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Azodicarboxylates: synthesis and functionalization of organic
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The data on transformations of dialkyl azodicarboxylates and their analogues involving various substrates are generalized.
Nucleophilic addition and oxidation, pericyclic reactions and reactions occurring under the Mitsunobu reaction conditions
are considered. Ample opportunities for application of these compounds in fine organic synthesis are shown.
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I. Introduction

Azodicarboxylates 1, or esters of azodicarboxylic acid, are
relatively stable diimines widely used in organic synthesis.
The most popular representative of this class of compounds
is believed to be diethyl azodicarboxylate (DEAD, 1la);
diisopropyl (1b), di-tert-butyl (1¢), bis(2,2,2-trichloroethyl)
(1d), dimethyl (1e) and dibenzyl (1f) azodicarboxylates are
used much more rarely.
Structures 1

ROZC/NQN/CozR

la—f
R = Et (a), Pri (b), Bu' (¢), CH.CCl; (d), Me (e), Bn ()

A standard method for the synthesis of these com-
pounds is carboalkoxylation of hydrazine followed by
oxidation of the resulting hydrazodicarboxylate (Scheme 1).
N-Bromosuccinimide,!-? fert-butyl hypochlorite,? iodoso-
benzene diacetate,* > chlorine,® and bromine’ can act as
oxidants.
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Scheme 1

o)
Na2CO3
H-.N-NH, + | s
Cl/\\OR EtOH

- ROj//N—E ﬂ 0 /N*N
H \ _
// OR >/*OR
0 o)

(41% —85%) 1.(77% —98%)

R =Et, Ph, Bn, CH>C¢H4Cl-4, CH>CCls,
(—)-bornyl, (—)-isobornyl, etc.

(+)-menthyl,

To obtain azodicarboxylates with different alkyl sub-
stituents in the ester groups, alkyl carbazate is used as a
starting compound rather than hydrazine (Scheme 2).

Scheme 2
(6] (0]
)‘\ /NH2 + /H\
R'O N X OR?
H
/O
R!O H [o] R'O 4
- N—N - N=N
Ho ) —or: )—OR?
O (0]

(87% —98%) 2 (66% — 84%)

R] = Et, (CHQ)zsiMe3, n-C15H33, n-C13H37;
R? = Me, Et, CH>CCl3; X = N3, Cl, SEt

T Dedicated to Academician B A Trofimov on the occasion of his 75th
birthday.
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The intermediate unsymmetrical hydrazine is further oxi-
dized to azo compound 2.8 1!

One of the first reports that mention this type of
compounds was published by Diels and Fritzsche'? in
1911. However, these reagents gained wide popularity in
organic synthesis half a century later owing to the reactions
of Morrison '3 (reaction with triethyl phosphite under alkali
catalysis, Scheme 3) and Mitsunobu (alcohol esterification

in the presence of DEAD and triphenylphosphine,
Scheme 4).14-19
Scheme 3
R'0,C R2
1 2
R OZC\ P(OR?); N—N
N=N / \
\ O=P COle
CO,R! /
R20 OR?
R!,R% = Alk
Scheme 4
OH  NuH, 1a, PPhy Nu
5 z
R! R2 R'/\R2

R!, R? = Alk; NuH is nucleophile

The synthesis, structure and application of azodicarbox-
ylates in organic synthesis have been surveyed.?°~2¢ Some
aspects of reactions of these derivatives with carbonyl
compounds were described in reviews,??-2% and the addition
of organometallic reagents was considered.?’

The goal of the present review is to generalize and
systematize the reactions of azodicarboxylates with various
compounds. These transformations can be divided into
several groups. The first group includes the reactions with
nucleophiles. With rare exception, nucleophilic agents add
to the N=N bond of azodicarboxylates 1 giving adducts
the fate of which depends on the nucleophile nature. The
adducts of azodicarboxylates with triphenylphosphine (3),
which are the key intermediates in the Mitsunobu reaction
called ‘Huisgen zwitter-ions’, have been most extensively
studied (Scheme 5).

Scheme 5
R'OC
R]OZC\ Ll{%, N*lﬁ
N=N R—F  COR!
COzR! R \R2
3

In the classical Mitsunobu reaction, a quaternary phos-
phonium salt further reacts with carboxylic acids, but other
nucleophiles can also be introduced into this process.

The second group of transformations involves pericyclic
reactions such as 1,3-dipolar cycloaddition, Diels— Alder
reaction and ene synthesis. The ene synthesis with azodi-
carboxylates does not always occur as a synchronous
process; in a number of cases, the formation of zwitter-ion
and biradical intermediates was proven. Since in some
publications it was assumed that azodicarboxylates react
with alkenes via a cyclic transition state, these processes will
be considered as pericyclic.

Separate sections present transformations occurring
under the Mitsunobu reacion conditions and oxidation of
organic substrates (including functionalization of the C—H

bond) under the action of azodicarboxylates, being often
side reactions.

I1. Azodicarboxylates as N-electrophiles

1. Formation of arylhydrazines

Currently, the formation of hydrazines from (hetero)aro-
matic compounds on treatment with azodicarboxylates 1
(hydrazination) has been studied in detail.

Thus, Schroeter3? described the reaction of 2,6-disub-
stituted phenols with diethyl azodicarboxylate (Scheme 6).
The reaction in diethyl ether saturated with hydrogen
chloride gives hydrazines 5 as the major products. However,
the reaction in carbon tetrachloride afforded only quinones
6. The author assumes that dimerization of phenols 4 occurs
by a radical mechanism.

Scheme 6
OH
R R
HCI, Et,O
—_—
0°C
OH EtO,C_ N
R R Ia N CO,Et
o 5 (75% —90%)
4 R R
CCly
o= < —Q
90 °C
6 (34% —53%)
R = Me, Bu!

Leblanc and co-workers !1:31-32 developed a method for
amination of arenes which is based on their hydrazination
with bis(2,2,2-trichloroethyl) azodicarboxylate (1d) fol-
lowed by reduction of the corresponding arylhydrazines
with zinc. As an example, Scheme 7 shows the conversion
of phenol, anisole, and N,N-dimethylaniline to hydrazines
7a and further to amines 8. It was demonstrated that the
hydrazination can be catalyzed both by LiClO4 in diethyl
ether or acetone 3! and by Znl, in CH,Cl,.!!

/@ 1d, LiClO4, Et>O or Znl,, CH>Cl,
R

COZCH2CC11

Zn, AcOH NH,»
Q/ /©/
COZCH2CC11 R

8 (66% —90%)

Scheme 7

Ta (76% —99%)
R = OH, OMe, NMe,

The reaction is orbital symmetry-controlled. As a rule,
only para-substituted hydrazines are formed at the first
step. When Brensted acids such as CF3SO3H or CF3CO,;H
are employed,3? the reaction proceeds much faster but with
lower selectivity (Scheme 8). Thus, in CF3CO-,H in the case
of phenol, along with the main para-isomer 7a (R = OH,
yield 52%), a considerable amount of ortho-isomer 7b is
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produced (R = OH, yield 48%), and in the case of anisole,
there is also the product of dihydrazination 9 (1%). It
should be noted that the use of three equivalents of 1d in
the reaction with anisole allows for obtaining only the
product of dihydrazination 9.

Scheme 8

_CO3R?
H

10T ng o
R!

7a,b (80%)

aorb

R20,C N
SN CosR?

1d (3 iv.
(Bequiv.) MeO
(R! = OMe)
N/COZR2

\
NH

Ve
R202C g (85%)
(a) CF3SOsH, —78 °C, 2 h; CF3COH, 0 °C, 3 min—3 h;
R! = OH, OMe; R? = CH,CCl3; isomers: para- (7a), ortho- (7b)

The same group of researchers suggested the synthesis of
indole 10 from m-dimethoxybenzene and azo compound 2a
(Scheme 9).!" The drawbacks of this method are low avail-
ability of the starting azodicarboxylate and relatively low
yield of the indole due to the large number of steps.

Scheme 9
MeO CO,R!
\ 1) ZnCl,
+ N —_—
NT 2) Zn, AcOH
\
2
OMe COR
2a
Me
MecO MeO
1) BujNF A\ Et
- NH, -
N~ 2) AcOH N
\ H
OMe CO;R? OMe
(58%) 10 (53%)

R! = CH,CCls, R? = CH,CH,SiMes

ate yield (Scheme 10).4° The authors assume that the
reaction proceeds through the formation of organogold
intermediates 11 and 12.

Scheme 10
(EOzCHzCCb
1d N\NH
N ——
CHCI, 60 °C, 48 h GOLCHLCCL
Cl Cl
7e (60%)
AuCls —AuClgT HCl
—HCl
CO,CH,CCl;3
AuCl, 1d N____AuCl
o T
|
al a CO,CH,CCls
11 12

An efficient catalyst for the addition of azo compounds
13 to arenes is ZrCly (Scheme 11).4! The yields of regioiso-
meric hydrazines 14a,b are rather high. Whereas in the case
of  m-xylene, the yields of  products 14a.b
(Ar = 2,4-Me,CgH3) are almost equal, the reaction with
toluene affords predominantly hydrazine 14a
(Ar = 4-MeCgHy). It should be noted that this catalyst
was also used for intramolecular cyclization of compounds
13 into benzimidazole derivatives 15 (the substituent posi-
tion in the initial aniline is indicated).

Unexpectedly it was found that the hydrazination of
halophenols 16 with azodicarboxylate 1b results in the
migration of the halogen atom and formation of products
17 (Scheme 12).#?-43 Note that in the absence of a hydrazi-
nation agent, this process was not detected. Furthermore,
the products of hydrazination at position 2 of the halophe-
nol do not rearrange under reaction conditions. The migra-
tion of the halogen atom upon hydrazination proceeds most
readily in 2,4-dihalophenols; 4-halophenols and azodicar-
boxylates mainly form the products of addition at position 2
(compounds 18) with insignificant amount of rearrange-
ment products 17 (see Scheme 12). However, this reaction is
very sensitive to the catalyst nature. Thus, no reaction took
place upon replacement of zirconium chloride by the fluo-
ride; the application of zirconium bromide resulted in
bromoarenes and reduced azo compounds 17 and 18.44

Scheme 12
But using InCl3/SiO; system and microwave activation, )
hydrazination of arenes with reagent 1a can be performed in OH OH OH ?OzPr‘
several minutes, the yields of arylhydrazines being X 1b X Y X N\NH
68% —92%.33 Refluxing of the initial compounds in 1,2- ?Cl’ + | _
dichloroethane leads to the corresponding arylhydrazines in N COPr
lgwer yields. and r.equires more t.ime for re.action cpmple- v PrOsC_ N , v
tion. Scandium triflate,3* ruthenium chloride,?> trifluoro- 16 N CO.Pr! 18 (10% 86%)
acetic 3% 37 and polyphosphoric 3839 acids were also used as H . . ’ ’
the catalysts of arene hydrazination. 17 (5% ~83%)
In the presence of gold(III) chloride, chlorobenzene and X.Y =H., F, Cl, Br, I
azodicarboxylate 1d react to give hydrazine 7¢ in a moder-
A o Scheme 11
O r O H H
H H ‘ H ‘ X I X
ArH, ZrCly, CH,Cl N_ _N 5 N_ _O
Ph” N\/N\N*OR-F Ph” N\/N\N*OR s s SN or 2 CRCh “ 0
I | I ™ —30°C, 45 min (‘)‘ 20°C,22h X J\
(0] Ar o X =H) ~
N OR
14a 14b 13 H

X = H, 4-Me, 4-OMe, 4-F, 3-Cl; R = Meg, Et, Bu'; ArH = PhMe, 1,3-Me>,CsH4

15 (46% — 81%)
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The addition of formal imide of azodicarboxylic acid —
4-methyl-1,2,4-triazole-3,5-dione (19) — to arenes in the
presence of trifluoroacetic acid serves as the convenient
method for the synthesis of 1-arylurazoles 20 (Scheme 13).4°
Interestingly, in the reaction with anisole, the major product
is 1,2-diarylurazole 21. This process is carried out under
irradiation with visible light.*® However, if the initial arene
contains the methyl group, then 1-benzylurazole 22 is
formed along with 1-arylurazole. The authors suggest that
the process occurs through the formation of radical ion
pairs, which is in agreement with the experimental and
computation data.

Scheme 13
(0]
R]

Me
\\ﬁN/
o, N
H
R? R3

20 (53% —99%)

R!
(6] Me
! >
N R? R? [ S
O, —0 > N ~
CF;CO.H  |(R? = OMe, RN
N=N R!'=R3=H)
19 MeO

21 (62%) OMe
N
N
R [
N, =g
(R'=Me) R! N

22 (14% —57%)

R'=H, Me, OMe; R2= Me, OMe; R3 =H, Me, OMe, Ac,
COQMG

The addition of a phenyl analogue of azo compound
19 — 4-phenyl-1,2,4-triazole-3,5-dione (23) — to the meth-
ylamide of N-acetyltyrosine (24) occurs under mild condi-
tions and can be used for peptide labelling (Scheme 14).47-48
The reaction proceeds in a phosphate buffer at room
temperature over several minutes. The advantages of this
method are high chemoselectivity and stability of the
resulting adduct 25 with respect to pH and high temper-
ature.

Scheme 14
Ph o)
\N //
o OH Of&N/NH
1\ A NHMe
N \\O AGHN ™
23 O NHMe
24 AcHN ‘
o)
25 (99%)

Pyrroles readily react with DEAD at room temperature
in the absence of a catalyst in a mixture of diethyl ether and
n-pentane giving products of hydrazination at the o-posi-

tion. If a substrate contains substituents at positions 2 and
5, the hydrazination involves the free B-positions.** N-Sub-
stituted pyrroles give the 2,5-dihydrazination products 26
(Scheme 15).0

Scheme 15
/ A\
f/ \\ 1a EtOZC\N/Q\N/CmEt
N EtOH, ‘ | ‘

NH HN
R ~CO,Et

26 (4% —86%)

i i

| 78°C. 120 pio,c”

R = Alk, Ar

The authors assume that the process occurs as the
Michael reaction via formation of zwitter-ion intermediate
27. Then, in the case of an aprotic solvent, the hydrogen
atom from the a«-position migrates to the oxygen atom,
resulting in a six-membered transition state. Apparently, the
solvation or protonation involving the solvent can stabilize
intermediate 27 and increase the amount of the target
product. Indeed, replacement of diethyl ether by ethanol
results in higher yields of compound 26 in the case of
N-alkylpyrroles.

It should be noted that the reaction with methylpyrrole
in diethyl ether affords by-product 28 along with the major
dihydrazination product 26a. The by-product results from
[2+ 2+ 2]-cycloaddition (Scheme 16).3!

@ 1a, Et20, 36 °C, 10 h
_—

Scheme 16

EtO,C \CozEt
26a (530/0) 28 (4%)

Heating of aminopyrimidines with DEAD leads to
hydrazination products at position 5. The reaction is likely
to proceed as a synchronous process.>?

The reaction of compound la with furans 29 results in
cleavage of the furan ring (Scheme 17).°3 According to the
authors’ suggestion, the reaction proceeds by electrophilic
hydrazination mechanism followed by opening of the five-
membered ring and formation of products 30.

On treatment with di-zert-butyl azodicarboxylate (1¢) in
the presence of asymmetric base 32, substituted 2-naphthols
31 give chiral compounds 33 with high enantiomeric excess
(ee) (Schemes 18 and 19).5* It is noteworthy that quinine
alkaloid 32 used as the catalyst can also add a molecule of
azo compound lc to form diastereomeric hydrazines 34a
and 34b (3.5:1 ratio). Interestingly, the base modified in
this manner is not only not inferior to its precursor in the
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Scheme 17
H
EtO,C.. N
0SiMe; TONT TCOsE
— la ™
CHCls, 20 °C, 40 mi | o
MesSi— X\ O 2Cl, » 40 min - NRIR2
MesSi H
NR'R2 1)
29 30 (51% —75%)
i 1a T
(EOzEt ‘SiMeg
EtO,C B EtO,C._ N
z \N/N 0:C N~ TCOEt
OSiMes S
A 0 | ©
MesSi + _ NR!R?
MesSi H
NRIR? o

R! = Me: R2 = Bn, CH(Me)Ph; R! ~ R2 = (CH,)s, (CH,),0(CHa)>

Scheme 18
OzB Llt

e}

HN CO,But
\N/

R! R!
R? OO OH | DCE-PhMe, R? OH
20°C
ST O
R3 31 R3

33[90% —98%,
(33% —98%) ee]

R! = H, NH,, NHMe, NHCsH;;-n, NHBn; R2, R? = H, Br;
DCE is dichloroethane

catalytic activity but in a number of cases, even demon-
strates better results.

The reaction of 2,2'-biindoles 35 with DEAD yields
compounds 36 being the formal [4 + 2]-cycloaddition prod-
ucts.’> However, the authors postulate a stepwise mecha-
nism of their formation (Scheme 20).

The hydrazination of 2-oxindoles 37 with azodicarbox-
ylate 1b in the presence of asymmetric catalyst
(DHQD),PHAL gives the corresponding chiral arylhydra-

R]
N ‘N

H SO,Ph
35

2

EtOzC\ /COzEt
N—NH

R!
L
Ho)
SO,Ph

R! = Cl,Me; R? = H, Cl

R2
(X —
N

zines 38 (Scheme 21).%57 This reaction was carried out
independently by two research groups. In one case,’® the
yields of products 38 ranged from 54% to 100% with
63% —99% ee, while in the other case,”’ the yields were
87% —98% and ee values were 76% —99%.

Scheme 19
Et
N
HO
HO s 1c, CH>Cl», 20 °C, 2 h
P
N
32 Et Et

3da (56%) 3db (24%)
Scheme 21
CO,Pri
7
R HN
R Nw 4
o 1b, (DHQD),PHAL & CO,Pr
— —_—
N N —0
H
37 H 38

Et Et

N% = CS
_ o—\ 7/ O/,,/
(DHQD),PHAL = NN 2
MeO SN
N/ N

Using nickel Schiff base complexes 39, it is possible to
control the stereochemical outcome of the reaction of
2-oxindoles 37 and azo compound le¢ (Scheme 22). The
mononuclear complexes afford the S-isomers of 40 while
the binuclear complexes lead to the R-isomers.>®

;R = Mg, Bn, Ar
OMe

Scheme 20

1a, PhCl

N=N
R R! R2
_
150°C, 12 h O \ / O
N N
H

|
SO,Ph
36 (39% —43%)

T

EtO,C

\ /
N—N
R! R?
L~ 1)
N N
H

\
SO,Ph

CO,Et
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Scheme 22
HN/COZBu‘
R
ROERRN
39-Ni W\ COzBu‘
—> —0
1 R? 1\\1
R R?  (5)-40
1c [91% —99%., (80% —98%) ee]
—O0
PhMe, ¢
R2 E 50 °C Hl‘\l/COZBu
37 R'NL
39-Ni & CO-Bu*
2 —0
R2 N
R} (R)-40

[86% —89%, (87% —99%) ee]
R! = Me, Bn, All, (E)-cinnamyl, CH,CO,Me, CH,CN;
R2 = H, F, Cl, Br;

nee )@
99

3 (X =NH, But, OH, OMe)

| OH

N\©/X

Scheme 23
/C02R3

(0] R! ‘COZRB R! HI‘\I

N N a O\ N
NS " T coRs

Ph/N\ = R2 | CHzClz,—20°C
N CO,R3 N ~p2
41 1
42

R!, R2 = Me, Et, Pr", Bn, Ph; R? = Et, Pri, Bu, Bn;

O™ - + o} -
(a) LGd(OTf); (L = \T\\ N 1:1 ) or quinine
PhHN 6, o NHPh
Scheme 24
0]
HN 4 (‘EOZBut
O? + //N *’44
1‘\1 La(OPri);
CO,Et CO,But
43 1c
6]
HN 4
O/
> 07 > / /,,,//fo Br
Bu‘OZC\N / N
HN \
~CO,Bu! o} F

45 (99%., 92% ee) AS-3201 (Ranirestat)

OH O Pri y OH

N
H o

On treatment with 1 upon catalysis with a chiral gado-
linium trifluoromethylsulfonate (triflate) complex, pyrazo-
lones 41 are converted to asymmetric hydrazines 42 in
85% —99% yields and 90% —97% ee.>® Upon application
of quinine as an optical inductor, both the yields of
products 42 and the enantiomeric excess values decrease
(to 55% —85% and 82% — 84 %, respectively) (Scheme 23).0

The reaction of substituted succinimide 43 and di-tert-
butyl azodicarboxylate (1¢) in the presence of chiral catalyst
44 leads to hydrazine 45 in almost quantitative yield. Then
compound 45 was used to obtain the AS-3201 agent
(Ranirestat), which is an aldose reductase inhibitor promis-
ing for treating diabetic neuropathy (Scheme 24).6!-62

2-(Methoxycarbonylmethylidene)-5-diethylaminodihydro-
pyrrol-3-one readily reacts with DEAD at room temper-
ature to give the monoaddition product.®® Various
imidazoles also give monoaddition products with azodicar-
boxylates, but the reaction mixture must be heated to
100—110 °C to make the process efficient.®*

2. Reactions with organometallic compounds
The addition of organometallic derivatives to azodicarbox-
ylates occurs vigorously and often requires cooling to rather
low temperatures. Thus, various substituted hydrazines
were obtained from the corresponding azodicarboxylate
and organolithium, -magnesium and -zinc com-
pounds.??-65-68 The examples of these reactions are pre-
sented in Scheme 25.

Scheme 25

CO2R
CO2R [

M I N
_N 1) THE, —78 °C NH
Xn + N/ X)z ‘
| 2) AcOH CO,R

COzR o 0/)65
e (47% —96%)

M = Li, MgBr; X,, = H, 2-CFj3, 4-MeS, 4-(n-CsH,,)0, 3,4-(MeO)a;
R = Et, Bu'

C()zBut
1‘w CO,Bu!
_ 1) THF, 0 °C /
RZnBr + N —— > R—N
\ 2) NaHCO3 \
CO,But N—CO-,But
1 H
C
(40% —94%) 66
R = Alk, Ar, Het
f‘r Ar
N 1)THF, -80°C_ R-
R-M + N —_— >

/
N\ o)
2) citric acid N%
H y

O}\Y
(54% — 100%) 68
Y = OBu!, Me; R = Alk, Ar; M = Li, ZnCl, MgCl
The in situ generated lithium acetylides add to azodicar-

boxylates (e.g., reagent 1c), giving the corresponding yne-
hydrzaines 46 (Scheme 26).%°

Scheme 26
CO,Bu* CO,But
o ‘ BurLi )
R—== + _N R—=—N
N THF, —78 °C, 30 min \
‘ N*COzBut
CO,But H
lc 46 (29% —87%)

R = H, Alk, Ar, SiMe3
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Tri-n-butyltin phenoxide readily reacts with compound
1a in a diethyl ether solution of lithium perchlorate afford-
ing organotin hydrazine 47 (Scheme 27).70-73

Scheme 27
Bu3SnO
BujSnO ' ’ \@\ COAEt
S NH
\© LiClO4, Et;0 1‘\1/
COzEt
47 (100%)

The addition of organometallic compounds to azodicar-
boxylates was used in the Fischer synthesis of indoles 48
(Scheme 28).7475 An extensive series of substituted indoles
were obtained in this way in acceptable yields.

Scheme 28
N < COzBu )K/Rz
% /NH -,
g Prec 1‘“ H*
CO;Bu!
R (66% —98%)
> X \ Rl
N
H

48 (66% — 100%)

R!, R? = Me, Ph, CO,H, COEt;
X = F, Cl, Br, TsO, CO>Me, Me, McO, NO»;
Ts is p-toluenesulfonyl (tosyl)

Arylboronic acids can act as analogues of organometal-
lic compounds. The addition of symmetrical and unsym-
metrical azodicarboxylates (R? = CO,But) as well as aryl
azocarboxylates 49 (R? = Ar) to them, resulting in arylhy-
drazines 50, is catalyzed both by copper acetate (yields
18% —100%;7¢ or 5% —99%;77) and by palladium complex
(yields 40% —99%) 78 (Scheme 29).

Scheme 29
R2 N
B(OH), COR! VS cour!
N
= a
N
X o X
RZ
1c, 2,49 50

X = H, Me, Bu!, Ph, CF3;, F, Cl, Br, I, OH, OMe, NO»,, NMe,,
CHO, Ac, COzEt, CN; R! = Et, Pr, But, Bn; R? = CO,But, Ph,
4-N02C5H4, 2,4-(N02)2C(,H3;

(a) Cu(OAc), or [(bathocuproine)Pd(dba)];

bathocuproine is 2,6-dimethyl-4,7-diphenyl-1,10-phenanthroline,
dba is dibenzylideneacetone

Copper salts are also used as catalysts for the addition of
azo compounds to triarylbismuth (Scheme 30).7°

The one-pot reaction of pyridine, alkyl- or phenyllitium
and azo derivative 1c¢ affords hydrazines 51 in 28% —73%
yields (Scheme 31).8% The organolithium compound and
azodicarboxylate sequentially add to the pyridine molecule,
then the aromatization under acid catalysis takes place.

Scheme 30
t
(\:OZBU N H
Cu(OAc) I N
ArBi + N7 ™ N TcosBu
MeOH, 40-80 °C, | .
CO,But 5400 min CO,Bu
lc (15% —84%)
Ar is naphthyl, o-tolyl
Scheme 31
=
‘ X R—Li | Ie
_J THF, —20°C,4-8h R l‘w —78°C,1.5h
N
Li
(‘:OzBut (‘:OzBul
N Li  H*,[O] N
Cyoy ==y
~ t J t
R N CO,Bu R N CO,Bu
R = Alk. Ph 51(28% 73%)

Propargylhydrazines 52a,b were obtained by the reac-
tion of azo compounds 1a,b with in situ generated 1-trime-
thylsilylbut-1-yne-3-barium bromide (Scheme 32).8!

Scheme 32
COR ROL gy
Br N N—N
L = Ba _ < \
MC3SIT< + 1‘\1 W Me;sSi—— COR
Me  CO.R -78°C Me
1a,b 52a.b (80%)

R = Et (a), Pri (b)

Analogous hydrazines are formed from propargyl alco-
hol ethers, reagent 1¢, Ti(OPr')4 and PriMgCl in a one-pot
process.$?

The same method was used to synthesize N-arylpyra-
zoles 53 starting from lithium or magnesium phenyl deriv-
ative, 1,3-dicarbonyl compound and azodicarboxylate 1¢
(Scheme 33).83

Scheme 33

53 (22% —75%)
X = Li, MgCl; R', R2, R® = H, Me, Cl

An unusual reaction of DEAD with organometallic
compounds formed upon cyclopalladation of 2-arylpyri-
dines was reported (Scheme 34).84 This process results in

~N
~
N

R = H, Me, CHO, MeO

Scheme 34

54 (27% —87%)

1a, Pd OAC)v
DCE 100 °C, 6 h
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carboethoxylation products 54. The authors assume that the
reaction proceeds by a radical mechanism.

3. Addition of azodicarboxylates to alkenes

The addition of reagent 1c to various alkenes catalyzed by
cobalt or manganese complexes in the presence of phenyl-
silane has been reported (Scheme 35).85-87 Upon catalysis
by Mn(dmp); (dpm is 2,2,6,6-tetramethylheptane-3,5-dio-
nate), the yields of products 55 are 51% —98%, while in the
case of cobalt complex 56 as the catalyst, the yields are
considerably lower (10% —74%).83

Scheme 35
(\:OZBUl R (‘:OZBut
R .
PhSiH
) + N//N e > Me” N
H,C | Cat, Pr'OH or EtOH, |
CO,But  0or23°C,2-8h CO»But
55
ME>ZT ;‘ a But
<z
N e o
o 0—Co—0 =0\ o
Cat = 0 (56) or M [Mn(dpm)s]
o N\ ~0
Na O | .
04* But 0 >\—/)*Bu
Me Me N+
Bu!

R = Ph, (CH),Ph, CH,OH, CH,0Bn, (CH,),Bz, CH(OMe),

A proposed catalytic cycle of this transformation is
presented by the example of cobalt catalyst (Scheme 36).3¢
Cobalt complex 56 reacts with phenylsilane to generate
hydrido cobalt intermediate 57, which adds to the alkene
double bond to give organocobalt compound 58. Then
complex 58 adds to the N =N bond of 1c¢ yielding hydra-
zine cobalt derivative 59. The subsequent reaction with
phenylsilane proceeds as o-bond metathesis, which results
in hydrazination product 60 and regeneration of intermedi-
ate 57.

Scheme 36
RYMe
55
R\7CH2 CoL, 1c
T 58
L,Co—H N
R M n ~._ R Me
Y ¢ 57 But0,C~ N Y
N t X __-CoL,
But0.C~ \ITI/COZBH B0~ O
SiH,>Ph
60
RYMe
PhSiH; Bu‘OZC/N\N/COZBut
|
59 CoL,

L, is ligand

Using a similar procedure, hydrazine 62 was synthesized
from [l.1.1]propellane 61 in almost quantitative yield
(Scheme 37).88

Scheme 37
(‘202]31.1l C‘:OzBut
+ N _ PhSiHs _NH
N Mn(dpm)s, 1‘\1
CH,Cl,, PriOH,
61 CO,But 0 OCZ, 2{ b r CO,But
I 62 (99%)

The reaction of hydroxamic acid 63 with azodicarbox-
ylate 1b affords bicyclic compound 64 with a high stereo-
selectivity [diastereomeric ratio (dr) > 95:5] and in a high
yield (Scheme 38).8%-90 The authors suggest that the reac-
tion follows a radical mechanism.

Scheme 38
Ph
Ph \N //O
N__o 3 Me
HO™ F b
Me > H
DMSO, 60 °C, 6 h N
B PN
Pr'O,C 1‘w
C(:)QPI‘i
63 64 (92%)

Diethyl azodicarboxylate (1a) reacts with perfluroriso-
butene 65 in the presence of caesium fluoride yielding
enehydrazine 66 (Scheme 39).°! Apparently, in this case,
the reaction proceeds through the formation of anions 67
and 68.

Scheme 39
F3C CF3
COEt
F3C F la, CsF F3Cg< s
>:< e NN cF,
e F MeO(CH2:0Me. 20°C ) < >—<
65 F CF;
66 (88%)
i F- T 65
FBC CF3
F;C B 1a FsC
. c% CFy  — NN
} EtO,C CO,Et
67
68

4. Hydrazination of compounds with activated C—H bond
The functionalization of carbonyl compounds at the a-posi-
tion is a principal method for the synthesis of practically
important compounds such as a«-amino acids, o-amino
ketones and o-amino aldehydes.?”-28.92:93 A particular
place among the reactants used for this purpose is held by
azodicarboxylates, since their addition to carbonyl com-
pounds occurs readily °4~% and is easily subjected to stereo-
control. Several aapproaches to the formation of an
asymmetric centre in the a-position of the carbonyl com-
pound can be highlighted. The first approach consists in the
stereocontrol by means of the substrate.?®~ 194 An example
of this sterecontrol is the reaction of optically active
pyrroloisoquinoline enolate 69 with di-fert-butyl azodicar-
boxylate, resulting in hydrazine 70 with good stereoselec-
tivity (Scheme 40).10°

Scheme 40
7, N
e B T
H 3) NH4ClI /N*COzBu‘
69 Bu'O,C—N
H

70 (85%, dr = 15:1)
TBS = SiBu'Me»; LDA is lithium diisopropylamide



510

A M Zhirov, A V Aksenov Russ. Chem. Rev. 83 (6) 502—-522 (2014)

The second approach implies the use of a chiral amino
acid, e.g., L-proline (71), as a catalyst. L-Proline forms
asymmetric enamine 72 with the carbonyl compound, to
which azodicarboxylate adds to give cation 73 (Scheme 41).
This method was developed independently by Jorgensen
and co-workers 196 and List.!°7 Other amino acids,!08-121
cyclic aminals,!?? guanidine '3~ 125 and urea 26~ 12 deriva-
tives can also act as chiral catalysts. The high efficiency in
this reaction was demonstrated also by quinoline alka-
loids, 130~ 137

Scheme 41
O \\\\\Z X
[ HOL™ ™y
H/\ 1
R! H S
—H»0 T2 R!
CO,R?

H,0 73

’:HH

CO,R?

The third approach is based on the application of metal
complexes with chiral ligands as catalysts. The carbonyl
compound forms an enolate complex with the metal and the
ligand to which the azo compound adds stereoselectively.
An example of this reaction is shown in Scheme 42.138 The
diketone substitutes the TfO groups in bis(isoxazoline)
copper complex 74, leading to intermediate 75. The latter
reacts with the azodicarboxylate giving chiral hydrazine 76.
For coordination of the carbonyl compound and asymmet-
ric ligand, copper,!3°~143 palladium,!#*~14¢ magnesium,!4’
nickel,'*® ruthenium, iridium,'*° lanthanum,!*® and sil-
ver 11 jons are used.

Scheme 42
Me Me
o %
I l)—
R! R2 B
Ph /C\“ Ph
TfO OTf
74
Me Me
O\%%O ‘0 ‘0
- S/N L) woona RI/H/kRZ
~ P Z —_—
[ N
Ph X Ph R302C/ \NH

0] \

(0]
\
Rl)\%Rz 76

R! = Me, Et, Ph, Pr, Bn; R?2 = OEt, OBu'; R? = Alk

CO,R3

The fourth method for asymmetric hydrazination of 1,3-
dicarbonyl compounds is the use of chiral phase transfer
catalysts based on quaternary phosphonium 32153 or

ammonium salts (Scheme 43).'* This method afforded
compounds 78 in quantitative yield (99%) and with high
diastereoselectivity (ee was 91% for X =P and 95% for
X = N) from tert-butyl-1-oxoindane-2-carboxylate in the
presence of salts 77.

Scheme 43

o /COZR
// 1 77

a.c;

K‘)HPO4 /COQBUL

78 (99%)
CsH3(CF3)2-3,5
CLL .
R = Et,BuY; 77 = X\Bu" Br— (X =P,N)

Based on the above-mentioned methods for hydrazina-
tion of carbonyl compounds with azodicarboxylates, a
series of tandem transformations was developed which are
considered below. For example, the hydrazination of alde-
hydes can be combined with the Mannich reaction as a one-
pot process; this was used to prepare compounds 79
(Scheme 44).155 Chiral derivative of pyrrolidine 80 was
used as a catalyst.

CeH3(CF3)2-3,5

Scheme 44
RZ
~
HN
_R? ‘C02Bul /Hﬂ
N o 1
PRI Qe R OH
R! N Me” H 2) NaBH, UNL
CO,But Bu'O,C 1‘\IH
CO,But
[23% —51%,

(88% —98%) eel

R! = Ph, 4-MeC¢Hy, 4-CIC¢Hy, 3-CIC¢Hy4, 4-FCsHy, 3-MeOCsH.,
2-MeOC¢Hy, 2-naphthyl; R> = Bz, CO,Bn, CO,Bu;

80 = CeH3(CF3)2-3,5
E CsH3(CF3)2-3.5

OSiMe3

1,2,4-Triazolines 81 are formed from a-isocyanoesters
and azo compounds la—c in the presence of a base —
triethylamine, 1,8-diazabicyclo[5.4.0Jlundec-7-ene (DBU) or
1,5,7-triazabicyclo[4.4.0]dec-5-ene  (TBD). The process
occurs as hydrazination followed by ring closure

(Scheme 45).15¢
Scheme 45

3
o COR? N/COZR
I B R
NC _— > N N
/\/ MeCN. 20 °C. 18 h ) ~CO,R3
R2 COzR2 §%R2
la—c R!
81 (75% —99%)

= OAIk, NAlk,; R? = Alk, Ar; R? = Et, Pri, BuY;
B = Et;N, DBU, TBD
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The reaction of acetone, propionic aldehyde and azodi-
carboxylate catalyzed by L-proline (71) leads to hydrazine
82 (Scheme 46).'%7 The ratio of anti- and syn-isomers of the
product is 56 : 44.

Scheme 46

OJ\ (EOzBIl
+ _N
-
Bt
COzBIl
1f
OH CO;Bn

\
N - CO:Bn

71 (20 mol.%)

O
[+ L Bmol ),
Me Me H MeCN, 20 °C, 96 h

(0]

— |

Me

Me
82 (80%, 99% ce)

Optically active pyrazolidines cis-83 and trans-83 were
obtained using Cu- and Pd-catalyzed tandem transforma-
tions of the corresponding allene, halobenzene and dibenzyl
azodicarboxylate (Scheme 47). It should be noted that the

Scheme 47
(‘:oan
o Ac _N 1) PhHal, (S.S)-Ph-Box, Cu(OTf), (10%)
— +
CO-Et \ 2) K»COs, Pd(PPhs)s (5 mol.%), Phl
2 CO,Bn ) K2CO3, Pd(PPh3)4 (5 mol.%)
1f
Ph Ph
CO,Bn
/
¥ N
N.
" TCO,Bn
Ad "CO.Et

cis-83 (37%, 97% ee)

trans-83 (63%., 97% ee)

Me Me

(S.8)-Ph-Box = \ \
N N

g
=

Ph

ratio of diastereomeric products depends on the structure of
the chiral ligand used at the first step. Thus, upon applica-
tion of S,S-stereoisomer of 2,2'-bis[(S)-4-phenyl-4,5-dihy-
drooxazol-2-yllpropane (Ph-Box), the main product is

The in situ generated phenacyl salts of isoquinoline react
with two equivalents of azodicarboxylate 1 to give com-
pounds 84 in 40% —90% yields (Scheme 48).160

Scheme 48
i
A Br _N MeCN
+ + N oo ah
_N | 82°C,3h
R! CO,R2
la—c
C‘) ‘COzRZ
N CO,R2
N.
R! \l‘\IH
CO,R2

84 (40% —90%)
R! = H, Cl, Br, OMe, NO,; R2 = Et, Pri, But

Propargylhydrazines 85 were synthesized from alde-
hydes via a one-pot method: hydrazination followed by the
Seyferth — Gilbert alkynylation.!'®! Proline was used as a
catalyst (71); the putative mechanism of transformation is
presented in Scheme 49.

Chiral 1,2,3,6-tetrahydropyridazines 86 are formed
upon the reaction of aliphatic aldehydes with azodicarbox-
ylates 1 in the presence of vinyltriphenylphosphonium salt
and asymmetric inductor 87 (Scheme 50). Probably, the

Scheme 50
o COLR? 1y p PD CO:R?
o H2C 1‘3\ Br*,87 N/ 2
N Ph Ph ‘ ‘
H N7 > N< 2
R! C‘102R2 ]%1 coR
lacf 86 [67% —89%,
o (92-95%) ee]
* _Ph T
HzCé\Pi Br—
o (‘:OZRZ l‘,h Ph o) (‘ZOsz
2
i N - COR? HT N~ COR
& H R! vPPhg

R' = Pr, Bu!, Bn, All; R? = Et, Bu', Bn; 87 = OYN
N - \
H N

pyrazolidine cis-83, whereas in the case of (R,R)-Ph-Box, E\N
the trans-isomer is formed predominantly.!38. 159
Scheme 49
COyR2 2
)O I‘\I 2 H \I\)/OMG . % (‘:OzR
2
" ‘\ N 1‘\1// =y o \/N\N/COZR
R! COLR? > o H
1a,b N- 85 (62% —71%)
l o
_CO.R? l_OMe MeO( ] _CO,R? _CO:R?
o HN + ( Some T Meo ™) N ™ Ngo» H —> 85
‘ N -N
N. N — N 2
H)H/ “CO,R? N 1*\]// “COR? W “COR?
R! 7// R! R!
N

R! = Me, Et, Pri, Bn; R2 = Et, Pr
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reaction proceeds through successive stages of hydrazina-
tion, addition of the vinylphosphonium salt and Wittig
cyclization.!62
The tandem reaction of 3-dimethylamino-1-phenylpro-
penone, DEAD and primary aliphatic or aromatic amine
leads to dihydroimidazolone 88 (Scheme 51).'63 The addi-
tion of azodicarboxylate la to the double bond of the
enamine is likely to occur first, being followed by trans-
amination and cyclization.
Scheme 51

‘O HN—CO:Et

Scheme 53
R! R4 (‘:OzRS
mw LR H + N 9LCF:COH
N CHCl3,
CO,R5 20°C,48h
la,c.f

(0] /
\ la,RNH, °D i N 92 [31% —80%, (83% —99%) ee]
- LIS S
\ N 0] R! =H, Me, Cl, MeO; R2 = H, Me; R = Et, Pr*; R* = Me, Et;
NMe, I\{ RS = Et, But, Bn;
OMe
88 (35% —94%)
Me
l ; T 91 =
a Et N = ‘
0 (‘EOZEt ‘O (\:OZEt N
RNH
Ph N\ _CO,Et 43 Ph N\ _COzEt
| N | N Scheme 54
H H
NMe, l‘\lH (‘:O2R4 H O
R R? N RIS, CO,R*
R = Alk, Ar — 91 » _CO2

The base-catalyzed tandem transformation of unsatu-
rated aldehyde 89, reagent 1a and benzaldoxime affords
alcohol 90 (Scheme 52).!* The process occurs with good
stereoselectivity in the presence of a chiral amine — sub-
stituted pyrrolidine 80.

A series of optically active 3-hydrazinoethylindoles 92
were synthesized by the reaction of indoles, unsaturated

R!

’d =
RISH + RZWH +N RN
CO,R* R*" NH

(6]
CO,R*

93[27% — 57%,
(89% —99%) ee]

la,c.f

= Bu!, Bn; R2 = Me, Et, Ph; R? = Et, Bu", Ph; R* = Et, Bu!, Bn
(a) CF3COzH, CHCl3, —20 —> 0 °C,48-65h

aldehydes and azo compounds 1 upon catalysis by quinine
derivatives 91 (Scheme 53).165

If thiols are used as nucleophiles instead of indoles, the
reaction leads to chiral hydrazines 93 (Scheme 54).103

Azodicarboxylates can function as the carbonyl compo-
nent in the Baylis—Hillman reaction and add to o,p-unsa-
turated derivatives in the presence of 1,4-
diazabicyclo[2.2.2]octane (DABCO) giving enchydrazines
94 (Scheme 55).166,167

Scheme 55
0 CO:R? ? COR?
| N DABCO N.__COR?
R! + N - >R T N ’
‘ ‘ THF, 20-40 °C, H
CH, CO,R? 3-24h CH,
lac 94 (24% —91%)

R! = Me, Et, n-C¢H;3, n-C;H;5, OMe, CH=CHPh; R? = Et, Bu!
HO Scheme 52
0 N\
N COzEt OH
QOB R e No_Ph
‘ H + IUI 2 SN ”//O/ X
2) NaBH. H .
Bun Et0,C~ Pr
89 la 90 (57%, dr7:1, ee >99%)
i 80
T NaBH4
HO\
MesSiO MesSiO N (0]
wn >]\“‘\ + l
Ar N 1a Ar N Ph EtO2C\NH
Ar — RO, A 0 | "
= ° "NH - N 0, N _Ph
L Et0.C~ o
= EtO,C~ Prm
P Pro

Ar = 3,5-(CF3),CeHj3
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The one-pot reaction of di-zert-butyl azodicarboxylate
(1c) with aryl-substituted acetaldehydes and acrolein or
crotonaldehyde afforded pyrrolines 95 (Scheme 56).1% Qui-
nine alkaloid 96 served as the catalyst, while trifluoroacetic
acid was the solvent.

Scheme 56
(0]
1
o~ R «R!
RS\\\“ \
1c, 96 2
R £ 0PN R R

—_—
CF3COH O\

OBut
95 [26% —83%,
(30% —98%) ee]

R! = Me, Et, Pr"; R? = H, 2-Me, 3-Me, 4-Me, 4-F, 4-Br; R? = H, Me;

It should be noted that azodicarboxylates can add to
azaarenes with activated methyl hydrogen atoms as they
add to carbonyl compounds (Scheme 57).19° Apparently,
this transformation proceeds through the formation of a
enamide form and is facilitated by an increase in the acidity
of methylene protons under the action of copper triflate.'®®

I11. Azodicarboxylates in pericyclic reactions

The reaction of diethyl azodicarboxylate with alkenes giving
ene reaction products 98 has been reported.!'’® Acyclic
alkenes add the azo deriavtives, initially resulting in zwit-
ter-ion intermediate 99 (Scheme 58).

Scheme 58
R2 (\:OZEt ‘C02Et
1a EtOZC\ /N7 EtOZC\ /NH
 » N H — N
=~ 80 °C
R! )\/kRz R! )\/ARZ
R! 7

R! = H, Me; R2 = H, Me, Et

Norbornylene, which cannot form normal ene products

of addition with reagent la, gives polycyclic product 100

(Scheme 59). Presumably, in this case, the reaction also

proceeds through the formation of zwitter-ion intermediates

101 and 102. On the other hand, a free-radical mechanism is
also possible for cyclic alkenes.

Scheme 59

COzE[

m cyclo -CeHi2,92-95 °C pﬁ/l\] COyEt

. . . . ~COzEt
An example of this reaction can be the formation of pyridyl- *ITI ?
substituted hydrazines 97a,b from 2,6-lutidine. N. . ,N/COzEt
SCOEt —> |
Scheme 57 O N COLEL
101 102
1ab, Cu(OTf)z COQR
120°C , , .
The reaction of DEAD with homoallylsilanes 103 leads
97a.b COzR to two products of addition 104 and 105, the former clearly
predominating (Scheme 60).!7! This fact can be explained
lab by the stabilization of intermediate 106 by hyperconjuga-
tion with trimethylsilyl groups (y-effect).!”?

[C“] The reaction of azodicarboxylate 1d with alkenes carried
out with thermal activation requires 18 h for process com-
pletion.!”> At the same time, upon application of tin

[CU] tetrachloride as a Lewis acid, the time of reaction of alkenes
R = Et (a, yield 75%), Pri (b, 74%) with DEAD is 5 min (Scheme 61).!74
Scheme 60
Alk SiM
Alk AN SiMes \/Y\/ iMes
> N. _COzEt T Et0,C
E0.c7 N~ ™ cosE
H
I 104 (77% —93%) 105 (7% — 18%)
PN AN |
Alk = SiMes o0 C T
103
N
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Scheme 61
Alk X
1a, SnCly CH,
o . N. COzEt
—60 °C, 5 min EtOgC/ \N/
(67% —95%)
Alk\/\Me — )
Al
CH,
1d O§ No
80°C, 18 h

ChC. O
~ 07 07 e,

(60% —85%)

An important role in the ene reaction is played by the
solvent nature.!”> Thus, if the solvent has the electrophilic
nature, the process is accelerated. If the solvent is nucleo-
philic, then the reaction rate decreases. For example, the
rate of reaction of compound 1a with 2-methylbut-2-ene is
40 times higher in benzyl alcohol than in n-hexane. The
process is accelerated even more appreciably if an organic
solvent is replaced by water. Thus, the addition of azodi-
carboxylate 1d to cyclohexene in an aqueous emulsion
proceeds for 8 h, whereas the reaction in benzene completes
only in 24 h.!7¢ Similar acceleration was also noted upon

cycloaddition of reagent 1le to quadricyclane (107)
(Scheme 62).176-179
Scheme 62
_COxMe
le N
H>0, 23 °C, 10 min / No
COzMC

107 (71%)

An intramolecular modification of the ene reaction is
observed upon oxidation of hydrazide 108 with activated
manganese(IV) oxide, which results in pyrrolidone
109.180.181 A tentative mechanism of this transformation is
presented in Scheme 63.

Scheme 63
= "Me MnO» “NCH,
H CH,Cl», 20 °C
N. 2L, N.
J o H .o
0 COEt 0 CO,Et
108 109 (67%)
=~ Me 7z 4
e
N§ ‘1;]1 (H
J N JooN
0 CO,Et % CO,Et

The ene reaction of DEAD with soybean oil proceeds at
room temperature, resulting in a polymer product.!'8? It was
shown that the viscosity of a mixture of 1a and soybean oil
increases by a factor of 300 in 14 days, and the mixture can
be used as an environmentally safe self-curing material.

The behaviour of azodicarboxylates in the Diels— Alder
reaction has been studied in sufficient detail. These com-
pounds are very active dienophiles.!®3 Thus, even at room
temperature, they form the products of [4 + 2]-cycloaddition
with dienes bearing electron-donating substituents.!®4 Inac-

tive dienes add azo compounds under thermal or microwave
initiation.!85-188

A promising catalyst for cycloaddition of dienes to
azodicarboxylates is lanthanum triflate. In its presence,
tetrahydropyridazine 110 was obtained in a high yield
(Scheme 64).!%° This reaction is carried out without a
solvent, so that the catalyst is recovered with an insignif-
icant loss in the activity.

éCHg
j%

CH»

Scheme 64

1a. La(OTD); (0.02 equiv.) <O | N COE
|
20°C No
MeO CO,Et

110 (98%)

MeO

MeO

The Stille and Diels— Alder reactions were performed as
a one-pot process to prepare tetrahydropyridazine 111
annulated with a
(Scheme 65).190

five-membered steroid ring 112

Scheme 65

1) > SnBut,
Pd(PPhs)s

_ >

2)1a

N SnBuj,
Pd(PPhs)

Leblanc and co-workers 1°1-195 showed that azodicar-
boxylates can participate in the Diels— Alder reaction as
heterodienes. Thus, the reaction of dihydrofuran 113 with
compound 1f yielded [4+ 2]-cycloaddition products 114,
which were further converted to 2-aminofuranozide 115
(Scheme 66).

Scheme 66
o N hv (350 nm), cyclo-Ce¢H 2
/S N >
S CH,Cl», 20 °C, 18 h
) ¥z
RO 113 O/ OBn
1f
RO Io) O OBn
§ N
RO CO,Bn
114 (70%) 115 (79%)

R = SiBu'Ph,

Reagent 1a reacts with heterodiene 116 under conditions
of microwave activation, giving tetrahydrotetrazine deriva-
tives 117 in high yields (Scheme 67).19¢

An example of 1,3-dipolar cycloaddtion to azodicarbox-
ylates is ring transformation of thiadiazole 118 spiro-fused
to the adamantane cage induced by compound le
(Scheme 68).'°7 Obviously, in the beginning, the corre-
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R R Scheme 67 Scheme 70
RZ
2
/R 1a (5 mol.%) \N*R3
l—= — S ———
R + Me N\ Cul, THF Rl—=—
R3
N//N I N/N\N/C02Et 121 (64% —94%)
“ — \ 1‘\1 R! = Ar, Het, SiMes, Bn; R2, R3 = Me, Pri, But,
\C02Et cyclo-CsHo, cyclo-C¢H 1, Bn
AcO AcO .. . . .
OAc OAc is likely to add to azodicarboxylate to form a zwitterion
', ', intermediate in which a 1,4-shift of the proton takes place to
OAc OAc give imine that is attacked by the anion.
OAc OAc Scheme 71
116 117 (80% —83%)
R2 R? SO,Ar
R = H, Cl, Me, OMe | SOzAr 1b | F
N+ )\ - N
. . L R! ﬁ DMF, 50°C,3h R! X
sponding sulfur ylide is formed from the spiro ring, and F X

then it reacts with dimethyl azodicarboxylate.

Scheme 68
NN + CH ST\
2 —
> 40°C ST e N—CO:Me
S > > N
—N2 \
@ COMe
118 (57%)

IV. Azodicarboxylates as oxidants

Alcohols are oxidized with azodicarboxylates to the corre-
sponding aldehydes or ketones in the presence of various
catalysts such as CuCl,'%%: 19 ZnBr,2% or aminoxyl radi-
cals.??! Under action of DEAD, thiols and thiophenols are
converted to symmetrical?°> or unsymmetrical disul-
fides.293:204 Disubstituted sulfides form sulfoxides with this
reagent.?03

The salts of alkyl- and arylsulfinic acids are oxidized
with compound 1d to sulfonylhydrazines 119, which can be
subsequently reduced to sulfonamides 120 (Scheme 69).206

Scheme 69

0/ _0QQO
110 (36% —99%) 120 (80% —99%)

R! = Ar, Het, Bu"; R2 = CH,CCl5; M = Na, Li

On treatment with azodicarboxylates, alkylamines are
oxidized to imines which then can be transformed into
amines and the corresponding carbonyl compounds.?07-209
Moreover, imines generated in situ can react with various
nucleophiles. Thus, under the action of the Cul-DEAD
system, the regioselective alkynylation of tertiary methyl-
amines with termianl alkynes was accomplished.?!® The
active species of this transformation is iminium salt that
results from the reaction of amine with compound 1a.
Alkynylamines 121 are formed in high yields under mild
conditions, and there is no need to protect the reaction
mixture from air and moisture (Scheme 70).

The fluoromethylation of tertiary amines with fluorine-
containing sulfones in the presence of reagent 1b giving
amines 122 was described ?!! (Scheme 71). First, the amine

R3 R3
122 (39% —95%)
i 1b T
RI/N?H Rl/NﬁD[\FJ\
R3 R}
R!, R% R3 = Alk; X = SO,Ph, CO,Et; Ar = Ph, 2-Py; Py is pyridyl

X

Note that compounds 121 are oxidized by DEAD in the

presence of water exclusively into cis-enamines 123
(Scheme 72).212
Scheme 72
Rl — 1a R14<:\NR2
- , H0,0-10°C,6h N 2
NR} 0
121 123 (18% —55%)

R! = Alk; R? = Alk, Ar, Het

However, the dehydrogenation of amines 124 with
diethyl azodicarboxylate in the presence of sulfonyl azide
125 leads to sulfonylamidine 126 (Scheme 73).2'3 The
authors assume that the reaction proceeds through the
cycloaddition of sulfonyl azide to the in situ generated
enamine followed by elimination of the diazolalkane mole-
cule from triazole 127.

Scheme 73
i
RI—S—N3, 1
§C 8
2 4 R3
R \/\N/R (125) RliﬁiN\ y
T ) —
]‘{3 1) 1,4-dioxane, [e) N\
10-15°C, 1 h; R*
124 2)20°C,4h 126 (15% —91%)
i 1 —R2CHN, T
a
Rl
O
4 R N N/ o
* R 125 -
Ny - = e // &)
ﬁlﬁ \ T N _R4
R2 R3 R? R3 ]‘\I
R2 R 127

R! = Alk, Ar, Het; R2, R3, R* = H, Me, Et, Ph, Bn
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On treatment with reagent 1a, polyunsaturated hydra-
zine 128 is transformed into allene 129 (Scheme 74).214

Scheme 74
SiMes SiMes
< ELO,0°C P CH.
129 (61%)

In the presence of zirconium triflate, methylenecyclo-
propanes 130 react with diisopropyl azodicarboxylate (1b),
resulting in cyclobutanones 131 (Scheme 75).2!5

Scheme 75

1 2 1
R'.__R R

‘ ‘ 1b, Z+(OTf)4 O\\d» R2

B —
A H>0, MeCN, 20 °C

130 131 (42% —99%)

R], R2 = MC, Ph, 4-M60C6H4, 4—MCC()H4, 4-FC(,1‘[47
4-C1C6H4, 4-BI‘C6H4

The reaction of aldehydes with azodicarboxylates leads
to acid hydrazides 132 (Scheme 76). The addition occurs at
room temperature both in the presence of a catalyst !¢ and
without a catalyst.?17-218

Scheme 76
CO,R?
0 /1‘\1 j\ "
N | H+ 1T1 RI7 N7 CO,R?
COyR? CO,R2
1a,b.f 132 (26% —97%)

(a) [Rh(OAC)s]», EtOAc, 25 °C, 12— 120 h;
= Alk, Ar; R? = Et, Pri, Bn

The [3.2.1]bicyclic compound 133 is the major product
formed in the reaction of furfural with diethyl azodicarbox-
ylate (1a).2'° A tentative mechanism of its formation is
presented in Scheme 77.

Scheme 77
O
o~
1a Y
o B
/N 0O 100°C,24h NN
O EtO,C CO,Et
133 (40%)
O
%
=
@VO - @
O = N4
U NN WN—N
/ \ / \
EtO,C CO,Et EtO,C COyEt

Azodicarboxylates can be used for dehydrogenation of
dihydroquinolines and tetrahydrodiazepinoquinoxa-
lines.?29-222 On treatment with di-rerz-butyl azodicarboxy-
late (1¢) in the presence of copper(l) chloride, alcohol 134 is
oxidized with cyclization to indole (Scheme 78).223

Scheme 78

2

OH 1o
L 7 D
CuCl
N
NH H
134 (33%)

For the first time, functionalization of the activated
C(sp?)—H bond in organic compounds with participation
of azodicarboxylates was used by Woodward ez al.?** in the
total synthesis of cephalosporin C! (Scheme 79). The start-
ing compound was chiral thiazolidine 135 to which reagent
le was added.

Scheme 79
OMe OMe CO,Me
o=/ 0= !
2 B N
7 1le 7 NH
. | >
Bu‘O\/NXS 105°C, Bu'O N S CO:Me
I sh e
(0] e Me O Me Me
135 CO.H
EN
NH, 0 N—NTX OAc
*» /g\/\/u\
HO,C N s

H
Cephalosporin C!

Subsequently, the scope of application of this reaction
was extended to ethers and dialkyl sulfides. Thus, the
reaction of azodicarboxylate 1a with compound 136
afforded hydrazines 137 in moderate to high yields
(Scheme 80).22°> This process is most likely to occur by a
radical mechanism.

Scheme 80
H
EtO,C /N
PN la N7 COMEt
_— >
RI” X" "R? 65 130°C R R
136

137 (30% —100%)
R, R? = Alk, Bn,Ph; X = O, S

The use of N-hydroxyphthalimide (138) as a precursor
of phthalimide-N-oxyl radical facilitates the addition of azo
derivative 1a to the C—H bond of ethers, thus enabling the
process to be performed under mild conditions. This is

Scheme 81
0] 0]
/ ‘CO2Et ‘C02Et //
N—OH + N//N - .N/NH + ©i>\10'
\ \ I\
133 O COEt CO,Et 139 O
la
138
AlkO.___Alk AIKO. _Alk

AlkO_ _Alk ~
he /Y\Alko\/Alk
0L M o,k
Ho AlkO\(Alk /m

EtO,C_ - N
NN COoLE
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apparently due to oxidation of N-hydroxyphthalimide with
azodicarboxylate into N-oxyl radical 139, which triggers the
chain reaction leading to products 140 (Scheme 81).22¢

Further invetsigations showed that this oxidizing system
is efficient not only for the transformation of ethers but can
also be used for the functionalization of alkylarenes and
cycloalkanes (Scheme 82).

Scheme 82
CO,R?
©F o, An
e T L £ ROL ™ znacon  NH
e R —

| 80 °C )\ MexCO R R2

COR? R R 141

1d (40% —93%) (55% —89%)

R!, R? = Alk, Ar, Het; R? = CH,CCl;

For example, this method was used to obtain amines 141 in
good yields.??7

A photochemical modification of this transformation
was suggested by Nishibayashi’s research group.??® The
reaction of benzannulated heterocycles of common formula
142 with azodicarboxylate 1le¢ requires the presence of
iridium complex 143 and allows for the introduction of a
hydrazine moiety into the heterocyclic molecule at room
temperature (Scheme 83).

Scheme 83
R! X R! X E*COzBut
CO,But /
) | N
N+ N 143 N CO,But
| hv, NMP,
CO,But 25°C, 18 h
1c

142 R2 (25%-90%) R2
R! = H, Me; R? = H, Me, OMe, Cl, But, CO,Bu;
X = CHz, (CHz)z, (CH2)3, SCHz, OCHz, N(AC)CHz;
NMP is N-methylpyrrolidone;

4

143 = BFy

The application of tetra-n-butylammonium decatung-
state [(BuyN)4[W10032], TBADT) as a photocatalyst facili-
tates the insertion of reagent 1b at the C—H bond of ethers,

Scheme 84
/Cc)zl:’l'i
TBADS HN
- [
hv, CO N )
H CO,Pr!
1b O
MeCN, 2 h 144 (65%)
TBADS O\ H
hv N )
! 1‘\1/ ~CO,Pri
CO,Pr
145 (69%)

cycloalkanes, and aldehydes, resulting in the corresponding
hydrazides and hydrazines in good yields (e.g., compounds
144 and 145 in Scheme 84).22° Moreover, under these
conditions, the C—H carbonylation of cycloalkanes and
addition of azodicarboxylates to the resulting aldehydes can
be carried out in a one-pot procedure.

V. Transformations occurring under the
Mitsunobu reacion conditions

As it was mentioned in the Introduction, the 1-PPh;
reagent system is the key system for the Mitsunobu reac-
tion.!*~ 1% The present Section covers transformations that
occur under similar conditions but do not relate to the
Mitsunobu reaction. Thus, Australian researchers23? used
EPR spectroscopy to demonstrate that cyclic radical cations
146a,b are formed in solutions of triphenylphosphine and
azodicarboxylates 1a,b (Scheme 85).

Scheme 85
»
CO:R RO:C_ /COZRT

P N PPhg N—N

” > |
| _
CO.R SNTNQ

RO,C CO2R

lab 146a,b

R = Et(a), Pri (b)

Of particular interest is the behaviour of carbonyl
compounds under the Mitsunobu reacion conditions.
Thus, diaryl ketones are converted to hydrazones 147 and
148 (Scheme 86).23! 1t was shown that the product ratio
depends on the ratio of diaryl ketone and the Huisgen
zwitter-ion. Thus, as the amounts of PPhs and azodicarbox-
ylate 1b increase, the yield of compound 148 increases and
reaches 84% at the aldehyde:compound 1b:PPhj ratio of
1:3:3.

Scheme 86
CO.Pri (‘302Pr‘ (‘ZOQPri
oPr!
1} \ N. _ NH
J\ o N PPh; N CO,Pri N~
Ar! Ar? l\w /H\ /H\
CO,Prt Ar! Ar2 Ar! Ar?
1b

147 (14% - 96%) 148 (15% —84%)
Ar‘, Ar2 = Ph, 4-C1C6H4, 3-M6C5H4, 4-MEC5H4, 4-BULC6H4

However, if an alkyl is present instead of one of the aryl
substituents, enchydrazine 149 is formed as the only reac-
tion product (Scheme 87).232-233

Scheme 87
CO,Pr ' GOaPr
ﬁ - //1‘\1 e Pr‘OgC\N/NH
RIZ S N - THF.20°C.10h )\VRZ
CO,Pri R!
1b 149 (25% —99%)

R! = Alk, Ar; R? = Alk

It was also reported that under these conditions, 1,2-
dicarbonyl compounds form cyclic products 150, whereas
aliphatic aldehydes afford bis(hydrazines) 151
(Scheme 88).233
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Scheme 88 Scheme 90
1
R0 COR? (O:R RIOC COR!
N 2
(X = Ac, CO.AIK) >* N N7 + PBu} RiCHO_
GO N \ : 4 )
R COR! =5
CO,R? X lae
0 2 -_ 150 (55% —93%) 153 (36% —86%)
)‘VR‘ T N//N m (‘;02Rz R! = Me, Et; R? = Ph, 4-O,NCgHa, 4-CIC¢Ha, 2-furyl
X | i
C02R2 RZOZC\ /NH
Ibf X = H) N H Under the Mitsunobu reaction conditions, 3-formyl-
’ = > N/N\CO R2 chromones 154 form tricyclic products 155 and 156
o 2 (Scheme 91).23¢ It was found that the ratio of these products
R COzR? remains unchanged even upon application of three-fold

151 (38% —70%)

X = H, Ac, CO,AIlk; R! = Alk; R2 = Pri, Bn

The reaction of aromatic aldehydes with dialkyl azodi-
carboxylates la—c in the presence of triphenylphosphine
yields acylcarbamates 152 (Scheme 89).234

Scheme 89
H
Ox N
CHO ~ CO,R*
1 gouR! 1 2
R /N PPh3 R
+ N7
R’ (‘102R4 R?
R2 la—c R2
152 (37% —89%)
R'=H, F; R2=H, F, ClI, Br, CF3;, NO,; R3 = H, F, Cl, NO»;
R* = Et, Pri, Bu!
However, a similar reaction carried out in carbon

disulfide and in the presence of tri-n-butylphosphine gives
1,3,4-thiadiazolidine-2-thione 153 as the major product
(Scheme 90).235

excess of the azo compound.

Under the Mitsunobu reacion conditions, terminal
alkenes 157 are converted to compounds 158 and 159
(Scheme 92).237

Scheme 92
CO:R

X _N PPhs
+ N —

\ | THF,20°C,2h
CH» CO,R

157 la—c

— +
ITI/COZR 1‘\I/COZR

N
RO,C™ TAc
159 (36% — 56%)

OAc

RO,C~
158 (37% — 58%)
R = Et, Pri, Bu'; X = CO;Me, CN

A large series of 1,2,4-triazolines 160 were synthesized
from 2-azidoacrylates 161 and dialkyl azodicarboxylates in
the presence of a catalytic amount of triphenylphosphine.?38

Scheme 91
C\) CO:R? C02R3
R! ‘
‘ ~0 _ PPh3 - N o
* 1‘\1 PhMe, 110 °C, 3 h C,3h N COzR? )
R2 O CO,R? 2 N CO N
154 1ab COzR R302C )
1SS o) 156 (18% —27%
R! = H, Me, Pr, Cl; R%, R?® = Et, Pri (18% —27%)
Scheme 93
COzR
(‘302R
RO?C\ Ar
NS TN T N Y
N; ! PhMe - MeCN,
) CO:R 80°C. 10 h EtO:C
o facel 160 (68% —85%)
Pph3 T B
i (‘JOzR NZ
: RO,C. r
CO2R Ar Ph3P\ /N Ar > N
_N
thP\ /N J > ROzC o — 1‘\] ?
I N; ROCT /AN )
CO2R 0 o- EtO,C \N+

A\
N

R = Et, Pri, Bu, Bn; Ar = Ph, 4-MeOC¢H4, 4-MeCgH4, 4-BrCeHy, 3-O.NCgHa, 4-BnOCgHy, 2-naphthyl
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The sequence of transformations that demonstrates a pro- Scheme 97
posed mechanism is depicted in Scheme 93. _COzEt
Under the Mitsunobu reacion conditions, various aryl- N RISH 1 1‘\]
amines can be converted to aryliminophosphoranes in high 1N i _N S—R?
yields.23° R]/\CO R2 Rh2(OAc)s, EtO.C
: i - : CH,Cl, 40 °C R!" CO,R?
Arylhydrazines 162 are formed from aryl halides and 164 22 . .
azodicarboxylates 1a,b in the presence of triphenylphos- 166 (35% —80%)
phine and univalent copper iodide (Scheme 94).240
_COEt Rh _COEt
HN N
Scheme 94 \ + \ — —> 166
N R! COyR2 - R
Et0,C~ S : EtO,C~ 4 S~
CO2R COzR ‘ )\
! PPh; \ R3 . )
ArX + _N — > Ar___NH 167 R CO:R
1‘w Cul, THF, MeCN, N
CO.R 207G, 30min CO:R R! = Ph, 4-0,NCeHa, CO2Me; R? = H, Me;
1ab 162 (76% —91%) R3 = Et, Pri, Bn, Ph, 4-O,NCsHy, 4-MeOCcH4
R = Et, Pri; Ar = 3-MeC¢H4, 4-NCCgHay, 2-O,NCgHg,

3-F3CCg¢Hy, 1-naphthyl, 2-thienyl; X = Br, I

Hydrazinophosphonates 163 were obtained in high
yields from diisopropyl azodicarboxylate (1b) under modi-
fied Morrison reaction conditions (Scheme 95).24!

Scheme 95
(‘:Ozpl‘i (‘:Ozpl‘i
1 2
N//N P(OR )3, R2Cl R2 - /N\ /ORI
| 1) PhMe, 20 °C, 10 min | H\ORI
CO,Pr  2)110°C, 8 h PriO,C
1b 163 (85% —95%)

R! = Me, Et; R = ArC(O), ArSO,, (PhO),P(0)

VI1. Miscellanous reactions

Diazo compounds 164 react with arylamines in the presence
of DEAD and rhodium acetate to furnish imines 165
(Scheme 96).242 The authors assume that initially the corre-
sponding zwitter-ion intermediate is generated from the
diazo compound and amine. The intermediate adds to
reagent la. In this process, water can be used as a nucleo-
phile instead of amine.?43

Scheme 96
_Ar?
lﬁlz Ar’NH,, 1a ‘ ‘
Ar” SCO,R RNA0AQ CHCL 40°C A1~ o R
164 165 (50% —90%)
i Ar2NH, 1a
COzEt
AP+ ” A HNT
NH: - \N 1‘\1
- ~N
. H 7 XA ~COsEL
1 >
Ar'” 7 'COR Arl” CO.R

Ar' = Ph, 4-MCOC6H4, 4-C1C6H4, 4-02NC6H4;
Ar2 = Ph, 4—02NC6H4, 2—MCOC6H4; R = Me, PI’i, But

If the thiol serves as the nucleophile, hydrazine 166 is the
major reaction product (Scheme 97).24* In this case, the key
stage seems to be the reaction of adduct 167 with inter-
mediate rhodium complex.

Benzimidazoles 168 cyclize under the action of DEAD
into heterocyclic systems 169 (Scheme 98).24> This reaction
is a rare example of C-electrophilic behaviour of azodicar-
boxylates.

Scheme 98
O H
HoN \\ﬁN
R N — NH R N ) NH2
\>*N la >/N
N H EtOH, 78 °C, 3 h N/
H
168 169

R = H (yield 76%), Me (57%)
% % %

In conclusion, note that dialkyl azodicarboxylates are
interesting and promising reagents for fine organic syn-
thesis. They are used, first of all, as N-electrophiles and
powerful dienophiles in the Diels— Alder reaction. These
derivatives showed their efficiency in the introduction of a
hydrazine function into the aromatic core and in the
formation of an asymmetric centre at the a-position of the
carbonyl compounds. Nowadays, the field of C—H-func-
tionalization of various substrates involving azodicarbox-
ylates is rapidly developing. However, despite the fact that
these methods have been extensively studied and are gen-
eral, there is a plethora of examples when the reaction
products differ from the products predicted theoretically.
We hope that the chemistry of azodicarboxylates will
further develop, thus extending the scope of their applica-
tion in fine organic synthesis.
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