Angewandte

6196

Zuschriften

Pyrrole Alkylation

DOI: 10.1002/ange.201301154

Palladium-Catalyzed Direct C—H Alkylation of Electron-Deficient

Pyrrole Derivatives**
Lei Jiao and Thorsten Bach*

Dedicated to Dr. Toni Dockner on the occasion of his 75th birthday

Pyrroles represent an important class of nitrogen-containing
heterocycles. The pyrrole core exists abundantly in biologi-
cally active compounds, and many pyrrole derivatives have
been employed as versatile synthetic intermediates and
building blocks.? Among them, C2,C5-alkyl-substituted
pyrroles have attracted much research interest, because they
are a key structural element in several biologically active
natural products (Scheme 1).0!
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Scheme 1. Biologically active natural products containing a C2,C5-alkyl
substituted pyrrole framework.

There is great interest in new synthetic methods that
provide selective access to substituted pyrrole derivatives.™!
With regard to the alkylation of free-NH pyrroles there has
been only limited success so far. The traditional nucleophilic
alkylation reaction of metal pyrrolides usually results in
a mixture of regioisomeric alkylation products.”! The oxida-
tive radical aromatic substitution of pyrroles with in situ
generated a-carbonyl radical intermediates produces alkyl
pyrroles regioselectively, although with limited scope.l”’ The
Friedel-Crafts alkylation of pyrroles with o,(-unsaturated
carbonyl compounds® and the transition-metal-catalyzed
allylic alkylation of pyrroles” enable the installation of
a functionalized alkyl group to the C2-position of pyrrole.
However, these methods are restricted regarding the choice
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of electrophile, and an introduction of simple alkyl groups is
impossible. The recently reported C2,C5-alkylation of a pyr-
role in an ionic liquid is the only regioselective pyrrole
alkylation method that works with simple alkyl halides,"” but
only a limited number of electron-rich pyrroles can be
employed and they have to be used in large excess
(10 equiv). Thus, methods enabling a regioselective C-alkyla-
tion of pyrroles with simple alkyl halides are still in a high
demand. Herein, we report a regioselective pyrrole alkylation
reaction employing electron-deficient pyrrole derivatives and
common primary alkyl bromides as substrates; this method
complements the established protocols.

Apart from the above-mentioned reasons, an additional
motivation for studying the pyrrole alkylation arose from our
earlier discovery of an NH indole alkylation with alkyl
bromides.'!! This reaction involves the use of a Pd" catalyst
and norbornene as a transpositional co-catalyst, in which an
indole- and norbornyl-fused palladaheterocycle forms as the
key intermediate!® and an alkyl bromide reacts with this
intermediate!"? to achieve regioselective alkylation at the C2-
position of indole. Following this success, we hoped to
establish a regioselective direct alkylation method for pyr-
roles, involving the Pd"/norbornene-co-catalyzed process
(Scheme 2).

Scheme 2. Design of a Pd"-catalyzed norbornene-mediated pyrrole
alkylation reaction.

Disappointingly, preliminary attempts towards alkylation
of electron-rich pyrroles, such as pyrrole and 2-phenylpyrrole,
were largely unsuccessful. Given that pyrrole is more electron
rich and less acidic (pK,=23)" than indole (pK,=20.95),!"
we supposed that pyrrole derivatives with an electron-with-
drawing substituent might better meet the electronic require-
ments of this reaction. Therefore, we studied the alkylation of
the readily available and versatile building block ethyl-1H-
pyrrole-2-carboxylate (1a) with n-butyl bromide (Table 1).
Under reaction conditions identical to the previously estab-
lished indole alkylation method,'"! the 5-alkylation product
3aa was obtained as a minor product, in addition to a major
amount of N-alkylation product (entry1). This finding
indicated that the electron-deficient pyrrole derivative par-
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Table 1: Optimization of the reaction conditions for the butylation of
ethyl 1H-pyrrole-2-carboxylate (1a) with butyl bromide (2a).”!
[PACIy(MeCN),]

Etoocﬂ + BuBr w. EtoOCﬂBu
u reaction ”
1a 22 conditions 3aa
Entry Base Solvent Conc. T t Conv. Yield
(equiv) M °C ] [gel (98]
1 K,CO; (2) DMAF 0.2 70 43 (62) (13)1
2 KHCO; 3) DMAF 0.2 70 24 61 49
3 KHCO; 3) DMA 0.2 80 21 99 70
4 KHCO, (3) DMAF 0.2 90 21 97 81
5 KHCO; 3) DMA 0.2 90 19 99 75 (73)
6 KHCO; 3) DMFd 0.2 90 19 83 67
7 KHCO, (3) MeCNE 0.2 90 19 68 48
8 KHCO; 3) MeCN 0.2 90 19 74 58
9 KHCO; 3) DMA 1 90 22 97 89 (83)M

[a] Pyrrole 1a (1 equiv), bromide 2a (2 equiv), [PdCl,(MeCN),]

(10 mol %), and norbornene (2 equiv) were heated in the indicated
solvent for the indicated temperature T under argon. [b] Concentration
with respect to the pyrrole substrate. [c] Determined by '"H NMR
spectroscopy using 1,3,5-trimethoxybenzene as an internal standard.
The conversion based on isolated starting material is given in brackets.
[d] Determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene
as an internal standard. The yields after column chromatography are
given in brackets. [e] With 0.5 m H,O as additive. [f] Isolated together
with 23 % of ethyl N-butylpyrrol-2-carboxylate. [g] Reaction time =22 h.
[h] Under air. DMF = N,N-dimethylformamide.

ticipates in the proposed alkylation process, although further
optimization was clearly necessary. Upon using KHCO; as
base instead of K,CO;, formation of the N-alkylation by-
product was suppressed and 5-alkylpyrrole 3aa was formed in
an increased yield (entry 2). An elevated reaction temper-
ature (90°C) improved both conversion and yield (entries 2—
5).

A screen of solvents indicated that N,N-dimethylaceta-
mide (DMA) was the optimal solvent among those tested
(entries 4-8), and, unlike in the corresponding indole alkyla-
tion reaction,! H,0 as additive did not bring about
a significant beneficial effect (entries4 vs. 5 and 7 vs. 8).
Running the reaction at high concentration (¢ = 1m) resulted
in a further improvement in yield, and a reaction at synthetic
scale (1 mmol) afforded product 3aa in an 83% yield
(entry 9). Notably, the reaction does not require an inert
atmosphere and proceeds well under air (entry 9).1¥

Control experiments indicated that the C5-alkylation of
pyrrole 1a did not proceed in the absence of either the Pd"
catalyst or norbornene;['¥ this result is consistent with the
proposed Pd"-catalyzed norbornene-mediated mechanism
(Scheme 2). The formation of the norbornane-fused aza-
cyclobutane by-product 4, observed during the optimization
study, also sheds light on the reaction mechanism (Scheme 3).
This compound is assumed to be the direct reductive
elimination product from a potential norbornene-containing
palladacycle intermediate, thus providing support for the
intermediacy of the proposed palladaheterocycle species in
the alkylation process."”!

Studies on other electron-deficient pyrrole derivatives
showed that pyrrole-2-carboxylates are the best suited sub-
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Scheme 3. Isolation of azacyclobutane by-product 4 in the butylation of
substrate 1a (c=0.2m).

strates for this reaction, as compared with 2-cyano-, 2-
dimethylaminocarbonyl-, 2-formyl-, and 2-acetyl-substituted
1H-pyrroles.'! Therefore, the scope of this alkylation reac-
tion was explored with the former compound class and
various primary alkyl bromides (Scheme 4). The reaction
tolerates different functional groups on the alkyl moiety to
afford an array of functionalized 2,5-disubstituted pyrrole
derivatives in good yields. Some alkyl bromides (i.e., 2 f, 21,
and 21) showed diminished reactivity and slightly modified

[PdCly(MeCN),]
norbornene, KHCO3;

Wooc@ + RCHBr —— 8 R1OOC/Q\/R2

H DMA, 90 °C H
1 2 3

EtOOC’@\ /é_ﬁ\ncmH29 EtOOC/Q\/A

N~ "nCisHze  tBuOOC N
H H

H
3ab 3bb 3ac
22 h, 86% 22 h, 84% 22 h, 71% (86%)
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H H H
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Scheme 4. Reaction times and yields in the direct alkylation of pyrrole-
2-carboxylates. Reaction conditions: Pyrrole 1 (1 equiv), bromide 2

(2 equiv), norbornene (2 equiv), KHCO; (3 equiv) and [PdCl,(MeCN),]
(10 mol %) were heated in anhydrous DMA (c=1m), at 90°C under
air. Yields based on conversion are given in brackets. [a] c=0.33 m.

[b] Reaction was conducted under 1 atm O, in a solvent mixture of
DMA/DMSO 9:1 (¢=1m). [c] 0.5 equiv of 2-bromomesitylene was
added.
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reaction conditions had to be applied. With regard to the
pyrrole substrate, ethyl and tert-butyl pyrrole-2-carboxylates
1a and 1b participated in the alkylation reaction equally
efficiently, whereas the corresponding benzyl ester 1¢ was less
reactive. In all cases, the 5-alkylation product was the only
regioisomer obtained. It has been established that the reactive
site of pyrrole-2-carboxylates for electrophilic substitution is
the C4-position as a result of the directing effect of the
electron-withdrawing ester substituent.'””? This intrinsic pref-
erence can be overcome by using the present Pd"-catalyzed
alkylation reaction to regioselectively introduce an alkyl
group at the C5-position.

To explore the potential of the present method for
synthesizing more complex alkylpyrrole derivatives, we
employed 2,3-disubstituted pyrroles in the alkylation reaction
(Scheme 5). Both alkoxycarbonyl and acyl groups can be used
as electron-withdrawing substituents on either the C2- or C3-
position of pyrrole. A chlorinated pyrrole substrate 3i
underwent the alkylation smoothly to afford chloro-substi-
tuted alkylpyrrole 3ik in high yield. The C—H alkylation
reaction always took place at the C5-position™® to afford
a series of 2,3,5-trisubstituted pyrrole products. Since numer-
ous approaches to 2,3-disubstituted electron-deficient pyr-
roles have been established, the combination of these
methods and the present 5-alkylation protocol provides
a regioselective route to advanced functionalized pyrrole
derivatives.

Synthetic manipulations on the alkylpyrrole products
highlight the utility of the present alkylation method. The
carboxylate functionality can be removed under either acidic

R? R2
/Z_> [PdCly(MeCN),]
norbornene, KHCO:
R Iy R3CHBr —0 % RW/U\/RS
N N
H
3

N DMA, 90 °C
1 2
COOEt MeO COOEt
7\ 7\ 7\
EtOOC™ >\~ ~“Bu  EtOOC™ >y EtOOC™ >N
H H H
3da 3dg 3eg
28 h, 62%!2! 23 h, 70% 22 h, 69%
0
EtOOC EtOOC, Me
T3 o B
Me N Bu Me N Me N Bu
H H o H
3fa 3fk 3ga
23 h, 52%"! 23h,71% 23 h, 45%
0 o
Meh/\/ cl
7\ 7\ 7\
Me— COOEt N”Bu  EtOOC Ny o
: : T
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Scheme 5. Reaction times and yields in the direct alkylation of 2,3-
disubstituted pyrroles. Reaction conditions: Pyrrole 1 (1 equiv), bro-
mide 2 (2 equiv), norbornene (2 equiv), KHCO; (3 equiv), and [PdCl,-
(MeCN),] (10 mol %) were heated in anhydrous DMA (¢c=1m), at
90°C under air. Yields are based on conversion of pyrrole. [a] 4 equiv
of BuBr and 5 equiv of KHCO, were used. [b] c=0.2Mm. [c] K;HPO,

(3 equiv) as the base.
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Scheme 6. Synthesis of mycalazal 14 (6) from alkylation product 3 ab.

(e.g. for 3bg)!"¥ or basic decarboxylation conditions (e.g. for
3ak),['l thus enabling a formal regioselective alkylation of the
pyrrole motif. Another example is the transformation of the
carboxylate group in product 3ab to a formyl group, which
was achieved by the formation of N-acyl-N'-tosylhydrazide §
and a subsequent McFadyen-Stevens reaction! (Scheme 6).
This sequence delivered mycalazal 14 (6), a lipophilic pyrrole
natural product isolated from the lipid extract of the marine
sponge Mycale sp.”*!!

In summary, we have developed a Pd"-catalyzed, norbor-
nene-mediated regioselective C—H alkylation method for
electron-deficient pyrroles that uses non-activated primary
alkyl bromides as the alkylating reagent. This protocol
enables a straightforward approach to multisubstituted alkyl-
pyrrole derivatives and complements the existing pyrrole
alkylation methods. The success of this reaction demonstrates
the potential of the Pd"/norbornene co-catalyzed reaction
system in promoting the ortho-selective C—H alkylation on
different N—H heterocycles, which remains an ongoing
research project in our laboratory.

Experimental Section

Typical procedure for the synthesis of 3aa: A reaction tube (30 x
190 mm) equipped with a magnetic stirring bar and a rubber septum
was charged with pyrrole-2-carboxylate 1a (140 mg, 1.01 mmol),
norbornene (189 mg, 2.01 mmol), KHCO; (308 mg, 3.08 mmol),
[PACL(MeCN),] (25.5mg, 0.098 mmol), and BuBr (2a, 285 mg,
2.08 mmol). Anhydrous DMA (1 mL) was added, and the reaction
tube was heated in an aluminium block preset to 90°C, under
a balloon pressure of air for 22 h. The reaction mixture was cooled to
room temperature, diluted with ether (30 mL), and filtered. The
filtrate was washed with water (20 mL) and the organic phase was
separated. The aqueous layer was extracted with ether (2 x 20 mL).
The combined organic layers were washed with brine, dried over
Na,SO,, and filtered. After evaporation of the solvent the crude
product was purified by flash column chromatography on silica gel
(eluted with pentane/ether 20:1 to 10:1) to afford ethyl 5-butylpyr-
role-2-carboxylate (3aa) as a pale yellow oil (163 mg, 83% yield).
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