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An oxidative amidation of tertiary amines with carboxylic acids has been developed in the presence of FeCl; - 6H,O as catalyst
and oxygen as oxidant. A variety of tertiary amides were obtained in good to excellent yields from inexpensive and readily
available reagents. The possible reaction pathways were investigated.
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1 Introduction

Amide bond formation is one of the most often used reac-
tions in the synthesis of natural products, pharmaceuticals
and fine chemicals [1], because amide groups were con-
tained in more than 25% of the known drugs contain in a
survey [2]. The traditional method for the synthesis of am-
ides is through the condensation of carboxylic acid and
amine. The aid of coupling reagents usually results in mild
reaction conditions and good yields. Recently, many cata-
Iytic transformations for the amide bond formation have
been successfully developed, using alcohols [3], aldehydes
[4], nitriles [S] and aryl halides [6] as carbonyl sources.
Despite the rapid progress made using different carbonyl
sources in recently years, the development of amide for-
mation from tertiary amines is limited [7,8].

As tertiary amines are widely found in nature products
and easily available from chemical companies, the devel-
opment of amide formation from tertiary amines provides
an attractive alternative (Scheme 1) [9]. Recently, we have
demonstrated a new protocol for amide formation by an
unconventional oxidative amidation between tertiary amines
and aldehydes in the presence of a simple iron catalyst
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(Strategy I) [7a]. Furthermore, the application of anhydrides
as acylation reagents successfully overcomes the decar-
bonylation problem of aliphatic aldehydes in Strategy I
(Strategy II) [8a]. Recently, Bao and coworkers [9a] dis-
closed a novel reactions of perfluorophenyl carboxylates
with tertiary amines by using Pd(OAc), as catalyst and air
as oxidant (Strategy III). However, the use of the expensive
reagents limited the application of the method in amide
synthesis. Therefore, a practical method for amide bond
synthesis from tertiary amines is still highly desirable and
valuable [10,11]. Herein, we wish to report an oxidative
amidation of tertiary amines with carboxylic acids in the
presence of simple iron salt as catalyst and oxygen as oxi-
dant. The present study is complementary to amide synthesis
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Scheme 1 Strategies for the amidation of tertiary amines.
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from tertiary amines, in which various carbonyl sources
could be applied for tertiary amide synthesis.

2 Experimental

2.1 General information

'H NMR spectra were recorded on Bruker 400 MHz spec-
trometer (Switzerland) and the chemical shifts were report-
ed in parts per million () relative to internal standard TMS
(0 ppm) for CDCl;. The peak patterns are indicated as fol-
lows: s, singlet; d, doublet; dd, doublet of doublet; t, triplet;
m, multiplet; g, quartet. The coupling constants, J, are re-
ported in Hertz (Hz). *C NMR spectra were obtained at
Bruker 100 MHz and referenced to the internal solvent sig-
nals (central peak is 77.0 ppm in CDCl;). CDCl; was used
as the NMR solvent. Mass spectra were obtained on a VG
ZAB-HS mass spectrometer. APEX II (Bruker Inc., Swit-
zerland) was used for HR-MS and ESI-MS. IR spectra were
recorded by a Nicolet SMX-S infrared spectrometer (Ther-
mo Electron, USA). Flash column chromatography was
performed over silica gel 200-300. All reagents were
weighed and handled in air at room temperature. Unless
otherwise noted, all reactions were performed under a ni-
trogen atmosphere. All reagents were purchased from Alfa
(USA), Acros (Belgium), Aldrich (USA), and TCI (Japan)
and used without further purification.

2.2 Synthesis and characterization of the products 3

To a mixture of amine 1 (0.5 mmol), pivalic anhydride (1.0
mmol), carboxylic acid 2 (1.0 mmol), and FeCl;-6H,0 (0.1
mmol), toluene (2.0 mL) was added under nitrogen at room
temperature. Nitrogen flow was closed and oxygen was then
introduced into the Schlenk tube via a needle from an oxy-
gen balloon. The resulting mixture was stirred under 85 °C
for 24 h. The temperature of reaction was cooled to room
temperature and the solvent was evaporated in vacuo. The
residue was purified by flash column chromatography on
silica gel with ethyl acetate/petroleum ether (v/v=1:10) as an
eluent to afford the pure product 3 [8].

2.2.1 N-methyl-N-(p-tolyl)hexanamide (3a)

Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/iv=1:2, R=0.4). 'H NMR (400 MHz,
CDCl;) 6 7.21 (d, J=8.0 Hz, 2H), 7.05 (d, J=8.2 Hz, 2H),
3.24 (s, 3H), 2.38 (s, 3H), 2.06 (t, J=7.6 Hz, 2H), 1.63-1.49
(m, 2H), 1.27-1.05 (m, 4H), 0.83 (t, J=7.0 Hz, 3H). "*C
NMR (100 MHz, CDCl3) 6 173.4, 141.6, 137.4, 130.2,
127.0, 37.2, 33.9, 314, 252, 22.3, 21.0, 13.8 (see the
Supporting Information online).

2.2.2  N-methyl-N-(p-tolyl)acetamide (3b)
Isolated by flash column chromatography (ethyl acetate/

petroleum ether, v/=1:2, R=0.3). 'H NMR (400 MHz,
CDCl;) 6 7.18 (d, J=7.8 Hz, 2H), 7.04 (d, J=7.6 Hz, 2H),
3.21 (s, 3H), 2.35 (s, 3H), 1.83 (s, 3H). *C NMR (100 MHz,
CDCls) 6 170.7, 142.0, 137.5, 130.2, 126.7, 37.1, 22.2,
20.9.

2.2.3  N-methyl-N-(p-tolyl)propionamide (3c)

Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/v=1:2, R=0.3). 'H NMR (400 MHz,
CDCly) 6 7.21 (d, J=8.0 Hz, 2H), 7.06 (d, J=8.1 Hz, 2H),
3.24 (s, 3H), 2.37 (s, 3H), 2.08 (q, J/=7.4 Hz, 2H), 1.04 (t,
J=7.5 Hz, 3H). ®C NMR (100 MHz, CDCl3) §174.2, 141.6,
137.6, 130.3, 127.0, 37.3, 27.4, 21.0, 9.7.

2.2.4  N-methyl-N-(p-tolyl)benzamide (3d)

Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/iv=1:2, R=0.3). 'H NMR (400 MHz,
CDCly) 6 7.33-7.27 (m, 2H), 7.23 (m, 1H), 7.17 (m, 2H),
7.01 (d, J=8.1 Hz, 2H), 6.91 (d, J/=8.2 Hz, 2H), 3.47 (s, 3H),
2.26 (s, 3H). “C NMR (100 MHz, CDCl;) & 170.6, 142.3,
136.2, 129.8, 129.7, 129.4, 128.6, 127.6, 126.6, 38.4, 20.9.

2.2.5 N,4-dimethyl-N-(p-tolyl)benzamide (3e)

Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/v=1:2, R=0.3). '"H NMR (400 MHz,
CDCl;) 6 7.20 (d, J=8.1 Hz, 2H), 7.01 (d, J=8.2 Hz, 2H),
6.96 (d, J/=7.9 Hz, 2H), 6.92 (d, J=8.3 Hz, 2H), 3.46 (s, 3H),
227 (s, 3H), 2.23 (s, 3H). "C NMR (100 MHz, CDCl3) &
170.7, 142.5, 139.6, 136.1, 1329, 129.7, 128.8, 128.3,
126.6, 38.6, 21.3, 20.9.

2.2.6 N-methyl-4-nitro-N-(p-tolyl)benzamide (3f)
Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/iv=1:2, R=0.3). 'H NMR (400 MHz,
CDCl;) ¢ 8.02 (d, J=8.6 Hz, 2H), 7.45 (d, J=8.6 Hz, 2H),
7.02 (d, J/=7.8 Hz, 2H), 6.91 (d, J/=7.8 Hz, 2H), 3.49 (s, 3H),
2.27 (s, 3H). *C NMR (100 MHz, CDCls) & 168.3, 147.8,
142.2, 141.1, 137.2, 130.1, 129.4, 126.6, 122.9, 38.2, 20.8.

2.2.7 N-methyl-N-(p-tolyl)cyclopentanecarboxamide (3g)
Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/iv=1:2, R=0.3). 'H NMR (400 MHz,
CDCly) 6 7.21 (d, J=8.1 Hz, 2H), 7.10 (d, J=8.2 Hz, 2H),
4.32 (m, 1H), 4.08-3.99 (m, 1H), 3.86-3.75 (m, 1H), 3.24 (s,
3H), 2.38 (s, 3H), 2.10-1.96 (m, 2H), 1.91-1.68 (m, 2H).
'3C NMR (100 MHz, CDCl5) & 172.8, 140.5, 137.8, 130.2,
127.2,74.7,69.4,37.7, 30.1, 25.9, 21.0.

2.2.8 N-methyl-N-(p-tolyl)cyclopentanecarboxamide (3h)

Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/v=1:2, R=0.3). 'H NMR (400 MHz,
CDCly) 6 7.20 (d, J=8.1 Hz, 2H), 7.04 (d, J=8.1 Hz, 2H),
3.21 (s, 3H), 2.38, (s, 3H), 2.28-2.33 (m, 1H), 1.41-1.57 (m,
1H), 0.90-1.01 (m, 1H). "C NMR (100 MHz, CDCl3) &



182.1, 141.6, 137.5, 130.3, 126.9, 41.3, 37.5, 28.8, 26.9, 25.3.

2.2.9 N-(4-bromophenyl)-N-methylacetamide (3i)
Isolated by flash column chromatography (ethyl acetate/
petroleum ether, vA=1:5, R=0.1). '"H NMR (400 MHz,
CDCly) 6 7.51 (d, J=8.4 Hz, 2H), 7.05 (d, J/=8.4 Hz, 2H),
3.20 (s, 3H), 1.84 (s, 3H). °*C NMR (100 MHz, CDCl3) &
170.1, 143.4, 132.8, 128.7, 121.2, 37.0, 22.3.

2.2.10  N-(4-(acetamidomethyl)phenyl)-N-methylacetamide
&)

Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/v=1:5, R=0.1). 'H NMR (400 MHz,
CDCly) 67.34 (d, J=7.8 Hz, 2H), 7.16 (t, J=10.8 Hz, 2H),
6.54 (s, 1H), 4.45 (d, J=5.1 Hz, 2H), 3.20 (s, 3H), 2.03 (s,
3H), 1.82 (s, 3H). °C NMR (100 MHz, CDCl;) § 170.5,
170.2, 143.5, 138.2, 129.0, 127.1, 42.9, 37.1, 23.1, 22.3.

2.2.11 N-ethyl-N-phenylacetamide (3k)

Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/v=1:1, R=0.5). '"H NMR (400 MHz,
CDCly) 6 7.40 (t, J=7.5 Hz, 2H), 7.32 (t, J/=7.3 Hz, 1H),
7.13 (d, J=7.3 Hz, 2H), 3.72 (t, J=7.2 Hz, 2H), 1.79 (s, 3H),
1.08 (t, J=7.2 Hz, 3H). ®C NMR (100 MHz, CDCl;) &
169.9, 142.8, 129.6, 128.1, 127.8, 43.7, 22.8, 13.0.

2.2.12  N-(3-chlorophenyl)-N-methylacetamide (31)
Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/v=1:1, R=0.4). '"H NMR (400 MHz,
CDCly) 6 7.37-7.27 (m, 2H), 7.19 (s, 1H), 7.08 (d, J=7.4
Hz, 1H), 3.20 (s, 3H), 1.87 (s, 3H). °C NMR (100 MHz,
CDCl;3) 6170.1, 145.6, 135.0, 130.6, 127.9, 127.4, 125.3,
71.3,77.0,76.7,37.0,22.4.

2.2.13 8-Acetyl-8-azabicyclo[3.2.1]octan-3-one (3m)
Isolated by flash column chromatography (ethyl acetate/
petroleum ether, v/v=1:1, R=0.3) [8]. '"H NMR (400 MHz,
CDCl3) 64.96-4.80 (m,1H), 4.44-4.33 (m, 1H), 2.76-2.62
(m, 1H), 2.58-2.47 (m, 1H), 2.46-2.27 (m, 2H), 2.22-1.93
(m, 5H), 1.83-1.71 (m, 1H), 1.70-1.59 (m, 1H). *C NMR
(100 MHz, CDCl3) 6207.1, 167.0, 54.3, 50.7, 49.5, 48.7,
29.8,27.9,21.5.

2.2.14 N-methyl-N-phenylacetamide (3n)

Isolated by flash column chromatography (ethyl acetate/
petroleum etner, v/v=1:1, R=0.3) [8]. '"H NMR (400 MHz,
CDCly) 6 7.39 (t, J=7.6 Hz, 2H), 7.31 (t, J/=7.3 Hz, 1H),
7.16 (d, J=7.4 Hz, 2H), 3.24 (s, 3H), 1.84 (s, 3H). °C NMR
(100 MHz, CDCl;) §170.4, 144.5, 129.6, 127.3, 127.0, 37.0,
22.3.

3 Results and discussion

The reaction of 4-methyl-N,N-dimethylaniline 1a with hep-

tanoic acid 2a was chosen as a model reaction to establish
the reaction conditions (Table 1). First, a variety of metal
salts were screened by the use of oxygen as oxidant (Entries
1-6). FeCl;-6H,0 was found to be the best catalyst for the
present oxidative amidation (Entry 1). The increasing
amount of 2a further improved the yield of 3a to 67% yield
(Entry 7). Next, the effect of solvents was investigated and
other tested solvents such as DCE, H,O and MeCN obvi-
ously retarded the efficiency of the desired transformation
(Entries 8-10). Importantly, a 51% yield of 3a was still
achieved even in the presence of 2 mol% of FeCl;-6H,O
(Entry 11). Finally, a 71% yield of 3a was obtained when
the reaction time was prolonged to 24 h (Entry 12). It is
worth mentioning that only trace amount of 3a (<5%) was
observed in the absence of iron catalyst, indicating that iron
catalyst is important in this reaction (Entry 13).
Subsequently, the scope of the substrates were investi-
gated under the optimized reaction conditions (Tables 2 and
3). A range of carboxylic acids were examined and the re-
sults were shown in Table 2. To our satisfaction, both ali-
phatic and aromatic acids could be applied in this transfor-
mation. Good to excellent yields of aliphatic acids were
reacted efficiently with 1la (Entries 1 and 2). Moreover,
various benzoic acid derivatives also reacted smoothly with
1a (Entries 3-5). Benzoic acid with electron-donating group
reacted efficiently with 1la (Entry 4), whereas electron-
withdrawing groups on the benzene ring reduced the effi-
ciency of the oxidative amidation (Entry 5). Furthermore,
the reaction of tetrahydrofuran-2-carboxylic acid 2h with 1a
also led to the corresponding amide 3g, albeit in a lower
yield (Entry 6). And cyclohexanecarboxylic acid with 1a

Table 1 Optimization of the reaction conditions

M
e cat. (20 mol%) Me
pivalic anhydride

N, Hex-

Me o] N ex-n
+ _— b

Me: HO Hex-n 0,,85°C, 12h Me (0]

1a 2a solvent 3a
Entry Cat. 2a (equiv.) Solvent 3a (%)

1 FeCl; - 6H,0O 1.0 PhMe 61(60)
2 FeSO, - TH,0 1.0 PhMe 29(27)
3 FeCls 1.0 PhMe 51(51)
4 FeCl, 1.0 PhMe 19(19)
5 CoCl, 1.0 PhMe 39(37)
6 CuCl, 1.0 PhMe 43(43)
7 FeCl; - 6H,O 2.0 PhMe 67(66)
8 FeCl; - 6H,0O 2.0 DCE <5

9 FeCl; - 6H,0 2.0 H,0 15(15)
10 FeCl; - 6H,O 2.0 MeCN 10(10)
119  FeCly-6H,0 2.0 PhMe 51(50)
129 FeCl; - 6H,0 2.0 PhMe 71(71)
13 2.0 PhMe <5

a) Conditions: 1a (0.5 mmol), cat. (0.1 mmol), pivalic anhydride (1.0
mmol), O, balloon, and solvent (2 mL); unless otherwise noted; b) detected
by '"H NMR and based on 1a, isolated yields were given in parentheses; c)
FeCl;-6H,0 (0.01 mmol); d) 24 h.
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Table 2 Amidation of carboxylic acid with 1a ®

Me
| FeCls-6H,0
/@/ *Me j\ pivalic anhydride
+
R1
Me MO 0y, 85 c 24h o
Entry 2 3 Yield ®
Me
O |
1 s 2b NTMG 3b  89%
Me OH o)
Me Me
o N_ Et
2 2c 3c  85%
O
Me

(6]
|
N Ph
3 OH 2d T 3d  50%
©)J\ Me o Me
e Me
|
4 @OH 2e N 3e 79%
Me Me/©/ @)
(0]

Me
|
5 /@/monm /©/N 3f 50%
O,N 0
z Me Me
o O 4
6 w 2h /©/ 3g 30%
OH
Me Me
|
/@/N 3h 51%
Me

a) Conditions: 1a (0.5 mmol), pivalic anhydride (1.0 mmol), 2 (1.0
mmol), FeCl;-6H,O (0.01 mmol), PhMe (2 mL) under oxygen; unless
otherwise noted; b) isolated yields.

gave 51% yield of 3h (Entry 7).

Furthermore, other tertiary amine derivatives were inves-
tigated by the use of acetic acid 2b as a model acylation
reagent under the optimized conditions (Table 3). Aniline
with electron-withdrawing and electron-donating group
such as 1b and 1c reacted smoothly with 2a (Entries 1 and
2). Importantly, N,N-diethylaniline 1d also reacted with 2a
smoothly to give the corresponding tertiary amide in a 53%
yield (Entry 3). Substituent at meta-phenyl ring reduced the
efficiency of the reaction due to the dimerization of 1le (En-
try 4). To our delight, the reaction of tropinone with acetic
acid gave a 55% yield of 31 (Entry 5). However, the reaction
of N,N-dimethylaniline 1g with 2b led to 3n and 4 in 13%
and 51% yields, respectively (Eq. (1)) [12]:

ZIe o p|v':|3|§:n:;12r(l:c‘ie Me _N
©/ MiHo)Lme 0y, 85°c 24h ©/ \g/ e
1g 2b 3n, 13% 4,51%

ey

In order to clarify the possible reaction pathways, the

Table 3 Amidation of tertiary amines with acetic acid *

1 FeCly-6H,0 )
R\ 0 pivalic anhydride R\ o
N-R3 + )J\ B — N
R? HO” “Me o, 85°C, 24 h R? 5 Me
1 26 PhMe 3
Entry 1 3 Yield ©
M Me
e |
, N Me
1 B 1b 59%
r@N\M . /©/ T s ’
Br o
Me

|
H, Me  AcHN o 3

Et
Et |'\1 Me
{ 0,
O e oy
Et o}
Cl Me
Me Cl
4 , 1e 35%
Orie e rry's ™
Me o
Me
N N

0,
5 f& 1f 3m 55%

a) Conditions: 1 (0.5 mmol), pivalic anhydride (1.0 mmol), 2a (1.0
mmol), FeCl;-6H,0 (0.01 mmol), PhMe (2 mL) under oxygen; unless
otherwise noted; b) isolated yields; c) pivalic anhydride (2.0 mmol), 2a
(2.0 mmol).

role of pivalic anhydride was studied. The amide 3a was not
detected by 'H NMR in the absence of pivalic anhydride
(Eq. (2)). Furthermore, when 2.0 equivalent of benzoic
pivalic anhydride 5 [13] was added into the reaction under
our standard conditions, the desired product 3d was ob-
tained in a 50% yield (Eq. (3)). The results indicated that a
mixed anhydride like 5 generated by the reaction of carbox-
ylic acid 2 with pivalic anhydride in situ acts an active acyl-
ation reagent.
Me Me

Nove © FeCly-6H,0 N\n/"'ex'”
* o Hexn O, 8590 241
Me HO“ “Hex-n 02,85°C,24h e o

1a 2a PhMe 3a, 0%
(2)

Me Me

R FeCly-6H,0 N_ Ph
e )k )L
+ Ph Bu-t Oy, 850C, 24 h
Me 1a 5 PhMe  Me™ ™34 509,

3

Accordingly, a tentative mechanism for the present trans-
formation is proposed (Scheme 2). The oxidation of amine 1
gives amine radical A. Followed by the deprotonation, an
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Scheme 2 A tentative mechanism for iron-catalyzed aerobic oxidative
amidation of tertiary amines with carboxylic acids.

o-amino radical B is generated [14]. The termination of B
with molecular oxygen furnishes a peroxide intermediate C
[9b,9c], followed by the reduction to furnish a peroxide
intermediate D. The iminium intermediate E can be formed
via the elimination of D. Then the secondary amine G is
formed by hydrolysis of E via F. Finally, the in situ gener-
ated G immediately reacts with the mixed anhydride which
is formed by carboxylic acids with pivalic anhydride to give
the desired amide 3. It is worthwhile to note that: (1) iron
catalyst most likely also plays an important role as Lewis
acid catalyst for the formation of the mixed anhydride in the
last step, because ferric iron salts showed higher activity
than ferrous irons (Table 1, Entries 1-4); (2) the rapid reac-
tion of G and mixed anhydride ensures the equilibrium to-
ward the G formation efficiently and prevent excessive ox-
idation of secondary amine G [8a].

4 Conclusions

In summary, a new and practical method for the synthesis of
tertiary amide had been developed. Carboxylic acid was
successfully applied as an acylation reagent in the oxidative
amidation of tertiary amines, which presents a complement
to the previous method. The method is also highlighted by
the use of FeCl;-6H,0 as catalyst and oxygen as oxidant.

Supporting information

The supporting information is available online at chem.scichina.com and
link.springer.com/journal/11426. The supporting materials are published as
submitted, without typesetting or editing. The responsibility for scientific
accuracy and content remains entirely with the authors.

This work was financially supported by the Fundamental Research Funds
for the Central Universities, the Research Funds of Renmin University of
China (10XNLO17).

1 a) Cupido T, Tulla-Puche J, Spengler J, Albericio F. The synthesis of
naturally occuring peptides and their analogs. Curr Opin Drug Dis-
covery Dev, 2007, 10: 768-783; b) Bode JW. Emerging methods in

amide- and peptide-bond formation. Curr Opin Drug Discovery Dev,
2006, 9: 765-775; ¢) Humphrey JM, Chamberlin AR. Chemical syn-
thesis of natural product peptides: coupling methods for the incorpo-
ration of noncoded amino acids into peptides. Chem Rev, 1997, 97:
2243-2266

a) Valeur E, Bradley M. Amide bond formation: beyond the myth of
coupling reagents. Chem Soc Rev, 2009, 38: 606—-631; b) Larock RC.
Comprehensive Organic Transformations. New York: VCH, 1999

a) Gunanathan C, Yehoshoa BD, Milstein D. Direct synthesis of am-
ides from alcohols and amines with liberation of H,. Science, 2007,
317: 790-792; b) Ghosh SC, Muthaiah S, Zhang Y, Xu X, Hong SH.
Direct amide synthesis from alcohols and amines by phosphine-free
ruthenium catalyst systems. Adv Synth Catal, 2009, 351: 2643-2649;
¢) Wang Y, ZhuD, Tang L, Wang S, Wang Z. Highly efficient amide
synthesis from alcohols and amines by virtue of a water-soluble
Gold/DNA catalyst. Angew Chem Int Ed, 2011, 50: 8917-8921; d)
Soule JF, Miyamura H, Kobayashi S. Powerful amide synthesis from
alcohols and amines under aerobic conditions catalyzed by gold or
gold/iron, -nickel or -cobalt nanoparticles. J Am Chem Soc, 2011, 133:
18550-18553; e) Kegnaes S, Mielby J, Mentzel UV, Jensen T, Fris-
trup P, Riisager A. One-pot synthesis of amides by aerobic oxidative
coupling of alcohols or aldehydes with amines using supported gold
and base as catalysts. Chem Commun, 2012, 48: 2427-2429

a) Nakagawa K, Inoue H, Minami K. Oxidation with nickel peroxide.
A new synthesis of amides from aldehydes or alcohols. Chem Com-
mun, 1966: 17-18; b) Nakagawa K, Mineo S, Kawamura S, Hori-
kawa M, Tokumoto T, Mori O. Oxidation with nickel peroxide. XII.
Synthesis of nitriles from aldehydes. Synth Commun, 1979, 9: 529—
531

a) Murahashi SI, Naota T, Saito E. Ruthenium-catalyzed amidation of
nitriles with amines. A novel, facile route to amides and polyamides.
J Am Chem Soc, 1986, 108: 7846-7847; b) Cobley CJ, van den Heu-
vel M, Abbadi A, de Vries JG. Platinum catalysed hydrolytic ami-
dation of unactivated nitriles. Tetrahedron Lett, 2000, 41: 2467—-
2470; c) Allen CL, Lapkin AA, Williams JMJ. An iron-catalysed
synthesis of amides from nitriles and amines. Tetrahedron Lett, 2009,
50: 4262-4264; d) Callens E, Burton AJ, Barrett AGM. Synthesis of
amides using the Ritter reaction with bismuth triflate catalysis. Tet-
rahedron Lett, 2006, 47: 8699—-8701

a) Martinelli JR, Clark TP, Watson DA, Munday RH, Buchwald SL.
Palladium-catalyzed aminocarbonylation of aryl chlorides at atmos-
pheric pressure: the dual role of sodium phenoxide. Angew Chem Int
Ed, 2007, 46: 8460-8463; b) Brennfu hrer A, Neumann H, Beller M.
Palladium-catalyzed carbonylation reactions of aryl halides and re-
lated compounds. Angew Chem Int Ed, 2009, 48: 4114-4133; c)
Dang TT, Zhu Y, Ghosh SC, Chen A, Chai CLL, Seayad AM. At-
mospheric pressure aminocarbonylation of aryl iodides using palla-
dium nanoparticles supported on MOF-5. Chem Commun, 2012, 48:
1805-1807

a) Li Y, Jia F, Li Z. Iron-catalyzed oxidative amidation of tertiary
amines with aldehydes. Chem Eur J, 2013, 19: 82-87; b) Mai WP,
Song G, Yuan JW, Yang LR, Sun GC, Xiao YM, Mao P, Qu LB.
nBuyNI-catalyzed unexpected amide bond formation between
aldehydes and aromatic tertiary amines. RSC Adv, 2013, 3: 3869—
3892; c) Grierson D. The polonovski reaction. In: Organic Reactions.
Weinheim: John Wiley & Sons, Inc., 2004; d) Cooley JH, Evain EJ.
Amine dealkylations with acyl chlorides. Synthesis, 1989: 1-7; e)
Machara A, Cox DP, Hudlicky T. Direct synthesis of naltrexone by
palladium-catalyzed N-demethylation/ acylation of oxymorphone: the
benefit of C-H activation and the intramolecular acyl transfer from
C-14 hydroxy. Adv Synth Catal, 2012, 354: 2713-2718; f) Carroll RJ,
Leisch H, Scocchera E, Hudlicky T, Cox DP. Palladium-catalyzed
N-demethylation/N-acylation of some morphine and tropane alkaloids.
Adv Synth Catal, 2008, 350: 2984-2992; g) Khai BT, Arcelli AJ.
Homogeneous transition-metal catalysis. Cleavage of the C-N bond
of tertiary amines by acid anhydrides in the presence of transition
metal ions. Organomet Chem, 1983, 252: c9-c13; h) Mariella RP,
Brown KH. A novel SN1 displacement: the reaction of tertiary amines



10

with acetic anhydride. Can J Chem, 1971, 49: 3348-3351; i) Murata
S, Suzuki K, Tamatani A, Miura M, Nomura M. Oxidative
dealkylation of 4-substituted N,N-dialkylanilines with molecular
oxygen in the presence of acetic anhydride promoted by cobalt(II) or
copper(I) chloride. J Chem Soc Perkin Trans 1, 1992: 1387-1392

a) Li Y, Ma L, Li Z. Amide bond formation through iron-catalyzed
oxidative amidation of tertiary amines with anhydrides. J Org Chem,
2013, 78: 5638-5642; b) Chen X, Chen T, Li Q, Zhou Y, Han LB,
Yin SF. Copper-catalyzed aerobic oxidative inert C—C and C-N bond
cleavage: a new strategy for the synthesis of tertiary amides. Chem
Eur J, 2014, 20: 12234-12238; c) Zhang C, Xu Z, Shen T, Wu G,
Zhang LG, Jiao N. Lewis acid promoted highly diastereoselective
petasis Borono-Mannich reaction: efficient synthesis of optically ac-
tive B,y-unsaturated a-amino acids. Org Lett, 2012, 14: 2062-2065;
d) Qin C, Wang Z, Chen F, Yang O, Jiao N. Iron-catalyzed C—H and
C—C bond cleavage: a direct approach to amides from simple hydro-
carbons. Angew Chem Int Ed, 2011, 50: 12595-12599; e) Zhang C,
Xu Z, Zhang L, Jiao N. Copper-catalyzed aerobic oxidative coupling
of aryl acetaldehydes with anilines leading to a-ketoamides. Angew
Chem Int Ed, 2011, 50: 11088-11092

a) Bao YS, Zhaorigetu B, Agula B, Baiyin M, Jia M. Aminolysis of
aryl ester using tertiary amine as amino donor via C-O and C-N
bond activations. J Org Chem, 2014, 79: 803-808; b) Murata S, Su-
zuki K, Tamatani A, Miura M, Nomura M. Oxidative dealkylation of
4-substituted N,N-dialkylanilines with molecular oxygen in the pres-
ence of acetic anhydride promoted by cobalt(II) or copper(I) chloride.
J Chem Soc Perkin Trans 1, 1992: 1387-1392; ¢) Murata S, Tama-
tani A, Suzuki K, Miura M, Nomura M. Cobalt(I) chloride catalyzed
oxidation of 4-substituted N,N-dialkylanilines with molecular oxygen
in the presence of acetic anhydride. Chem Lett, 1990, 19: 757-760

a) Hao W, Xi ZF. Palladium-catalyzed one-pot three- or four-
component coupling of aryl iodides, alkynes, and amines through
C-N bond cleavage: efficient synthesis of indole derivatives. Chem
Eur J, 2014, 20: 2605-2612; b) Gu LJ, Wang W, Li GP. Synthesis of
2-arylbenzoxazoles through oxidation of C-H bonds adjacent to ox-
ygen atoms. Eur J Org Chem, 2014: 319-322; ¢) Du YD, Tse CW,
Xu ZJ, Liu Y, Che CM. [Fell(TF.DMAP)OT{] catalysed anti-
Markovnikov oxidation of terminal aryl alkenes to aldehydes and
transformation of methyl aryl tertiary amines to formamides with
H,0, as a terminal oxidant. Chem Commun, 2014. 50: 12669-12672;
d) Huo CD, Tang J. Aerobic oxidative mannich reaction promoted by

11

12

13

14

catalytic amounts of stable radical cation salt. J Org Chem, 2014, 79:
9860-9864; e) Bao YS, Jia ML. Aminolysis of aryl ester using ter-
tiary amine as amino donor via C-O and C-N bond activations. J
Org Chem, 2014, 79: 803-808; f) Wang F, Luo CP, Deng GJ, Yang L.
C(sp®)-C(sp”) bond formation via copper/Brensted acid co-catalyzed
C(sp*)-H bond oxidative cross-dehydrogenative-coupling (CDC) of
azaarenes. Green Chem, 2014, 16: 2428-2431; g) Zhang C, Jiao N.
Copper-catalyzed aerobic oxidative dehydrogenative coupling of ani-
lines leading to aromatic azo compounds using dioxygen as an oxi-
dant. Angew Chem Int Ed, 2010, 49: 6174—6177; h) Zhang C, Jiao N.
Dioxygen activation under ambient conditions: Cu-catalyzed oxida-
tive amidation-diketonization of terminal alkynes leading to
a-ketoamides. J Am Chem Soc, 2010, 132: 28-29

a) Li Y, Ma L, Li Z. Progress in the transition-metal catalyzed oxida-
tion of tertiary amines. Chin J Org Chem, 2013, 33: 704-714; b) Liu
W, Liu J, Ogawa D, Nishihara Y, Guo X, Li Z. Iron-catalyzed oxida-
tion of tertiary amines: synthesis of B-1,3-dicarbonyl aldehydes by
three-component C—C couplings. Org Lett, 2011, 13: 6272-6275; ¢)
Li H, He Z, Guo X, Li W, Zhao X, Li Z. Iron-catalyzed selective ox-
idation of N-methyl amines: highly efficient synthesis of meth-
ylene-bridged bis-1,3-dicarbonyl compounds. Org Lett, 2009, 11:
4176-4179; d) Lei Z, Ye J, Sun J, Shi ZJ. Direct alkenyl C—H func-
tionalization of cyclic enamines with carboxylic acids via Rh cataly-
sis assisted by hydrogen bonding. Org Chem Front, 2014, 1: 634—
638; e¢) Zheng Q, Wang W, Jiang G Yu ZX. Cul-catalyzed
Cl-alkynylation of tetrahydroisoquinolines (THIQs) by A® reaction
with tunable iminium ions. Org Lett, 2013, 15: 5928-5931; f) Liu J,
Liu Q, Yi H, Qin C, Bai R, Qi X, Lan Y, Lei A. Visible-light-mediated
decarboxylation/oxidative amidation of o-keto acids with amines
under mild reaction conditions using O,. Angew Chem Int Ed, 2014,
53: 502-506

Takahashi H, Kashiwa N,Hashimoto Y, Nagasawa K. Novel
Mannich-type nucleophilic substitution reaction with tertiary aro-
matic amines. Tetrahedron Lett, 2002, 43: 2935-2938

Penn JH, Owens WH, Petersen JL, Finklea HO, Snider DA. Mixed
anhydrides: physical properties influenced by molecular structure. J
Org Chem, 1993, 58: 2128-2133

Chen H, Groot MIJ, Vermeulen PE, Hanzlik RP. Oxidative
N-dealkylation of p-cyclopropyl-N,N-dimethylaniline. A substituent
effect on a radical-clock reaction rationalized by ab initio calculations
on radical cation intermediates. J Org Chem, 1997, 62: 8227-8230



