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Oxidative transition-metal-catalyzed C—H bond functionali-
zations!!! have attracted significant recent interest, because
these methods avoid the multi-step preparation of preacti-
vated starting materials, and hence allow for an overall
streamlining of organic synthesis. Pioneering reports by the
research groups of Miura and Satoh,” Fagnou,” and Jones¥
revealed that particularly rhodium catalysts enabled effective
dehydrogenative annulation reactions of alkynes through
chelation assistance,™®! which have set the stage for very
recently developed rhodium-catalyzed isoquinolone” synthe-
ses.®l On the contrary, the use of less-expensive ruthenium!
catalysts for oxidative annulations through cleavage of C-H
bonds has thus far not been reported. During studies on
oxidative ruthenium-catalyzed homodehydrogenative aryla-
tions,'” we observed unprecedented ruthenium-catalyzed
direct annulations of alkynes'!! through the chemo- and
site-selective functionalization of both C—H and N—H bonds,
and we wish to disclose our results herein.

At the outset of our studies, we explored the effect of
different reaction parameters on the oxidative annulation of
alkyne 2a by amide 1a, which included the use of represen-
tative ruthenium precursors, solvents, oxidants, and additives
(Table 1, and Table S1 in the Supporting Information).
Among a variety of ruthenium complexes, optimal yields of
product 3a were obtained with [{RuCl,(p-cymene)},]|, along
with Cu(OAc),H,O as the terminal oxidant, and tAmOH
(tAm = tert-amyl) as the solvent. On the contrary, the use of
silver(I) salts as stoichiometric oxidants resulted in decreased
catalytic efficacy. As to the reaction mechanism (see below),
the formation of compound 4a in apolar solvents is note-
worthy.!"?!

With an optimized catalytic system in hand, we explored
its scope in C—H bond functionalizations by employing
differently substituted benzamides 1 (Scheme 1). Owing to
its remarkable chemoselectivity the ruthenium catalyst
proved tolerant of valuable electrophilic functional groups,
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Table 1: Optimization study for the synthesis of isoquinolone 3a.!

o o 0o
Me Ph [{RuCly(p-cymene)},] Me Me
N (2.5 mol %) N N’
©)J\H * Jl| oxidant = ¥ H
Ph solvent, 7,22 h Ph Z "Ph
Ph Ph
1a 2a 3a 4a
Entry  Oxidant Solvent T[°C] Conv.into  Conv. into
3a[%®  4a[%]"
1 Cu(OAc),-H,0  m-xylene 120 58 (40) 19
2 - m-xylene 120 0 -
3 Cu(OAc),H,0  m-xylene 120 0 -
4 Cu(OAc),-H,0  nBu,O 120 32 (27) 40 (15)
5 Cu(OAc),-H,0  tAmOH 120 32 -
6 Cu(OAc),-H,0 tAmOH 100 61 (50) -
7 Cu(OAc),-H,0  tAmOH 80 51 -
8 AgOAc tAmOH 100 33 -
9 Ag,CO, tAmOH 100 8 -
104 Cu(OAc),H,0 tAmOH 80 10 -
116 Cu(OAc),H,0  tAmOH 100 81 (62) -
127 Cu(OAc),H,0 tAmOH 100 97 (76) -

[a] Reaction conditions: T1a (0.5 mmol), 2a (0.5 mmol), [{RuCl,(p-
cymene)};] (2.5 mol %), oxidant (2.0 equiv), solvent (2.0 mL). [b] Con-
version determined by GC methods, and yields of isolated product in
parentheses. [c] In the absence of [{RuCl,(p-cymene)},]. [d] Under air.
[e] [{RuCl,(p-cymene)},] (5.0 mol%). [f] 1a (0.5 mmol), 2a (1.0 mmol).

such as fluoro, chloro, or ester substituents. Furthermore,
amides 1 bearing different groups on the nitrogen atom,!!
such as N-alkyl, N-benzyl, or N-aryl derivatives, were
efficiently reacted, with the latter being chemoselectively
converted into isoquinolones 3k and 31, without the forma-
tion of any indole® by-products.' Likewise, the successful
use of a heteroaromatic benzamide turned out to be viable.

The catalytic system was not restricted to the use of tolane
(2a), but also allowed for efficient oxidative annulations of
aryl-, alkenyl- or alkyl-substituted alkynes 2 (Scheme 2).
Importantly, the annulation process occurred with high
regioselectivity even when using unsymetrically substituted
aryl/alkyl or alkenyl/alkyl®! alkynes 2.

Given the remarkable activity of the novel catalytic
system, we became interested in understanding its mode of
action. Thus, intramolecular competition experiments with
meta-substituted substrates were largely controlled by steric
interactions, thus delivering isoquinolones 3m and 3n as the
sole products (Scheme 1). In contrast, the use of substrates 1b
and 1¢, which have electronegative heteroatoms in meta-
position, gave significant amounts of products 3w and 3y,
respectively, through C—H bond functionalizations at the 2-
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§ gt 0 [{RuCézEJp-cylnlfne))z] Y R
R2( N | (5.0 mol %) R2f N
& Cu(OAGc),'H,0 AN ph
Ph  tAmOH, 100 °C, 22 h
Ph
1 2a 3
o] o] o)
N,Me N,Me N,Me
cl Z>Ph  MeO Z>Ph  AcO Z~ph
Ph Ph
3b: 78% 3¢: 60%
o) o)
N,Me N,Me
F 7 Ph MeO,C Z > Ph
Ph Ph
3e:43% 3f: 76%
o] o]
N,n—Bu N,CHzF’h
Z Ph = Ph
Ph Ph
3h: 42% 3i: 45% 3j:63%
(4h: 38%)
el R
N N
Z>Ph Z>ph
Ph Ph
3k: 62% 31: 49%
0 o)
Me N,Me FsC N,Me
Z>pn Zph
Ph Ph
3m: 81% 3n: 63%

Scheme 1. Scope of ruthenium-catalyzed oxidative annulation.

position of the arenes (Scheme 3). These observations can
be rationalized with the C—H bond acidity!"”’ or Ru—C
bond stability™!! governing the site selectivity of the
overall annulation process within a carboxylate-assisted®”!
ruthenation manifold.

Moreover, intermolecular competition experiments
revealed electron-deficient benzamides 1 to be functionalized
preferentially, hence rendering an electrophilic C—H bond
activation less likely to be operative (Scheme 4a). Further,
benzamides 1 with less electron-rich nitrogen substituents
were found to be more efficiently converted to the corre-
sponding isoquinolones 3 (Scheme 4b).

Intermolecular competition experiments with differently
substituted alkynes 2 showed that electron-deficient tolane
derivatives reacted preferentially (Scheme S), a notable
difference to a rhodium-catalyzed oxidative annulation
process.®!

Finally, we performed studies with isotopically labeled
solvents and substrates 1 (Scheme 6, and the Supporting
Information). These experiments were suggestive of an
irreversible C—H bond metalation with a kinetic isotope
effect (KIE) of ky/kp~2.6. A KIE of this magnitude is in
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ve R HRUCK(p-cymene)h] Ve
H’ l (5.0 mol %) N’
Cu(OAc); *H,0 R
R2  tAmOH, 100 °C, 22 h R
1a 2 3
]
N,Me
= nPr
nPr
R=Me (30): 71% 3r: 58%
R = OMe (3p): 56%
R=F(3q): 61%

R=H (3s): 60% 3u: 56%
R = OMe (3t): 66% [{RuCl,(p-cymene)},]
(10 mol %)

Scheme 2. Scope of the ruthenium-catalyzed oxidative annulation with

alkynes 2.
o 2a
MeO Me [{RuCly(p-cymene),] MeO
H _ (50mol%)
Cu(OAc),'H,0
tAmOH, 100 °C, 22 h OMe Ph
1b 3v: 40% 3w: 33%
2a
o}
E [{RuCly(p-cymene),] E Q M 9 M
\©)J\ﬁ (5.0 mol %) N e+ N e
Cu(OAc),H,0 “pn Zpp
tAmOH, 100 °C, 22 h Ph F Ph
1c 3x:17% 3y: 66%

Scheme 3. Intramolecular competition experiments with meta-substituted
amides.

good agreement with a concerted acetate-assisted metalation
transition state.”*2!

Based on our mechanistic studies we propose the ruthe-
nium-catalyzed oxidative annulation to proceed by an initial
intermolecular carboruthenation of alkyne 2 via rate-limiting
acetate-assisted C—H bond ruthenation, and subsequent
intramolecular oxidative C—N bond formation (Scheme 7).

In summary, we have developed the first ruthenium-
catalyzed oxidative annulation reaction of alkynes, which
gave efficient access to isoquinolones with ample scope. A
valuable asset of the inexpensive catalytic system is repre-
sented by its remarkably high chemo- and regioselectivity.
Mechanistic studies on this novel C-H/N—H bond-function-
alization process provided strong evidence for a rate-limiting
C-H bond metalation through carboxylate assistance, a
striking difference to a rhodium-catalyzed isoquinolone
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1e (2.0 equiv) 3c
el 2
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+
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Scheme 4. Intermolecular competition experiments with
benzamides 1.
1a
Ph Et [{RuCly(p-cymene)},] Me
I I (5.0 mol %) N
+
Cu(OAC),-H,0 o
Ph Et tAmOH, 100 °C, 22 h Ph
2a 2b 3a: 49%
(2.0 equiv) (2.0 equiv) single product
Me F

s

[{RuCl,(p-cymene)},]
Il + It

e

30: 17%
(5.0 mol %)

O tAMOH, 100 °C, 22 h

Cu(OAC)y H,0

Me
2c 2d
(2.0 equiv) (2.0 equiv)

3q: 68%

Scheme 5. Intermolecular competition experiments with alkynes 2.

synthesis.® Furthermore, it is noteworthy that the ruthenium
catalyst converts electron-deficient alkynes with increased
efficacy and leads to improved isolated yields when using N-
benzyl-substituted benzamides as substrates. Further appli-
cations of ruthenium-catalyzed oxidative C—H bond func-
tionalizations are ongoing in our laboratories, and will be
reported in due course.
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‘Me -Me
N
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1a [D],-1a

> 98% reisolated
21% deuterium incorporation

o 2a, o

Me [{RuCly(p-cymene)},] Me
7 N’ (5.0 mol %) N N’
Hs/Ds— H Hs/Ds—
= Cu(OAc);H,0 NF Ph
tAmOH, 100 °C, Ph
H 0,
[Dl,-1a 10 min, 9% conv. [D],-3a

Scheme 6. Experiments with isotopically labeled compounds.
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Scheme 7. Proposed catalytic cycle.

Experimental Section

Representative procedure for ruthenium-catalyzed oxidative annu-
lation. Synthesis of 3a (Table 1, entry 12): A mixture of 1a (67.5 mg,
0.50 mmol), 2a (178 mg, 1.00 mmol), [{RuCL(p-cymene)},] (15.3 mg,
5.0 mol%), and Cu(OAc),H,O (200 mg, 1.00 mmol) in tAmOH
(2.0 mL) was stirred at 100°C under nitrogen for 22 h. After cooling
the reaction mixture to ambient temperature, it was diluted with aq
NH; (75 mL, 1.0 wt %) and extracted with EtOAc (3 x 75 mL). The
combined organic phase was washed with brine (50 mL) and dried
over Na,SO,. After filtration and evaporation of the solvents in
vacuum, the crude product was purified by column chromatography
on silica gel (n-hexane/EtOAc: 4:1) to yield 3a as a colorless solid
(118 mg, 76 % ).
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