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Heteroaryl-substituted arenes and heteroarenes were efficiently amidated through ruthenium-catalyzed C—H bond functionalizations with a
variety of sulfonyl azides. Particularly, cationic ruthenium(ll) complexes proved to be most effective and allowed nitrogenations of electron-rich

and electron-deficient arenes with ample substrate scope.

Transition-metal-catalyzed C—H bond functionalizations
are attractive tools for improving the atom- and step-
economy of organic syntheses." In recent years, ruthenium-
(II) complexes have been identified as powerful catalysts
for the direct transformation of otherwise unreactive C—H
bonds into C—C bonds.? On the contrary, ruthenium(II)-
catalyzed C(sp®)—heteroatom bond forming processes
continue to be scarce. Given the recent success in ruthenium-
catalyzed direct arene oxygenations, along with the practical
importance of substituted anilines in medicinal chemistry,
crop protection and material sciences,* we became intrigued
by devising ruthenium-catalyzed>® intermolecular C—N
bond forming arene functionalizations. A very recent
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Table 1. Optimization of C—H Amidation of Pyrazole 1a“

cat. [Ru
/@lH + Na=SO,p-Tol cat. aeEditil/e /@/NHTS
Me THF, 100 °C, 24 h Me
1a 2a 3a
entry [Ru] (mol %) additive yield (%)
1 [RuCly(p-cymene)]s (5.0) — —
2 - AgSbFg -
3 [RuCly(p-cymene)]; (5.0) KOy,CMes 8
4 [RuCly(p-cymene)], (5.0) KPFg -
5 [RuCly(p-cymene)]; (5.0) AgAl(OCF3), 21
6 [RuCly(p-cymene)]s (5.0) AgBF, 37
7 [RuCly(p-cymene)]s (5.0) AgSbF¢/KOAC? -
8 RuCl3(H0),, (5.0) AgSbFg 2
9 [Ru(O2CMes)s(p-cymene)] (5.0) AgSbFg 3
10 [RuBry(p-cymene)l; (5.0) AgSbFg 74
11  [RuCly(p-cymene)l; (2.5) AgSbFg 62
12 [RuCly(p-cymene)l; (5.0) AgSbFg 82

“Reaction conditions: 1a (0.5 mmol), 2a (0.75 mmol), LRuClz—
(p-cymene)], (5.0 mol %), additive (20 mol %), THF (2.0 mL). " KOAc
(0.5 equiv).

Scheme 1. Scope of Ruthenium-Catalyzed C—H Amidation
with Pyrazoles 1
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In consideration of the broad synthetic utility of sub-
stituted pyrazoles,® we initially explored reaction

Scheme 2. Ruthenium-catalyzed C—H Amidation with
Substituted Pyrimidines 4
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Scheme 3. Acetate-assisted Ruthenium-catalyzed C—H
Amidation with Pyridines 6
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conditions for the direct amidation of substrate 1a utilizing
complex [RuCl,(p-cymene)], as the catalyst (Table 1). The
desired transformation was not accomplished in the ab-
sence of additives or the ruthenium complex (entries 1 and
2). While the use of a carboxylate or KPFg as cocatalytic
additives only gave unsatisfactory results (entries 3 and 4),
silver salts of weakly coordinating anions proved to be more
promising (entries 5—12). Among a set of representative
silver(I) additives, AgSbF¢ was identified as being most
effective, while [RuCl,(p-cymene)], was the optimal ruthe-
nium precursor (entries 8— 12). Interestingly, the presence of
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KOACc completely inhibited the C—H bond amidation of
substrate 1a (entry 7), a striking difference to the recently
reported procedure.” As to the reactions site-selectivity,
the sterically less congested C—H bond was exclusively
functionalized, providing anilide 3a in all reactions as the
sole product.

With an optimized catalytic system in hand, we tested its
scope and limitations in the direct nitrogenation of differ-
ently substituted N-arylpyrazoles 1 (Scheme 1). A substi-
tuent in proximity to the coordinating nitrogen in substrate
1b significantly reduced the yield of the desired product
3b. Substituents in meta-, para- or even ortho-position
on the arenes 1 were well tolerated by the catalytic
system, as was heteroaromatic substrate 1f. Differently
decorated sulfonyl azides 2 with aromatic or alipha-
tic substituents could be successfully employed. The
cationic ruthenium(II) catalyst displayed a remarkable
chemo-selectivity in that valuable functional groups
were well tolerated, most notably chloro, bromo or nitro
substituents.

The optimized catalytic system was not limited to arenes
bearing electron-rich pyrazoles. Indeed, starting materials
with electron-deficient pyrimidine moieties were found to
be viable substrates for the chelation-assisted C—H bond
amidation as well (Scheme 2).

Scheme 4. Competition Experiments with Azides 2
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Likewise, pyridyl-substituted arenes were found to be
suitable substrates, provided that NaOAc was present as an
additive (Scheme 3). The carboxylate-assisted’ ruthenium-
catalyzed direct amidation thereby allowed for the conver-
sion of numerous substituted sulfonyl azides 2 as well as
para-, meta- or ortho-substituted arenes 6. Notably, the
electron-deficient substrate 6e furnished efficiently desired
product, as did the more hindered starting material 6f.

As to the catalysts working mode, we conducted a series
of competition experiments with substituted azides 2
highlighting a slight preference for the less electron-rich
derivative 2m (Scheme 4).

Scheme 6. Mechanistic Studies with Isotopically Labeled
Compounds
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Intermolecular competition experiments between pyrazolyl-
substituted substrates 1 revealed electron-rich arenes to be
converted preferentially (Scheme 5), which is suggestive of an
electrophilic-type ruthenation manifold.

Finally, we utilized D,O as a cosolvent, which indicated a
significant H/D scrambling exclusively in the ortho-position
of arene 1a (Scheme 6a). Moreover, an intermolecular
competition experiment with isotopically labeled [Ds]-6a
was indicative of a reversible ruthenation event with a
kinetic isotope effect (KIE) of ky/kp ~ 1.3 (Scheme 6b).

On the basis of these mechanistic studies, we pro-
pose the C—H bond activation to occur by a reversible
electrophilic-type metalation, as illustrated for pyrazole 1¢
in Scheme 7. This proposed working mode in turn ratio-
nalizes the high catalytic activity of cationic ruthenium
complexes.

(8) (a)Janin, Y. L. Chem. Rev. 2012, 112, 3924-3958. (b) Elguero, J.;
Silva, A. M. S.; Tomé, A. C. In Modern Heterocyclic Chemistry; Alvarez-
Builla, J., Vaquero, J. J., Barluenga, J., Eds.; Wiley-VCH: Weinheim, 2011;
Vol. 2, pp 635—725. (c) Fustero, S.; Sanchez-Rosello, M.; Barrio, P.;
Simon-Fuentes, A. Chem. Rev. 2011, 111, 6984-7034.

(9) Reviews: (a) Ackermann, L. Chem. Rev.2011, 111, 1315-1345. (b)
Lapointe, D.; Fagnou, K. Chem. Lett. 2010, 39, 1118-1126.

In summary, we have reported on ruthenium(II)-catalyzed
direct amidations of arenes displaying heteroaromatic groups.
The chelation-assisted C—H bond functionalization pro-
ceeded most efficiently with cationic complexes using various
alkyl and aryl sulfonyl azides, which enabled C—N bond
formations on pyrazolyl-, pyrimidyl- or pyridyl-substituted
arenes and heteroarenes. The catalysts displayed an excellent
site- and chemo-selectivity as well as a remarkably broad
substrate scope.
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