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Abstract. A copper-catalysed (diacetoxyiodo)benzene-
promoted aerobic esterification reaction of acetoacetamides
was developed for the synthesis of oxamates, which are
useful precursors in synthetic organic chemistry. This
practical and mild synthetic approach proceeded at 25 °C
under open-air conditions and afforded methyl 2-oxo-2-
(phenylamino)acetates in good to excellent yields
combined with C-C o-bond cleavage and formal oxidative
C-H bond functionalization. A mechanism is proposed.

Keywords: (Diacetoxyiodo)benzene; Copper catalysis;
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Carbon-carbon (C-C) bond cleavage is a common
and useful transformation in chemical synthesis.M In
general, cleaving single C-C o-bonds in chemical
transformations is relatively difficult, as the C-C
bond energy is higher than that of n-bonds in C-C
double and triple bonds.[*® However, highly strained
ring C—C bond systems are cleaved relatively easily
with the help of transition metal complexes.[*-¢: 2]
For cleaving unstrained C-C bond systems, Jiao et
al.Bl have proposed three main challenges facing this
strategy: “1) The selectivity between C-C bond and
C—H bond cleavage of unstrained substrates should
be controlled; 2) There should be enough energy to
activate C-C sigma-bond under mild conditions; 3)
The reaction system should ensure that other starting
materials do not undergo degradation under the
necessary oxidative reaction conditions.” Therefore,
unstrained C-C bond activation and the
functionalization of inert starting materials remains a
highly desirable but challenging goal.

Oxamates are important units in many biologically
active compounds® and useful precursors in
synthetic ~ organic  chemistry.®l  Traditionally,
oxamates can be generated through the ammonolysis
of amines with excess chlorooxoacetates®™ © or
oxalates?® 7! (Figure 1, path a). Oxamates can also be
accessed through -a dehydrogenative cross-coupling
of amines and ethyl glyoxalate in the presence of an
oxidant under acidic or alkaline conditions via @
metal-free oxidative amidation reaction (Figure 1,
path b).[1 Furthermore, the synthesis of oxamates
through an oxidative double cross-carbonylation of
amines and alcohols in the presence of palladiur:
catalyst under low-pressure CO/O, has been well
documented (Figure 1, path c).[! More recently, Adib
et al. reported that enamine oxidation!® using 2.5
equiv. of tert-butyl hydroperoxide (TBHP) in
chlorobenzene solvent under heated conditions also
produced oxamates. Unfortunately, attempts to
extend the substrate scope showed that enamines
bearing an alkylamino group
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Figure 1. General routes to the oxamates motif.

were ineffective in this reaction (Figure 1, path d).
All strategies mentioned above suffer from using
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toxic or pungent reagents. Furthermore, harsh
reaction conditions, such as low or high reaction
temperatures, are usually selected reluctantly. In 1999,
Nair et al.l'y!l' reported subjecting ten types of
acetoacetamides to cerium ammonium nitrate
(Ce(NH4)2(NO3s)s, CAN) oxidation under an O;
atmosphere in MeOH at room temperature, which
gave the corresponding oxamates in 70%-88% vyields.
Notably, 2 equiv. of CAN was required in the
reaction, with less than 2 equiv. resulting in the
consumption of a proportionate amount of the starting
material (Figure 1, path e).

In 2013, Jiao et al.B! described a CuBr-catalysed
esterification of diaroylmethanes for the practical and
mild synthesis of o-ketoesters in the presence of
pyridine (0.5 equiv.) in toluene under an O
atmosphere at 90 °C. However, in our initial
esterification attempts in this work, 2-oxo-2-
(phenylamino)acetate (2a) was afforded in only 15%
yield, along with an unidentified complex mixture,
when the optimized conditions were applied to B-
ketoamide 3-0x0-N-phenylbutanamide (1a).
Therefore, a slight change in the substrate structure
can lead to different reaction conditions being
necessary to access similar products. Although a
variety of synthetic strategies based on amine
derivatives have been employed in the reaction, the
development of a diverse synthetic procedure to
access oxamates from similar types of substrate, such
as [-ketoamides, are highly desirable, even for
reaction conditions that have proven to be efficient
for particular substrates. Herein, we present our
recent research on a Cu-catalysed
(diacetoxyiodo)benzene (PIDA)-promoted practical
esterification reaction of B-ketoamides at 25 °C under
open-air conditions via C-C o-bond cleavage and
oxidative C—H bond functionalization. This method
was performed with safe and odourless starting
materials, oxidants, and catalysts under mild
conditions, with methanol serving as both solvent and
reactant.

B-Dicarbonyl compounds are versatile building
blocks in organic synthesis.'? Recently, we
developed two facile, reliable, mild, and efficient -
ketoamide functionalization reactions for the
synthesis of 2-hydroxy-3,3-dimethoxy-N-substituted
butanamides and vicinal tricarbonyl amides in the
presence of a hypervalent iodine reagent via an
oxidative C-O bond forming reaction.’¥l While
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further exploring the synthetic potential of [-
ketoamides in the presence of an organoiodine
reagent,!*®! a catalytic amount of CuCl catalyst (10
mol%) was added to the reaction of la in MeOH
solvent. The resulting product, 2a, was isolated and
further characterized by NMR analysis. These
pleasing preliminary findings encouraged us to
further explore optimizing the reaction conditions for
using pB-ketoamides to prepare oxamates 2, which are
highly useful substrates in synthetic organic
chemistry.5#9 nitial attempts showed that desired
product 2a could be isolated in 76% yield when 1a
was treated with PIDA (1.5 equiv.) and CuCl (0.1
equiv.) under open-air conditions at 25 °C after 1.5 h
(Table 1, entry 1). Pleasingly, a 90% vyield of 2a was
achieved when the amount of CuCl was increased to
0.2 equiv. (Table 1, entry 2). However, increasing or
decreasing the amount of PIDA did not improve the
product yield (Table 1, entries 3-5). Using other
trivalent and pentavalent organoiodine reagents,
including [bis(trifluoroacetoxy)iodo]benzene (PIFA),
PhlO, 2-iodoxybenzoic acid (IBX), and 1,1,1-
triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one
(DMP), gave lower yields of 2a (Table 1, entries 6-9).
Furthermore, performing the reaction at lower or
higher temperatures did not further promote the
reaction (Table 1, entries 10 and 11). Other coppe:
salts, such as CuBr, Cul, Cu,0, Cu,S, CuSO4*5H,0,
Cu(NOs)2#3H,0, and Cu(OAc),, were also tested, but
gave lower conversions and lower yields of 2a than
CuCl (Table 1, entries 12-18). Notably, o-
acetoxylated compound 3a was isolated as the major
product, without the formation of desired product 2a,
when the reaction was performed in the other non-
nucleophilic solvents, such as benzene and THF
(Table 1, entries 19 and 20).

Table 1. Survey of reaction conditions.?

O O Conditions 0 O O
Ph. 0O .
Ph\EM — EJHO( + Ph E%

1a 2a 3a
Ent. [O]/equiv Cat. T/°C Rec.la/% 2a/% 3a/%
1”  PIDA (1.5) CuCl 25 0 76 0
2 PIDA(15) CuCl 25 0 90 0
3 PIDA(0.8) CuCl 25 40 47 0
4  PIDA(1.2) CuCl 25 0 84 0
5 PIDA (2.0 CuCl 25 0 81 0
6 PIFA(1.5) CuCl 25 0 15 -
79 PhIO (1.5) CuCl 25 0 25 0
8 IBX(15) CuCl 25 5 32 35
9 DMP(1.5) CuCl 25 90 trace 0
10 PIDA (1.5) CuCl O 0 45 50

2
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11 PIDA(L5) CuCl 50 20 62 0
12 PIDA(15) CuBr 25 0 750
13 PIDA(L5) Cul 25 35  trace 50
14 PIDA(L5) Cu0 25 30 25 30
15 PIDA(L5) CuS 25 20 23 35
16 PIDA(15) CuSOs5H,O0 25 20 20 40
17 PIDA(L5)  Cu(NO3)»3H,0 25 20 40 30
18 PIDA(L5)  Cu(OAc), 25 30 30 35
199 PIDA(15) CuCl 25 15 0 60
209 PIDA(15) CuCl 25 30 0 40

3 Reaction conditions: 1a (0.2 mmol), organoiodine
reagent, and copper salt (0.2 equiv.) in MeOH (2 mL) at 25
°C for 1.5 h. Ent. = Entry, Rec. = Recovered.

b 0.1 equiv. of CuCl was used.

° A complex mixture was observed.

9 In benzene.

¢ In THF for 2 h.

With the optimized reaction conditions in hand
(Table 1, entry 2), we next sought to define the -
ketoamide substrate scope. As shown in Table 2,
variation of the amide moiety (R?) was investigated
first (R? = Me). Various substituents with different
electronic features on the phenyl ring showed good to
excellent reactivity. A phenyl group (1a) and
substituted phenyl rings bearing electron-donating
substituents (-OEt, -OMe, and Me) afforded desired
products 2a—k in 62%-90% Yyields, while other aryl
groups bearing electron-withdrawing substituents (-
Cl and -CO.Et) were also tolerated, producing the
corresponding oxamate derivatives 2l-p in 53%-80%
yields. Notably, a nitrogen-containing heterocyclic
substituent (2q) was also tolerated, affording the
desired oxamate in 52% vyield, although a slightly
longer reaction time was required. However, only a
trace amount of 2r was afforded when N-methyl-
substituted tertiary amide 1r was applied to the
reaction, which indicated the importance of the amide
moiety for this conversion. Further investigation
showed that N-alkyl-substituted aliphatic secondary
amides 1s (4-methylbenzyl), 1t (benzyl), and 1u
(methyl) were well tolerated, affording products 2s—u
in 53%-91% vyields. To our delight, acetoacetamide
(1v) also showed high reactivity, affording useful
product 2v in 90% yield, which indicates the potential
for application to the further functionalization of
similar types of small organic molecules.

Table 2. Substrate scope of acetoacetamides.?

0O O PIDA (1.5 equiv), CuCl (0.2 equiv) ' (@]
1 R
rE A N&(O\
H MeOH (2 mL), 25 °C H 5
1 2
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(¢]

o EIO\©\ o MeO o
Ph\N)HTO\ N)STO\ \Q\NHO\
H H o H 95

2a: 1.5 h, 90% 2b: 1 h, 70% 2c:1h, 74%
OMe
D fe QS Qg
e ~ (ONg (O
Mo E (0] OMEE)H.T OM&:HJK(Or
2d: 1 h, 66% 2e:1.5h, 62% 2f: 1 h, 74%
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\©\HJE(O\ @EJHOTO\ \QEJSO(O\
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H 5 ometl O

2k:05h,75%  2I1:1.5h, 74%

QW 3
a NJW/O\ N)H(O\
H o6

a H o

20: 2 h, 60%

(6]
N0
H 5

2j: 0.5 h, 70%
Re ¥
NN O

2m: 3 h, 80% 2n: 2 h, 72%
Et0,C u 9 0
0 N

(0]

2p: 3 h, 53% 2q: 6 h, 52% 2r: 5 h, trace
o (0] (e}
O A~ O ~ (ONg
2s: 30 min, 77% 2t: 2 h, 91% 2u: 1 h, 53%

(0]
HZNJKWO\
o
2v: 3 h, 90%
3 Unless otherwise indicated, all reactions were performed
using 1 (0.2 mmol), PIDA (1.5 equiv.), and CuCl (0.2
equiv.) under open-air conditions in MeOH (2 mL) at 25
°C.

Next, the reactions of various other B-dicarbonyl
compounds were investigated (Table 3). The reaction
of  3-oxo-N-phenylpentanamide  (1w) afforded
esterified product 2a in a moderate yield (69%) that
was  higher  than  that of  3-oxo-N,3-
diphenylpropanamide (1x) (40%) (Table 3, entries 1
and 2). Four types of acetoacetate, including ethyl 3-
oxobutanoate (1y), tert-butyl 3-oxobutanoate (1z),
and benzyl 3-oxobutanoate (1a), were also applied to
this esterification reaction, but all afforded o-
acetoxylated compounds (3y-a’) (Table 3, entries 3-
5). Substrates 1,3-diphenylpropane-1,3-dione, (1b’)
1-phenylbutane-1,3-dione (1c”), and 1-(p-
tolyl)butane-1,3-dione (1d’) gave the corresponding
products 2b’, and 2¢’ in lower yields (35%, 35%, and
36%, respectively) (Table 3, entries 6-8). Using
alternative alcohols, including ethanol, n-propanol,
and isopropanol, had a dramatic effect on the reaction.
Desired product 2d’ was isolated in 52% vyield in
ethanol, which served as both the solvent and reagent.

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis

However, n-propanol and isopropanol performed
poorly in the reaction, affording none of the
corresponding oxamate derivatives 2e’ and 2f* (Table
3, entries 9-11).

Table 3. Substrate scope of other B-dicarbonyl compounds
and alcohols.?

PIDA (1.5 equiv), CuCl (0.2 equiv) o

O O
17,0~ 2
R ROH (2 mL), 25 °C RlHor K kocik
1
Entry  Substrate Product Time/h Yleld/%
0O O
pho A~
1 H 1w 2a 1.5 69
i
Ph.
b Mix 2a 1 40
[e] (o)
Q Q EtO
3 ey e 3y 2 80
>L (o] o
(o) o]
[0}
4 >LOM12 orc 37 2 80
o) (o)
o Q ph" 0
5 e 1w be 32> 25 75
o)
O O Ph OMe
6w enlb 5 2w 2 35
(6] (0]
7 w1 2b’ 1 35
o] ] o]

mo\
° 2¢ 1 36D

Ph OEt
9 la o aa 2 52
pi i O"P
10 la EJHOT 2¢’ 2 0
Ph i O'P
11 la EJHO( 2f 5 0

4 Unless otherwise indicated, all reactions were performed
using 1 (0.2 mmol), PIDA (1.5 equiv.), and CuCl (0.2
equiv.) under open-air conditions in alcohol (2 mL) at 25
°C.

b 1,3-Dioxo-1-(p-tolyl)butan-2-yl acetate 3d’ (55% yield)
was obtained simultaneously.

To clarify the mechanism, we performed the
reaction of la with methanol under a nitrogen
atmosphere. The reaction gave o-acetoxylated B-

10.1002/adsc.201800616

dicarbonyl derivative 3a in 80% vyield without the
formation of 2a after 30 min under the optimized
conditions (Eg. 1). The hypervalent iodine(lll)-
promoted methylene acetoxylation of
acetoacetamides to form compounds 3 has been well
documented.' Furthermore, isolated compound 3a
was readily converted into 2a in 64% vyield (Eg. 2).
These observations indicated that compound 3a was a
possible intermediate in the reaction. Next, the role of
CuCl was investigated. When the reaction was
performed in the absence of CuCl, compound 3a was
obtained in 90% vyield, while corresponding
compound 2a was not observed (Eq. 3). This result
indicated that the CuCl catalyst played an important
role in converting 3a to 2a, but may not promote the
conversion of la to 3a. PIDA served as an acetoxy
group donor in the conversion of la to 3a.
Consequently, to further understand the role of PIDA
and oxygen in the transformation of 3a to 2a, a
control experiment was performed using 3a under an
oxygen atmosphere without added PIDA. This
reaction afforded 2a in 50% isolated yield after a
longer reaction time of 12 h (Eq. 4). Obviously, this
reaction was less efficient than that performed under
open-air conditions in the presence of PIDA (Egs. 2
vs. 4). Compared with the control reaction in Eq. 1,
these control experiments indicated that PIDA:
promoted the transformation of 3a to 2a, and that the
esterification reaction was a Cu-catalysed PIDA-
promoted aerobic process.P®! Furthermore, a radical
inhibition experiment showed that a radical process
might be involved in the transformation of
compounds 3 to 2, with no 2a being obtained in the
reaction containing radical inhibitor 2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) (Eq. 5).

PIDA (1.5 equiv)

o o CuCl (0.2 equiv)
Pho A J\(K + Ph. )Hfo M
H N,, MeOH H OAc
1a rt, 30 min 3a:80% 2a: 0%
o o PIDA (1.5 equiv), CuCl (0.2 equiv) ]
Ph\NM : Ph\N)S(O\ )
H OAc MeOH, r.t., 30 min H fo)
3a 2a: 64%
0o o PIDA (1.5 equiv) o
ph\NM —_ Ph. M + Ph. )STO 3)
H MeOH, r.t., 30 min H OAc
la 3a: 90% 2a: 0%
O O CuCl (0.2 equiv), O, (1 atm) 0]

Ph\NM - Ph\N)S(O\ @)
H OAc MeOH, r.t.,, 12 h H 0

3a, recovered: 40% 2a: 50%
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PIDA (1.5 equiv)
6 0 CuCl (0.2 equiv)

LN N A L
N
H TEMPO (3.0 equiv)

[0}
Ph\N)HrO\ 5)
OAc H [¢]
MeOH, r.t., 5h

3a 2a: 0%

Based on the results above, a plausible mechanism
is proposed in Scheme 1. Initially, compound 3,
which also exists in its enol form 3’ in solution,*! is
formed through a PIDA-promoted methylene
acetoxylation of acetoacetamide 1.** 6] The reaction
of 3> with Cu(ll) peroxo species [Cu'JOOs,17]
generated in situ by CuCl and dioxygen,["® 8 forms
copper enolates A and B.'™ Subsequently, Cu(l)
peroxo species C, derived from intermediate B,7*%
191 affords anhydride D by releasing a R,CO; anion
and Cu(l) cation.® % 29 Fyrther alcoholysis of
anhydride D affords final product 2. Notably, B-
ketoamides reacted better than other B-dicarbonyl
starting materials in the present work (la—x vs. ly—
d?*). Accordingly, we deduced that the nitrogen of the
amide moiety contributed its lone pair of electrons to
the conjugated system, which enhanced the
coordination capacity of oxygen with the metal
species to form more reactive intermediate A.1??

Il .
OH O [Cy100

PIDA . o 9 " [Cu'], 0 Jd o
c e I L R e g
8 pt -H N R
OAc OAc H
3 3

OAc
A

R foad] o 0 0 ROH
‘N NACR2 - RU 2 > R! OAc 5 o
H rl e N J\R 2 | N
N 5 Haco 0-o[cu] -R“CO,[Cu] H o -AcOH
o
B c D

Scheme 1. Proposed mechanism.

In conclusion, we have developed a Cu(l)-
catalysed (diacetoxyiodo)benzene-promoted aerobic
esterification reaction of acetoacetamides for the
synthesis of oxamates, which are useful precursors in
synthetic organic chemistry. This practical and mild
synthetic approach proceeded at 25 °C under open-air
conditions and provided a series of methyl 2-o0xo-2-
(phenylamino)acetates in good to excellent yields,
combined with C—C o-bond cleavage and formal
oxidative C—H bond functionalization. Notably, this
reaction has the advantages of using readily available,
odourless, and safe starting materials, dense and
flexible substitution patterns, simple operations, and
moderate to good vyields. Investigations into further
applications of this chemistry are ongoing in our
laboratory.

Experimental Section

10.1002/adsc.201800616

Typical synthetic procedure for 2 (using 2a as an
example): To a 25-mL round-bottom flask was added 3-
oxo-N-phenylbutanamide l1la (354 mg, 0.2 mmol),
(diacetoxyiodo)benzene (96.6 mg, 0.3 mmol), CuCl (4 mg,
0.04 mmol). The mixture was stirred well for 1.5 h in
MeOH (2 mL) under air at 25 °C and the reaction
monitored by thin layer chromatography (TLC). After
reaction completion, the residue was purified by short-
column silica gel flash chromatography (eluent, EA/PE =
1:20) to give methyl 2-oxo0-2-(phenylamino)acetate (2a) as
a white solid (32 mg, 90%).

Typical synthetic procedure for 3a: To a 25-mL round-
bottom flask was added 3-oxo-N-phenylbutanamide 1la
(35.4 mg, 0.2 mmol), (diacetoxyiodo)benzene (96.6 mg,
0.3 mmol), and CuCl (4 mg, 0.04 mmol). The mixture was
stirred well for 0.5 h in MeOH (2 mL) under a nitrogen
atmosphere at 25 °C and the reaction was monitored by
TLC. After reaction completion, the residue was purified
by short-column silica gel flash chromatography (eluent,
EA/PE = 1:17) to give 1,3-dioxo-1-(phenylamino)butan-2-
yl acetate (3a) as a white solid (38 mg, 80%).
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CuCl (0.2 equiv)
0O O PIDA (1.5 equiv) 0

R RL OR
N R? N
H ROH (2 mL), 25 °C H 5

33 examples, Up to 91% yield

O C-C 0-Bond Cleavage! O Tandem Reaction!

O Mild Reaction Condition! O Important Product!
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