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Highly regioselective radical alkylation of 3-substituted pyrroles
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Abstract—It is reported that the intermolecular oxidative radical substitution on 3-substituted pyrroles gives the 2,3-disubstituted
pyrroles in a highly regioselective manner. This behavior is explained on the basis of the relative stabilities of the intermediate rad-
icals formed in the process. The methodology reported herein represents a direct entry into 2,3-disubstituted pyrroles, which might
be used to construct more complex molecules.
� 2007 Elsevier Ltd. All rights reserved.
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Due to their broad distribution in nature as a constitu-
ent of the framework of a number of natural products,
and also of synthetic products with significant pharma-
cological effects, pyrroles are among the most important
heterocyclic systems.1 Therefore, a great deal of atten-
tion has been devoted to the development of new and
more efficient means of constructing the pyrrole system,
and also to the understanding of its reactivity under spe-
cific conditions. Without a doubt the nucleophilic nature
of the pyrrole aromatic system is mostly responsible for
its chemical behavior. Indeed, electrophilic aromatic
substitution is one of the main processes employed for
introducing new substituents onto the pyrrole nucleus;
the reaction mechanisms involved are well established.1

Alternatively, driven by the need for mild and more ver-
satile methods for the intra and intermolecular substitu-
tion of pyrroles, free-radical-based processes have
gained increasing importance.2 For instance, 2-substi-
tuted pyrroles are reported to undergo direct alkylation
mainly at C-5, under a variety of free-radical conditions.
Thus, the reactivity of substituted pyrroles under free-
radical conditions has been explained in terms of fron-
tier orbital interactions.3 In contrast, there are few
precedents for the free-radical oxidative alkylation on
3-substituted pyrroles.2 An important issue in this topic
is the regiochemistry of the substitution, given that in
principle, three different positions are available for the
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addition of the free radical (I in Scheme 1). For instance,
the free-radical cyclization of alkyl3 and acyl4 radicals
(nucleophilic radicals) is reported to give selectively the
product of addition at C-2. In addition, in an earlier
study we observed that the main cyclization product of
the electrophilic radical 1 was 2, reflecting the attack
of the radical again at C-2; no trace of the product
resulting from attack at C-5 was detected (Scheme 1).5

The observation of this highly regioselective annulation
with either nucleophilic or electrophilic radicals,
prompted us to examine the intermolecular process
(Scheme 2). Herein, preliminary results of our endeavors
in this field are described.

It has been recently demonstrated in our group, the
effectiveness of xanthate-based free-radical method to
achieve intermolecular oxidative radical alkylation of a
1 2

Scheme 1.
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Figure 1. Possible radical intermediates in the radical addition process.
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number of heterocyclic aromatic systems.6 Then, we rec-
ognized that this methodology could be useful for the
study of intermolecular free-radical aromatic substitu-
tion in 3-substituted pyrroles, at least for the addition
of electrophilic radicals. We first examined the radical
oxidative substitution of xanthate 4 and pyrrole-3-car-
boxaldehyde 3 (Scheme 2). Surprisingly, 2,3-disubsti-
tuted pyrrole 5 was the only product, isolated in
moderate yield along with recovered starting material.7

The position of the new substituent was confirmed with
the coupling constants in 1H NMR spectra of the hydro-
gen atoms at C-4 and C-5 (J = �2.8 Hz). Ketone, cyano
and butanoate derivatives showed similar behavior (Ta-
ble 1, entries 1–3). This result is somewhat surprising,
given that the reactions at C-2 of pyrrole 3 with
these electrophilic radicals are supposed to be a polarity-
mismatched process.

Muchowski et al.3 have shown that nucleophilic radical
addition at C-2 is particularly favorable on 3-acylated
pyrroles, due to a large LUMO coefficient at this site.
However, it was also shown that the system has signifi-
cant and approximately equal HOMO coefficients at C-2
and C-5. On the basis of a favorable SOMO/HOMO
interaction attack at both sites, a mixture of products
was expected. In contrast, a highly regioselective trans-
formation was observed in the present study (Table 1).
It is obvious that additional effects must control radical
attack on the pyrrole system, besides frontier orbital
interactions. It seems to be that the energy of the transi-
tion state of the addition process might be strongly
influenced by the stability of the formed radical interme-
diates (A, B or C depending on the site of radical attack,
Fig. 1). Therefore, results might be explained on the ba-
sis that radical A is more stabilized (allylic and a- to a
carbonyl group) than B (only allylic) and C (a to the
nitrogen atom). According to resonance theory A is
more stable since more Lewis structures could be de-
picted, than for B or C. This qualitative speculation
was supported by the theoretical calculation of their
energies (Table 2).8 According to the computation, rad-
ical A is �5.5 and �8 kcal/mol more stable than radicals
B and C, respectively.

We then examined the generality of the concept, and
submitted pyrrole 12, bearing a weak electron-with-
drawing phenyl group, to the same oxidative free-radical
alkylation conditions with xanthates 4 and 8. As ex-
pected, 2,3-disubstituted pyrroles 13 and 14 were ob-
tained in good yields. A similar result was observed
for the substituted pyrrole 15 bearing the strong elec-
tron-withdrawing nitro group on the aryl moiety. It
seems that the electronegativity of the group at C-3
has no influence in the regiochemistry of this radical
addition. Furthermore, it is worth pointing out that
the substitution takes place at the most sterically hin-
dered carbon C-2.

In closing, a highly regioselective intermolecular oxida-
tive free-radical substitution on 3-aryl and 3-formyl
pyrroles, to give 2,3-disubtituted pyrroles, has been
described. This behavior might be explained on the basis
of the relative stabilities of the intermediate radicals
formed in the process. From the synthetic point of view,
the methodology reported herein represents a direct



Table 2. Relative gas-phase energies (DE), enthalpies (DH0), and free
energies (DG0) values for the radicals A, B and C (charge = 0,
multiplicity = 2, T = 298.15 K) computed at the UB3LYP level using
the 6-311G(d,p) basis set (all values are in kcal/mol)

Radical DEa DEb DH0c DG0d

A 0.0 0.0 0.0 0.0
B 6.4 5.5 5.7 5.3
C 8.2 7.7 7.8 8.0

a Electronic energies.
b Electronic energies with zero-point corrections.
c Enthalpies.
d Free energies.
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entry into 2,3-disubstituted pyrroles, whose utility as
synthetic intermediates in the construction of more com-
plex molecules has been largely documented.1
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