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Application of dialkyl azodicarboxylate
frameworks featuring multi-functional properties
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Azo-disubstituted derivatives with electron-withdrawing groups, such as acyl, alkoxycarbonyl and nitrile,
are widely used as reagents in organic synthesis. Dialkyl azodicarboxylates are the most readily available
reagents among them. This review summarizes the utility of dialkyl azodicarboxylates as versatile reagents
and essential building blocks for the synthesis of complex molecules. Applications of dialkyl azodicarboxy-
lates in the Mitsunobu reaction, as oxidants in the oxidation of aldehydes, hydrazines, alcohols, hydroxyl-
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1. Introduction

Dialkyl azodicarboxylates, as potential reagents, are very useful
in organic synthesis, such as in the Mitsunobu reaction."
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amines and thiols, and in photocatalytic C—C bond cleavage and C—H bond amination reactions are dis-
cussed. In synthetic chemistry, a large number of synthetic procedures use azodicarboxylates as electro-
philes. The discussion is also extended toward the enantioselective a-amination of carbonyl, cyanoacetate
and heterocycle derivatives. In addition, mechanistic insights are also briefly reviewed.

Owing to their unique structural and electronic features, azodi-
carboxylates are also used in zwitterionic intermediate reac-
tions, as oxidants, and for aldehydic C-H bond functionali-
zation by hydroacylation, amination of C-H bonds, and
a-amination of carbonyl and cyanoacetate compounds.”?
However, the use of dialkyl azodicarboxylates as carbonylation
reagents is very limited. The carbonylation reaction of various
substrates involving C-C and C-X (X = N and O) bonds
formation has been developed recently. New prospects high-
lighted its utilities in photocatalytic promoted C-C bond clea-
vage and C-H bond amination reactions. Azodicarboxylates
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Scheme 1 Representative dialkyl azodicarboxylates in this review.

also showed applications in the catalytic a-amination of carbo-
nyl and cyanoacetates. Synthetically useful azodicarboxylates
are dimethyl azodicarboxylate (DMAD), diethyl azodicarboxy-
late (DEAD), diisopropyl azodicarboxylate (DIAD), di-tert-butyl
azodicarboxylate (DTBAD), dibenzyl azodicarboxylate (DBAD),
bis-trichloroethyl azodicarboxylate (BTCEAD), di-p-chloroben-
zyl azodicarboxylate (DCAD), di-4-nitrobenzyl azodicarboxylate
(DNAD), dicyclopentyl azodicarboxylate (DCpAD) and adaman-
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tyl-tagged azodicarboxylate
(Scheme 1).

Comprehensive reviews on the Mitsunobu reaction have
been reported by Denton, Fletcher and Brimble." Review
articles about pericyclic, oxidation and C-N bond formation
reactions were reported by Nair and Zhirov.> Our review
emphasizes the developments and advances in the field of
dialkyl azodicarboxylates as versatile reagents and covers
examples about the synthesis of dialkyl azodicarboxylates,
brief mechanistic aspects of the Mitsunobu reaction, and their
applications in carbonylation, oxidation, electrophilic
(enantioselective and C-H) amination, and radical-mediated
amination reactions. We hope that this review will be useful
for the better understanding of the field and serve as a handy
reference for further developments.

(BadMAD and BadEAD) etc.

2. Synthetic methods for dialkyl
azodicarboxylates

Dialkyl azodicarboxylates are generally prepared from
commercially available chloroformates and hyarazine.?
Carboalkoxylation of hydrazine via hydrazodicarboxylate for-
mation followed by oxidation delivers the corresponding
dialkyl azodicarboxylate (Scheme 2a).

Dialkyl azodicarboxylates with different alkyl groups in the
ester functionality can be easily synthesized by using alkyl car-
bazate instead of hydrazine (Scheme 2b).”> On oxidation, the
unsymmetrical hydrazine intermediates deliver the corres-
ponding azo-compounds.

2.1. Synthesis from alcohol and 1,1'-carbonyldiimidazole

In 2006, Lipshutz and co-workers described a synthesis of di-p-
chlorobenzyl azodicarboxylate (DCAD).* The process com-
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(a) synthesis from chloroformates
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Scheme 2 General methods for the
azodicarboxylates.
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Scheme 3 Synthesis of DCAD by alcohol and CDI.

prised the preparation of carbamate by treating p-chlorobenzyl
alcohol with 1,1'-carbonyldiimidazole (CDI) in tetrahydrofuran
(THF), which was subsequently treated with hydrazine, leading
to the formation of dicarboxylate derivative. Finally, oxidation
of the corresponding dicarboxylate with N-bromosuccinimide
(NBS) delivered the DCAD (Scheme 3).
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2.2. Synthesis from chloroformate and hydrazine hydrate

In 2011, Dai and co-workers reported an approach for the syn-
thesis of DNAD and DCpAD, which were used as alternative
Mitsunobu reagents.”® DNAD was prepared in two steps. The
first step involved the synthesis and separation of di-p-nitro-
benzyl hydrazinedicarboxylate by the treatment of p-nitro-
benzyl chloroformate and hydrazine hydrate with an aqueous
solution of NaHCO; in toluene at room temperature.
Subsequently, the purified hydrazine intermediate was oxi-
dized by treating with Br, and pyridine in toluene at room
temperature, which transformed the di-p-nitrobenzyl hydrazine-
dicarboxylate to bright yellow solid DNAD (Scheme 4).

2.3. Synthesis from alcohols and phosgene

Curran and co-workers documented the synthesis of BadMAD
and BadEAD.” In their method, the appropriate alcohols were
treated with phosgene and hydrazine hydrochloride in the
presence of K,CO; and pyridine to form the corresponding
dicarbonyl hydrazines. Afterwards, the hydrazine derivatives
were oxidized with Br, to deliver the corresponding BadMAD
and BadEAD (Scheme 5).

3. Mitsunobu reaction

The Mitsunobu reaction was discovered by Oyo Mitsunobu in
1967. It involves the reaction of primary or secondary alcohols
with an acidic pronucleophile to generate a variety of func-
tional groups mediated by stoichiometric amounts of triaryl-
or trialkyl-phosphine and dialkyl azodicarboxylates, in which

X
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O,N
NO.
o 4 2
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Scheme 4 Synthesis of DNAD from chloroformate and hydrazine
hydrate.
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Scheme 5 Synthesis of adamantyl-tagged derivatives of azodicarboxy-
late from alcohols and phosgene.
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(a) Mitsunobu reaction
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Scheme 6 Mitsunobu reaction and its first step mechanism modes.

the azodicarboxylates are used as key reagents to form the
zwitterions.® In addition, this reaction also provides a con-
venient strategy that is widely used in the synthesis of natural
products.” Apart from synthesis of esters, a wide variety of
organic compounds, e.g. thioesters, azides, amines, ethers,
thioethers, thiocyanides and cyanides, can be prepared by the
Mitsunobu reaction (Scheme 6a).9b As a result, new C-N, C-S,
C-0, C-X or C-C bond formations occur through this reaction,
and the hydrazinedicarboxamide or hydrazinedicarboxylate
and the phosphane oxide are also produced.’

The mechanism of the Mitsunobu reaction is equitably
complex. Three different mechanistic modes were considered
for the first step involving the reaction between phosphine and
azodicarboxylate,'® which results in the formation of the
Morrison-Brunn-Huisgen (MBH) betaine (Scheme 6b); (1) a
Michael-type nucleophilic mechanism (Scheme 6bi), (2) a
single electron transfer process (Scheme 6bii), and (3) a chele-
tropic (4 + 2 cycloaddition) mechanism involving a ring for-
mation (Scheme 6biii).

4. Carbonylation reactions

The utility of dialkyl azodicarboxylates as carbonylating
reagents is less explored."’™” In the last few years, the direct
carbonylation reaction has gained significant achievements.
The use of dialkyl azodicarboxylates as carbonylating reagents
is a complementation to other carboxylation reagents, such as
CO and CO,, which avoids the requisites of harsh reaction con-
ditions (high pressure and temperature).">™'®

4.1. Carbonylation of aromatic C-H bonds

Yu and co-workers succeeded in developing the ortho-selective
C-H bond ethoxycarbonylation of 2-arylpyridines, quinolines,

1908 | Org. Chem. Front, 2019, 6, 1905-1928
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1-phenylpyrrolidin-2-one, 1-(indolin-1-yl)ethanone, and oximes
with DEAD by using the palladium catalyst in the presence of
an oxidant (Scheme 7)."* When 8-methylquinoline was used as
a substrate along with Cu(OAc), employed as the oxidant, the
benzylic carbonylated product was obtained in high yield. The
reaction was triggered by chelation-assisted C-H bond acti-
vation. This procedure provided a unique strategy and an
atom-economic alternative method for the synthesis of 8-sub-
stituted quinolines in a single step.

In 2014, You and co-workers developed a Pd-catalyzed
ethoxycarbonylation of anilides with readily available DEAD
via ortho-C-H functionalization.'® A catalytic system consisting
of Pd(TFA), and an oxidant [(NH,),S,0s] along with p-TsOH as
an additive effectively delivered the ester-substituted anilides
at room temperature (Scheme 8). Notably, the efficiency of
ethoxycarbonylation was significantly improved by the use of
Cu(TFA), as an additive. The use of the copper(u) salt is
believed to facilitate the SET (single electron transfer) process
in this reaction. Both electron-donating and electron-withdraw-
ing groups on acetanilides showed good reaction compatibil-
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Scheme 7 Ethoxycarbonylation of aromatic C—H bonds with diethyl
azodicarboxylate.
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Scheme 8 Pd-Catalyzed ortho-C—H ethoxycarboxylation of anilides.
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ities and delivered good yields of the corresponding C-H acti-
vated products.

Meanwhile, the Wang group established a Pd-catalyzed
ortho-C-H bond ethoxycarbonylation of azoxybenzenes and
azobenzenes (Scheme 9)."* With Cu(OAc), or (NH,),S,05 as the
oxidant, both azoxybenzenes and azobenzenes with electron-
donating and electron-withdrawing groups were found to be
compatible with DEAD. Mechanistic investigations indicated
that a free radical mechanism is operational. Therefore, a poss-
ible mechanism was proposed (Scheme 10). Initially, C-H pal-
ladation furnishes the intermediate 1, followed by coordi-
nation with ethoxyacyl radical to generate either the Pd(v) or
Pd(u) intermediate 2. Finally, reductive elimination of inter-
mediate 2 delivers the desired product and regenerates the
Pd(u) for the next catalytic cycle.

Very recently, Wu and co-workers developed a simple
method for the esterification of 2-aryl-1,2,3-triazoles through
the use of a palladium complex as the catalyst along with
Cu(CF;3S0;), and CF;SO3;H for the construction of the C-C
bonds (Scheme 11).'* The reaction tolerates a wide range of
functional groups on the 2-aryl-1,2,3-triazoles (Scheme 11a). In
addition, this method can also be used for the synthesis of the
orexin receptor antagonist drug suvorexant. Mechanism eluci-
dation by computational studies showed that an electrophilic
C-H activation process may be involved in this process owing
to a significant electronic effect (Scheme 11b). Further, a deu-
terium incorporation experiment indicated that the C-H acti-

=
N Pd(OAG), (5 mol%) . \+R
S ! AN N
R{j:N\N NS ppap SWOAk pTSOH N
_ u DCM, rt, 20 h = CO,Et
=
Q 7 g Pd(OAG), (5 mol%) E ~ -rR
N (NH,),S,04, p-TsOH TN
T y DCM, 90 °C, 16 h COEt

Scheme 9 Pd-Catalyzed ortho-C—H carbonylation of azobenzenes
and azoxybenzenes.

P
Et0,C  OAc OAc

Scheme 10 Proposed mechanism.
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Scheme 11 Pd-Catalyzed ortho-C—H carbonylation of 2-aryl-1,2,3-
triazoles.

vation step is reversible (Scheme 11ci). To look deeper into the
reaction mechanism, a kinetic isotope effect (KIE) of 4.5 was
noted (Scheme 11cii), which suggests that the cleavage of the
C-H bond may be involved in the rate-determining step.

The Co-catalyzed aminoquinoline-directed  C(sp®)-H
carbonylation of benzamides and sulfonamides was reported
by the Zhang and Daugulis groups independently.”> In 2016,
Zhang and co-workers developed a simple procedure for the
carbonylation of benzamides with Co(OAc), as the catalyst.
The chemistry showed excellent functional group tolerance
with azodicarboxylates as the carbonyl source (Scheme 12).">“
Mechanistic investigation indicates that the esteric radical and
the CO gas generated by the decomposition of DIAD acted as
the carbonylation moiety."' Based on the experimental find-
ings, they proposed two mechanistic pathways (Scheme 13): (1)
esteric radical formation and intramolecular cyclization of
intermediate 7 (Path A); (2) through the generation of CO (Path B)
and isopropyloxy radical from esteric radical. These radicals
(esteric and isopropyloxy) may combine together to generate
diisopropyl carbonate."' In Path B, the generated CO inserts
the C-Co bond of the intermediate 4 to afford the species 6.

Org. Chem. Front, 2019, 6, 1905-1928 | 1909
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Scheme 12 Co-Catalyzed carbonylation of C(sp?)—H bonds with
azodicarboxylate.
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Scheme 13 Proposed mechanism.

Finally, the corresponding product was obtained via reductive
elimination.

Recently, Daugulis and co-workers reported the carbonyl-
ation of sulfonamide with DIAD as the carbonyl source.'*” The
reaction system consisting of Co(OAc), as the catalyst and Mn
(OAc), as the oxidant along with KOPiv in DCE effectively deli-
vered the corresponding products derived from ester, amide
and halogen substituted sulfonamides with DIAD (Scheme 14).
Importantly, the 5-methoxyaminoquinoline directing group
was successfully removed by treatment with BBr; and
iodine(m) reagent, affording the methyl saccharin derivative in
moderate yield.

Isoindolinones are important intermediates for the syn-
thesis of pharmaceuticals and natural products. An interesting
traceless directing group-assisted cobalt-catalyzed carbonyl-
ation of benzylamines was developed by Zhong and co-workers
in 2017."® The desired isoindolinones were isolated in moderate
to excellent yields (Scheme 15). It is worth pointing out that
this carbonylation reaction was found to be compatible with a
number of aromatic and hetero-aromatic substituted amines.

1910 | Org. Chem. Front, 2019, 6, 19051928
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Scheme 14 Co-Catalyzed carbonylation of sulfonamide C(sp?)-H
bonds with DIAD.
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Scheme 15 Co-Catalyzed C(sp?)—H carbonylation of benzylamines.

4.2. Carbonylation of heteroatoms

In 2013, Lalitha and co-workers documented a simple
carbonylation reaction of indazoles and indoles with DEAD or
DIAD in the presence of tetraethyl ammonium cyanide
(TEACN) at room temperature (Scheme 16)."* The chemistry of
this reaction showed good functional group tolerance with
various electron-donating and electron-withdrawing groups
and led toward the formation of carbamates. Notably, nitro
group-substituted indazoles and indoles resulted in the C-H
carbonylation at the C3 position instead of on the nitrogen.
However, the mechanism of this unique behavior of nitro-sub-
stituted indazoles and indoles is unclear.

Recently, Guan and co-workers succeeded in the Cu-cata-
lyzed carbonylation of anilines using DIAD and DEAD for the

H
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Scheme 16 Carbonylation of indoles and indazoles.
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synthesis of carbamates under solvent-free conditions
(Scheme 17).'® Various electron-donating and electron-with-
drawing groups on anilines are compatible with this method.
However, the scope of the reaction is limited to primary ani-
lines. The utility of heterocyclic analogues (pyridin-4-amine)
was also explored, but the desired product was obtained in
lower yield. They proposed a plausible reaction mechanism as
depicted in Scheme 18. The decomposition of DIAD triggered
by the copper catalyst generates the radical species 8,"* which
abstracts a hydrogen atom from the aniline to form the aminyl
radical 9. The rebound of resulting radicals 8 and 9 delivers
the corresponding products.

Another approach was reported by Guan and co-workers for
the O-H bond carbonylation of oximes.>’ In this reaction,
DIAD was involved in a less common isopropoxycarbonylation
of ketoximes under a Cu and Na,S,0; catalytic system. DIAD
acted as a selective precursor for the synthesis of oxime car-
bonates in high yields. It is worth noting that Na,S,0; played a
very important role in this carbonylation reaction, which
might facilitate the C-N bond cleavage of DIAD."
Furthermore, this transformation was applicable to a wide
range of substituted ketoximes (Scheme 19). However, the
reaction with aldoxime (4-methylbenzaldehyde oxime) was
found to be less efficient. A mechanism was proposed as
shown in Scheme 20. The thermal decomposition of DIAD
produces the oxyacyl radical 8, followed by the double oxi-
dative addition with Cul to generate the copper(ir) species 10.
Subsequently, species 10 abstracts a hydrogen atom from the
oxime to afford another Cu(m) oxime intermediate 11, which
finally delivered the desired carbonates by the reductive elim-
ination process.

H
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Rl X 2 . N 27 Cu(OAc), (5 mol%) il X \[4
= RO C,N solvent-free A N
2 rt to 80 °C
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ﬁ “
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Scheme 17 Copper-catalyzed
azodicarboxylates.
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5. Azodicarboxylate as an oxidant

It is well known that dialkyl azodicarboxylates can oxidize
different kinds of compounds, e.g. alcohols, hydrazines, thiols
and hydroxylamines.>' It is an efficient reagent for the con-
venient oxidation of compounds containing sulfur (i.e. thiols
and thiophenols) to symmetrical or unsymmetrical disul-
fides.*> The derivatives of aryl- and alkyl-sulfinic acids were
easily oxidized to the corresponding sulfonylhydrazides with
BTCEAD (Scheme 21i).>* Sulfonylhydrazides could be further
reduced to sulfonamides by treating with zinc dust
(Scheme 21ii).

In 2004, Shi and Shao found that methylenecyclopropanes
(MCPs) underwent ring expansion when treated with DEAD or
DIAD.>* Optimization of the reaction conditions revealed that
a catalytic system consisting of Zr(OTf), in CH;CN/H,O gave
the optimal results. For aromatic substituted MCPs, the reac-
tion proceeded efficiently to deliver the corresponding cyclo-
butanones in good to high yields (Scheme 22). In this reaction,
Lewis acid activates the DIAD toward its reaction with the MCP
substrate to generate a zwitterion intermediate 12, which upon
rearrangement gives a ring expansion spirocyclic 14 through
13. Then the hydrolysis of 14 affords the product and
hydrazine.
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Scheme 21 Synthesis of sulfonylhydrazides and sulfonamides.
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Scheme 22 Methylenecyclopropane ring expansion in the presence of
DIAD.

In 2010, Iranpoor and Firouzabadi’s group reported the
thiocyanation of aromatic amines with NH,SCN and DEAD.*?
In this reaction, indoles substituted with electron-donating/-
withdrawing groups delivered the corresponding product in
good to excellent yields (Scheme 23). The scope of this reaction
was not only limited to indoles, but various substituted ani-
lines were also found to be compatible and were converted
into the corresponding 4-thiocyanatoanilines in high to excel-
lent yields. Notably, under the standard reaction conditions,
phenol and anisole failed to deliver the corresponding
product. They proposed a reaction mechanism as shown in
Scheme 24, in which DEAD is activated by NH,SCN to result in
the generation of diethyl 1-thiocyanatohydrazine-1,2-dicarboxy-
late. Then nucleophilic attack of indole to this species delivers
the desired product and diethyl hydrazodicarboxylate
(2H-DEAD).

The synthesis of N-heterocyclic compounds is one of the
most important processes in organic chemistry. This process
leads toward the synthesis of fundamental organic compounds
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that are prevalent in pharmaceutical and natural products.® In
this regard, indoles and quinolines constitute a biologically
important class of organic compounds.>® Dialkyl azodicarboxy-
late as a versatile reagent play an important role in the syn-
thesis and transformation of such N-heterocycles.>”*®

In 2011, Stone reported a modified version of the Larock
method via a Heck reaction for the synthesis of substituted
quinolines.?®? The first step of this process is a palladium-cata-
lyzed Heck reaction of ortho-bromo-anilines with allylic alco-
hols followed by an intramolecular imine formation that leads
to a dihydroquinoline intermediate or a mixture of quinoline
and tetrahydroquinoline formed by disproportionation
(Scheme 25). The second step involves the dehydrogenation of
hydroquinoline by the addition of DIAD in the reaction
mixture after a specific interval, which delivered the desired
substituted quinoline. This one-pot, two-step method was
applicable to various substituted 2-bromoanilines as well as
various allylic alcohols.

5.1. Oxidation of alcohols

The conversion of alcoholic groups to their corresponding car-
bonyl groups via oxidation is one of the widely used funda-
mental transformations in synthetic chemistry.>*?° Large
numbers of useful methods have been developed. Oxidation of
alcohols by DEAD to the corresponding carbonyl compounds
was first reported by Yoneda and co-workers in 1966.>" This
method generated 2H-DEAD as a single by-product, which
could be easily separated by chromatographic technique.
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Scheme 25 Synthesis of substituted quinolines.

Importantly, the hydrazodicarboxylate by-product can be easily
reoxidized with iodobenzene diacetate (IBD) in methylene
chloride at room temperature to generate the DEAD
(Scheme 26a).%*

In 2009, Grée and Cao reported the oxidation of alcohols to
their carbonyl products by the combination of DEAD and a
Lewis acid.>’ Optimization studies revealed ZnBr, to be an
ideal choice (Scheme 26b). The scope of the reaction was
demonstrated with primary and secondary alcohols, but pro-
pargylic or allylic alcohols were not tolerated. The reaction is
proposed to proceed via a six-membered cyclic transition state
formed by the DEAD and the ZnBr,-activated alcohol
(Scheme 26b).

The chemistry of the oxidative transformation of hydroxyl-
amines to nitroso derivatives with DEAD under mild reaction
conditions is already known.** Inspired by this work, Iwabuchi
and co-workers reported that nitroxyl radicals catalyzed the
oxidation of alcohols to the corresponding carbonyl derivatives
by DIAD.** 2-Azaadamantane-, 9-azanoradamantane-, and
9-azabicyclo[3.3.1]nonane-type nitroxyl radicals (AZADOs;
AZADO (A),*** Nor-AZADO (B),** and ABNO (C);**?
Scheme 27a), which constitute the less sterically hindered
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H CeHsl(OAC
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Scheme 26 Hydrazodicarboxylate oxidation to generate DEAD and the
oxidation of alcohols to carbonyl compounds.
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class of nitroxyl radicals, were revealed to have potentially
higher reactivity as compared with TEMPO (D).**> Optimization
studies found Nor-AZADO to be an ideal catalyst for the oxi-
dation of alcohols to aldehydes or ketones with DIAD
(Scheme 27b).>* This method was applicable to a variety of
alcohols, including double- or triple-bond containing alcohols
and 1,2-diols. In light of control experiments, AZADOH and
DIAD in the absence of acetic acid delivered no alcohol oxi-
dation product except the formation of AZADO. However, oxi-
dation of alcohol proceeded smoothly in the presence of acetic
acid. These results suggest that the oxoammonium salt was
generated by an acid-catalyzed disproportionation of AZADO
(Scheme 28). The oxoammonium salt oxidizes the alcohol to
generate the corresponding carbonyl compound and AZADOH.
DIAD acted as an efficient oxidant for generating an AZADO
from AZADOH to continue the catalytic cycle.

From the environmental perspective (i.e. green synthetic
techniques), oxidation reactions through oxygen or air are the

(a) structures of AZADOs and TEMPO.
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Scheme 27 Oxidation of alcohols to carbonyl compounds with DIAD
and Nor-AZADO and structures of nitroxyl radicals.
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Scheme 28 Proposed mechanism.
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most environmentally friendly methods for the oxidation of
alcohols.**”*° However, metal-catalyzed reactions are the key
toolbox for organic chemistry. They have been widely applied
in organic synthesis (such as drug synthesis, natural product
synthesis and green chemistry).>” In the past few decades,
transition metal-catalyzed functionalization reactions have
gained attention in the field of organic synthesis for challen-
ging transformations.*® However, most of these reactions
require noble metal catalysts (such as Pd, Rh, or Ru).*®%°
Recent studies have highlighted copper as a versatile reagent.*’
Copper-catalyzed reactions have gained significant attention
because of two important advantages: (1) copper is in-
expensive, insensitive to air, robust and readily available as
compared to other transition metal catalysts; (2) it is an
efficient and environmentally friendly catalyst for the oxidation
of alcohols to aldehydes and ketones.*!

Recently, a number of catalytic systems have been devel-
oped for the aerobic oxidation of alcohols through complexes
of precious metals, i.e. Pd**** and Ru** (Scheme 29a).*'* These
catalytic systems work effectively with a broad range of alco-
hols, including primary and secondary benzylic, allylic and ali-
phatic substrates. Aerobic alcohol oxidation by first-row tran-
sition metals exhibits wider functional group tolerance (e.g.,
Cu,”*® Co," Fe'® and V*°). However, Cu-catalyzed reactions,
specifically those utilizing TEMPO* or dialkyl azodicarboxy-
late’® as an oxidant (Scheme 29b), have emerged as an
effective catalytic system.*"®

Marké and co-workers have developed a number of
methods for the aerobic oxidation of alcohols employing
copper catalysts."'**%°%31 Those methods effectively oxidize a
variety of functionalized primary and secondary benzylic,
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Scheme 29 Catalytic systems for the aerobic oxidation of primary
alcohols.
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allylic and aliphatic alcohols to the corresponding carbonyl
derivatives in the presence of a combination of copper catalyst
and dialkyl azodicarboxylate. Optimization of the reaction con-
ditions revealed a catalytic system consisting of CuCl-Phen
(1,10-phenanthroline), KO‘Bu and DTBAD to be suitable for
this transformation (Scheme 30a).”’ Based on this work,
Tsunoda group documented the modified version of Markd’s
aerobic oxidation procedure.’* The reaction conditions includ-
ing CuCl, 4,7-diphenyl-1,10-phenanthroline (dpPhen), DTBAD
(di-tert-butyl azodicarboxylate) and Cs,CO; were found to be
ideal for oxidizing alcohols to their corresponding carbonyl
groups at room temperature (Scheme 30b). This method was
applicable to secondary and primary alcohols. A catalytic cycle
for this type of oxidation was proposed as shown in
Scheme 31.>" First, copper-alkoxide/azo complex 15 is formed
by ligand exchange between the alcohol and the chloride sub-
stituent of Phen-CuCl in the presence of a base. A hydrogen-
transfer reaction within complex 15 generates the carbonyl-
bound hydrazine-copper complex 16, which upon liberation of
the desired ketone reacted with oxygen and produced the
binuclear Cu(u) peroxide 18. Subsequently, hemolytic cleavage
of the O-O bond followed by a hydrogen atom abstraction
affords the Cu(r) hydroxyl intermediate 19. Finally, exchange
between the OH ligand and the alcohol substrate, with the
release of water, regenerates the active catalyst 15. This work
represents an important example whereby the azodicarboxylate

(a) aerobic oxidation of alcohols
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Scheme 30 Cu-Catalytic aerobic oxidation of alcohols.
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can be regenerated during the reaction and also plays its role
as a catalyst rather than a stoichiometric reagent.

5.2. Oxidation of aldehydes

In 1997, Jennings and co-workers reported a hydroacylation
reaction of azodicarboxylates by treatment of 3-formylindoles
and 2-formylthiophene DEAD (Scheme 32a and b).>* However,
under standard reaction condition, 2-formylfuran delivered a
[3.2.1] bicyclic adduct as the major product (Scheme 32c).

In 2004, Lee and Otte reported a rhodium-catalyzed hydro-
acylation reaction of aldehydes and dialkyl azodicarboxylate
for the synthesis of hydrazino imides (Scheme 33).* With
rhodium acetate [Rh(OAc),], as the catalyst, the scope of this
reaction includes aliphatic saturated aldehydes, as well as
unsaturated and aromatic aldehydes. Both DIAD and DBAD
showed good compatibility and delivered the corresponding
products in good to excellent yields. After this breakthrough,
the Ni group and the Caddick group reported the hydroacyla-
tion of aldehydes with dialky azodicaboxylate in water.””>®
Notably, these approaches proceed efficiently without using
any catalyst.

A copper-catalyzed method for the hydroacylation of alde-
hydes with DIAD was reported by Peng and co-workers,”” in
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Scheme 32 Transformation of aldehydic C—H bond.
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Scheme 33 Hydroacylation of aldehydes.

which Cu(OAc),-H,O and EtOAc at ambient conditions were
found to be optimal for hydroacylation of aldehydes
(Scheme 34). This method was applicable to aromatic as well
as aliphatic aldehydes. The reaction tolerates a broad range of
substituents on aromatic rings and delivers the corresponding
products in moderate to excellent yields. They proposed a
radical reaction mechanism (Scheme 35). The mechanism
does not provide any related information regarding the copper
catalyst. However, it has been recently reported that azodicar-
boxylate decomposes to generate the acyl radicals in the pres-
ence of Cu(n) salts."®'"'® The reaction is initiated by the
abstraction of a hydrogen atom from aldehyde to generate the
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Scheme 34 The Cu-catalyzed hydroacylation reaction of aldehydes
with azodicarboxylates.
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radical species 20. The addition of 20 to azodicarboxylate
resulted in the formation of radical intermediate 21, followed
by the radical abstraction of intermediate 21 and the aldehyde
substrate led to the generation of the hydroacylation product.

In 2014, Xu and co-workers developed a new Lewis- and
Bronsted-acid-catalyzed strategy for the hydroacylation of alde-
hydes.”® The combination of trifluoroacetic acid (TFA) and
CoCO; was found to be crucial to this transformation
(Scheme 36). Mechanistic investigation indicated that the reac-
tion involves a radical pathway. Addition of a catalytic amount
of TEMPO to the reaction completely suppressed the formation
of the corresponding product. ESR (electron paramagnetic
resonance) studies also support the presence of a nitrogen-cen-
tered radical in the reaction mixture.

Recently, Muthusubramanian and co-workers documented a
microwave-assisted and metal-free approach for the hydroacyla-
tion of aldehydes.>® In this reaction, pyridine was identified as a
powerful catalyst in the presence of DMF solvent. This reaction
was applicable to a wide range of phenyl-substituted aldehydes
(Scheme 37). However, aliphatic aldehyde (i.e., propionaldehyde)
and heterocyclic aldehyde (1-methyl-1H-pyrrole-2-carbaldehyde)
also delivered the corresponding products in high yields. They
proposed an ionic reaction mechanism (Scheme 38).

5.3. Amine transformations

Dialkyl azodicarboxylates are very useful for the transform-
ation of alkylamines to imines by oxidation, which can be
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Scheme 36 Lewis- and Brensted-acid-catalyzed hydroacylation of
aldehydes.
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Scheme 37 Pyridine-catalyzed hydroacylation of aldehydes with
azodicarboxylates.
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further modified into amines or the corresponding carbonyl
derivatives (Scheme 39).°°"°> In this regard, imines furnished
by the reaction of dialkyl azodicarboxylate and alkylamines
could be wused for further transformation with various
nucleophiles.

In 2009, Li and Xu established the Cu/DEAD catalyzed alky-
nylation of aliphatic tertiary methylamines with terminal
alkynes.®® The scope of this reaction covered aryl-substituted
terminal alkynes and aliphatic alkynes (Scheme 40a). It is
noteworthy that propargylic amine derivatives could be further
transformed into cis-p-enaminones via dehydrogenation by
DEAD in the presence of water (Scheme 40b).** Based on their
studies, a mechanism was proposed (Scheme 41).%* Initially, ter-
tiary methylamine and DEAD undergo a nucleophilic addition
and result in the formation of species 22. Then transformation
of species 22 provides the imine cation species 24 and 1H-DEAD
25. The deprotonation of the terminal alkyne by the nitrogen
anion 25 in the presence of Cu-catalyst generates the 2H-DEAD
and copper alkynlide (path a). Furthermore, addition of copper
alkynlide to imine cation species 24 delivered the corresponding
product and generates the copper catalyst. However, for aryl-sub-
stituted imines (R' or R> = ph), preferably the reaction operates
through path b where 25 directly adds to 24.

In 2013, Hu and co-workers reported a metal-free dehydro-
genative coupling of tertiary amines with a-fluorinated sul-
fones for the synthesis of f-fluorinated amines by DIAD.®® This
dehydrogenative coupling reaction proceeded in moderate to

First Step:
i
H . EOZPr
ney,-N<
R B+ PrORCyy Nicojpr —oe T NTNH L ——
R CO,Pr
R. E triazane
N* Pro,C. N_. ;
Cots rOZC” COzPr
imine DIHD
Second Step:
o\
E aqueous HCI + -
CGHS _— > R/NHS Cl +

Scheme 39 Amine transformations.
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(a) alkynylation of aliphatic tertiary methylamines

R! Cul (5 mol%)

R—= + N
Me” "R? DEAD, THF

R = Ph, R" = Me, R? = c-hexyl, 87%

R = 4-MeOCgH,, R' = Me, R2 = c-hexyl, 90%
R = 4-MeCgH,, R' = Me, R? = c-hexyl, 83%

R = 4-CH3(CH,)4CgHa, R' = Me, R? = 'Pr, 75%
R = Me;Si, R" = Me, R? = c-hexyl, 81%

(b) synthesis of cis-B-enaminones

DEAD —
+* Ho ——— R NR,
)

R' = Ph, R = Piperidyl, 55%
R'=4-CH;0CgH,, R = Piperidyl, 48%
R' = 4-FCgH,, R = Piperidyl, 57%

R' = Ph, R = Morpholinyl, 38%

R'" = 3-Thienyl, R = Piperidyl, 41%

R1%\N

Scheme 40 Alkynylation of aliphatic tertiary methylamines and the
synthesis of cis-p-enaminones.
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Scheme 41 Proposed mechanism.
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Scheme 42 DIAD-mediated fluoromethylation of tertiary amines.

excellent yields (Scheme 42). They proposed that addition of
tertiary amines and DIAD generates a zwitterionic intermedi-
ate 27. A subsequent 1,4-hydrogen shift of the zwitterionic
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RSON; + RA~\Rregs —2EAD. 1.4-dioxane RSO,Nx_NRZR?®

10-15°C, 1 h: then rt for 4 h

R = 4-CH3CgH4, R'=H, R? = Et, R® = Et, 76%
R =Ph, R"=H, R?=Et, R®=Et, 64%

R =3-NO,CgHy, R" = H, R? = Et, R® = Et, 65%
R = 4-CH3CgHs, R' = H, R? = Me, R® = Me, 46%
R =4-CH3CgH4, R'=H, R2=Et, R®=Ph, 51%

Scheme 44 Synthesis of sulfonyl amides.

intermediate provides an iminium cation 28 and a nitrogen
anion 29. Subsequently, the deprotonation of a-fluorinated
sulfone by 29 forms 2H-DIAD and fluorinated sulfone anion
30, which adds to the iminium cation 28 to deliver the desired
product (Scheme 43).

In 2008, Li and co-workers reported the DEAD-mediated
oxidative dehydrogenation of tertiary amines for the synthesis
of sulfonyl amidines from sulfonyl azides.®® This reaction pro-
ceeded smoothly without any assistance of a metal catalyst.
This transformation was applicable to a wide range of sulfonyl
azides and tertiary amines substrates for the synthesis of
N-sulfonylamidines in good to excellent yields (Scheme 44).

6. Azodicarboxylates as electrophiles

The large majority of research methods use dialkyl azodicar-
boxylates as the N-electrophiles to produce hydrazines. In
2012, Han and co-workers reported the synthesis of isoxazo-
lines by the reaction of oxime with TEMPO or DEAD.®” TEMPO
or DEAD act as a radical initiator as well as a radical scavenger
in the reaction (Scheme 45).

_CO,E N-O

N
o]
RM . E’ toluene, 50 °C R/K)\(N\NH
Ed EtO,C” i) COJEt
CO,E

U N~ /) N~ / N‘NH
NH NH
ph/k)\/ NC. /K)\/ Ph iy \
CO,Et PNC-Ph COEt  H H CouEt

88% 86%

88% (95:5)

Scheme 45 Amination of alkenes for the synthesis of isoxazolines.
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Besides oximes, Han and co-workers also documented the
hydrazone radical-promoted synthesis of pyrazolines and tetra-
hydropyridazines from f,y-unsaturated and y,5-unsaturated
hydrazones, respectively.°® The process involves the addition
of hydrazone radicals to C-C bonds to form a new carbon
radical followed by trapping with DIAD (Scheme 46).

The catalytic enantioselective electrophilic amination reac-
tions using diazocarboxylates are an important application for
the construction of nitrogen-containing tetrasubstituted
stereogenic carbon centers.” These compounds are widely
found in natural and biologically active products.* In this
regard, an important example of scandium-catalyzed dearoma-
tization of substituted 2-naphthols was reported by Luan and
co-workers.®® The reaction between substituted 2-naphthols
and azodicarboxylates proceeded well in the presence of chiral
Sc(OTf);/pybox complex under mild conditions. Various 1,3-di-
substituted 2-naphthols and 1-substituted 2-naphthols
efficiently participated in this transformation, affording the
corresponding dearomatization products in high yields with
excellent enantioselectivities (Scheme 47).

Gold- and silver-catalyzed cycloisomerization-amination
reactions have been reported by the Gong and He groups.”®”"
In the gold-catalyzed reaction, a chiral gold() complex enables
the reaction of 2-(alkynyl)phenyl boronic acids and diazenes
for the asymmetric synthesis of heteroaryl atropisomers in
high yields (Scheme 48).”° A wide range of substrates bearing
different functionalities was tolerated by this method. The

RZ
| 2
NH R i
N/ N-N LI':OZ Pr
| DIAD (2 eq) 1A N-NH
R1 AN — R (‘:O /p
ve Me toluene, 100 °C Me Me 2

R2 ; R'=Ph, R2= Ph, 96%
N-N §O2Pr R'= 4-MeOPh, R2= Ph, 88%

qi- N~NH R' = 4-CNPh, R?= Ph, 92%
. co,Pr

R"=Ph, R?=4-MeOPh, 93%
R"=Ph, R2=4-CNPh, 89%
Scheme 46 Synthesis of pyrazolines.
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Scheme 47 Dearomatization of 2-naphthols.
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Scheme 48 Cycloisomerization-amination of
boronic acids.

2-(alkynyl)phenyl

chirality of these compounds is relatively stable at ambient
temperature but racemization occurs at high temperature.

In 2016, Zuo and co-workers reported a visible-light-
induced C-C bond cleavage of cycloalkanols by cerium(ir)
chloride.”” This reaction not only works well with tertiary
cyclic alcohols of varying ring size but secondary cyclic alco-
hols were also found to be equally compatible. In this reaction
system, cerium(m) was oxidized to the cerium(wv) species by
visible-light irradiation, followed by C-C bond scission to
generate a carbon radical. Subsequently, the addition of
DTBAD delivered the aminated product (Scheme 49a). In the
same year, Zhu and co-workers reported the Mn-promoted C-C
bond cleavage and amination of cyclobutanols for the syn-
thesis of alkyl hydrazines.”® In this method, cyclobutanol sub-
strate underwent the chain-reaction mechanism to generate

(a) C-C bond cleavage of cycloalkanols

HO_ R Q
CeClz (2 mol%) R
+ Boc. -N._ "BusNClI (5 mol%) m
) N Boc ——MMMM > N=NHB
" CH3CN, blue LEDs / oc
R =H, alkyl, aryl Boc
_Ce''Cl, Ce'VCI Ce”'CI
L [T —
n n l

(b) C-C bond cleavage of cyclobutanols

Mn(OAc); (0.2 eq)
bathophen (0.22 eq) O R Boc

HO,
R? § i
ﬁ . Boo. oN._  BI-OH (0.2 eq) Rru\)\/N\H,Boc

R CH3CN, rt
o Boc R'=Ph, 76%
N\N,Boc R'=Me, 97%
H R'=F, 75%
R! R"= OCF3, 51%
O Ph l|30c o I|30c
N.,  .Boc
©)J\/K/ IN( G’)J\/\/N\H,Boc
\_s
66% 74%

Scheme 49 C-C Bond cleavage and amination by DTBAD.
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the alkyl carbon radical, which was then followed by DTBAD
addition to afford the alkyl hydrazine. The reaction showed
excellent regioselectivity and good functional group tolerance
under mild reaction conditions (Scheme 49b).

6.1. a-Amination of carbonyl functionalities

Dialkyl azodicarboxylates, are strong electrophiles (electro-
philic N=N) owing to the presence of two electron-withdrawing
carboxylic groups. The a-amination reaction resulted in the
formation of a new C-N bond at the a-position of carbonyl
derivatives.> A general reaction for a-amination of the carbo-
nyl functionality with dialkyl azodicarboxylates as the electro-
philic aminating reagent is shown in Scheme 50a.”*

Dating back to 1954, the electrophilic amination of carbo-
nyl compounds was observed by Huisgen while treating cyclo-
hexanone with DEAD.”® In the last few decades, this strategy
has been used for enantioselective synthesis by using chiral
organocatalysts or metal complexes. a-Amination of N-acyl
oxazolidinones with DTBAD was documented by Evans and
Nelson by using a chiral magnesium bis(sulfonamide)
complex (Scheme 50b).”*® The turnover of the catalyst was
enhanced by using p-TosNHMe as an additive, leading toward
high enantioselectivity. Later, the same group also demon-
strated the enantioselective amination of enolsilanes using a
C,-symmetric copper(i) complex as a chiral Lewis acid.”®”

Enantioselective a-amination of 2-keto esters with azodicar-
boxylates using chiral bisoxazoline copper(n) complexes was
reported by Jorgensen’s group (Scheme 50c).”” This reaction
offers a convenient method for producing optically active syn-

(a) o-amination of carbonyl functionality fo)
o HN)J\O’R2
o] _CO,R2 i
AR E — RN Or2
R20,C” R' O

electrophilic N=N o-amination

(b) o-amination of N-acyloxazolidinones
Ph Ph

Me_ 0,S—N_ N-SO, Me

Q0

Me Me
-Boc (10 mol%) )LNJ\/Ar

O
Art o1 -/ H
(0] NJI\/ Boc/N p-TosNHMe (20 mol%) N

(c) a-amination of 2-keto esters
R2 R2

o] |‘ ‘ o]
3. 3
ReC N N R
s Gu
R4 TfO OTf R4

(0]
(0} -R o R!
N R A1 o
CO,Et R

RN Ry MR
H
OH [0}
L-selectride Rl CO,Et NaOH ,H\NJLO
—78°Cert R. N T™MSCHN, R 7 [
H R R’ CO,Me

Scheme 50 «-Amination of carbonyl functionalities with dialkyl
azodicarboxylates.

This journal is © the Partner Organisations 2019

View Article Online

Review

f-amino-a-hydroxy esters. Jorgensen and co-workers also docu-
mented the a-amination of a-substituted f-keto esters with
DBAD by a chiral Ph-BOX-Cu(OTf), complex.”®* Notably, by
using 0.5 mol% catalyst loading, excellent results were
obtained with either cyclic or acyclic f-keto esters
(Scheme 51a). Later, this reaction system was also utilized in
the amination of a-fluorinated p-keto esters.”®” Enantioselective
amination of f-keto phosphonates with DBAD was also achieved
using a zinc bisoxazoline complex (Scheme 51b).”° High
enantioselectivity was obtained with both acyclic and cyclic sub-
strates but required a relatively higher catalytic loading
(10 mol%) and an increased reaction time.

By successful tuning of a-amination of p-keto derivatives, it
became possible to develop a method for the synthesis of
complex structures with diverse chiral centers. In this regard,

(a) a-amination of o-substituted B-keto esters

Me,‘ Me
0~ ‘ -0
R N{
o o CO,8n PH Ph o HN/COan
1u s N (8,8)-Ph-BOX , N
R CO,R3 * N  ocnioth. R ' COLBn
R2 BnO,C Cu(OT), RZ “COR?
_COBn
O HN""TZ R1 =Bt RS = Et, 98%, 98% ee
RJ&\N\CO gn R'=Ph R®=Et 81%, 87% ee
Me” “co,R>.  R'=Pr, R®=1Bu, 89%, 98% ee
O NHCO,Bn o EE(C)OBZB" O NHCO,8n
Eé*ﬁcogsn S 002850 .NCO,Bn
COLEt COaEt COLEt

96%, 99% ee 96%, 99% ee 70%, 90% ee

(b) a-amination of B-keto phosphonates
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Me" NCOBn Me’ NCOBn NCO,Bn
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(c) one-pot amination-cyclization method for the synthesis of pyrazolidines
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Scheme 51 Amination of B-keto esters and p-keto phosphonates cata-
lyzed by metal complexes.
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Ma’s group reported a one-pot Cu- and Pd-catalyzed amination
method for the synthesis of pyrazolidine derivatives
(Scheme 51¢).*° This reaction was first catalyzed by a chiral
Ph-BOX-Cu(OTf), complex followed by a Pd-catalyzed cyclization.

In 2002, List, Jorgensen et al. reported the reaction of
-proline-catalyzed a-amination of aldehydes.®' Stable crystal-
line 2-hydrazino alcohols were synthesized from aldehydes
with dialkyl azodicarboxylate in good yields with excellent
enantioselectivities (Scheme 52a®'“ and Scheme 53°%%). A
further new potential application of this method was demon-
strated by the synthesis of the a-amino acid derivative from the
2-hydrazino alcohol (Scheme 52b). Notably, this approach pro-
ceeded with high enantionselectivity. These results indicated
the potential of the amino acid catalyst for a-amination of car-
bonyl functionality.®” In addition, this method also provides
useful substrates for synthesizing other non-natural or natural
a-amino and a-hydrazino acid derivatives.®* Later, the scope of
this reaction was also extended to ketone substrates.®* In 2006,
Greck and co-workers unraveled an r-azetidine carboxylic acid-
catalyzed electrophilic a-amination of aldehydes and ketones
with dibenzylazodicarboxylate (DBAD) (Scheme 54).%* In com-

(a) a-amination of aldehydes

o L-proline (10 mol%) COZBn
. ) rTlI,COZBn CH3CN O/\/N‘N’COZBn
N I
R BnOC then EtOH, NaBH, 5

R ='Pr, 99%, 96% ee

GOzEn R ="Pr, 93%, >95% ee &
Ho - Non-COBN R =By 04% 97% ee N7 TeoN
: H R = Me, 97%, >95% ee

L-proline

R

R =Bn, 95%, >95% ee

(b) a-amino acid synthesis

CO,Bn 1. Hy, Raney-Ni JZ)
\ MeOH, AcOH
HO/\/N‘N'COZBn N ?\/NH
H H 2. Phosgene
Bn NEt;, CH.Cl, -
Bn
(R) (R) 64%

Scheme 52 «a-Amination of aldehydes with dialkyl azodicarboxylates
and the synthesis of a-amino acid derivatives.
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Scheme 53 «a-Amination of aldehydes for the synthesis of optically
active amino aldehydes, amino alcohols and amino acids.
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Scheme 54 «-Amination of aldehydes and ketones with DBAD.

parison, r-azetidine delivered comparable reaction yields with
those delivered by ti-proline. Moreover, a-hydrazinoketone
derivatives obtained from DBAD can be easily transformed
into the corresponding amino ketone in a single step.®
Arginine is known as a conditionally essential or semi-
essential naturally occurring amino acid. It was first found in a
lupin seedling extract by Ernst Schultze.*® Guanidine is a func-
tional moiety on the side chain of the arginine with formula
HNC(NH,),. It acts as a strong base and exists as guanidinium
(C(NH,);") in neutral water. In 2006, Terada and co-workers
developed a new axially chiral seven-membered-ring guanidine
catalyst (R)-1 for the amination of 1,3-dicarbonyl derivatives
(Scheme 55).%” Previously, they had documented that the nine-
membered-ring guanidine catalyst (R)-2 was an enantio-
selective and efficient catalyst for the 1,4-addition reaction of
1,3-dicarbonyl derivatives with nitroalkenes (Scheme 55).%®
After optimization of the axially chiral seven-membered-ring
guanidine catalyst by changing the aryl group, they found that
4-(3,5-t-Bu,CeH3)CeHy, gave the optimal results (Scheme 56).

6.2. Amination of a-cyanoacetates

In 2004, Jorgensen and co-workers reported an organocatalytic
amination of p-substituted a-cyanoacetates and f-dicarbonyl
compounds with a chiral tertiary amine catalyst.*” A catalytic
system consisting of p-isocupreidine ($-ICD) in toluene gave
the optimal results (Scheme 57a). It is noteworthy that the
asymmetric stereocenter could be further transformed into an
a-amino acid derivative via cleavage of the N-N bond by the
treatment of TFAA, followed by Sml, (Scheme 57b).
Meanwhile, the Deng group also reported the amination of

(R-1 (R)-2

Scheme 55 (a) Axially chiral guanidine with a seven-membered ring
and its protonated form (R)-1; (b) Axially chiral guanidine with a nine-
membered ring.
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Scheme 56 Electrophilic amination of unsymmetrically substituted 1,3-
dicarbonyl compounds.

(a) amination of o-cyanoacetates with DTBAD
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(c) amination of o-cyanoacetates with dialky azodicarboxylates
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Scheme 57 Organocatalytic amination of a-cyanoacetate compounds
and the synthesis of tetrasubstituted a-amino acid.

a-substituted a-cyanoacetate compounds with readily accessi-
ble chiral catalysts from both quinine and quinidine.’® With
the optimized reaction conditions, a variety of a-aryl cyanoace-
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tates were successfully converted to the desired products in
either the R or S configuration with QD-2¢ and Q-2c, respect-
ively (Scheme 57c).

For the amination of a-cyanoacetates with chiral metal com-
plexes, Ikariya and co-workers established the bifunctional
chiral Ru and Ir amido complexes-catalyzed amination of
a-substituted a-cyanoacetates with dialkyl azodicarboxylate in
2008 (Scheme 58).°" This reaction provides a useful procedure
for the construction of nitrogen-substituted asymmetric stereo-
centers (R configuration) in excellent yields and with high
enantioselectivities.

6.3. Amination of heterocycles

Heterocyclic compounds are ubiquitous core structures found
in numerous biologically active and functional materials.
Their catalytic asymmetric construction is of high significance
and interest.>*°> In this regard, organocatalytic a-amination of
oxindoles has been reported by the Zhou,”** Chen,”” and
Barbas®*® groups. The Chen and Barbas groups reported the
cinchona alkaloid derivative (DHQD),PHAL-catalyzed amin-
ation of 2-oxindoles for the asymmetric synthesis of 3-amino-
2-oxindoles. However, Zhou and co-workers reported the
construction of tetrasubstituted stereocenters by quinidine
derivative  (QD),PYR-catalyzed amination of oxindoles
(Scheme 59).”** This protocol was applicable to a range of
3-substituted oxindoles to provide the desired products in high
yields and with excellent enantioselectivity. Soon after this,
chiral nickel and scandium complexes were reported for the

CO,Bu N-COR ) ROL- COQR
a( e N et
CN ROZC/N toluene COZ’Bu
0-40°C
2h
Ar = CgHs, R = Me, 99%, 97% ee Me /0§
Ar = CgHs, R = Et, 99%, 91% ee \s’ ’Ir/
Ar= CgHs, R = Pr, 99%, 66% ee o N ‘NH
Ar = 4-MeO-C¢H4, R = Me, 99%, 91% ee CsHs“\‘
Ar = 4-Cl-CgHy, R = Me, 99%, 95% ee (cat) CeHs

Scheme 58 Amination of a-substituted a-cyanoacetates with a chiral
amido Ir complex.
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Scheme 59 Organocatalytic amination of oxindoles.
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amination of 3-prochiral oxindoles.”»®> Among the
C3 heteroatom-substituted oxindoles (3-alkoxyoxindoles and
3-thiooxindoles), Zhou and co-workers demonstrated an
elegant amination of those derivatives with DTBAD in 2013.%°
A catalytic system consisting of p-ICD gave the optimal results
for the amination of 3-thiooxindoles while (DHQD),PHAL was
found to be optimal for the amination 3-alkoxyoxindoles.

In 2011, Ma and co-workers succeeded in developing an
enantioselective amination of benzofuranones with azodicar-
boxylate (Scheme 60).°” In this reaction the use of BINOL-
derived P-spiro quaternary phosphonium salt effectively pro-
vided the corresponding chiral benzofuran-2(3H)-ones with
high enantioselectivities. Meanwhile, Feng and co-workers
independently reported the amination of 4-substituted pyrazo-
lones with azodicarboxylates.’® In this reaction, a Gd complex
derived from Gd(OTf); and chiral N,N-dioxide was used as the
catalyst (Scheme 61). This method exhibited high enantio-
selectivities and delivered tetrasubstituted carbon center-con-
taining products in excellent yields by utilizing only 1 mol% or
even 0.05 mol% of catalyst.

6.4. C-H bond amination

In 2012, Inoue and co-workers reported the amination of
benzylic, propargylic and aliphatic C(sp®*)-H bonds by dialkyl

,CO,Bn
R2 . RZ |
H chiral cat. 2, N\Co Bn
N N-COBM 5 o N 2
R'T 0 N tene25c RT °
|
Z~0  Bno,C” oluene, Z~0

48 h

COzBn

HN Ar
RiN-co, OO B OO
- 250 B e
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o OC@ Ogﬂ
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R2 = 4-CI-CgHj, 97%, 99% ee
R2 = 4-Br-CgHg, 99%, 97% ee
R? = Pr, 99%, 40% ee

Ar = 3,5-(3,4,5-F3CgH2)2CsH3
(chiral cat.)

Scheme 60 Organocatalytic amination of benzofuranones.
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Scheme 61 Amination of pyrazolones.
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azodicarboxylates in the presence of N-hydroxyphthalimide
(NHPI).”® Notably, the reaction occurred under neutral con-
ditions and delivered the corresponding hydrazines in an
efficient chemoselective manner (Scheme 62). Furthermore,
the synthesis of amines was achieved by using BTCEAD
instead of DEAD. The first step involved the formation of the
corresponding BTCEAD adduct in high yield, then further
reduction of this adduct by treating with zinc in the presence
of AcOH and acetone delivered the corresponding amine
(Scheme 62). The NHPI serves as a catalyst to produce the
carbon radical species 31, which combines with dialkyl azodi-
carboxylate and generates a nitrogen radical species 32. Then
32 abstracts a hydrogen from the NHPI delivering the corres-
ponding aminated product and returning the chain cycle
(Scheme 63).

The amination of benzoheterocycle C(sp’)-H bonds by
DTBAD in the presence of visible light via the formation of
a-aminoalkyl radicals was reported by Nishibayashi’s group.'®®
A well-established photocatalytic system derived from
[Ir catalyst][BF,] in NMP (N-methylpyrrolidone) at ambient
temperature was found to be optimal for this reaction
(Scheme 64). Furthermore, N,N-acetals obtained by this amin-
ation reaction could react with different nucleophiles
(Grignard reagents and indoline derivative).

In 2013, Fagnoni and co-workers reported the tetrabutyl-
ammonium decatungstate (TBADT)-catalyzed addition of C-H
bonds to DIAD under irradiation conditions.'”" This TBADT-
photoinduced reaction was found to be suitable for the
addition of cyclic alkanes with five- to eight-membered rings,

H
NHPI R2 N,
H N""R2 Zn NH,
I . RzLN. (10-20 mol%) ACOH
R’ N""R? pcesocc,48h R R' ‘acetone’ R” R!

R
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H 4 7
EtO,C., .N_ R1=Me, 77%
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R R = (CH,),CHs, 88%
R' = (CH2)308Bz, 93% cat NHPI
H E0,0. N E0,0. N
EtOZC\N,N\COZEt 2¥>N" COLEt 2Y N CO,Et
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Me Me ™S
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Scheme 62 Amination of C(sp®)—H bonds by dialkyl azodicarboxylates.
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Scheme 64 Amination of benzoheterocycle C(sp®)-H bonds by di-
tert-butyl azodicarboxylate.

ether, acetal and aldehydic C-H bonds to DIAD to form C-N
bonds (Scheme 65a). The C-H bond carbonylation with carbon
monoxide and then the addition to DIAD leading toward the
formation of acyl hydrazines (Scheme 65b).

Azaarenes and pyridines are structurally important classes
of organic compounds, which have widespread applications in
pharmaceuticals products.'®* In 2013, Huang and co-workers
developed a Cu-catalyzed C-H bond amination of azaarene by
dialkyl azodicarboxylate for the synthesis of azaarene-contain-
ing hydrazines.'” Optimization studies revealed that Lewis
acid catalyst Cu(OTf), with DPPP (diphenyl-1-pyrenylphos-
phine) as the ligand was suitable for this transformation
(Scheme 66).

Aryl-substituted hydrazides are very useful for the synthesis
of valuable heterocycles (pyarazoles or indoles). In 2011,
Zhang and co-workers developed a gold(m)-catalyzed direct
C-H bond amination of arenes with dialkyl azodicarboxylates
(Scheme 67).'°* This reaction provides a synthetically useful
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Scheme 65 Alkylation and acylation of diisopropyl azodicarboxylate.
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Scheme 66 Cu-Catalyzed C—H bond amination of azaarenes by dialkyl
azodicarboxylate.
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Scheme 67 Gold(i)-catalyzed direct C—H bond amination of arenes
with dialkyl azodicarboxylate.

procedure for the construction of heterocyclic compounds
from electron-deficient arenes. The author proposed an AuCl;-
catalyzed reaction mechanism (Scheme 68). The first step
involves the formation of the aryl gold(ur) complex 33. Then,
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the coordination between the gold(m) complex and dialkyl azo-
dicarboxylate delivers complex 34. Insertion of azodicarboxy-
late into carbon-Au leads to the formation of complex 35,
which could be readily protonated to generate the corres-
ponding product and recycle the gold () catalyst.

In 2013, Mandal and co-workers reported a ruthenium-cata-
lyzed C-H bond amination of arenes with diisopropyl azodicar-
boxylate.’®® A catalytic system consisting of RuCl; in dichloro-
ethane at 60 °C gave the optimal results for this amination
reaction (Scheme 69). The amination products were obtained
in moderate to high yields. Notably, the catalyst can be recov-
ered and reused.

Recent studies have highlighted cerium photocatalytic
amination reactions, which can give C-C bond cleavage of
cycloalkanols’ but are also involved in C-H bond amination
reactions.'*®'”” An outstanding report by Zuo and co-workers
documented the C-H bond amination of inert alkanes, such
as methane and ethane, by using visible-light irradiation
under mild reaction conditions (Scheme 70).'°® High catalytic

N-COZPr
. |
_COyPr .
R N, N2 RuCl; (2 moi%) RS N-co,ipr
2 ipoe N DCE, 60°C N
Hy _CO,Pr N-COZPr COZ/Pr
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HO HO
93% 86% 86%

Scheme 69 Ru-Catalyzed C—H bond amination of arenes with diiso-
propyl azodicarboxylate.
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Scheme 70 Functionalization of alkanes by cerium photocatalysis.
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Scheme 71 Visible-light-induced 5-C—H amination of alkanols.

efficiency and selectivity were obtained by using cerium salts
as photocatalysts. The mixed liquid/gas approach was adapted
to a continuous flow reaction system, enabling the scalable
photocatalytic reactions. A notable exception of this work was
the §-C-H amination of alkanols'®” under the utilization of
ligand-to-metal charge transfer (LMCT) excitation, induced by
the cerium photocatalyst to generate alkoxy radicals. Finally,
8-C-H amination was achieved by coupling of the alkyl
radical with DTBAD, generated via 1,5-HAT. The reaction pro-
ceeded with high site-selectivity for C-H amination of
primary alcohols without the need for prefunctionalization
(Scheme 71).

7. Conclusions

In this review, we have summarized the synthesis of dialkyl
azodicarboxylates and their applications. The past few decades
have witnessed significant developments in the chemistry
involving dialky azodicarboxylates. The emergence of an array
of new catalytic systems enables the transformation of azodi-
carboxylates as versatile reagents for diverse syntheses. Beside
their traditional applications in Mitsunobu reactions, as oxi-
dants, and in electrophilic amination reactions, the use of
dialkyl azodicarboxylates in carbonylation reactions, asym-
metric nucleophilic aminations, and photo-induced C-H
aminations has been discussed in detail.

Despite the long history of and significant developments in
this field, there is still room for further development. For
example, the substrate scope of the reaction in C-H bond
carbonylation is very limited. The utility of dialkyl azodicarbox-
ylates as a convenient carbon monoxide source requires the
installation of an aminoquinoline-directing group on the sub-
strates. As a readily available electrophilic nitrogen precursor,
their potential for bringing new amine functionalities into
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molecules with high enantio- and/or chemo-selectivity is still
underdeveloped.
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