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6 ABSTRACT: The a-ketoamide motif is widely found in many natural products and

7 drug candidates with relevant biological activities. Furthermore, a-ketoamides are

8  attractive candidates to synthetic chemists due to the ability of the motif to access a wide

9  range of functional group transformations, including multiple bond-forming processes.

10 For these reasons, a vast array of synthetic procedures for the preparation of a-

11 ketoamides have been developed over the past decades, and the search for expeditious

12 and eflicient protocols continues unabated. The aim of this review is to give an overview

13 of the diverse methodologies that have emerged since the 1990s up to the present. The

14 different synthetic routes have been grouped according to the way the a-ketoamide

15 moiety has been created. Thus, syntheses of a-ketoamides proceeding via C(2)-

16 oxidation of amide starting compounds are detailed, as are amidation approaches

17 installing the a-ketoamide residue through C(1)—N bond formation. Also discussed are

18 the methodologies centered on C(1)—C(2) o-bond construction and C(2)—R/Ar bond-

19 forming processes. Finally, the literature regarding the synthesis of a-ketoamide

20 compounds by palladium-catalyzed double-carbonylative amination reactions is discussed.
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1. INTRODUCTION

1.1. Natural and Non-Natural a-Ketoamides

The a-ketoamide structural moiety represents the key frame-
work of many natural and non-natural products displaying a
broad spectrum of biological activities. For instance, these
include members isolated from several Streptomyces species,
such as the immunosuppressant drugs FK506, a 23-membered
macrolide from Streptomyces tsukubaensts, and rapamycin,
isolated from Streptomyces hygroscoplcus, which are T-cell
proliferation blockers (Figure 1).

HO,,

MeO

Figure 1. Structure of T-cell proliferation blockers FKS06 and
rapamycin.

Complestatin (chloropeptin II), originally isolated from the
mycelium of Streptomyces lavendulae SANK 60477,” and its
isomer chloropeptin I, obtained from Streptomyces sp. WK-
3419* (Figure 2), are proven to inhibit HIV replication, and
studies on their total synthesis, modification, and activity
attracted the efforts of many chemists.”””

Moreover, eurystatins A and B, produced by Streptomyces
eurythermus R353-21,° and the pentapeptide poststatin (H-Val-
Val-Pos-p-Leu-Val-OH), isolated from Streptomyces viridochro-
mogenes,” have been shown to inhibit prolyl endopeptidase
(Figure 3).

Notably, poststatin incorporates an unusual a-keto-f-amino
acid residue, namely, (S)-3-amino-2-oxopentanoic acid (r-
postine, Pos), between valylvaline and p-leucylvaline dipeptides.
Similarly to poststatin, a number of naturally occurring a-

Iz

PRI,

Complestatin (Chloropeptin Il)

Iz

Cl Cl
OH

Chloropeptin |

Figure 2. Structure of HIV inhibitors complestatin and chloropeptin L
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Figure 3. Structure of prolyl endopeptidase inhibitors eurystatin A and
B and poststatin.

ketoamide-containing compounds incorporate nonconventional
a-keto-f-amino acids. As an important case in point, a-
ketohomoarginine (k-Arg) is present in cyclotheonamides (Ct,
Figure 4), a family of macrocyclic pentapeptides isolated from
the Japanese marine sponge Theonella swinhoei that have been
shown to be potent inhibitors of serine proteases, such as
thrombin and trypsin.'’™"*

Structurally, the two major forms, CtA and CtB, contain a
vinylogous tyrosine (V-Tyr) fragment, while CtC is appended
with a dehydrovinylogous tyrosine (D-V-Tyr). Derivative CtD
features a Leu residue in place of the p-Phe one, while CtE has
a phenylacetylalanyl side chain. Further modifications in the N-
acyl group of the alanyl side chain differentiate derivatives CtE2
and CtE3. In 2002, two new tryptase inhibitors, cyclo-
theonamides E4 and ES were isolated from a marine sponge
of the genus Ircinia."” The former showed potent inhibitory
activity against human tryptase, paving the way to its possible

DOI: 10.1021/acs.chemrev.5b00443
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CtA: V-Tyr, R=CHO, Ry =Bn

CtB: V-Tyr, R=MeCO, Ry =

CtC: D-V-Tyr, R=CHO, Ry =Bn

CtD: V-Tyr, R = CHO, Ry = i-Bu

CtE: V-Tyr, R = BnCO-Ala, R¢ = (S)-sec-Bu
CtE2: V-Tyr, R = Bz-Ala, Rq = (S)-sec-Bu
CtE3: V-Tyr, R = i-BuCO-Ala, Ry = (S)-sec-Bu

Figure 4. Structure of serine proteases inhibitors cyclotheonamides
A-D, E, E2, and E3.

125 use as a therapeutic agent in the treatment of allergic diseases,
126 including asthma.

127 Importantly, it has been demonstrated that the a-ketoamide
128 moiety, harbored with the k-Arg unit, is responsible for the
129 unique mode of action of cyclotheonamides, with the a-keto
130 group taking part in the formation of a reversible tetrahedral
131 adduct with a hydroxyl group of the enzyme’s active site.' "

132 The cyclic peptides jahnellamides A and B, recently isolated
133 from the terrestrial myxobacterium Jahnella sp., contain a
134 number of unusual non-proteinogenic amino acids, including a-
135 keto-B-methionine (k-Met) (Figure 5).'°

HO

Jahnellamide A: R = OH
Jahnellamide B: R = H

Figure S. Structure of jahnellamides A and B.

136 A combination of feeding experiments and in silico analysis
137 suggested that jahnellamides A and B are assembled through a
138 modular mixed nonribosomal peptide synthetase (NRPS)—
139 polyketide synthase (PKS) pathway, with the a-keto function-
140 ality being formed in a similar fashion to that proposed for the
141 a-ketoserine-containing peptide myxoprmcomlde At present,
142 there are only a few biological data on jahnellamides showing
143 that janellamide A shows neither antifungal activity nor
144 cytotoxicity toward HCT-116 cells, but predictably further
145 evaluation will be pursued to evaluate the biological mean-
146 ingfulness of this new class of natural products.

The macrocyclic depsipeptide aplidine (Figure 6), also 147fs
known as dehydrodidemnin B, was isolated in 1990 from the 148

Figure 6. Structure of aplidine.

Mediterranean invertebrate Aplidium albicans.'® Tt has stood 149
out as a potent antitumoral and is currently in multlple phase II 150
and III trials for the treatment of various cancers. 151

Non-natural molecules incorporating the a-ketoamide motif 152
have attracted interest in connection with their wide range of 153
biological activities. For example, peptide a-ketoamides proved 154
to be active as cysteine proteases inhibitors.”"~** In the case of 1ss
calpain I inhibitors, it is likely that an initially formed reversible 1s6
enzyme—inhibitor complex suffers attack of the active site 157
cysteine residue (Cys115) on the keto carbonyl group of the a- 158
ketoamide compound, giving rise to a stable but reversible 159
tetrahedral hemithioketal adduct linking the active site histidine 160
residue (His272) via a hydrogen bond (Figure 7). 161 7

His272

N~/
H/ Cys115
e
o, S

RN

PN

NH

Hﬁ\ Cys115

O~ "GIn109
Figure 7. Proposed mechanism of calpain I inhibition by a-ketoamide
peptides.

a-Ketoamides have been also used in developing inhibitors of 162
thrombin, 3 HIV protease, +25 norovirus 3CL protease,26 163
cathepsin K,””*® histone deacetylase (HDAC),” peptidyl- 164
prolyl isomerase (PPlase),’””" phos holipase A, (PLA,),***° 165
leukotriene A4 (LTA,) hydrolase, epoxide hydrolase,”” and 166
orexin receptor antagomsts (Flgure 8) 167 f8

It is worthy of note that among the NS3 serine protease 168
inhibitors from the slow-binding reversible a-ketoamide class 169
under clinical trials or in the market, boceprevir’® and 170
telaprevir*® (Figure 9) have been approved by the FDA (U.S. 171 ®
Food and Drug Administration) as therapy for chronic hepatitis 172
C virus (HCV) genotype 1 in May, 2011. Further detailed 173
investigations culminated in the discovery of narlaprevir, with 174
improved potency (~10-fold over boceprevir), 1pharmacokl— 175
netic profile, and physicochemical characteristics.* 176

Recently, a systematic comparison of proteasome inhibitors 177
based on a peptidic backbone endowed with an electrophilic C- 178

DOI: 10.1021/acs.chemrev.5b00443
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Figure 8. Non-natural biologically active a-ketoamides.
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179 terminus including aldehyde, a-ketoaldehyde, a,B-epoxy
180 ketone, boronic acid, vinyl sulfone, and a-ketoamide moieties
181 has been reported. This study highlighted peptides featuring
182 the a-ketoamide warhead as the most potent reversible
183 inhibitors, with possible applications for the therapy of solid
184 tumors as well as autoimmune disorders.*”

1.2. Applications of a-Ketoamides

185 a-Ketoamides may serve as useful precursors for a variety of
186 transformations in organic synthesis. As 1,2-dicarbonyl
187 compounds, they are ambident pronucleophiles,* 4545 with the
188 presence of adjacent multiple reactive centers allowing for
189 selection of specific activation modes to enhance their
190 reactivity. Actually, a-ketoamides display two potential
191 nucleophilic reaction sites, besides two electrophilic centers
192 (Figure 10).

193 Recently, both the nucleophilicity and electrophilicity of a-
194 ketoamides have been successfully used in single-bond- or
195 multibond-forming asymmetric processes leading to the
196 synthesis of polyfunctionalized acyclic and cyclic architectures.

For example, a-ketoanilides were applied as synthetic
equivalents of homoenolates in catalytic asymmetric Man-
nich-type**’ #9759 with  N-sulfonyl

imines and nitroalkenes, respectively. Importantly, the

and Michael reactions

pronucleophilic character and the presence of the electrophilic
ketone moiety have been simultaneously exploited in the
diastereo- and enantioselective synthesis of hexasubstituted
cyclohexane derivatives by a Michael—Michael—Henry cascade
reaction, >’

The organocatalytic asymmetric synthesis of pyrrolidin-2-one
derivatives has been successfully achieved from a,f-unsaturated
aldehydes and a-ketoamides by aza-Michael/aldol domino
reaction®* and aza-Michael/aldol condensation/vinylogous
Michael/aldol condensation™® cascade sequence. Furthermore,
highly enantioselective Pictet—Spengler reaction™* of ketimines
derived from a-ketoamides leading to optically active
quaternary @-amino acid derivatives has been reported.”

DOI: 10.1021/acs.chemrev.5b00443
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Boceprevir (SCH 503034)
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N A N\/gooO
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4\ v

Narlaprevir (SCH 900518)

Figure 9. Structure of HCV NS3 serine protease inhibitors boceprevir,
telaprevir, and narlaprevir.

Nu OE
PR
Py
E Nu

Figure 10. Potential reaction sites in a-ketoamides. Nu = nucleophilic,
E = electrophilic.

1.3. Aim of the Review

214 In view of both the peculiar structural features and the
215 important biological roles of a-ketoamides, it is not surprising
216 that a plethora of different methods for their efficient synthesis
217 have been and continue to be proposed. However, no
218 comprehensive reviews dealing with the synthesis of a-
219 ketoamides have appeared hitherto in the literature, unlike a-
220 keto acids®* ™ and a-keto esters.”” %

221 The aim of this review is to cover the important progress that
222 has been made for the preparation of a-ketoamides from the
223 1990s up to the present. The synthetic routes to a-ketoamides
224 have been grouped according to the way the a-ketoamide
225 architecture has been assembled. Thus, syntheses of a-
226 ketoamides occurring via C(2)-oxidation of amide starting
227 compounds are discussed in section 2, while examples of
228 amidation approaches are detailed in section 3. Methodologies
229 for a-ketoamides preparation centered on the C(1)—C(2) o
230 bond construction are covered in section 4, and section S is
231 dedicated to C(2)—R/Ar bond forming processes. Finally,
232 section 6 contains the literature dealing with the palladium-
233 catalyzed double-carbonylative amination reactions.

2. OXIDATIVE PROCESSES AT C(2)

234 In this section, synthetic approaches to a-ketoamides occurring
235 via C(2)-oxidation of amide starting compounds are discussed.

In particular, subsection 2.1 deals with syntheses that make 236
use of partly oxidized amides, such as a-hydroxy, a-amino, and 237
a-chloroamide derivatives, while methods providing a- 238
ketoamides from C(2)-nonoxidized amide precursors have 239
been collected in subsection 2.2 (Scheme 1). 240 51

Scheme 1. Oxidative Processes at C(2)

o R
T N. o2

2. Oxidative R™2 R

processes at C(2) 0

ann
i) X =0OH
ii) X = amine X 31
iiiy X = CI N
iv) X = CHy= R%\m "R?
v)X=H,R=Ar o)
vi) X = Ac

2.1 Partly oxidized amides: i)-iv)

2.2 C(2)-Non oxidized precursors: v)-vi)

2.1. Partly Oxidized Amides

2.1.1. Oxidation of 2-Hydroxyamides. The oxidation of 241
an alcohol to the corresponding carbonyl compound is a 242
common transformation in synthetic organic chemistry, and 243
several methods to accomplish this fundamental functional 244
group manipulation are reported in the literature.”” Not 245
surprisingly, a-ketoamides have been conveniently obtained 246
by oxidation of previously prepared a-hydroxyamides. 247

In search for cysteine protease inhibitors, Nakamura and co- 248
workers® were able to prepare a combinatorial library of a- 249
hydroxyamides by reaction of pL-lactic acid with a set of five 250
aldehydes, five amines, and four isocyanides under parallel 251
solution-phase conditions. The resulting 100-member Ugi- 252
library was oxidized with PDC in the same reaction vessel to 253
give N-pyruvoyl amino acid derivatives in moderate yields 254
(Scheme 2). 255 52

Xu et al.** prepared an Ugi-library of 32 a-hydroxyamides 256
through liquid-phase combinatorial synthesis using four 257
carboxylic acids, two amines, two aldehydes, and two 258
isocyanide/a-hydroxyamide hybrids. In the second step, DMP 259
was used as oxidant, giving peptidomimetic a-ketoamides 260

Scheme 2. Oxidation of 2-Hydroxyamides Reported by
Nakamura et al.%>

100-member Ugi-library

2
O R H
N R

OH R' O

53-61% | PDC, CH,Cl,

2
0O R H
N R

O R' O
R = pyrrolidin-2-one-N-(CH,)s,
Pr, Bn ,Ph(CH,), Ph(CH,)s
R? = H, Ph(CH,),, (Ph),CH, Cy, i-Pr
R3 = t-Bu, Cy, Bu, t-BUOCOCH,
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261 designed to inhibit the human cytomegalovirus protease
262 (Scheme 3).

Scheme 3. Oxidation of 2-Hydroxyamides Reported by Xu et
al.%*

32-member Ugi-library

0O R* OH
H H H
R1__N N N.
T e
0O R R¥ O 0
DMP
68-90% TEA
CH,Cl,
o R* o}

R' = Me, (CH,),CONHBn
R%2=H, Bn

R3= (CH,),CH(CHag)y, Bn
R*=-Bu, Bn

R®=Bn, Cy

263 Incorporation of a p-amino-a-hydroxy acid moiety in a
264 peptide chain followed by DMP oxidation allowed researchers
265 at the Bristol-Myers Squibb Co.°° to obtain glycine a-
266 ketoamide oligopeptides active as HCV NS3 protease inhibitors
267 (Scheme 4).

Scheme 4. Oxidation of 2-Hydroxyamides Reported by Han
et al.%®

07 “NH
Lo
)\K( o)  OH
HN,, A NWNVX
H :
. o) o
W R/
DMP
CH,Cly, t
X 2412,
"1/\ 4-8h, 50-84%
by
07 > NH
Lo
)\ I P
HN, A NQ{WNVX
H :
o) 0
N R/
R = Me, CHF,

X = 1H-tetrazol-5-yl, SO3H, COOt-Bu

268 Parlow and co-workers.”® prepared a chemical library of a-
269 ketoamides using polymer-assisted solution-phase synthesis
270 both to couple a-hydroxy acids with amines and oxidize the
271 resulting a-hydroxyamide derivatives using an excess of DMP
272 (Scheme S). After completion of the reaction, the mixture was
273 sequentially treated with a thiosulfate resin, in order to reduce
274 the excess of DMP, and Amberlyst A-21 resin, to sequester the
275 resulting 2-iodobenzoic acid. Filtration, rinsing with dichloro-

Scheme S. Oxidation of 2-Hydroxyamides Reported by
South et al.*

OH H
R)}( Nogt
(0]
1. DMP
PASP £5205"
periodinane 2. OANMe3

oxidation

3. Q7 NMe,

H
RJﬁ( Nogi
(0]
45-94%
R = Ph, 4-CF3CgHg4, 4-MeOCgHj, 4-BrCgHa,
i-Pr, i-Bu, Cy
R = 3-PhOCgH4(CH,)s, 3,5-(MeO),CeH3CH,,
Bn, EtO(CH,)3

methane, and concentration afforded the expected a- 276
ketoamides in moderate to high yield. The method was 277
revealed to be compatible with a variety of aryl and alkyl 278
moieties on both diversity sites of the a-ketoamide. 279
Kokotos and co-workers’” prepared a pancreatic lipase 280
inhibitor featuring the a-ketoamide moiety incorporated into 2s1
a lipophilic ether backbone (Scheme 6). The PDC oxidation of 252 s6
diastereomeric a-hydroxyamides was selected as the final 283
synthetic step to set up the reactive functional group. 284

Scheme 6. Oxidation of 2-Hydroxyamides Reported by
Kokotos and Co-Workers®”

OH .
cMHzgk[( o >x”

o)
=
PDC, AcOH
i
C14H29)H( o X"
o)
X=(CHz)s

Later, the same research group applied a hydroxyamidation— 2ss
oxidation strategy to the synthesis of potent and selective 286
inhibitors of the human cytosolic phospholipase A, (GIVA 287
PLA,).%® Thus, the coupling of pr-a-hydroxypalmitic acid with 2ss
glycine, f-alanine, and y-aminobutyric and S-aminovalerianic 289
acid esters gave the expected a-hydroxyamides, which were 290
easily transformed to the designed PLA, inhibitors by NaOCl— 201

TEMPO oxidation (Scheme 7). 29257
The same oxidation system proved suitable for the 293
preparation of lipophilic 2-oxoamides shown in Figure 11. 294 f11

The simultaneous C(2)-oxidation of a a-hydroxyamide 295
moiety and a phenyl ring by using the NalO,~RuCl; system™ 296
was envisaged as the successful strategy for the enantioselective 297
synthesis of - and S-norleucine-based inhibitors (Scheme 8). 2988

The oxidation of a 2-hydroxyamide under Moffatt conditions 299
was the last step along the synthesis of the serine protease 30059

DOI: 10.1021/acs.chemrev.5b00443
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Scheme 7. Oxidation of 2-Hydroxyamides Reported by
Kokotos and Co-Workers®®

OH H NaOCI
N COOR TEMPO
13 h
(¢]
N H
a- through §- N_ _COOR
amino acid-based 13 h
inhibitors O n=1234

e-norleucine-based inhibitors
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13 H
0 -
pseudodipeptide-based
inhibitors
g
\(v%\[( 07 CcooR
(0] N

dipeptide-based inhibitors
(0] H 0O
N
P -
O R

Figure 11. Lipophilic 2-oxoamides incorporating (S)-configured
amines.

Scheme 8. Oxidation of 2-Hydroxyamides Reported by
Dennis and Co-Workers®’

OH H ph NaIO4, RUC|3

A =

0] H COOH

B- and &- N\_/d)”

norleucine-based o =
inhibitors ~N

s9 301 inhibitor boceprevir (Scheme 9).°” Recently, this oxidation was
302 performed with DMP in ethyl acetate,”” thus avoiding the
303 displeasing odor of dimethyl sulfide, which represents an
304 important drawback on the industrial scale.”!

Scheme 9. Oxidation of 2-Hydroxyamides Reported by
Venkatraman et al.*

— H OH
N NH,
H H N
SR N0
N
WSCHCI
CI,CHCOOH
DMSO
Boceprevir

Several methodologies for the oxidation of alcohols with 30s
stoichiometric dioxygen by using metal oxides as well as 306
homogeneous or heterogeneous metal complexes as the 307
catalysts have been developed in the last two decades. 308
Furthermore, in recent years the asymmetric variants of the 309
aerobic catalytic processes have attracted a lot of attention. 310

In this context, Chen and co-workers’> reported the 311
asymmetric aerobic oxidation of a-hydroxy esters and a- 312
hydroxyamides promoted by chiral N-salicylidene vanadyl 313
carboxylate catalysts (Scheme 10). Thus, the kinetic resolution 314

Scheme 10. Oxidation of 2-Hydroxyamides Reported by
Chen and Co-Workers’*

OH H
oyt

(0]

cat.1 or cat.2
(3-5 mol%)
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o O

(0]
—\' O
N\T .0
R o~ X\OMe
_O.

RHMe

cat.1: R=t-Bu
cat.2: R=Br

of racemic a-hydroxyamides afforded the achiral a-ketoamides 315
together with the target chiral nonracemic a-hydroxyamides. 316
The vanadyl(V)—methoxide complexes cat.1 and cat.2, derived 317
from N-salicylidene-L-@-amino acids and vanadyl sulfate, served 318
as efficient catalysts for the asymmetric aerobic oxidation of a 319
variety of a-hydroxyamides at ambient temperature in toluene. 320
An array of o- and N-substituents were tolerated, with cat.1 321
being recommended for the oxidation of a-aryl-a-hydroxya- 322
mides, while cat.2 was used to oxidize a-alkyl-a-hydroxyamides. 323

2.1.2. Oxidation of 2-Aminoamides. The oxidation of a- 324
aminoamides to the corresponding a-ketoamides has been less 325
frequently utilized in comparison to the same operation on a- 326
hydroxyamides, and only a few synthetic approaches are 327
described in the literature. 328

The solid-phase synthesis of new protease inhibitors entailed 329
a selective conversion of the N-terminal a-amino group of 330
peptides into a a-ketocarbonyl moiety (Scheme 11).”* Thus, 331
the tetrapeptide Leu-Phe-Leu-Gly was assembled through solid- 332
phase peptide synthesis (SPPS), and the resulting resin-bound 333
peptide was oxidized under transamination conditions with 334
sodium glyoxylate in the presence of sodium acetate and 335
catalytic copper sulfate. 336

Actually, an efficient and quantitative enzyme-free transfer of 337
the amine group from the N-terminal amino acid to the 338
electron-deficient aldehyde of glyoxylate smoothly took place in 339
an aqueous buffer at pH 5.5—6.0 to give resin-bound 4-methyl- 340
2-oxopentanoyl-Phe-Leu-Gly, which eventually detached upon 341
saponification (Scheme 11). 342
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Scheme 11. Oxidation of 2-Aminoamides Reported by intermediate 2, which was hydrolyzed to the target a-ketoamide 3,
Meldal and Co-Workers73 (Scheme 13) 372 513

X = polyoxyethylene/polyoxypropylene
(POEPOP-400) Scheme 13. Mechanism Proposed for the Pd-Promoted
Fragmentation of @-Arylaminoamides’”

NH,
MNH-Phe-Leu-GIy-O-X R
o) Ar< )
0 CusO, K2COs
H)S(ONa ‘g;{scoom\ ©)\W m

O
0]

NH-Phe-Leu-Gly-O-X

(0]
OPd
AI'\

343 The ample scope of the method was demonstrated by

344 submitting to the transamination conditions the pentapeptides | H
345 obtained through elongation of the resin-bound tetrapeptide R o
346 Leu-Phe-Leu-Gly with 10 different N-terminal amino acids, 20 H
347 namely, Gly, Leu, Thr(tBu), Cys(Trt), Glu(t-Bu), Gln, R
348 Lys(Boc), Trp, Arg(Pmc), and His. In all the cases but one, 0o

. . R
349 the corresponding a-ketocarbonyl peptides were formed as A )

350 confirmed by a combination of HPLC and MALDI-MS
351 analyses. The cuprate binding to the histidine residue was
352 assumed to be responsible for the failure of the transamination
353 reaction. Importantly, the resin-bound a-ketocarbonyl peptides
354 have been used in on-bead assays for the identification of
35s protease inhibitors structures.

356 In 2005, El Kaim and co-workers reported an efficient
357 strategy for the N-arylation of primary amines via an Ugi—
358 Smiles four-component reaction leading phenols, amines,
359 aldehydes, and isocyanides to condense with formation of a-
360 aryl-a-arylaminoacetamides.”* Later on, the multicomponent
361 process was envisioned as a straightforward synthetic entry to
362 compounds suitable for Pd-catalyzed postcondensation trans-
363 formations providing polycyclic derivatives.” Contrary to this
364 expectation, the a-aminoamides underwent fragmentation

2.1.3. Oxidation of 2-Chloroamides and a-Substituted 373
Acryloyl Amides. A nonobvious method for the synthesis of 374
chiral a-ketoamides entalled exposure of N-acyloxazolidine- 375
thiones 3 to basic media.”® Thus, the heterocyclic compounds, 376
easily accessible via condensation of amino acid-derived chiral 377
auxiliaries with a-chlorophenylacetyl chloride compounds, 378
underwent a NaHCO;-promoted elimination of HCI, triggering 379
a tandem heterocyclic ring-opening/ring-forming process 380
(Scheme 14). The resulting diastereomeric mixture of S- 3s1s14

Scheme 14. Oxidation of 2-Chloroamides Reported by Ortiz
and Co-Workers”®

36s under Heck-like reaction conditions to give aryl a-ketoamides S
: L L ol o R = H, MeO
366 together with the p-nitroaniline derivative (Scheme 12). »’ R'=H, Ph
367 Only a-aryl-a-aminoacetamides bearing an acidic a-proton N% RZ=H B
. . .. o =H, Bn, i-Pr
368 were suitable substrates for the Pd-mediated oxidative cleavage. 0 R'R
369 Accordingly, the formation of the Pd(II) enolate 1 was assumed R 3 o
370 as the starting step. Then, discharge of Pd(0) gave the iminium
§ step ’ & (0)g NaHCO, SJ<
-
Scheme 12. Oxidation of 2-Aminoamides Reported by El or silica gel RIR
Kaim et al.” column o
chrom. R 4
N OMe
J/ KOH
. o }/K THF, HoO
H N
N. .
A',/K’r R . o) R1 R2
© 60-85%

air, DMF, 110 °C | Pd(OAc); (5 mol%)

15-17h K,COs3, (2.0 equiv) phenylthiazolidine-2,4-diones 4 suffered an unexpected KOH- 3s2

promoted carbon monosulfide expulsion reaction, providing 383

o chiral nonracemic a-ketoamides in good yields. 384

)S(H\ + ON OMe Hon et al.”” prepared a-ketoamides of 2-oxononanoic acid by 385

Ar R \©\ J/ ozonolysis of a-substituted acryloyl amides, in turn prepared by 386

0 H amidation of 2-methylenenonanoic acid with ammonium 387

7 examples Ar = aryl, heteroaryl hydroxide, valine methyl ester, and pyrrolidine, respectively 3s8
42-69% R =Cy, 4-CIBn (Scheme 15). 389 515
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Scheme 1S. Oxidation of a-Substituted Acryloyl Amides
Reported by Hon et al.”’

|]Q’I\\ o) FFL\‘

N. 2 —>03 N. 2

C7H15 R C7H15 R
o) CH2C|2 o

R'=R2=H; R' = H, R2 = CH(-Pr)COOMe
R'-R?= (CHy),

2.2. C(2)-Nonoxidized Amide Precursors

300  2.2.1. Oxidation of a-Arylacetamides. In 2007, Xu and
391 co-workers’® reported a simple and efficient entry to N,N-
392 disubstituted aryl a-ketoamides through aerobic oxidation of a-
393 deprotonated arylacetamides, as an adaptation of the DBU-
394 mediated oxidation of phenacyl esters or amides previously
395 applied by Pal et al.””® for the preparation of 3,4-diaryl maleic
396 anhydrides and maleimides. A series of easily available N,N-
397 disubstituted arylacetamides were chemoselectively converted
398 into the corresponding aryl a-ketoamides under mild reaction
399 conditions without using any toxic or expensive reagent. As
400 shown in Scheme 16, the reaction proceeded in DMF at 120 °C

O

Scheme 16. Oxidation of @-Arylacetamides Reported by Xu
and Co-Workers’®

R1™
'1‘ | tertiary
Ar/\ﬂ/ ‘RZ arylacetamides
0
air, DMF Cs,CO3 (1.1 equiv)
120°C, 3-24h | TBAB (0.5 equiv)
0 F|<1
Ar)H(N‘RZ'
0
12 examples
28-93%

Ar = Ph, 2-BI’C6H4, 3-BFC6H4, 4»MeCeH4,
4-MeOCgH,, 4-CICgHy4, 4-NO,CgHa,
4-NH206H4, 3-Py

R'-R? = (CH,)s; R'=R%=j-Pr; R'=R%?=Ph
R'=Me, R2=Ph

401 under air atmosphere employing Cs,CO; (1.1 equiv) as the
402 base in the presence of a catalytic amount of TBAB as an
403 additive. Thus, irrespective of the nature of the aryl group, the
404 C(2)-oxidative process provided the expected a-ketoamides in
405 good to high yields.

406 The nitro group appeared to be the unique problematic
407 substituent, as the a-ketoamide compound was formed in a
408 modest 40% yield, while the easily oxidizable amino group as
409 well as the pyridine nucleus were well-tolerated. Alkyl groups at
410 the amide nitrogen atom, including bulky isopropyl groups,
411 were suitable, while two phenyl groups produced a considerable
412 drop in the yield of a-ketoamide (28%). The a-ketoamide
413 featuring one methyl and one phenyl group at the nitrogen
414 atom was isolated as a mixture of s-cis and s-trans isomers in
415 9:1 ratio, which was in agreement with findings by Takahashi et
416 al*!

417 A possible mechanism to explain this transformation involved
418 deprotonation at the benzylic position of the starting amide to

=

—

give the enolate S (Scheme 17). Its reaction with molecular 419517
oxygen produced the peroxy anion 6, which was eventually 420
transformed to a-ketoamide by a-proton abstraction and 421
hydroxyl anion expulsion. 422

Scheme 17. Mechanism Proposed for the Cs,CO;-Promoted
Aerobic Oxidation of Tertiary Arylacetamides’®

€}
~
HO R1\\ H,O R1\“

o | '
_L, Ar/ﬁ]/N\RIZ
o
5

102

Five years later,> the same research group developed a 423
synthetic route to N-monosubstituted aryl and heteroaryl a- 424
ketoamides entailing an efficient sodium bicarbonate-promoted 425
aerobic oxidation reaction of the corresponding amides in the 426
presence of TBAHS. Thus, the secondary arylacetamides that 427
were not suitable substrates for the Cs,CO;-promoted aerobic 428
oxidation could be used as effective starting materials in the 429
new oxidative process. The reactions occurred in open air by 430
refluxing a dioxane solution of arylacetamide in the presence of 431
NaHCO; (3.0 equiv) and TBAHS (1.5 equiv), providing 432
secondary aryl a-ketoamides (Scheme 18). Clean conversions 433 s18
were observed for arylacetamides with a diverse array of 434
substituents at the amide N-atom, provided that they were not 435
electron-poor phenyls or alkyl groups. 436

Scheme 18. Oxidation of @-Arylacetamides Reported by Xu
and Co-Workers*

H

|

N. secondary
Ar/\[( R arylacetamides
(o}

100°C, 7-18 h | TBAHS (1.5 equiv)

H
N.
Ar)kﬂ/ R
o)

18 examples
29-93%

Ar = aryl, heteroaryl; R = aryl, heteroaryl, alkyl

air, dioxane \ NaHCO3 (3.0 equiv)
(6]

Very recently, a-ketoamides have been conveniently 437
prepared by Cs,CO;-promoted DTBP oxidation of a- 438
arylacetamides formed in situ by a radical/radical cross- 439
coupling reaction of methylarenes with N,N-dialkylformamides 440
(Scheme 19).** Under standard conditions, methylarenes were 441519
reacted with dialkylformamide compounds in the presence of 442
TBAI (10 mol %), oxidant (8.0 equiv), and Cs,COj; (2.0 equiv) 443
as the base, at 120 °C under Ar atmosphere for 12 h. The 444
process showed a broad substrate scope and functional group 44s
tolerance, producing the target a-ketoamides in good yields, 446
with N,N-dialkylformamides other than DMF giving compara- 447
ble results. 448
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Scheme 19. Oxidation of @-Arylacetamides Reported by
Feng and Co-Workers®’

_CHj TBAI (10 mol%)
DTBP (8.0 equiv)

+ R
N 120 °C
N )
‘R2

Ar/\n/ R?

o
o Rh
)H(N R;' Cs,C05 (2.0 equiv)
12h
17 examples
53-87%

Ar = aryl, heteroaryl
R'=R2 = Me, Et
R'-R? =(CHj,)4, (CHy)s, (CH2),0(CHy),

49  2.2.2. Oxidation of a-Substituted Acetoacetamides. In
450 2013, Li and Yu® reported that a-substituted acetoacetamides
451 could be transformed into aliphatic a-ketoamides upon
452 treatment with Cu(II) salts in the presence of Lewis acids
453 under aerobic conditions, well complementing the above
454 protocols for aryl a-ketoamides preparation. A series of control
455 experiments led to the selection of CuCl, and BF; as the most
456 suitable copper catalyst and Lewis acid promoter, respectively,
457 with the latter being necessary for the reaction to take place.
458 Suitable working conditions for the oxidative deacetylation
459 reaction entailed the use of TBHP as an additive oxidant at 40
460 °C in acetonitrile under an air atmosphere (Scheme 20). A

Scheme 20. Oxidation of a-Substituted Acetoacetamides

Reported by Li and Yu®*

° R* -
roN
N.ps

O,

MeCN, 40 °C BF3Et;0 (2.0 equiv)

CuCl; (20 mol%)
\ TBHP (2.0 equiv)

22 examples
39-89%
R = alkyl; R",R? = aryl, alkyl
R'-R? = (CH,)s, (CH2)20(CHy),

461 variety of a-substituted tertiary acetoacetamides were success-
462 fully oxidized to the corresponding a-ketoamides, while both a-
463 unsubstituted acetoacetamides and secondary acetoacetamides
464 were unsuitable substrates.

465 A free radical mechanism involving the initial single-electron
466 transfer (SET) oxidation of the boro-enolate 7 has been
467 proposed (Scheme 21). The resulting a-carbonyl radical 8
468 reacted with dioxygen to give the peroxy radical 9, which
469 cyclized to the 1,2-dioxetane intermediate 10. The subsequent
470 four-membered ring opening by O—O and C—C bond cleavage
471 accounted for the a-ketoamide formation.

Scheme 21. Mechanism Proposed for the Cu(II)-Catalyzed,
BF;-Promoted Aerobic Oxidation of a-Substituted
Acetoacetamides®*
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3. AMIDATION APPROACHES

This section deals with synthetic approaches installing the a- 472
ketoamide motif through C(1)—N bond formation. In detail, 473
subsection 3.1 covers nonoxidative strategies exploiting 2-oxo 474
acids as convenient starting materials. On the other hand, 475
subsection 3.2 is devoted to protocols wherein different 476
substrates undergo simultaneous oxidation and amidation 477
reactions. 478

3.1. Nonoxidative Amidations

Amide bond formation is one of the most important reactions 479
in organic chemistry, because of the widespread occurrence of 4s0
amides in modern pharmaceuticals and biologically active 481
compounds.*>* 482

Recently, a comprehensive review has covered a field of 483
emerging importance, namely, amide formation through 4s4
catalytic and synthetically relevant methods for direct 4ss
condensation of carboxylic acids and amines.”’ 486

Moreover, the novel approach to amide synthesis through 487
the decarboxylative condensation of N-alkylhydroxylamines and 488
a-ketocarboxylic acids has generated a renewed impetus in 489
developing new synthetic methods for the preparation and 490
manipulation of these compounds.®®* 491

The chemoselective condensation of unprotected peptides in 492
the total synthesis of protein molecules, first reported in 493
1992,” is a rapidly changing field with evolving strategies that 494
overcome some of the limitations of the process. The chemistry 495
of native chemical ligation”" is now well-established and has 496
recently been reviewed”>”* and discussed in a feature article.”* 497

Analogously, great attention has been devoted to the C(1)— 498
N amide bond formation of a-ketoamides. As detailed in 499
Scheme 22, methods proceeding via the coupling reaction of 500
glyoxylic acid derivatives with primary/secondary amines are so1
treated in subsection 3.1.1. Herein, besides synthetic so2
approaches exploiting traditional amide coupling agents, less s03
common protocols for the amide functional motif installation so4
have also been included. Thus, carboxyl group activation and sos
subsequent amidation reaction have been effected in a one-pot 506
fashion with fluorinating agents, as well as using glyoxylic acids s07
in Ugi four-component reactions (U-4CRs). Subsection 3.1.2 sos
covers methodologies that took advantage of tertiary amines s09
and formamides as nitrogen sources in transition-metal- s10
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Scheme 22. Nonoxidative Amidations

i) Amide coupling agents iv) Tertiary amines
ii) Fluorinating reagents  v) Formamides
iii) U-4CRs
2 I|?1 3.1.1 Primary/secondary
R)H(O"L HN._, amines as
o R nitrogen sources

W i)-iif)

OR1

1
RPN
\ 3.1 Non-oxidative

Amidations

3.1.2 Tertiary amines
OH and formamides as
R nitrogen sources

s11 catalyzed amidation reactions of arylglyoxylic acids, with the N-
s12 dealkylation and the N-decarbonylation steps being respectively
513 involved prior to the amidation reactions.
si4  3.1.1. Primary/Secondary Amines as Nitrogen Sour-
s1s ces. 3.1.1.1. Amide Coupling Agents. a-Ketoamides have been
si6 synthesized by condensation of amines with carboxyl-activated
517 a-keto acid derivatives formed in situ with the assistance of
518 DCC, as well as of other activating reagents.%’33
s19  As an example, trans-f,y-unsaturated a-ketoamides could be
520 selectively prepared by reaction of trans-f,y-unsaturated a-keto
s21 acids and commercially available amines in the presence of
s22 classical peptidic coupling agents, such as PyBOP or the less
523 expensive BOPCl. Unlike DCC/DMAP or WSC/HOBt
524 systems, the activation of f,y-unsaturated 2-oxo acids with
525 BOPCI/Et;N allowed efficient reactions with an array of
23 526 amines, providing a-ketoamides (Scheme 23).”® Interestingly,
527 this methodology was also effective in the preparation of the
528 challenging primary amides by using the system of magnesium
529 nitride/water as a source of ammonia.
530  Terminally unsaturated secondary and tertiary a-ketoamides
531 have been prepared as valuable precursors for the generation of
s24 532 a diverse range of heterocycles (Scheme 24).”” As the starting
533 step, both pyruvic acid and benzoylformic acid were trans-
s34 formed into the corresponding chlorides by employing a,a-
s3s dichloromethyl methyl ether as the chlorinating agent.

—

—

Scheme 23. Nonoxidative Amidations/Amide Couphng
Agents Reported by Rodriguez and Co-Workers”®
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20 examples
70-99%
Ar = aryl, heteroaryl; R' = H, alkyl; R? = aryl, alkyl
R'-R? = (CH,)20(CH),

Scheme 24. Nonoxidative Amidations/Amide Coupling
Agents Reported by Heaney et al.”’

_CHCI,0Me _ 9
xﬁ Ja
50 °C, 30 min

o)

/
Q ll?1 HN
R N\/\ NaHC03 ‘R1
o) CHxClp, 0°C
29-63%

R =Me, Ph; R' = H, Me

Nucleophilic substitution with the appropriate allylamines s36
then furnished the corresponding a-ketoamides which were s37
taken to the corresponding a-hydroxyiminoamides, precursors 538
of isoxazolopyrrolidinones and piperazin-S-ones, via thermal- s39
induced cyclization. 540
The commercial nonavailability of a-keto acids, as well as s41
complexities often involved in their synthesis, can hamper the s4
achievement of a-ketoamides directly through amidation s43
protocols. Thus, more reliable approaches entailing amidation s44
of stable carboxylic acid derivatives, while deferring completion s4s
of the a-ketoamide moiety at a late stage of the synthesis, have s46
been proposed. 547
Recently, Yin and co-workers”® have reported the prepara- s4s
tion of pharmaceutical-relevant enynyl-ketoamides through s49
base-mediated decomposition of the tosylhydrazones 12 sso
(Scheme 25). The latter compounds resulted from amidation ssi s2s

Scheme 25. Nonoxidative Amidations/Amide Coupling
Agents Reported by Yin and Co-Workers”®

a— AN _on
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o 11 (e}
1. SOCly, reflux
2. R'R2NH
3. TsNHNH, l
MeOH, 60 °C M\ F|<4
Ar o N-R2
TsNHN 12 o

LiOt-Bu (1.1 equiv) |

l toluene, 1 h, 90 °C
0 R-

Z R
Ar o
15 examples
20-98%
Ar = aryl, heteroaryl; R' = alkyl; RZ = alkyl, aryl
R1-R? = (CH2)20(CHz),

reaction of S-aroyl furan-2-carboxylic acids 11 with a series of ss2
secondary amines, followed by condensation with toluenesul- ss3
fonyl hydrazine (TsNHNH,). The pivotal heterocyclic ss4
degradation unveiling the enynone moiety occurred by heating sss
compounds 12 in toluene at 90 °C in the presence of lithium ss6
tert-butoxide (1.1 equiv). 557

It was assumed that treatment of 12 with base produced the sss
transient furfuryl carbene species 13, which decomposed to cis- 559
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seo enynyl-ketoamides 14. These underwent thermal isomerization
s61 to give the corresponding trans-isomers (Scheme 26).

Scheme 26. Mechanism Proposed for the Base-Mediated
Degradation of Furan Tosylhydrazones”®

base
v )
Ar - X

O
trans-enynyl-ketoamides 13
thermal J
isomerization

=
4 = - AF&Q\X
Ar (9%
14 © X

se2  3.1.1.2. Fluorinating Reagents. a-Ketoamides and a,a-
s63 difluoroamides, compounds of relevant biological importance,”
s64 could be obtained as the major products in a one-pot reaction
ses of a-keto acids with the nucleophilic fluorinating reagents
s66 bis(2-methoxyethyl)aminosulfur trifluoride (Deoxo-Fluor) and
s67 (diethylamino)sulfur trifluoride (DAST).'” The product ratio
s68 was a function of both reaction time and stoichiometry. Thus,
s69 employing a 2-fold molar excess of fluorinating reagents and
570 quenching the reaction after 36 h with aqueous sodium
571 bicarbonate solution, the a-ketoamides were formed along with
s72 the corresponding a,a-difluoroamides, which were easily
573 separated by silica gel chromatography (Scheme 27).

Scheme 27. Nonoxidative Amidations/Fluorinating Reagents
Reported by Singh and Shreeve'*’

OSF
FF 2 FF
F
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F3S-N(R), I\ OSF;
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DAST S$F, R1J\H/N(R)2
MeO._~\~OMe o
|
Deoxofluor SF3

R' = Me, Et, Ph, 2-thienyl; R = Et, (CH,),0OMe

s74  Interestingly, when equimolecular mixtures of benzoylformic
s7s acid and fluorinating reagents were reacted in methylene
576 chloride at room temperature for 1 h, the a-ketoamides were
577 isolated in >92% yield together with very small amounts of the
578 a,a-difluoroamides.

579 '”F NMR spectral analysis during the course of the reaction
sso supported compounds 15 and 16 as intermediates featuring
s81 activated carboxyl groups adjacent to carbonyl and CF, groups,
ss2 respectively. Thus, a facile intramolecular nucleophilic acyl
s83 substitution by the N(R), group provided the corresponding
ss4 amides with expulsion of volatile SOF,.

~N O

2O 0 =

3.1.1.3. Ugi Four-Component Reactions. Multicomponent
reactions (MCRs) constitute a formidable tool to generate
biologically important scaffolds in a limited number of steps.
With the recent emergence of combinatorial chemistry and
high-speed parallel synthesis for drug discovery applications,
the MCRs have seen a resurgence of interest.

Though the isocyanide-based U-4CR condensation employ-
ing a-keto acids gives linear peptide backbones, postcondensa-
tion modifications can easily provide pharmaceutical-relevant
heterocyclic scaffolds. Actually, 2-oxoamide Ugi adducts have
been used as starting materials for successive reactions ran§ing
from simple cyclic imine condensation'®' to aldol'”~'"" o
Pictet—Splenger-type cyclizations,'*>'% as well as alkaline-
mediated ketoamide cyclizations,'””'%® all providing richly
decorated mono- and polycyclic nitrogen heterocycles.

In this area, the alkaline-mediated postcondensation
modification of the Ugi adduct of 4-nitroindolylacetaldehyde,
methylamine, 3-hydroxyphenylpyruvic acid, and methyl iso-
cyanide has been recently used to synthesize the naturally
occurring herbicide (+)-thaxtomin A (Scheme 28).'" In detail,

Scheme 28. Nonoxidative Amidations/U-4CRs Reported by
Andreana and Co-Workers'"’
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\ NMe
12
N MeN ™ OH
(o}

(x)-Thaxtomin A (syn/anti 4:1)

triethylamine-induced cyclization of the Ugi adduct afforded
two C(12) epimeric diketopiperazines, with the anti-isomer
being predominant (1:10 syn/anti ratio). A subsequent
treatment with KOH in methanol at 70 °C under microwave
(MW) irradiation led to the modification of the diastereomeric
ratio in favor of the syn-isomer (+)-thaxtomin A (4:1 syn/anti
ratio).

3.1.2. Tertiary Amines and Formamides as Nitrogen
Sources. 3.1.2.1. Tertiary Amines. In 2013, Wang and co-
workers''" reported a synthetic approach to a-ketoamides
entailing the Ag-catalyzed amidation reaction of a-keto acids
together with the C—N bond cleavage of tertiary amines. The
reaction of 2-oxo-2-phenylacetic acid with Et;N (3.0 equiv) has
been used as a model to optimize the challenging process.
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619 Among the tested transition-metal catalysts, Ag,CO; (20 mol
620 %) showed the highest catalytic activity when combined with
621 the oxidant K,S,0g (2.0 equiv). The reaction conditions
622 included heating at 120 °C for 12 h in CC,—DMF (4:1)
623 solvent mixture under air atmosphere (Scheme 29).

Scheme 29. Nonoxidative Amidations/Tertiary Amines
Reported by Wang and Co-Workers'"’

0 R™
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18 examples
41-77%
Ar = aryl, heteroaryl; R = alkyl, Bn
R'= alkyl; R? = alkyl, aryl; R'-R? = (CH,)s

624 A series of aryl and heteroaryl a-keto acids smoothly reacted
625 with Et;N to produce the corresponding a-ketoamides in good
626 yields, with both electron-rich and electron-deficient groups on
627 the benzene ring being tolerated. Symmetrical tertiary amines
628 other than Et;N were suitable nitrogen sources, while
629 disappointing results were given by secondary amines. It is
630 worthwhile noting that nonsymmetrical tertiary amines, such as
631 tetramethylethylenediamine (TMEDA), 1-benzylpiperidine,
632 and N,N-diethylaniline, reacted with phenylglyoxylic acid via
633 selective C—N bond cleavage.

634 A plausible reaction mechanism entailed the tertiary amine
635 oxidation to give the iminium ion 17, followed by hydrolytic
636 cleavage and combination with Ag(I) to generate 18, the key
637 intermediate involved in the amidation of the aryl a-keto acid
638 (Scheme 30).

=

Scheme 30. Mechanism Proposed for the Ag-Catalyzed
Amidation Reaction of a-Keto Acids with Tertiary
Amines' "’
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63  3.1.2.2. Formamides. N,N-Dimethylformamide (DMF) is
640 chiefly used as an effective polar solvent for various chemical
641 reactions. Additionally, DMF can participate in many reactions
642 by servin% as a multipurpose building block for various
. 111,11 .
643 units. Indeed, a few reports have appeared describing
644 synthetic approaches to simple amides by using DMF as the
.1 83,113°116 . 11 -
645 amide and amine source under oxidative
646 conditions. Moreover, two papers described almost contempo-
647 raneously’'”'*" the preparation of a-ketoamides by the

- o

7,118

~

coupling reaction of arylglyoxylic acids with formamides in 648
the presence of DTBP as the oxidant and Cu(Il) salts as 649
catalysts. Surprisingly, the salt Cu(OAc), selected by Duan and 6so
co-workers.'"” as the most effective catalyst had been discarded 6s1
by Wang and co-workers,"”’ who employed CuBr,. In detail, 652
Duan’s protocol called for heating a mixture of Cu(OAc), (5 6s3
mol %), arylglyoxylic acids, and DTBP (2.0 equiv) in excess 654
formamides at 110 °C. On the other hand, Wang’s amidation 6ss
conditions required heating a toluene solution of arylglyoxylic 6s6
acids, formamides (10.0 equiv), CuBr, (10 mol %), and DTBP 657
(2.0 equiv) at 110 °C under air atmosphere, in the presence of 6ss
pivalic acid (PivOH, 2.0 equiv) as an additive to inhibit side 659
reactions (Scheme 31). 660 531

Scheme 31. Nonoxidative Amidations/Formamides
Reported by Duan and Co-Workers'"? and Wang and Co-
Workers'*°

(]

Wang catalyst'2°
CuBr; (10 mol%)
DTBP (2.0 equiv)

Duan catalyst'"®
Cu(OAc); (5 mol%)
DTBP (2.0 equiv)

110°C,3h PivOH (2.0 equiv)
toluene, air
21 examples 110°C, 18 h
35-92%
21 examples
31-87%

Ar = aryl, heteroaryl; R" = H, alkyl; R? = alkyl
R'-R? = (CHy)s, (CH2),0(CH,),

Both copper-mediated amidation protocols had similar 661
substrate scope, with a variety of aryl and heteroaryl glyoxylic 662
acids being well-tolerated to provide the expected a-ketoamides 663
in moderate to good yields. Regardless of the protocol applied, 664
the 4-nitrophenyl glyoxylic acid was a problematic substrate, 665
while chloro, bromo, and iodo groups on the phenyl ring were 666
tolerated. Formamides other than DMF were shown to be 667
effective nitrogen sources irrespective of the copper salt 668
employed, while N-monosubstituted formamides gave success- 669
ful results only under Wang’s reaction conditions. 670

Both research groups envisioned a free radical process for the 671
amidation reaction, even though different mechanistic inter- 672
pretations were advanced. Thus, Duan and co-workers''” 673
envisioned formamides as sources of the R,N unit in the direct 674
coupling with aryglyoxylic acids. Indeed, '*C-labeled experi- 675
ments proved that the C(1) carbon of N,N-dimethyl phenyl- 676
glyoxylic acid amide originated from the corresponding 677
carboxylic acid rather than from DMF (Scheme 32). ¢78532
Accordingly, formamides underwent consecutive C—H bond 679
activation—decarbonylation to give aminyl radicals as the active 680
species. 681

On the other hand, Wang and co-workers'?’ proposed 682
formamides as R,NCO unit donors. In this case, the 683
decarboxylative acylation of aryglyoxylic acids with formamide 684
radicals generated by hydrogen atom abstraction was 6ss
postulated. Further support to this mechanism came from es6
recent works on the direct aminocarbonylations of fS-keto 87
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Scheme 32. Duan’s *C-Labeled Experiments''”
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688 esters,' " azoles,''* N-alkoxyaryl amides,'"> and methylarenes®’

689 with N,N-dialkylformamides.

60 Very recently, Zhou and co-workers'”' succeeded in
691 preparing aryl a-ketoamides via copper-catalyzed cross-
692 coupling between DMF or N,N-diethylformamide and aryl
693 glyoxylic acids, in turn produced in situ by oxidation of
694 arylacetic acids. The optimized reaction conditions entailed the
695 heating of aryl glyoxylic acid precursors and formamides at 130
696 °C for 24 h in the presence of Cu,O (10 mol %), Phen (20 mol
697 %), DTBP (3.0 equiv), and PivOH (2.0 equiv). A variety of
698 substituted arylacetic acids, including 1-naphthaleneacetic acid,
699 were smoothly transformed into the desired a-ketoamides in
700 moderate to good yields (17 examples, 46—87%). '*C-Labeled
701 experiments proved that the carbonyl group of the products
702 had its origin from the phenylacetic acid, rather than DMF.
703 Moreover, the addition of TEMPO to the reaction mixture
704 suppressed the transformation, supporting the engagement of a
705 free aminyl radical in the reaction pathway, as proposed by
706 Duan and co-workers.'"”

3.2. Oxidative Amidations

O

707 This section collects methodologies for C(1)—N amide bond
708 formation through single [C(1)] or multiple [C(1) and C(2)]
709 carbon skeleton oxidation of different substrates and simulta-
710 neous amine incorporation.

711 The oxidative union, usually referred to as oxidative
712 amidation, represents a specific topic within the major theme
713 of C—N bond-forming cross-coupling reactions, a very active
714 research area in organic chemistry.'”> A vast array of oxidative
715 amidation procedures has been developed for the preparation
716 of a-ketoamides, allowing for a greater scope in terms of
717 coupling partners and milder approaches.

718 The different substrates have been ordered according to their
719 oxidative status in a descending order. Thus, glyoxals and 2,2-
720 dibromoacetophenones are followed by a-hydroxy(aryloxy)-
721 acetophenones, aryl acetaldehydes, aryl methyl ketones, S-
722 diketones, and aryl terminal alkynes. Oxidative amidation
723 processes of aryl terminal alkenes, 1-arylethanols, and ethyl-
724 arenes complete this chapter (Scheme 33). Moreover, strategies
725 depending on the employment of amines or formamides/
726 formamidine as nitrogen sources are discussed separately in
727 subsections 3.2.1 and 3.2.2, respectively.

728 3.2.1. Amines as Nitrogen Sources. 3.2.1.1. Glyoxals.
720 Hulme and co-workers'** described the cross-dehydrogenative-
730 coupling (CDC) of commercially available arylglyoxals,
731 attractive precursors of heterocyclic compounds,124 with
732 secondary amines by exposure to stoichiometric SeO, at 100
733 °C. The reaction could be accelerated by microwave irradiation
734 and allowed one to obtain a series of tertiary aryl a-ketoamides
735 (Scheme 34).

736 Constrained cyclic amines, such as piperazine and piperidine
737 derivatives, usually gave better performances compared to

—

—

Scheme 33. Oxidative Amidations

i) Glyoxals

i) 1-Aryl-2,2-dibromoethanones

iii) 1-Aryl-2-hydroxy(aryloxy)ethanones
iv) Aryl acetaldehydes

v) Aryl methylketones

vi) B-Diketones

vii) Terminal alkynes

viii) Aryl terminal alkenes

ix) 1-Arylethanols

x) Ethylarenes

R
|
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o R
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0 ™\ 3.2 Oxidative Amidations
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Scheme 34. Oxidative Amidations/Glyoxals Reported by
Hulme and Co-Workers'**

o 31\
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Ar)k[(H * HR amines
o
CH,Cl,, dioxane .
100 °G. 20 min \ Se0, (1.0 equiv)
0 ||2+x
Ar N-ge
o
21 examples
26-85%

Ar = phenyl/naphthyl derivatives

pyrrolidine and acyclic secondary amines, while primary amines 738
failed to give any appreciable oxidized product. 739

A mechanism has been advanced postulating the reaction of 740
SeO, with the amine-arylglyoxal adduct 19 to form 741
intermediate 20, which afforded a-ketoamides by an internal 742
proton transfer, which took place with concomitant release of 743

Se(OH), (Scheme 35). 744 535

Scheme 3S5. Mechanism Proposed for the SeO,-Promoted
Oxidative Amidation of Arylglyoxals'*’

”w
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Oxidation is a fundamental operation in organic synthesis,
and oxygen is a highly atom-economical, environmentally
benign, and abundant oxidant. Moreover, ecofriendly biometals,
such as Zn, Cu, and Fe, have begun to attract synthetic
chemists due to their biomimetic dioxygen activation properties
associated with low cost and abundance. In this context, copper
is well-known to catalyze the oxidation and oxidative coupling
of many substrates.'”>~"*” Therefore, it is not surprising that
copper-catalyzed oxidative amidation approaches to a-ketoa-
mides have attracted considerable attention within the synthetic
organic chemists community.

The group guided by Jiao was very active in this area
and developed a Cu(I)-catalyzed aerobic oxidative cross-
dehydrogenative coupling of amines with a-carbonyl alde-
hydes."* In-depth experimental studies led to the recognition
of the optimal conditions in terms of copper catalyst loading,
solvent, and reaction temperature. Moreover, it has been
demonstrated that the transformation took advantage of the
presence of pyridine as a base and 2,2’-bipyridine as a ligand.

Thus, a-ketoamides could be conveniently prepared when a
solution of arylglyoxal and amine in toluene was heated at 90
°C under air atmosphere in the presence of CuBr (10 mol %),
2,2"-bipyridine (10 mol %), and pyridine (2.0 equiv), as shown
in Scheme 36.

128,129

Scheme 36. Oxidative Amidations/Glyoxals Reported by Jao
and Co-Workers'*’

o R *\, primary/secondary

|
Ar)SW/H * N amines
(e}
CuBr (10 mol %)
2,2'-bipyridine (10 mol %)
pyridine (2.0 equiv)

air (1 atm)
toluene, 90 °C

\

o] I|R1\

N

Ar 2

o

35 examples
34-98%

Ar = phenyl and derivatives

In such a way, the transformation showed broad applicability,
as primary/secondary amines and aryl a-carbonyl aldehydes
with both electron-donating and electron-withdrawing groups
were usable.

Investigations on the mechanism of the copper-catalyzed
aerobic oxidative amidation process indicated that the a-
carbonyl group of the a-carbonyl aldehyde had the role of a
directing group to facilitate the CDC reaction and that
molecular oxygen was not only the oxidant but also served to
trigger the catalytic process. Accordingly, and taking into
account previous information about Cu(I)—dioxygen reactivity,
a peroxo—dicopper(II) complex was envisioned as the active
catalytic species involved in the oxidation of the in situ formed
hemiaminal intermediate 21 (Scheme 37). Thus, formation of
the desired a-ketoamide products occurred with the release of
the ligand—Cu(I) species from which the active catalyst was
derived by dioxygen oxidation.

Very recently, a metal-free oxidative amidation of 2-
oxoaldehydes has been developed as a facile entry to the
correspoding a-ketoamides.'”’ The new strategy is based on
the unusual role of dimethyl sulfoxide (DMSO) both as solvent

Scheme 37. Mechanism Proposed for the Copper-Catalyzed,
Air-Promoted Oxidative Amidation of Arylglyoxals'*’
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r r
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and oxidant. To find the optimal reaction conditions, the
oxidative coupling of phenylglyoxal with pyrrolidine has been
carefully investigated. The expected a-ketoamide could be
obtained in 94% yield by heating phenylglyoxal and pyrrolidine
in DMSO at 80 °C for 1.5 h. On the basis of this result,
different sets of experiments were carried out to investigate the
scope and limitations of the process. The CDC reaction
afforded a-ketoamides in good yields irrespective of the
electronic nature and position of substituents on the aromatic
ring of the arylglyoxals (Scheme 38).

Scheme 38. Oxidative Amidations/Glyoxals Reported by
Vishwakarma and Co-Workers'*'

o) Il?T‘\

| secondary
Ar)S(H + H’N‘RZ amines
(6]
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80°C,1-4h

o R
Ar N-g2
(0]
25 examples
62-94%
Ar = phenyl and derivatives

Interestingly, pyruvaldehyde could also take part in the CDC
with piperidine and morpholine, giving the expected a-
ketoamides in 63 and 61% yields, respectively. However, the
viability of the protocol was restricted to the use of secondary
amines, as a-ketoamide products were not formed by
employing aliphatic or aromatic primary amines.

The same authors demonstrated that the DMSO-promoted
CDC reaction could be extended to acetophenones employed
as in situ precursors of 2-oxoaldehydes (see Scheme 65)."*"'**

Investigations demonstrated that DMSO was the sole
oxidant and that the electron-withdrawing a-carbonyl group
was of fundamental importance. The above findings supported
a mechanism pathway in which an oxygen transfer from DMSO
to the iminium ion 22 via the intermediate 23 was the key step
toward the a-ketoamides (Scheme 39).

One year later,"”” the same research group discovered that
the oxidative step could be performed under aerobic conditions
by heating toluene solutions of aryl 2-oxoaldehydes and
secondary amines at 60 °C, providing a-ketoamides in good
yields (Scheme 40).
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Scheme 39. Mechanism Proposed for the Metal-Free,
DMSO-Promoted Oxidative Amidation of Arylglyoxals'*
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Scheme 40. Oxidative Amidations/Glyoxals Reported by
Ahmed and Co-Workers'*’
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10 examples
62-93%

Ar = phenyl and derivatives

820 In recent years, gold chemistry has emerged as an important
821 tool in organic synthesis due to the excellent reactivity of
822 catalytic species generated in the orbit of the Au(I)/Au(III)
823 catalytic cycle usually maintained by external oxidants.

824 Liu and co-workers'** disclosed a simple and efficient
825 gold(III)-catalyzed coupling of arylglyoxal derivatives and
826 secondary amines under aerobic oxidative conditions. This
827 protocol, requiring mild conditions and lacking both ligands
828 and additives, was quite appealing for tertiary aryl-substituted
829 a-ketoamides preparation. Optimized conditions for the CDC
830 reactions were found when a mixture of AuBr; (5 mol %), 2-
831 oxoaldehyde, and secondary amine in CH,Cl, was heated at 60
832 °C for 12 h (Scheme 41). A wide range of groups at the
833 aromatic moiety of arylglyoxals were well-tolerated, while only
834 secondary amines were effective, with the cyclic ones giving
835 better results.

836  Investigations about the reaction mechanism demonstrated
837 that dioxygen played the role of oxidant and that radical
838 intermediates were likely involved in the transformation. Thus,
839 it was hypothesized that addition of water to the in situ formed
840 iminium ion 24 could give the hemiaminal 25, which was
841 eventually transformed into a-ketoamide by the combined
842 action of O, and Au(III) (Scheme 42).

843 During studies on gold-catalyzed cascade reactions for the
844 preparation of alkenyl-1,2-diketones, Hashmi and co-workers'*®
84s discovered that phenylglyoxal could oxidatively couple with
846 piperidine, provided that O, was present in the reaction system.
847 However, no mention has been made about broadening the
848 scope of substrates and mechanism.

849 3.2.1.2. 1-Aryl-2,2-dibromoethanones. Double bromination
850 of aryl methyl ketones is a longstanding facile process for the

[}

@

Scheme 41. Oxidative Amidations/Glyoxals Reported by Liu
and Co-Workers'**
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22 examples
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Ar = phenyl and derivatives

Scheme 42. Mechanism Proposed for the Gold-Catalyzed,
Air-Promoted Oxidative Amidation of Arylglyoxals'**
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preparation of aryldibromoethanones, compounds featuring an 8s1
oxidation state that is equivalent to that of 2-oxoaldehydes.  ss2
Thus, Kumar and co-workers'*® demonstrated that aryldi- ss3
bromoethanones could be used as substrates for the oxidative ss4
coupling with amines, allowing for a convenient synthetic sss
access to a-ketoamides. As a first achievement, various 2,2- 8s6
dibromo-1-aryl- and heteroarylethanones were oxidatively ss7
coupled with different cyclic and acyclic aliphatic secondary sss
amines. In the optimized reaction conditions, 1:4 molar ratio 8s9
mixtures of dibromoethanones and secondary amines were 860
heated at 40—50 °C in THF for 18—24 h to provide a- s61
ketoamides (Scheme 43). It was also demonstrated that se2 s43
purging pure oxygen into the reaction mass significantly 863
increased the rate of conversion. In all the cases, the reaction se4
provided a-ketoamides in moderate to good yields, although ses
attempts to employ alkyldibromoethanones were not success- 866

ful. 867

Scheme 43. Oxidative Amidations/1-Aryl-2,2-
dibromoethanones Reported by Kumar and Co-Workers'*’

(0] RT.
Br lll secondary
Ar * HUR? amines
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o R
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Ar R Ar = aryl, heteroaryl
o
18 examples
45-61%
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868 Model studies on the reaction between 1-aryl-2,2-dibromoe-
869 thanones and morpholine allowed the authors to postulate a
870 reaction mechanism wherein the aryl-2,2-dimorpholin-1-
871 ylethanone 26 was an intermediate and N-hydroxymorpholine
872 was a byproduct (Scheme 44). Thus, nucleophilic displacement

Scheme 44. Mechanism Proposed for the Air-Promoted
Oxidative Amidation of Aryldibromoethanones'**

)
o) N o)
N Br _H _ Ar)Kr’aN

Br THF, air [N]H ™ H
26 © [Oj

873 of both bromine atoms by morpholine gave diaminal 26, which
874 formed the unstable intermediate 27 through base-assisted
875 enolization and reaction with molecular oxygen. A final
876 rearrangement of 27 provided the a-ketoamide compounds
877 through extrusion of N-hydroxymorpholine.

878 The original protocol was later tuned in order to encompass
879 aliphatic primary amines as partners of dibromoethanones in
880 the oxidative amidation reaction.””” Thus, it was anticipated
ss1 that better nucleofuge, together with the use of stronger base
882 and stronger oxidizing agent, could be beneficial in the case
883 where sluggish partners were involved in the coupling reaction.
884 Indeed, oxidative amidation in the presence of Nal and K;PO,
88s together with stoichiometric amounts of TBHP in sulfolane at
836 30 °C (Scheme 45) provided a series of 2-oxo-N-phenethyl-2-
887 phenylacetamido derivatives, precursors of isoquinoline alka-
888 loids via Bischler—Napieralski cyclization reaction.

889 As shown in Scheme 46, a tentative mechanism could be
890 advanced involving a halogen-exchange reaction as a means to
891 accelerate the successive nucleophilic displacement, giving 28.
892 Further elimination of hydrogen halide generated the imine 29,
893 which was oxidized to the unstable oxaziridine 30. The latter
894 underwent a base-assisted ring-opening reaction, providing the
89s a-ketoamide product.

896 A nice application of the oxidative amidation/Bischler—
897 Napieralski reaction methodology paved the way to a simple
898 and direct s?rnthesis of f-carbolines, as described by Kumar and
899 co-workers. >® Thus, dibromoethanones and tryptamine could
900 be oxidatively coupled in DMSO by the action of cumene
901 hydroperoxide, in the presence of Nal and triethylamine
902 (Scheme 47). Under optimized conditions, a-ketoamides were
903 prepared in moderate yields accompanied by benzamide
904 impurities.

00

Scheme 45. Oxidative Amidations/1-Aryl-2,2-
dibromoethanones Reported by Kumar and Co-Workers'*’
O
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Ar', Ar2 = phenyl and derivatives

Scheme 46. Mechanism Proposed for the TBHP-Promoted
Oxidative Amidation of Aryldibromoethanones'*’
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Scheme 47. Oxidative Amidations/1-Aryl-2,2-
dibromoethanones Reported by Meruva et al.'*®
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10 examples
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e

3.2.1.3. 1-Aryl-2-hydroxy(aryloxy)ethanones. When sub- 90s
strates taking part in the C(1)—N amide bond formation 906
feature the C(1) at an oxidation state lower than formyl or 907
dibromomethyl, an oxidation must anticipate the CDC reaction 908
with the amine partner. 909

Sekar and co-workers'®” faced this issue in their economic 910
and environmentally friendly synthesis of a-ketoamides. They 911
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envisaged using the Fe—TEMPO complex as the catalyst and
molecular oxygen as the terminal oxidant to perform the
oxidative amidation reaction of 2-hydroxyacetophenones with
amines. Among iron salts, Fe(OAc), afforded the best results,
acetonitrile was the solvent of choice, and quite surprisingly, the
use of substoichiometric amounts of pyridine resulted in
increased yields. In such a way, different a-keto alcohols and
amines gave the expected a-ketoamides in good to excellent
isolated yields irrespective of the aliphatic or aromatic nature of
the amines (Scheme 48).

Scheme 48. Oxidative Amidations/1-Aryl-2-
hydroxyethanones Reported by Sekar and Co-Workers'*’
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16 examples
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Ar = phenyl and derivatives

Model studies demonstrated that commercially available
phenylglyoxal hydrate and 4-aminobenzonitrile were success-
fully transformed into the expected a-ketoamide under
optimized reaction conditions. Moreover, phenylglyoxal was
formed from 2-hydroxyacetophenone when the reaction was
performed in the absence of the amine counterpart. These
results supported a domino alcohol oxidation/oxidative CDC,
where the Fe—TEMPO complex acted both in the initial
oxidation of the a-hydroxy ketone to the corresponding a-
ketoaldehyde 31 and in the oxidation of the hemiaminal
intermediate 32 (Scheme 49).

Scheme 49. Mechanism Proposed for the Fe(1I)/TEMPO/
0, Oxidative Amidation of 1-Aryl-2-hydroxyethanones'*’
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About a year after, the same research group disclosed that the
hypervalent iodine reagent IBX was an equally good oxidizing
agent in the domino alcohol oxidation/oxidative amidation
reaction sequence between Il-aryl-2-hydroxyethanones and
amines (Scheme 50)."*° Thus, 2-hydroxyacetophenones,
amines (4 equiv), and IBX (3 equiv) were reacted in
acetonitrile at room temperature for 4—6 h. Actually, 1-aryl-2-
hydroxyethanones with both electron-rich and electron-poor
groups were good reacting partners of cyclic amines, while the
reaction failed with aliphatic/aromatic primary amines. Note-
worthy, the metal-free alcohol oxidation/oxidative amidation

Scheme 50. Oxidative Amidations/1-Aryl-2-
hydroxyethanones Reported by Kotha and Sekar'*’
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17 examples
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protocol was successful on a gram scale, opening the way to an
economic, environmentally benign, and practical synthetic
approach to a-ketoamides.

Advancement of technologies capable of adding value to
biomass has recently emerged as an important research area.
Chemists are called to invent processes for obtaining fine
chemicals from inexpensive, easily accessible, and renewable
natural sources.

In this context, the research group guided by Loh focused
special attention on lignin, a disregarded component in
lignocellulosic biomass featuring the S-O-4 linkage as a
distinctive motif."*" In particular, they explored the copper-

944
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983
954
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catalyzed oxidative amidation of a model substrate mimetic of 9s6
the -O-4 fragment of lignin (Figure 12) with the aim of 957 f12

developing efficient protocols to convert the rigid cross-linked

biopolymer into amides and phenols.
OH OMe
MeO P ol
o
MeO OH

Figure 12. Model substrate mimetic of the -O-4 fragment of lignin.

The first stage of the chemical investigation called for the
Cu(I)-catalyzed aerobic amidation of 2-aryloxyacetophenone
derivatives. Their conversion into a-ketoamides was achieved
by heating at 70 °C a toluene solution containing a 5 times
molar excess of secondary amines and Cul (10 mol %) under
an air atmosphere (Scheme S1).

Various secondary amines were tolerated, as well as methoxyl
groups at different positions on the phenyl rings, albeit their
installation on the C-terminal benzene ring resulted in the
concurrent formation of amides (up to 27% yields).

Next, oxidized lignin model substrates were coupled with
amines, with removal of the hydroxymethyl group through
retro-aldol reaction being the main challenge. Actually, 3-
hydroxy-2-aryloxy-1-arylpropan-1-one derivatives (Figure 13)
proved to be suitable substrates for the preparation of aryl-a-
ketoamides under previously established copper-catalyzed
oxidative amidation reaction conditions.

Several control experiments, as well as isotope-labeling
reactions, allowed the advancement of the mechanism depicted
in Scheme 52. The retro-aldol reaction of the iminium ion 33
produced the enamine 34, which was taken to the a-imino
copper peroxide 35. The latter underwent degradation to a-
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Scheme 51. Oxidative Amidations/1-Aryl-2-
aryloxyethanones Reported by Loh and Co-Workers'*'
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Figure 13. Oxidized lignin model substrates.

Scheme 52. Mechanism Proposed for the Copper/O,

Oxidative Amidation of Oxidized Lignin Model Substrates'*!
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982 ketoamide, possibly through two pathways. Thus, cyclization to
983 36 and subsequent fragmentation with elimination of the amine
984 could produce the arylglyoxylic acid aryl ester 37, which

eventually reacted with the amine to give a-ketoamide and
phenol products. In some cases, amide side products could be
formed together with aryl formates through competitive O—O
and C—C bond cleavage of the aminodioxetane intermediate
36. Alternatively, degradation of the copper peroxide 35 could
lead to the arylglyoxal 40 via intermediates 38 and 39. A
copper-mediated CDC of 40 with amine established the 2-
oxoamide functional group.

The successful oxidative amidation of oxidized lignin models
paved the way to the corresponding reaction of the substrate
mimetic of the $-O-4 fragment of lignin, with the chemo-
selective benzylic alcohol oxidation being required prior to the
copper-catalyzed aerobic amide bond formation.

As shown in Scheme 53, the conversion of 1-(3,4-

dimethoxyphenyl)-2-(2-methoxyphenyloxy)propane-1,3-diol

Scheme 53. Copper-Catalyzed Oxidative Amidation of a
Lignin Model Substrate'*'

OH OMe
“”e"m"@
MeO OH

O, CuBr (10 mol%)
Phen (10 mol%)

benzylic | DEAD (1.1 equiv)
oxidation K,CO3 (2.2 equiv)
toluene, 90 °C, 1.5 h
0 MeO

Neans
MeO OH
70°C O (5.0 equiv)

N
0,,6h N
0 MeO
MeOWN HO\@
(0]
MeO o
48% 41%
(0]
M
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28%

was successfully accomplished by combining the Marko aerobic
benzylic oxidation [Cu(I), Phen, diethyl azodicarboxylate
(DEAD)]"**'* and the Cu-catalyzed aerobic reaction with
piperidine. As anticipated, the expected a-ketoamide was
produced in 48% yield, together with the corresponding
amide and guaiacol in 28% and 41% vyields, respectively.
Remarkably, the one-pot procedure was also applied to a
trimeric lignin $-O-4 model without significant variation in
yields and products composition.

3.2.1.4. Aryl Acetaldehydes. Jiao and co-workers'*®
performed an unprecedented Cu(I)-catalyzed oxidative cou-
pling process between aryl acetaldehydes and anilines, affording
directly a-ketoamide compounds through two C(sp*)—H, one
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1013 C(sp®)—H, and one N—H bond cleavage. Thus, heating a
1014 toluene solution of aryl acetaldehydes and aromatic primary/
1015 secondary amines at 90 °C in the presence of pyridine (2.0
1016 equiv) and CuBr (10 mol %) under O, atmosphere gave access
1017 to a-ketoamides (Scheme 54).

Scheme 54. Oxidative Amidations/Aryl Acetaldehydes: Jiao

t al.'?®
R
0 N primary and
Af1/\f + H A? “secondary
H anilines
O, (1 atm)
4A93"°Sé toluene | cugr (10 mol%)
’ pyridine (2.0 equiv)
o R
Ar1)}\[(N\Ar2
o
27 examples
35-90%

Ar', Ar? = phenyl and derivatives
R =H, alkyl, aryl

1018 Under optimized conditions, including the presence of
1019 molecular sieves (4 A), the reaction was highly efficient,
1020 showing a broad substrate scope. Both electron-rich and
1021 electron-deficient aryl acetaldehydes could be smoothly trans-
1022 formed into the desired products. Importantly, halo-substituted
1023 aryl acetaldehydes were also good substrates, furnishing
1024 products suitable for further chemical manipulations. As far as
1025 the amine counterpart is concerned, reactions of anilines as well
1026 as of N-substituted anilines bearing both electron-donating and
1027 electron-withdrawing groups proceeded well to afford secon-
1028 dary and tertiary a-ketoamides in moderate to excellent yields.
1029 However, electron-rich amines sensitive to oxidation to azo
1030 compounds gave the expected a-ketoamides in low yield.
1031 Moreover, neither alkyl aldehydes nor alkylamines were
1032 exploitable under the indicated reaction conditions.

1033 Isotope-labeling experiments with '*0, clearly indicated that
1034 both oxygen atoms of the a-ketoamide originated from
1035 molecular dioxygen. Further experiments served to establish
1036 that 2-phenylacetic acid and the corresponding amide, as well as
1037 phenylglyoxal or phenylglyoxylic acid, were in no way
1038 intermediates in the copper-catalyzed aerobic oxidative trans-
1039 formation.

1040  Accordingly, a plausible mechanism called for the initial
1041 oxidation of the in situ formed imine 41 to give the superoxide
1042 radical 42, which combined with Cu(II) to afford the Cu(III)
1043 complex 43. Subsequent imine intramolecular addition to 44
1044 and N—Cu bond homolysis produced the dioxetane radical
1045 intermediate 45. Cu(II) or dioxygen then transformed 45 into
1046 the dioxetene intermediate 46, which eventually fragmented to
1047 the desired a-ketoamide (Scheme 55).

1048 3.2.1.5. Aryl Methyl Ketones. An efficient copper-catalyzed
1049 direct oxidative synthesis of a-ketoamides employed stable and
1050 readily available aryl methyl ketones, secondary aliphatic
1051 amines, and molecular oxygen.'** After an extensive screening
1052 of the reaction parameters, the best conditions for the one-pot
1053 transformation were found when the ketone was treated with
10s4 Cul (20 mol %) in the presence of dioxygen at 50 °C, under

Scheme 5S. Mechanism Proposed for the Copper/O,
Oxidative Amidation of Aryl Acetaldehydes'**
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solvent-free conditions (Scheme 56). Both electron-rich and 10ss ss6
electron-poor substituents on the aryl ring, including ortho- 1056

Scheme 56. Oxidative Amidations/Aryl Methyl Ketones
Reported by Du and Ji'**

0 Fﬁ1 secondary

N. . amines
Ar)J\ + H R?

neat, 50 °C | Cul (20 mol%)
5-48 h O, (balloon)

Ar R

21 examples
47-91%

Ar = phenyl and derivatives

substituents, were tolerated. Higher conversion yields were 1057
obtained in the case where electron-withdrawing groups were 1058
present on the aryl moiety, while cyclic or acyclic secondary 1059
amines were usable in any way. Notably, heteroaryl methyl 1060
ketones were compatible with the reaction conditions, while 1061
alkyl methyl ketones as well as anilines were not suitable 1062
substrates. 1063
Detailed investigations led to establish that (1) both oxygen 1064
atoms of the a-ketoamide were derived from dioxygen, (2) 1065
arylglyoxals were intermediates in the reaction system, and (3) 1066
the superoxide radical (O,*”) must be involved. The above 1067
results, together with the acquisition that the use of DABCO as 1068
a singlet oxygen inhibitor did not interfere with the process, led 1069
to the proposal of the reaction pathway depicted in Scheme 57. 1070 s57
Thus, exposure of the in situ formed enamine 47 to the 1071
combined action of Cu(Il) and superoxide radical accounted 1072
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Scheme 57. Mechanism Proposed for the Copper/O,
Oxidative Amidation of Aryl Methyl Ketones'**
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1073 for the production of the amino dioxetane 48, an intermediate
1074 acting as a fork in the reaction pathway. In fact, its
1075 fragmentation via O—O bond cleavage gave arylglyoxal 49
1076 precursor of the a-ketoamide products via copper-mediated
1077 CDC with the amine (path A), while concurrent fragmentation
1078 of 48 via O—O and C—C bond cleavages gave the amide side
1079 products (path B).

1080  Almost contemporaneously, the group led by Liu and
1081 Liang'*® discovered the halogen-activated copper-catalyzed
1082 aerobic oxidative coupling of aryl methyl ketones with amines
1083 making use of NIS. Thus, treatment of aryl methyl ketones and
1084 aliphatic primary/secondary amines with CuBr (20 mol %) and
1085 NIS (1.2 equiv) in toluene at room temperature under air gave
1086 access to a-ketoamides (Scheme 58).

Scheme $8. Oxidative Amidations/Aryl Methyl Ketones
Reported by Liu, Liang, and Co-Workers'*®

(0] 1~
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(0]
Ar = aryl, heteroaryl
22 examples
33-95%

1087 The process showed a broad substrate scope, with
1088 acetophenones bearing functionalities such as nitro and
1089 halogen, as well as heteroaryl methyl ketones, being well
1090 tolerated. Secondary aliphatic cyclic and acyclic amines
1091 performed well, while primary amines gave poor results
1092 because of the formation of amide byproducts. Furthermore,

reactions with aromatic amines failed to yield the correspond- 1093
ing a-ketoamides. 1094

A possible mechanism for the formation of a-ketoamides and 1095
amide byproducts is depicted in Scheme 59. Thus, iodination of 1096

Scheme 59. Mechanism Proposed for the Halogen-Activated
Copper/0, Oxidative Amidation of Aryl Methyl Ketones'**
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the in situ formed enamine S0 generated intermediate 51, 1097
which underwent iodide displacement by a second equivalent 1098
of amine to give the @-amino iminium ion 52. Its reaction with 1099
the superoxide radical and copper-mediated single-electron 1100
transfer (SET) process afforded the key aminodioxetane 1101
intermediate $3. Meanwhile, oxidation of Cu(I) into Cu(II) 1102
by means of dioxygen in air completed the catalytic cycle. The 1103
fragmentation of the dioxetane ring of 53 generated the 1104
intermediate 54, from which both the desired a-ketoamides and 110s
the amide byproducts could form through C—N bond cleavage 1106
or C—C bond cleavage, respectively. 1107

The urgency of avoiding heavy-metal impurities in drug 1108
intermediates encouraged more and more frequently the design 1109
of environmentally benign and metal-free synthetic method- 1110
ologies. 1111

In this context, Lamani and Prabhu'*® developed a user- 1112
friendly method for the oxidative amidation of acetophenone 1113
derivatives based on the use of NIS as a catalyst and TBHP as a 1114
terminal oxidant, in acetonitrile at room temperature (Scheme 1115
60). Optimization of the experiments led to the establishment 1116
of a molar ratio of 1:3 for aryl methyl ketone and the amine 1117
coupling reagents, as well as the amount of TBHP (3.0 equiv) 1118
and iodine source (30 mol %) required to achieve the best 1119
yields. 1120

Under standard reaction conditions, several acetophenone 1121
derivatives as well as heterocyclic methyl ketones underwent 1122
oxidative amidation to provide oa-ketoamides in good to 1123
excellent yields. 1124
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Scheme 60. Oxidative Amidations/Aryl Methyl Ketones

Reported by Lamani and Prabhu'*’
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18 examples
50-92%

1125 As in the related halogen-activated copper-catalyzed aerobic
1126 oxidative amidation protocol,'* the coupling of 4-methox-
1127 yacetophenone with piperidine gave the lowest conversion yield
1128 (50%).

1120 Although no detailed mechanism has been proposed,
1130 experimental data supported the belief that both phenacyl
1131 iodides and a-amino ketones were really intermediates along
1132 the pathway to a-ketoamides under standard conditions.

1133 At the same time, two research groups'*”'** independently
1134 advanced the idea of shifting from NIS to the TBHP/I, system
1135 as a convenient source of electrophilic iodine (I*) to activate
1136 the C(sp*)—H bond.

1137 Zhang and Wang'*” developed the tandem direct oxidative
1138 coupling of acetophenones with secondary amines at room
1139 temperature under solvent-free conditions (Scheme 61).

Scheme 61. Oxidative Amidations/Aryl Methyl Ketones

Reported by Zhang and Wang'*’
2 Flﬂ secondar
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140  Under the recommended reaction conditions, a variety of
1141 aryl/heteroaryl methyl ketones could be oxidatively coupled
1142 with secondary aliphatic cyclic or acyclic amines to give a-
1143 ketoamides in good to excellent yields.

1144 Some experimental data supported the cascade pathway
1145 shown in Scheme 62. Thus, in line with Prabhu’s hypothesis,146
1146 the TBHP/I,-promoted oxidative coupling reaction of
1147 acetophenones with secondary amines likely involved phenacyl
1148 jodide 55 and @-amino ketone 56 as key intermediates. The
1149 former should derive through a-iodination of aryl methyl
1150 ketone via an enamine formation—iodonium addition—
1151 hydrolysis sequence. The subsequent iodide displacement by
1152 the nucleophilic secondary amine accounted for the formation
1153 of 56. At this stage, a free radical substitution with a tert-butyl
1154 peroxy radical generated the intermediate 57, which was
1155 eventually transformed to a-ketoamide by TBHP.

1156 Soon after the report by Zhang and Wang,""” Wan and co-
1157 workers reported the results of research aimed at converting

Scheme 62. Mechanism Proposed for the I,/TBHP Solvent-
Free Oxidative Amidation of Aryl Methyl Ketones'*’
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aryl methyl ketones to a-ketoamides through metal-free
oxidative amidation conditions."** Under optimized conditions,
a-ketoamides were prepared by reaction of acetophenones with
primary/secondary amines using TBHP (6.0 equiv) and L, (50
mol %) in i-PrOH at room temperature, as shown in Scheme
63. Noteworthy, this preparation could be scaled up to 100
mmol without significant variation in yield.

Scheme 63. Oxidative Amidations/Aryl Methyl Ketones
Reported by Wan and Co-Workers'*
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45 examples
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A vast array of substituents on the aromatic ring were
tolerated, including the oxidation-sensitive groups, such as C—
C multiple bonds and phenol. Among heteroaryl methyl
ketones, the heteroaryl groups thiophene, thiazole, pyrazine,
pyridine, and benzofuran were compatible with reaction
conditions. With regard to the amines, cyclic amines as well
as acyclic secondary/primary amines were effective partners.

Experimental investigations into the mechanism validated
previous speculations by the groups of Prabu'*® and Wang'*’
about the involvement of both phenacyl iodide 58 and a-amino
ketone 59 as synthetic intermediates. Wan advanced that
conversion of the latter into a-ketoamides proceeded via
intermediates 60—62 (Scheme 64).

Thus, a-iodination of 59 provided 60, which was taken to 62
through iodide expulsion and water addition. Finally, TBHP
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Scheme 64. Mechanism Proposed for the I,/TBHP
Oxidative Amidation of Aryl Methyl Ketones'**
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1180 oxidation gave the a-ketoamide products. Notably, experiments
181 with H,'®0 showed that the 'O was incorporated into the
1182 C(1) carbonyl oxygen.

1183 As previously stated, Ahmed and co-workers'*" succeded in
1184 extending to acetophenones the DMSO-promoted oxidative
1185 coupling reaction of arylglyoxals with amines by combining the
1186 halogen-mediated C(sp*)—H bond activation of aryl methyl
1187 ketones with the Kornblum oxidation.'* Thus, heating
1188 different aryl methyl ketones, cyclic and acyclic secondary
1189 amines (1.5 equiv), and iodine (1.3 equiv) in DMSO at 80 °C
1190 provided the corresponding a-ketoamides in good to excellent
1191 yields, with electronically rich acetophenones being the best
1192 substrates.'”> As for the related DMSO-promoted CDC of
1193 arylglyoxals with amines,">! viability of the method was
1194 restricted to the use of aliphatic secondary amines (Scheme
1195 65).

Scheme 65. Oxidative Amidations/Aryl Methyl Ketones
Reported by Ahmed and Co-Workers'*
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1196 Results from some control experiments led to postulation of
1197 a mechanistic pathway wherein a double oxidation by I, and a
1198 final one by DMSO are the main steps involved in the one-pot
1199 iodination—Kornblum oxidation—CDC sequence of aryl methyl
1200 ketones with amines. Thus, phenacyl iodides 63 reacted with
1201 amine nucleophiles to generate @-amino ketones 64, which
1202 underwent additional oxidation by I, to give intermediates 65,
1203 which was eventualy transformed into a-ketoamides through
1204 Kornblum oxidation (Scheme 66).

1205 A very interesting approach has been recently added to the
1206 plethora of new methodologies for the synthesis of a-

Scheme 66. Mechanism Proposed for the I,-DMSO
Oxidative Amidation of Aryl Methyl Ketones'**
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ketoamides. Thus, the one-pot oxidative amidation of 1207
acetophenones with amines was achieved through anodic 1208
oxidation by using dioxygen as a reactant."*’ 1209

Optimal conditions for the preparation of a-ketoamides were 1210
found when acetophenones, amines (4.0 equiv), and TBAI (2.0 1211
equiv) in ethanol reacted with O, in an undivided cell equipped 1212
with a platinum anode and a cathode. The oxidative amidations 1213
took place at ambient temperature under a constant current of 1214
20 mA (Scheme 67).

Scheme 67. Oxidative Amidations/Aryl Methyl Ketones
Reported by Wang and Co-Workers'*°

(0] RT\\\
Ar)]\ ’11 2

* H R

primary/secondary
amines

TBAI (2.0 equiv)
O, (balloon), EtOH
undivided cell, Pt-Pt

20mA, rt, 3 h

o R\

Y
Ar)J\H/N‘RZ
o)

Ar = phenyl and derivatives

25 examples
50-90%

This method showed broad substrate scope, as both primary 1216
and secondary amines were effective partners of either 1217
acetophenone and its derivatives, provided that their phenyl 1218
ring did not display strong electron-withdrawing groups. As a 1219
matter of fact, 4-nitroacetophenone produced the correspond- 1220
ing a-ketoamide in only trace amounts. Tertiary and secondary 1221
a-ketoamides were obtained in moderate to good yields 1222
regardless of the aliphatic or aromatic nature of the amine 1223
coupling partners. 1224

A series of experiments performed under electrochemical 1225
conditions clearly indicated that 2-oxoaldehyde 68 was an 1226
intermediate and that radical species were involved in the 1227
reaction. On these bases, it was assumed that iodine free radical 1228
generated at the anode reacted with acetophenone to give the 1229
carbon radical 66, which intercepted dioxygen to form the 1230
peroxyradical 67. Its O—O bond cleavage furnished the 2- 1231
oxoaldehyde 68 precursor of the hemiaminal 69. The latter was 1232
oxidized at the anode with formation of the a-ketoamide 1233
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1234 products, while the ethanol cathodic reduction generated H,
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and ethoxide anion.

Scheme 68. Mechanism Proposed for the Oxidative
Amidation of Aryl Methyl Ketones through Anodic/O,
Oxidation'*°
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Noteworthy, primary aryl a-ketoamides could be obtained by
replacing the amines with ammonium acetate (4.0 equiv), using
tBuNH, as an additive (4.0 equiv) and KI (2.0 equiv) as the
electrolyte. Methanol was used as the solvent to increase the
solubility of both the ammonium acetate and the electrolyte
(Scheme 69). Besides acetophenone, a variety of substituted

Scheme 69. Oxidative Amidations/Aryl Methyl Ketones
Reported by Wang and Co-Workers'*’ (preparation of
primary aryl a-ketoamides under electrochemical
conditions)
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under air (Scheme 70). Interestingly, enhanced yields could be 555 470
obtained by performing the reaction under O, atmosphere. 1256

Scheme 70. Oxidative Amidations/f-Diketones Reported by
Chen and Co-Workers'*”
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Thus, the mild transition-metal-free deacetylation—oxidative 1257
amidation process entailed dioxygen as the actual oxidant under 1258
NBS-promoted conditions. As the reaction did not work in the 1259
absence of NBS, it has been assumed that an N-electrophilic 1260
species, in turn generated from the amine and NBS, was at first 1261
captured by the enolate nucleophile (Scheme 71). Then, a 126271

Scheme 71. Mechanism Proposed for the Deacetylation—
Oxidative Amidation of f-Diketones'*”
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retro-Claisen reaction and deprotonation afforded the anionic 1263
species 70, which intercepted O, to give the hydroperoxy 1264
intermediate 71. The latter underwent dehydroxylation to 1265
provide a-ketoamide products. 1266
At the same time, Wang and co-workers'>* reported that 1,3- 1267
diarylpropan-1,3-diones could undergo C—C bond cleavage 1268
and coupling with secondary amines in the presence of I, and 1269
TBHP. The best results were obtained when ethyl acetate 1270
solutions of f-diketones and amines (1:3 ratio) containing I, 1271
(0.4 equiv) and TBHP (3.0 equiv) were heated at 80 °C for 8 h 1272
(Scheme 72). The one-pot, strong-base-free, TBHP/L,- 1273572

aryl methyl ketones were appreciable substrates, furnishing the
corresponding primary a-ketoamides in moderate to good
yields. Interestingly, a year later, Yu and co-workers'>' reported
the preparation of phenylglyoxylic acid amide by oxidative
amidation of acetophenone with ammonium iodide and tert-
butyl hydroperoxide, but the chemical process, however,
appeared to be less fruitful than the electrochemical one
(40% vs 75% yield).

3.2.1.6. p-Diketones. Recently,'>” phenylglyoxylic and
pyruvic acid amide derivatives have been obtained by heating
equimolar amounts of f-diketones (1-phenylbutane-1,3-dione
or acetylacetone) and aliphatic N-heterocycles in ethyl acetate,
in the presence of KOt-Bu (2.0 equiv) and NBS (1.2 equiv),

Scheme 72. Oxidative Amidations/f-DiketonesReported by
Wang and Co-Workers'*>

secondary
Ar)J\/U\Ar + HR? amines

EtOAc 1, (0.4 equiv)
80 °C, 8 h | TBHP (3.0 equiv)

17 examples Ar = aryl, heteroaryl

50-89%
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1274 promoted oxidative amidation reaction tolerated a wide range
1275 of readily available symmetrical 1,3-diaryl 1,3-diketones. Under
1276 standard conditions, the unsymmetrical dicarbonyl compounds
1277 1-phenylbutane-1,3-dione and ethyl 2,4-dioxo-4-phenylbuta-
1278 noate could be also used as phenylglyoxyl donors. Among
1279 the secondary amines tested, 1-methylpiperazine performed
1280 better than morpholine, piperidine, and diethylamine.

1281 Possibly, the reaction of the secondary amine with I, to give a
1282 N-electrophilic species was the first step involved in the tandem
1283 C—C bond cleavage/oxidative amidation reaction process
1284 (Scheme 73). In the subsequent step, the N-electrophilic

Scheme 73. Mechanism Proposed for the Dearoylation—
Oxidative Amidation of f-Diketones'**
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1285 species was captured by the in situ formed enaminone
1286 nucleophile 72 to give the @-amino substituted f-diketone
1287 73. The latter underwent free radical substitution with tert-
1288 butylperoxy radical, and the resulting intermediate 74
1289 eventually produced the a-ketoamides by TBHP-promoted
1290 fragmentation reaction.

o1 3.2.1.7. Terminal Alkynes. The first synthesis of a-
1292 ketoamides via diketonization of terminal alkynes has been
1203 reported by Zhang and Jiao'*” employing aromatic amines in
1204 the presence of catalytic copper(Il) bromide and TEMPO
1205 under oxygen. Neither alkylacetylenes nor primary alkylamines
1296 or N-substituted anilines were suitable starting materials in the
1297 amidation—diketonization process.

1298 As shown in Scheme 74, optimized conditions called for
1299 heating at 60 °C a toluene mixture of aromatic amines,
1300 arylacetylenes (5.0 equiv), and CuBr, and TEMPO (10 mol %
1301 each), in the presence of pyridine (4.0 equiv) and water (10.0
1302 equiv), under O, (1 atm). The competitive alkyne homocou-
1303 pling reaction was difficult to control; hence an excess of
1304 alkynes had to be employed. Investigations on the scope of the

Scheme 74. Oxidative Amidations/Terminal Alkynes
Reported by Zhang and Jiao'”’
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23 examples
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method showed that both electron-rich and electron-deficient 1305
phenylacetylenes were good substrates, while anilines bearing 1306
electron-withdrawing groups on the aromatic ring gave scanty 1307
conversion yields. 1308

The authors demonstrated that both oxygen atoms in the a- 1309
ketoamides originated from molecular oxygen and that a 1310
superoxide radical was likely an intermediate. Accordingly, a 1311
mechanism in which dioxygen acted both as oxidant and 1312

reactant has been advanced, as shown in Scheme 75 for the 1313575

Scheme 75. Mechanism Proposed for the Coplper/ TEMPO/
0, Oxidative Amidation of Terminal Alkynes >’
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reaction between phenylacetylene and aniline. Alkyne insertion 1314
into the initial aniline—copper complex 75 gave a Cu(Il) 1315
intermediate 76, from which the imine radical 77 originated 1316
through Cu(I) discharge. The subsequent reaction with 1317
molecular oxygen gave the intermediate superoxide radical 1318
78. Further intramolecular cycloaddition to the imine and 1319
oxidation of the resulting aminyl radical 79 generated the 1,2- 1320
dioxetene intermediate 80, which eventually collapsed to the 1321
desired a-ketoamide through fragmentation. ) 1322

Interestingly, in 2015 Shah and co-workers'>* revisited 1323
Zhang and Jiao’s'”” copper-promoted oxidative amidation of 1324
terminal alkynes and contributed to the simplification of the 1325
original cocktail of reagents. Actually, they prepared 2,N-diaryl- 1326
2-oxoamides (eight examples, 60—70%) simply by heating a 1327
DMSO solution of the terminal alkyne and the aromatic 1328
primary amine (2.0 equiv) at 80 °C for 10 h in an air 1329
atmosphere, in the presence of Cu(OTf), (10 mol %) and 1330
TEMPO (1S5 mol %). Furthermore, aryl tertiary a-ketoamides 1331
were easily prepared provided that TEMPO was not added to 1332
the reaction mixture. Under revisited conditions, secondary 1333
amines, such as pyrrolidine, piperidine, morpholine, piperazine 1334
derivatives, and diethylamine, took part in the cross-coupling 1335
reaction with terminal alkynes, giving the corresponding aryl 1336
tertiary a-ketoamides (13 examples) in moderate to good yields 1337
(54—85%). 1338

Sagadevan et al. disclosed a highly atom-efficient green 1339
process for the synthesis of a-ketoamides via oxidative 1340
amidation/diketonization of anilines with terminal alkynes, in 1341
the presence of molecular oxygen and light at room 134
temperature without the use of hazardous chemicals.”>> The 1343
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process, based on a light—copper-mediated synergistic double
activation of substrates, did not proceed upon exclusion of light
or O,. Optimization studies led to set conditions where a
mixture of MeCN—MeOH (1:1 v/v) was the best solvent
system and CuCl (5 mol %) the best catalyst, providing a-
ketoamides in generally good yields (Scheme 76). The protocol

Scheme 76. Oxidative Amidations/Terminal Alkynes
1155

Reported by Sagadevan et al.
CuCl (5 mol%) o
MeCN-MeOH

- @ @ -
O, (balloon) [¢]
blue LEDs

rt, 8-24 h

R = alkyl, aryl, heteroaryl
Ar = phenyl and derivatives

R—=
NHAr
+

ArNH; 38 examples

45-96%

was effective for a wide range of anilines and terminal alkynes.
However, neither N-substituted anilines nor aliphatic amines
were suitable substrates. Furthermore, electron-rich phenyl-
acetylenes suffered the concurrent homocoupling process,
which was eventually suppressed by dilution. Both electron-
rich and electron-neutral substituted anilines were well-
tolerated. On the contrary, the coupling reactions became
sluggish when employing scarce nucleophilic anilines. Terminal
alkynes other than arylacetylenes were also effective partners in
the coupling reaction with anilines.

The mechanism proposed for the highly efficient and green
process is depicted in Scheme 77. The in situ formed Cu(I)—
phenylacetylide 81, when excited by blue light, experienced a
ligand-to-metal-charge transfer (LMCT) that set the stage for a
single-electron transfer (SET) to molecular oxygen, providing
the Cu(II)—phenylacetylide complex 82. In the following step,
nucleophilic addition of aniline resulted in the formation of the
Cu(III) complex 83, which afforded the electron-rich ynamine
84, coordinated to Cu(I) ion, through reductive elimination.
The subsequent reaction of 84 with O, gave the copper(Il)—
peroxo complex 85, which first isomerized to the Cu(I) species
86 and then cyclized to the 1,2-dioxetene 87, precursor of the
desired a-ketoamide.

Several reports described the oxidation of ynamides to
produce a-ketoimides by using expensive transition-metal
catalysts, external oxidants, and harsh conditions that restricted
the practical apphcablht;r of the methods.'*® In this context,
Zhu and co-workers'>’ disclosed the validity of N-Boc-
ynamides as convenient starting materials for the preparation
of N-monosubstituted a-ketoamides upon exposure to the
inexpensive ecofriendly iodine/water/air oxidant system in the
presence of TFA as an additive. Thus, the N-Boc-ynamides
were easily prepared by coupling N-Boc-benzylamines or N-
Boc-anilines with terminal alkynes, including alkylacetylenes,
via the correspondm% bromoethynyl derivatives, according to a
reported procedure.’

As shown in Scheme 78, the key oxidation reaction simply
required stirring the mixture of ynamides and I, (1.5 equiv) in
MeCN—-H,O0 at room temperature under air in the presence of
TFA (1.0 equiv) to provide a-ketoamides in moderate to good
yields.

Control experiments demonstrated that both molecular
oxygen and water had an important role and that the oxidation
reaction occurred before the N-protective group removal. On
these bases, a possible starting step was the formation of an
iodonium intermediate 88, followed by regiospecific nucleo-

Scheme 77. Mechanism Proposed for the Light/Copper-
Mediated, O,-Promoted Oxidative Amidation of Terminal

Alkyneslss
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Scheme 78. Oxidative Amidations/Terminal Alkynes
Reported by Zhu and Co-Workers"’
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philic attack of water to produce the a-iodo ketone 89 (Scheme
79). Homolitic cleavage of its C—I bond generated the carbon
radical 90, which reacted with molecular oxygen to yield the
peroxy radical species 91. Eventually, hydroxyl radical expulsion
and TFA-promoted removal of the N-Boc protective group
gave the N-monosubstituted a-ketoamide. Combination of the
hydroxyl and iodine radicals resulted in the production of the
iodine electrophilic reagent HIO involved in the formation of
88.

At the same time, Shah and co-workers'® developed a metal-
free route for the synthesis of a-ketoamides using TMSOTY/1,/
DMSO as a novel catalytic system for the oxidative coupling of
terminal alkynes with virtually any primary/secondary amine.
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Scheme 79. Mechanism Proposed for the I,-Promoted
Aerobic Oxidative Amidation of N-Boc-ynamides"’
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1409 Importantly, the reaction afforded the a-ketoamides in high
1410 yields exploiting DMSO both as the solvent and the oxidizing
1411 agent, thus circumventing the need of any metal catalysts or
1412 external oxidizing agents. Optimal results were observed when
1413 the alkyne substrate was treated with TMSOTS (2.0 equiv) and
1414 I, (0.1 equiv) in DMSO at 80 °C (Scheme 80). Under these

Scheme 80. Oxidative Amidations/Terminal Alkynes
Reported by Shah and Co-Workers'®’
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1415 optimized conditions, various substituted phenylacetylenes
1416 smoothly reacted with a number of cyclic amines and anilines
1417 to give the corresponding tertiary and secondary a-ketoamides
1418 in high yields. The method was also successful in reacting
1419 diethylamine with phenylacetylene, and p-toluidine with 1-
1420 ethynylcyclohex-1-ene.

1421 As illustrated in Scheme 81, a plausible mechanism entailed
1422 the initial TMSOTf-promoted conversion of the terminal
1423 alkyne into vinyl triflate 92, which reacted with iodine to give
1424 the a-iodo acetophenone 93. The subsequent Kornblum
1425 oxidation afforded arylglyoxal 94, which was first activated by
1426 jodine and then attacked by the amine to give the iminium ion
1427 95. The latter intermediate reacted with the oxidizing agent
1428 DMSO to yield the 2-oxoamide products. Notably, DMSO was
1429 also involved in the recycling of I, through HI oxidation.

1430 3.2.1.8. Aryl-Terminal Alkenes. Aryl a-ketoamides have been
1431 recently prepared by Shah and co-workers'®" through the direct
1432 oxidative coupling of amines with readily available aryl-terminal
1433 alkenes. Three oxidation systems with different scope in
1434 substrates or reaction conditions were fit for the purpose
1435 (Scheme 82).

AA
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Scheme 82. Oxidative Amidations/Aryl-Terminal Alkenes

Reported by Shah and Co-Workers'®
Ar = phenyl and derivatives
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o= 1,/DMSO, 80 °C: 12 examples,
58-76% using secondary amines

[O]2 = I,/TBHP, rt, solvent-free:12 examples,
67-85% using secondary amines

[O]® = I,/SeO,, DMSO, 80 °C: 6 examples,
60-70% using primary anilines

Thus, in the [O]" system, DMSO solutions of aryl-terminal
alkenes and secondary amines were heated at 80 °C in the
presence of I, (1.0 equiv), while the [O]* system gave
enhanced yields of a-ketoamides by using the I,/ TBHP couple
at room temperature under solvent-free conditions. Oxidative
amidations performed with [O]' and [O]* systems tolerated
different styrene derivatives, but only secondary amines,
including piperidine with the acid-sensitive N-Boc protecting
group, were usable. Successive investigations led to the
selection of 1,/SeO, in DMSO at 80 °C as system [OJ}
effective in the oxidative coupling reaction with aromatic
primary amines. Thus, a variety of aniline derivatives bearing
both electron-withdrawing and electron-donating groups
reacted with styrene to afford secondary a-ketoamides.

Intriguingly, just a few months after Shah’s report, Ren et
al.'> obtained very similar results in their I,/TBHP/DMSO-
mediated oxidative amidation of unsaturated hydrocarbons.

In the same year, the Sekar research group disclosed its
finding on the direct oxidative coupling of styrene derivatives
with amines.'®> The metal-free one-pot synthesis of a-
ketoamides entailed the use of the inexpensive I,/IBX system
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1457 as the additive—oxidant pair in DMSO (Scheme 83). In detail,
1458 the styrene compound and L,/IBX (2.0 equiv each) were stirred

Scheme 83. Oxidative Amidations/Aryl-Terminal Alkenes
Reported by Sekar and Co-Workers'®®

R
Ar/4§§ + N 3
H R?

secondary
amines

DMSO, 80 °C| |2 (2.0 equiv)
6-12 h IBX (2.0 equiv)

14 examples
52-71%

Ar = phenyl and derivatives

1459 in DMSO at 80 °C for 3.5 h, and then amine (4.0 equiv) was
1460 added dropwise with stirring until completion of the reaction
1461 (3—13 h). As per Shah’s [O]' and [O]* systems, the I,/IBX-
1462 promoted oxidative amidation tolerated styrenes with sub-
1463 stitution at the phenyl ring with electron-withdrawing as well as
1464 electron-donating groups. While cyclic amines gave the desired
1465 products, neither aliphatic primary amines nor anilines were
1466 usable.

1467 Control experiments established that phenylglyoxal was
1468 formed under reaction conditions. Accordingly, a tentative
1469 mechanism called for the initial formation of iodohydrin 96,
1470 followed by an oxidative step giving the phenacyl iodide 97.
1471 The latter underwent Kornblum oxidation to phenylglyoxal 98,
1472 which afforded the desired a-ketoamides via DMSO- or IBX-
1473 promoted cross dehydrogenative coupling reaction with
1474 secondary amines (Scheme 84).

Scheme 84. Mechanism Proposed for the I,/IBX/DMSO
Oxidative Amidation of Aryl-Terminal Alkenes'®
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1475 3.2.1.9. 1-Arylethanols. At the end of 2014, Sekar and co-
1476 workers'® reported that copper(I) iodide was an efficient
1477 catalyst for the one-pot transformation of 1l-arylethanols and
1478 secondary amines into a-ketoamides by using the couple
1479 TBHP/O, as the oxidant system. As shown in Scheme 85, a
1480 mixture containing 1-arylethanol, Cul (30 mol %), and TBHP
1481 (5—6 M in decane, 2.0 equiv) was heated at S0 °C under an
1482 oxygen atmosphere. After consumption of the alcohol (3—8 h),
1483 the amine (3.0 equiv) was added and the mixture stirred at S0
1484 °C until completion of the reaction (10—59 h).

AB

Scheme 8S. Oxidative Amidations/1-Arylethanols Reported
by Sekar and Co-Workers'®*
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Control experiments indicated that the copper/TBHP
combination was responsible for the alcohol conversion into
aryl methyl ketone and that the copper/oxygen system was
involved both in the C(sp’)—H oxidation and in the
subsequent oxidative amidation. Importantly, the one-pot
multistep process worked only with Cul, while other copper
salts provided considerable amounts of the ketones. A wide
range of aryl alcohols reacted with cyclic and acyclic secondary
amines to yield a-ketoamides, together with small amounts (up
to 5%) of the corresponding amides. Importantly, no a-
ketoamide formation was observed upon carrying out the
reaction under a nitrogen atmosphere or using primary or
tertiary amines.

The above observations led to speculate whether the process
proceeded via a cleavage reaction of an aminodioxetane
intermediate, as previously advanced by Du and Ji'** for the
oxidative amidation of aryl methyl ketones.

3.2.2. Formamides and Formamidine as Nitrogen
Sources. In the following, applications of different formamides
as amine surrogates in oxidative amidation reactions are
detailed. Indeed, the stable C(sp?)—N bonds of DMF and
related N,N-disubstituted formamides may be cleaved under
both radical and acid conditions. Notably, formamides show
less pollution, odor, and toxicity with respect to the
corresponding amines.”’

3.2.2.1. Aryl Methyl Ketones. In 2012, a novel, environ-
mentally friendly protocol for the direct synthesis of a- 1511
ketoamides from aryl methyl ketones and N,N-dialkylforma- 1512
mides using TBAI/TBHP'®° oxidation system was reported by 1513
the group of Mai and Qu."®® Typically, the aryl methyl ketone/ 1514
N,N-dialkylformamide mixture (1:2.5 molar ratio) was heated 1s1s
at 100 °C in water in the presence of TBAI (20 mol %) and 1516
excess TBHP (5.0 equiv), as shown in Scheme 86. Though 1517
water was the solvent of first choice, good transformations were 1518
obtained under neat conditions as well. Different aryl methyl 1519
ketones and N,N-dialkylformamides took part efficiently in the 1520
oxidative amidation process. Notably, besides DMF and N,N- 1521
diethylformamide, piperidine-, morpholine-, and 4-methylpiper- 1522
azine-1-carbaldehydes were also effective sources of the 1523
corresponding amines. TBAI and TBHP were essential for 1524
the transformation. Moreover, the formyl group had a crucial 1525
role, as none of the desired products were obtained using N,N- 1526
dimethylacetamide or secondary amines as the nitrogen atom 1527
sources. Importantly, the intuition that under current oxidative 1528
conditions aryl methyl ketones could be formed from 1I- 1529
arylethanol precursors led to the extention of the method to 1s30
comprehend such substrates. 1531
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Scheme 86. Oxidative Amidations/Aryl Methyl Ketones
(formamides as nitrogen sources) Reported by Qu and Co-
Workers'
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1532 Phenylglyoxylic acid was not a partner of DMF, so the
1533 reaction pathway depicted in Scheme 87 was advanced as the

Scheme 87. Mechanism Proposed for the TBAI/TBHP
Oxidative Amidation of Aryl Methyl Ketones with
Formamides'*®
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1534 plausible mechanism through which aryl methyl ketones were
1535 coupled with N,N-dialkylformamides under TBAI-catalyzed
1536 conditions. The tert-butoxyl radical, catalytically generated in
1537 situ from the iodide anion oxidation, reacted with the N,N-
1538 dialkylformamide to produce homolytic C(sp*)—H bond
1539 cleavage followed by decarbonylation to the aminyl radical
1540 99. Its coupling with 100, in turn formed by tert-butoxyl radical
1541 hydrogen abstraction from the aryl methyl ketone, afforded the
1542 a-amino ketone 101. The latter was eventually oxidized to the
1543 desired a-ketoamide product, probably via intermediates 102—
1544 104.

1545 A very similar e;pproach was reported a year later by Wang
1546 and co-workers,"”” who accomplished the aryl methyl ketone/
1547 N,N-dialkylformamide oxidative coupling by using I,/ TBHP,'*’
1548 with the addition of benzoic acid as additive to promote the
1549 release of amines from formamides. Thus, a-ketoamides were
1550 obtained by heating at 80 °C for 12 h a toluene solution
1551 containing aryl methyl ketones and formamides (1:4 molar
1552 ratio), iodine (20 mol %), and TBHP and the additive benzoic

AC

acid (4.0 equiv each) (Scheme 88). To explore the scope and 1553 sss

limitation of the reaction, a wide array of acetophenones and 1554

Scheme 88. Oxidative Amidations/Aryl Methyl Ketones
(formamides as nitrogen sources) Reported by Wang and
Co-Workers'®’

i X
_R!
Ar)J\ TOHT NS
R2-
15 (20 mol%)

TBHP (4.0 equiv)
PhCOOH (4.0 equiv)

toluene
80°C,12h

20 examples
47-87%

Ar = phenyl and derivatives

formamides were tested. The results indicated that acetophe- 1555
nones with electron-withdrawing groups were better substrates 1556
than the ones bearing electron-donating groups, and that ortho- 1557
substituents slightly decreased yields of the corresponding a- 1558
ketoamides. With regard to the formamide components, it was 1559
observed that DMF was superior to N,N-diethylformamide and 1s60
that cyclic formamides were also compatible substrates. 1561
Notably, secondary formamides, namely, N-methylformamide 1562
and N-ethylformamide, worked effectively to deliver the 1563
corresponding secondary a-ketoamides in moderate yields 1564
(55% and 60% yields). 1565

As shown in Scheme 89, the first step along the reaction 1566 s89

pathway was the benzoic acid-promoted C—N bond cleavage of 1567

Scheme 89. Mechanism Proposed for the I,/TBHP
Oxidative Amidation of Aryl Methyl Ketones with
Formamides'®’

- o |~
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formamides. The resulting amines were then condensed with 1568
acetophenones to give enamines 105, which were transformed 1569
into a-ketoamides via phenacyl iodides 106, a-amino ketones 1570
107, and tert-butyl peroxides 108, through a cascade process 1571
similar to that postulated by the same authors for the related 1572
coupling of aryl methyl ketones with amines."*’ 1573

The broadly shared interest in developing copper-catalyzed 1574
methodologies suitable for carbon—heteroatom bond formation 1575
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led Zhou and Song to introduce in 2014 a new synthetic
approach to a-ketoamides from aryl methyl ketones and
dialkylformamides.'®® Thus, the power of the Cu(I)/O, system
in catalyzing oxidative amidations'**'** and that of carboxylic
acids in releasing amines from formamides'®’ could be
efficiently combined in order to prepare a-ketoamides from
aryl methyl ketones and formamides. Aryl methyl ketones gave
tertiary a-ketoamides upon treatment with formamides in the
presence of Cu,O (20 mol %) and acetic acid (2.0 equiv) under
oxygen atmosphere at 100—130 °C (Scheme 90). A variety of

Scheme 90. Oxidative Amidations/Aryl Methyl Ketones
(formamides as nitrogen sources) Reported by Zhou and
Song et al.'®®

o}

o
1
Ar)J\ * HJ\N/R"

R2-’

05, Cu,0 (20 mol%)

AcOH (2.0 equiv)

100-130 °C
10-36 h

[e) Ar = aryl, heteroaryl

23 examples
24-72%

phenyl-substituted as well as naphthyl and thienyl methyl
ketones reacted with DMF to give the corresponding N,N-
dimethyl-a-ketoamides in moderate to good yields. N-Formyl
cyclic amines were also decent amine sources, while a
disappointing result was obtained using diethylformamide
(<5% vyield).

Isotope-labeling experiments demonstrated that molecular
oxygen was incorporated in the final a-ketoamide products.
Moreover, the partly oxidized compounds phenylglyoxal and 2-
hydroxyacetophenone smoothly reacted with DMF under
standard conditions. Thus, in line with Du and Ji’s report,"**
a-ketoamides are likely to be formed through copper-mediated
dioxygen activation followed by C(sp®>)—H bond functionaliza-
tion and copper-catalyzed aerobic CDC reaction of arylglyoxals
109 with amines via hemiaminals 110 (Scheme 91).

A variety of primary aryl a-ketoamides were prepared
through a molecular iodine-catalyzed oxidative cross-coupling
of aryl methyl ketones with formamidine hydrochloride as a

Scheme 91. Mechanism Proposed for the Cu(I)/O,
Oxidative Amidation of Aryl Methyl Ketones with
Formamides'®®

0 B N
Ar)J\ Ar)SfN\"
0
Cu(l)/O, 0 Cu(l)
(¢}
A Jo:
1099 Cu(lly
co \
I-\\ (0] |-\‘\
HN Ar N
AcOH OH
HeoN, 1o
N

AD

free ammonia surrogate.'®® Aryl methyl ketones bearing
electronically neutral, electron-donating, and electron-with-
drawing substituents smoothly reacted with equimolar amount
of formamidine hydrochloride in DMSO at 110 °C in the
presence of I, (0.8 equiv), as shown in Scheme 92. Aryl and

Scheme 92. Oxidative Amidations/Aryl Methyl Ketones
(formamidine as nitrogen source) Reported by Wu and Co-
Workers'®

(0]
)J\ I, (0.8 equiv) o
Ar DMSO
+ B ———— /\r//u\\n/-NF12
J\Jl\'-"HCI 110°C, 11 h o)
20 examples
H™ NH, 43-89%

Ar = aryl, heteroaryl

heteroaryl primary a-ketoamides were prepared in moderate to
excellent yields, while aliphatic primary a-ketoamides could not
be prepared from alkyl methyl ketones and the ammonia
surrogate.

1604
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1609
1610
1611
1612

Control experiments indicated that the direct release of 1613

ammonia was not involved in the process and that N-formyl-2-
oxo-2-arylacetamides 113 were formed as intermediates. Thus,
in line with Vishwakarma’s proposition,"”" an iodination/

1614
1615
1616

Kornblum oxidation sequence accounted for the formation of 1617

2-oxoaldehydes 111, which underwent CDC reaction with
formamidine by I, activation (Scheme 93).

Scheme 93. Mechanism Proposed for the I,/DMSO
Oxidative Amidation of Aryl Methyl Ketones with

Formamidine'®
)OJ\ iodination 0 o
- o

Ar Kornblum ox. Ar)kf

111 H
formamidine-HCI DMSO/l,
oxidative
amidation

NH; o 4

o
Ar)J\[fH\ﬂ/H 4; Ar N\H/H

0 O O NH
H o
Ar)S(NHZ
o

113 112

Hydrolysis of the resulting intermediates 112 furnished the
imides 113, which were eventually transformed into the desired
a-ketoamides via an acid-catalyzed decarbonylation process.'®”

3.2.2.2. Ethylarenes. In 2014, Sun and co-workers'”’
reported the oxidative amidation of ethylarenes with N,N-
dialkylformamides in the presence of TBAI as a catalyst and
TBHP as the oxidant. The unprecedented transformation
entailed the sequential dehydrogenation of the five inert
C(sp®>)—H bonds of the ethyl group followed by the CDC
reaction with amines, in turn derived through radical cleavage
of formamides.

The environmentally friendly, mild, and metal-free process
gave access to a-ketoamides when mixtures of ethylarenes and
dialkylformamides (1:6 molar ratio) were heated at 80 °C

Cco
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1634 under air atmosphere in the presence of TBAI (20 mol %) and
1635 TBHP (12.0 equiv) (Scheme 94). Irrespective of both the

Scheme 94. Oxidative Amidations/Ethylarenes (formamides
as nitrogen sources) Reported by Sun and Co-Workers'”’
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23 examples
41-68%

Ar = phenyl and derivatives

1636 nature and the position of substituents on the phenyl ring, N,N-
1637 dimethyl-a-ketoamides were prepared in moderate yields by
1638 using DMF as the amine source. Diethylformamide as well as
1639 N-formyl cyclic amines were also suitable coupling partners to
1640 prepare tertiary a-ketoamides, while N,N-diisopropylformamide
1641 unexpectedly furnished secondary a-ketoamides, showing that
1642 cleavage of an alkyl C—N bond was also possible under the
1643 reaction conditions.

1644 Unlike phenylacetaldehyde, both 1-phenylethanol and
1645 acetophenone were suitable substrates under standard con-
1646 ditions. Moreover, dimethylamine was ineffective as a nitrogen
1647 source, and importantly, the addition of the radical scavenger
1648 TEMPO stopped the oxidative amidation process. Accordingly,
1649 a tert-butoxyl-promoted radical process at the benzylic C—H
1650 bond of ethylarenes was envisioned to produce 1-arylethanols
1651 114, which were oxidized by TBHP to the corresponding aryl
1652 methyl ketones 115 (Scheme 95). Eventually, the latter reacted
1653 with formamides along the steps already described for the

Scheme 95. Mechanism Proposed for the TBAI/TBHP
Oxidative Amidation of Ethylarenes with Formamides'”’

t-BuO t-BuOH
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. ©
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© Uy ly
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H,O + t—BuOO'v TBHP + OH

TBAI/TBHP oxidative coupling of aryl methyl ketones with 1654
dialkylformamides,'®® wherein the iodide/iodine catalytic cycle 1655
generated the fert-butoxyl radical species involved both in the 1656
activation of the C(sp®)—H benzylic bond and in the 1657
decarbonylation of formamides. 1658

4. C(1)-C(2) BOND-FORMING PROCESSES

This section includes methodologies for a-ketoamides 1659
preparation centered on the C(1)—C(2) o-bond construction. 1660
This operation has been accomplished for the most part 1661
through carbon—carbon retrosynthetic ionic disconnection 1662
devising C(1)-carbamoyl or C(2)-carbonyl umpoled synthons 1663
to react with normal polarized C(2) and C(1) carbonyl 1664
derivatives, respectively (Scheme 96).

Scheme 96. C(1)—C(2) Bond-Forming Processes
Ry

0 1 _N.
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i) Cyanomethylamines

i) Carbamoylstannane

iii) Carbamoylsilane

iv) Isocyanides

v) a,B-Unsaturated acetals

vi) Pd-Mediated coupling

vii) (Cyanomethylene)phosphorane
viii) Trimethylthiomethane

0 Ry |
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first second vii), viii)
step step

Thus, cyanomethylamine, carbamoylstannane, carbamoylsi- 1666
lane, and isocyanide reagents have been used as equivalents to 1667
C(1)-carbamoyl anions, while a,f-unsaturated acetals masked 166s
umpoled C(2) carbonyls (subsection 4.1). A Pd-mediated 1669
C(1)—C(2) coupling is accommodated in subsection 4.2. 1670
Eventually, strategies allowing for the sequential C(1)—C(2) 1671
and C(1)—N bond formation are discussed in subsection 4.3. 1672
Actually, (cyanomethylene)phosphorane and trimethylthio- 1673
methane acted as C(1)-carbonyl 1,1-dipole synthons, with the 1674
inverse and normal polarity accounting for C(1)—C(2) and 1675
C(1)—N sequential bond construction, respectively. 1676
4.1. C(1)—C(2) lonic Disconnections

4.1.1. Cyanomethylamines. The use of KH-deprotonated 1677
cyanomethylamines as C(1) umpolung reagents, originally 1678
introduced by Takahashi et al.'”" to prepare a-ketoamides by 1679
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1680 reaction with benzoic ester followed by oxidation with
1681 Cu(OAc),, was revisited by Wang and co-workers' "> 20 years
1682 later, providing a great improvement of the procedure. In detail,
1683 the safe base NaHMDS was added to a THF solution of
1684 cyanomethylamines and methyl esters of aryl carboxylic acids in
1685 order to produce the corresponding acylated cyanomethyl-
1686 amine sodium salts, which were directly oxidized by adding

97 1687 5.25% NaOCl solution (Clorox) at room temperature (Scheme
997 1688 97). This procedurally simple, one-pot operation provided aryl
1689 and heteroaryl a-ketoamides in good overall yields.
Scheme 97. C(1)—C(2) Bond-Forming Processes/
Cyanomethylamines Reported by Wang and Co-Workers'”>
oM R
e '
A /& + rN\RI
O N
NaHMDS (2.5 equiv)
THF
o R
Ar)J\e( N‘RI
CN
l Clorox™ (2.0 equiv)
t,8h
o R
Ar)H( N\R,
0]
13 examples
40-92%
Ar = 2-pyridyl, 3-pyridyl, 4-pyridyl,
N-Me-2-pyrrolyl, 4-t-BuCgHs
R = Et, Pr, «(CHp)g-
1600 4.1.2. Carbamoylstannane. The electrophilic substitution
1691 reaction at the Sn—C bond of (IN,N-diisopropylcarbamoyl)-
1692 trimethylstannane by acid chlorides opened a convenient and
1693 general route to a-oxoamides, including some members that
1694 were not easily prepared via other methods.'”* As shown in
98 1695 Scheme 98, benzene or toluene solutions of acyl chlorides and

Scheme 98. C(1)—C(2) Bond-Forming Processes/

Carbamoylstannane Reported by Tanaka and Co-Workers'”

2
MesS N
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(e}
benzene or toluene
rt,1h

(0] ll'-Pr
MesSnCl  + N
s R)k[( i-Pr
(o}
12 examples
70-87%

R = alkyl, aryl, heteroaryl

carbamoylstannane (1.1 equiv) were stirred at room temper-
ature for 1 h, producing the corresponding N,N-diisopropyl-2-
oxoamides. Methyl, isobutyryl, phenylacetyl, methacryloyl, and
cinnamoyl chlorides were suitable electrophiles. Not surpris-
1700 ingly, chloroacetyl chloride and perfluorobutanoyl chloride
1701 displayed lower reactivity than the foregoing acid chlorides;
1702 hence, heating of the reaction mixtures was required. Aromatic

1696
1697
1698
1699

AF

and heteroaromatic acid chlorides were also shown to be
sluggish partners of the carbamoylstannane, with prolonged
reaction times being required at room temperature. Impor-
tantly, this method had a major drawback, since the preparation
of the toxic organotin reagent required handling hazardous
carbon monoxide.

4.1.3. Carbamoylsilane. Almost contemporaneously,
Chen and Cunico'’* achieved the preparation of a-ketoamides
by coupling (N,N-dimethylcarbamoyl)trimethylsilane with acyl
chlorides in benzene or THF solution under anhydrous
conditions (Scheme 99). Side products were formed by
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Scheme 99. C(1)—C(2) Bond-Forming Processes/
Carbamoylsilane Reported by Chen and Cunico'”*
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10 examples
42-91%

R = alkyl, phenyl and derivatives, cinnamyl,
phenylethynyl, methoxycarbonyl

protonolysis of carbamoylsilane, with consequent production
of DMF, and over-reaction of the formed a-ketoamides.
However, tuning the amount of carbamoylsilane (1.1 equiv)
and the reaction temperature (room temperature or below)
usually allowed one to minimize these side processes.

As shown in Scheme 100, the O-acylation of the
carbamoylsilane was assumed to give transient isoimidium salt

1714
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1716
1717
1718
1719 s100
1720

Scheme 100. Mechanism Proposed for the
Carbamoyltrimethylsilane Coupling with Acyl Chlorides'’*
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116, which underwent trimethylsilyl chloride (TMSCI)
expulsion, generating the acyloxy(amino)carbene 117. The
latter eventually underwent rearrangement to the a-ketoamide
products. 1724

4.1.4. Isocyanides. In 1892, Nef'”® first described the 1725
interaction of isocyanides with acyl chlorides followed by 1726
hydrolysis of the resulting imidoyl chlorides to form a- 1727
ketoamides.'”® These findings remained largely ignored and 1728
were rediscovered by Ugi and Fetzer'”” more than 50 years ago 1729
with the successful preparation of 15 a-ketoamides by 1730
decomposition of the so-called a-adducts with water or formic 1731
or acetic acid. 1732

1721
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1723
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1733 Along their studies on the development of a practical and
1734 straighforward methodology for the preparation of a-
1735 ketoamides, Chen and Deshpande'”® exploited microwave
1736 technology to accelerate both formation and hydrolysis of
1737 imidoyl chloride a@-adducts. Thus, a-ketoamides were prepared
1738 in moderate to good yields by applying 100 W irradiation along
1739 with air-cooling both to the aromatic/aliphatic acyl chlorides—
1740 alkyl isocyanides condensation and to the CaCOj;-mediated
1741 hydrolysis of the resulting imidoyl chlorides (Scheme 101).

Scheme 101. C(1)—C(2) Bond-Forming Processes/
Isocyanides Reported by Chen and Deshpande'”®

X
1. Neat 0
R cl MW-cooling, 1 min H
+ — > R “R!
] . 2.CaCO0s, H0 o)
RI-N=C:  Mw-cooling, 1 min
10 examples
21-74%
R = phenyl and derivatives, 2-phenylethyl
R'=Bu, Bn, Cy

1742 El Kaim and Pinot-Perigord'”” employed trifluoroacetic
1743 anhydride as the electrophilic partner of isocyanides in an
1744 efficient preparation of a series of trifluoropyruvamide
1745 derivatives that were isolated as the corresponding crystalline
1746 and stable hydrates. A careful control of temperature and
1747 concentration was required to secure high yields. Thus,
1748 trifluoroacetic anhydride (1.2 equiv) was added to a cold
1749 (—80 to —60 °C) dichloromethane solution of isocyanides (1.0
1750 equiv, 0.35 M) under argon. After consumption of the
1751 isocyanide, water was added and the temperature brought to
1752 25 °C to perform hydrolysis (Scheme 102).

Scheme 102. C(1)—C(2) Bond-Forming Processes/
Isocyanides Reported by El Kaim and Pinot-Perigord'”’
R-N=C:

CH,Cl -80to -60 °C
15minto 10 h
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9 examples
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1753 Pirali and co-workers'® described a novel and reliable
1754 methodology to rapidly prepare structurally diverse a-
1755 ketoamides based on the reaction of acyl chlorides with a-
1756 unsubstituted and a-substituted isocyanoacetamides, easily
1757 accessible starting materials. As shown in Scheme 103, acyl
1758 chlorides and a-isocyanoacetamides (1.0 equiv) were efficiently
1759 coupled in dichloromethane in the presence of triethylamine
1760 (1.0 equiv) at room temperature for 1 h. The resulting 2-acyl-5-
1761 aminooxazoles were subjected to acid hydrolysis in THF and
1762 HCl 37% (100 p#L/0.10 mmol) for 1 h to give a-ketoamides in
1763 good yields.

AG

Scheme 103. C(1)—C(2) Bond-Forming Processes/
Isocyanides Reported by Pirali and Co-Workers'®*’

0 R R%
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13 examples
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R?-R3 = (CH),0(CHy),

HCI 37%
THF, 1 h, rt

The observations that the isoxazole intermediate derived 1764
from (S)-2-phenyl butanoyl chloride and N-benzyl isocyanoa- 1765
cetamide was a racemic mixture and that benzoyl chloride was 1766
an inadequate partner of isocyanides suggested involvement of 1767
a ketene in the reaction mechanism. Thus, the triethylamine- 1768
promoted dehydrochlorination of aliphatic acyl chlorides gave 1769
ketene electrophilic species promptly intercepted by isocya- 1770
nides (Scheme 104). The resulting nitrilium ions 118 17715104

Scheme 104. Mechanism Proposed for the Reaction of Acyl

Chlorides with a-Isocyanoacetamides'®’
[ E6N
H
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underwent internal attack by the nucleophilic oxygen atom of 1772
the proximal carboxamide functional group to release 119, 1773
which suffered a subsequent proton transfer, furnishing 1774
heterocyclic compounds 120, precursors of the a-ketoamides. 1775

One year later, the same group reported that syn- 1776
chlorooximes could be suitable electrophilic partners of 1777
isocyanides in a Passerini-type three-component reaction (P- 1778
3CR), providing syn-a-oximinoamides."®" 1779

As a natural extension of these findings, they decided to 1780
explore the reaction of a-isocyanoacetamides with chloroox- 1781
imes envisioned as in situ precursors of nitrile N-oxide 1782
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electrophilic species."® In such a way, they anticipated that
arylchlorooximes could be suitable reagents to overcome the
previously established'® inability of aromatic acid chlorides to
give aryl a-ketoamides by reaction with a-isocyanoacetamides.
Indeed, a series of 1,3-oxazol-2-oximes 121 were prepared in
good yields under the reaction conditions already applied for
acyl chlorides (Scheme 10S5). Treatment of 121 with HCI

Scheme 105. Mechanism Proposed for the Reaction of

Chlorooximes with a-Isocyanoacetamides'**
Nl,OH
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Ar = aryl, heteroaryl
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R2-R3 = (CHy)s, (CH2)20(CHy),,
(CH2)2NMe(CHa),, (CHz),CHBN(CHy),

afforded compounds 122, which could be transformed into aryl
a-ketoamides by copper(Il)-assisted hydrolytic removal of
hydroxylamine. The process was quite general as arylchloroox-
imes bearing both electron-withdrawing and electron-donating
substituents reacted smoothly with different tertiary o-
substituted or unsubstituted a-isocyanoacetamides.

Looking for novel isocyanide-based multicomponent reac-
tions (IMCRs),'® Zhu and co-workers'®* disclosed an
unprecedented one-pot process to achieve a-ketoamides
through a formal oxidative coupling of an aldehyde with an
isocyanide. Central to the serendipitous discovery was the
careful examination of the products arising from the U-4CR of
N-methylhydroxylamine, heptanal, benzyl isocyanide, and acetic
acid following the directions of Guanti and co-workers
(Scheme 106)."*° Surprisingly, the expected Ugi adducts
(63% overall yield) were accompanied by 10% of the
unexpected a-ketoamide. Subsequent investigations led to the
discovery that crucial parameters for a-ketoamide formation
were the use of excess acetic acid (9.0 equiv), molecular sieves
as additive (4 A MS, 750 mg/mmol of aldehyde), and methanol
as the solvent. Under these optimized conditions, the U-4CR

AH

Scheme 106. C(1)—C(2) Bond-Forming Processes/
Isocyanides Reported by Zhu and Co-Workers'**
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adducts were not detected while the a-ketoamide was obtained
in 65% yield. This gratifying result led to the study of the scope
and limitations of the method. Actually, both aromatic and
aliphatic isocyanides, including a-isocyanoacetates, underwent
the desired reaction, providing a-ketoamides in moderate to
good vyields (13 examples, 28—75%). Unlike aromatic
aldehydes, simple as well as highly functionalized and suitable
protected aliphatic aldehydes were effective substrates.

A plausible reaction sequence for the N-methylhydroxyl-
amine-promoted oxidative coupling of aliphatic aldehydes with
isocyanides is depicted in Scheme 107. Trapping of the nitrone

Scheme 107. Mechanism Proposed for the Formal Oxidative
Coupling of Aliphatic Aldehydes with Isocyanides'®*
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electrophile 123 by the isocyanide generated the nitrilium
intermediate 124, which rearranged to the a-acyloxyamino
amide 126 via the imidate intermediate 125, according to an
Ugi reaction pathway. The subsequent molecular-sieves-
promoted f-elimination of acetic acid furnished the a-
iminoamide 127, which eventually hydrolyzed to a-ketoamide.

Despite the formal oxidative coupling reaction of salicylalde-
hyde derivatives with isocyanides under oxidant-free conditions
having been occasionally used to prepare N-alkylated/arylated
a-aryl-a-ketoamides,"**'®” Zhu and co-workers'®* found that
aromatic aldehydes failed to be effective substrates in the one-
pot N-methylhydroxylamine-promoted oxidative coupling with

1811
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1818
1819
1820
1821 s107
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isocyanides. Ascribing this failure to the low electrophilicity of 1834
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1835 the aromatic nitrone intermediate, they anticipated that the use
1836 of a Lewis acid could favor the nitrone—isocyanide coupling to
1837 form a-aryl-a-ketoamides. Pleasingly, these compounds were
1838 obtained in satisfactory yields by performing the coupling
1839 reaction in THF in the presence of ZnCl, (3.0 equiv) and using
1840 both N-methylhydroxylamine and acetic acid as shuttle
1841 molecules (Scheme 108).'*® The new protocol worked

Scheme 108. C(1)—C(2) Bond-Forming Processes/
Isocyanides Reported by Zhu and Co-Workers'**

(0]

N
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THF, 4-AMs | NaHCOs (1.6 equiv)
48 h, rt ZnCly (3.0 equiv)
AcOH (3.0 equiv)

Ar N‘R
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15 examples
31-67%

Ar = phenyl and derivatives
R = alkyl, aryl

1842 effectively for a variety of representative aromatic aldehydes
1843 and isocyanides, well complementing the previous one'**
1844 applicable to aliphatic aldehydes only.

1845 From a retrosynthetic viewpoint, all of the hitherto discussed
1846 reactions of isocyanides served to connect electrophilic acyl
1847 synthons with carbamoyl anion equivalents, establishing a direct
1848 entry to a-ketoamides. However, condensation of isocyanides
1849 with carbonyl components, according to Passerini’s direc-
1850 tions,'” followed by a late-stage oxidation step, has been
1851 extensively used as an alternative two-step synthetic approach
1852 to a-ketoamides.

1853 In the original version, the P-3CR was certainly one of the
1854 most direct synthetic approaches to a-hydroxyamides, entailing
1855 a one-pot combinaton of an isonitrile, an aldehyde (or ketone),
1856 and a carboxylic acid in the following sequence: (1) activation
1857 of the carbonyl component by a Bronsted acid, (2) nucleophilic
1858 addition of isocyanide, (3) trapping of the nitrilium cation by
1859 carboxylate anion, and (4) Mumm rearrangement of the acyl
1860 imidate, giving a-acyloxycarboxamide (Scheme 109). At this
1861 stage, a mild hydrolytic step is required in order to achieve
1862 biologically relevant a-hydroxyamides.

1865 Semple et al.'”" developed an efficient P-3CR protocol
1864 enabling the direct access to a-hydroxyamides by using TFA
1865 (2.0 equiv) in the presence of pyridine (4.0 equiv) to efficiently
1866 promote both the initial coupling of isocyanides with N-
1867 protected a-aminoaldehydes and the final hydrolytic step. As
1868 anticipated, the a-trifluoroacetoxycarboxamide intermediates
1869 underwent facile hydrolysis during aqueous workup or by silica
1870 gel chromatography. The method was successfully applied for
1871 the preparation of the a-ketoargininamide thrombin inhibitor
1872 (Scheme 110). Thus, the reaction of N-a-Boc-argininal
1873 derivative 128 with ethyl isocyanoacetate 129 under TFA—
1874 pyridine-promoted P-3CR conditions gave compound 130. Its
1875 conversion to the advanced intermediate 131 called for removal
1876 of the N-protecting group, coupling to a lactam acetic acid
1877 moiety, and hydrogenolysis. Eventually, oxidation of the a-

Al

Scheme 109. Mechanism of the Passerini Three-Component
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Scheme 110. C(1)—C(2) Bond-Forming Processes/
Isocyanides Reported by Semple et al."”°
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a-ketoargininamide trombin-inhibitor

hydroxyamide moiety of 131 under Moffatt conditions
provided the target compound.

Interestingly, in 2015, Sunazuka and co-workers'”" reported
a Passerini-type reaction exploiting 3,5,6-trifluoro-2-pyridone as
an efficient organocatalyst for the a-addition of isocyanides to
aldehydes in the presence of water. Remarkably, this method
gave access to a-hydroxyamides, avoiding the severe conditions
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1885 required in mineral acid-catalyzed as well as Lewis acid-
1886 catalyzed versions of P-3CR.

1887 Alternatively, a-hydroxyamides could be obtained through a
1888 facile O- to N-acyl shift taking place by orthogonal N-
1889 deprotection of the Mumm rearrangement products 132
1890 resulting from N-protected a-aminoaldehydes (Scheme
1891 111)."”* Indeed, the stereoconservative Passerini/amine de-

Scheme 111. Passerini/Amine Deprotection/Acyl Migration
(PADAM) Process'”*

0
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1892 protection/acyl migration (PADAM) process delivered the
1893 stable adducts 133 featuring two different amide bonds and a
1894 central secondary alcohol, potentially oxidizable in a subsequent
1895 step to give a-ketoamides.

1896 Quite amazingly, a communication by Banfi et al.'® just a
1897 few months before reported the results of a Passerini
1898 multicomponent reaction of protected a-aminoaldehydes
1899 through a Boc-deprotection/transacylation process. The
1900 elegant PADAM strategy served as a concise, atom-economical
1901 synthetic entry to complex peptide-like substances, including
1902 enzyme inhibitors.

1903 Semple and co-workers apphed the PADAM strategy in the
1904 total synthesis of eurystatin A,'”> as well as to prepare the
1905 N(10)—C(17) fragment of cyclotheonamides.193 In the first
1906 case, a N-Fmoc deprotection/transacylation was triggered by
1907 Et;NH in dichloromethane at room temperature while, in the
1908 second one, treatment with Et;N at pH 9 served to promote
1909 the O- to N-acyl migration after N-Boc removal with HCI in
1910 MeOH.

911 The PADAM approach has been also used'”* to prepare a
1912 library of small molecules bearing an a-ketoamide warhead,
1913 evaluated as inhibitors of cathepsin S, a key proteolytic enzyme
1914 upregulated in many cancers during tumor progression and
1915 metastasis. Thus, P-3CR of a serine-based N-Boc-protected a-
1916 aminoaldehyde with ethyl isocyanoacetate and N-Boc cyclo-
1917 hexylalanine, followed by TFA-promoted N-Boc removal and
1918 Et;N-induced acyl migration, generated the a-hydroxy
1919 dipeptide 134 in high yield (Scheme 112). Coupling of the
1920 latter with 789 different acids generated a library of a-hydroxyl

1921 compounds 135, some of which were taken to the target a-
1922 ketoamides upon oxidation using Dess—Martin periodinane
1923 reagent.

AJ

Scheme 112. C(1)—C(2) Bond-Forming Processes/

Isocyanides Reported by Lin and Co-Workers'”*
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Cathepsin S inhibitors

Banfi and co-workers'” exploited the PADAM strategy to
achieve peptide-mimetic protease inhibitors. The salient steps
in this approach were the P-3CR and the sequential treatment
with TFA/Et;N system to trigger acyl migration. The
secondary alcohol oxidation was eventually performed with
NaOClI, KBr, and catalytic TEMPO.

Later, the same group succeeded in transferring the
methodology onto the solid-phase by using solid-supported
isocyanides.'*>'"” In this manner, libraries of S-acylamino-a-
hydroxyamides could be prepared in good yields and purities.
The subsequent oxidation with IBX in DMSO delivered the
corresponding a-ketoamides, which were recovered almost
quantitatively after removal from the resin with TFA or by
photoirradiation. The scope of the methodology was also
expanded via post-MCR transformations that allowed the rapid
access to highly functionalized 2(1H)-pyrazinones,'”® impor-
tant heterocyclic constituents of natural products.

Recently, the homo-PADAM protocol'”” has been intro-
duced to efficiently prepare the diastereomeric a-hydroxy-y-
acylaminoamides 136 by using N-Boc f-aminoaldehydes as
carbonyl components in the P-3CR (Scheme 113). Stereo-
specific post-MCR transformations of the separated a-
hydroxyamides led to highly substituted C(2) epimeric
chromanes, while Dess—Martin oxidation gave enantioenriched
a-oxo-y-acylaminoamides with values of enantiomeric excess
(ee) ranging from 92 to >99%.

In 2015, El Kaim and co-workers”” reported that the
Passerini adducts of cynnamaldehyde and analogues could be
efficiently converted into a-ketoamides by a two-step process

DOI: 10.1021/acs.chemrev.5b00443
Chem. Rev. XXXX, XXX, XXX—XXX

1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944 5113
1945
1946
1947
1948
1949
1950
1951
1952


http://dx.doi.org/10.1021/acs.chemrev.5b00443

s114

s11§
s115

Chemical Reviews

Review

Scheme 113. Homo-PADAM Protocol*”’
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1953 involving saponification of the acetyl ester and isomerization of
1954 the double bond (Scheme 114). In detail, a suspension of the

Scheme 114. C(1)—C(2) Bond-Forming Processes/
Isocyanides Reported by El Kaim and Co-Workers*’’

neat Ar/\/U\H
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7 examples
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1955 Passerini adducts and Cs,COj; (1.0 equiv) in trifluoroethanol
1956 was heated at 140 °C under microwave conditions. The
1957 method strongly depended on the nature of the N-amide
1958 substituent: N-cyclohexyl and N-tert-butyl amides were superior
1959 to benzyl amides, while both phenyl and furan were well-
1960 tolerated aryl groups. Unlike previously discussed syntheses of
1961 ketoamides exploiting P-3CR, the present one did not require
1962 any late-stage oxidation step. However, the Passerini—
1963 saponification sequence was restricted to the formation of a-
1964 ketoamides substituted at the C(4) position by aryl or
1965 heteroaryl groups.

w66  4.1.5. a,f-Unsaturated Acetals. A nonconventional
1967 synthetic approach for a-ketoamides preparation through
1968 C(1)—C(2) o bond construction entailed the use of
1969 deprotonated a,f-unsaturated acetals 137 as C(2) umpolung
1970 reagents.201 Thus, metalation of 137 with Schlosser’s base
1971 generated a nucleophilic species that intercepted electrophilic
1972 N-alkyl/aryl isocyanates to give the E-stereodefined a-
1973 ethoxydienamides 138 after mild acidic workup (Scheme
1974 115). The subsequent treatment with a stoichiometric amount

AK

Scheme 115. C(1)—C(2) Bond-Forming Processes/a,f}-

Unsaturated Acetals Reported by Prandi and Co-Workers*"'
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of PTSA monohydrate in CH,Cl,/MeOH solvent mixture 1975
promoted a facile, selective hydrolysis of the vinyl ether moiety 1976
with formation of the f,y-unsaturated secondary a-ketoamides. 1977

4.2, Pd-Mediated Coupling

Recently, a palladium(II)-catalyzed chemoselective insertion of 1978
an acyl moiety into organic cyanamides has been conveniently 1979
utilized for the synthesis of N-monosubstituted a-ketoa- 1980
mides.””> Under optimized reaction conditions, heating 1981
equimolar amounts of organic cyanamides and glyoxylic acids 1982
in the presence of Pd(TFA), (10 mol %) and ammonium 1983
persulfate (2.0 equiv) in dichloroethane (DCE) at 80 °C for 2 h 1984

produced a-ketoamides (Scheme 116). Both pyruvic acid and 198s s116

Scheme 116. C(1)—C(2) Bond-Forming Processes/Pd-
Mediated Coupling Reported by Patel and Co-Workers®
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1986
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alkylcyanamides gave unsatisfactory results, while N-phenyl-
cyanamides and phenylglyoxylic acids bearing halides, methyl,
and methoxy groups on the phenyl rings were well-tolerated.
Indeed, the reaction resulted in a convenient preparation of N-
aryl monosubstituted aryl a-ketoamides, although difficulties
emerged at a 5.0 mmol scale. Interestingly, the Pd-promoted
acyl insertion process occurred exclusively at the cyanamide
functional group, while other cyano groups were unaffected.
Results from a series of control experiments supported the
mechanism outlined in Scheme 117, involving a Pd(II)/Pd(IV)
cycle based on the dual role of ammonium persulfate as a
radical initiator and oxidant. Thus, the Pd(IV) complex 139
bearing carbodiimide and acyl ligands was formed by reaction
of a PA(I) species with organic cyanamides, ammonium
persulfate, and acyl radicals, in turn generated by oxidative
decarboxylation of glyoxylic acids. The subsequent isomer-
ization of 139 to the complex 140 via Pd-12 migration,

1996
1997
1998
1999
2000
2001
2002
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Scheme 117. Mechanism Proposed for the Pd(II)-Catalyzed
Chemoselective Insertion of an Acyl Moiety into Organic
Cyanamides”’*
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2003 followed by reductive elimination, released the acyl amidines
2004 141, which were promptly hydrolyzed to a-ketoamide
2005 compounds.

4.3. Formation of Sequential C(1)—C(2) and C(1)—N Bonds

2006  4.3.1. (Cyanomethylene)phosphorane. Wasserman and
2007 co-workers”> 7> developed a very important and general
2008 methodology to prepare a-keto acid, ester, and amide
2009 derivatives entailing ozone-mediated oxidative cleavage of
2010 cyanoketophosphoranes 142 (Scheme 118). The latter could
2011 be efficiently prepared by reaction of (cyanomethylene)-
2012 triphenylphosphorane (Ph;P—=CHCN) with acyl chlorides in
2013 the presence of the proton sponge N,O-bis(trimethylsilyl)-
2014 acetamide (BSA). As an alternative way, carboxylic acids were
2015 directly coupled with the Wasserman ylide in the presence of
2016 WSC. The ozonolysis of compounds 142 at low temperature

Scheme 118. Wasserman’s Approach to a-Keto Acid, Ester,
and Amide Derivatives
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gave labile, highly electrophilic a,f-diketo nitriles 143, which 2017
intercepted nucleophiles such as water, alcohols, or primary 2018
amines to give unstable cyanohydrins 144, eventually providing 2019
a-keto acids, esters, and secondary amides, respectively. 2020
Dimethyldioxirane was selected in place of ozone as a milder 2021
oxidant to perform the carbon—phosphorus double bond 2022
cleavage of substrates bearing sensitive functional groups.””” 2023

The ylide reagent, acting first as a nucleophile and later as a 2024
powerful electrophile, served as a carbonyl 1,1-dipole equivalent 2025
for the installation of the electrophilic, biologically active a- 2026
diketo functional group at the C-terminal of peptides as well as 2027
internal to a peptide motif. 2028

Application of the acyl cyanophosphorane methodology to 2029
the synthesis of biologically relevant molecules containinig a- 2030
ketoamide moieties has been discussed in an account by 2031
Wasserman and Parr.””® As an example, the synthesis of the 203
prolyl endopeptidase inhibitor poststatin entailed coupling of 2033
N-Cbz-protected (S)-2-aminobutanoic acid with 2034
(cyanomethylene)triphenylphosphorane, as outlined in Scheme 2035
119. The resulting acyl cyanophosphorane 145 was trans-

Scheme 119. C(1)—C(2) Bond-Forming Processes/
(Cyanomethylene)phosphorane Reported by Wasserman
08

and Parr
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formed into compound 146 by N-deprotection and reaction 2037
with N-Cbz-protected valylvaline under standard peptide- 2038
coupling conditions. At this stage, ozonolysis served to generate 2039
the electrophilic diketonitrile intermediate that reacted in situ 2040
with D-leucylvaline O-benzyl ester. Eventually, hydrogenolytic 2041
N,O-deprotection afforded the pentapeptide poststatin together 2042
with about 15% of its epimer, as revealed by NMR analysis. 2043

The Wasserman protocol was also successfully employed for 2044
the preparation of verongamine, hemibastadin-2, and aero- 204s
thionin (Figure 14), a group of antibiotic marine metabolites
containin§ vicinal dicarbonyls in the form of a@-oximino
amides.”” 2048

Moreover, the versatilitg of the method allowed the synthesis 2049
of eurystatins A and B,”'” in addition to cyclotheonamides E2 2050
(CtE2), E3 (CtE3),”* and C (CtC).*"! 2051

In the synthesis of eurystatins A and B, salient features were 2052
represented by the carbonyl-extended tripeptide assembly by 2053
application of the acyl cyanophosphorane methodology and the 2054
subsequent macrocyclization using DPPA as carboxyl-activating 20ss
system under conditions of high dilution (Figure 15).

Synthetic approaches to CtE2 and CtE3*”® by Wasserman 2057
and to CtC”'' by Aitken exploited the Arg-derived 20ss f16

2047
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Figure 14. Antibiotic marine metabolites prepared by the Wasserman
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Figure 15. Salient features of the synthesis of eurystatins A and B.>"

fl6 2059 cyanophosphorane shown in Figure 16 as a suitable synthon,

2060 giving linear pentapeptides ready for the macrolactamization.
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Figure 16. Arg-derived cyanophosphorar)e.206’211

2060 Wasserman reported a successful macrocyclization of a
2062 vinylogous L-tyrosine derivative (V-Tyr) via carboxylate
2063 activation with the DCC/PFP—OH system, while Aitken
2064 used a fully conjugated substrate (D-V-Tyr) in combination
2065 with TBTU and a catalytic amount of HOBt (Figure 17).

2066 Besides applications toward the synthesis of peptide
2067 mimetics containing the a-ketoamide linkage, the cyano ylide
2068 coupling methodology was also fruitful to prepare the related
2069 naturally occurring aminopeptidase inhibitors phebestin,
2070 probestin, and bestatin. In these approaches, the featured a-
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Figure 17. Salient features of the synthesis of CtE2, CtE3, and
CtC 206211

hydroxyamide functional motif resulted from the Zn(BH,),
diastereoselective reduction of the a-ketoamide precursors at
_7g 0210

Wasserman’s elegant and convergent methodology has been
applied also to the synthesis of a series of potent lipase
inhibitors featuring the electrophilic 2-oxoamide functionality
attached to a lipophilic domain. Thus, Lee and co-workers
prepared the y-amino acid based inhibitors*"* as well as
triacylglycerol-based inhibitors”'® (Figure 18) following the
Wasserman protocol.

2071
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Figure 18. y-Amino acid-based inhibitors (top) and triacylglycerol-
based inhibitors (bottom) prepared by the Wasserman protocol.*'>*"?

The HCV NS3 protease inhibitor, featuring a glycine a- 2081
ketoamide pentapeptide skeleton (Scheme 120), was obtained 2082 s120
at Bristol-Myers Squibb Co. by use of the Wasserman ylide.”'* 2083
Its coupling with the N-CBz-protected cyclopropane a- 2084
aminocarboxylic acid 147 gave the cyano keto ylide 148, 2085
which underwent ozonolysis and in situ trapping with glycine 2086
tert-butyl ester. The resulting glycine ketoamide was trans- 2087
formed into the biologically active target through a five-step 2088
sequence involving NaBH, reduction of the a-carbonyl group, 2089
to prevent interference with subsequent coupling reaction, and 2090
restoration of the a-ketoamide functional group at a late stage 2091
via Dess—Martin oxidation of the secondary alcohol. 2092

As reported in subsection 2.1,”° a-ketocarbonyl peptides 2093
have been prepared via selective conversion of the N-terminal 2094
a-amino group of peptides into a a-ketocarbonyl moiety on a 2095
solid phase through a copper ion-catalyzed transamination 2096
reaction. 2097

Later, the same research group devised a different synthetic

2098
strategy useful to produce internal a-ketoamide peptide 2099
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Scheme 120. C(1)—C(2) Bond-Forming Processes/

(Cyanomethylene)phosphorane Reported by Han et al.”'*
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1,2-ethanedithiol in the presence of BF;-Et,O occurred with 2111
simultaneous deprotection of the tert-butyl ester functional 2112
group. 2113

The N-Fmoc-protected dipeptidyl compounds TD were 2114
attached to resin-bound peptide 149 using HATU, HOAt, and 2115
N-ethylmorpholine (NEM) as the coupling agent system 2116
(Scheme 122). The resulting peptides 150 were converted 2117

Scheme 122. SPOCC Approach to Resin-Bound Peptide
Isosteres”'”
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2100 libraries suitable for protease inhibitor screening on a solid
2101 support.””> The Wasserman method, broadly employed in
2102 solution-phase synthesis to introduce the a-ketoamide moiety
2103 into peptide backbones, was suitably adjusted to achieve a series
2104 of model peptides through solid-phase organic and combina-
2105 torial chemistry (SPOCC). Thus, the N-Fmoc-protected,
2106 stereodefined a-ketoamide dipeptidyl compounds KD were
2107 prepared according to the cyanophosphorane methodology
s1i21 2108 (Scheme 121). At this stage, the highly electrophilic dicarbonyl
2109 moiety of KD, incompatible with SPPS conditions, was masked
2110 to give thioketal derivatives TD. Pleasantly, the reaction with

into 151 by introduction of glutamine as the N-terminal amino 2118
acid under standard SPPS protocols. Eventually, reaction of 151 2119
with NBS unmasked the a-ketoamide functional group, 2120
addressing pure resin-bound peptide isosteres for protease 2121
inhibitor screening on solid support. 2122

Lee”'®*"” used the original Wasserman ylide to develop a 2123
cyanoketophosphorane reagent suitable for olefination reac- 2124
tions with carbonyl compounds. Thus, the new Horner— 2125
Wadsworth—Emmons reagent 152 has been obtained either by 2126
coupling diethylphosphonoacetic acid with Wasserman’s 2127

Scheme 121. C(1)—C(2) Bond-Forming Processes/

(Cyanomethylene)phosphorane Reported by Papanikos and

Meldal”*®

KD = Keto Dipeptide

TD = Thioketal Dipeptide The Wasserman

cyanophosphorane in the presence of WSC or in a two-step 2128
procedure entailing the condensation of chloroacetyl chloride 2129
with the cyanophosphorane reagent followed by Arbuzov 2130
reaction (Scheme 123). Actually, the new cyanoketophosphor- 2131
ane reagent 152 reacted with aryl/aliphatic aldehydes to give 2132
(E)-configured f,y-unsaturated a-ketocyanophosphoranes 153 2133
in good yields. The subsequent hydrogenation over Pd/C 10% 2134

method afforded the cyanoketophosphoranes 154 suitable for installa- 2135
FmocHN N\)]\ tion of the a-diketo functional group according to Wasserman’s 2136
Ot-Bu procedure. 2137
]
R0 An alternative, easy, high-yielding, one-pot synthesis of 153 2138
si KD entailed the alkylation of 155 with primary alkyl bromides in 2139
BFs ELO [ the presence of NaH or BuLi followed by thermal phenyl- 2140
SH Sﬁ\s o] sulfenic acid elimination (Scheme 123).*'® The stable solid 2141
FmocHN QI\OH sulfinyl compound 155 was readily prepared by coupling the 2142

R"=Me; R2=/ Bu
R" = Me; R? = (CH,),-Ph
R'=i-Bu; R? = -Bu
R = j-Bu; R? = (CH,),-Ph
R'=Bn; R?=i-Bu
R" =Bn; R? = (CH,),-Ph

AN

cheap phenylsulfinylacetic acid and Wasserman’s cyanophos- 2143
phorane in the presence of WSC/DMAP. It is noteworthy that 2144
the synthetic strategies to cyanoketophosphoranes devised by 2145
Lee widen the scope of Wasserman’s approach to a- 2146
ketoamides. 2147

4.3.2. Trimethylthiomethane. Lithiotrismethylthiome- 2148
thane has been used as a reagent equivalent to a carbonyl 2149
1,1-dipole, allowing the two-step synthesis of a-hydroxyamide 2150

DOI: 10.1021/acs.chemrev.5b00443
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Scheme 123. Synthetic Strategies to
Cyanoketophosphoranes Suitable for Olefination
Reactions”'¢7>'*
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+
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159 (Scheme 124). The latter was an advanced intermediate
toward the phospho-Ser-Pro a-ketoamide, designed as inhibitor
of Pin 1, a peptidyl prolyl isomerase involved in many cellular
events and playing an important role in oncogenesis.”" Actually,
the umpoled reactivity provided with the organometallic
reagent served the purpose of forming the carbon—carbon
bond with the serine-derived aminoaldehyde 156 to give the
orthothioester 157. Reaction of the latter with the proline-
amide derivative 158 under HgO/HgCl, catalysis allowed the
C(1)-N bond formation, giving the diastereomeric a-
hydroxyamides 159. Interestingly, the DMP oxidation, while
removing chirality at the a-carbon, produced epimerization of
the adjacent stereogenic center, providing the corresponding a-
ketoamide as a 1:1 diastereomeric mixture. Noteworthy, a five-
step sequence was required to get phosphorylation of the serine
side-chain of the target molecule.

5. C(2)—R/AR BOND-FORMING PROCESSES

In this section, two strategies for the preparation of a-
ketoamides through C(2)—R/Ar ¢ bond formation are
discussed, with either C(2)-electrophilic or C(2)-nucleophilic
species being involved.

As summarized in Scheme 125, in subsection 5.1 we report
methods using oxalyl chloride, monooxalyl chlorides, and
oxamides as C(2)-electrophile partners of both aryls and
metalated alkyl/aryl reagents. The processes applying the
complementary approach, namely, the use of C(2)-umpoled
glyoxylic acid derivatives, are discussed in subsection S.2.

AO

Scheme 124. C(1)—C(2) Bond-Forming Processes/
Trimethylthiomethane Reported by Xu and Etzkorn®'
CH(SMe)s, BuLi

o
THF, -78 °C BocHN\)J\H
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Scheme 125. C(2)—R/Ar Bond-Forming Processes
X = Cl; OR; NR'R?

T
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i) Oxalyl chloride

if) Monooxalyl chlorides

iii) Oxamides

iv) Enolate of ethyl diethoxyacetate
v) Enolate of cyanoacetylpiperidine
vi) NHC-Glyoxamide systems

Herein, starting materials were the enolates derived from ethyl
diethoxyacetate or cyanoacetylpiperidine, as well as N-
heterocyclic carbene—glyoxamide systems.

Obviously, synthetic approaches making use of oxalyl
chlorides, monooxalyl chlorides, and oxamides required a
supplementary step in order to complete the a-ketoamide
functional group installation, as all of these reagents lack of the
amide functional motif.
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5.1. C(2)-Electrophilic Oxalic Acid Derivatives

2185 5.1.1. Oxalyl Chloride. N-Methylindole as well as N-benzyl
2186 derivatives have been functionalized at C(3) by reaction with
2187 oxalyl chloride (2.0-3.0 equiv) in diethyl ether at 0 °C
2188 followed by treatment with ammonium hydroxide solution or
2180 HMDS. The resulting indole-3-glyoxylamides served as starting
2190 materials both to prepare indolylaryl- and bisindolylmalei-
2191 mides,”'” biologically active heterocyclic compounds, and
2192 synthesize an indole inhibitor of phospholipase A,, respec-
2193 tively.””* Similarly, a one-pot three-component general
2194 approach for the synthesis of a variety of indole-3-
2195 glyoxylamides entailed treatment of the crude indole-3-glyoxyl
2196 chlorides with aliphatic or aromatic primary amines (Scheme
2197 126).%%

Scheme 126. C(2)—R/Ar Bond-Forming Processes/Oxalyl

Chloride Reported by Stefani et al.”*'
@ (COCl),
N i-Pr,EtN, THF
H

)

%C'
|
N 0]
0O H
Oy o
N 0]
H

7 examples R =alkyl, aryl

44-80%

2108 5.1.2. Monooxalyl Chlorides. Phenol has been used as an
2199 activated aryl nucleus for acylation with ethyl chlorooxoacetate
2200 under Friedel—Crafts conditions.””* The resulting 4-hydrox-
2201 yphenylglyoxylic acid was converted into a series of estrogen-
2202 mimicking a-ketoamide derivatives via esterification under
2203 standard conditions, followed by heating in the presence of an
2204 amine partner in a CEM microwave synthesizer, without the
2205 need for protection of the reactive phenol (Scheme 127). The
2206 two-step sequence proved to be general for both primary and
2207 secondary amines, although the expected a-ketoamides were
2208 formed in poor to moderate yields.

Scheme 127. C(2)—R/Ar Bond-Forming Processes/
Monooxalyl Chlorides: Reported by Tomkinson and Co-

Workers>**
1. CICOCO,E, AICI3
2. MeOH, HCI
HO 50% l
(0]
/@)H(OMB
(0]
HO
(0] $L\ 3*\
N, :
/@){W Rz MW, 10W | N
HO 0 105°C  primary and
10 min  secondary
7 examples amines
25-72%
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Zhang and co-workers™*” reported a cross-coupling reaction 2209
of phenylacetylene or 1-naphthylacetylene with diethylami- 2210
nooxalyl chloride (1.2 equiv) in the presence of Cul (S mol %) 2211
and EN (2.0 equiv) in THF at room temperature for 12 h 2212
(Scheme 128). The reaction likely involved alkynylcopper 2213

Scheme 128. C(2)—R/Ar Bond-Forming Processes/
Monooxalyl Chlorides Reported by Zhang and Co-
Workers**?

o Et
o+ CI)HfN‘Et
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o IIEt
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AN

intermediates formed in situ by reaction of aryl-terminal 2214
alkynes with cuprous iodide. Importantly, the process allowed a 2215
simple and direct entry to 2-oxo-3-butynamides, which 2216
otherwise are difficult to obtained by an amidation reaction, 2217
because of competitive amine addition to the Michael acceptor 2218
substrates. 2219

5.1.3. Oxamides. Symmetrically N-tetrasubstituted amides, 2220
derived from oxalyl chloride, have been used as electrophilic 2221
counterparts of organometallic reagents. Adams et al.*** 202
demonstrated that only one of the carbonyl groups of 2223
dimethyloxanilide underwent an acyl substitution reaction in 2224
the presence of a large excess of Grignard reagent, providing 2225
the corresponding a-ketomethylanilide. 2226

Later, symmetric oxamides were combined with aryl lithio 2227
reagents to provide a-ketoamides in low to good yields.”*>**° 2228
Interestingly, N,N’-dimethoxy-N,N’-dimethylethanediamide, a 2229
stable crystalline compound easily prepared by reaction of 2230
oxalyl chloride with N,O-dimethylhydroxylamine hydrochlor- 2231
ide, reacted with Grignard reagents (1.1—1.5 equiv) in THF at 2232
0 °C for 1-4 h to provide a-ketoamides in moderate to 2233
excellent yield (Scheme 129).>*” Importantly, the N-demethox- 2234

Scheme 129. C(2)—R/Ar Bond-Forming Processes/

Oxamides Reported by Sibi et al.”*’
(0] QMe (0] QMe
1. RMgBr
Me\ITIJSfN‘Me _ R)SfN\Me
OMe O 2.HCl o}
11 examples

R = alkyl, aryl, heteroaryl 28-90%

ylation of the formed compounds was the main undesired 2235
reaction. Primary and secondary aliphatic, aromatic, and 2236
heterocyclic organomagnesium reagents gave the expected a- 2237
ketoamides without formation of overaddition products 2238
(tertiary alcohols). 2239

5.2. C(2)-Umpoled Glyoxylic Acid Derivatives

5.2.1. Enolate of Ethyl Diethoxyacetate. Sequential 2240
amine-promoted ring-opening reaction of N-substituted 3,3- 2241
diethoxy-azetidin-2-ones 163 and hydrolysis of the resulting 2242
ketal intermediates 164 were envisioned as a useful means for 2243
the preparation of racemic f-amino-a-ketoamides (Scheme 2244
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2245 130).”*® Thus, the condensation of silyl imine 160 with lithium
2246 ethyl diethoxyacetate 161 provided the N-deprotected

Scheme 130. C(2)—R/Ar Bond-Forming Processes/Enolate
of Ethyl Diethoxyacetate Reported by Khim and Nuss***
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I
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R? e
NH O H0, 1t 12h NH O
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2247 azetidinones 162. At this stage, introduction at the nitrogen
2248 atom of electron-withdrawing groups, such as p-toluenesulfonyl
2249 (p-Ts) and allyloxycarbonyl (Alloc), was required in order to
2250 make heterocyclic substrates 163 ready for the nucleophilic
2251 ring-opening reaction.

252 Various primary and secondary amines were suitable
2253 nucleophiles, including the Wang resin-bound phenylalanine.
2254 The resulting a-ketal amides 164 were produced in excellent
2255 yields at room temperature, regardless of the substituents on
2256 the nitrogen of the azetidinone. Interestingly, sluggish ring-
2257 opening reactions such those with L-phenylalaninol and r-valine
2258 methyl ester (L-Val-OMe) could be efficiently performed by
2259 using cyanide catalyst. Eventually, hydrolysis of intermediates
2260 164 was performed in a mixture of TFA, acetone, and H,0O
2261 (9:1:0.1 ratio) at room temperature for 12 h, giving rise to the
2262 racemic f-amino-a-ketoamides in good yields.

263 It is worthy of note that the methodology was successfully
2264 applied to the synthesis of poststatin on a solid support. The
2265 ketal pentapeptide was recovered in ca. 14% overall yield after
2266 resin cleavage, although its hydrolysis turned out to be
2267 extremely sluggish (ca. 7 days).

268 5.2.2. Enolate of Cyanoacetylpiperidine. In 2005, Wang
2269 and co-workers”” exploited the 1-cyanoacetylpiperidine anion
2270 as an umpolung-type equivalent of a glyoxamide moiety.
2271 Actually, several heteroaryl chlorides cleanly reacted by the
2272 SNAr path with the aminocarbonylacetonitrile in the presence
2273 of NaH. The resulting stabilized anions were in situ oxidized by
2274 peracetic acid at room temperature, providing labile cyanohy-
2275 drins that were promptly transformed by aqueous workup into
2276 a-ketoamide derivatives (Scheme 131).

277 5.2.3. NHC—Glyoxamide Systems. N-Heterocyclic car-
2278 benes (NHCs) are versatile organocatalysts for carbonyl
2279 reversal of polarity through formation of the nucleophilic
2280 Breslow intermediate.**’

Scheme 131. C(2)—R/Ar Bond-Forming Processes/Enolate
of Cyanoacetylpiperidine Reported by Wang and Co-
Workers**’

|
Ar” c
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Rovis and co-workers”" reported the intermolecular Stetter 2281
reaction of morpholino-glyoxamide and symmetrically esterified 2282
alkylidenemalonates. The resulting a-ketoamides were prepared 2283
in good yields and enantioselectivities by using the phenyl- 2284
alanine-derived triazolium salt precatalyst under mild con- 2285
ditions (Scheme 132).

Scheme 132. C(2)—R/Ar Bond-Forming Processes/NHC—
Glyoxamide Systems Reported by Rovis and Co-Workers”*'
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Similarly, Michael addition products containing two adjacent 2287
stereogenic carbon centers could be obtained from alkylidene 2288

ketoamides (Scheme 133).”>* The reaction tolerated a variety 2289 5133

of functional groups, providing a-ketoamides suitable for 2290
further transformations into useful chiral nonracemic building 2291
blocks for synthetic applications. 2292

Scheme 133. C(2)—R/Ar Bond-Forming Processes/NHC—
Glyoxamide Systems Reported by Liu and Rovis**>
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2293 Importantly, the Michael adducts proved to be configura-
2204 tionally stable at the epimerizable C(4) carbon, owing to a
2295 strong A, ; strain effect in the corresponding enolic form
2296 (Figure 19).

IYIe

N__O
Me” o} o
OH R' O

Figure 19. The A, ; strain effect.

2297 A recent application served to prepare piperodione, a
2298 physiologically active secondary metabolite isolated from the
2299 Javanese pepper plant Piper retrofractum.”>”>** The key
2300 synthetic step was the microwave-assisted Michael addition of
2301 C(2)-umpoled glyoxamides 165 to the aryl vinyl ketone 166
2302 (Scheme 134). These reagents, easily prepared from

Scheme 134. C(2)—R/Ar Bond-Forming Processes/NHC—
Glyoxamide Systems Reported by Csuk and Co-Workers***
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2303 commercially available and cheap starting materials, smoothly
2304 coupled in the presence of Et;N and catalytic amounts of
2305 thiazolium chloride 167, providing the natural target and
2306 analogs. Notably, the convergent and efficient synthesis
2307 afforded piperodione in 92% yield, avoiding complex extractive
2308 procedures from the plant material, which contains the active
2309 substance in very small amounts (0.0002%).

6. PALLADIUM-CATALYZED
DOUBLE-CARBONYLATIVE AMINATION

2311 In 1982, Ozawa and Yamamoto™*® reported the transformation
2312 of preformed methyl- and phenylpalladium complexes into a-
2313 ketoamides under a carbon monoxide atmosphere, in the
2314 presence of secondary amine nucleophiles. Soon after, they”*®
2315 and others™’ disclosed that the double carbonylation of
2316 organic moieties also occurred when the organopalladium
2317 complexes were originated catalytically in situ by the action of
2318 palladium species onto aryl, heteroaryl, and alkenyl halides, thus
2319 establishing a new direct entry into a-ketoamides. Typically,
2320 dicarbonylations took place at 60—100 °C and 10—40 bar of
2321 carbon monoxide employing excess amine, often acting as the
2322 solvent, and Pd(II) complexes as precursors of the catalytically
2323 active Pd(0) species. The precatalysts tested were both mono-

2310

AR

and bidentate phosphine—palladium(II) complexes containing 2324
moderately basic tertiary phosphine ligands. Among them, 2325
PdCl,(PMePh,), and 1,4-bis(diphenylphosphino)butane-PdCl, 2326
were the most effective. 2327

Thanks to extensive experimental studies performed in the 2328
1980s by Yamamoto and co-workers,”>*7**! it was established 2320
that elementary steps in the amino-dicarbonylation process 2330
were (a) oxidative addition of an in situ formed Pd(0) species 2331
at the C—halogen bond of organic halides to give 2332
organopalladium(II) species; (b) CO insertion into the Pd— 2333
C bond to give acylpalladium species; (c) further coordination 2334
of CO to give an acyl(carbonyl)palladium species, which may 2335
be neutral or ionic depending on the nature of both the ligand 2336
and solvent used; (d) nucleophilic attack of the amine on the 2337
CO ligand, affording a complex bearing two monocarbonylated 2338
ligands; and (e) reductive elimination, giving rise to the C(O)— 2339
C(O) chaining with formation of a-ketoamides and restoration 2340
of the active Pd(0) species, as depicted in the catalytic cycle 2341
shown in Scheme 135.

Scheme 135. Palladium-Catalyzed Double-Carbonylative
Amination

Catalytic cycle for
the amino-dicarbonylation process
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Meanwhile, removal of the organopalladium(II) species from 2343
the original cycle by sequential coordination with CO and 2344
reaction with the amine nucleophile (steps b’, d’) could afford 2345
an alkyl(carbamoyl)palladium species that eventually undergoes 2346
reductive elimination. Thus, step e’ accounted for both the 2347
catalytically active Pd(0) species regeneration and amide 234s
products formation. Ultimately, monocarbonylative amination 2349
and double-carbonylative amination processes compete each 2350
other, and the faster the rate of step d, the better the selectivity 2351
for a-ketoamide formation. 2352

Additional efforts were mainly devoted to examine the 2353
manifold aspects controlling the reaction rates and selectivity of 2354
a-ketoamide versus amide production. Thus, aryl iodides were 2355
generally excellent substrates, with para electron-withdrawing 2356
groups increasing the reactivity but favoring amides production 2357
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2358 (acceleration of step a and deceleration of the irreversible step
2359 b). An opposite trend was observed for aryl iodides bearing
2360 para electron-donating substituents, which gave preferentially
2361 a-ketoamides as a result of step a deceleration and step b
2362 acceleration. For these substrates, the preferential attack of the
2363 amine nucleophiles on the CO ligand in [RCOPd(CO)L,]*X~
2364 (step d in Scheme 135) explained a-ketoamides production,
2365 while the less competitive attack on the acyl group attached to
2366 palladium accounted for the collateral formation of amide
2367 products.

2368 Besides aryl and heteroaryl halides, vinyl bromides and
2369 iodides, as well as allylic chlorides, were suitable substrates for
2370 Pd-mediated amino-dicarbonylations.”***** Alkyl iodides bear-
2371 ing perfluoroalkyl groups were also used as substrates in a
2372 PACl,(PPh,),-catalyzed amino-dicarbonylation reaction,”**
2373 while, more recently, a variety of alkyl iodides have been
2374 employed in a Pd(PPh;),-accelerated atom transfer radical
2375 carbonylation reaction with diethylamine using photoirradia-
2376 tion conditions.”**

2377 The use of strongly basic, and within a certain limit, sterically
2378 demanding secondary amines was essential for a-ketoamide
2379 formation. Thus, the Pr,NH showed the highest activity for the
2380 double-carbonylation, preferring to attack the coordinated CO
2381 ligand in [RCOPd(CO)L,]*X" (step d), while the compact
2382 amine pyrrolidine gave the highest selectivity for the
2383 monocarbonylation by attacking the coordinated CO in
2384 RPd(CO)X (step d’). Weaker nucleophilic amines, such as
2385 aromatic amines, were more appropriate for the amino
2386 monocarbonylation process. In fact, different from strongly
2387 basic amines, anilines could give acyl(amido)palladium species
2338 RCOPd(NR,)L,, from which amides were formed on coupling
2389 of the amido ligand with the acyl group. Low yields were
2390 obtained with all but --BuNH, primary amines, because of their
2391 tendency to form Schiff bases by condensation with the
2392 electrophilic carbonyl group of the formed a-ketoamides.

2393 Curiously, little attention had been paid to the amino-
2394 dicarbonylation technique as a synthetic tool to fine chemicals
2305 until the arrival of the new millennium, when the reaction
2396 disclosed 20 years before has been applied to the synthesis of
2397 commodity chemicals.

2308 In this section, the copious literature produced has been
2399 grouped in subsections according to the main features of the
2400 used protocols. Thus, subsection 6.1 describes the approaches
2401 using Pd—phosphine homogeneous catalysts under high CO
2402 pressure, while applications of ionic liquid solvents and
2403 heterogeneous Pd materials are detailed in subsection 6.2.
2404 Besides, Pd—phosphine-catalyzed processes under atmospheric
2405 pressure of CO or with CO generated ex situ are reported in
2406 subsection 6.3. The final subsection 6.4 deals with synthetic
2407 methodologies entailing Pd-DBU, Pd-NHC, and ligand-free Pd
2408 catalysts.

6.1. Pd—Phosphine Homogeneous Catalysts under High
2409 CO Pressure

2410 Efficient and selective double-carbonylation of iodobenzene
2411 with diethylamine has been reported by Miura and co-
2412 workers™*® using PdCL,(PPh;), (3.0 mol %) in combination
2413 with Cul (10 mol %) as cocatalyst. An iodo-bridged
2414 heterobimetallic (palladium—copper) species (Figure 20) was
2415 the plausible reactive intermediate facilitating a-ketoamide
2416 formation.

2417 Inoue and co-workers™*” found that the same reaction could
2418 be efficiently carried out using the chloro-bridged homobime-
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Figure 20. lodo-bridged heterobimetallic (palladium—copper) spe-

. . 246
cies.

tallic (palladium) complex Pd,Me,(u-Cl)(u-dpfam) (Figure 2419 f21
21). 2420 £21

/ \
thP\Pd /Pd’PPhZ
/ ci
Me Me

Pd;Me;(u-Cl)(n-dpfam)

Figure 21. Chloro-bridged homobimetallic (palladium) complex.**”

Actually, the complex featuring N,N'-bis- 2421
[ (diphenylphosphino)phenyl]formamidinate (dpfam) as the 2422
bidentate phosphine ligand of Pd nuclei was effective also in 2423
catalyzing amino-dicarbonylation of different aryl iodides with 2424
amine nucleophiles. Optimized conditions entailed the use of 2425
the aryl iodide, amine (1.5 equiv), Pd,Me,(u-Cl)(u-dpfam) 2426
(0.01 mol %), K;PO, as base (1.0 equiv), and 1,4-dioxane as 2427
the solvent, under 10—20 bar of CO pressure at 100 °C for 15 2428
h (Scheme 136).

Scheme 136. Pd,Me,(u-Cl)(u-dpfam)-Catalyzed Double-
Carbonylative Amination Reported by Inoue and Co-
Workers™*”

primary/secondary
aliphatic/aromatic
amines
R!
DS
Ar—I + H,N\l'?2 . co
(10-20 bar)
dioxane Pd;Me;(u-Cl)(u-dpfam)
0,
100 °C, 15 h (0.01 mol%)
K3PO4 (1.0 equiv)
o ||q1\ 0
Ar)SrN\"RZ + Af)J\NR1R2
(0]

Although the trends were similar to those obtained under 2430
mononuclear catalysis,”*’ both reaction efficiency (total yield) 2431
and selectivity (di/monocarbonylation products ratio) were 2432
improved. Thus, acyclic secondary amines were suitable for the 2433
reaction, while pyrrolidine and piperidine showed high 2434
reactivity with moderate selectivity (Table 1). Primary amine 2435 t1
BuNH, gave also a good result with negligible formation of 2436
Schiff base, while aromatic amines gave exclusively amide 2437
products. As observed under mononuclear catalysis, introduc- 2438
tion of an electron-withdrawing group on the aryl iodide 2439
decreased the selectivity. Moreover, 1-iodonaphthalene as well 2440
as 2-iodoheteroarenes were poor substrates in terms of 2441
selectivity and/or yields. 2442

Recently,”*® palladium complexes containing phosphorus— 2443
nitrogen ligands L,_; (Figure 22) have been successfully 2444 £22

DOI: 10.1021/acs.chemrev.5b00443
Chem. Rev. XXXX, XXX, XXX—XXX

2429 5136


http://dx.doi.org/10.1021/acs.chemrev.5b00443

s137

s138t2

Chemical Reviews

Review

Table 1
Ka:a® Ar R! R? yield” (%)
97:3 Ph Et Et 88
93:7 Ph Et Pr 75
0:100 Ph i-Pr i-Pr 31
49:51 Ph (CH,), 91
68:32 Ph (CH,);s 96
79:21 Ph H Bu 95
67:33 Ph Me Bn 79
0:100 Ph H Ph 68
0:100 Ph Me Ph 33
0:100 Ph Et Ph 31
96:4 4-MeOC4H, Et Et 69
97:3 4 MeC.H, Et Et 70
89:11 4-CIC{H, Et Et 95
24:76 4-NO,C4H, Et Et 87
64:36 1-naphthyl Et Et 11
81:19 2-naphthyl Et Et 73
56:44 3-pyridyl Et Et 78
4:96 2-pyridyl Et Et 4S
0:100 2-furyl Et Et 25
2:98 2-thienyl Et Et 91
62:38 3-thienyl Et Et 89

“Ketoamide/amide ratio. “Isolated total yield.

=

|

N

P\
= | Ph”" “Ph | X
NS Lz /
N "NH N
phe " Ph ph " ph

L1 L3

Figure 22. Phosphorus—nitrogen ligands.***

2445 exploited in homogeneous double-carbonylation of iodoben-
2446 zene with diethylamine under 30 bar of CO pressure in Et;N/
2447 DMF at 90 °C. The selectivity for a-ketoamide formation was
2448 reported to be higher than with the classic system using Pd(II)/
2449 PPhs.

2450 The double-carbonylation of iodobenzene with amino acid
2451 methyl esters has been reported by using Pd(OAc),/PPh; as
us2 the precatalyst.”*” The reaction was performed in DMF/Et;N
2453 at 50 °C under 40 bar of CO pressure (Scheme 137) and
2454 afforded a-ketoacylated amino acid derivatives accompanied by
2455 a surprisingly low amount of the simple carboxamides (less
2456 than 5%).

us7  Exploratory studies by Yamamoto and co-workers™
2458 demonstrated that the Pd-catalyzed dicarbonylation of o-
2459 haloacetanilides was an effective synthetic strategy to obtain
2460 isatin and quinoline derivatives.

2461 Twenty years later, Kollar’s group reported results of the
262 catalytic carbonylation of N-unprotected 2-iodoaniline deriva-
2463 tives carried out in the absence or in the presence of external
2464 basic amines.”>’ In the former case, monocarbonylation
2465 reactions with trapping of the aromatic amine group accounted
266 for the formation of benzo-fused heterocycles. Conversely, a-
2467 ketoamides were almost exclusively formed in the presence of
2468 aliphatic primary or secondary amines, in DMF/Et;N at 50 °C
2469 under 40 bar of CO pressure (Scheme 138 and Table 2). The
2470 Pd-catalyzed amino-dicarbonylation process was shown to be

0

AT

Scheme 137. Pd(OAc),/PPh;-Catalyzed Double-
Carbonylative Amination of Iodobenzene with Amino Acid

Esters Reported by Kollar and Co-Workers™*’
COOMe
: | HzNYd)n
+ + CO
R (40 bar)

DMF, EtzN | Pd(OAGC), (5 mol%)
50°C | PPhg (10 mol%)

o) 'Tl COOMe

NYd)n
(o] R

R=H,n=0(79%)

R =Me, n =0 (74%)
R =Bn, n=0(82%)
R = i-Pr, n = 0 (74%)
R=Bn,n=2(77%)

Scheme 138. Pd(OAc),/PPh;-Catalyzed Double-
Carbonylative Amination of 2-Iodoanilines Reported by
Kollar and Co-Workers™'

primary/secondary
aliphatic amines

NH, | Rt
UMY
+ pyNg + co
(40 bar)
R
DMF, Et;N | Pd(OAc); (2.5 mol%)
50 °C PPh3 (5 mol%)
NH, O Il?J\\ NH, O
N. o 1R2
RZ NR'R
o
R R

halogen-selective, with 2-iodo displacement occurring while 2471

both 4-Cl and 4-Br substituents remained untouched. 2472

Table 2
Ka:a® R R! R? yield” (%)
100:0 H H t-Bu 78
62:38 Me H t-Bu 72
95:5 Cl H t-Bu 80
100:0 Br H t-Bu 83
100:0 CN H t-Bu 68
100:0 NO, H t-Bu 86
95:5 H H CH,COOMe 46
100:0 H H CH(Me)COOMe 48
100:0 H H CH(i-Pr)COOMe 48
100:0 H (CH,),CHCOOMe 68
100:0 Me (CH,);CHCOOMe 71
100:0 cl (CH,);CHCOOMe 65
100:0 NO, (CH,),CHCOOMe s8

“Ketoamide/amide ratio. YIsolated yield of ketocarboxamides.
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2473 The homogeneous Pd(OAc),/PPh; precatalyst has been also
2474 reported to effect amino-dicarbonylation of 2-iodoanisole by
2475 using t-BuNH, as well as amino acid esters as N-nucleophiles
2476 (Scheme 139 and Table 3).°> Good selectivity for aryl a-
2477 ketoamides was achieved under high carbon monoxide pressure
2478 (40—60 bar) at 50 °C.

Scheme 139. Pd(OAc),/PPh;-Catalyzed Double-
Carbonylative Amination of 2-Iodoanisole Reported by
Kollar and Co-Workers”

primary/secondary
aliphatic amines
OMe R1
| U
+ H/N \éz + cO
(40-60 bar)
DMF, EtzN Pd(OAc); (2.5 mol%)
50 °C PPh3 (5.0 mol%)
OMe O rfl\ OMe O
N_:
R? NR'R?
+
o
Table 3
Ka:a® R! R? yield” (%)
62:38 H t-Bu S1
80:20 (CH,); 67
85:15 (CH,),0(CH,), 73
83:17 H CH,COOMe 70
95:5 (CH,),CH(COOBn) 74

“Ketoamide/amide ratio. YIsolated yield of ketocarboxamides.

2479 Pd-catalyzed carbonylative amination was chosen as a highly
2480 tolerant and straightforward method for the rim functionaliza-
2481 tion of a cavitand scaffold, resulting in derivatives that could act
2482 as flexible binding pockets in “host—guest” chemistry.” Both
2483 ketocarboxamidocavitands and carboxamido analogs were
2484 prepared by reacting the tetraiodo-cavitand Cav-I (Figure 23)
2485 with amine nucleophiles (18.0 equiv) in the presence of
2486 Pd(OAc),/PPh; catalytic system under 30 bar of CO pressure
2487 at 60 °C in toluene or DMF (Scheme 140 and Table 4).

2488 Generally, both an excess of the amine and high carbon
2489 monoxide pressure improved selectivity toward tetrakis(2-

1.253

Figure 23. Tetraiodo-cavitand Cav-

Scheme 140. Pd(OAc),/PPh;-Catalyzed Double-
Carbonylative Amination of a Cavitand Scaffold Reported by
Kollar and Co-Workers*>

primary/secondary
aliphatic amines

R
D

Cav-l + Nigz + co

(30 bar)

H”

Pd(OAC), (15 mol%)

toluene or DMF PPh3 (30 mol%)

60°C,40 h K,COj3 or EtzN
0 Il?l\ o)
' +
Cav)k[(N\R2 Cav)J\NR1R2
(0]
Table 4

Ka:a® R! R? yield (%)
100:0 H t-Bu 65
100:0 (CH,); 85

91:9 H CH(Me)COOMe nd®

“Ketoamide/amide ratio. Plsolated yield of ketocarboxamides. “nd =
not determined.

ketocarboxamide)cavitands. Unexpectedly, the transformation
was shown to be highly chemoselective, as none of the mono-,
bi- or trifunctionalized derivatives could be detected in the
reaction mixture.

The Kollar research group reported ferrocene a-ketoamides
preparation via amino-dicarbonylation of iodoferrocene using
the Pd(OAc),/PPh; homogeneous precatalyst (Scheme
141).** Thus, iodoferrocene was reacted with the amine

2490
2491
2492
2493
2494
2495
2496 s141
2497 s141

Scheme 141. Pd(OAc),/PPh;-Catalyzed Double-
Carbonylative Amination of Iodoferrocene Reported by
Kollar and Co-Workers”>*

secondary
aliphatic amines

@—I ||Q1

Fe + N

. + CO
H

< F,QZ
(40 bar)

Et3N, toluene
60°C,8h

Pd(OACc), (5 mol%)
PPh; (10 mol%)

! 0

Lo
"R? I@)J\NR1R2

(0]

%

Fe ©

&

partner in toluene at 60 °C, in the presence of Et;N, Pd(OAc),
(5 mol %), and PPh; (10 mol %) under 40 bar of CO pressure.
Good selectivity for dicarbonylated products has been observed
provided that sterically nondemanding secondary amines were
employed as nucleophiles (Table 5).

The same authors demonstrated that amino acid esters were
less suitable nucleophilic partners of iodoferrocene, although

2498
2499
2500
2501
2502 t§
2503
2504
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Table § Scheme 142. Palladium-Catalyzed Double-Carbonylative
- ; 5 Z Amination of Iodopyridines Reported by Castanet and Co-
Ka:a R R convrsn” (%) 257
) Workers
79:21 (CH,),0(CH,), 95
70:30 (CH,); 89 Py=l + EBGNH + GSS
27:73 (CH,),CH(Et) 98 (60 bar)
. CH,CI
0:100 CH(Me)(CH,),CH(Me) 99 b | catra (1 mot%)
82:18 CH,CH(Me)CH,CH(Me) 94
CH,
69:31 Et Et 97 2 Et 0
73:27 Bu Bu 97 Py)gf et * Py~ “NEt,
6:94 Cy Cy 91 o
“Ketoamide/amide ratio. “Determined by GC. cat.1: Pd(OAc); + 3PCys
cat.,: Pd(dba)(PCys3),
cat.3: PdCIy(PPh
2505 slight selectivity to N-ferrocenylglyoxyl amino acid derivatives : 2(PPha)e
t6 2506 (Table 6) could be obtained by using DBU in place of Et;N as )
2507 the base.”*” Table 7
Ka:a“® cat. Py convrsn” (%)
Table 6 95:5 cat,, 4-pyridyl 100
0o R! 0 93:7 cat., 4-pyridyl 100
DY i
No, 102 50:50 cat.; 4-pyridyl 100
@)HO( R ¥ @)L NR'R 54:46 cat., 2-pyridyl 100
Fe Fe 93:7 cat., Py* 98
oz I 75:25 caty py" 100
= = yield® (%) “Ketoamide/amide ratio. bDetern}ined by GLC. Py = 6-chloro-2-
methoxy-3-(methoxymethyl)-4-pyridyl.
H CH,COOMe 89 (1)
H CH(Me)COOMe 28 (23) Thus, 3-pyridylglyoxylic acid amides have been obtained by 2537
H CH(Bn)COOMe 26 (13) performing amino-dicarbonylation with t-BuNH,, piperidine, 2538
H CH(CH,),SMeCOOMe 37.(4) morpholine, and amino acid methyl esters under 40 bar of CO 2539
(CH,),CHCOOMe 30 (32)

pressure, in DMF/Et;N at 50 °C (Scheme 143 and Table 8). 2540 s143t8
“Isolated yield of ketocarboxamides and, in parentheses, of
carboxamides by purification under inert conditions.

Scheme 143. Pd(OAc),/PPh;-Catalyzed Double-
Carbonylative Amination of 3-Iodopyridine Reported by

2508
2509
2510

1’-Iodoferroceneglyoxylic amide-type products were also
prepared via selective monofunctionalization of 1,1’-diiodofer-
rocene.”*® Thus, compounds having practical importance as

Kollar and Co-Workers>>®

primary/secondary
aliphatic amines

2511
2512
2513
2514
PAIY
2516
2517

starting materials for the synthesis of ferrocene-based
biosensors could be prepared in reasonable yields. !
Homogeneous catalysts prepared in situ using Pd(OAc), and - | H”
tricyclohexylphosphine (PCy;) (cat.;) or obtained from fully N
formed Pd—phosphine complexes (cat.,, cat.;), were success-
fully employed for the double-carbonylative amination of 4-
iodopyridine, 2-iodopyridine, and 2,3,6-trisubstituted 4-iodo-
2518 pyridine with diethylamine.”” Under optimized reaction
2519 conditions, a CH,Cl, solution of the iodopyridil substrate 0
2520 was heated at 40—50 °C in the presence of the amine reagent N\\\'
2521 (5.0 equiv) and the catalyst (1 mol %), under 60 bar of CO | N R? + NNWRZ
2522 pressure (Scheme 142). Pyridylglyoxylic acid amides were thus N NG
2523 obtained together with variable amounts of the corresponding
2524 amides, which were invariably formed under reaction
t7 2525 conditions whatever the Pd-precatalyst employed (Table 7).
2526 On the basis of the collected results, 2-iodopyridine was shown
2527 to be a less selective substrate for a-ketoamide formation in
2528 comparison with the 4-iodo isomer, while a chlorine substituent
2529 remained untouched under reaction conditions.
2530 Kollar and co-workers™® tested the effectiveness of the
2531 PA(OAc),/PPh, system to catalyze the amino carbonylation of
2532 2-iodopyridine, 3-iodopyridine, and iodopyrazine. In line with
2533 previous results, a mixture of ketocarboxamides and
2534 carboxamides was obtained when 3-iodopyridine was the
2535 substrate, while the other heteroaryl iodides formed almost
2536 exclusively carboxamides under identical reaction conditions.

R

(N

Nopo * CO
(40 bar)

DMF, EtN

Pd(OAc);, (5 mol%)
50 °C

PPhs (10 mol%)

s142

Table 8
Ka:a® R! R?
91:9 H
31:69
53:47
90:10 H
80:20 H
30:70

yieldb (%)
t-Bu 76
(CH)s 2
(CH,),0(CH,), 43
CH,COOMe 71
CH(Me)COOMe 68
(CH,),CHCOOMe 24

“Ketoamide/amide ratio. YIsolated yield of ketocarboxamides.
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2541 Remarkably, the use of -BuNH, as N-nucleophile became of
2542 high synthetic value since the discovery that tert-butyldime-
2543 thylsilyl triflate was an effective reagent for the selective
254 cleavage of the t-Bu group.””” Importantly, in such a way
2545 aromatic primary a-ketoamides became accessible via a two-
2546 step reaction sequence overcoming problems associated with
2547 the use of ammonia in Pd-mediated dicarbonylation processes.
2548 Amino double-carbonylation of 7-iodoquinoline derivatives
2549 was revealed to be a hard process, with amino-monocarbony-
2550 lation products being formed almost exclusivelzr when S-chloro-
2551 7-iodo-8-methoxy(or 8-benzyloxy)quinoline®” and $,7-diiodo-
2552 8-benzyloxyquinoline were submitted to the reaction con-
2553 ditions previously employed for the double-carbonylation of
2554 simple iodoarenes. However, Kollar and co-workers”®® trans-
2555 formed  S,7-diiodo-8-benzyloxyquinoline into S,7-bis(N-tert-
2556 butylglyoxylamido)-8-hydroxyquinoline (Scheme 144) by

Scheme 144. Pd(OAc),/PPh;-Catalyzed Double-
Carbonylative Amination of a Diiodozluinoline Substrate
Reported by Kollar and Co-Workers>*’

CcO
(80 bar)

+ t-BuNH, +
N |
OBn

7

DMF, Et3N | Pd(OAc); (2.5 mol%)
50 °C PPh; (5 mol%)

NH¢-Bu
(¢}

= 0

7

N NHt-Bu
OH O

47%

2557 using the Pd(OAc),/PPh; precatalyst in the presence of a 6-
2558 fold molar excess of -BuNH, under higher carbon monoxide
2559 pressure (80 bar). Almost complete deprotection of the 8-
2560 benzyloxy functional group occurred during double function-
2561 alization of the arene moiety. Interestingly, the diiodoquinoline
2562 substrate underwent regioselective amino monocarbonylation
2563 at C(S) when secondary amines as well as aniline were the N-
2564 nucleophiles in the reaction mixture.

2565 Li and co-workers®' prepared directly indolyl-3-glyoxylic
2566 acid amides through a PdCl,(dppf)-catalyzed double-carbon-
2567 ylation of N-protected indoles with amines. The salient feature
2568 of the procedure was the in situ C(3) oxidative functionaliza-
2569 tion of indole with I, to give a 3-iodoindole intermediate
2570 suitable for the Pd(0) oxidative addition step, required as the
2571 starting point of the catalytic cycle. As shown in Scheme 145,
2572 standard conditions were found by reacting N-protected indole
2573 derivatives and nucleophilic amines (4-fold molar excess) in
2574 THEF at 60 °C for 36 h under 40 bar of CO atmosphere, in the
2575 presence of bases (Cs,CO;—DBU), L, catalyst [PdCL,(dppf) (5
2576 mol %) + dppf (10 mol %)], and additives [Cul (20 mol %) +
2577 LiCl (40 mol %)]. The method showed large substrate scope,
2578 both in the indole moiety and amine nucleophiles. N-Protected
2579 indole derivatives gave moderate to good yields of indole-3-a-
2580 ketoamides, with a variety of substituents on the benzene ring

AW

Scheme 145. PdCL,(dppf)-Catalyzed Double-Carbonylative
Amination of N-Protected Indoles Reported by Li and Co-
Workers*®'

primary/secondary
aliphatic amines

2
~~N + pVg + co
R (40 bar)

PdCl,(dppf) (56 mol%)
dppf (10 mol%)

Cul (20 mol%)

LiCl (40 mol%)

CSQCO3-DBU, )
THF
60 °C, 36 h

N

o} 132
N MR

24 examples
50-87%

R = H, Me, halogen, COOMe
R'= Me, Bn, Ph, allyl

being well-tolerated. Importantly, halogen substituents exploit-
able for further transformations could be preserved during the
reaction. As expected, indoles bearing electron-donating groups
were better substrates for the double-carbonylation, while the
presence of electron-withdrawing groups required prolonged
reaction time (48 h). HIV-1 inhibitors*** could be prepared in
moderate yields directly from N-benzoylpiperazine and N-
methyl- or N-allylindole, respectively, by employing
PdCL(PhCN), and Xantphos instead of PdCl,(dppf). Secon-
dary amines gave high yields, but primary amines could be also
tolerated, giving rise to the desired products in moderate yields.

6.2. lonic Liquid Solvents and Heterogeneous Pd Materials

2581
2582
2583
2584
258S
2586
2587
2588
2589
2590
2591

The recovery of the expensive metal catalysts and ligands is one
of the problems of homogeneous catalysis, especially for a large-
scale synthesis. Many efforts have been directed to circumvent
this hurdle. In 2001, Tanaka and co-workers®® advanced a
partial solution by performing the Pd-promoted process in
nonvolatile ionic liquid solvents (ILs). Thus, the diethylamine-
dicarbonylation of iodobenzene employing the Pd(OAc),/PPh; 2598
precatalyst in [bmim]*BF,” or in the corresponding hexa- 259
fluorophosphate ([bmim]*PF,~) was successfully performed 2600
under 40 bar of CO pressure at 80 °C. Selectivity for a- 2601
ketoamide formation was similar to the one obtained using 2602
Et,NH as the solvent, but the method allowed the catalyst/ 2603
ionic liquid mixture to be recycled after removal of the products 2604
by extraction with ether. 2605

Such a result was also achieved by using heterogeneous Pd 2606
materials. In 1997, Yan et al.”®* developed a silica-supported 2607
polytitazane—palladium complex (Ti—N—Pd) for the double- 2608
carbonylation of phenyl halides in the presence of diethylamine. 2609
Noteworthy, the supported catalyst could be reused 10 times 2610
without noticeable decrease in activity. 2611

In 2001, Alper et al.’>® prepared a-aminoamides via 2612
carbohydroamination reaction of various iodoarenes with 2613
primary amines under CO and H, pressure by using Pd on 2614
charcoal as the catalyst. The one-pot process involved first a 2615
Pd(0)-catalyzed amino double-carbonylation, followed by a 2616

2592
2593
2594
2595
2596
2597
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2617 Pd(0)-catalyzed hydrogenation of the in situ formed a-
2618 iminoamide.

2619 More recently, Liu et a performed amino double-
2620 carbonylation reactions in THF by using a catalytic system
2621 composed of Pd/C—PPh; and DABCO as the base.
2622 Unfortunately, catalyst activity dropped, probably because of
2623 Pd-leaching phenomena occurring at the active species formed
2624 in solution.

2625 Unconventional methodologies, such as a continuous-flow
2626 technique using microstructured devices,”*”**® were occasion-
2627 ally reported as an alternative to bench-scale synthesis with
2628 moderate results both in terms of yield and selectivity for a-
2629 ketoamide formation.

2630  Skoda-Féldes and co-workers’® succeeded in the amino
2631 double-carbonylation of iodobenzene with various amine
2632 nucleophiles by carrying out the transformation in the flow
2633 reactor X-Cube using immobilized Pd(PPh;), catalyst placed in

266
1.

s146t9 2634 CatCart cartridges (Scheme 146 and Table 9). The highest

24

Scheme 146. Double-Carbonylative Amination with
Immobilized Pd(PPh;), Catalyst Reported by Skoda-Foldes
and Co-Workers**’

primary/secondary
aliphatic amines

| RY,
(40 bar)
. Pd(PPhs).
X-Cube™, 80 °C \ 3/4
toluene (0.2 mi/min) | Placed BBC:J\tCartTM

1

o R 0
N
R2 NR'R?
(e}
Table 9
Ka:a“® R' R? convrsn” (%)
70:30 (CH,),0(CH,), 61
87:13 H Cy 9”2
91:9 H allyl 64
96:4 H Bu 76

“Ketoamide/amide ratio. *Determined by GC.

2635 yields of a-ketoamides were obtained in toluene (flow rate 0.2
2636 mL/min) at 80 °C under 40 bar of CO pressure, using a 2-fold
2637 molar excess of amine nucleophiles in the presence of DBU as
2638 the base. Unexpectedly, primary amines underwent double-
2639 carbonylation better than morpholine.

2640 An elegant solution allowing efficient catalyst recycling
2641 entailed the use of Pd complexes covalently grafted onto
2642 mesoporous  silica.”’® Postsynthetic grafting of coordinated
2643 phosphine—Pd complexes (Figure 24) onto mesostructured
2644 SBA-15-type silica support occurred through reaction of the
2645 alkoxysilane moieties with surface silanols, giving three hybrid
2646 materials referred to as PdCIl,(PPh,),@SBA-1S,
2647 PACL(PCy,),@SBA-15, and PdClL,(PNP)@SBA-15.

2648 Optimization of reaction conditions for the double-carbon-
2649 ylation of iodobenzene with diethylamine led to the discovery
2650 that superior conversion and selectivity for a-ketoamides

AX

R |
N /P_(CHz)Z‘SI(OEt)g
Pd

7\
Cl /IT—(CHz)z-Si(OEt)3
R

Cl

R = Ph, Cy

monodentate phosphine-Pd complexes

Ph F|’h
\

Cl\Pd/P N—(CH,)3-Si(OEt),
—(Ch2)3-S1 3
CI/ \pJ
4
Ph Ph
chelating diphosphine-Pd complex

Figure 24. Coordinated phosphine—Pd complexes.*”’

formation were obtained using PdClL,(PPh,),@SBA-15 (1 2651
mol % [Pd]) in methyl ethyl ketone (MEK) or DMF, at 60 2652
°C under 40 bar of CO. After 48 h, centrifugation of the 2653
reaction mixture allowed the facile recovery of the solid catalyst, 2654
which remained stable and efficient for up to three cycles. 2655
Under optimized reaction conditions, the heterogeneous Pd 2656
catalyst exhibited high conversion for the amino double- 2657
carbonylation of several iodoaromatics with different cyclic and 2658

acyclic amines (Scheme 147 and Table 10). Reaction with 2659 s147t10

Scheme 147. Double-Carbonylative Amination with
Phosphine—Pd Complexes Covalently Grafted onto
Mesoporous Silica Reported by Dufaud and Co-Workers””’
primary/secondary
aliphatic amines
R!
R
A—l +  yNpge + co
(40 bar)

\

MEK or DMF| PdCly(PPh,),@SBA-15
60 °C, 48 h (1 mol% [Pd])

o Rl

)
| Y
N\ '

Ar)H( R Ar)J\NR1R2

o]

primary amines was performed in DMF (to avoid Schiff base 2660
formation with MEK), and as expected, the weakly basic aniline 2661
provided only carboxamide. Among secondary amines, 1,2,3,4- 2662
tetrahydroisoquinoline was the best nucleophilic partner for a 2663
series of iodoaromatics, including 1-iodonaphthalene. 2664

A related approach combining the advantages of ionic liquid 2665
solvents with those of heterogeneous sug_;)orts has been 2666
recently reported by Papp and Skoda-Féldes.””" They prepared 2667
a set of supported ionic liquid phase (SILP)—Pd catalysts 2663
(Figure 25) either by simple impregnation of silica gel with 2669 £25
solutions of Pd precatalysts in ionic liquids (catalysts [Pd]1—3) 2670
or by grafting an alkoxysilane-tethered imidazolium ion to silica 2671
and adding a solution of Pd,(dba);-CHCI; to the resulting 2672
SILP (catalyst [Pd]4). 2673

The silica-supported Pd catalysts exhibited good activity and 2674
selectivity for the amino double-carbonylation of iodobenzene 2675
with a variety of secondary amines in DMF/Et;N at 100 °C 2676

under 30 bar of CO (Scheme 148). Tertiary a-ketoamides were 2677 s148

obtained in good yields, while the amide was the exclusive 2678
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Table 10
Ka:a® Ar R! R? yield” (%)
85:15 Ph Et Et 71
85:15 Ph Pr Pr 69
90:10 Ph (CH,)s 81
85:15 Ph (CH,),0(CH,), 69
84:16 Ph Me Bn 74
0:100 Ph H Ph 81°
76:24 Ph H Bn 63
73:27 Ph H Bu 50
91:9 Ph QCF 81
73:27 2-MeOC¢H, QCF 58
93:07 3-MeOCgH, QCF? 86
97:3 4-MeOC4H, QCF 80
98:2 2-MeCgH, QCF? 84
95:5 4-MeC4H, QCF? 83
90:10 1-naphthyl QCF 77

“Ketoamide/amide ratio. Plsolated yield of ketocarboxamides. “Yield
of carboxamide. dQCF = 1,2,3,4-tetrahydroisoquinoline carbon
framework.

[bmim]*BF 4~
B ———

Pdy(dba)s.CHCI5 [Pd]1
Pd(OAc), MMIPPe g
im]*PFq
Pd,(dba)s CHCl; MM PPe. by
Me
@
N, ®BF
4
0
N
Pd,(dba)s-CHCI
2(dba)s 3 (Pdl4
MeCN, THF
EtO-g]
e
AN NN

Figure 25. SILP—Pd catalysts.””"

Scheme 148. Double-Carbonylative Amination with SILP—
Pd Catalysts Reported by Papp and Skoda-Foldes”"

secondary
aliphatic amines

R!
I
(e{0)

©/I + H'N\Fliz +
(30 bar)

[Pd]1-4
(3.6 umol Pd-content)

DMF, Et;N
100°C, 3 h

Fl& 0

NR'R2

2679 product when the bulky i-Pr,NH was the nucleophile, in line
2680 with homogeneous reaction (Table 11). Importantly, the
2681 methodology allowed efficient catalyst recovery and recycling
2682 (at least six times), as well as a significant saving of the
2683 expensive ILs. Moreover, it did not require phosphine ligands,
2684 an issue we are dealing with in subsection 6.4.

t11l

AY

Table 11
Ka:a“” R! R? cat. convrsn® (%)
94:6 (CH,),0(CH,), [Pd]1 88
92:8 (CH,),0(CH,), [Pd]2 100
97:3 (CH,),0(CH,), [Pd]3 95
89:11 (CH,),0(CH,), [Pd]4 100
77:23 Me Me [Pd]1 100
69:31 Me Me [Pd]4 100
89:11 Et Et [Pd]1 100
85:15 Et Et [Pd]4 90
0:100 i-Pr i-Pr [Pd]1 73
0:100 i-Pr i-Pr [Pd]4 60
88:12 Bu Bu [Pd]1 100
73:27 Bu Bu [Pd]4 97
44:56 (CH,),CH(Et) [Pd]1 85
2971 (CH,),CH(Et) [Pd]4 85
93.7 (CH,), [Pd]1 100
88:12 (CH,), [Pd]4 95

“Ketoamide/amide ratio. YDetermined by GC.

6.3. Pd—Phosphines under Atmospheric Pressure of CO or
with CO Generated ex Situ

Academic researchers are reluctant to use highly toxic CO gas,
especially when high-pressure equipment is required. For this
reason, the double-carbonylation/amine incorporation process
has been barely used toward the synthesis of biologically
relevant a-ketoamides.

This subsection deals with protocols entailing the use of Pd—
phosphines in combination with carbon monoxide at
atmospheric pressure (CO balloon) or of stable and easy to
handle sources of the hazardous gas. The latter approach (ex
situ generation of CO) represents a highly desirable achieve-
ment, especially in nonindustrial synthetic applications to
perform gram-scale processes based on the use of carbon
monoxide reagent (e.g, carbonylative Sonogashira, carbon-
ylative Heck, alkoxycarbonylation, amino monocarbonylation,
and amino double-carbonylation).

In 2001, Zhou and Chen®”* disclosed a convenient route for
the synthesis of a-ketoamides featuring the PdCl,(PPh,),/Cul
catalyst/cocatalyst couple to promote reaction of diary-
liodonium salts with secondary amines under 1 atm pressure
of carbon monoxide in DMF at room temperature (Scheme
149). As previously observed by Miura amd co-workers,** the
effect of Cul as cocatalyst was to enhance the palladium
catalytic activity, improving both reaction efficiency and
selectivity. Actually, both electron-poor and electron-rich
phenyliodonium derivatives incorporated nucleophilic secon-
dary amines together with two CO moieties, giving the desired
a-ketoamides in good yields. Remarkably, primary amines were
not suitable nucleophilic partners of diaryliodonium salts, giving
only monocarbonylated amide products.

In the same year, Uozumi et al””? reported a practical 2715
protocol for the Pd-catalyzed amino-dicarbonylation of aryl 2716
iodides with primary amines under atmospheric pressure of 2717
carbon monoxide at ambient temperature employing the 1:2 2718
mixture of allylpalladium(II) chloride dimer and triphenylphos- 2719
phine as the precatalyst system (Scheme 150). Use of THF as 2720
the solvent, PPh; as the ligand, and DABCO as the base was 2721
essential for an efficient catalyst system. Indeed, the reaction 2722
with DBU gave exclusively the amide products resulting from 2723
the competitive amino monocarbonylation process. 2724

2685

2686
2687
2688
2689
2690
2691
2692
2693
2694
2695
2696
2697
2698
2699
2700
2701
2702
2703
2704
270S
2706
2707
2708
2709
2710
2711
2712
2713
2714
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Scheme 149. Palladium-Catalyzed Double-Carbonylative
Amination of Diaryliodonium Salts Repoted by Zhou and
Chen®””

secondary
aliphatic amines

R
| © I,
= \
| BF, 4 NG, co
DA
R 2 (1 atm)
PdClIy(PPh3), (3 mol%)
DMF o
it 1.5-2 h Cul (10 mol%)
o) Il?l\
rRL | R
A (0]
10 examples
R =H, Me, OMe, CI 68-88%

Scheme 150. Pd/PPh;/DABCO-Catalyzed Double-
Carbonylative Amination Reported by Uozumi et al.””*

primary
aliphatic amines
[ Rt
4 |
| + _N. + (e{0)
Y H™ "H
R (1 atm)

DABCO (3.0 equiv) | [PACI(7*-C3Hg)l> (3 mol%)

THF, 1t, 12 h PPh; (6 mol%)
o]
R
* X | NHR'
X

2725 As shown in Table 12, high conversion yields and selectivity
2726 were exhibited by iodobenzene as well as by derivatives bearing

Table 12
Ka:a“® R R! yield® (%)
93:7 H i-Pr 98
91:9 H Cy 93
94:6 H +Bu 69
92:8 H Bu 86
94:6 4-MeO Bu 87
92:8 4-Me Bu 90
89:11 3-Me Bu 85 (10)°
78:22 2-Me Bu 46 (13)°
14:86 3-Cl Bu 13 (77)°
<1:99 4-CF, Bu <1 (98)°

“Ketoamide/amide ratio. PIsolated yield of ketocarboxamides. “Yield
of carboxamide is in parentheses.

2727 electron-donating groups on the aromatic ring, while aryl
2728 jodides bearing electron-withdrawing substituents gave mainly
2729 amide products.

2730 In 2006, lizuka and Kondo”’* were able to achieve the
2731 amino-dicarbonylation of starting materials previously re-
2732 ported””” to give the amino monocarbonylation process mostly.

AZ

Thus, excellent yields of a-ketoamides were obtained using 2733
phenyl iodide derivatives bearing either electron-withdrawing 2734
or electron-donating substituents (Scheme 151). The reaction 2735

Scheme 151. Pd(¢-Bu,P),/DBU-Catalyzed Double-

Carbonylative Amination Reported by lizuka and Kondo””*

primary/secondary
aliphatic amines
R!
(N
N 'R2

Ar—I + + CO (1 atm)

H
THF Pd(t-BuzP); (2 mol%)
rt, 2-24 h | DBU (2.0 equiv)

(]

13 examples
45-99%

Ar = phenyl and derivatives

occurred under very mild conditions combining iodoarenes, 2736
CO (1 atm), and primary or secondary amines in the presence 2737
of DBU as the base and Pd(t-Bu;P), as the catalyst. The use of 2738
DBU was critical, as other organic or inorganic bases gave 2739
mainly amide products under identical reaction conditions. 2740

The ligand t-Bu;P was also essential, as other mono- or 2741
bidentate phosphines, like PPh;, PCy;, dppp, and dppf, 2742
switched selectivity toward amide products. 2743

Remarkably, the Pd-catalyzed, t-Bu;P-assisted amino dicar- 2744
bonylation was also effective when using Mo(CO)4 (1.5 equiv) 2745
as a stable and easy to handle source of carbon monoxide. 2746
However, its use involved the disadvantage of adding 2747
stoichiometric amounts of the transition metal to the reaction 2748
mixture. 2749

In 2011, Skrydstrup and co-workers”’>*’® disclosed an 2750
alternative technique for the ex situ generation of CO by 2751
developing in brief succession two crystalline CO-releasing 2752
molecules (CORMs), namely, 9-methyl-9H-fluorene-9-carbon- 27s3
yl chloride 168 and methyldiphenyl silacarboxylic acid 169 2754
(Scheme 152). As a distinctive feature, compound 168 was 2755
activated to release CO via a Pd-catalyzed decarbonylation 2756
process, while 169 simply required the intervention of a 2757
fluoride source. Both CORMs were crystalline, clean, safe, 2758
benchtop-stable sources of carbon monoxide easily accessible 2759
on large scale by common synthetic protocols. Importantly, 2760
generation of CO from compound 168 could also result in 2761
recycling the 9-methylenefluorene precursor, which is produced 2762
through palladium decarbonylation/f-hydride elimination. 2763
Thus, a system was designed to allow the gaseous carbon 2764
monoxide produced in the CO-releasing chamber to be equally 2765
distributed above the CO-consuming chamber where the amino 2766
double-carbonylation took place according to Kondo’s 2767
protocol.”’”* The two-chamber equipment was used for the 276
preparation of a-ketoamides, including a bioactive carbon- 2769
isotope-labeled derivative (Figure 26). 2770

6.4. Pd—DBU, Pd—NHC, and Ligand-Free Pd Catalysts

Most of the reported amino-dicarbonylation processes entailed
the use of palladium catalysts modified with phosphine ligands, 2772
with tri-tert-butylphosphine showing remarkable positive effects 2773
in terms of overall conversion yields and selectivity.””*

2774
However, the costs and sensitivity to aerial oxidation made 2775

2771
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Scheme 152. Palladium-Catalyzed Double-Carbonylative
Amination with CO Generated ex Situ Reported by
Skrydstrup and Co-Workers>”>>7°

retained in
______ CO-releasing
i ' chamber
¥
COCI
O O Pd(dba), (5 mol%)
| o,
168 P(t-Bu)s (5 mol%)
i-PryEtN (1.5 equiv)
THF, rt
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co/'3co
Ar—Il + amine

THF, rt, 2 h | Pd(t-BugP),
DBU
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Figure 26. a-Ketoamides obtained by using Pd—phosphines and CO
generated ex situ.”’>*"

2776
2777
2778
2779

the use of basic phosphines quite a problem, especially in large-
scale processes. Thus, in recent years the development of stable
and effective Pd catalysts resulting from different ligands has
become an exciting topical subject.

2780 The first Pd catalyst for the amino-dicarbonylation of aryl
2781 jodides involving a nitrogen donor ligand was reported in 2012
2782 by Castillén and co-workers,””” who used a mixture of
2783 allylpalladium(II) chloride dimer and DBU (Scheme 153).
2784 The catalytic system proved to be highly eflicient and selective
2785 for the synthesis of a-ketoamides from several aryl iodides and
2786 primary/secondary amine nucleophiles, in toluene at 60—80 °C
2787 under atmospheric CO pressure. As observed for the traditional
2788 homogeneous Pd catalysts,””> the substrate scope for the
2789 electrophilic phenyl moiety indicated that the electronic
2790 properties of para-substituents played an important role in
2791 directing the process toward di- or monocarbonylation (Table
2792 13). Thus, the presence of the p-methoxyl group favored the

s153

t13
t13

BA

Scheme 153. [PdCI(%*-C;H;)],/DBU-Catalyzed Double-
Carbonylative Amination Reported by Castillon and Co-
Workers””’

primary/secondary
aliphatic amines

| R
N N
RT +  H URZ 4 Co
(1 atm)
[PACI(7*-C3Hs)l2
toluene

(10 mol%)

60-80 °C, 1-14 h )
DBU (2.0 equiv)

1

O R o)
I
St o] + S
R R

Table 13
Ka:a“” R R! R? convrsn® (%)
98:2 4-MeO H Bu 29
65:35 3-MeO H Bu 95
2:98 2-MeO H Bu 93
8:92 2,4-(MeO), H Bu 95
76:24 H H Bu 98
90:10 4-Me H Bu 29
91:10 3-Me H Bu 97
84:16 2-Me H Bu 29
98:2 4-Et H Bu 94
97:3 4-t-Bu H Bu 98
1:99 4-CN H Bu 99
1:99 4-NO, H Bu 99
98:2 4-MeO H Et 920
94:6 4-MeO H Pr 93
98:2 4-MeO H t-Bu 29
99:1 4-MeO H PhCH(Me) 99
96:4 4-MeO Et Et 82
91:9 4-MeO (CH,), 93
92:8 4-MeO (CH,)s 96
95:5 4-MeO (CH,), 87

“Ketoamide/amide ratio. YDetermined by 'H NMR and GC—MS

almost exclusive formation of a-ketoamide, while electron-
withdrawing groups in the para position led to amino-
monocarbonylation. The low selectivity for a-ketoamide
observed with 2-iodoanisole could not be explained, with steric
hindrance not being the only effect involved.

Computational studies on the mechanism of the Pd/DBU-
catalyzed amino-carbonylation suggested specific reaction
pathways for both di- and monocarbonylation processes that
could convincingly explain how the observed ketoamide vs
amide selectivity was a function of electron density on the
aromatic nucleus.””®

Steps toward double-carbonylative amination were very
similar to those involved in the corresponding Pd—phosphine
catalytic system. Thus, formation of the oxidative addition

2793
2794
2795
2796
2797
2798
2799
2800
2801
2802
2803
2804
2805
2806

product 170, coordination of DBU, and migratory insertion of 2807

CO accounted for the formation of the aroyl—Pd species 171,
which reacted with a second molecule of CO to give the
intermediate 172 (Scheme 154). At this stage, the DBU-
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Scheme 154. Mechanism Proposed for the Pd-DBU

Double-Carbonylative Amination””®
Ar
DBU-Pd-CO 2> |- Pd co &Y
DBU
ArCOCONR, 170 !
T DBU-Pd-CO-Ar
az DBU
RoN. O R 171
~C N-H._ co
Pd-CO-Ar R N ’ DBU
DBU 473 # 1by
t oo,
r--po---  |-Pd-CO-Ar
v o2 DBU
ArCONR, 172

2811 assisted amine nucleophilic attack at the terminal CO of 172
2812 (step a;) produced the palladium—acyl-carbamoyl intermediate
2813 173, from which a-ketoamides were formed by reductive
2814 elimination (step a,). Accordingly, a para electron-donating
2815 substituent directed the process toward double-carbonylation as
2816 a result of a facilitated aryl migration to the CO ligand in the
2817 step leading to 171. Moreover, it deactivated amine
2818 nucleophilic attack, leading to monocarbonylation product
2819 (steps by, b,).

2820 On the other hand, electron-withdrawing substituents on the
2821 aryl moiety resulted in slowdown of the aryl migration to the
2822 CO ligand (Scheme 155, dashed path), thus allowing the DBU-

Scheme 155. Mechanism Proposed for the PdA—DBU
Monocarbonylative Amination””®

A

DBU
DBU-Pd-CO —» |- Pd Co ------
DBU v
RZN\C/’O 170 cq |
|
F’:d-Ar — DBU-Pd-CO-Ar
DBU 174 R DBU
o N 171: co
;R ‘DBU
" aq 1
ArCONR, \ |
"o |
Pommonoe- I-Pd-CO-Ar =----- '
Y DBU 172
RoN. C/,O
Pd-CO-Ar ---22---= ArCOCONR,
|
DBU
173

2823 assisted amine nucleophilic attack at the terminal CO of 170
2824 (step c;). The resulting aryl(carbamoyl)palladium species 174
2825 underwent reductive elimination giving amide products (step
2826 C,).

2827 NHCs are neutral two-electron o-donors acting as powerful
2828 “phosphine mimics” in transition-metal-complex-catalyzed
2820 homogeneous reactions. Compared with phosphines, NHCs
2830 form stronger bonds with the metal conferring higher thermal
2831 tolerance to the active metal complexes. Furthermore, NHCs
2832 enhance nucleophilicity of the coordinating metal atom,
2833 favoring the oxidative addition step by which transition-metal-
2834 mediated reactions, including carbonylative amination of
2835 organic halide substrates, are triggered.

In 2009, Xia and co-workers®” obtained excellent results in 2836
the double-carbonylative amination of iodobenzene and 2837
derivatives by using a [(NHC)—CuX]-based catalytic system 2s3s
featuring the sterically demanding N,N’'-bis(2,6- 2839
diisopropylphenyl)imidazole-2-ylidene (IPr) as the two-elec- 2340
tron donor ligand of Cu(I). A 2-fold amount of the 2841
imidazolium salt IPr-HCI, precursor of the NHC ligand, was 2842
required in order to get the active catalyst. Therefore, a bis- 2843
carbene copper complex formed in situ was presumed to be the 2844
real active species involved (Figure 27).

Cﬂi@
R

Figure 27. Bis-carbene—copper complex.””

Five years later, the same research group described the 2846
amino- carbonylatlon of aryl iodides by using a Pd—NHC 2847
catalyst.”® Among different PdA(I) complexes tested, the 2s4s
precatalyst [Bmim][PdL,](PPh,), featuring N-butyl-N'-methyl- 2849
imidazole-2-ylidene (Bmim) and PPh; as the neutral ligands of 2ss0
PdI,, showed the best activity under optimized reaction 2851
conditions. Thus, aryl iodide, K,CO3, (2.0 equiv), amine (5.0 2852
equiv), and [Bmim][PdI,](PPh,) (0.25 mol %) were reacted in 2853
dioxane at 90 °C for 5 h under 20 bar of CO pressure to 2854

provide a-ketoamides (Scheme 156). As shown in Table 14, 2855 sisét14

secondary amines of high basicity were suitable for the reaction, 2856
with the bulky ones giving higher selectivity for the a- 2857
ketoamides. On the contrary, BuNH, was a poor partner of 2858
phenyl iodide because of formation of Schiff base side products, 2859

Scheme 156. Double-Carbonylative Amination with
[Bmim][PdL,](PPh;) Reported by Xia and Co-Workers*

primary/secondary
aliphatic amines

| U
SEELT

(20 bar)

[Bmim][PdI5](PPhg3)
(0.25 mol%)

0
“R2 ©)LNR1R2
+

[Bmim][PdI,](PPhs3)

K,CO3 (2.0 equiv)
dioxane, 90 °C, 5 h

o'yt

/\
Me/N N “Bu
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Table 14

Ka:a“ R! R? convrsn (%)
84:16 Et Et 75
62:38 Pr Pr 60
78:22 Bu Bu 5§
94:6 (CH,)s 41
88:12 (CH,),0(CH,), 41
74:26 H Bu 52

>99:1 allyl allyl 43

>99:1 Bn Pr 10

>99:1 Bn t-Bu 43

>99:1 QCF? 52

“Ketoamide/amide ratio. "QCF =
carbon framework.

1,2,3,4-tetrahydroisoquinoline

2860 while aromatic amines gave competitive formation of amide
2861 products.

2862 The stable NHC—palladacyclic complex IPr—Pd—dmba-Cl
2863 containing the sterically demanding IPr and o-cyclopalladated
2864 N,N-dimethylbenzylamine (dmba) ligands was an even more
2865 efficient and selective precatalyst for the double-carbonylative
2866 amination of a variety of aryl iodides with different amines
2867 (Scheme 157).%" Actually, the active Pd(0) catalyst resulted

Scheme 157. Double-Carbonylative Amination with IPr—
Pd—dmba-Cl Reported by Xia and Co-Workers™®'

primary/secondary
aliphatic amines

R1
U
Ar—| + Ny co
H R
(40 bar)
K2CO3 (2.0 equiv) | |pr-Pd-dmba-Cl
dioxane, 80 °C, 12 h (0.5 mol%)
o R
N_’
Ar)gf R?
(o]
27 examples
47-99%

Ar = aryl, heteroaryl

IPr-Pd-dmba-Cl
iPr iPr
-

2868 from the in situ controlled decomposition of the non-NHC
2869 ligand (dmba). Under optimized reaction conditions, the aryl
2870 iodide, K,CO; (2.0 equiv), the amine (5.0 equiv), and the
2871 catalyst (0.5 mol %) reacted in dioxane at 80 °C for 12 h under
2872 40 bar of CO pressure to give a-ketoamides.

2873 Exploration of the substrate scope of the amino carbon-
2874 ylation reaction indicated that a series of functional groups on
2875 the benzene ring was tolerated, with scanty results being

BC

confined to the use of phenyl iodides bearing free phenolic 2876
hydroxyl and amino groups. Heteroaryl iodides, with the 2877
exclusion of 4-iodopyridine, were also good substrates. 2878
Symmetrical acyclic and cyclic secondary amines were suitable 2879
nucleophilic partners, with morpholine being the best perform- 2880
er. Primary amine BuNH, was compatible, while aniline 2881
furnished exclusively the amino-monocarbonylated product 2832
N-phenylbenzamide (31%). 2883
As stated in the introduction to this subsection, the widely 2884
accepted mechanism for the Pd-mediated double-carbonylative 2885
amination called for the initial formation of the aroyl—Pd 2886
species 175 and CO coordination to the metal giving 176 2887
(Scheme 158). Next, amine addition at the terminal CO 2888 siss

Scheme 158. Mechanism Proposed for the PA-NHC
Double-Carbonylative Amination™®'

Ar—ﬁ—[Pd] - Arl
[e) NHC-Pd(0)
175 co
Ar—C—[Pd] a
P S\
: 176 g\‘ b 1
base | ! @Cg Pd
H amine rB non (Pd]
' nucleophile = O O
\J 177
Ar—IC'—[Pd] base
O c
178 GNR2 [Pd(0)]
o 4 o R
e > Ar N‘R
(0]

provided the aroyl-carbamoyl Pd species 178, eventually taken 2889
to the target a-ketoamide by Pd(0) reductive elimination 289
(dashed arrows) (see refs 238—241, 247, 273, 274, 278, and 2801
282). Quite surprisingly, Xia advanced an alternative way for 2592
the C(O)—C(O) chaining process in the related Pd—NHC 2503
complex-catalyzed transformation (solid arrows). Thus, 176 2504
underwent a carbon monoxide insertion reaction, giving the 2895
arylglyoxyl—Pd species 177 (step a) followed by amine 259
nucleophilic attack on the a-carbon of the so-formed Pd ligand 2897
(step b). Eventually, a base-promoted reductive elimination 2898
(step c) provided a-ketoamide while restoring the catalytically 2899
active Pd(0). 2900
In 2015, within the space of a few months, two research 2901
groups”®**** independently disclosed that palladium nano- 2002
particles (Pd NPs), without any specific additives or ligands, 2903
were efficient catalysts for the double-carbonylative amination 2904
of aryl iodides. Saito and co-workers™*® developed a sulfur- 2905
modified Au-supported Pd (SAPd) material that showed 2906
remarkable reactivity for a range of Pd-mediated processes, 2907
including the amino-carbonylation reaction of aryl iodides 2908
under an atmospheric pressure of CO (Scheme 159). The 2909 5159
optimal procedure entailed heating at 80 °C for 2 h a DMF 2910
solution of aryl iodide in the presence of K,COj; and a sheet of 2911
SAPd, under Ar atmosphere without stirring. In this step, Pd 2912
NPs of approximately 5 nm in size, leached from the SAPd 2013
material, generated the organopalladium(II) species by reaction 2014
with aryl iodides. Thereafter, the SAPd sheet was removed from 2915
the reaction vessel, while the amine was added and the mixture 2916
stirred at 80 °C for 24 h under CO atmosphere. 2917
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Scheme 159. Double-Carbonylative Amination with Pd NPs
Reported by Saitoand Co-Workers***
Ar—I
KoCO3 (2.0 equiv)

DMF, 80°C, 2 h
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2918 The two-step protocol was successful for various substituted
2019 phenyl/heteroaryl iodides and primary/secondary aliphatic
2920 amines providing a-ketoamide compounds along with variable
2921 amounts of the corresponding amide derivatives (Table 15). As

Table 15
Ar R! R? yield® (%)
4-MeOCH, (CH,),0(CH,), 85 (11)
4-MeOC¢H, (CH,), 82 (10)
4-MeOC4H, (CH,), 94 (6)
4-MeOC4H, (CH,),NMe(CH,), 86 (11)
4-MeOC4H, (CH,),X"(CH,), 87 (9)
4-MeOCH, QCF¢ 100 (0)
4-MeOCH, H Bu 74 (22)
4-MeOCH, Pr Pr 75 (20)
4-MeOC4H, Bn Me 87 (0)
4-MeOC4H, TBSOCH,CH, Me 70 (0)
4-MeOC4H, H Ph 00 (55)
3-MeOC¢H, (CH,),0(CH,), 84 (14)
2-MeOC(H, (CH,),0(CH,), 29 (55)
3,5-Me,CH, (CH,),0(CH,), 76 (7)
3,4,5-(MeO),C¢H, (CH,),0(CH,), 84 (4)
Ph (CH,),0(CH,), 69 (21)
4-CIC4H, (CH,),0(CH,), 65 (27)
4-MeOCOC¢H, (CH,),0(CH,), 46 (42)
Ar? (CH,),0(CH,), 44 (52)
3-thienyl (CH,),0(CH,), 84 (16)
Ar® (CH,),0(CH,), 94 (6)
quinolin-6-yl (CH,),0(CH,), 80 (17)
2-naphthyl (CH,),NBz(CH,), 83 (15)

“Yields of a-ketoamides and, in parentheses, of amides. bx =
C(—OCH,CH,0-). “QCF = 1,2,3 4-tetrahydroisoquinoline carbon
framework. “Ar = 2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl.
“Ar = 1-methyl-1H-indol-5-yl.

2022 a rule, the reactions of aryl iodides bearing an electron-
2923 withdrawing group on the aromatic ring resulted in an
2924 increased formation of monocarbonylation products, albeit o-
2925 jodoanisole gave the amide as the major product. Noteworthy,
2926 the SAPd material could be used for at least five reaction cycles
2927 without a significant loss of catalytic activity.

2928 Han and co-workers™* have recently reported a ligand-free
2029 palladium-catalyzed double-carbonylation of aryl/heteroaryl
2930 jodides with primary or secondary amines using 3.0 + 0.6

BD

nm Pd NPs, generated in situ from Pd(OAc), in PEG-400 2931

(Scheme 160). This transformation proceeded at ambient 2932 s160

Scheme 160. Double-Carbonylative Amination with Pd NPs
Reported by Han and Co-Workers™**

primary/secondary
aliphatic amines

RY (1 atm)
Ar—l +  gNge o+ co
Na,COj (2.0 equiv) .
PEG-400 Pd(OAc); (2 mol%)
rt, 4-48 h

0o Flil\

N. H
Ar)H( R2
o]

Ar = aryl, heteroaryl
43 examples
51-96%

temperature under atmospheric CO, using the Pd(II) 2933
precatalyst (2 mol %) in the presence of Na,CO; (2.0 2034
equiv), providing chemoselectively a-ketoamides. Actually, the 2935
process allowed the direct three-component coupling of various 2936
aryl iodides and amines with CO gas. Thus, besides electron- 2937
enriched aryl iodides, the electron-deprived ones were suitable 2938
substrates for the reaction with morpholine. Moreover, phenyl 2939
iodides bearing free carboxyl and amino groups as well as an 2940
acetylated gluco moiety were compatible. Generally, secondary 2941
and primary amines, including the bulky amantadine and tert- 2042
butyl amine, furnished the corresponding a-ketoamides in 2943
satisfactory yields with excellent selectivities. Remarkably, the 2044
protocol was shown to be adaptable to gram-scale synthesis, 2945
with the in situ generated nanocatalyst being recyclable up to 2946
five times. 2947

7. CONCLUDING REMARKS

A vast array of synthetic procedures for the preparation of a- 2948
keto carboxylic acid amides have been developed over the past 2949
decades, and the search of expeditious and efficient protocols 2950
for their synthesis continue unabated. In confirmation of this, a 2951
new option for a-ketoamide synthesis was reported during the 2952
preparation of the present review. The paper entailed an 2953
unprecedented cleavage of the C=C double bond in 2954
enaminones realized by means of copper catalysis in the 2955
presence of hypervalent iodine.”*’ 2956
With the aim of highlighting the versatility of synthetic 2957
methods for a-ketoamides preparation, we plotted the number 2958
of papers within different sections vs two main product families: 2959
aryl and alkyl a-ketoamides. The diagram in Figure 28 shows an 2960 28
overall prevalence of papers dealing with the synthesis of aryl a- 2961
ketoamides in comparison to alkyl a-ketoamides. In detail, 2962
papers collected in subsection 3.1 and section 6 give the largest 2963
contribution to aryl a-ketoamides preparation, while the ones 2964
included in section 4 provide for the most part alkyl a- 2965
ketoamides. Only a limited number of papers describes versatile 2966
protocols furnishing both alkyl and aryl a-ketoamides. 2967
Importantly, methods for the synthesis of secondary and/or 2968
tertiary a-ketoamides are to a great extent predominant, with 2969
only 6f90;17r1 5;())allggers describing the preparation of the primary 2970
2971

A different investigation was carried out following the 2972
frequency with which papers belonging to different sections 2973
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Figure 29 shows that research in the area of oxidative
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Figure 29. Occurrence of the sections in the past decade.

amidations (subsection 3.2) has known a tumultuous growth,
while strategies collected in the other sections have become less
and less relevant.

The strategies to access a-ketoamides have been significantly
expanded, and important progress has been made in this area,
where the developed new procedures have reached a
remarkable level of versatility and efficiency. In addition to
refined oxidative methods in which molecular oxygen as oxidant
greatly improved the efliciency of the methodologies, new
protocols have emerged as possible alternatives. Future
developments are expected, especially in the interest of green
chemistry with development of metal-free protocols using easily
available starting materials and mild reaction conditions.
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ABBREVIATIONS USED
[bmim]*BF,” 1-butyl-3-methylimidazolium tetrafluoroborate

BOPCI bis(2-ox0-3-oxazolidinyl)phosphonic chloride

CDC cross-dehydrogenative-coupling

Cy cyclohexyl

DABCO 1,4-diazabicyclo[2.2.2]octane

DBU 1,5-diazabiciclo[5.4.0]Jundec-5-ene

DCC N,N'-dicyclohexylcarbodiimide

DMAP 4-(dimethylamino)pyridine

DMP Dess—Martin periodinane

DPPA diphenyl phosphoryl azide

dppf 1,1'-bis(diphenylphosphino)ferrocene

dppp 1,3-bis(diphenylphosphino)propane

DTBP di-tert-butyl peroxide

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate

HOAt 1-hydroxy-7-azabenzotriazole

HOBt 1-hydroxybenzotriazole

HMDS hexamethyldisilazane

IBX 2-iodoxybenzoic acid

NBS N-bromosuccinimide

NHC N-heterocyclic carbene

NIS N-iodosuccinimide

P-3CR Passerini-type three-component reaction

PDC pyridinium dichromate

PFP—-OH pentafluorophenol

Phen 1,10-phenanthroline

PTSA p-toluenesulfonic acid

PyBOP (benzotriazol-1-yloxy)-
tripyrrolidinophosphonium hexafluorophos-
phate

SPPS solid-phase peptide synthesis
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3058 TBAB tetrabutylammonium bromide

3059 TBAIL tetrabutylammonium iodide

3060 TBAHS tetrabutylammonium hydrogensulfate

3061 TBHP tert-tutyl hydroperoxide

3062 TEMPO 2,2,6,6-tetramethylpiperidine 1-oxyl

3063 TFA trifluoroacetic acid

3064 U-4CR Ugi four-component reactions

306s WSC N-(3-(dimethylamino)propyl)-N’-ethylcarbodii-
mide

3066 Xantphos 4,5-bis(diphenylphosphino)-9,9-dimethylxan-

3067 thene
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