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An oxidative amide formation using N-hydroxysuccinimide and hypervalent iodine reagents was devel-
oped. The method enables a wide range of aldehydes and amines to be coupled under mild reaction con-
ditions providing amide in good to excellent yield. The radical species in the reaction mixture was
observed for the first time using ESR measurement, and along with other mechanistic investigations, a
plausible mechanism of the reaction was proposed.

Published by Elsevier Ltd.

Tandem reactions have drawn significant attention in recent
years as an attractive green alternative to traditional multi-step
processes. They avoid the isolation of intermediates and curtail
the number of overall synthetic steps.! Among tandem reaction,
oxidative esterification or amide formation of alcohols or alde-
hydes has become popular as a promising synthetic tool serving
as an alternative to conventional approaches requiring carboxylic
acid isolation. Research during the past decade resulted in signifi-
cant progress in this field establishing a number of successful oxi-
dative esterifications. On the other hand, despite numerous
reported elegant strategies,? oxidative amide formations are less
established: Most reported methods have limited substrate scope,
and some use excess of coupling partners or precious metal

catalysts. Current state of art methods in oxidative amide forma-
tion have been reviewed.? Recently, we reported the first aerobic
oxidative amide formation method using a catalytic amount of
Co(OAc), in combination with N-hydroxysuccinimide (NHSI)
(Fig. 1).*° This approach involves the NHSI-mediated oxidative
formation of NHSI ester 3, which is sufficiently reactive to undergo
amine displacement providing amide 5. The reaction can be ap-
plied to both aliphatic and aromatic aldehydes, and the mild reac-
tion conditions enable chiral amines to be introduced without
racemization. However, sterically or electronically deactivated
substrates were shown to suffer from competitive formation of a
by-product, carboxylic acid 4. In addition, unsaturated aldehydes
were not applicable.
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Figure 1. Aerobic oxidative amide formation.
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Figure 2. Aerobic oxidative amide formation.

Herein, we report the successful use of an alternative terminal
oxidant, hypervalent iodine reagents (PhI(OAc), or IBX) to effec-
tively suppress this unwanted side reaction. These oxidants effi-
ciently lead to amide formation via a two-step tandem reaction,
delivering significantly higher yields than previously reported.
Our new method also possesses broader scope demonstrated by
the coupling with an o,B-unsaturated aldehyde, pivaldehyde, and
aniline. In addition, a plausible mechanism is proposed based on
detailed mechanistic investigation.

At the onset of our investigation, pathways to form carboxylic
acid byproducts under the original aerobic conditions* were con-
sidered. We speculated that the reaction of NHSI with aldehydes
A proceeds through an intermediate radical, analogous to the
known nitroxide-mediated oxidations (Fig. 2).° This led us to two
possible reaction pathways that could generate carboxylic acids
involving either the reaction of radical intermediate B with molec-
ular oxygen, or by hydrolysis of NHSI ester C. Investigation into the
stability of ester C revealed these derivatives to be highly stable to
hydrolytic conditions (see the Supplementary data), which led us
to assume that the radical mediated oxidative pathway is more
likely.

Thus, we embarked on screening for alternative oxidants that
suppress this undesirable side reaction (Scheme 1). Aldehyde 1a
was used as a test substrate, and was treated with 1 equiv of NHSI
and various oxidants. The reaction mixture was analyzed by deter-
mining the ratio of the amount of produced ester 3a and acid 4a by
'H NMR analyses. While the majority of the oxidants showed an
increased level of acid formation when compared to molecular
oxygen, two hypervalent iodine reagents, Phl(OAc), and IBX, exclu-
sively provided the desired NHSI ester 3a.” Using other hypervalent
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Figure 3. Kinetic isotope effect measured with Singleton method.

iodine reagents or the conditions catalytic in PhI(OAc),® were less
effective (see the Supplementary data).

To gain further insights into this reaction, a series of mechanis-
tic studies were performed using stoichiometric PhI(OAc), (Fig. 3).
Again utilizing 1a as a representative aldehyde, the kinetic isotope
effect (KIE) of the substitution of the aldehyde hydrogen with deu-
terium was examined using the method of Singelton.® A mixture of
aldehyde 1a and the deuterated aldehyde 1a’ was subjected to the
reaction conditions, however the reaction was quenched before its
full conversion, and the recovered starting material was analyzed
for the ratio of parent and deuterated substrates. A large kinetic
isotope effect (~9.3) was measured for this reaction, indicating
that the abstraction of the aldehyde hydrogen is rate limiting in
the formation of the NHSI ester. The recorded KIE higher than
the theoretical maximum may be due to a quantum tunneling,
which has been observed in related oxidative reactions that use
nitroxide catalysts.'®

To verify the presence of a radical intermediate, a series of elec-
tron spin resonance (ESR) experiments were performed under var-
ious conditions. When PhI(OAc), and NHSI were mixed in a 2:1
ratio, a clean ESR signal corresponding to the reported succinimide
N-oxy (SINO) radical A'' was observed (Fig. 4(a)). The signal for
this radical diminished within ~10 min in the absence of reactant,
confirming its non-persistent nature.®®'? In a separate 'H NMR
experiment, the same mixture showed immediate consumption
of PhI(OAc), and the formation of Phl and AcOH upon mixing of
the two reagents. Successive addition of benzaldehyde or aldehyde
1a to this mixture diminished the original ESR signal, and new sig-
nals began to emerge as shown in (b) and (c), respectively. We
attributed these spectra to hemiaminal radicals B and C. Both rad-
icals are elusive and diminish within a few minutes. Acyl radical
formation from free aldehyde was another possibility,'>'* however
it was not observed under our experimental conditions.

On the basis of the foregoing studies, a plausible mechanism of
the oxidative NHSI ester formation is proposed (Fig. 2). Mixing of
PhI(OAc), and NHSI results in the rapid formation of SINO.'®> Addi-
tion of aldehyde A led to the presumably reversible formation of
hemiaminal A’. A slow (rate-determining) hydrogen abstraction
of the aminal hydrogen by SINO provides the observed hemiaminal
radical B, which rapidly undergoes the second oxidation with
PhI(OAc),, either by direct oxidation or mediated by NHSI, to pro-
vide ester C.'°

With improved reaction conditions to deliver the ester C now
identified, we examined its compatibility to coupling with primary
amines. Subjecting phenethylamine 2a to 1 equiv each of aldehyde

0.
0] o
N /\)J\
Ph/\)l\o/ +  pp OH
3a o) 4a

25-43%

Scheme 1. The screening results of alternative oxidants.
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Table 1
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(0] /\/NHZ [e)
. Ph
R/\OH or )]\ NHSI, oxidant 2a . )J\ /\/Ph
R H R H
1 5
Entry Aldehyde Conditions Yield? (%)
(0]
1 Ph/\)J\H NHSI (1.1 equiv), PhI(OAc), (1 equiv), MeCN, rt, 3-5 min; 2a (1 equiv) 90
1a
2 NHSI (1.2 equiv), IBX (1 equiv), EtOAc, 90 °C, 2.5 h; 2a (2 equiv) 42
NN
3 Ph . OH NHSI (2.5 equiv), IBX (2.2 equiv), EtOAc, 90 °C, 4.5 h; 2a (3 equiv) 57
a
Ph” > oH - ; i
4 6b NHSI (2.5 equiv), IBX (2.2 equiv), EtOAc, 90 °C, 3.5 h; 2a (4 equiv), 23.5 h 70

2 Isolated yield.

1a, NHSI, and PhI(OAc), resulted in a rapid reaction that delivered a
multitude of unidentified products. To circumvent what we believe
to be competitive amine oxidation, consumption of the oxidant
needs to be completed before introduction of the amine coupling
partner. As such we observed that addition of amine 2a to the
reaction mixture after formation of the active ester led to smooth

(a) PhI(OAc), + NHSI (1:1)

(b) + benzaldehyde

displacement of NHSI with the amine to deliver the desired amide
5a in excellent yield (Table 1, entry 1). Due to the extremely fast
formation of the active ester, amine addition can be made immedi-
ately after addition of the other reagents making it a practical
alternative to available oxidative amide formations. In most cases,
an amine was added after stirring for 2-3 min.
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Figure 4. ESR measurements
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Scheme 2. Oxidative amide formation with a catalytic amount of NHSI using PhI(OAc), oxidant.
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Table 2
Scope of aldehydes and amines
Entry  Aldehyde Product Yield® (%)
0] ]
1 Ph/\)I\H1a Ph/\)kN/\/Ph 90
H 5a
(0]
2 Ph/\)]\N/O\ 70
I sb
(0]
3 S~ o
H 5c
(o)
4 Ph/\)k ,D 60
5d
(0]
5 Ph/\)’L N/’\/OH 553
H 5e
o]
6 Ph/\)J\N’Ph 69
H  5f
o
7 Ph/\)J\N/\/OH 74
H 59
0 o]
8 Ph/\)J\Hﬂ, Ph/\)J\N/\/Ph 84
H 5h
(0]
9 ph/\)kN’o\ 56
I 5i
a
10 on /\)k . Ph 67
H 5§
o ;/OH
: a
11 Ph/%)ku/\/Ph 57
5k

o} O

12 >\)kH %N/\/Ph 62
1c H 51
o
3 >%NJVQH o
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(0] =

14 >HJ\N/:\/OH 542
H 5n

(0]

O
Ph
MeO 1d MeO 50
¢} @)
~_-Ph
O,N O,N

Sp

2
¢}
O,N 5q

2 >99% ee (see the Supplementary data).
b Isolated yield.

An analogous amide formation procedure using IBX was also
examined. The formation of the active ester using this reagent
was not as rapid as using PhI(OAc),, and a higher temperature

and/or a longer reaction time were required (entry 2). One advan-
tage of the use of IBX is its capability to oxidize primary alcohol to
aldehyde, which extends the substrate scope (entries 3-4).17

NHSI can be recycled multiple times after release by the amine
displacement (Scheme 2). Thus, when using 0.3 equiv of NHSI,
addition of 0.3 equiv each of the oxidant followed by the amine,
in three separate operations furnished the desired amide in 81%
yield (Eq. 1). Alternatively, to limit the oxidation of the amine,
amine hydrochloride salt can be used. In the presence of a suitable
base, the amine may be gradually neutralized such that it under-
goes displacement at a rate that competes with its oxidation. This
approach provided the desired compound with a maximum yield
of 60% using 20 mol% of NHSI (Eq. 2).

We examined the scope and limitation of this approach using
stoichiometric PhI(OAc),. Table 2 shows the amide formation with
various amines and aldehydes. Initially, 3-phenylpropionaldehyde
1a was examined with various amines (entries 1-7). Good to excel-
lent yields were obtained with primary amines (entries 1, 3, 5, and
7). As expected, primary alcohols were compatible under the reac-
tion conditions (entries 5, 7, 10, 13, and 14). Secondary amines also
delivered good yields including synthetically important Weinreb
amine (entry 2). Less reactive aniline also provided good yield of
the amide (entry 6).

In the reaction of unsaturated aldehyde 1b, the corresponding
unsaturated amides were obtained without affecting the double
bond (entries 8-11). Sterically hindered pivaldehyde 1c also re-
acted smoothly under the reaction conditions (entries 12-14).
The yields with these substrates are generally lower than that of
1a, although still giving respectable yields for these challenging
substrates. We have also examined aryl aldehydes with electron
donating or electron-withdrawing groups (entries 15-17), and
were pleased to find that these substrates participated in the
amide formation under identical conditions. Finally, all the opti-
cally pure amines examined retained their optical purity (entries
3,5,10, 11, 13, and 14).

In conclusion, an oxidative and metal-free amide formation was
developed. Hypervalent iodine reagents, PhI(OAc), and IBX both
served as stoichiometric oxidants and provided the intermediate,
active ester in good to excellent yields. A plausible mechanism of
the active ester formation was proposed based on a series of mech-
anistic investigations. The reaction was extended to tandem amide
formation reaction by successive addition of reagents in one-pot,
which demonstrated the recyclability of NHSI. Because of the mild
nature of the oxidant,®!® this oxidative amide formation is widely
applicable for the synthesis of structurally diverse amines and
aldehydes, including aniline, pivaldehyde, and o,B-unsaturated
aldehyde. The current method showed clear advantages to our pre-
vious methods, demonstrating simplicity, readily available re-
agents, and broad scope of applicable substrates.
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