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Introduction

The introduction of oxygen atoms into organic molecules to
construct oxygenated compounds is one of the most funda-
mental subjects in organic chemistry. From a “green and
sustainable chemistry” perspective, water and dioxygen are the
most environmentally benign and cost-effective oxygen-
containing reagents." Consequently, employing them as
oxygen sources offers appealing access to oxygen-containing
organic compounds.>® Herein, the example of direct utiliza-
tion of H,O and O, as the co-oxygen source to assemble a-
ketoamides is reported. Isotope labeling and radical capture
experiments demonstrate that the oxygen atom of a-ketone at o-
ketoamide derives from dioxygen and the oxygen atom of amide
group originates from water (eqn (1)).
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H + H-N +0, + H,0 Cul (5 mol%%) R)KWNRR (1)
R? DMF, rt 1

a-Ketoamides have attracted increasingly synthetic pursuit of
chemists, as key structural motifs of many biologically active
compounds and versatile building blocks.* Various synthetic
methods for the preparation of a-ketoamides have been devel-
oped over the past decades, such as amidation of a-ketoacids,®
oxidation of enamines,® ynamines,” arylacetamides® and a-cya-
noamides,® Pd-catalyzed double carbonylative amination of aryl
halides," and the oxidation of acyl cyanophosphoranes followed
by amidation of the resulting o,B-diketone nitriles."* Most of
these well established approaches toward o-ketoamides often
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and radical capture experiments reveal that the oxygen atom of a-ketone at a-ketoamides derives from
O, and the oxygen atom of amide group originates from H,O.

require toxic, expensive or preformed oxygen sources, such as
Se0,, K,Cr,0,, CO, TBHP, and O;. Thus, the development of
direct incorporation oxygen atoms from clean and cheap oxygen
sources into organic frameworks to construct a-ketoamides is
highly desirable.”” In 2010, Zhu reported the transformation of
aldehydes with isocyanides to a-ketoamides using water as the
oxygen source.”® Recently, various metal-catalyzed or metal-free
methods for the oxidative synthesis of a-ketoamides from
terminal alkynes,' aryl acetaldehydes,” ketones,'® 1-aryletha-
nols,"” phenethyl alcohol derivatives,'® and ethylarenes™ have also
been developed by using dioxygen as oxygen source. In 2019, Wei
and co-workers reported the transformation of a-ketoacids with
isocyanides to a-ketoamides using water as the oxygen source.”

Multicomponent reaction has emerged as a powerful protocol
to construct complex organic compounds.”* The present multi-
component reaction of copper-catalyzed direct oxidative trans-
formation of alkynes and secondary amines to a-ketoamides is
realized at room temperature without any ligand or additive, in
which H,0 and O, were employed as the co-oxygen source (eqn
(1)). Preliminary mechanistic studies suggest that this multi-
component reaction is performed in a tandem manner consti-
tuted by the hydroamination of alkyne, hydration of vinyl-Cu
complex and subsequent oxidation with dioxygen. This meth-
odology not only provides an interesting and attractive approach
to a-ketoamides, but also allows an avenue to simultaneously
introduce oxygen atoms from H,O and O, into organic frame-
works to access multi-oxygen containing compounds.

Results and discussion

During the course of investigation on transition-metal-catalyzed
oxidative transformation of alkynes and secondary amines to o-
ketoamides, we found CuBr can catalyze the reaction of phe-
nylacetylene 1a with piperidine 2a to give the product 3aa in
presence of H,O (2 equiv.) under O, without ligand or additive
(Table 1, entry 1). Preliminary exploration showed that no 3aa
was detected when the reaction was performed in the absence of

This journal is © The Royal Society of Chemistry 2020
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Table 1 Optimization of reaction conditions®
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Table 2 Copper-catalyzed synthesis of a-ketoamides®

(0]
Cat. (5 mol %) ,\O
— (o) —_—
& =+ O + 02 + H,0 Solvent, RT ©)Hr
N o

1a 2a 3aa

Entry Catalyst (mol%) Solvent 3aa’ (%)
1 CuBr THF 21
2 CuBr THF 0°
3 CuBr THF o?
4 CuBr, THF 18
5 CuCl, THF 15
6 CucCl THF 14
7 Cu(OTf), THF 16
8 (CH;CN),CuPF, THF 21
9 Cul THF 43
10 AgOTf THF 0
11 RhCl,, THF 0
12 InCls;, THF 0
13 AlF, THF 0
14 AuBr;3 THF Trace
15 — THF 0
16 Cul 1,4-Dioxane 25
17 Cul MeOH 0
18 Cul EtOH 0
19 Cul DME 45
20 Cul DCE 32
21 Cul Toluene 23
22 Cul DMSO 34
23 Cul DMF 71
24 Cul DMF 46°

“ Reaction conditions: 1a (2 mmol), 2a (0.5 mmol), catalyst (5 mol%),
H,O (2 equiv.), O, (balloon), solvent (0.5 mL), at room temperature,
12 h. ? Isolated yields based on 2a. ¢ Under N,. ¢ Dry THF was used

and 4 A molecular sieve was added. ¢ Under air.

O, or H,0 (Table 1, entries 2 and 3). These results suggested
that H,O might be served as the oxygen source of 3aa and O, as
the oxidant or both of them were used as the co-oxygen source.
This interesting phenomenon prompted us to optimize the
reaction conditions and disclose the accurate origination of the
oxygen atoms of a-ketoamides.

Initially, the reaction of phenylacetylene 1a with piperidine
2a was performed to examine the catalytic activity of various
transition metal complexes including Au, Ag, Cu, Rh, Ni, Pd, Al,
Bi, and In salts in the presence of H,O (2 equiv.) under the
oxygen atmosphere. As shown in Table 1, among those metal
catalysts examined (entries 4-14), Cul was found to be the best
catalyst to catalyze the formation of a-ketoamide 3aa. No
conversion was observed in the absence of catalyst (entry 15).
The screening of solvents indicated that DMF was the optimal
reaction medium (entries 16-23). This reaction could also
proceed smoothly under the air atmosphere (entry 24).

With the optimized conditions in hand, the scope of this new
reaction was investigated (Table 2). Generally, the reaction
tolerated electron-donating (para-, meta-, and ortho-substituted)
and electron-withdrawing groups at the aromatic ring of
alkynes (Table 2, entries 1-5). It was found that the reaction

This journal is © The Royal Society of Chemistry 2020

o R
— Ri< R Cul (5 mol %), DMF N
A= TN e 0 B0 e gy
1 2 3O
Entry  Alkyne (1) Amine (2) Product (3) Yield” (%)
— o]
o= O O
1 1 2 [e] 71
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Table 2 (Contd.)
o R
I Rio Rz Cul (5 mol %), DMF ’{‘
e e s ¥
1 2 3 o
Entry  Alkyne (1) Amine (2)  Product (3) Yield” (%)
OH
o
16 1d 2d &U 60
3dd
CNH ] D
17 1a 5 ©)Ho( 52
¢ 3ae
H o VI\BU
Bu”" “nBu wN\nsu
18 la o 63
2f 3af

“ Reaction conditions: 1 (2 mmol), 2 (0.5 mmol), Cul (5 mol%), H,O
(2 equiv.), O, (balloon), DMF (0.5 mL), rt, 12-48 h. ? Isolated yields.

efficiency was affected by the steric effect. The more sterically
demanding substrates such as ortho-methyl or chloro
substituted arylalkynes demonstrated slightly lower activities
(Table 2, entries 1-5). The present method can also apply to
alkynes connected with naphthalene rings (Table 2, entries 6
and 7). The scope of amines was also examined, and both cyclic
amines and linear amines were suitable substrates for this
process. Cyclic amines such as piperidine, morpholine, 4-
substituted piperidines, and pyrrolidine reacted with phenyl-
acetylene or substituted phenylacetylenes to generate the cor-
responding products in moderate to good yields (Table 2,
entries 1 and 8-17). The reaction of di-n-butylamine with 1a
afforded a-ketoamide in moderate yield (Table 2, entry 18).

Isotope labeling and radical capture experiments were per-
formed to elucidate the origination of the oxygen atoms of a-
ketoamide. Results of these experiments demonstrate the
oxygen atom of amide group originates from H,O and the
oxygen atom of a-ketone at a-ketoamide derives from dioxygen.

Firstly, the a-ketone group at a-ketoamide is more electro-
philic than a ketone due to the electron-withdrawing effect of
the amide group, thus it is possible for oxygen atom exchange
with water via a hemiketal intermediate, while the amide group
of a-ketoamide is stable. Indeed, as illustrated in eqn (2), when
3aa was stirred with Cul, piperidine, and H,'®0 (10 equiv.)
under oxygen atmosphere in THF,?®> 73% singly '°O-labeled,
27% unlabeled product were obtained and no doubly '*0-
labeled a-ketoamide was detected (see HRMS in ESIf).

Cul (5%), THF (dry)
Piperidine (1 equiv), RT

O, (balloon)
H,"%0 (10 equiv)

A 2D
Ph)S( Ph)k[(
M+Na] (27%)

(2)

[M+Na+2] (73%)
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Subsequently, when the reaction of 1a and 2a was conducted
in the presence of H,O (20 equiv.) under '*0,, 80% unlabeled
(3aa, eqn (3)) and 20% singly '®0O-labeled product (3aa-1, eqn
(3)) were detected (see HRMS in ESIY). If the oxygen atom of
amide group originates from '®0,, unlabeled product would not
be observed via oxygen exchange with H,O. The existence of
80% unlabeled product (3aa, eqn (3)) demonstrated that the
oxygen atom of amide group originated from H,O. Further
control experiment showed that 57% doubly **0-labeled (3aa-2,
eqn (4)) and 43% singly '®0-labeled product (3aa-3, eqn (4))
were detected when the reaction of 1a and 2a was performed in
the presence of H,'®0 (20 equiv.) under O, (see HRMS in ESIY).
This result also revealed the oxygen atom of amide group
derived from H,O (eqn (4)).

18,
Cul (5 mol %), THF (dry), RT 0
1a + 2a N + N
80, (balloon) Ph Ph
H,0 (20 equiv) o) o
[M+Na] (80%) 3aa [M+Na+2] (20%) 3aa-1
(3)
Cul (5 mol %), THF (dry), RT O o O
fa+2a O, (balloon) Ph ph)j\r(N
H,"%0 (20 equiv) 180 180
[M+Na+4] (57%) 3aa-2  [M+Na+2] (43%) 3aa-3
(4)

Radical capture experiments revealed that the oxygen atom
of a-ketone at a-ketoamides derived from O,, which also indi-
cated the possible mechanism of this transformation. As shown
in eqn (5), TEMPO, a well known radical-capturing species, can
remarkably suppress the formation of a-ketoamide 3aa.”> When
TEMPO (30 mol%) was added to the reaction system of 1a and
2a, 69% TEMPO-trapped compound 3aa’ (isolated yield based
on TEMPO) was obtained and only 4% of 3aa (isolated yield
based on 2a) was detected. Furthermore, owing to the thermal
instability of the covalent bond between TEMPO and the carbon
free radical intermediate 3aa-4 that was easily oxidized by
dioxygen to form carbonyl compounds,*»* the transformation

o)
NR'R? 0, ~_NR'R?
RO Ay 3
8

o3 o>/ cut *

Cun\ o}
> q C" R—=H
1

R NR'R?
HNR'R?
H,0 2
0,

Cun\ OH
: N Cun,

Rg R'R? .
4 HNR'R?
\\ cu\  H

R 5 NR'R?

H,0

Scheme 1 Plausible reaction pathway.
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of 3aa’ to singly '®O-labeled a-ketoamide and TEMPO was
observed in the presence of '®0, at 70 °C (3aa-1, eqn (6)).
Meanwhile, no conversion of 3aa’ to 3aa-1 was detected in the
presence of H,'?0 under N, (eqn (7)). These results suggested
that the carbonyl oxygen atom of a-ketone at o-ketoamide 3aa
derived from molecular oxygen via a radical oxidation process.

Cul (5 mol %), THF
TEMPO (30 mol %), RT
R eTme A R

1a + 2a . O -
0, (balloon) Ph/w N
H,0 (2 equiv), 24h 0
3aa-4
f . 5)
0 i
N * Ph
Ph o
[¢]
3aa' (68%) 3aa (5%)

(yield based on TEMPO)  (yield based on 2a)

18,
180, (balloon), 4A MS O o O
e . . . N 6
THF (dry), 70°C, 48 |Ph” [ Ph)k(( ©
—TEMPO 0 )
N‘O Q— 3aa-4
Py
o

3aa-1 (62%)

180

H,"%0 (2 equiv), N, Q
3220 ——————— T2, o N ™
0

THF (dry), 70°C, 48h

3aa-1
not detected

Based on the above experiments and previous reports,*** we
proposed a postulated reaction pathway for this transformation
as outlined in Scheme 1. Firstly, the complex 4 was formed by
the reaction of the Cu species with alkyne 1 and amine 2. Then,
the migration of amine to the triple bond led to the formation of
the vinyl-Cu intermediate 5. Next, 5 underwent hydration to
give 6. Subsequently, 7 was formed through the oxidation of 6
with dioxygen. Finally, the reductive elimination of the copper
species of 7>’ followed by double oxidation with dioxygen would
deliver the desired product 3.>**

Conclusions

In summary, we have successfully developed a tandem copper
catalyzed approach to o-ketoamides from terminal alkynes,
secondary amines, dioxygen, and water at room temperature
without ligand or additive, in which O, and H,O were used as the
co-oxygen source of o-ketoamides. The present method opens
a new window to construct complicated oxygen-containing
compounds. Further studies of the detailed mechanism of this
process and its application are underway in our laboratory.
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