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[RhCp*Cl,]> (1—2 mol %) can catalyze the oxidative coupling of N-aryl-2-aminopyridines with alkynes and arylates to give N-(2-pyridyl)indoles
and N-(2-pyridyl)quinolones, respectively, using Cu(OAc), as an oxidant. Coupling with styrenes gave mono- and/or disubstituted olefination

products.

Transition-metal-catalyzed activation of aromatic C—H bonds
has attracted considerable attention because it enables
efficient synthesis of organic building blocks® Oxidative
coupling of arenes and unsaturated molecul es represents an
atom-economic method to construct complex molecules, and
this process is highly attractive in that no prior functional-
ization of the arene is necessary.? Rhodium catalysts are well-
known for C—C coupling reactions that proceed viaa C—H
activation pathway owing to broad synthetic utility.'?
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However, rhodium-catalyzed oxidative C—H activation has
been less studied. Over the past several years, rhodium(l11)
complexes, particularly [RhCp*Cl,],, have stood out as a
highly efficient catalyst to mediate oxidative C—C, C—N,
and C—O coupling involving alkynes or akenes® This
protocol constitutes an increasingly important strategy to
construct various heterocycles, which has been recently
reviewed.?

Recent studies on the Rh(l11)-catalyzed oxidative cou-
pling reaction by Satoh and Miura, Fagnou, Jones, Glorius,
and Zhang reveal that in most cases C—H activation of
arenes requires chelation assistance by a proximal amide,*
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pyridyl,® imine,® hydroxyl,” and carboxyl® group to direct
the C—H functionalization to the ortho position. The
coupling of these substrates with alkynes constitutes an
important method to access heterocycles such as
pyrroles,*® indoles,*® isoquinolines,®* isoquinolones,*®®
and isocoumarins® (Figure 1). Despite the wide scope of
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Figure 1. Previously reported oxidative coupling with alkynes.

substrates that have been studied, it is still necessary to
explore arenes bearing other easily installed directing groups.
We now report the oxidative coupling of N-aryl-2-aminopy-
ridines with alkynes and alkenes. Importantly, quinolones
were readily obtained when acrylates were used as the
coupling partner.

We reasoned that N-aryl-2-aminopyridines are suitable
substrates for C—H activation in the N-aryl ring with the
pyridyl being a directing group. Furthermore, the proximal
NH functional group may act as a nucleophile to undergo
further transformations. Indeed, cyclopalladation of N-phen-
yl-2-aminopyridine has been reported,® and the six-membered
palladacycle can undergo akyne insertion. However, no
catalytic coupling between N-phenyl-2-aminopyridine and
alkyne or akene has been reported. In fact, the first example
of intramolecular oxidative C—N coupling of N-phenyl-2-
aminopyridine has not been reported until very recently.*°

Weinitiated our investigation using N-phenyl-2-aminopy-
ridine (1a) and diphenylacetylene as substrates. It has been
shown that [RhCp* (MeCN);] (PFs), and [RhCp* Cl,], are the
most commonly used Rh(Ill) catalysts for the oxidative
functionalization of arenes, and Cu(ll) and Ag(l) are often
used as oxidants. Our initial screening indicated that the use
of [RhCp*(MeCN)3](PFs)2 (4 mol %) as a catalyst and
anhydrous Cu(OAC), (2.2 equiv) as an oxidant in toluene at
100 °C produced the anticipated indole 2a-1 in 56% isolated
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yield (entry 2, Table 1). Switching the solvent to 1,4-dioxane
or 1,2-dichloroethane led to an increase of the yield to 70%.

Table 1. Screening of Reaction Conditions®
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Ph Ph
H Rh(Ill) cat., 2-4 mol % )(
q \3 oxidant . /YN '\
2 100-126°C,12h N ~
1a under Ny 2a-1

entry cat. (mol %)° oxidant solvent temp (°C) yield (%)°

1 A@) Ag,CO3; PhMe 100 <2
2 A@) Cu(OAc); PhMe 100 56
3 A 4) Cu(OAc); dioxane 100 70
4 B 4) Cu(OAc), dioxane 100 63
5 B (2) Cu(OAc), dioxane 120 69
6 B (2) Cu(OAc); DMF 120 96
7 A2 Cu(OAc); DMF 120 80

2 Reaction conditions: 1a, diphenylacetylene (1.3 equiv), oxidant (1.5
equiv of Ag,CO; or 2.2 equiv of Cu(OAC),), catalyst, solvent (3 mL), sedled
tube under nitrogen, 12 h. ® A: [RhCp* (MeCN)3] (PFe),. B: [RhCp*Cl,],.
¢ |solated yield.

A comparable yield (63%) was aso obtained when the
catalyst was replaced by [RhCp*Cl;], (4 mol %) in 1,4-
dioxane at 100 °C. However, no significant improvement of
the yield could be achieved when the reaction was conducted
at a higher temperature (120 °C) if the catalyst loading was
reduced to 2 mol % (entry 5). We were delighted to find
that the combination of [RhCp*Cly], (2 mol %) and
Cu(OACQ); (2.2 equiv) in DMF at 120 °C afforded product
2a-1 in 96% isolated yield (entry 6), and [RhCp*Cl;],
showed higher activity than [RhCp* (MeCN)3](PFe). (entry
7). For both catalyst systems, essentially no product was
detected when Ag,COs; was used (entry 1). No coupling
proceeded when Ph,NH was attempted as a substrate under
the optimized reaction conditions, indicating the significance
of the pyridyl directing group.

The scope of this transformation was expanded under these
optimized conditions (Scheme 1). 4-Octyne could be applied,
and the indole product 2a-2 was isolated in 87% vyield
(Scheme 1). The scope of the 2-aminopyridines was studied
in detail, and substrates bearing both electron-rich (2d—f,
2j) and electron-poor N-aryl groups (2h, 2i, 2l) can couple
with PhC=CPh in high isolated yield. Furthermore, ortho
substituents (such as Me, Ph, and OMe groups) in both the
N-aryl and the pyridyl groups can be tolerated (2c, 2d, 2i,
2k), indicating the tolerance of the steric bulk of the two
aryl groups in the substrate. However, the N-1-naphthyl
substituent retarded the coupling, and product 2g was
obtained in only 47% yield. To examine the regiosel ectivity
of this coupling reaction, substrate 1e was applied, and 2e
was obtained in 95% yield as the single isomer, where C—C
coupling occurred at the less hindered position para to the
OMe substituent. This observed selectivity agrees with those
previously reported in Rh-catalyzed oxidative coupling.3 In
contrast, moderate regioselectivity of 2j:2j (2.3:1) was
observed for substrate 1j, and the major coupling product
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Scheme 1. Coupling of N-Aryl-2-aminopyridines and Alkynes*
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@ Reaction conditions: substrate 1, akyne (1.3 equiv), 2.2 equiv of
Cu(OAc), 2 mol % of [RhCp*Cl,],, DMF (3 mL), under nitrogen, 12 h,
isolated yield.

(2)") corresponds to C—C coupling at a more hindered
position. This observation is most plausibly ascribed to the
directing effect of the O-atom and/or the electronic effect
of the aryl ring. In addition, halogen substituents in the
substrate can aso be tolerated, and indole 2| was obtained
in 84% yield.

To better define the scope of N-aryl-2-aminopyridine in
oxidative coupling, we further applied acylates as the
coupling partners for oxidative Heck reactions. Methyl, ethyl,
and benzyl arylates all readily coupled with N-phenyl-2-
aminopyridines in high yields (80—91%) using 1 mol % of
[RhCp*Cl,], and Cu(OAc), in DMF (100 °C). The coupled
product was identified as an interesting quinolone on the basis
of IR and NMR spectroscopy. The scope of this reaction
was outlined in Scheme 2. Substrates with both electron-
rich and electron-poor N-aryl groups reacted in high isolated
yield, although relatively lower yields were obtained for those
bearing electron-withdrawing groups (3h, 3l). Analogous to
its coupling with alkynes, the same regioselectivity was
observed for 3e and 3j/3j’. Unlike the tolerance of ortho
substituents in the coupling with alkynes, the introduction
of amethyl group into the ortho position of either the pyridyl
or the N-phenyl ring retarded this reaction (3c, 3k). We noted
that acetanilides can also undergo Rh(I11)-*" and Pd(I1)**-
catalyzed oxidative coupling with acrylates. However, no
further nucleophilic attack of the amide NH group on the
ester was involved, and the product is a trans-olefin.

Q i
RhC ~
HN [ p C|2]2 R. NN R
NS L.
Cu(OAc)z excess = O gt

DMF, 100 °C
4a: R = Cl, mono-vinylation, 81%
4b: R = H, divinylation, 72%.
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Scheme 2. Oxidative Cyclization of N-Aryl-2-aminopyridines
with Benzyl Acrylate®
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2 Reaction conditions: substrate 1, benzyl acylate (2 equiv), 2.2 equiv
of Cu(OAc),;, 1 mol % of [RhCp*Cl;],, DMF (3 mL), 100 °C, under
nitrogen, 12 h, isolated yield.

The formation of the quinolone products most likely
involves the olefination of N-phenyl-2-aminopyridine, fol-
lowed by cyclization. The olefination intermediate is unusual
in that it must be a rare cis-olefin to allow subsequent
cyclization. However, we failed to observe this plausible cis-
olefin intermediate when carrying out this reaction at alower
temperature. We reasoned that when using electron-neutral
olefins the reaction should stop after the ol€efination stage.
Indeed, the coupling between N-phenyl-2-aminopyridine and
p-Cl(CgH4)CH=CH, (1.1 equiv) under the same conditions
gave the monovinylation product 4a (81% yield) with trans
geometry (eq 1). Shifting this olefin to simple styrene caused
differences in product distribution. Both mono- and diviny-
lation products were observed even though only 1 equiv of
styrene was provided. Thus, this divinylation product 4b can
be optimized and was isolated in 72% yield when 10 equiv
of styrene and an excess (4.1 equiv) of Cu(OAc), were used,
and it was further characterized by X-ray crystallography.

O {1 equiv)
© [RhCp*Clglz. 1 mol %
NH Cu(OAc),. 2.2 equiv

DMF, 100 °C
To gain insight into the mechanism of this coupling
reaction, an equimolar mixture of la and la-ds was heated
(DMF, 100 °C) in the presence of [RhCp*Cl,], (2 mol %)
and Cu(OAc),. H—D exchange occurred at the ortho position
of the N-pheny! ring in these two isotopologues. This result
indicated that the C—H activation is reversible under these
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conditions, which precludes any KIE measurement on the
basis of inter- or intramolecular C—H and C—D competition.
A competition reaction to examine the electronic effect of
the N-aryl ring was carried out using an equimolar mixture
of 1f, 1l, and benzyl acrylate under the standard conditions
(eg 2). NMR analysis of the product mixtures showed that
quinolones 3f and 3| were obtained in 1:0.6 ratio, where an
electron-rich N-aryl group favors this coupling reaction. The
same trend was al so observed in the oxidative coupling with
PhC=CPh, and these observation are in sharp contrast to
those in [RhCp* Cl,],-catalyzed oxidative coupling of N-aryl
benzamides, where the coupling is favored for an electron-
poor N-aryl or benzoyl group.*" In the case of benzamides,
it has been suggested on the basis of electronic perturbation
that metalation at the (deprotonated) NH nitrogen instead of
at the amide oxygen plays avital rolein facilitating the C—H
ortho-metal ation.” The observed electronic effect here seems
inconsi stent with the coordination of the (deprotonated) NH
nitrogen. Instead, chelation assistance offered by the pyridine
nitrogen is more likely.

Two distinct pathways for the coupling between N-aryl-
2-aminopyridines and acrylates can be envisioned. In one
pathway, amidation between the coupling partners might take
place to give the corresponding acylamide, which subse-
quently undergoes catalyzed oxidative C(vinyl)—C(aryl)
coupling to furnish the final product. To test this possibility,
we have synthesized acylamide 5. Subjection of 5 to the
standard conditions gave essentially no coupling product, and
only asmall amount of decomposition products was observed
(eq 3). These results suggest that this amidation—oxidation
pathway is unlikely. A more plausible pathway for the
oxidative coupling is thus proposed in Scheme 3. Cyclom-

Scheme 3. Plausible Mechanism for the Formation of

Quinolones
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etalation gives a six-membered Rh(l11) intermediate with a
loss of an acid,®*? which can undergo insertion of an
incoming acylate. Interestingly, no C,—N coupling occurs
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for this Rh(l11) alkyl species. Instead, subsequent 5-hydride
elimination occurs to afford a (metal-bound) trans-olefin,
which can isomerize to the cis isomer. Attack of the NH
group on the carbonyl group of this cisintermediate generates
the final product. The catalytic cycle is completed when the
Rh(I11) species is regenerated when the Rh(l) intermediate
is oxidated by Cu(ll). We have noted that related acid-
catalyzed cyclization of ortho-amino-substituted trans-cin-
namates by the nucleophilic attack of the nitrogen at the ester
carbonyl has been reported to give quinolones (eq 4). This
indicates that the isomerization of the trans C=C bond
geometry to the cisoneis at least feasible, where annulation
is an apparent driving force.

7/ N\ [RhCp*Clly, 2 mol %
2

— —_—

N
@_N Cu(OAC),, 2 equiv

0,

_)=o DMF.100 °C
Xo-COsMe HCl
——-
(jf\/ THF/H,0
NHz

reflux, 100%
(ref 13a)

no formation of 3a {3)

N [e]
H

In summary, we have successfully applied N-aryl-2-
aminopyridine to the oxidative coupling with alkynes and
alkenes using [RhCp*Cl,], as a catalyst and Cu(OAc), as
an oxidant. The coupling with internal akynes furnished
N-pyridyl-substituted indoles, and coupling with acrylates
gave N-(2-pyridyl)quinolones as a result of oxidative cy-
clization. Substrates bearing €l ectron-rich N-aryl groups react
preferentially. The reaction between N-aryl-2-aminopyridine
and styrenes under similar conditions afforded mono- and/
or disubstituted trans-olefins, depending on the electronic
effect of the styrene, where an electron-poor styrene favors
the monosubstituted olefin. This methodology proves that
2-aminopyridyl can act as an efficient directing group, and
this method should find important applications in the
synthesis of complex molecules.
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