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ABSTRACT

The hypervalent iodine(III) reagent, phenyliodine bis(trifluoroacetate) (PIFA), mediates the unprecedented, oxidative coupling reaction of py rroles
to give r-linked bipyrroles selectively in the presence of bromotrimethylsilane. This straightforward synthesis could provide 2,3 ′-bipyrrole by
the choice of a N-substituent of pyrrole. Mechanistic consideration of the present reaction is also described.

Bipyrrole structures occur in natural products, pigments, and
porphyrin mimics and are known as common components
in molecular recognition and self-assembly systems.1 Re-
cently, some electron-rich bipyrroles have been applied as a
precursor of oligo- or polypyrroles,2 which are valuable
compounds in the field of material sciences due to their
beneficial physical properties such as high conductivity.3

Under these circumstances, bipyrroles are increasing in
importance in a wide range of modern science research
studies. However, their practical synthetic methods are quite
limited, especially for bipyrroles not having electron-
withdrawing groups.4-6 A classical stepwise approach starting
from pyrrolinones and pyrroles is a promising way to
synthesize the electron-rich 2,2′-bipyrroles, in which forma-

tion of dihydrobipyrroles1 followed by the dehydrogenation
of 1 produced the 2,2′-bipyrroles (Scheme 1).7 In contrast,
little attention has been paid to the oxidative coupling
reaction of pyrroles for the preparation of bipyrroles, though
the direct oxidative coupling reaction of pyrroles using
palladium(II) salts has been reported.8

However, even in this case, substoichiometric amounts of
palladium(II) salts are required to obtain the 2,2′-bipyrroles
in good yields, and sometimes an undesired mixture of
byproducts were produced. Consequently, indirect ap-
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proaches involving decarboxylation steps were required in
many cases.5,6 Therefore, development of new methods for
the synthesis of various types of bipyrroles remains an
important issue.

Hypervalent iodine(III) reagents, such as phenyliodine
diacetate (PIDA) and phenyliodine bis(trifluoroacetate) (PIFA),
hydroxy(tosyloxy)iodobenzene (HTIB), and iodosobenzene,
have been widely recognized as safe and useful oxidants
having reactivities similar to those of the highly toxic heavy
metal oxidizers.9 We have previously developed the PIFA-
induced mild and efficient direct oxidative coupling reaction
of phenyl ethers and alkylarenes in (CF3)2CHOH or using
BF3‚Et2O in CH2Cl2 (Scheme 2).10 The reaction would

proceed via the cation radical intermediatesA,11 and the
carbon-carbon bond formation could oxidatively occur by
the reaction ofA with neutral molecules of substrates to give

the corresponding biaryl products. Recently, we discovered
that the Lewis acids play an important role not only in the
activation of the hypervalent iodine(III) reagents but also in
determining the course of the reaction.10c During our
investigation on the hypervalent iodine(III) chemistry, we
have found that bipyrroles could be formed in the reaction
of pyrroles depending on the Lewis acids used. Herein, we
report a novel straightforward synthetic method using PIFA
with bromotrimethylsilane (TMSBr), which provides the
facile and selective construction of 2,2′-bipyrroles and even
2,3′-bipyrrole.

The influences of Lewis acids on the oxidative coupling
reaction of 3,4-diethylpyrrole3a leading to 2,2′-bipyrrole
4a,5c are summarized in Table 1. BF3‚Et2O, the most common

Lewis acid for the oxidative coupling reaction of phenyl
ethers and alkylarenes, did not give a good result; although
almost all of3awas consumed, insoluble oligomeric products
were mainly obtained in this case (entry 1). After an
extensive number of unfavorable results using the boron-
based Lewis acids, we found that4a was produced when
using silicon-based Lewis acids (entries 2-5). Of all the
Lewis acids treated, TMSBr gave the best result, and thus
4awas obtained in 75% yield (69% yield based on consumed
3a) at-40°C (entry 4). Using the pentavalent iodine reagent,
other heavy metal and organic oxidants (entries 6-9), and
Brønsted acids, such as CF3CO2H and HNO3, instead of
TMSBr, we did not obtain4a, but oligomeric products were
formed.

The present reaction proceeded with a wide range of
electron-rich pyrroles having various substitutions (Table 2).12

It should be noted thatN-nonprotected pyrroles were usable,
and the reaction was rapid enough to finish in 1 h. Although
there was concern of forming the regioisomers of bipyrroles
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Table 1. Survey of Oxidants for the Oxidative Coupling
Reaction of3a

entrya oxidant additive yield of 4a (%)b

1 PIFA BF3‚OEt2 n.d.
2 // TMSOTf 17
3 // TMSCl 22
4 // TMSBr 75 (69)c

5 (PhIO)n // 31
6 DMPd // trace
7 Tl(OCOCF3)3 // n.d.e

8 CANf // n.d.
9 DDQg // n.d.

a Reaction conditions: 3 equiv of3a, 1 equiv of oxidant, 2 equiv of
additive.b Isolated yields based on oxidant.c Isolated yields based on
consumed3a. d DMP ) Dess-Martin periodinane.e n.d. ) not detected.
f CAN ) ceric ammonium nitrate.g DDQ ) 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone
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in the case of pyrrole3b itself, 2,2′-bipyrrole 4b6a was
obtained in 78% yield in high selectivity (entry 2). Similar

results were obtained with sterically hindered3cand 4,5,6,7-
tetrahydro-2H-isoindole3d (entries 3 and 4).

In the case of the 3-substituted pyrroles, useful head to
tail dimers4′13 were obtained in preference to head to head
dimers 4′′ (entries 5-10).10c The regiochemistry of the
products was determined by measurement of their1H NMR
or by comparing them to authentic samples.13c Some
functional groups (ester, ether, halogen, etc.) are tolerable
under the reaction conditions, but electron-deficient pyrroles,
such as 1-tosylpyrrole, did not react at all.

The reaction was applicable to the indole5,14 though the
addition product715 was formed (29% yield based on PIFA)
together with the desired bisindole6 (74% yield based on
PIFA) (Figure 1).

Next, we tried to apply the present reaction to the synthesis
of other types of bipyrroles because no facile methods have
appeared. We found that it was made possible by choosing
the phenyl group as the suitableN-substituent of pyrrole.
Thus, the 2,3′-bipyrrole916 was obtained in 56% yield using
N-phenyl pyrrole8 under the reaction conditions (Scheme
3).17

A possible reaction mechanism of the present oxidative
coupling reaction of the pyrroles and indole is illustrated in
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pyrrole 3a (111 mg, 0.9 mmol) in CH2Cl2 (15 mL) were quickly added
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Table 2. PIFA-Induced Selective Synthesis ofR-Linked
Bipyrroles4 from 1-H Pyrroles3

a Reaction conditions: 3 equiv of3, 1 equiv of PIFA, 2 equiv of TMSBr.
b Isolated yields based on PIFA.c Isolated yield based on consumed3a.

Figure 1. Oxidative coupling reaction of 3-methylindole5.

Scheme 3
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Scheme 4. As presumed from our previous reports,11

electrolytic3 or some chemical oxidations18 yielding pyrrole
cation radicals, i.e., cation radicalA′, appear to be generated
from the pyrroles3 through a one-electron oxidation by the
action of PIFA-TMSBr. A then reacts with3 to give the
bipyrroles4 after the further one-electron oxidation followed
by deprotonation. Although an alternative stepwise mecha-
nism involving B19 is conceivable, the former explanation
is more reasonable based on the following experimental
result; thus, the isolated dihydroindole7, which was slowly
formed during the oxidative coupling reaction condition of
5, did not produce bisindole6 in the presence of PIFA and
TMSBr. Our persistent attempts to detect the dihydropyrroles
B also suggested the absence ofB during the reaction, and
effective inhibition of the reaction by the radical scavenger,
galvinoxyl, supports the former cation radical pathway.

Because pyrroles cause acid-catalyzed oligomerization or
polymerization by treatment with strong acids even at low
temperature, TMSBr acts as a suitable Lewis acid not only

to activate PIFA but also to suppress the oligomerization
process of the pyrroles during the coupling reaction. How-
ever, the precise intermediate of the coupling reaction is yet
unclear, and we consider the following two alternative
reaction intermediates generated in situ: (a) a bromonium
ion in the form of a hypobromite or the bromate(I) complex
by PIFA-induced oxidation of the bromide ion20 and (b)
activated I(III) species containing an I-Br bond.21,22Exten-
sive studies on the mechanism and real intermediate of the
coupling reaction will be done and described elsewhere.

In conclusion, we have developed the hypervalent iodine-
(III)-induced effective oxidative coupling reactions of electron-
rich pyrroles and indoles using TMSBr as an appropriate
Lewis acid. This is the first straightforward synthesis of a
variety of bipyrroles in good yields, and therefore, it might
accelerate further applications of these compounds in the
research fields already mentioned. Applications of these
useful bipyrrole compounds are also underway in our
laboratory.
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