2,4- vs 3,4-Disubsituted Pyrrole Synthesis
Switched by Copper and Nickel Catalysts
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ABSTRACT

S ’ — 4 mol %
N KR“ Cu(OAc),)
H

17 examples

No additive / Netural conditions / High selectivity

A novel and efficient copper or nickel catalyzed highly selective denitrogenative annulation of vinyl azides with aryl acetaldehydes has been
developed. 2,4- and 3,4-diaryl substituted pyrroles, which are difficult to synthesize by the reported methods, can be highly regioselectively
prepared by this protocol simply switched by the selection of the transition metal catalysts. Compared with the reported acidic or basic conditions
for polysubstituted pyrrole synthesis, the present reaction conditions are mild, neutral, and very simple without any additives.

Pyrroles are one of the important classes of heterocyclic
compounds as well as building blocks in many synthetic
pharmaceutical agents,' natural products,” and materials
science.® Various synthetic methods have been developed

i Peking University

¥ East China Normal University

(1) (a) Muchowski, J. M. Adv. Med. Chem.1992, 1, 109. (b) Cozzi, P.;
Mongelli, N. Curr. Pharm. Des. 1998, 4, 181. (c) Fiirstner, A. Angew.
Chem., Int. Ed. 2003, 42, 3582. (d) Balme, G. Angew. Chem., Int. Ed.
2004, 43, 6238. (¢) Andreani, A.; Cavalli, A.; Granaiola, M.; Guardigli,
M.; Leoni, A.; Locatelli, A.; Morigi, R.; Rambaldi, M.; Recanatini, M.;
Roda, A. J. Med. Chem. 2001, 44, 4011. (f) Baraldi, P. G.; Nunez, M. C.;
Tabrizi, M. A.; De Clercq, E.; Balzarini, J.; Bermejo, J.; Esterez, F.;
Romagnodi, R. J. Med. Chem. 2004, 47, 2877. (g) Srivastava, S. K.;
Shefali Miller, C. N.; Aceto, M. D.; Traynor, J. R.; Lewis, J. W_;
Husbands, S. M. J. Med. Chem. 2004, 47, 6645.

(2) (a) Pyrroles, Part II; Jones, R. A., Ed.; Wiley: New York, 1992. (b)
Walsh, C. T.; Garneau-Tsodikova, S.; Howard-Jones, A. R. Nat. Prod. Rep.
2006, 23, 517.

(3) (a) Electronic Materials: The Oligomer Approach; Miillen, K.,
Wegner, G., Eds.; Wiley-VCH: Weinheim, Germany, 1998. (b) Novak, P.;
Miiller, K.; Santhanam, K. S. V.; Haas, O. Chem. Rev. 1997, 97, 207. (c)
Gale, P. A. Acc. Chem. Res. 2006, 39, 465. (d) Sessler, J. L.; Camiolo, S.;
Gale, P. A. Coord. Chem. Rev. 2003, 240, 17.

(4) For reviews, see: (a) Gossauer, A. In Methoden der Organischen
Chemie (Houben-Weyl); Kreher, R. P., Ed.; Georg Thieme Verlag: Stuttgart,
1994; E6a, pp 556—798. (b) Gilchrist, T. L. J. Chem. Soc., Perkin Trans.
1999, 1, 2849. (c) Tarasova, O. A.; Nedolya, N. A.; Vvedensky, V. Yu.;
Brandsma, L.; Trofimov, B. A. Tetrahedron Lett. 1997, 38, 7241. (d)
Ferreira, V. F.; de Souza, M. C. B. V.; Cunha, A. C.; Pereira, L. O. R ;
Ferreira, M. L. G. Org. Prep. Proced. Int. 2001, 33, 411.

10.1021/01302270z  © 2012 American Chemical Society
Published on Web 09/04/2012

for the construction of pyrrole structures.*> However,
most known approaches are effective for 2,5-di- or poly-
substituted pyrroles.® New synthetic strategies for the
generation of simple aryl-substituted pyrroles are of con-
tinuous interest. Particularly, synthetic routes to simple
2,4- or 3,4-diaryl substituted pyrroles are still limited,
especially if two different aryl substitutents are required,”*
although these compounds have generated considerable
interest owing to their remarkable diversity of biological
activities,” such as antidiabetic,” f ungicidal,9b or antibacterial™
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properties. Some limitations, such as equivalent reagents,”*°

multiple synthetic steps,’df harsh reaction conditions with
high pressure,’®" and limited substrate scope,” " are involved
in the synthesis of 24-diaryl substituted pyrroles. Since
the modification of pyrroles by the electrophilic aromatic
substitution reactions or lithiation reactions preferred the
formation of a-substituted pyrroles, the construction of
3 A-diarylsubstituted pyrroles is very challenging.%®!°

On the other hand, establishing methods that can con-
struct different substituted pyrroles in an efficient manner
from the same readily accessible substrates continues to be
actively pursued. Our continuing interest in reactions using
azido reagents as the N-partner'' has encouraged us to try
the catalytic reaction for the construction of diaryl sub-
stituted pyrroles. Herein, we report a novel and highly
regioselective approach to 2,4- and 3.4-disubsituted pyr-
roles from readily accessible materials switched by copper
and nickel catalyst. Compared to the reported acidic or
basic conditions for polysubstituted pyrrole synthesis, the
present reaction conditions are mild, neutral and very
simple without any additives. In particular, this method
provides a new and unique strategy to synthesize asym-
metric 3,4-disubstituted pyrroles, which are probably the
most difficult to obtain by traditional methods.

a-Azidostyrene'? has been proven to be a useful
N-partner participating in various heterocyclic compound
syntheses. Recently, Chiba and co-workers reported a
significant Mn-catalyzed polysubstituted pyrrole synthe-
sis from o-azidostyrene.' We envisioned that 2.4- or
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Table 1. Screening of The Reaction Conditions”

N3

Ph Ph Ph
©A . ©/\CHO catalyst m . ﬁ
solvent, t, 4 h N Ph N
H H
1a 2a 3aa 4aa
yield (%)°
entry catalyst (mol %) solvent t/°C 3aa 4aa
1 Cu(OAc)s (4) DMSO 110 56
2 Cu(OAc)s (4) EtOH 110 62
3¢ Cu(OAc)s (4) DMSO/EtOH 110 80
4¢ Cu(OAc)s (4) DMSO/EtOH 60 20
5¢ Cu(OAc); (2) DMSO/EtOH 110 50
6° NiCl;, (5) DMSO/EtOH 110 44
7 NiCl; (5) DMAc 110 72
8 NiCl; (2) DMAc 110 12 54
9 NiCl; (5) DMAc 60 0 0
10 DMAc 110 0 0
11 HCI1 (10)* DMAc 110  trace 15

“Reaction conditions: 1a (0.6 mmol) and 2a (0.4 mmol), catalyst, and
solvent (1.5 mL) with stirring under argon atomsphere for 4 h. ® Isolated
yields. “Mixture solvent with DMSO (0.5 mL) and EtOH (1.0 mL).
4 Concentrated hydrochloric acid (37%) was used.

3,4-diaryl substituted pyrroles could be achieved by the
reaction of a-azidostyrene with a selected C-precursor
such as acetaldehyde. The preliminary investigation em-
ployed a-azidostyrene (1a) and 2-phenylacetaldehyde (2a)
as the substrates. We systematically investigated a number
of experimental variables such as catalysts, additives,
reaction temperature, time, and solvents and other param-
eters (see the Supporting Information). Representative
results are summarized in Table 1. Interestingly, when
the reaction was performed in the presence of copper(Il)
acetate (4 mol %) at 110 °C in DMSO under argon
atmosphere, 2,4-diphenyl-1H-pyrrole (3aa) was obtained
in 56% yield (entry 1, Table 1). The yield was achieved in
62% by using EtOH as the solvent instead of DMSO (entry 2).
The reaction was found to proceed more efficiently in
a polar solvent. Then the reactions in mixed solvent were
investigated. Significantly, the mixed solvent DMSO/
EtOH led to the highest yield of 3aa (80%, entry 3). Low
yields were obtained upon reducing the amount of catalyst
copper(Il) acetate to 2 mol % or decreasing the reaction
temperature to 60 °C (entries 4 and 5, Table 1).

We were delighted to find that 3,4-diphenyl-1H-pyrrole
(4aa) was obtained successfully when nickel chloride
(5 mol %) was used as the catalyst without the detection
of 2,4-diphenyl-1H-pyrrole (3aa) (entry 6, Table 1). The
yield of 4aa was produced in 72% when DMAc was used as
solvent (entry 7). The yield of 4aa decreased to 50% with
the formation of 3aa (12%) in this reaction condition when
2 mol % NiCl, was used (entry 8). No product was
generated when the reaction temperature was decreased
to 60 °C (entry 9). Furthermore, trace products were
detected in the absence of catalyst (entry 10, Table 1).
Bronsted acid'® such as HCI has very low catalytic activity
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for the formation of one of the pyrrole regioisomers (entry 11,
Table 1). Therefore, 2,4- and 3,4-disubsituted pyrroles
could be easily and highly regioselectively obtained in high
yields just by switching the copper and nickel catalysis.

Scheme 1. Copper Catalyzed 2,4 Disubsituted Pyrrole Formation

@ %@
OA DMSO / EtOH, 110 °C, 4 h R

Iz

Cu(OAc); (4 mol %)

3ba 52% 3ca 77% 3da 68% 3ea 62%
Ph
Ph Ph Ph
I\ I\ Foom [ M~
POk SR D
H Br H H O me
3fa 75% 3ga 71% 3ha 79% 3ia 39%?
Me, EtO F
Ph
Q\Q - . I,
H OMe N N N
3ja 55% 3ab 70% 3ac 40% 3ad 72%
Cl Me,
: Q@ =
Me
B ). [ Dpn B
N7 Ph N N N
H H H F
3ae 42% 3af 51% 3ag 48% 3db 55%

“10% 4ia was obtained.

After optimizing the reaction conditions, we subse-
quently investigated the substrate scope of this highly
regioselective protocol (Scheme 1 and Table 2). Under
the Cu-catalysis conditions, various desired 2,4-disubsi-
tuted pyrroles were obtained in moderate to good yields
from corresponding substituted vinyl azides and phenyl-
acetaldehydes (Scheme 1). The structure of 3aj was
further proven by X-ray diffraction (see the Supporting
Information). The reaction efficiencies were not signifi-
cantly affected by the substituted groups at different
position (para, meta, or ortho-position) of the aromatic
ring of vinyl azides. Additionally, halo-substituted vinyl
azides and phenylacetaldehydes performed well under the
standard conditions generating the halosubstituted prod-
ucts. Furthermore, the heteroaryl-substituted substrate
2-(1-azidovinyl)-1-methyl-1 H-indole (3i) was a compati-
ble substrate with the formation of 3ia in 39% yield
(Scheme 1).

Then NiCl,-catalyzed 3,4-disubsituted pyrrole forma-
tion was investigated (Table 2). The substrate scope is also
broad, with various substituted vinyl azides and phenyla-
cetaldehydes leading to the corresponding asymmetric
3,4-disubstituted pyrroles in moderate to good yields.
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All these reactions performed with high regioselectivities
under the Cu- and Ni-catalysis, respectively (Scheme 1 and
Table 2).

Table 2. Nickel Catalyzed 3,4-Disubsituted Pyrrole Formation”

N3
X
LN . rl CHO
| > 4
1 2

NiCl, (5 mol %)

DAMc, 110°C, 4 h

entry substrate 1 substrate 2 product yield (%)
1 N R'= t-Bu1b 4ba 56

2 3 Me 1c cHO 4ca 66

3 /©/§ F 1d ©/\ 4da 77

4 Cl 1e 4ea 50

5 Rt Br 1f 2a 4fa 70

7 1h 2a 4ha 80
N
8 N 1i 2a dia 73
Me
9 1a CHO R2- Me 2b 4ab 60
10¢ 1a R2 OEt 2¢ 4ac 40

1 1a F 2d 4ad 82
12 1a Cl 2e 4ae 50
13 1a Br 2h 4ah 50
M
© CHO
14 1a 2f 4af 7
CHO
15 1a ©\/\ 29 4ag 61
Me
16 1d 2b 4db 41
17 1h 2b 4hb 55

“@Reaction conditions: see entry 7, Table 1. ?Isolated yields. ¢ The
reaction temperature is 130 °C.

To probe the reaction mechanism of the regioselective
formation of 2,4- and 3,4-disubsituted pyrrole, a series
of control experiments have been designed and tested. As
2H-azirine'* 9 is assumed to be an intermediate of the
transformation, the reactions of phenylacetaldehyde (2a)
with 3-(naphthalen-2-yl)-2 H-azirine 5 were conducted un-
der copper and nickel catalyzed system, respectively (eq 1, 2).
It was interesting that 3-(naphthalen-2-yl)-4-phenyl-
1 H-pyrrole (4ha) was obtained as the sole product in 30
and 90% yield, respectively, in the both Cu- or Ni-cata-
lyzed reactions (eq 1, 2). No 2-(naphthalen-2-yl)-4-phenyl-
1H-pyrrole (3ha) was detected under the Cu-catalytic
conditions (eq 1). These results indicate that 2H-azirines
could be the key intermediate in the Ni-catalysis but not
involved in the Cu-catalyzed reactions. Furthermore, the
results of isotopic labeling experiments demonstrate the
differences of these two catalytic systems. The reaction
of 1a and 2a catalyzed by Cu(OAc), using DMSO-d,
(0.6 mL) and CD3;OD (0.6 mL) as solvent produced
product [d]-3aa in 69% yield with 80% of 3-H deuterated
(eq 3). In contrast, no hydrogen was deuterated of the
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3,4-disubsituted pyrrole for nickel catalyzed reaction using
DMSO-di and CD;0D as solvent (eq 4).

On the basis of above experimental observations, plau-
sible mechanisms for these highly regioselective transforma-
tions are proposed. For the Cu-catalyzed 2,4 disubsituted
pyrrole formation (path a, Scheme 2), Cu(OAc), might be
initially reduced by DMSO/EtOH to form a Cul species
or by disproportionation'* to form a Cul species.'? Then,
the radical intermediates A are generated through a deni-
trogenative decomposition pathway of the vinyl azide.'”
Subsequently, the radical coupling of enol tautomers of
the phenylacetaldehydes with the intermediates A generates
the intermediates B, which undergo nucleophilic attack
to the aldehyde leading to the addition intermediates C.
Subsequent protonation generates the intermediates D,
and dehydration of intermediates D yields the target 2,4-
disubsituted pyrroles. The protonation of the Cu-aza-
enolates E could be proved by the results of isotopic labeling
experiments (eq 3).

CHO Cu(OAc (4 mol %) O Q
T DMSO/EOH U]

110°C, 4 h
4ha (30%) ﬂ
NiCl, (5 mol %)
5 + 2a DMAC, 110°C. 4 h 4ha (90%) (2)
Ph HD) _ .
D
Cu(OAc); (4 mol %) Z/——ﬁ\ 80%
1a + 2a 4DM = P 3)
SO-dg/ CD50D N~ Ph
110°C, 4 h H [d1-3aa (69%)
cl
N3
. Ph
/@/& 4 2a NiCl, (5 mol %) R )
al DMSO-dg / CD;0D HO)
e 110°C, 4 h N 0% D
[d]-dea ( 28%)

For the Ni-catalyzed 3,4-disubsituted pyrrole forma-
tion (path b, Scheme 2), NiCl, promoted thermal denitro-
genative decomposition of the vinyl azide 1a generates
2H-azirines H, which could not be produced in the pres-
ence of Cu-catalyst. Subsequent nucleophilic attack by
the enol tautomers of the phenylacetaldehydes affords
the intermediates J. Intramolecular ring-opening of inter-
mediates J yields five-membered species K. The following
B-OH elimination produces the 2H-pyrroles L and Ni
complexes, which react with 2 to regenerate enol inter-
mediates I. Finally 3,4-disubsituted pyrroles are achieved
via the tautomerition of intermediates L.
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Scheme 2. Proposed Mechanisms
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In summary, we have demonstrated a novel and efficient
copper or nickel catalyzed highly regioselective denitro-
genative annulation of vinyl azides with aryl acetaldehydes.
2,4- and 3,4-diaryl substituted pyrroles, which are difficult
to synthesize by the reported methods, can be high selec-
tively prepared by this protocol simply switched by the
selection of the transition metal catalysts. Compared with
the reported acidic or basic conditions for polysubstituted
pyrrole synthesis, the present reaction conditions are mild,
neutral and very simple without any additives. Further
investigation of the scope and synthetic application of these
reactions are ongoing in our group.
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