiply electron-rich hydrocarbons are
fused with the central macrocyclic ring.19 Electrochemically
mediated aromatic oxidative coupling is the only way to
establish these mechanistic details. In our initial study of this
problem, we have chosen a Ni(II) porphyrin with an extended
π system which was previously prepared using chemical
oxidation. We assumed that having such a standard in hand
would allow us to unequivocally establish the order of steps in
the synthetic process. Herein we report the results of our study.

■ EXPERIMENTAL SECTION
The following compounds were prepared according to published
procedures: 2,16 3,16 and 4.16 2,6-Dimethoxynaphthalene (1) is
commercially available.

Electrochemical and Spectroelectrochemical Measure-
ments. Absolute dichloromethane (CH2Cl2, 99.8%, EMD Chemicals
Inc.) was used for electrochemistry without further purification.
Benzonitrile (PhCN) was purchased from Aldrich Chemical Co. and
distilled over P2O5 under vacuum prior to use. Tetra-n-butylammo-
nium perchlorate (TBAP), used as supporting electrolyte, was
purchased from Sigma Chemical or Fluka Chemika Co., recrystallized
from ethyl alcohol, and dried under vacuum at 40 °C for at least one
week prior to use.

Cyclic voltammetry was carried out with an EG&G model 173
potentiostat/galvanostat at room temperature. A homemade three-
electrode electrochemistry cell was used and consisted of a platinum
button or glassy carbon working electrode (diameter = 0.3 mm), a
platinum wire counter electrode, and a saturated calomel reference
electrode (SCE). The SCE was separated from the bulk of the solution
by a fritted-glass bridge of low porosity which contained the solvent/
supporting electrolyte mixture. All potentials are referenced to the
SCE.

Thin-layer UV−visible spectroelectrochemical experiments were
performed with a home-built thin-layer cell which has a light
transparent platinum net working electrode. Potentials were applied
and monitored with an EG&G PAR Model 173 potentiostat. Time-
resolved UV−visible spectra were recorded with a Hewlett-Packard
Model 8453 diode array spectrophotometer. High purity N2 from
Trigas was used to deoxygenate the solution and kept over the
solution during each electrochemical and spectroelectrochemical
experiment.

■ RESULTS AND DISCUSSION

The investigated compounds 1−4 were examined as to their
electrochemical behavior in CH2Cl2 and PhCN containing 0.1

Chart 1. Structures of the Investigated Compounds

Table 1. Half-Wave or Peak Potentials (V vs SCE) and Proposed Site of Electron Transfer for Redox Reactions of Investigated
Porphyrins in CH2Cl2 and PhCN Containing 0.1 M TBAPa

oxidation reduction

NiII/III ring ring

solvent cpd # naphthalene E1/2 2nd 1st 1st 2nd

CH2Cl2 1 1.33b

2 1.38b 1.02 −1.60b

3 1.64b 1.15 1.02 −1.47b

4 1.55 1.02 0.67 −1.24 −1.84b

PhCN 1 1.36b

2 1.14 1.14 −1.30
3 1.63b 1.14 1.14 −1.24
4 1.55 1.00 0.74 −1.20 −1.80b

aScan rate = 0.1 V/s. bPeak potential at a scan rate of 0.1 V/s.
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M tetrabutylammonium perchlorate (TBAP) and the measured
half-wave or peak potentials for reduction and oxidation of each
compound are summarized in Table 1. The site of electron
transfer for each redox reaction is also given in the table, with
assignments being based on the measured spectral changes,
measured E1/2 values, and previous assignments of electron
transfer site given in the literature for related compounds.19

Cyclic voltammograms for these compounds are shown in
Figure 1.
Reduction of Ni(II) Porphyrins. Many Ni(II) porphyrins

undergo two one-electron reductions in nonaqueous media to
form π-anion radicals and dianions,20 and this is also the case
for compound 4 in PhCN or CH2Cl2. However, other Ni(II)
porphyrins show just one reduction because of a limited
negative potential range of the utilized solvent, the presence of
a macrocycle with highly electron-donating substituents, or the
occurrence of a chemical reaction between the electroreduced
porphyrin and the solvent. The latter situation occurs for
compounds 2 and 3 which exhibit just a single reduction which
is reversible in PhCN but irreversible in CH2Cl2. The singly
reduced porphyrins 2 and 3 both react with CH2Cl2 as was
reported for many related nickel porphyrins where the transient
formation of a CH2Cl sigma-bonded species may be
generated.19a,b In contrast, most singly reduced nickel
porphyrins are stable in PhCN, as is the case for the currently
investigated compounds where the product can be assigned as a
Ni(II) porphyrin π-anion radical.
Oxidation of Ni(II) Porphyrins. The first two oxidations of

most Ni(II) porphyrins generally lead to a porphyrin π-cation
radical and dication, but the absolute potential difference
between these two redox processes will be highly variable, and
will depend upon the solvent, the substituents on the
macrocycle, and the anion of the supporting electrolyte.20

Two well-separated one-electron oxidations are observed for
some Ni(II) porphyrins while others undergo two overlapping
one-electron oxidations at the same potential.20 As seen in
Figure 1, these two extremes of electrochemical reactivity are
observed for the three nickel porphyrins investigated in the
current study. Compounds 2, 3, and 4 exhibit two well-
separated one-electron oxidations in CH2Cl2 while only

compound 4 displays this behavior in PhCN. In contrast, an
overall two-electron oxidation to give the Ni(II) porphyrin
dication occurs at E1/2 = 1.14 V for compounds 2 and 3 in this
solvent.
A third reversible oxidation has been reported for some

Ni(II) porphyrins,20b and this is also the case for compounds 3
and 4 in both solvents. The third oxidation involves a one-
electron transfer and formation of a Ni(III) porphyrin dication.
Because of the very positive potential for this metal-centered
reaction, it is often hard to detect, but for compound 4, the
third oxidation is easily observed and located at E1/2 = 1.55 V in
both solvents.
All three oxidations of 4, which has π-conjugated system are

more facile as compared to the same reaction for compound 3.
The magnitude of the potential shift is largest for the first ring-
centered reaction which shifts by 350−400 mV (depending
upon solvent), smaller for the second oxidation which shifts by
130−140 mV, and smallest for the third, metal-centered
process which shifts by only 80−90 mV upon going from
compound 3 to compound 4. The absolute potential difference
between the reversible second and third oxidations of 4 (Δ|Ox3
− Ox2|) ranges from 530 to 550 mV in CH2Cl2 and PhCN (see
Figure 1), and this is consistent with reported 500−730 mV
potential differences between similar redox reactions of other
nickel porphyrins which exhibit a Ni(II)/Ni(III) process at
positive potentials.20

The third oxidation of 3, at Ep = 1.63−1.64 V is slightly more
difficult than the third oxidation of 4 which occurs at Ep = 1.59
V in PhCN and CH2Cl2, and this process is also assigned to
generation of a Ni(III) porphyrin. In compound 3 the reaction
is irreversible because of the occurrence of a coupled chemical
reaction which occurs after the electron transfer. This reaction
is related to the electrosynthetic generation of 4 as discussed in
later sections of the paper.
As seen in Figure 1, the irreversible oxidation of 1,6-

dimethoxynaphthalene (cpd 1) is located at Ep = 1.33−1.36 V,
either by itself (top voltammogram in Figure 1) or in solutions
also containing 2 (figure not shown). No oxidations are
observed in this potential region for compound 3 in CH2Cl2 or
PhCN, which implies that the naphthalene group shows no

Figure 1. Cyclic voltammograms of 1−4 in (a) CH2Cl2 and (b) PhCN containing 0.1 M TBAP. Scan rate = 0.1 V/s.
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electrochemical activity when it is attached to the meso-position
of this Ni(II) porphyrin. This observation proves that the
electrochemically generated radical-cation located on the
porphyrin macrocycle attacks the neighboring dimethoxynaph-
thalene unit, forming a C−C bond (and not vice versa)
Spectral Monitoring of Reduction in Thin-Layer Cell.

The three Ni porphyrins were also characterized by UV−vis
spectroelectrochemistry. Examples of the spectral changes
which occur during controlled potential reduction and
oxidation of 3 and 4 in PhCN are illustrated in Figures 2 and
3, while the corresponding spectral changes for 2 are given in
Supporting Information, Figures S1 and S2.
Figure 2 compares the spectral changes for 3 and 4 during

the first one-electron reduction in PhCN. The neutral
porphyrin 4 in this solvent is characterized by a Soret band
at 487 nm (molar absorptivity, ε = 9.6 × 104 L mol−1 cm−1), a
shoulder at 462 nm, and a visible band at 654 nm (ε = 3.8 ×
104 L mol−1 cm−1). The neutral porphyrin 3 has an intense

Soret band at 419 nm (ε = 22.6 × 104 L mol−1 cm−1) and a
weak visible band at 529 nm (ε = 2.8 × 104 L mol−1 cm−1). The
ring-expanded 4 has a slightly more intense visible band than 3,
but it has a much weaker Soret band than the compound with a
nonexpanded porphyrin macrocycle. This is consistent with
known spectral characteristics of ring-expanded porphyrins;22,23

the Soret band becomes weaker while the visible band becomes
more intense as the size of the π-conjugated system increases.
During the first one-electron reduction of 4 (Figure 2a), the

bands at 462, 487, and 654 nm decrease in intensity while new
bands grow in at 338, 419, 509, and 722 nm. For compound 3
(Figure 2b), the Soret and Q bands of the neutral compound
both decrease in intensity as the first reduction proceeds and a
new weak, and very broad, band appears at 642 nm. Both sets
of spectral changes can be assigned to a ring-centered addition
of one electron to form a porphyrin π-anion radical. Of note,
however, is the fact that the spectrum of singly reduced 3 does
not have an intense band close to 722 nm as does singly
reduced 4 (labeled as 4−) and this absorption, in the case of 4,
can then be used as a marker band for the radical anion of the
naphthalene-fused Ni(II) porphyrin.

Spectral Monitoring of Oxidation in Thin-Layer Cell.
Figure 3 presents the spectral changes which occur during the
three stepwise one-electron oxidations of 4 in PhCN (see cyclic
voltammogram of the compound in Figure 4). During the first
controlled potential oxidation at 0.90 V, the 462, 487, and 654
nm bands all decrease in intensity while a strong new band
grows in at 741 nm. The final spectrum after the first one
electron oxidation also has a moderate intensity band at 490
nm and two weak, broad, bands at 410 and 554 nm. This
spectrum is shown in Figure 3a and corresponds to the
porphyrin π-cation radical product of compound 4. The 741
nm band in the π-cation radical spectrum of compound 4 is not
seen in the spectrum of singly oxidized 3 (see Figure 4b) and is
assigned as a marker band for the cation radical of the singly
oxidized naphthalene-fused Ni(II) porphyrin.
When the potential of singly oxidized 4 was switched from

0.90 to 1.20 V (Figure 3b), the 741 nm marker band of the
cation radical disappears, consistent with the formation of a
Ni(II) dication in the thin-layer cell. This species is
characterized by weak bands at 350 and 491 nm. Finally, the
Ni(III) porphyrin dication of 4 was electrogenerated by
switching the controlled potential from 1.20 to 1.75 V; this
triply oxidized species has two very weak bands at 337 and 491
nm.
The dimethoxynaphthalene group is electron-rich, and the

effect of this substituent on half wave potentials for reduction

Figure 2. UV−visible spectral changes of (a) 4 and (b) 3 during the controlled potential reduction in PhCN containing 0.1 M TBAP.

Figure 3. UV−visible spectral changes of 4 during the controlled
potential oxidations at (a) 0.90 V, (b) 1.20 V, and (c) 1.75 V in PhCN
containing 0.1 M TBAP.
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or oxidation of the porphyrin should be similar to that of a
compound having only mesityl groups. This can be seen by
comparing reversible half wave potentials for the first one-
electron oxidation of compounds 2 and 3 in PhCN (see cyclic
voltammograms in Figure 1b). When one of the four mesityl
groups on the meso-positions of compound 2 is replaced by a
dimethoxynaphthalene group to form compound 3, the half
wave potential for the reversible two-electron oxidation remains
unchanged at E1/2 = 1.14 V in PhCN. In contrast, when the
dimethoxynaphthalene group is fused onto the porphyrin
macrocycle, as in compound 4, a large negative shift in potential
for the first oxidation is observed. This is shown by the cyclic
voltammograms in Figure 1 where the initial reversible one-
electron oxidation of 4 occurs at E1/2 = 0.67 V (CH2Cl2) or
0.74 V (PhCN) (as compared to 1.02 and 1.14 V for oxidation
of compound 3 in CH2Cl2 and PhCN, respectively). The
second one-electron abstraction of 4 is also reversible in the
two solvents and located at E1/2 = 1.00 V in PhCN as compared
to E1/2 = 1.14 V for the second oxidation of 3 in the same
solvent.
In a previous study of Pt porphyrins with π-expanded

macrocycles, we reported that ring expansion results in a
considerable raising of the macrocycle HOMO levels but
induces only small changes in the LUMO levels of the π-ring

system.22 As a result of the more facile ring oxidations, the
measured HOMO−LUMO gap decreases as the size of the π-
conjugated system is increased. This is also seen for compound
4 in PhCN where the reversible first reduction potential of
−1.20 V is only slightly easier than the reversible first reduction
of 3 at −1.24 V and the HOMO−LUMO gap decreases from
2.38 V for 3 to 1.94 V for 4.
Of critical importance is the fact that compound 3 shows a

new reversible redox couple located at E1/2 = 0.67 V (in
CH2Cl2) or E1/2 = 0.79 V (in PhCN), after scanning the
potential to values positive of the third oxidation where the
Ni(III) porphyrin dication is electrogenerated. The formation
of the new peak on the return negative potential scan is shown
by a dashed line in the cyclic voltammograms of Figure 1. The
E1/2 of 0.67 V for the new peak in CH2Cl2 is identical to E1/2
for the first oxidation of 4 in this solvent, and similar oxidation
potentials are also seen for the relevant processes of 3 and 4 in
PhCN. These results prove that a chemical transformation
occurs after oxidation of compound 3, with an oxidized
compound 4 being generated as a product of the reaction at the
electrode surface. In a previous study16 we demonstrated that
compound 4 could be synthesized by chemically oxidizing 3,
and a similar electrosynthesis of 4 appears to have occurred in
the electrooxidation of compound 3. To further prove this
hypothesis and to better understand the electrooxidation
processes of 3, the spectra of each oxidation product was
characterized by in situ thin-layer spectroelectrochemistry. The
results of these measurements are discussed below.

Fusion of π Ring System and Conversion of 3 to 4
during Oxidation. Figure 4a illustrates thin-layer cyclic
voltammograms of 3 in PhCN using different potential sweep
ranges. As in the case of “regular” cyclic voltammetry, the first
two oxidations of 3 occur in a single step two electron transfer
at E1/2 = 1.10 V. The oxidative coupling reaction occurs when
the scan is reversed at 1.35 V, but the new redox couple of 4 at
0.74 V has very small current (top voltammogram of Figure
4a). In contrast, a new well-defined new reduction and
reoxidation process is seen at E1/2 = 0.74 V when the potential
scan in the thin-layer cell is reversed at a more positive
potential of 1.75 V (middle CV of Figure 4a). Furthermore,
when the positive potential scan was held at 1.35 V for 5 min
and then reversed, two reversible redox couples were obtained
at E1/2= 1.02 and 0.74 V (lower CV of Figure 3a). As seen in
Figure 1 and Table 1, the potentials of the two new redox
couples generated in the thin layer cell after the second or third
oxidation of 3 are almost identical to half wave potentials for
the first two oxidations of 4 in the same solvent/supporting
electrolyte system.
Figure 4b shows the UV−visible spectral changes which

occur during the stepwise oxidations of 3 at the indicated
potentials. The neutral compound 3 in PhCN is characterized
by an intense Soret band at 419 nm and a weak band at 530
nm. When the potential is held at 1.35 V for 4−7 min, the
initial bands at 419 and 530 nm disappear while two weak new
bands of the product grow in at 350 and 490 nm (Figure 4b);
further oxidation at an applied potential of 1.75 V leads, after 2
min of electrolysis, to a spectrum having bands at 350 and 490
nm (lower left spectrum in Figure 4b). These latter spectral
changes are almost the same as those which occur during the
second and the third oxidations of 4 (see Figure 3b).
The reverse spectral changes in Figure 4b unambiguously

confirm the formation of doubly oxidized 4 which is then
reduced to the neutral compound 4 when a controlled potential

Figure 4. (a) Thin-layer cyclic voltammograms of 3 in PhCN
containing 0.1 M TBAP at a scan rate of 20 mV/s and (b) stepwise
UV−visible spectral changes of 3 during the indicated applied
potential under the same solution conditions.
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of 0.00 V is applied to the thin-layer cell. Two electrons are
added stepwise during controlled potential reduction of the
electrogenerated dication at 0.00 V, giving in the first step a
spectrum with bands at 488 and 739 nm and then, in the
second step, a final reduction product which is characterized by
a split Soret band at 463 and 487 nm and a visible band at 655
nm. A 739 nm band was earlier assigned as a marker band for
the radical cation of the naphthalene-fused Ni porphyrin. This
band is seen in the first step during reduction at 0.0 V (top
right spectrum in Figure 4), and the spectrum of the final
product after further reduction is identical to that of the neutral
compound 4 (see spectrum in lower right on Figure 4b).
The electrochemical and spectroelectrochemical data are

thus self-consistent, indicating that compound 3 is first oxidized
to a dication (32+) via two one-electron abstractions, after
which 32+ converts to 42+ by an internal electron transfer
process. Based on the results obtained from electrochemistry,
thin-layer spectroelectrochemistry and the literature,16 a
proposed reaction mechanism in PhCN is presented in Scheme
1. The conversion of 3 and 4 is not limited to PhCN as a
solvent, and similar electrochemical and spectroelectrochemical
results are also obtained in CH2Cl2. These data are given in
Supporting Information, Figures S2−S4.

■ SUMMARY

In conclusion, an electrochemical approach to synthesis of the
π-extended porphyrin 4 allowed us to avoid the use of harsh
reaction conditions, such as the need for adding iron(III) or
molybdenum(V) salts which are a hallmark of these chemical
methods. More importantly, by electrochemical and spectroe-
lectrochemical studies, we have proven that a radical-cation is
initially formed on the porphyrin ring, following its reaction
with the linked dimethoxynaphthalene moiety. This observa-
tion will enable the design of suitable architectures for the
future synthesis of π-extended porphyrins by both electro-
chemical and chemical methods. Another appealing aspect of
an electrochemically based synthetic method is that it allows

the reaction conditions to be easily varied. For instance, under
conditions of the electrolysis, it is possible to adapt an oxidation
potential which specifically suits the redox properties of a given
porphyrinic precursor and to also study the effects of various
metals placed into the macrocyclic core. In summary, the
currently described electrosynthetic method describes a new
and simple way to produce π-extended porphyrins, which
should permit control of electronic interactions and thus enable
one to more closely control and tune the physical properties of
these type macrocycles.
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