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FeCl,—Catalyzed Oxidative Amidation of Aldehydes with Primary and
Secondary Amines

Li, Yuanming Jia, Fan Ma, Lina Li, Zhiping*
(Department of Chemistry, Renmin University of China, Beijing 100872)

Abstract The amidation reaction is an important process in both academia and industry for the synthesis of natural prod-
ucts, functional polymers, and pharmaceuticals. The development of new amidation methods for constructing such important
class of organic compounds is still attracting considerable interests. We herein reported a general oxidative amidation of al-
dehydes with a variety of free primary or secondary amines using inexpensive iron(II) chloride as catalyst and zert-butyl hy-
droperoxide (TBHP) as oxidant. The present amidation reactions afford the corresponding secondary and tertiary amides in
moderate to excellent yields. In addition, the amidations of benzimidazole and pyrazole were also achieved by the developed

method.
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1 Introduction

The amide bond widely exists in natural products, poly-
mers, and pharmaceuticals."! Historically, chemical reac-
tions for the formation of amide bond are among the most
classical transformations in organic chemistry. The most
well-established routes toward amides synthesis are the
reactions of amines with carboxylic acids (or their deriva-
tives),’”) the Schmit reaction,”! the Beckmann rearrange-
ment reaction,”! and modified Staudiger reaction. Among
the emerging amide formation reactions,'® the direct
cross-dehydrogenative coupling (CDC) of aldehydes
with amines has evolved into one of the most promising
methods with potential industrial applications.!”)

Three strategies have been developed for amide bond
formation using aldehydes and primary or secondary
amines as starting materials (Scheme 1). The aldehydes are
activated through acyl bromide,™ acyl cyanide,” nitrile,!""’
or active ester'"! as intermediate to couple with amines
(Strategy I). Amines can also be transformed into
N-chloroamines''? and anionic amido complex!®! which
play as active intermediates to react with aldehydes SStrat—
egy II). Following the pioneering work of Yoshida,!'* sev-
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eral transition metal (Pd,“S] R, Cu 17 e 118! Zn“g]) cat-
alyzed amidation reactions have been reported to date
(Strategy III). Despite the rapid progress have been made
in amidation of aldehydes with amines, there are still some
shortcomings. Some of the catalysts reported are either
expensive or difficult to handle. The pre-activation of
amines is still inefficient from the synthetic point of view.
As such, the efficient and easily-handled catalytic systems
bearing broader substrate scope are in great demand.
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Scheme 1 Types of transformation of aldehyde with amine

Recently, we reported iron-catalyzed oxidative ami-
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dation of tertiary Amines.*” Based on previous results, we
herein reported a general method for the formation of sec-
ondary and tertiary amides from aldehydes and free amines
in iron(II) chloride catalyzed oxidative system.

2 Result and Discussion

2.1 Optimization of the reaction conditions

Reaction was conducted by using benzaldehyde 1a and
benzylamine 2a as the model for the screening of reaction
conditions (Table 1). As anticipated, the desired amide 3a
was detected in the iron-catalyzed oxidative system, albeit
in trace amount (Entry 1). By increasing the amount of 1a
and TBHP, 56% and 71% yields of the product 3a were
obtained respectively by using 2.5 mol% FeCl, as catalyst
(Entries 2 and 3). However, other iron salts and first-row
transition metal salts provided worse results (Entries 4~
11). To our delight, a 90% yield of the desired product 3a
was achieved when 5 equiv. of 1a were used (Entry 12).
Notably, in the absence of catalyst, 3a was obtained in only
18% yield (Entry 13). By varying oxidants (Entries 14, 15),
the results indicated that TBHP was the best choice of oxi-
dant.

Table 1 Optimization of the reaction conditions®

Cat. (2.5 mol%)

o [Oxidant] (x equiv.)
Ph)LH" HNT T ChNG D) Ph)kHAPh
1a 2a 85°C, 1h 3a
Entry la/equiv. [Oxidant]/equiv. Cat. Yield”/%

1 1 TBHP (1.0) FeCl, <5
2 3 TBHP (1.0) FeCl, 56
3 3 TBHP (2.0) FeCl, 71
4 3 TBHP (2.0) FeCl; 19
5 3 TBHP (2.0) FeBr, 11
6 3 TBHP (2.0) Fe(OAc), <5
7 3 TBHP (2.0) FeS04+7H,0 <5
8 3 TBHP (2.0) Fey(CO)s <5
9 3 TBHP (2.0) CuBr, 46
10 3 TBHP (2.0) CuSO,*5H,0 50
11 3 TBHP (2.0) CoCl, 50
12 5 TBHP (2.0) FeCl, 90
13 5 TBHP (2.0) — 18
14 5 H,0; (2.0) FeCl, 0
15 5 0O, (1 atm) FeCl, 0

“Conditions: 2a (0.5 mmol), catalyst (0.0125 mmol), CH;CN (3.0 mL), 85 C,
1 h; ®Reported yields were based on 2a and determined by '"H NMR using an
internal standard.

2.2 The reaction scope of aromatic aldehydes with
primary amines

With the optimized conditions in hand, we next investi-
gated the scope and generality of such transformation with
various aromatic aldehydes and primary amines (Scheme
2). The representative electron-donating or electron-
withdrawing groups on phenyl ring of benzaldehyde sub-
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strates produced good yields of secondary amides (3a~3c,
3e). However, with nitro group, a diminished yield was
obtained (3d). Various 4-substituted functional groups on
the phenyl ring of anilines are well-suited for this trans-
formation (3f, 3j). Due to the steric effect of
2,6-dimethylaniline, the corresponding amide 3k was ob-
tained in 53% yield. To our satisfaction, the reaction also
works with acetic hydrazide, providing the desired amide
31in 52% yield.

FeCl, (2.5 mol%)

- o]
o] TBHP (2.0 equiv.) )
L+ RNH, R1)kN/R
R H CH,CN (3 mL) |
1 2 85°C, 1h H
= Aryl; R? = AIkyI Aryl 3

R =H, 3a, 90% (79%)
R = MeO, 3b, 70% (63%)
R = Br, 3c, 76% (65%)

R = NO,, 3d, 23% (22%)

R = H, 3f, 85% (64%)

R = Me, 3g, 79% (78%)
R = MeO, 3h, 66% (63%)
R = CF3, 3i, 80% (57%)
H R=1, 3j, 75% (68%)

0
Ph)k )k \/Q CH3
o

3e, 99% (83% 3k, 53% (50%) 31, 52% (40%)

Conditions: 1 (2.5 mmol), 2 (0.5 mmol), FeCl, (0.0125 mmol), CH;CN (3.0
mL), 85 C, 1 h; b Reported yields were based on 2 and determined by 'H
NMR using an internal standard; isolated yields were given in parentheses.

Scheme 2 The reaction of aromatic aldehydes with primary amines

2.3 The reaction scope of aromatic aldehydes with
secondary amines

Subsequently, a variety of secondary amines were inves-
tigated under the developed reaction conditions (Scheme
3). Under our optimized condition, a range of tertiary

FeCl, (2.5 mol%) 0

o .
)k H TBHP (2.0 equiv.) R1)kN/R2
R1 * ge-Nags CH5CN (3 mL) l,
2 85°C, 1 h 4 R
= Aryl; R? = Alkyl, Aryl
o) (0] (0]

BN
Ph NQ Ph Nﬁo

4a, 81% (75%) 4b, 97%( 6%)
i e

Ph)kN(\ )k ~p Cﬁk

4d, 80% (62%)

©)k<j

Conditions: 1 (2.5 mmol), 2 (0.5 mmol), FeCl, (0.0125 mmol), CH3CN (3.0
mL), 85 C, 1 h; b Reported yields were based on 2 and determined by 'H
NMR using an internal standard; isolated yields were given in parentheses.

PhAI\O

4c, 99% (76%)

4e, 45% (40%) 4i, 70% (70%)

R = H, 4f, 55% (50%)
R = Ac, 4g, 45% (41%)
R = Br, 4h, 51% (50%)

Scheme 3 The reaction of aromatic aldehydes with secondary amines
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amides were obtained in good yields using secondary
amines (4a~4e). The formation of more challenging
N-phenyl tertiary amides (4f~4h) were also obtained in
moderate yields under the present catalytic oxidative sys-
tem, which was not previously accessible through
N-phenyl anilines.!"”™"®" Gratifyingly, 2-thiophenecarbox-
aldehyde was also compatible, providing the desired amide
4i efficiently. It should be noted that other reported oxida-
tive amidation of aldehydes with secondary amines gener-
ally rechlred longer reaction time and special class of sub-
strates.

2.4 The reaction scope of aliphatic aldehydes with
amines

Next, we explored the scope of aliphatic aldehydes
(Scheme 4). In contrast to aromatic aldehydes, the reac-
tions of aliphatic aldehydes with amines were messy under
the standard reaction conditions, probably due to the unde-
sired oxidation of amine.** To our satisfactory, the slow
addition of amines using syringe pump partially solved the
problem and the moderate yields of the desired amides
(5a~5f) were obtained.

FeCl, (2.5 mol%) o
0 |—| TBHP (2.0 equiv.) 2
)k R NSRS RAkN/R
CH4CN, 85°C, 1 h \
syringe pump 5
R2 R3 = Alkyl, Aryl

Pr V)k p Buku/\Ph

5a, 66% (63%) 5b, 65% (51%)
o o)
(0]
P Ph
Ph\ANAPh Pr I‘\l BukN/
H
5f, 50% (46%)

AIkyI

5d, 55% (51%) 5e, 71% (68%)

Conditions: 1 (2.5 mmol), 2 (0.5 mmol), FeCl, (0.0125 mmol), CH;CN (3.0
mL), 85 C, 1 h; b Reported yields were based on 2 and determined by 'H
NMR using an internal standard; isolated yields were given in parentheses.

Scheme 4 The reaction scope of aliphatic aldehydes with amines

2.5 The reactions of aldehydes with other amines

Furthermore, when methoxymethylamine hydrochloride
6a was tested, N-methoxy-N-methylamide 7a was obtained
in 54% yield by using calcium carbonate as base (Eq. 1).
Gratifyingly, the present reaction conditions were also
suitable for the reactions of benzaldehyde with benzimid-
azole 6b and pyrazole 6¢, resulted in 81% and 85% yields
of the corresponding products (7b, 7¢) respectively (Egs. 2
and 3).

FeCl, (2.5 mol%) o
O .

1. O~ _ TBHP (2 equiv.) Ph)kN/ 0
Ph “H HHCI  CaCO3 (1.1 equiv.) )
25mmol 0.5 mmol CH3CN (3 mL) ~

1a 6a 85°C,1h 7a, yield: 54% (50%)

2.6 The mechanistic studies

When benzoic acid 6d instead of benzaldehyde 1a re-
acted with benzylamine 2a, the desired amide 3a was not
detected by 'H NMR under the optimized reaction condi-
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H FeCl, (2.5 mol%)

(0]
TBHP (2 equw)
CH4CN (3 mL) Ph)kN/@ @
° <

Ph)L ©:

2.5mmol 0.5 mmol 85°C,1h N

1a 6b iald- 819 0

7b, yield: 81% (73%)
FeCl, (2.5 mol%) (0]
o - i
)k . /E,\}NH TBHP (2 equiv) NN g
Ph” "H Ph CH3CN (3 mL) N=

2.5 mmol 0.5 mmol 85°C,1h Ph

1a 6¢c

Tc, yield: 85% (76%)

tions (Eq. 4). The result excluded that aldehydes were oxi-
dized to carboxylic acids and followed by the reaction with
amines to give amides.

o FeCl, (2.5 mol%)
TBHP (2
Ph)kOH+ Ho,N""Ph —,eq““’ )k ~p
CH4CN (3 mL)
6d 2a 85°C, 1h
2.5mmol 0.5 mmol 3a

Not detected

In addition, imine 6e could not be transformed into the
desired amide 3a under the optimized reaction conditions
(Eq. 5). The result indicated that imine does not likely play
as a reaction intermediate.*"!

FeCl, (2.5 mol%)

PN TBHP (2 equiv.)

Ph™ "N” "Ph —(——————> 3a 5
CH3CN (3 mL) ©)
6e, 0.5 mmol 85°C. 1h Not Detected

Recently, FeSO4+7H,0 catalyzed the synthesis of amides
from alde 8ydes and amine hydrochloride salts was reported
by Chen."™ It is worth notlng that 3a was not detected in
our reaction condition using FeSO4*7H,0 as catalyst (Ta-
ble 1, Entry 7). To probe the possible reasons, NaCl was
added into the reactions by the use of FeSO,*7H,0 as cat-
alyst. Interestingly, a 36% yield of 3a was obtained, while
NaCl itself could not promote the desired amidation. These
results suggested that both iron and chloride ions might
play co-effects on the present amide formation, which
needs further studies to elucidate the exact reasons. The
comparison experiments were summarized in Table 2.

Table 2 The effects of iron sources

cat. (2.5 mol%)

O Y TBHP (2 equiv.)

Ph)kH "N 2a P CHieN@mL) PN H/\Ph

2.51r:mol 0.5 mmol 85°C,1h 3a
Cat. Additive Yield of 3a
FeCl, — 90% (79%)
FeSO4+7H,0 — Trace
FeSO4+7H,0 NacCl (5 mol%) 36%
— NacCl (5 mol%) trace

© 2015 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Accordingly, a simplified mechanism for the present
oxidative amidation was proposed (Scheme 5). Free amine
undergoes nucleophilic attack to aldehyde to give a carbi-
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noamine intermediate, which is subsequently oxidized to
the amide by iron/TBHP.

(0]
3| cat. FeCl 3
/R 2 R1)kN/ R
|

'\\'2 R1)\N
R " »
0 R R

H t-BuOOH t-BuOH + H,0

Scheme 5 A proposed mechanism

3 Conclusions

In summary, we developed a general protocol for the
oxidative amidation of aldehydes with a variety of primary
and secondary amines by simple iron salt as catalyst. The
amidations of benzimidazole and pyrazole were also
achieved, which demonstrated the advantages of the meth-
od. Further explorations directed towards synthetic appli-
cations are under progressing in our lab.
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