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The utility of an electrochemical oxidative strategy in the

synthesis of expanded porphyrins is demonstrated by the

preparation of cyclo[8]pyrrole in high yield via a bipyrrole C(2)–

C(2)9 coupling process.

The number of strategies available to prepare porphyrin analogues

is currently quite limited.1,2 Among the more promising new

methods to be introduced in recent years are those based on direct

oxidative couplings.1,3,4 Such approaches have allowed for the

synthesis inter alia of expanded porphyrins containing six, seven,

and eight pyrroles, as well as various heteroatom analogues. To

date, however, only a very few chemical oxidants, namely high

potential quinones and the high-valent cations Cr(VI) and Fe(III),

have been used successfully in the context of this strategy.

Expanding the scope of available oxidants could lead to important

advances in synthesis, including the preparation of known targets

with greater ease or efficiency. Here we report a new oxidative

coupling strategy based on electrochemical oxidation, demonstrat-

ing it by the synthesis of cyclo[8]pyrrole, a flat, aromatic expanded

porphyrin macrocycle previously obtained by chemical-based

oxidative coupling.4

Electrochemical oxidations have previously been used to

generate pyrrole-based radical cations, which are known to

undergo spontaneous C(2)–C(2)9 coupling reactions leading

to conducting or amorphous polymeric structures.5,6

Interestingly, however, there have been only a few reports

describing the electrochemically driven formation of non-linear

polypyrrolic stuctures from highly pre-organized synthons.7–10

None of these involved an N-unsubstituted expanded porphyrin.

To test the potential utility of the electrochemical strategy in

producing expanded porphyrins, cyclo[8]pyrrole was selected as

the synthetic target. This choice reflects the fact that this particular

species is well characterized, can be prepared in good yield via a

chemical-based oxidative coupling,4 and the requisite precursor,

3,39,4,49-tetraethylbipyrrole 1, is readily available. It was thus

thought that electrochemically induced cyclization of this latter

building block would produce the desired cyclo[8]pyrrole target.

Prior to commencing studies of the putative cyclization process,

the electrochemical activity of the starting 3,39,4,49-tetraethylbi-

pyrrole 111–13 was investigated in dichloromethane (with 0.1 M

tetra-n-butylammonium perchlorate as supporting electrolyte)

using cyclic voltammetry{ (Fig. 1, A).

The irreversible oxidation of the pyrrole fragments was observed

at a rather low potential (Ea = 150 mV vs. Ag/Ag+), in accord with

what would be expected given the electron-donating effect of the

b-substituents and the reduction in the HOMO–LUMO gap

resulting from conjugation between the aromatic pyrrole frag-

ments (Fig. 1, A).14–17 The irreversible nature of this process,

observed at all studied scan rates (100 to 10 V s21), clearly

highlights the limited stability of the cation radical [1]+?, and serves

to confirm its known tendancy to evolve towards oligomeric

materials as the result of fast coupling reactions.

This preliminary investigation also revealed that repetitive

cycling does not lead to the expected polymer-based enhancement

in current intensity, typically observed when a progressive increase

in the surface concentration of an electroactive species is seen. This
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Fig. 1 A) Cyclic voltammogram of 1 (5 6 1024 M) recorded in CH2Cl2
containing 0.1 M TBAP (vitreous carbon working electrode, 100 mV s21).

B) Electrolysis of a 5 6 1024 M solution of 1 followed by UV-Vis

spectroscopy (l = 1 mm; 0.25 M TBAHSO4 in CH2Cl2, Eapp = 0.3 V vs.

Ag/Ag+, platinum plate working electrode).
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observation led to the consideration that the oxidized species

generated in situ were remaining in solution and thus could

possibly lead, via electrochemical/chemical (EC) coupled processes,

to expanded porhyrin-like architectures,2 such as cyclo[n]pyr-

role,4,18,19 which are known to be stable under most laboratory

conditions. Our objectives were thus to investigate the presumed

electrochemical/chemical (EC) mechanism and to isolate and

identify putative polypyrrole cyclic species.

To address the question of whether a non-oligomeric, macro-

cyclic product could be obtained under conditions of electro-

chemical oxidation, an initial bulk electrolysis of bipyrrole 1 in

dichloromethane (5 6 1024 M) was conducted under argon

atmosphere using tetra-n-butylammonium hydrogenosulfate as

the supporting electrolyte (0.25 M) and a conventional three-

electrode cell with a platinum plate as working electrode. Upon

setting the working electrode potential at 300 mV (vs. Ag/Ag+),

way above the oxidation potential of the bipyrrole synthon, the

solution turned progressively from colourless to highly coloured.

This bulk electrolysis was followed in situ by UV-Vis absorption

spectroscopy, leading to the growth of a sharp peak at 427 nm and

a broad absorption above 900 nm in the resulting spectrum (Fig. 1,

B). As the total coulombic charge consumed reached ca. 2 molar

equivalents of electrons per monomer 1, the spectrum changed

drastically, with the broad band in the near-infrared region

disappearing, while two sharp and intense absorptions between

750 and 850 nm were seen to grow. Concomitant changes were

observed at lower wavelengths, with the initial signal at 427 nm

splitting to produce two less intense bands located at 427 and

481 nm. After these new spectroscopic signatures were fully

developed, further oxidation up to a net deficit of 3 molar

equivalents of electrons per monomer 1 failed to produce any

significant additional changes in the UV-Vis absorption spectrum.

At this juncture the reaction was thus considered complete.

Work-up involved evaporating the highly coloured reaction

mixture to dryness under reduced pressure. The resulting oily

residue was then dissolved in aqueous H2SO4 (0.1 M) and filtered

to afford a deeply coloured solid. TLC analysis of the latter

material revealed one major component whose absorption

spectrum was in agreement with that for cyclo[8]pyrrole.4 The

bulk electrochemical synthesis was thus scaled up, both to assess its

efficiency and to generate sufficient material to permit detailed

characterization. In this way, starting from a 5 6 1023 M solution

of 1, a crude solid material was obtained after filtration that was

then further purified by column chromatography (silica gel; eluent

1 to 5% MeOH in DCM). This afforded one major fraction, the

mass spectrum of which corresponded to that expected for

cyclo[8]pyrrole 2.4 An X-ray diffraction analysis conducted on

single crystals obtained by evaporation of a DCM–hexane solution

provided a definitive proof of the structure (Fig. 2).{ As expected

from the literature, cyclo[8]pyrrole 2 was isolated in the form of its

diprotonated sulfate salt, with the counter-anion being tightly

bound within the macrocyclic cavity.4 The overall yield of

expanded porphyrin product 2 obtained in this way was 68%,

which is competitive with the best yields obtained using chemical

oxidants.

The electrochemical synthesis of 2 from four bipyrrole building

blocks under appropriate anodic voltage requires the net loss of

2.5 electrons per bipyrrole unit (Fig. 3). The mechanism is yet not

fully understood, but the reaction presumably proceeds in a

stepwise fashion and involves the C(2)–C(2)9 coupling of

electrogenerated radical cations or a similar coupling between

radical cations and non-oxidized pyrrole fragments6,21 (Fig. 3).

From the solid-state structure, it can, however, be assumed that

sulfate anions play a significant part in the topological control of

this coupling process through what may involve an anion–

oligopyrrole hydrogen-bonding templating effect.

The cyclic voltammogram{ of 2, recorded in dichloromethane

containing 0.1 M TBAP, is consistent with previous findings,15,19

with two monoelectronic successive oxidation waves at 80 and

495 mV and a two-electron reduction wave at 2530 mV (Fig. 4,

A). As previously reported in the case of the bis-chloride

analogue,19 a third oxidation process could also be clearly

observed at higher potential (Epeak = 1100 mV). The ease with

which 2 undergoes electrochemical oxidation is consistent with the

in situ generation of a cation radical [2]+? in the course of the bulk

electrolysis of 1 that then plays a key role in a follow-up EC

reaction process, presumably by functioning as an electron transfer

mediator. A UV-Vis spectroelectrochemistry experiment was thus

carried out to characterize [2]+? and confirm its part in the EC

process. The initial absorption spectra of a DCM solution of 2

(with 0.25 M TBAHSO4) was seen to evolve quickly upon setting

the platinum plate working electrode potential to 0.2 V. As already

observed upon subjecting 1 to electrolysis, the broad absorption

above 900 nm progressively vanishes. This reduction in intensity

was accompanied by the growth of two sharp signals at 744 and

832 nm, while the band at 427 nm gradually underwent splitting

into two less intense absorption bands at 481 and 427 nm (Fig. 4,

B). A metastable situation could be obtained when one molar

Fig. 2 Top view of an ORTEP20 image of 2. Thermal ellipsoids are

scaled to the 50% probability level.

Fig. 3 Schematic representation of the coupled electrochemical/chemical

(EC) coupled processes leading to the cyclo[8]pyrrole 2 from four molar

equivalents of bipyrrole 1.
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electron equivalent of 2 was converted to [2]+?, whose stabilty on

the electrolysis time scale could be evaluated through a bulk

reduction at 0 V, a process that yielded back the initial solution

of 2.

On the basis of these findings, the consecutive steps observed in

the course of the UV-Vis spectroelectrochemical experiment

depicted in Fig. 1 are thought to involve the formation of the

cyclo[8]pyrrole product 2, produced through a C(2)–C(2)9 coupling

process of an a-free bipyrrolic precursor, followed by a conversion

at the applied potential into the radical cation [2]+?, a species that

may be easily identified from its UV-Vis absorption signature

(Fig. 4, B).

In summary, we have shown how cyclo[8]pyrrole 2 may be

prepared in very good yield using an unprecedented electrochemi-

cal oxidation strategy. The success of this approach leads us to

propose that analogous electrochemical oxidation processes could

be used to generate a range of new and existing expanded

porphyrin products. Unlike chemical oxidants, which must

generally be tested emperically for a given expanded porphyrin-

generating transformation, the electrochemically based oxidative

strategy offers the advantage that one has the opportunity, at least

in principle, to tune the reactivity of the ‘‘reagent’’ by the choice of

anodic voltage. It is thus possible that electrochemical oxidation

procedures could evolve to complement those based on more

classical chemical oxidants. Studies designed to test this hypothesis

are currently in progress in our laboratories.
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support, as well as to Dr Sylvie Chardon for fruitful discussions.

Notes and references

{ All electro-analytical experiments were conducted in anhydrous dichloro-
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V = 3289.1(10) Å3, Z = 2, Dc = 1.247 Mg m23; 15 097 independent
reflections were collected at 223 K. Refinement using the SHELXTL 5.05
package on all data converged at R1 = 0.0846, wR2 = 0.1736. Data were
collected using a Bruker SMART CCD area detector three-circle
diffractometer (Mo-Ka radiation, l = 0.71073 Å, graphite monochroma-
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Fig. 4 A) Cyclic voltammogram of 2 (5 6 1024 M) recorded in CH2Cl2
containing 0.1 M TBAP (vitreous carbon working electrode, 100 mV s21).

B) Electrolysis of a 1.25 6 1024 M solution of 2 followed by UV-Vis

spectroscopy (l = 1 mm; 0.25 M TBAHSO4 in CH2Cl2, Eapp = 0.2 V vs.

Ag/Ag+, platinum plate working electrode).
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