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An efficient ruthenium(ll) catalyst enabled broadly applicable oxidative alkyne annulations with electron-rich enamines to provide diversely
decorated pyrroles, even in an aerobic fashion with air as the ideal oxidant.

Pyrroles are among the most abundant heterocycles and
represent indispensable structural motifs for instance in
bioactive natural products or material sciences.' ~> There-
fore, there is a continued strong demand for methods
that give broad access to this important heteroaromatic
scaffold. Despite significant recent advances through

(1) Bergman, J.; Janosik, T. In Modern Heterocyclic Chemistry;
Alvarez-Builla, J., Vaquero, J. J., Barluenga, J., Eds.; Wiley-VCH: Wein-
heim, 2011; Vol. 1, p 269.

(2) (a) Bauer, I.; Knoelker, H.-J. Top. Curr. Chem. 2012, 309, 203. (b)
Fiirstner, A. Angew. Chem., Int. Ed. 2003, 43, 3582.

(3) Ulrich, G.; Ziessel, R.; Harriman, A. Angew. Chem., Int. Ed. 2007,
47,1184.

(4) Brothers, P. J. Inorg. Chem. 2011, 50, 12374.

(5) Gongalves, M. S. T. Chem. Rev. 2009, 109, 190.

(6) For progress in the oxidative synthesis of indoles, see: (a) Stuart,
D. R.; Bertrand-Laperle, M.; Burgess, K. M. N.; Fagnou, K. J. 4m.
Chem. Soc. 2008, 130, 16474. (b) Wiirtz, S.; Rakshit, S.; Neumann, J. J.;
Droge, T.; Glorius, F. Angew. Chem., Int. Ed. 2008, 47, 7230. (c) Shi, Z.;
Zhang, C.; Li, S.; Pan, D.; Ding, S.; Cui, Y.; Jiao, N. Angew. Chem., Int.
Ed. 2009, 48,4572. (d) Wei, Y.; Deb, 1.; Yoshikai, N. J. Am. Chem. Soc.
2012, 134, 9098 and references cited therein.

(7) A rhodium-catalyzed functionalization of C(sp*)—H bonds: Rakshit,
S.; Patureau, F. W.; Glorius, F. J. Am. Chem. Soc. 2010, 132, 9585.

(8) Selected reviews on C—H bond functionalization: (a) Neufeldt,
S. R.; Sanford, M. S. Acc. Chem. Res. 2012, 45, 936. (b) Engle, K. M.;
Mei, T.-S.; Wasa, M.; Yu, J.-Q. Acc. Chem. Res. 2012, 45, 788. (c)
Wencel-Delord, J.; Droge, T.; Liu, F.; Glorius, F. Chem. Soc. Rev. 2011,
40,4740. (d) Ackermann, L.; Potukuchi, H. K. Org. Biomol. Chem. 2010,
8,4503. (e) Daugulis, O. Top. Curr. Chem. 2010, 292, 57. (f) Sun, C.-L.;
Li, B.-J.; Shi, Z.-J. Chem. Commun. 2010, 46, 677. (g) Colby, D. A_;
Bergman, R. G.; Ellman, J. A. Chem. Rev. 2010, 110, 624. (h) Satoh, T.;
Miura, M. Chem.—Eur. J. 2010, 16, 11212. (i) Ackermann, L.; Vicente,
R.;Kapdi, A. Angew. Chem., Int. Ed. 2009, 48,9792. (j) Thansandote, P.;
Lautens, M. Chem.—Eur. J. 2009, 15, 5874.

10.1021/01303224e  © 2012 American Chemical Society
Published on Web 12/20/2012

transition-metal catalysis, the majority of available meth-
ods for pyrrole syntheses capitalized upon preactivation
of the N-containing substrates.! Yet, considerable recent
progress was represented by Fagnou’s elegant pyrrole® syn-
thesis via rhodium-catalyzed oxidative C(sp*)—H’ bond
functionalization® on enamides.”~'" Unfortunately, the
high costs of the required rhodium(III) catalyst were,
among others, identified as a limitation of this approach.
In contrast, significantly less expensive ruthenium(II)
complexes'>!? were only very recently identified as viable
catalysts for oxidative alkyne annulations.'* Unfortu-
nately, thesse C—H/N—H bond functionalizations were
hitherto restricted to electron-deficient alkenes displaying
electron-withdrawing carbonyl groups. In consideration of
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these restrictions, we hence became intrigued by develop-
ing unprecedented ruthenium(Il)-catalyzed oxidative al-
kyne annulations with challenging electron-rich alkenes,
on which we wish to report herein.

We commenced our studies by probing oxidative cou-
plings with differently N-substituted enamines 1 (Scheme 1).
Among a variety of starting materials 1, solely the
N-acetylated substrate delivered the product 3aa in satis-
factory yields, while the corresponding trifluoroacetylated
starting material led to the NH-free product 4aa, albeit in a
diminished yield.

Scheme 1. Ruthenium(II)-Catalyzed Oxidative Pyrrole Synthesis
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Thereafter, we tested the influence of the reaction con-
ditions on the performance of the ruthenium(II) catalyst
(Table 1). In the absence of either the ruthenium catalyst or
the copper oxidant the desired product 3aa was not formed
(entries 1 and 2). The use of cocatalytic additives that form
cationic ruthenium(II) catalysts did not improve the cata-
lytic activity (entries 3—5), a feature that was also observed
when employing H,O, DMF, NMP, PhMe, or DMA in
lieu of ~AmOH as the solvent (entries 5—10). Moreover,
the use of CuBr, instead of Cu(OAC)z-Hzo15 as the
sacrificial oxidant did not deliver the desired product 3aa
(entry 11).

To assess the scope of the optimized ruthenium(II)
catalyst we tested its versatility in oxidative annulations
of alkyne 2a utilizing representative enamines 1 (Scheme 2).
We were delighted to observe that numerous useful electro-
philic functional groups were well tolerated, including ester,
vinyl, bromo, cyano, and nitro substituents. Moreover,
substrates 1Im and 1n displaying heteroaromatic moieties
furnished the desired pyrroles as well, while more sterically
congested substrate 1o was converted with comparable
catalytic efficiency.
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Table 1. Optimization Study for the Oxidative Pyrrole Synthesis”

[RuCly(p-cymene)].
(5.0 mol %) i
additive (20 mol %)

AN
MeQC™ N oxidant | N £
Ac Ph solvent, temp, 22h  Me0O:2C Yo
1a 2a 3aa
temp
entry oxidant additive  solvent (°C)  yield (%)

1 - - t-AmOH 100 -

2 Cu(OAc),-H,O0  — t-AmOH 100 ~b
3 Cu(OAc)2-H0 — t-AmOH 100 70

4 Cu(OAc);-H,O KPFgq t-AmOH 120 68

5 Cu(OAc)2-H,O AgSbFgs DCE 100 39¢

6 Cu(OAc)e-H,O0 — H,0 100 35

7 Cu(OAc)z-H,O — DMF 100 55

8 Cu(OAc)z-H,O — NMP 100 53

9 CU(OAC)Q . H20 — PhMe 100 42
10 Cu(OAc)2-HO0 — DMA 100 63
11 CuBry — t-AmOH 100 —

“Reaction conditions: 1a (0.5 mmol), 2a (1.0 mmol), [RuCl,-
(p-cymene)], (5.0 mol %), oxidant (0.5 mmol), solvent (2.0 mL), 22 h;
isolated yields. * In the absence of [RuCly(p-cymene)],. ¢ 4aa (19%) was
also isolated.

Scheme 2. Scope of Oxidative Coupling with Enamines 1
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Thereafter, we probed different alkynes 2 in the oxidative
pyrrole synthesis (Scheme 3). The optimized ruthenium
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catalyst proved tolerant of functional groups in the para-,
meta- and ortho-position of tolan, but was not restricted
to aryl alkynes 2a—2i. Indeed, dialkyl-substituted sub-
strates 2j and 2k delivered the desired products 3aj and
3ak, respectively, in high yields likewise. Notably, oxida-
tive annulations of unsymmetrical alkynes 21—n occurred
with synthetically useful levels of regiocontrol, exclusively
furnishing products 3il—3an. This selectivity pattern is in
good agreement with the one previously observed by us for
a related indole synthesis.'*"

Given the remarkable catalytic activity of the ruthenium-
(IT) catalyst, we became interested in probing its mode of
action.

Scheme 3. Scope with Substituted Alkynes 2
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To this end, we conducted intermolecular competition
experiments with alkynes 2, which revealed more electron-
rich alkyne 2¢ to react preferentially (Scheme 4).

Competition experiments with differently substituted
enamines 1, in contrast, highlighted electron-donating
substituents on the aryl moiety to be beneficial (Scheme 5
and the Supporting Information).'®

Furthermore, oxidative annulations in isotopically la-
beled solvent [D]4-MeOH unraveled the C—H bond activa-
tion on enamines 1 to be reversible in nature (Scheme 6a).

(16) In individual experiments, products 3pa and 3qa were obtained
in 18% and 28% isolated yields, respectively.
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Scheme 4. Intermolecular Competition between Alkynes 2
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Scheme 5. Intermolecular Competition between Enamines 1
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Yet, the H/D scrambling was not observed in the presence
of alkyne 2a under otherwise identical reaction conditions
(b). These findings can be rationalized in terms of an
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Scheme 6. Oxidative Annulations in [D]4-MeOH
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alkyne-coordinated ruthenium complex undergoing an
irreversible C—H bond metalation step.

Finally, we were pleased that the C—H/N—H bond
functionalization was also achieved in an aerobic fash-
ion employing cocatalytic amounts of Cu(OAc),-H,O
under an ambient atmosphere of air as the ideal oxidant
(Scheme 7).

In summary, we have reported on the first use of rather
inexpensive ruthenium catalysts for oxidative alkyne an-
nulations utilizing electron-rich olefins. The C—H/N—H
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Scheme 7. Aerobic Oxidative C—H/N—H Bond Functionaliza-
tion under Air

[RuCly(p-cymene)];
H Ph (5.0 mol %) Ph
/[I " Cu(OAc),*H,0 (30 mol %) A
MeO,C~ ~N* + |l - | Ph
AC t-AmOH, 100 °C, 22 h MeO,C N
under ambient air Ac
1a 2a 3aa: 80%

functionalization strategy set the stage for an expedient
pyrrole synthesis, which was also accomplished in an
aerobic manner with air as the ideal terminal oxidant.

Acknowledgment. Financial support by the China
Scholarship Council (fellowship to L.W.) and by the
European Research Council under the European Commu-
nity’s Seventh Framework Program (FP72007—2013)/ERC
Grant Agreement No. 307535 is gratefully acknowledged.
We further thank Dr. Alexander V. Lygin (Gottingen
University) for helpful discussions.

Supporting Information Available. Experimental pro-
cedures, characterization data, and '"H and '*C NMR
spectra for new compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.

The authors declare no competing financial interest.

179



