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1. INTRODUCTION

The Diels-Alder reaction has been the subject of extensive preparative,' theoretical,’™'® and
mechanistic'” study which has contributed to the ease and predictability with which this reaction may be
utilized today. The all-carbon Diels~Alder reaction is perhaps the single most powerful process for the
regio- and stereospecific preparation of carbocyclic 6-membered rings, yet systems in which one or more
of the atoms of the diene, or dienophile,® is a heteroatom have attracted less attention despite
comparable preparative value. It may be the ambiguities concerning the mode of cycloaddition, the
uncertainties surrounding the observed or predicted regio- or stereoselectivity, the relative lack of
dependable procedures or notable applications, and the uncertainty in the question of concerted versus
stepwise polar cycloaddition which have served to discourage the practicing chemist from utilizing
heterodienes on a routine basis. Nevertheless, a number of significant observations have brought the
potential use of heterodienes to the stage of routine application.

This review is restricted to those systems in which one or more atoms of the diene is a nitrogen atom
and is designed to complement earlier reviews'® and the recent coverage of heterodienophiles.® The
text edited by J. Hamer' and the review of Needleman’ provide excellent surveys up to 1965 and contain

information on successful and unsuccessful early studies. No attempt has been made to exhaustively
cover the literature since 19635.

IL 1-AZABUTADIENE SYSTEMS

Early reports of successful Diels-Alder reactions of 1-azabutadienes include only the reactions of
benzoisoxazole' and unsaturated 3,4-dihydroisoquinolines,' eqns (1)}-(3), and represent the early
exceptions to the general observation that such systems fail to undergo [4 + 2] cycloaddition.'?
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It has been known for some time that unsaturated imines participate in Diels—Alder reactions
preferentially through their enamine tautomer,” eqn (4) and in instances where isomerization is
prevented [2 +2] cycloaddition usually intervenes, eqn (5).2'® Exceptions to this generalization are the
observations that selected imines afford [4 + 2] cycloaddition products with diphenyl ketene,*'® eqn (5),
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Two recent reports have described successful approaches to the use of 1-azabutadienes which have
broad synthetic implications, eqns (8) and (9), Schemes 1-2. Fowler™® has shown that gas phase
pyrolysis of N-acyl-O-acetyl-N-allylhydroxylamines generates N-acyl-l-azabutadienes which were
shown to be capable of undergoing intramolecular [4+ 2] cycloaddition, eqns (8)-(9). The entropic
assistance provided by the intramolecular cycloaddition, the inability of the dienes to tautomerize, and
the relative stability of the product (acyl vs alkyl enamine) may account for the success of this process.
This reaction has been applied to the synthesis of amide 1,° a key intermediate in the total synthesis of
deoxynupharidine 2, Scheme 1.7¢
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In a successful effort to increase the reactivity of simple 1-azadienes toward typical electron-deficient
dienophiles, Ghosez et al.** have reported that the a,B-unsaturated hydrazone 3 reacts regioselectively
with a wide range of typical dienophiles to give the [4 + 2] cycloadducts. Reductive cleavage of the N-N
bond and reduction of the C-C double bond in the adducts provided the substituted piperidines, Scheme
2. Similar reactions with a,B-unsaturated oximes failed to give [4+ 2] cycloadducts.’* It remains to be
determined whether this process is general for unsaturated hydrazones capable of tautomerization.
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In related work, Gompper has described the [4 + 2] cycloaddition of hydrazone 4 with diphenyl ketene,
eqn (10).%
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Fitton® has shown that 3-(aryliminomethyl)chromones § undergo [4 + 2] cycloaddition with dichloro-
or chlorophenyl ketene 6, whereas the isomeric 2-(aryliminomethyl)chromones 7 undergo [2 + 2] cyclo-
addition with the same ketenes, eqns (11) and (12).
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2H-1,3-Oxazin-2-ones, e.g. 8 and 9, have been shown to participate in a {4 + 2] cycloaddition reaction
with N-aryl maleimides but failed to react with dimethy! acetylenedicarboxylate, diethyl azodicarboxyl-
ate or enamines. The reaction of 8 with ynamines took an entirely different course, Scheme 3.7
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Since the initial observation that certain unsaturated-heterocycles may participate in [4 + 2] cyclo-
additions, eqns (2) and (3), a small number of additional examples have been described, eqns (13}~(17),
and require the use of reactive ketene or isocyanate dienophiles.”*
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Table 1. Intermolecular Diels-Alder reaction of o-quinone methide imines
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Initial studies*"*? on the generation and properties of 0-quinone methide imines, Table 1, suggest that
upon continued investigation they will prove useful synthetic intermediates comparable to the o-
xylylenes'?"* and o-quinone methides.™'*"”

In recent studies, Saegusa et al."'® have shown that [o-[(trimethylsilylalkylamino]-benzyl]}trimethyl-
ammonium halides undergo a fluoride anion induced 1,4-elimination to generate o-quinone methide
N-alkylimines under mild conditions, eqn (18). Although attempts to trap the o-quinone methide imines
with intermolecular dienophiles such as acrylate, fumarate, acetylenedicarboxylate and N-phenyl-
maleimide failed and resulted in the formation of dimer 11, eqn (18), intramolecular Diels-Alder
reactions proved useful, eqn (19). The application of this methodology to the synthesis of 9-azaestro-
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Me 3 é |
HB CH3
11
+ -
CHZNMe3Br _
@N E—ﬁ-l%n. a ——n eqn. 19
SiMe3 3 %
! CH., )
(CH,) CH=CH, 2'n \cnz)n
n=3 53%
n=4 58%

1,3,5(10)-trien-17-one (12) attests to the synthetic utility of the o-quinone methide imines, Scheme 4.’
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Warming benzotriazinone 13 or irradiation of carbamate 14 generated the reactive o-quinone methide
ketene 15 which in the presence of phenylisocyanate affords 2-anilino-benz-3,4-oxazin-4-one (16) by way
of a [4+ 2] cycloaddition reaction, eqn (20).**
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McKillop and Sayer® have reported that the Cu(If) complexes derived from o-nitrosophenols react
smoothly with dimethyl acetylene dicarboxylate to give 1,4-benzoxozines, eqn (21).
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Il 2-AZABUTADIENE SYSTEMS
II.1 2-Azabutadienes
A number of [4+2) cycloaddition reactions of simple 2-azabutadienes have been reported and in
each instance the diene is substituted with strong electron-donating groups capable of enhancing their
reactivity toward typical electron-deficient dienophiles.
Thermolysis of 2-methoxy-1-azetine (17) afforded 18 via electrocyclic ring opening followed by a

1,5-hydride shift. Treatment of 18 with dimethyl acetylene dicarboxylate gave the pyridine product 19,
eqn (22).
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Thermolysis of 3-substituted 2-dimethylamino-1-azirines, prepared from the corresponding tertiary
carboxamides, was shown to give 1-dimethylamino- 2-azabutad1enes which undergo regiospecific Diels-
Alder reactions with a wide range of electron-deficient dienophiles,” Scheme 5.
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A series of reactive 1,3-bis(dimethylamino)-2-azabutadienes were generated in situ from 1-alkyl-2-
azavinamidinium salts and were found to be reactive toward electron-deficient dienophiles,” Scheme 6.

A simple preparation of 1,3-bis(t-butyldimethylsilyloxy)-2-azabutadienes from imides and their
reaction with a range of typical dienophiles have been described,” Scheme 7. The apparent ease with
which this 2-azadiene system may be generated and the facility with which 20 undergoes cycloaddition
with electron-deficient dienophiles should prove exceptionally useful.

Imines generated from the reaction of aryl aldehydes with the ethyl ester of glycine react with



2878 D. L. BoGEr

P23 o CH
m 273 p=H, 64%
i CHCI3,requx; HN
CH
cozc’{ana 2CH, R=CH,, 61%

0

R=H L 3
[ I il T "T:D\: » 64
{ ag.HC1 O _CH

2 3
C02CH3
tBuMe,Si0 0
O‘IC% ¥ _—— R=H, 65%
- R “\co CHCl_:HF  HN. 2
YR NY 2CH3 3 C02CH3
lo} 0SiMe_ tBu
20 2=
~
0 o b
P——— TS T.T R=H, 92%
CHCI3,25°C, '
1n:MeOH H’ °
OSiMeztBu
OAc
- AcO
P benzoquinone - () R=H, 563
CHC13,20°C)
ACZO-HOAC AC
g-naphthoquinone R=H, 72%
H,, 44%
CHCl,y, reflux; R-CH3'

aq.HCl

Scheme 7.%

dimethylformamide diethyl acetal to afford I-aryl-4-dimethylamino-3-carboethoxy-2-azabutadienes
which were shown to react with dimethyl acetylene dicarboxylate,* eqn (23).
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Thermolysis of 4,4-dimethyl-1-(1-phenylvinyl)-S-(1-pyrrolidinyl)-4,5-dihydro-1H-1,2,3-triazole pro-
vided 21 which was shown to react sluggishly with typical electron-deficient dienophiles,*' Scheme 8.

The initial reports that pentachloro-1-azacyclopentadiene 22 behaves as a reactive, electron-deficient
1-azabutadiene‘*~* have been shown to be in error.”*” The system undergoes Diels-Alder reactions
with reactive or electron-rich olefins as pentachloro-2-azacyclopentadiene 23,“" eqn (24).
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2-Substituted-4-methyl-1,3-0xazin-6-ones 24 have been shown to react exothermically with electron-
rich dienophiles, e.g. 1-(diethylamino)propyne and 1-ethoxy-1-(dimethylamino)ethylene, to give the
substituted 4-aminopyridines 25 and 26 respectively in high yield,*’ eqns (25) and (26). The synthetic
potential of 3-aza-a-pyrones would seem to be limited only by the stability and the ease of preparation of
the parent ring system.*

Similarly, 4H-3,1-benzoxazinones 27 may undergo a [4 + 2] cycloaddition with 1-(diethylamino)propyne
but the solvent and substituent (R) play an important role in determining the course of the reaction,*** eqn
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3
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(27). The reaction of 4H-3,1-benzoxazinones 27 with enamines has been shown to take an entirely different

5
course.*®

o NEt, NEt, R=CF 94342
0 | Et,0 CH =H 77%
Clx, - b 2 ©rr™ .
R { -co, N =CH, 71
CH
3 =C_H 11%
27 65

The initial observation that imines derived from aniline and aryl aldehydes react with electron-rich or
reactive olefins in the presence of catalysts (BF;-OEt; or protic acids) to give formal [4 + 2] cycloadducts
continues to be investigated,**” Scheme 9, and these studies have been briefly reviewed.’ These systems
fail to give Diels-Alder products with typical electron-deficient dienophiles."’
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Scheme 9.

Ghosez et al.® have shown that N-aryl ketenimines react with ynamines to give substituted
quinolines, eqn (28). Solvent effects for this reaction are consistent with a polar cycloaddition.

In an extension of this observation, Ghosez has shown that a N-aryl vinylketenimine reacts with
electron-deficient dienes in an all-carbon Diels-Alder reaction while its reaction with the electron-rich
ynamine 28 affords quinoline 29 by cycloaddition across the azadiene system,”” Scheme 10.
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Similar observations have been made on the reactions of N-aryl ketenimines or N-aryl vinyl-
ketenimines with thiobenzophenones® and these studies have been reviewed recently.”

Phenylisocyanate and related aryl isocyanates have been reported to give [4+2] cycloaddition
products with ynamines,™® benzyne™” and ethoxyacetylene,” eqn (29). The course of the reaction of
ynamines with aryl isocyanates is strongly dependent on reaction conditions. Products resulting from
[2+2] cycloaddition adducts are formed in nonpolar reaction solvents (cyclohexane) whereas [4+ 2]
cycloadducts are isolated from polar reaction solvents (acetonitrile) suggesting a pronounced polar
character to the Diels-Alder reaction.
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Recent reports have described [4 + 2] cycloaddition reactions of vinyl isocyanates and vinyl thioiso-
cyanates,* eqns (30) and (31).
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CH CH_S
CHJSJ + 6 6 3 1 N eqn. 3152c

X
X0 Et 8,69% Et

A recent report has described the Diels-Alder reaction of 6-phenyl-5-azaazulene with acetylenes.’*

R
Rl
N
-PhCN
G- 3 = o
h
8 !
R
R R R r!
l“ -HCN
\ Ph Ph Ph
= h *
R = Rl = Ph
= (CH2)6

H1.2 Hetero-2-azabutadienes
A number of Diels-Alder reactions in which N-acylimines 31 act as dienes have been reported and
much of this work has been reviewed.>** X and Y are generally strong electron-withdrawing groups and

X
31 NJ\Y X=CCl3, Y=H
tad

R )(=\’=CF3

as such the N-acylimines are useful electron acceptor partners in a cycloaddition reaction. Examples of
Diels~Alder reactions with vinyl ethers, enamines, olefins, sulfene, acetylenes and either the C=C or
C=0 bond of ketenes have been reported.*** This complements the ability on many simple N-acylimines
to behave as dienophiles toward typical electron-rich dienes.**

An example of N-thioacylimine participating as the 47 component of a [4 +2] cycloaddition with
ketenes has been described,” eqn (32).

i
R R
+ —l i = egqn. 32
B ] Ar” "$7%o
Ar o}
55
= = 40%
R=H Ar C6H5
=2-CH3C6H4 40%
=R-CH30C6PI4 36%
R=C6H5 Ar=C6H5 22%
=p- 18%
P CH3C6H4
=p- 15%
P CH3OC6H4

Vinylnitroso compounds constitute a class of electron-deficient hetero-2-azabutadienes which have
been shown to participate in a number of useful Diels-Alder reactions.***"** The addition of electron-

withdrawing substituents to the vinylnitroso system enhances their reactivity toward simple olefins, 6%
Table 2.
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Table 2. Diels-Alder reactions of vinylnitroso compounds (47 component) with olefins and dienes

Vinylnitroso Dienophile Product

1 ]
R\f’ 0(\ »)Lph Qﬂh ’lepn 924560
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1 R =COCH; 86436
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.
_0 m Rl=coset  >420°5¢
~o
!
~ N@ (] rl=coset  1008°%°
o
oS EN)
o]
.
{ - RI~COEE, CHO 43x:2°'d
= 13
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~o OR =COCH 4, R?=R4=Ph, R3=H 46156e
r? )
3
R
f\“z a3 R =R%=n, R3=pn 90x 362
o m R1=R2=H,R3=pBrcgH, 794562
o R18R§=H,R3-2-fury1 62%56a
R =R“=R3=g 19456a
4

1
R1=R§”“'R3‘Ph:k4=u 454762
R =R=H,R3=Ph,R=CH, 444702

Rl=rZs¢1,R3=H,R%ey 04562

R
)Lf R'=R%=H,R%=pn 414562
o >

RAS
1
[. : R1’*‘2=H-Ra=ph 26462
rRl=R2=C1,R3= (456a
0

Rl=cry,c1 724°8¢

1
1
R R]1“=CH3 23%
O = oo
Ri cN 40%

=H 13%

O m R'=ph a8a>%¢
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Tetra Vol. 39, No 18—B



2884 D. L. BoGER

Vinylnitroso compounds may act as either the 2w or 47 component of Diels-Alder reactions with
dienes,** Scheme 11. In general it has been found that B-substituted vinylnitroso systems act as
dienophiles,**® Scheme 11—path b, whereas the vinylnitroso systems lacking a B-substituent behave as
4n components in their Diels-Alder reaction with dienes,*** Scheme 11—path a.

path a path b lN
Tl “— p——g
0T N \ ~~
¢ ¢
Mg
o}
!
o
~0 path c path d

Scheme 11.

The speculation that the observed Diels-Alder reaction of vinylnitroso compounds with dienes,
Scheme 11—path a, may actually arise from a sequence involving the all-carbon Diels-Alder reaction,
Scheme 11—path d, followed by [3,3]-sigmatropic rearrangement to the oxazine 32, eqn (33), has not
received experimental proof.

5 ~N = o
——el =s eqn. 33
il ~NF

' »
N, N=0

32
~

Table 2 summarizes many of the reported Diels-Alder reactions of vinyl-nitroso compounds in which
they serve as dienes.
This work has been applied to the preparation of aryl pyruvate oximes,**"*

Sé6a.c

amino acids,

.. s . g .
hydroxy nitriles,”* y-lactones,** pyridine N-oxides,*® and pyrroles,”’ Scheme 12.
Rl Rl
X — X
HO Rl 1
t R=CO,H
1
R02C R
v — [ TI J
S R-co2
‘ R02C
R=CO,R
4
R™OH R3
SR J(' —_— YI _—
R N
|+
[N
R=COCH3 42-70%
2 R’

R Fe3(C0)y ) Iﬁ\
)L*(\‘ H 1 N
H
o
( J R=AX

1 Rp2=
R, R2=alkyl. (CH,) , o

Scheme 12.
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The ability for acyl nitroso compounds to behave as dependable 27 components of Diels—Alder
reactions with dienes has been well established®™ and has found substantial utility in the synthesis of
natural products. Recently, Mackay et al.* have described the isolation of 5,6-dihydro-1,4,2-dioxazine 36
(10%, R' = t-Bu) from the reaction of acyl nitroso 33 with cyclopentadiene, Scheme 13. Though this
product may arise from the thermal isomerization of the oxazine 35, Scheme 13 and eqn (34), acyl
nitroso 34 gave the 5,6-dihydro-1,4,2-dioxazine 37 in excellent yield without the apparent intermediacy of
the oxazine.

/RCN
—Qa— "D

a~

1
F\fo 33, R'=t-Bu 1
34, R -p-no_C_H

N\\o 26 4
r? . R3
3 Rl
2
. —_ X R
3 Ny
R 2
r2 R
36, Rl=_t_~Bu, R%=R7=H
7, Rl=p-no C_H R%=CH., R°=Ph
20, R =pmNOCeHy 3
Scheme 13.
N Ry ©
'Z\ / —— Ve = t D eqn. 34
~o

7 (:)I\O
)
[¢]

In related work, Eschenmosher et al.*' have described the generation of N-vinyl-N-cycloal-

kanenitrosonium ions and their reaction with olefins*'“ and alkynes.®'** The olefin cycloadducts were

utilized for the preparation of y-lactones or dicarbonyl compounds, Scheme 14, and the alkyne adducts
afforded a-methylene ketones or aldehydes directly, eqn (35).

R
_O‘E/O AqBE4 \E,O @ : {,O
Clj,u o-a0°c I} X -
, CHpClp-cHCly |, R? p3

R

R} R
4 .
+Oy tBuOK H
— CQ=
t-BuOH 70 -91%
: ON  gs_ ;
k2h3 85-90% . 3
KCN
K5CO
2C03
. /L
O RgRl
CHO
NF 78-95% 81-94% f
R2R3 &3 R

Scheme 14.
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R1=H, alkyl
R%=alkyl
R3=H, CH3
A similar sequence employing N-(2,3-epoxypropyliden)-cyclohexylamine N-oxide for the preparation
of a-methylene-y-lactones has been described,”> Scheme 15.

Me _SiO
CF3SO3SLMe3 -30°C ‘J
e —— ——— + —

4+
CH,Cl,,-78°C Al
~ - 2¢ .
HIICG o 2 Hllc6 OSiMe H11C6 o

0SiMe OSiMe, R
NC
. KCN NC
—_— —_— —
AN _ N
w &0 80% H,CZ “o 90-100%, S 0 £-BuOK
1176 1 65-75%
R=H
R=Ms
0 = <0
80%
H
n%
Scheme 15.

A number of heterocumulenes have been shown to function as hetero-2-azadienes in [4+2]
cycloaddition reactions with dienophiles. Alkyl and aryl acyl isocyanates (38, X=Y=0), isothiocyanates (38,
X=0, Y=S) or thioacyl isocyanates (38, X=S, Y=0) have been shown to participate in [4 +2]

cycloaddition reactions though substantial differences in reactivity exist. Much of this work has been
summarized in recent reviews.”

Thioacyl isocyanates, because of their high and dependable reactivity, compose the bulk of the work
and extensive studies of their reactions with olefins,* e.g. norbornene, enamines,” dihydropyran,®*
thioacyl isocyanates (dimerization),”* imines,**** carbodiimides,***” the C=N bond of isocyanates,**
azirines,* B-enaminoketones,”” the C=N bond of cinnamylidenesanilines,” dianils,* azines,”
hydrazones,”" imidazoline-4,5-dione,” aryl cyanates and disubstituted cyanamides,”* the C=O bond of
aldehydes,”® acetone,™ and ketenes’® and alkyl/aryl iminodithiocarbonates™ have been described. Typi-
cal examples are illustrated in Scheme 16. An extensive report by Goerdeler et al.®*® compares the
reactivity of several thioacyl isocyanates 39 toward most dienophiles and found that those substituted
with strong electron-withdrawing groups are more stable and less prone to cycloaddition.

R.

S =
}3 Y R CH3, ClCHz, ArCHZ, Ph2CH,

\\\ C13C, C02Et, t-Bu, PhCH=CH, Ar.

N

o]
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Scheme 16.

R

47—97\72

R=Ph
rRl=pho 71%

Rl=Me N 832

73

R=OEt,R1=H,R%=cC1
,RY=H,R2=Ph
,Rl=RZ=CH,

R=Ph,Rl=H,R%=Et

,RY=H,R2=Ph

74
R=R1=Ph 78%

60%7

47%
29%
27%
61%

Similarly, aliphatic and aromatic acyl isocyanates undergo a wide range of [4+2] cycloaddition
reactions though (2 + 2] cycloaddition and simple addition reactions are often observed. The substituent
on the acyl isocyanate may determine the course of the reaction and such effects have been covered in
prior reviews.” {4+ 2] Cycloadditions have been described for olefins such as norbornene and 4-vinyl
pyridine, p-quinone, allenes, the C=C bond of ketenes, imines, dianils, ethylene diimines, enamines, vinyl

ethers, ketene acetals, 1,2-dialkoxy-1-alkenes, carbodiimides, azirines, viny! sulfides, and acetylenes.

Th.c

An example of the utility of such processes is the preparation of exo,cis-hydroxy acid 40 from

norbornene,” eqn (36).

Acyl isothiocyanates have been shown to undergo (4 +2] cycloaddition with enamines
imines™ and hydrazones.”

N

N.
2

- gy

H

40

~

CHCl, Ph\(o :

1 h, 5°C:

30 min, reflux g

49-55%

Cco
2

OH

H

eqn.

7 eqn (37),

N-Sulfinylaniline 41 and related sulfinylimines may behave as 27 components of [4+2]% [2+2] or
dipolar [3+2] cycloaddition reactions and, in some instances, as the 47 component of Diels-Alder
reactions,” Scheme 17. Strained and reactive olefins, e.g. norbornene, norbornadiene, dicyclopentadiene,
and cyclopentene, have been shown to react as dienophiles with N-aryl sulfinylimines. Typical products

are 42-44.

Kobelt et al. have shown that 45 undergoes a Diels-Alder reaction with phenylacetylene,®' eqn (38).

Ph

36%

o]

r\%ro h

eqgn.
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£ €1
N R ]
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/ “ph
a_ [e]
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N// \c+ \c' \Ph
® .
]
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Scheme 7.

IV. 1,2-DIAZABUTADIENE SYSTEMS
IV.1 1,2-Diazabutadienes
Electron-deficient azoalkenes have been shown to react with dienes,* " Table 3, or reactive and
electron-rich olefins,* Scheme 18. The reaction of electron-deficient azoalkenes with enamines has been
shown to give [3+2]® cycloaddition products, eqn (39), and not the originally reported [4+ 2]
cycloaddition products.®

R3
R2
———— " —_— RI=R3=C02CI>'{3,RZ=CH3 70\8?b
Et N\w Et

Rl
, B 1.3 82b
R j/j\ R*=R’=CO,Et,R%=CH,  72%
\ —pe
— u\ _—— Ar=p-CH;0CgH,
SAr r\zl SAr
3
R2 i 1
R =R3=CO2CH3,R2=CH3 82b
82a

1.3 2_
R =R“=CO,CH3,R“=CH;

o3 2_ 82a
rl1=R3=C0,CH;,R“=CH;

1
R =Ph, R2=H 'R 3=CO2CH3 48%

Scheme 18.82%%
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Table 3. Diels-Alder reactions of azoalkenes with dienes and reactive olefins

Sha b

Vinyl Hydrazone Dienophile Product
&} &2 RY=r%=H,R%=pPh,R8=2,4- (NOp) 2CgH3; 96%
& 3 rl=gr2=H,R3=pPh,R¥=Ts 72%
r3 R Rl=r?=,R3=Ph,R4=CO,Et 964
r? O Nx /) Rl=Rr2=H,R3=CH,,R%=2,4- (NO} 2CeH3:
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N, Z“ RlxH,R2=COyEt, R3=CH 4, RY=
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o e
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RI=R2=H,R3=CH3;
Ar=2,4~(NOy) pCgH3 68%
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Ar=2,4-(NOjy) oCgHy 32%
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Simple azoalkenes have been shown to react with typical electron deficient dienophiles™ to give

Diels-Alder products, eqns (40) and (41).

NC CN N
CN
— —
NC: CN C6H6:25°C CN
24h \T CN
Ar
Y‘\|N 5
Ar —_— Iéph — o
o] NPh
CeHg 125°C, 240 \,'
Ar

Ar=CgH

Ar=p-CH,CgHy
Ar=p-CH;0CgH,

Ar=C6H

Ar=p-CH3CgHg
Ar=p-CH30CgHy

47484

72%
70%

eqn. 40

75484

73%
75%

egn. 41

Reports of azoalkenes acting as 47 components in Diels-Alder reactions with azodicarboxylates,*
eqns (42)—(44), thioisocyanates,® eqn (45), and ketenes,”*® eqns (46) and (47), have been published

recently.
R'=ph, R%=0cH; 77385
2 1
NCOR?  CgHg or THF, ACR R =pBrCgHg ,R?=0CH; 79
o 656 1 2 eqgn. 42
*‘4 lor2  35°¢T A 2 R =Ph,R2=0Ph 908
3h-4 days Cco 1. 2u
I b h Rl=CH,,R=0CH,CCly  81%
CONHPh CONFPHh 2 2 85
=0CH
CHy (A CHy \)\‘,COR Rz OCH, 9% egn. 43
—_— | R®=0C(CH3) ,CCl3 728
ESY NP s 2
\ { cor
CH3 CH:!
C“3\I¢ CH3 N/COR2 2 8s
R =
T | OCH,CC1,  80% eqn. 44
§T \t;’ “cor? R°=ph 348
CH
3 CHy
R3 r3 R3 43-904%8
2 R 2 1
R\.) N N RV L %HR R =CHy.Ph
N\‘N g — A\ — 0 R2=CH3,a1kyl egn. 45
0
lRl ) 5! R3=CONHPh,alkyl,H
R=SO,R,COR,COEt ,Ph
1 h
=
Ar o
2
R
) Ph_ _Ph
R
o, Y
il
NQF o eqn. 46
Ar
R3 R?
Rl h



2892 D. L. BoGER

CH o) Ph_ _Ph Ph o
30\/ Ac Ac h
( + Y \v Ph . ~N 0 CHJYO n Ph
Ny il N bLen +
o ph” 0 Ph~ N Ph
Ph \7 ° eqn. 47
Ph
60% 26% 10% 4%

IV.2 Hetero-1,2-diazabutadienes

Azodicarboxylates are best recognized for their ability to participate as 2w components in Diels—
Alder reactions with dienes and for their effective participation in ene reactions with simple olefins.
However, olefins which do not contain a reactive allylic hydrogen and therefore cannot enter into an
ene reaction may react with azodicarbonyl compounds by two different modes: [2 + 2] cycloaddition to

RO
\[] —  ReCH,,Et; 1,2-diazetidine %
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o o_ 0
‘ E D —_ [ I YR‘ R=OCH
0 oA RN =0Et
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O
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o ] — A —oEt]
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CH_O_ O,
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| N —_— 3 I \( =0t
3 |
:I‘ Cor
z 90a
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i CHy CH0 O R 3
COR = _— I Y =O0Et
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’ éon
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- R=0OCH 3
=0Ph

=Ph

o 100

N R=OCH,,
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@D ~ O
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AcO AcO, R
] —_ { }/ R=oEt 02
N
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. eb o g X=OCH3: R=OCH; >
=SCH3 =0Et
N =NMe,  =OPh
|
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CH ocH cH Lo R ReOCH,> P
Oior 3
_— 3 . 3 =0Et
Ph Ph =0Ph,OEt
(!OR
NR2
R,N R
2
S ‘O -~ T e
N
I
COR

Scheme 19.
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give 1,2-diazetidines and [4 + 2] cycloaddition to give 1,3,4-oxadiazines with the azodicarboxylate acting
as the 47 component of the cycloaddition.** Typical 47 Diels-Alder reactions of azodicarboxylates are
summarized in Scheme 19%'® and much of this work has been reviewed.*"*

The reaction of azodicarboxylates with electron-rich olefins has been extensively studied and typical

substituent effects governing the course of {4+ 2] versus [2+ 2] cycloaddition are briefly summarized in
Scheme 20.%'

PhO o R PhO, N,COR Ph R
] * N tr!; * }/
zr 25°C “COR
COR COR
>95 <5 R=OCH2CC1 3 85%
77 23 R=OCH3 73%
65 35 R=0Et 84%
<5 >g85 R=Ph 66%
R=0CH4 Solvent
80 20 CHLCN
65 35 neat
33 67 Et,0
33 67 C6H6
%

ArQ
Ou _LOCH;  BATOW _pCOCH O, OCH 4
3 2503
m + — & +
N
3 i

N# 25°C \COZCH

%:02(:“3 COCH3
X=0CH3y 87 13 82%
X=CHj3 84 16 85%
X=H 77 23 73%
X=C1l 67 33 56%
X=NO, g >95 40%

Scheme 20

The reaction of enamines with azodicarboxylates has been used for the preparation of «-diketones,™
Scheme 21.

RzN
S 0§rR ﬁo R 0
+ ol
R NGN R —————
i

|
COR COR

o] B~ o H,0
R }/NHCOR R COR R

COR
Scheme 21.
101

In a series of articles,” Mackay et al. have shown that the Diels-Alder adducts of azodicarboxylates
and diacyl azocompounds with cyclopentadiene, cyclopentadienones, and 2,5-dimethyl-3,4-diphenyl-
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cyclgpentadiene give the expected diazines 47-49, eqns (48)—(50), which may rearrange to the 1,3,4-
oxadiazines 50-52, the formal products of a 4= Diels-Alder reaction of 46 with the dienes.

COR
Oa R
46 } + @ N r('!'
~ —l
N'” ROC -’ — HOD eqn. 48
COR Ln. 47 20
R=~0 54 R=C(CH3) 3>Ph>CH3
#OR
o ! Cor,
3 pn CH, N/l!l 3
R
48 + ) — OC}“ h e Py CH, eqn. 49
Ph ROC K © h
CH, CHy h Phogy
~
4 R=Ph,CH3,0R
COR_
cHy CHy v;‘ 3
46 + d — RO h et R’lo H, eqn. 50
ROC
cry CHy Ny h 52
R=Ar,CH,
49 ¥OR
L4

V. 13-DIAZABUTADIENE SYSTEMS
The reports of simple 1,3-diazabutadienes participating in {4+ 2] cycloaddition reactions are rare.
Matsuda et al.'®® have shown that 53a reacts with isocyanates to give 1,3,5-triazine derivatives, eqn

(51). The 1,3-diazabutadiene 53a failed to react with dimethyl acetylene dicarboxylate and affords [2 + 2]
cycloadducts with diphenyl ketene.

Ph &t Ph Ph
A
Né\ph . ;'4 ‘66 -~ N N/R egn. 51
Ph)\ ] P*\/L’:’ko
R

1

| o}
R
532 R=CH3 Ri=Ph 9041022
R=Et R =Ph 100%
R=Ph R;=Ph 85%
R=CHy R1=CH3 68%

R=Ph R*=CH, 8%

The N-silyl unsaturated urea 53b has been shown to react with isocyanates and dimethyl acetylene
dicarboxylate,'™ Scheme 22. Nitriles are unreactive and linear adducts are obtained in the reaction of
§3b with diphenyl ketene and chloral.

Ph Ph
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Né\e v en N N NN oy godl02D
PO R TR O G i W s
NSiMes  mMe;sio” Y g e 351 t ) o z{« 0
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S3b
Lt
CO,CH3 Ph Ph Ph Ph
» . ' 15% N COzCH:; MeOH HN C02CH3
e fl —_— sio " Au
o cu Me3S10™ Y CO,CHy o CO,CHy
2773 Ph lh

Scheme 22.
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4,6-Diaryl-1,2,3,5-oxathiodiazine-2-oxides 54 react with a wide range of heterodienophiles including
amidines, imidates, iminochlorides, ureas and thioureas,'® eqn (52), and enamines,' eqn (53).

Ar N -$0 Ar
X R 3 N“,R
]‘ ‘502 + \Lz( \r/ eqn. S2
Ny O H ~HX N§rN
54 !
~ r

Ar
Ar=CgHg, m=CHyCgHy, p=CH3CgHy, X=CH;  R=OEt 25-924103
=CgHg =0Et
=CgHg  =NHj
=cCl3; =C1
=Ar =NHAr
=Ar =NHR
=Ar =0H
=0H =NHy
=NH» =NHy
=SH =NH,
‘G e
Ph
\f"\soz 130°,1h j’"l eqn. 53
NYE) + 48% NY
Ph Ph

Imidoyl isothiocyanates have been shown to participate as 47w components in Diels-Alder reactions
with themselves (dimerize),'®* enamines'®® and isothiocyanic acid,'** Scheme 23.

Ar
Ar J
S
s
Y w
Ar

?r
Ar N Ar, N
\)(’ + E— W [
X N
Ny
S

(\O ar ?r
N,
L —
S
Scheme 23,

A number of reactions of reactive dienophiles with 1,3-diazabutadienes in which part of the diene
system is incorporated into an aromatic or heterocycle have been described,'™ '™ eqns (54)~(61).

o ¢ Ph
N . N xylene N oh
%/ + )\.-Ph — * eqn. 54
X &4 reflux X N
R

X=0 ReNMe, 503106

R=0CH 74%
R‘N’O2 86%
X=58 R=NMe, 91%
R=OCH4 87%
R=NO, 70%
X=NH>NCOCHPh,
R=NMe,  84%
R=0CR3 81%
R=NO, 75%
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0
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0
0
>
2N f Y 2 x=0,81%° eqn. 60
. W X
' XC?OC}'I3

N G CHCY4 @-N eqn. 61
D e o
G~ O e OLK
XN

110
R=NOy X%=0 37¢

R=NO, X=NH 338
R=OCH4 X=0,NH 0%

VL 1,4-DIAZABUTADIENE SYSTEMS

There are few examples of 1,4-diazabutadienes participating in [4 + 2] cycloaddition reactions. The
initial reports'’" that diphenyl or dimethyl ketene react with a-diimines to give products of a [4+2]
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cycloaddition reaction, eqn (62), have been reinvestigated''? and found to give B-lactams, the product of
{2 +2] cycloaddition, eqn (63).

Ar
R ! O
. B2
XL -
1
Ar R

Axr
i ¢}
Rrﬂ #
+
Ay .Y N1
|
Ax

Ar\N O
- eqn. 63
&
P

The dimerization'? of substituted o-benzoquinone diimines, eqn (64), and their reaction with
diarylketenes,'"** eqn (65), have been reported. The solvent effects, substituent effects, and activation
parameters of the reaction of 85 with diarylketenes are consistent with a moderately polar transition
state with the diimines functioning as electron-deficient dienes.'*® Similar observations have been
described for the [4+ 2] cycloaddition of diiminosuccinenitrile (DISN) with electron-rich dienophiles."”

cH, CHy ﬁ‘lOPh NCOPh
NCOPh NCOPh
— eqn. 64
NCOPh CH
coph
1
’ R
] o]
N | ©
R—&N + /u\ —— &2 eqn. 65
Rr2 ®? N %2
55 &I r1

R1=C0Ph .3021’}'1

Pummerer has shown that dehydroindigo reacts with styrene, vinyl aryls, acrylonitrile, methyl
acrylate and methyl propargylate,'” eqn (66), under forcing conditions.

@)
R*CGHS A
p R pw

@ R o} ‘ T R=CO,CHy  58%
— lr’ el o N R=CN =~
A,neat

o] e’

o ©)

0 eqn. 66

o fo i DICOZCH}
o O,
CSHS’ 100°C

& =

Benzofurans undergo cycloaddition with enamines,'" Scheme 24, and ynamines,'” eqn (67). Com-
pounds 56, 57 and §8 failed to react with enamines.
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G .
o’\ NNJ A:
G G, — e, e
+
o I

P i
Rﬁ:} _\, jﬁ —_— R‘@(::;j/ 22-90%

3
\ Me2 ! NMe2
f _— I 15%
+
!
o

Scheme 24.
Q, .
N @‘ i @\J—Ph
B
36 Y 2

R’CH3, Ph

0" Et 0
|
b | \I:C
117
m + n —— @ . eqn. 67
N
kEt 4'[ t2
_O

VIL. 23-DIAZABUTADIENE SYSTEMS

The 2,3-diazabutadiene system rarely undergoes successful [4 + 2] cycloaddition with typical dieno-
philes and usually affords 2 : 1 adducts or [3 + 2] criss-cross products.'! Such reactions of azines and imines
with dienophiles have been reviewed.'!

oot — &P

N

2

2,5-Diphenyl-3,4-diazacyclopentadienone (59, 3,6-diphenyl-4H-pyrazole-4-one) has been shown to be
capable of acting as either a diene'"* ¢ or dienophile,''***/%* Scheme 25. Diazocyclopentadienone 59

Ph
o)
Ph h — Ph
YY" ~ X

2 N2 ™\ o
e g
N=-N Ph
OH
402 '53 NS
Phwph \ —_— L !
N-=N
H Ph
Ph
N
— ]

Ph
Scheme 25.
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fails to react with conventional dienophiles:'"™ maleic anhydride, dimethy! acetylene dicarboxylate,

diphenyl acetylene, dimethyl fumarate, isobutyl vinyl ether, cyclopentene, cyclohexene.
2,3-Diazacyclopentadiene 60 reacts with N-phenyltriazoline dione to give the Diels-Alder product
61, eqn (68). Additional examples of Diels-Alder reactions of cyclic 2,3-diazabutadienes include the

O .
( 25°C,1 min
N h —I—u
k * up 100
(o]

60, R=CH3,Ph &l

eqn. 68

reactions of 4,5-dihydropyridazines, the products of the Diels-Alder reactions of 1,2.4,5-tetrazines with
olefins and specific examples may be found in Section IX.10.

Recently, Steglich and co-workers'™ have reported the preparation and reactions of 2,5-diphenyl-6-
oxo-1,3,4-oxadiazine 62, eqns (69) and (70). Cycloaddition studies with ynamines and benzyne illustrate
that nitrogen is preferentially lost from bicycloadduct A to give a-pyrones.

The reaction of 62 with reactive olefins has been described recently,””' egn (71).

egn. 69
(o]
Ph 5 Ph p
1 R 1
-N3 R Z o] Rl R2 R
— ———r -
R R2 R R2 1
) Ph \.1 R
Ph m Ph
42
NEt i
2 EtoN
|=| ccl N 724
{ 20°C CH N
CH, 3
Ph
Ph
o]
N~ eqn. 70
N
Ph Ph
Leg— oo ~
Ph

h Ph Ph
o 93 (o] 'Nz
: —_— —_— — eqn. 71
CClg, (8} o}

0
Ph
45-50°C Ph pp 357433
Ph Ph
Ph
(¢] \¢F@
o}
Ph Ph

Tetra Vol. 39, No. 18—C
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VIII. TRIAZABUTADIENE SYSTEMS
Only one example of a triazabutadiene system participating in a [4 + 2] cycloaddition reaction could
be located,'? eqn (72).

+
NH, NZN .| NeN
a oNog: oA / A )r
H —» | —_— Y —> | eqn. 72
{,, base b / bayf
N NR
NR
2
27-89\122

IX. HETEROCYCLIC AZADIENES

IX. 1 Oxazoles
The ability of oxazoles to behave as dependable azadienes in Diels-Alder reactions with olefinic or

acetylenic dienophiles continues to be utilized for the preparation of pyridine and furan derivatives,

Table 4. Diels-Alder reactions of oxazoles

Oxazole Conditions Product
CH
X
EtO EtCgHs , re flux yl24a
t 3
CH, 72 h
ocH,
CH i/
124b
O» EtCgHg,reflux 76%
~—CH
== —CHy 96 h
0
H ; N
\ EtCgHc ,reflux
3 675 1.2 124b
. 36 h rR=H,Rl=R2=0 7635,
= —CH, 26 h L 3 R=CH3,Rl=Rr2=0 928, 7.°
R ¢ RI'R2 26 h I'R R=CH3,Rl=0H,R2=H 843 <%°
R 3
125
CH RSO, 10 h,130°C R=CH3 75%
N’ \Co 4 h,140°C R=Ph  74%
ad 6 h,150°C R=Et  75%

RrZ R 1
N N r? o /COR
1 1 r3 2
r3 o‘)—R o, o)"‘l — 60-804128
0-0 COR
(CHy) ¢CO,CH4 {CH3) gCO,CH3
P | . o J3127
g (1 200°C, 3.5 h HC
CHO

rOAC OhAc 128
70%
1] 200°C, 24 h Oio}\c

CH(OEt)2

CH3\ N
Nef IIII q 129
¢ 25°¢ CHO -

OEt

R2
3 R? ) . 130
}\’( ' dioxane, 100°C R 65-75%
= I @_R R
o]
N,
‘zl Rl
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respectively, eqn (73). Recent reviews'? cover much of the work to date and only a few of the more recent
examples of these reactions are recorded in Table 4, Weinreb and Levin have described a total synthesis of
eupolauramine utilizing an intramolecular oxazole/olefin Diels-Alder reaction.'®

g

R
~Ho0 3 Rd
an—
(-———— ) 4
Rl
3 R
R
73
N < eqn.
\(Rl
R4
‘. 3 @ R2 R2
x4 R -R3CN r*
R4 R h
{ e |
N 1 1
R
R R4

IX.2 Thiazoles

Thiazoles, like oxazoles, have been shown to undergo Diels-Alder reactions with olefins though they
have been much less investigated. Eqn (74) summarizes a typical example."™

OBt oY
ca3% CO,CHy  200°C,8 hi © 2
- + aer—— O
N/ HC1,64% 0,H
CH30,C eqn. 74
a3 OEt :
on cn y
2;, + — o H
OH CgHsNO ,100°C
AlCl 30 S h:
HC1

IX.3 Imidazoles

Reports of imidazoles participating in Diels-Alder reactions as either a reactivel,4-diazabutadiene
system, eqn (75)," or as a 2-azabutadiene system, eqn (76),"* have been published.

CH302C

CH302C CHB
Io) + — N " eqn. 75
CH30,C “ N CH,0,C 3
OCH
OCH,

3

CO,CHy
CO,CH -
CO,CH
LS 3 P2 S~JAN -R%cN 1 o
R )_.R +m —e | gk 83| memam R COyCH4 eqn. 76
N </ { N N
R CO,CHy Rr? R?

Ri=cOsEt, R2=CH,, R3=ph 634133

RY=H,RZ=CH;,R3ZPh 508
Rl=H,R%=CH3,R3=t-Bu  76%



2902 D. L. BoGeR

IX.4 Pyridines
Neunhoeffer et al."** and recently Gompper™ have described the Diels-Alder reaction of dimethyl
2,6-bis(dimethylamino)-3,4-pyridine dicarboxylate with dimethyl acetylene dicarboxylate, eqn (77). This

NP‘le2
CO,CH H40,C CO_Me
Me CO,CHy | ° 3 [CH302 0,CH3 | MeO,C 2
2 ) T — eqn. 77
N CO.CH | & MeO,C C02Me
3 H,0 NMe, “co.,cH

Nt 2 CO,CH, 32 2 CO,CH, NMe,

4

6183

suggests that pyridines substituted with strong electron-donating substituents at positions 2 and 6 may
function as suitable 2-azadienes. Additional cxamples may be found in Section IX.5, Table 6.

2-Pyridones constitute another class of pyridine derivatives capable of Diels-Alder reactions though
in these cases the pyridyl nitrogen atom is not a member of the diene system.'*

IX.5 Pyrimidines (1,3-diazines)
Electron-deficient pyrimidines participate in dependable inverse electron demand Diels~Alder reac-
tions with ynamines, e.g. 1-(diethylamino)propyne, to afford pyridine products,* eqn (78). In each case,

]2
4 3 R’
R 2
Et, R NEt,
p—t e o O
1 -R4CN
3 CHy

CH, Rl

R NEt
R3 rZ } 2
z
| o 78
NYN i eqn.
Rl CH3
3
R
R CH,
N
NEt
2
gl

the electron-rich dienophile adds selectively across C-2/C-5 of the pyrimidine nucleus and the orien-
tation of the addition is guided by the substitution pattern of the pyrimidine electron-withdrawing
groups, Table 5. Guidelines for predicting the regiospecificity have been detailed and can be derived
intuitively from the examples illustrated in Table 5. There is a strong preference for the nucleophilic carbon
of the ynamine to be attached to C-2 of the pyrimidine nucleus unless sufficient electron-withdrawing groups
are positioned to adequately decrease the electron density at C-5.

The application'”® of these observations to the construction of the pentasubstituted pyridine found
in streptonigrin, eqn (79), was prevented by the inability of aryl ynamine 65 (R'=Ph) to cycloadd to

NC z N | NC N CN
Y -0 — _ Yo can. 79
R | Et,N R
1

R

loa}
£y
 ANGS

R=H,R1=CH, 9731372
1

=H,Rl= 20%

R=H,R'=C_H, 20

R=CH,,Rl=CH; 36%

30
R=CH3,R1=C6H5 0%
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Table 5. Cycloaddition reaction of pyrimidine carboxylates with I-(drethylamino)propyne'™

Pyrimidine Conditions Product (s) % Yield
CO,Et Et)N, Co,Et
z i dioxane, 101°C () 10%
Ny N 7 days cHy N
CO.Et
5 CO,Et
Et
%\" CHyCN, 20 min 2@ 90%
Ny N N
CHy
COLEt CO,Et
Et CO,Et
£ Ny CO5EL CHyCN, 1 h ZNJ@’ 2 80%
N
< cHy N
CO.Et
~z 2 CHy CO,Et
N dioxane, lo0l°C, oL 8l%
20 h Et
CO,Et CO,Et
EtO,C CO,Et EtoN 0, Et
N N 7 days CH, N Et,N N
25% 64%

pyrimidine 64 (R=Me). Presumably, the reduced reactivity of ynamine 65 and the presence of the 5-alkyl
substituent on the pyrimidine nucleus prevented the successful cycloaddition.

In contrast, the mode of cycloaddition and regiospecificity of the reaction of electron-rich dienophiles
with S-nitropyrimidine is such that the cycloaddition takes place across C—4/N-1 of the pyrimidine
nucleus and the nucleophilic carbon of the dienophile attaches to C—4,'*’® Scheme 26.

X X R
)f X X NO
R 2
NO2 ——— R:E::I’
4 :

R=H
X=morpholine 43-57%

N X=piperidine 52%
/LN R=CH3
X=0CH; 17%
X
o e
: (O NN
— Cen)  —— (Ol n=2,Xx=0  80%
2'n n=1,X=-  60%
NN
CHy
CH
3\\\\ Et,N
\ NEt, 2 0, )

N
i
Scheme 26.

Electron-rich pyrimidines have been shown to react with dimethyl acetylene dicarboxylate to afford
substituted pyridines. In each case, the mode of cycloaddition is such that the dienophile adds across
C-2/C-5 of the pyrimidine nucleus, Table 6. A subsequent cycloaddition reaction of the product
electron-rich pyridines with dimethyl acetylene dicarboxylate was occasionally observed, eqn 80.'*
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Table 6. Cycloaddition reaction of electron-rich pyrimidines with dimethyl acetylene dicarboxylate'*®

Pyrimidine Conditions Product (s) % Yield
Me e Me ,N COaMe 0.,Me
2N 2 2 MeO 2 .
WM DMF, 150°C, o) 2 §6:67
NSO N 10 h Me02C 53%:10%
Y Co,Me JMe
NMe2 NMe2 NMe2
66 67
~ -~
MeoN 66:67
c ° .
DMF, 150°C, $6:67
Q 3 days 66/67 0%:32%
NMe2
Me N OMe
Y'Y DMF, 150°C, 3 h 65 708
N§rN
NMe2
Me N 7 ' NMe , MeN 5 0, Me
Na DMF, 150°C, N 68 68, 30%
Y 6 h O Me =
OCH3 OCH
MezN Z OMe
N DMF, 150°C, 10 h 68 55%
OMe
MeO OMe Me O,Me
Y\( O 2
de 'N DMF, 150°C, N 12%
4 days 02Me
OMe OMe
MeO /' OMe MeO 0O,Me 69:67
~ DMF, 150°C, N €9 40%:15%
8 h CO,Me
NMe, NMe2
MeO
7
I - 69/67 &7
xoN ~/~ 16%:10%
NMe2
R3
2 3 CO,Me 2 2
R \(\'ER . | oMe R 7 0,Me
'F — — N l -ty
}Yl " 1 O, Me
CO,Me
R 2 R co Me R
R2
egn. 80
MeO
e0,C €O _Me Me02C co, Me
? C
MeO 0]
MeO,C o 2 Me

CO_Me 1
2
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A number of heterocyclic systems containing a 3-hydroxy-2-azabutadiene unit have been shown to
participate in [4+2] cycloaddition reactions. 4,6-Dihydroxypyrimidines'® typify this class of azadiene
and have been shown to react with electron-deficient dienophiles,”* eqn (81). Loss of cyanic acid from

COZMe
copMe  MeOQ oo
HO OH \ HO e0, O
DMF c
W + "I — OH —_— ~ _NH eqn. 81
N 60° N 62% o
| 72 h CH Me 2
CH3 C02Me 3 CH3
A
~
R
- Ao
+
ph’NYN‘ph
Ph
70
~

the bicycloadduct A affords the substituted pyridone directly. Mesomeric pyrimidine betaines, e.g. 70,
behave similarly.'* Simple, strained. or electron-rich olefins failed to react with 4,6-dihydroxy-

pyrimidines."*

A nearly quantitative intramolecular Diels-Alder reaction has been observed with the 4-hydroxy-6-
oxopyrimidines 71,'®" eqn (82). The stability of the bicycloadducts 72 appears to result from amide
formation, thus preventing or retarding the retro Diels-Alder reaction involving the thermal extrusion of

cyanic acid.

O
(CH,) [CH=CH, (CHy) | COQH
eqgn. 82

N 200°C o (CHa) py q

Y Za

CH3
’73 n=3 12 n=3,%100%

n=4 n=4, -

More recently the intramolecular cycloaddition of 4-hydroxy- and 4-methyl-6-oxopyrimidines con-
taining a terminal alkyne or nitrile has been described."*/ In these cases the bicycloadducts 73 readily
lose cyanic acid (HNCO) to afford the substituted cyclopenteno-pyridines 74 or -pyrimidines 75
respectively, eqn (83).

0
= (CH5)
(CH,) C7X (CHy) n
R‘IJ\FO 180-200°C R —HNCO R
—— c— ~ c)x eqn. 83
N\\rN DMF or NT
CH,CN
CH, 3 CHy Hy
73 74a, n=3,X=CH,R=CHy 60%
74b, n=3,X=CH,R=0H -
75, n=3,X=N,R=OH -
0
- CH
(CH,) ,CH=CH, cH,) (CHy)
R%kfo 180-200°C R -HNCO
——— ———
“?N DMF or N -H,
CH4CN "
CH, 3 3 3
76 72

n=3,R=CH;  65%
n=3,R=C6H5 S1%
n=4,R=CH3 -
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In addition, the 4-methyl- and 4-phenyl-6-oxopyrimidines 76 possessing a terminal alkene have been
shown to undergo a similar intramolecular Diels-Alder reaction,'™* eqn (83). Loss of cyanic acid
(HNCO) and an apparent in situ oxidation (dehydrogenation) affords the cyclopenteno- and cyclo-
hexenopyridines 77 directly. Only traces of the dihydropyridines could be detected.

Sammes et al. have recently applied this work to the total synthesis of ( *)-acetinidine (78),' eqn

(84).
CH
3
CH,y b= — o,
P 1
HQ, z OH 200°C, ° N (1) 0C qn. 84
—_—
NQN neat, HR & Hy (2)H2,Pd/c N
10 min,
87%

78
~

Takeshiba et al. have described an intramolecular Diels-Alder reaction of 2-aryloxy pyrimidines,”'

eqn (89).
\\: .
N — 1 [~ 2
RI-C,:)-CI HO 2 R—(N}'O @ R

14-78%
/ eqn. 85
1 2
R R 2 14
N R Rlxc1,Brt??
@) R2=H,CO,CH,
o o

5-43% 9-30%

IX.6 Pyridazines (1,2-diazines)

Electron-deficient pyridazine carboxylates have been shown to react with electron-rich dieno-
philes;'* e.g. ynamines'*?* and 1-methoxy-1-(dimethylamino)ethylene,'*** to afford products of [4+2]
cycloaddition reactions. 1-Methoxy-1-(dimethylamino)ethylene adds selectively across C-3/C-6 of the
pyridazine nucleus and the regiospecificity of the addition is guided by the strong directing effect of the
ester groups. Loss of nitrogen from the initial bicycloadduct followed by elimination of methanol or
dimethylamine affords the dimethylamino- or methoxy benzenecarboxylates,'** eqn (86) and Table 7.

Additional examples of this reaction have been reported.'

N
1 M /vl 1
R CH30 el w2 ¥ oen ocn P
2 3 3 R R
R -N ~CHOH
z 2 . haitou eqn. 86
1] —_— Me NMe, qn .
R o3 Py (HNMez)
R
& r?

R=NMe,0CH3

Rl
R? NEt
NEtz -N2 2
v 3
R
NEt2 R CH

Rl
2 3
Y III — | “

X N * ' or } -~ egn. 87
R f | 2 2

R CH N’] R R
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Table 7. Cycloaddition of 1,2-diazines with l-mc(hoxy-l-(dlmelhylamino)ethylene”2

1,2-Diazine Conditions Products % Yield

CO,CH3 CO,CH,

R
dioxane, 101°C, @ 60%
24-48 h

R=NMe, :0CHy 15:1

dioxane, 101°C, ’©)1 574
24 h

CH302C

z2= 2

Qﬁ
N
CH302

R=NMep:OCHy 12:1

CO,CH
C02CH3 2 R}
“ dioxane, 101°C, 90%
X, 24 h
CO,CH3 CO,CH,

CHA05C R
CH405C 302
V2NN dioxane, 101°C, @’ 80%
M 24 h

CH302 CH302C
R=NMe, :0CH, 3:1
COZCH3
CO,CHy .
7 " dioxane, 101°C, 33%
N h
CH302C 1 CH302C
COZCH3 C02CH3
R=NMe,:0CHy 2:1
0,CH, CO,CHy
CH40,C (2 CH,0,
il dioxane, 10l1°C, 88%
CH302C 30 min CH302
02CH3 COZCHJ

R=NMe, :OCH4 10:1

Two possible cycloaddition products may result from the Diels-Alder reaction of pyridazine
carboxylates with ynamines, eqn (87), and lead to the preparation of 1-diethylamino-2-methyl-benzene
carboxylates 79 or 2-diethylamino-3-methyl-pyridine carboxylates 80.'*"

The mode of cycloaddition and the observed regiospecificity depend strongly on the carboxylate
substitution pattern and appear to be subject to accurate, predictable results, Table 8. It is remarkable
that in each case only one of the two modes of cycloaddition is observed for each pyridazine
carboxylate and in no case was a mixture of products 79/80 reported. As anticipated, the rate and yield
of the reaction increase as the level of carboxylate substitution is increased. Additional examples of this
reaction have been reported.'**”

An interesting intramolecular cycloaddition of 3-chloro-6-(2-allylphenoxy)-pyridazine (81, R'=R=H)
has been described.'**® Heating 81 with or without solvent afforded xanthene 82 in high yield, eqn (88).

R
¢ r /N N
] = N/ C1
- R -N2
——— ——— o]
egqn, 88
R -HC1
1
r! R
81 Rl ) 82, 45_91\143a,c
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Table 8. Cycloaddition of 1,2-diazines with 1-(diethylamino)propyne'*

1,2-Diazine Conditions Product % Yield
CO,CH, CO,CH,
NEt
z I:‘ xylene, reflux, 2 23%
XN 40 h CH,
CH,0
CHL;0,5C 3~2
3¥2
@ dioxane, 10l1°C, (@) N 30%
3 24-48 h Et2
Hy
CO~CH
C02CH3 2-13
Cd W dioxane, 10l1°C, O 75%
X N 50 h NEL
2
H
COzCH3 3
CHBOZC 2N CH302 NEt2
)::" CH,CN, reflux 748
S
M0 N CH40,C CH,y
3¥2
C02CH3 C02CH3
CHL0,C CH,0.,C
3¥2 372 N
@an dioxane, 101°C o) 85%
XN 24 h NEt
2
CO,CH; CHy
C02CH3 C02CH3
CH-0 CH;0,C CH,
N H xylene, 25°C, 3 h . 73%
CH40,C CH40,C Et
C02CH3 C02Cl>'l3

The reaction has been shown to be general and affords the substituted xanthenes usually in excellent

yield."?* A subsequent study has shown that the intramolecular cycloaddition of 3-substituted-6-(2-

allylphenoxy)- or [2-(2-methylallyl)phenoxyl-pyridazines give rise to dihydroxanthenes,'** eqn (89).
Examples of Diels-Alder reactions of 4,5-dihydropyridazines may be found in Section 1X.10.

IX.7. Pyrazines (1,4-diazines)

eqn. 89

Rr3

11-100\143b

Electron-deficient 1,4-diazines react with 1-(diethylamino)propyne to give substituted pyridines,'*
eqn (90), Table 9. The rate of reaction and the observed regioselectivity are strongly dependent on the
number and position of electron-withdrawing groups on the pyrazine nucleus. Alky! substituted pyraz-
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Table 9. Cycloaddition reactions of 1,4-diazine carboxylates (pyrazine carboxylates) with 1-(diethylamino)propyne

1,4-Diazine Conditions Product {s) % Yield
CH,
N NEt,
CHCl,, 25°C, 7 days 72%
3 N
CO_Me co,Me
Et2 CH3
N._CO._Me CH E
g Ir 2 CHyCN, reflux, 12 h Yo 0CH,3 @" *2 83:84
N7 Co,Me 75%:8%
5 CO,CHy CO,CH,
8 8
CHy Hq NEt,
CH302C /N CH302C NEt2 Et2 CH} gé:&@:gj
I || CHCl,, 25°C, 14 days o) o) (6) 15%:68%:15%
CO_CH CO.CH CO_CH 0,,CH
2-3 85 273 86 23 87 273
® 86 8
CH,
N NEt
(C | CHCl,, reflux, 1 h fo) 2 88
rJY N-\CO,CH
CH40, 0,CHy CH40,C 2473
CH,0.C 0. CH
372 ﬁjﬁ 273 cuely, reflux, - 88 78%
0,CH,
CH N t,
CH,0 H
CH302C (M CO,CH, CH302 NEES 2 3 9:99
| CHCl,, 25°C, 14 days §2: 2
3 CH,0 CH30,C/ SN CO,CH 29%:584%
CH30,C CO,CHy 372 CO5CHy
89 2
2 2
R 3 R 3 NEt, Et
R R H 2 1 2
NEt2 3 -R“CN R H. R Hq
— or -_— O c3>r @)
or g gl R 3
R 1 a4
NEt 3 CH R NEt, RUCN
l 3
5 |
R3 R CH
| ——— eqan. 90
BYE
e

ines may participate in a similar [4 + 2] cycloaddition reaction with ynamines but the rate of reaction is
slow and yield of pyridy! products is low."

2,5-Dihydroxy-1,4-diazines, e.g. 91, have been shown to react with electron-deficient and strained
olefins, eqn (91).'® Pyrazinone 92 was shown to react rapidly with electron-deficient dienophiles and
unactivated olefins,"* eqn (92). Adduct 93 showed no tendency to lose methyl isocyanate even at 200°C.
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o]
Ac H2Ph
150"
l Ac 18%
5 days:
Ac,0 PhCH, ‘o
HOI:KHZP}\ egn. 91
PhCM2 H C02Me
2} Cone Me02 oc C02Me
o e
\ | “oMF,25°C,48 h 150°cMe0; Ny CH,Ph
N ——— ° —
J 60°C,24 h H w,aomig oo N
OgMe o X 2C€ H
COzMe
CO CH
/ 3 Meo,
c/ "
f 3 CH302 CH,Cl1, N o
. 92
reflux EtO H ean. 9
59%
93, 59%

IX.8 1,3,5-Triazines

1,3,5-Triazines, sym-triazines, have been shown to undergo [4+2] cycloaddition reactions with
electron-rich dienophiles; e.g. ynamines,' 1-ethoxy-1-(dimethylamino)ethylene'® and pyrrolidine
enamines,'’ eqns (93)~(95). The regiospecificity of the addition of 1-(diethylamino)propyne to sub-

R
- ) N
NEt
sz | 2 gl r2eN RL Et
N lN + ] @ — Et, | e F ) 2 eqn. 93
j/3 | (or RICN) Ny "
R CH, 3 R3 }
~
CH,
A
~
”
. / -HCN;
TN\Ir +EtOTNMe2 Et -EtOH \(‘) eqn. 94
YN NEt, | (or HNMeZ)
€ §
2 3 R=NMe2,ox~:t
94, R'=R =R"=H 21:1
ljo
I
AY
N
/ X
| N
] — 1
N
N eqn. 95
N§/N - N
/4 [N)
N -HCN \:l
/ v Z

3]
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Table 10. Cycloaddition reactions of 1,3,5-triazines'*

1,3,5-Triazine Dienophile Conditions Product (s) % Yield
NEt2
N | N_ _NEt
F \" [ [} dioxane, 25°C, 4 h r, N 2 97%
e ! NN
CH3 3
NEt
N 2 HyC
rN CH3 dioxane, 25°C, 4 h r/ h 3rjINEt2 ot
%
N N <
- QI H, -
78 22
CH_ | Al CH H ¢
3 3 3
lN dioxane, 25°C, 2 h W 2 80%
>
~7 cH
3
E£0,C (@M COoEE EtO Et
2 Y \IE 2 dioxane, 25°C, 2 h ZCY | 2 88%
N
N CH
COzEt COzEt
N N Me N
| Eto\n)‘ﬂez neat, 25°C, 10 h r ) 2 F ' Et 908
NN X NS
21 1
2
Rl N__R Rl N R2
h dioxane, 25°C, 5~6 h I 33-65%
hd N
CH3 K/NM&2
CH3
C1 N L1 Cl_ _y. C1
* | dioxane, 25°C, 24 h \rr hd a4
Ny N N
Y .
Cl es
OEt
CO,CH
2773
N I N 0,CH
d
( “ "I dioxane, 101°C, 14 h r’ | 273 62%
e l X~ Nco,cH,
COZCH3

stituted 1,3,5-triazines has been investigated briefly, Table 10, and in the absence of strong directing
groups the nucleophilic carbon of the polarized dienophile prefers attachment to an unsubstituted carbon
of the 1,3,5-triazine nucleus. The subsequent loss of R’CN (or R'CN) from the initial bicyclo adduct A
affords the substituted pyrimidines in high yield.

1-Ethoxy-1-(dimethylamino)ethylene participates in a [4+ 2] cycloaddition reaction with the un-
substituted 1,3,5-triazine (94), eqn (94), whereas its reaction with methy! substituted 1,3,5-triazines take
an entirely different course, Table 10. In one instance, 1,3,5-triazine (94) has been shown to react with an
electron-deficient dienophile, dimethyl acetylene dicarboxylate, to give dimethyl 4,5-pyrimidine dicar-
boxylate in high yield, Table 10. The generality of this reaction remains to be investigated.

Pyrrolidine enamines have been shown to undergo a regiospecific'®’ cycloaddition reaction with
1,3,5-triazine, eqn (95) and Table 11. The loss of HCN from the bicycloadduct A followed by elimi-
nation of pyrrolidine provided 4,5-substituted pyrimidines under mild conditions.
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Table 11. Cycloaddition reaction of 1,3,5-triazine 94 with pyrrolidine enamines'"

Pyrrolidine Enamine

Conditions Product % Yield
9
/)’ dioxane, 90°C, b 80%
24 h X
dioxane, 90°C, 5 h N‘" 754,147 93%,146
CHCl3, 45°C, S h N 38%
toluene, 90°C, 5 h 21%
) "
dioxane, 90°C, 48 h b 473
NN
;{- > dioxane, 90°C, 10 h /Nh 47%
@/ dioxane, 90°C, 24 h SN 76%
(N)
O)§ dioxane, 90°C, 43 h \H 66%
X dioxane, 90°C, 5 h Nﬁ 23%
dioxane, 90°C, 24 h X 80%
:N: XN
@ dioxane, 90°C, 18 h P 514
(> N
© dioxane, 90°C, 49 h Z 50%
COZCH3 C02CH3

IX.9 1,24-Triazines

1,2,4-Triazines behave as reactive, electron-deficient dienes in inverse electron demand Diels-Alder
reactions with electron-rich or strained olefins.'® As expected, the addition of electron withdrawing
groups to the 1,2,4-triazine nucleus generally increases the reactivity, influences the mode of cycload-
dition and determines the observed regioselectivity. In addition, the course of the Diels-Alder reaction
of 1,2,4-triazines with electron-rich olefins is sensitive to the reactivity of the dienophile.

The reaction of 1,2,4-triazines with 1-ethoxy-1-(dimethylamino)ethylene has been shown to afford
pyridine products, eqn (96) and Table 12.'"*° Cycloaddition occurs exclusively across C-3/C-6 of the

3»1/N 2 R?

-N, R NM02
gt — O
N NMe2l -eeoH
R gl
r2
3
R%kn EtOTNMez
i+ —
N\\rN eqn, 96
r1l
R2
L -N, R3
— 10
-EtOH NMe
2
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Table 12. Cycloaddition reaction of 1.2.4-triazines with l-elhoxy-l-(dimclhylumino)cthylenc"w

1,2,4-Triazine Conditions Product (s) % Yield
NMe
2 149a
Al dioxane, 100°C, 12 h @l 27%
Nd N
NMe 149a
2
q dioxane, 100°C, 3-6 days | 60%
N§r N
CH3 CH3
149a
q dioxane, 100°C, 3-6 days @ 81%
N
Y I, NMe
CGHS 65
HeC ! 1 2 149a
HCe jé\l 5 o) R =Ne,, R°=H 583
NQ,“ dioxane, 100°C, 1-6 days ¢y 2 R*=H, R“=NMe, 8%

(8]
=
(e}
T

63 5 5NMez
7 N . 14%a
dioxane, 100°C, 3-6 days O 83%
N\YH
CH, CH,
r' Mez”ﬁ R =r=cH 904 14%P
1. _
CH \)\ Rl=CH,,R=H 55%
INZ N NN 1_; 3!
| dioxane, 100°C, 3 days | R =H,R=CH4 82%
N Ny N Rl=r=H 18%
R b RI=CH;,R=CgHg  67%
CO,Me co,Me
49¢c,d
MeOZC\%\N Me0,C R R=NMe,, 773149
NYL', dioxane, 20°C R=0Et, 23%
CO, Me CO_Me

1,2,4-triazine nucleus and there is a strong preference for the nucleophilic carbon of the dienophile to be
attached to C-3 of the 1,2,4-triazine, Table 12. The reaction of S-methyl-1,2 4-triazines with 1-ethoxy-1-
(dimethylamino)ethylene takes an entirely different course, Table 12.'"

A detailed study of the reaction of ketene acetals and aminals with 1,24-triazines has been
published'*** and reveals the effects of dienophile reactivity, substitution pattern/steric effects, and
electron withdrawing groups on the observed mode and regioselectivity of cycloaddition, Table 13.

In sharp contrast, the cycloaddition reaction of 1,2,4-triazines with 1-(diethylamino)propyne has been
shown to afford 4-diethylamino-5-methyl pyrimidines 95 and occasionally pyridine products, eqn (96)
and Tables 14 and 15. Thus, in this case there is a strong preference for cycloaddition to take place
across C-5/N-2 of the 1,2,4-triazine nucleus and the nucleophilic carbon of the ynamine attaches to C-5 of the
1,2,4-triazine nucleus, resulting in pyrimidine products. Substitution at C-5S may result in a switch in the
mode of cycloaddition and the ynamine may add across C-3/C-6 of the 1,2,4-triazine nucleus. In these cases,
there is a strong preference for the nucleophilic carbon of the ynamine to attach to C-3 of the 1,2,4-triazine
nucleus. However, the presence of electron-withdrawing substituents at C-3 and C-6 will control the
observed regioselectivity of such cycloadditions, Tables 14 and 15.

The 1,2,4-triazine nucleus is sufficiently electron-deficient that substitution with electron-donating
groups, e.g. -OMe/-NMe.,, does not prevent cycloaddition reactions with 1-(diethylamino)propyne,'*”*
Table 16.

In cases where the 1,2,4-triazine nucleus is fully substituted with electron-donating groups, e.g. 96,
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N 2
o
NEtz
2 1
ad
+
g l|ll
&l CH

22
3 3
N CH
S
R

N
Et2

-R2CN

Table 13. Study of the factors governing the regiospecificity of the cycloaddition reaction of 1,2,4-triazines with ketene

acetals
1,2,4~Triazine );igi:i Conditions Products % Yield
CH30,C, 023 X LY CH30,C, 102 OZCH3
N \nf 2 cn3o2c
g\
CO,CH, CO,CH, CO,CHy
2 S % Yield
OEt OEt C6H6’ 20°C g H 100 19-48%
NMe, OEt  dioxane, 20°C 4] : 100 21% (+70% X=0Et)
NMe SCH3 dioxane, 20°C <2 N >08 a91%
NMe2 NMe2 dioxane, 20°C 18 : 82 81%
Ph Ph Ph
Ph
SN Ph Ph X
/1& NO o
Y X
COyCH3 CO,CHy CO,CH,
X Y % Yield
OEt OEt dioxane, 100°C <5 H >95 100%
NMe, OEt dioxane, 100°C 3 : 97 99%
NMe, SCH3 dioxane, 100°C 8 : 92 84%
NHez NMe2 dioxane, 100°C 78 : 22 90%
Ph P Ph
N
LB 0
v x
CO,CH, 2CH, CO,CHy
X Y % Yield
OEt OEt  CgHg, 80°C 100 - 0 85%
NMe, OEt CgHg» 40°C 92 H 8 63% (+22% X=0Et)
NM82 SCH3 CeHer 40°C 96 H 4 90%
NMe, NMe, CgHg, 40°C 90 : 10 91%
CH4CN, 40°C 36 : 64 85%
Ph
%\"
N?H
COLCH CO,CHy COpCH3
Py 3 Yield
NHe, NMep  C H, 80°C : 783
3 *
N\YN O O
CO2CM3 0,CHy C02CH3
X Y % Yield
QOEt OEt CHaCN, 40°C 100 : 0 57%
NMe, OEt CHLCN, 40°C 100 H 0 74% (+22% X=OEt)
NMe, SCHy  CH,CN, 40°C 100 0 82%
NMe, NMe, CH.CN, 40°C 19 81 92%
CghigN, 40°C 35 s 65 S4%
CH3C0CH3, 40°C 43 s 57 62%
CH3COZEt. 40°C 57 H 43 39%
C6H6, 40°C 78 H 22 85%




Table 14. Cycloaddition reaction of 1,2.4-triazines with 1-(diethylamino)propyne

Diels-Alder reactions of azadienes

150a.b

1,2,4-Triazine Conditions Product % Yield
CH,
Et
< or™
(\:: CHCly, 25°C, 2 h (o) 0%
NN NN
CH,
NEt
p HY ,
e cHCly, 25°c, 16h O 72%
Nq?,N N N
CHj CH,
%
Te"'s
X
N\l}lq CHCly, 25°C, 2 h 9%,  70%
CH,
CH,
N NEt,
0 CHCl4, 25°C, 2 h o) 71%
N N N\T’N
C_H
Cets 65
CgHg CH3
Z Et,
- 100%
" CgHgr 20°C,
T, Y
5CHy CO,CH 4
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the system is sufficiently electron-rich to participate in Diels-Alder reactions with dimethyl acetylene
dicarboxylate, eqn (97).""% Normally, the reaction of 1,24-triazines with dimethyl acetylene dicar-
boxylate takes an entirely different course."”'

In an early survey of the Diels-Alder reactions of substituted 1,2,4-triazines, Sauer et al.'*? were able
to demonstrate that a symmetrical enamine, enol ethers and acetates, strained olefins and acetylenes add
across C-3/C-6 of the 1,2,4-triazine nucleus to afford pyridine products, Scheme 27.

Rjétn
n

N§oN
C02Me

Tetra Vol. 39, No. 18—D

Yo

CO,Me

CO,Me
Meozc
D ——
COzMe
R
R
— 1ge)

CO,Me

2], R=CO,Me

O

?

7, R=COjyMe 91%
R=CgHg 86%
R=CHg4 49%

76%

R1=COCH3 78%
Rl=pt 66%

R=COMe  86%

R=CgHg 70%
R=CH4 94%
78%
R=CO,CHq 44:56
Re=CH4 22:78

2
R R
1h Ph R
||| No N. o n

CO,Me
Scheme 27.

COyMe

84y
28%
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. ) O CH;

R Pid CO_CH

RN CO,CH, N G

2NNz 2 2CH3

N§r“ N eqn, 97

NR, NR,

96, Rl=nR, 55-80%
R1=0CH,

Table 15. Substituent effects on the mode and reglospemﬁcn% of the Diels-Alder reaction of 1,2,4-triazines with

ynamines.
1,2,4-Triazine Ynamine Conditions Product (s) Ratio % Yield
R
(\N ¥R2 CgHg ,20°C
100:0:0  100%
N lr'« T R=Et NON 2O
1 CH CH, T
=73 CO,CH; COZCH3 C02CH3
Ph
CH
Y\ﬁ‘ ReEt; CgHg,20°C j/cjh)' 3 0:0:100  85%
N R=Me; CgHg,80°C NYN NR, 0:0:100  89%
CH
COZCH3 C02CH 02CH3 COZCH3
Ph
%\lth R=Et;  CgHg,20°C 100:0:0  100%
Ny N
CO,CH, CO,CH, cozcn3 cozcn3
h
Ph# R=Et; CgHg,80°C P 45:35:20 89%
A 1] CH3CN, 20°C 17:75:8  90%
§r“ R=Me; CgHg,80°C 42:28:30 80%
0.,CH
CO,CH, CO,CH, 02CH3 2cn3
CH3 CHj CH, CHy
C“;% R=Et; CgHg,80°C C NRy CH Ry C Hy 82:0:18 g7
g CH4CN,20°C O O O 87:0:13  55%
R=Me; CgHg,80°C w/" Hy R, 76:0:24 73%
CO,CH, CO2CH3 CO,CH4 CO,CH4
CO,CHy 0,CH,4 CO,CHy
CH30, CH 0 NR, E CH
d ﬁ‘ R=Et :CgHg ,20°C 2 3 15:0:85 -
NYN CH3CN, 20°C NO 22:0:78 -
p-Xylene,20°C 10:0:90  95%
CO2CH3  pMe;CgHg,20°C C02CH3 C02CH3 C02CH3 22:0:78  84%

E=CO,CH3




Table 16. Diels-Alder reactions of electron-rich 1,2.4-triazines with Hdielhylamino)propyne"

Diels-Alder reactions of azadienes
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0f

1,2,4-Triazine

Conditions

Products

0
N

CH,0 \é\','q

Ne N

3

N SN
t
N W2
|
N\'N
OCH

NMe

"
NW/N

R

Et0, 25°C, 1 h

Et,0, 25°C, 20

dioxane, 1l0l°C,

6 days

dioxane, 101°C
1S days

dioxane, 101°C

dioxane

dioxane, 101°C
S days

dioxane, 101°C

9 days

CH,
oY

NEt
2 X=0, 87%
min N\rN X=S, B86%
XCH3
CH NEt
30\1351: 2 79%
CH3
CH 0. NEt
3 0 2 21%
N CH
3
OCH3
no reaction
CH3
N() N()N
YWIC% Y
OCH OCH3
3 17% 81%
CH3
(KrNEt2
O\ 91%
NMez

1
R =NMe,, R=H

l=p=
Rl=R NMe2

no reaction

In a recent study, enamines have been shown to behave as dependable dienophiles in a regiospecific
cycloaddition reaction with 1,2,4-triazine to afford 3,4-disubstituted pyridines, eqn (98).'** In each case
cycloaddition occurs across C-3/C-6 of the 1,2,4-triazine nucleus and the nucleophilic carbon of the
dienophile attaches to C-3, eqn (98) and Table 17. This reaction has been reduced experimentally to a
one-flask annulation of a pyridine ring onto a preexisting ketone, eqn (99), Table 18.'%*

l

Za

7 N

NN

N

eqn. 98
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Table 17. Diels-Alder reaction of 1,2,4-triazine with pyrrolidine enamines

Enamine Conditions Product
/)’O CHC1y. 45°C, 23 h /n 68n
f CHC1,, 45°C, 20 h A 71%

N
qa CHCly. 45°C, 35 h <:@ 743
go CHCls, 45°C, 23 h q@ 40%
O\QO CHCly, 45°C, 28h C@; 22%

Cd o

0 CHC13, 45°C, 27 h O 23%

' N

PhCH,0 PhCH,0

M cHCl,, 45°C, 27 h m 354

N
o CHCl4, 45°C, 16 h 78%

O Ce

CNE
: 1\ CHCly, 45°C, 20 h 64
N
n
0 NN, CHCL,

j @' eqn. 99
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Table 18. Catalytic Diels-Alder reaction of l,2,4—tn'azinesmb

Conditions
Ketone 1,2,4-Triazine temp, time, Product $ Yield
equiv. of pyrrolidine
“ N
&o r(\k cHCl,, 45°C O@‘ 524
N
N 22 h, 0.2

cucl,, 45°C go/\u s6s
58 h, 0.2
° CHCly, 45°C
3 ! o) 93%
9 h, 2.0 N
0
cHely, 4sec, 660
g 32 h, 1.0
0
CHCl3, 50°C, 368
84 h, 4.0 e)
CH (OMe) 5 CH(OMe) 5
0
2N CHCl3, 45°C, Q) an
N 72 h, 1.0
CH(OMe) ,
0
CHCl3, 45°C, 0 340
28 h, 4.0
CH(oMe) ,
H
M cHCl4, 45°C, % 508
48 h, 2.0
HO

Although no systematic study of the effect of electron-withdrawing substituents on the mode of
cycloaddition and the observed regioselectivity of the reaction of 1,2,4-triazines with enamines has been
conducted, preliminary results indicate that they can control the observed regioselectivity, 1534 eqn

(100).
ReH, 4731234
N\ ‘(IE _—> R=CHj, 37%
C. CeHg Cels

2Et CO,Et

eqn, 100
CO,Et CO,Et
Eto 2 2 Re, 4581°3¢
2"\)\ 6Hs EtO,C CgHg R=CH,, 73%
" + O 3
—
R R
C02Et COLEt

Two separate reports of the use of the Diels-Alder reaction of 1,2,4-triazines for the preparation of
the pyridyl CD ring system present in streptonigrin have been described, eqns (101)** and (102)."* A
formal total synthesis of streptonigrin (98) based on this work has been described,'** Scheme 28.
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ztozc N
EtO C
Me02 N
200°C o
> MeO2
12 h
62%

-

Me02C

I C02CH3
H302C ' CH30

dloxane 80°cC, 22
72%

Scheme 28.

CHCl3, 3 h,
H2Ph 45°C, 59%

OCH,4

C02Me

CHy

NO

2
:@:@HC%W3
CH;0,C

eqn.

eqn. 102

101
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Since the initial observation that strained olefins often undergo Diels-Alder reactions with 1,2,4-
triazines'”® a number of additional examples have been investigated in detail. The cycloaddition of
1,2,4-triazines with norbornadiene, eqn (103);"*** norbornene, eqn (104);'*? cyclopropenes, eqn (105);'
benzocyclopropenes,”™ eqn (106); and cyclobutenes,””” eqn (107), have been reported. In many
instances the course of the reaction is determined by choice of reaction conditions.

R
Y —
Nao N eqn. 103
co,rl c02R1 c02R1
1
R1 1
O R =CO,CH3,R=CH, 76%
N RY=C¢Hs ,R=Et 74%
1= 17%
. . /" CO,R R:=CHj3,R=Et
R , B -Hz
I - O X
——————
NQ‘/B Yy eqn. 104
C02R COZR
1
Rl §
1~c02xe,nzcn3 80%
Rl=CgHg,R=Et ~ 88%
rl=CH,,R=Et 61%
CO4R
R
R
R
< M My
N M E:> S
R R

R
D‘ R eqn. 105

R
R R
P\)w -Np S
+ e ————
»Y'l& ©> . eqn. 106
R R
CgHsg
HeC N COZMe
N (
CO,Me
COoMe
-Nz
CgHs
HsC
3 02"'3 H5C6 oMe eqn. 107
N
COzMe 2Me
CopMe o Me

C02Me

COzMe
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\ — O R=(CH2)3
N F R R R=(CHj) ¢
X=C1 X cl R=CH,
X
X 75-80%
" Ry X R
N + 2 "
N !q NN
he . R
X X
22 X=F FF
R R R
|[ R=(CHy)q, 55%
R R R
F
X

40-50%
99+ |©| —_— To
~s
¥
X X=Cl

Scheme 29.

Trichloro- and trifluoro-1,2,4-triazine are sufficiently reactive to participate in [4+2] cycloaddition
reactions with cis-olefins,'® Scheme 29.

In a recent study of the reaction of 1,2,4,5-tetrazines with aryl amidines a subsequent, competing
cycloaddition reaction of the product 1,2,4-triazines with aryl amidines was observed,'”* eqn (108).

R2 rl

3 3 2 Rl 3
R R -R?CN /N R
Y M RZ —_— \N( TNr eqn. 108
NN Jk‘ A §H2 -NH, Y
Bl HoN r N Ar

IX.10 1,2,3-Triazines
The first successful preparation of 1,2,3-triazine has been realized and a preliminary study indicates
that it is capable of participation in inverse electron demand Diels-Alder reactions with electron-rich

dienophiles, eqn (109)."*

M
NEt,
| -N Et
Et 2 z 2
—_— ] — 2 —p |
Ly X Hy
3 CH

i egn. 109
13 -
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IX.11 1,2,45-Tetrazines

The Diels-Alder reactions of 1,2,4,5-tetrazines,'® first described by Carboni et al.,'®' represent the
most extensively studied examples of inverse electron demand Diels-Alder reactions,"“¢ eqn (110),
Table 19.

For most purposes, a limited number of 1,2,4,5-tetrazines have been used as dienes and they have
been shown to react with a wide range of dienophiles including olefins to give 1.4-dihydropyridazines,

N
/
R | R
o N2 NT
(L] + ] — 7 — ] ——e= Products eqn. 110
e ) “%
R R

Table 19. Diels-Alder reactions of 1,2,4,5-tetrazines

1,2,4,5~-Tetrazine Dienophile Conditions Product (s) % Yield
CHFCF3 CHFCF 3
h
74klth nf Ph ether-pentane, 25°C ( 60\16:L
NN HN\Z
CHFCF 3 CHFCF3
CF3HC
neat, 25°C N 62\161
P> l
HN
HFCF3
CHFCF 5
u NZN CH3 160
i | | -
Ny
CHFCI-‘3
Ph Ph
rlz)\Nl toluene, 1l00°C, 'l‘/ 64y 181
| ﬂ s days
2
T RS
h Ph
h Ph
: A PR 161
N toluene, 110°C, 1 | 86%
| 3 days Ny h
Ph Ph

rate of reactivity CHFCF
3

X=p-OCH3,R=H>X=R=H>> 161
X=p-OCHj3,R=CH3>0-0CHj3, NN AL -
R=CHy> |
R HN (&

X=H,R=CH3>>>X=p-OCH3, R
R=CO,Et ; X=H,R=Ph161

CHFCF
CF4 CFy on
A Fh N7
NN 8 neat, 0°C, 1 h | 1008162
nyh "X
oF 3
3 cr}

cd 162
88%
O neat, 25°C, 1 h H%i P
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Table 19. (Contd).

1,2,4,5-Tetrazine Dienophile Conditions Product (s) % Yield
CcF
I neat. 25°C, 2 weeks Nz 013162
CF‘3
g 3
[ neat, 25°C, 48 h NEN R RI=pZ=py 794162
] neat, 2°5°c, 10 days L ) RlaH R2<CH, 918
I, Et,0, 0°C, 2 days R Rl=R =SnMe; 78%
R
CF3
CO2CH3 L C02§¥3
2
R R N R2 RI=p?n  9gal€3
' hg CHpClz, 25°C, <30 min | Rl=R=CH, 81%
HN Rl=cH3,R2=Ph 9l%
C02CH3
n=2 83l®3
‘ (CHy), CH,Clp, 25°C, <30 min n=4 71s
n=5 50%
n=6 S7%
R R R R
iy O S O SIS
NYN N /N' l!l\ !
R R R
neat, 25°C 100 : 0, R=CFHCF3 -16!
CHaCl2, 25°C 0 : 100, R=CO,CH3 8731642
CHpCly, 25°C 0 : 100, R=Ph 954164
neat, 25°C 0 . 100, R=CF; 594162
COoCH
2CH3 dioxane, 101°C CO2CH3 R=CO2CH3 87416%
2 R dioxane, 25°C, 10 min NZNgR R=CgHg 80%
Lt lr dioxane, 25°C, 5 min ol R=p-OCH3CgHq 98%
dioxane, 25°C, 20 h R=p-NO,CeHy  62%
CO,CH4 CClg, reflux CO,CHy R=(CHj) 3CH3 99%
CO,CH4
Rl ,
rL__ &2 dioxane, 25°C, 20 h N Rl=CHj,R2=CgHs 88%'°°
Y dioxane, 25°C, 140 h  HA. 2 Rl=R2=CgHg 88%
COaCH3
C02CH3 1 165
1 dioxane, 25°C, <15 min Rl R=Et, R =H 100%
R OR dioxane, 25°C, 15 min T’| R=Ac, Rl=H 95%
T dioxane, 25°C, 2 h NY R=Et, Rl=CH, 100%
dioxane, 25°C, <15 min ReEt, R1=0Et  100%
dioxane, 25°C, 1 h C0xCH,y R=CH3j, Rl=CgHg -
o CO,CH,
h 165
Fh dioxane, 25°C, 1 h e 100 91%
N
CO,CHy
Ph 165
| dioxane, 101°C 100 44-52%
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Table 19. (Contd).
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1,2,4.5~Tetrazine Dienophile Conditions Product (s) % Yield
€O,CH
EtO 23
. NZ 165
dioxane, 25°C, <30 min | ( 101 64%
N,
CO4CH,
% dioxane, 25°C 101 594167
Fa
’f~ toluene, 110°C, 14 days | R=Ph, X=0 7841662
NP dioxane, 60°C, 30 min Xy ReCOxCH3, =0  8osl66a
1 N ﬂ: dioxane, 101°C, 40 h { R=CH3, X=0 90‘%22b
Yy X toluene, 110°C, 48 h R=Ph, X=CH, 7131002
R dioxane, 25°C, 12 h R R=CO,CHy, X=CH, 80% 00
R
NEt
) 2 toluene, 110°C, 15 min NEE R=Ph 6581662
#l dioxane, 25°C, 2 h 1) 2 R=CO,CH3 73s1662
dioxane, 25°C. 2 h N R=CHg goa 1660
L CH,
CHy
R
OEt L66
u dioxane, 45°C, 3 h NNy OEt R=CO,CHy 633 000
L 100°C, 30 min b}
R
R
N2 OH
. P _ 166a
’l:;> dioxane, 85°C, 2.5 h N R=CO,CHy 773
. N 166a
0o dioxane, 101°C A R=CO,CHy  18%

1
R
"
o
Ph
> & _or
A
Ph
o
h

*1,4~dihydrotetrazine produced

e

CHyCly, 25°C, 16 h
CHyCly, 25°C, 48 h

L=
-

2
ﬁ'
Q [o]

dioxane, 101°C, 3 h

R

Ph
toluene, 110°C, 50 h N Rl
toluene, 110°C, 70 h | |
toluene, 110°C, 2 h Ny
toluene, 110°C, 60 h Ph

Ph
toluene, 110°C, 20 h

Z—2
- N
F \=
o
o g

in reaction media,

166b*

o 1:
R=CHj, Ri=CH 358 Cere

R=CHj, Rl=(CH,) CH, 48%

*
RecHy 36316

ReEt, Rl=g 094-973}8%

rR=Ac, Rl=q 92-961%
r=gt, Rl=0Et 100%
R=CH3, Rl=Ph 991

93‘165
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Table 19. (Contd).

1,2,4,5-Tetrazine Dienophile Conditions Product (s} R Yield
O Ph -j>
K, toluene, 25°C, <30 min :" 91416°
N

CgHgNOy, 30°C, 24 h
p-benzoquinone

CHyCly, 25°C

©

D

QO

+-0N N

~0
2 L]
ﬁ €C1,, 60°c, 3 h

2-py u
NPy
t i Yo EtOAc, 25°C, 24 h
e b
2-py
Ac
[N):o toluene, 110°C, 46 h
o
Ph

Ph
foph toluene, 110°C
2-Py
?4L:: ‘D 25°C
NN NCOHCHy
2-Py

Ph
Jtoluene, 110°C,
Ph T 100 h, 80%

165
N -
0
N
Ph
R
N
1 I R‘COzCH3,
N R=Ph,
R
R
N
| R=CO,CHy
HN,
R
R
N
R=CO,CH3
R=Ph
R
H
2-Py
N
NZ 167
i 95%
Ny o):o
2-Py
2-Py
" HAC 7
| 56318
S
2-Py
Ph
N H
168
11 -
NS
Ph
Ph
M » 97\169
L
Ph
2-Py
N# 170

73‘164,165

67%

6
43‘1 4a

43\IGM

24%

8%164b
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Table 19. (Contd).

1,2,4,5-Tetrazine Dienophile Conditions Product (s) s Yield
g r? % viela!!
Ph L THF, 25°C, 8 min Ph " " 88
A K*og 3 min NN R CHy H 3
NZ ﬁ' O\(R 2 min A | Et H 41
NN R2 4 min N R2 H CH(OMe), 56
Y 1.5 min h Ph H 74
Ph 13 min H ph 58
5 min H CH, 72
1.5 min PhCH, H 51
25 min CHy  CH, 52
120 min CHy Et 30
1 min - (CHy) 3~ 67
3 min —(CH2)4- 58
8 min —(CH2)5' 61
12 h - (CHy) - 11
£02CH3 NG 1_ 2 172
NN CH NMe, NZ H, R =R°=H R 66%
l!l ) dioxane, 25°C, 3 h N\] ol R1=Cg3,R =H 74%
LY )\(R )1\( RI=R?=CH, 51%
CO,CH3 NY N CH;0,C §rN
R2 R?
HC NMe, 172
dioxane, 101°C, 1 h 40%
CH
/Nh/ 3
S, N
Hy N
Ph
T HO 40 N > 172
0 ﬁ Cetgr Megh, 257 1 89%
NYN
Ph Ph
Ph Ph
N 72
CHCl3, MeoNH, 25°C, || ) 608!
LA
CHO CHO 24 h
Ph Ph
Ph Ph Ph
N)\N Y X
l/ 1 jr dioxane, 50-60°C 7’ T’|
NN N N X
XY s viera!’?¢
OEt OEt dioxane, 50-60°C 100 0 90%
NMe, OEt neat, 20°C 100 0 96% X=NMe,:0Et (>98:2)
dioxane, 20°C 100 0 98% (73:27)
CHCl3, 20°C 100 0 82% (60:40)
DME, 20°C 100 0 76% (40:60)
NMe, SCH, dioxane, 20°C 100 0 85%
NMe, NMe, CH,Cl,, 20°C 0 100 91y
CgHgr 20-80°C 0 100 86%
CH4CN, 20°C 0 100 9l
oh h h Ph
I;l toluene, 25°C, | ) 19:1, 7637%¢
7 days N 2

Ph

2927
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Table 19. (Contd).

1,2,4,5-Tetrazine Dienophile Conditions Product (s) % Yield
Ph
3 172
N 72e
'll toluene, 25°C, 'sj 20%
14 days CHy
CO,CH
CO,CH 2773 3
EtO,
N7
Ve : U dioxane, 25°C, 72 h ) 73%
™
NN NHAC N NHAC
C02CH3
CO,CH4
CO,CH3 R CeHg, 75°C, 12 h COxCH3 ReH 708174
2NN { CgHgNOZ, 110°C, 8 h N2 R R=SiMe, 85%
1 l ‘N
Nﬁ«N \ BrCH,CH,Br, 75-100°C Y siMe, R=CHiy 69%
SiMe 6-24 h R=CH,CH 36%
CO,CH 3 CO,CH PASLLK]
2773 273 R=(CH) oCH3 40%
R=(CHp) 3CH3 34%
R=(CH,) 4CHy 31%
R=(CH,) gCHy  25%
CO,CH5
CO.CH
2573 CO,CH 142b
il xylene, reflux, 15 h E ) 2¥73 538
| Y CO,CHy
CO,CHy CO,CH3
‘i:N CO,CH, Ph
| CO,CH
N7 NZ 273
tu ] xylene, reflux, 70 h g g3s14%°
Y y
Ph Ph
R

R
175
r’“n O xylene, 180°C, 1 h N2 Q R=Ph  80%
” xylene, 180°C, 1 h b l R=2-Py 60%

R
CO,CH3 CO,CH;
N)\N 176a
ton D CH2C12, reflux | N 24%
NN N: S
CO,CH3 COCHy
COZCH3
N NN N
176a,c
EN\ CH,Clp, reflux L\| § 36% !
CH3 Hy
C02CH3
C02CH3

Z—=2Z

176a
U3 834
CHy

CO,CHYy

Dp CH,Cl,, reflux
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Table 19. (Contd).

1,2,4,5~Tetrazine Dienophile Conditions

Product(s) A Yield

@ CH,CL,, reflux
N

CHy

m CH2C12 ., reflux
X

2-Py
H o ) toluene, 110°C, 3 h
N N g
2-Py
o o)
ﬁ‘é‘g CH,Cl,, 25°C, 12 h
N o]
Ph
CO,CH
2CH;3 x
i
L§rx~} CH,CL,
COxCHy R
=\ CHyCly, 25°C, 7h
| { ¥ CHxCly, 25°C, 15 min
= CHyCls, 25°C, 12 h
Fe ((:0)3
X
? ﬁ: [ml acetone, Ce*4, 0°C, 30min
N§rN acetone, Ce*4, 0°C, 20 min
& Fe (CO) ,

' acetone, Fet3, o°C,
20 min
|

Fe {CO) 3

C02CH3 COZCHB
‘1763

CO,CH3 CO,CHy
CO,CH,

v=s x=cH, 473}7%P

Y=NCH3 X=N S7%

QO,CHy
7
Y Y=0, X=CHj 5941760
N Y=NCH3, X=CH, 45%
4
N
CO,CH4
2Py
N 7
! 35%”
ks
H
2~Py
Ph
N 708178
Ph
+
1 H, 86%
Ph
N
{
Na
Ph
CO4CH3 R
N —
1 X*0, R=CH 15317%
3
N A= X=NCOyEt, R=H 24%
CO,CH4
COCH3 pe (o) 4 180
Ng X=NCO,Et  100%
! / ¥=CH, 72%
NPy X=C=0 89%
C02CH3
/N
N1 R
J  reph 763181
R R=-‘Ci13 21%
R=ph 853 5!
R=CH, 63%
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Table 19. (Contd).

1,2,4,5-Tetrazine Dienophile Conditions Product (s) % Yield
7
C0,CH,4 o
N 2
NT NH 182a
| CeHeCl, 100°C E=CO,CH, 70%
N 65" - 273
H 7 {1:1)
CO,CH,
\\.. E
E
—N
H
CH,0,¢
CH_C1,, 25°C 'f X=S 55-954 1820
272 HN & -
0_CH =CH,
23 =(CH3)
=(CH2)
= CH2$8H2
R
NZ
R { 183
C6H6, 25°c, 7 days HNZ R=Ph, X=CH -
N/*N CGHG’ 25°C, 2 h R R=Ph, X=NHAc 75%
|
NYN L ¢
NZ?
. C@ ':)@‘
- Ny,
R
R Ph
T:@ CHyCl,, ~78° to 25°C N“ R=2-py 254'%4
N>,__N
R g
N
/ !
S CO,CH
CO,CH3 2CH3
CHC13,25°C,<12 h R R=2-py 808157
CHC14,50°C,48 h R=Ph 77%
5CH3 0,CH,
R
dioxane, 25°C or N? R=2-Py 186a-d
I CHC13, 0°C 1 X=C=CMe,  86a,b
X X=C=CPh, '
186f
X=C=CH,
R 186g,h
DMSO, 25°C X=0, 65%
R4 =Ny186h
NZ =NCH3186h
g — =NCO,Et186h
« N ' =NCO,tBul861
R
R o R=2-Py 70-904 1862
W NZ ~ X=0 W=CF4
|@( CHCly, 25°C b X/;E_, X=C=CMe,  W=CO,CH;
W 3 x C=CPh, W=CO,CH; 186b
R =C=C (SMe)2 W=CO,CH;3 69%
cH, R CH,y
Ph NZ Ph .
CHCly, -40° to 25°C J R=2-pyl87,1863.%
3 N h
Ph
CH, R CHy
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Table 19. (Contd).
1,2,4,5-Tetrazine Dienophile Conditions Product (s) % Yield
R? )
R2 R z/ | | S R=2-Py ca. 100% 861
L) X 7 1
Rl As
CO,CHy CO,CHy
N
PN | toluene, 25°C ﬁ 55%188
NN HN &
C02CH3 CO,CH3
CHyClp, -20°C 554188
2-Py
aep Y Y X
Y 189
NN -
v g
2-Py
2-Py
R
R
1
vy Et,0, 25°C, 1 h ™\ R=Ph 933!0
Lo Et30, 25°C, 20 min N/ R=CO,CH; 87%
By )
R
CO,CH4 E
i lth CHyCl,, 25°C, 12 h W < Q E=CO,CH; O}
Ny, N E
CO,CH4
i R
NN
l “ Et,0, 25°C, 15 h HIN s R=CO,CH, 7281%2
NT 20, ’ N 2-13
h
ph P Ph
R
|
CgHg, 80°C, 24 h R=Ph  6081%3
pf, Ph CHCl3, 25°C, 14 h Ph R=2-Py 83%
Ph
R
N
CgHg» 25°C, S5 days R=Ph 40%193
NMe2
R
CgHg, 25°C, 8 days R R=Ph
CgHg 25:c, 6 days " R'=CH3,R"=H; 364194
CeHe » 25°C' 8 days 1 R'=-(CHy) g-,R"=H; 33%
CgHg, 80°C, 48 h N R'=CH3,R"=CH; 35%
NR' R’'=CHj,R"=Ph 92%
£ 2 R o NR',

‘etra Vol. 39, No. 18—F
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Table 19. (Contd).

1,2,4,5-Tetrazine Dienophile Conditions Product (s) % Yield
CO,CH,
Et,N
2 1 i,3
R R3=H 60-9331%%1:3
EtzN 2
CH4CN, 25°C ||| 0,CH3
CH3
i r3 L R3 1 R=co§cug195
NZSN R Et.0, 25°C - o8
L 29 I Rl-Rz‘H R3=CH. 60%
NN R N R2  RL-R2=CHy,R3-R 593
R R
Et,0, 25°C D f
MR 1
 ——
R2
R L3
R=CO2CH

Rrl=gr R3 H 100%
CH2C12, reflux

1 .2 .3 .195j

R =R"=R"=H
R=CO2CH3 38%
R=Ph 11%
R=p-CF3CcH, 40%
Ce“‘, acetone, ?I RI—RZ-R3—H195m
o =R“=R’=
0-25°C e(CO) , RePh 163
| o

R
R 196
H3C CH3 R=CO2CH3 48%
NN - HyC R=Ph 45%
L\ i | | R Hay R=CH, 38%
R

4,5-dihydropyridazines or pyridazines (via in situ aeriol oxidation or with excess 1,2,4,5-tetrazine serving
as the oxidant), acetylenes, allenes, dienes, enol ethers and acetates, enol lactones, enamines, ynamines,
ketene acetals, enolates, benzynes, or aromatics; Table 19. In the few cases where unsymmetrical
1,2,4,5-tetrazines were studied, predictable regiospecificity was usually observed in the [4+2] cyclo-
addition reaction.'®

The Diels-Alder reactions of 1,2,4,5-tetrazines with several heterodienophiles have been investigated
in recent years, Table 20, and represent additional examples of inverse electron demand [4+2]
cycloaddition reactions. Imidates,'” amidines,® and thioimidates'” undergo [4 + 2] cycloaddition reac-
tions with sym tetrazines and the synthetic utility of these reactions appear to require a careful match of
the diene-dienophile reactivity.'” Apparently, alkyl amidines'”” and imidates'®® prefer to react through
the isomerized N,N-ketene aminal and N,O-ketene acetal form, respectively. While aldehyde dimethyl
hydrazones undergo clean cycloaddition with dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate, ketone
dimethyl hydrazones react only through their ene-hydrazine tautomers.® Electron-rich N-substituted
cyanamides™ react with electron-deficient 1,2,4,5-tetrazines while simple nitriles were found to be
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Table 20. Cycloaddition reactions of 1,2,4,5-tetrazines with heterodienophiles
1,2,4,5-Tetrazine Dienophile Conditions Product (s)
R R
.
H/\H NH N R=Rl=CgHg ot
1 1/U\ dioxane, 60°C, 10 h ls N R=c02cn3,ni=cn3 13%
Nyt rRY “oEt R*  R=CO,CH3,Rl=pn” 27%
R R
.| gl Rl .
P N N N YNYCGHS
In 0 I I — ] N b
NN toluene, "ﬁ)\ NaLN /er\ YN
CeHs  NH;  110°C Cels Y CeHs CeMs 2
2 R2 R2 R
R
.| 2
2-pyridyl 2-pyridyl 33% 5% 198a
CgHs CeHs 34% -
CeHsg 2-pyridyl 7.5% 30% 6% 28%
CeHs CH, - 70% - 7%
2-pyridyl CH3 - 35% - -
R R 5 198b
2 R=CgHg,R%=CH(Me), 89%
NHR
NJ‘? NR? _y HNRZ ";/ ) R=CgHs ,RZ=C(Me) ; 22%
I 1 < )\1 R=2-Py,R2=CH (Me) , 78%
N3N H ° H ' o2
Y Cl 3)b toluene, 110°C ) R=2—Py,R2=C(Me) 3 76%
R
CO,CH4 COaCHy
NPSN NR NHR ANAHR 7
| .= A _ F R=CH,,Ph  9-213'°
NTN CHy H3 OCH1 NS
O,CH3y CO2CHy
CO,CH3 H COpCH3
CH30 3 _n H 197b
N -— R - N R=H,n=1-3 8-47%
b Rl [ )—R R=CH,,n=1
NN (CHy) CHa)py N (CHy) 3
CO,CH3 CO,CH,
CO,CH
-3 C02Cl~l3
N)\N NH NJ\N 199
PN X - oS N XTNHy 0%
Y (@) - O] X=NEt, 0%
CO,CHy dioxane, 80°C, 8-12 h CH30,C X=0Et 33-43%
dioxane, 80°C, 6 h X=SCH3 47%
CO4CH,
X=SCH3
COCH3 NH N ey E—— L
N/g N dioxane, 80°C, 4 h i N R1=R<¢=H 70%
P o dioxane, 80°C, 4 h Ny Rl=H,R2=0CH, 78%
Z 2 dioxane, 80°C, 20 h CH40,C O RY=NO,,R2=0CH; 72%
2
CO,CH; R 1 R
X=OEt
199
dioxane, 80°C, 20 h Rl=r%=y 334
o CO,CH .
)\ 5CHy - )\N[}Mez R=CH3 8l% Oa
NN N WMe, . N% R=CH,CH; 79%
g Jg CHCl4, 25°C K R=CH(CH4) 76%
NN R H R 372
R=CH,CH,CH; 56%
CO,CH COaCH3  R=CgHg 70%
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Table 20. (Contd).
1,2,4,5-Tetrazine Dienophile Conditions Product (s)
C02CH3
Me. Rl
NrNMez < |/ R]‘IH R2=CH 200a
R? B SN2 RI/RZ=(CH,T;
2 1 co,cn, R/R=(CHa)g
Rl R 2-73
CO,CH
COCH3 ZH 3
NMe, e
N~ _NMe,
CH,Cl,, 0-25°C o wh LR =
H ' MeOH, 25°C
R CH40,C CH40,C N e
2
200b
R=CH3 - 75%
R=CgHs 78% 17%
CO,CH4
N
201
m CgHgCl, reflux N F 78%
é” X “nme
e2 2
CO,CH;
7 CO,CH3 cu
g ] 370 COZ 3
d
1] CgHgs 80°C, 48 h ) i . S —ar 10-308202
™,
1: Y ar
CO2CH3 C02CH3
CO,CH3 Co,CHy
s L
N NZs 201
N CH2Cl2, 25°C ) LN —_— 1 Me,  73%
N
e e, VY
2
CO,CH3 CO,CHq
R R R R
2 N/LEN HNIL:N 5 “}hﬂ
! U R - | R | r2
! R ) p i
Ny L N N S
Y R o 1 (
8 R R R R
major
203
R 1
R R
NdLN
| B
X 5 R
R R N
rl
2-Py
o 184
CH,Cl,,-78 to 25°C 25%
"
N
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unreactive.'” A number of reports of the reaction of 1-azirines™” with sym tetrazines have appeared and
the nature of the final products depend on the reaction conditions and substitution pattern.

X. CONCLUSION

The observations that conjugated systems containing nitrogen generally show diminished reactivity
toward typical electrophilic dienophiles focused attention on the fact that the presence of a nitrogen atom in
conjugated systems may decrease their nucleophilic character and even confer electrophilic character to the
system. These observations and the recognized shortcomings of attempting Diels-Alder reactions between
27 and 47 components of a similar electrophilic nature have led to the development of several general
approaches to the implementation of useful azadiene Diels-Alder reactions.

Recognition of the electrophilic character of azadienes lead to the investigation and development of
the inverse electron demand Diels-Alder reaction. Additional substitution of an azadiene system with
electron-withdrawing groups accents the electron-deficient nature of the diene and accommodates the
use of electron-rich, strained, or even simple olefins as dienophiles. A continued development of useful
azadiene Diels-Alder reactions can be expected as the ability to reliably choose azadiene (diene)/dieno-
phile partners for inverse electron demand Diels-Alder reactions matures.

Substitution of the azadiene system with strong electron-donating substituents increases the nucleo-
philic character of the azadiene and accommodates the use of typical electron-deficient dienophiles in
Diels-Alder reactions.

The entropic assistance provided by intramolecular cycloaddition reactions is sufficient in many
instances to override the reluctance of azadiene systems to undergo Diels-Alder reactions.

Incorporation of the azadiene, or dienophile, into a reactive or sensitive system, e.g. heterocumulene,
allows numerous, though specialized, azadiene Diels-Alder reactions. Many such examples represent
polar cycloadditions.

Acknowledgement—The financial support of the Chicago Community Trust Co./Searle Scholars Program, National Institute of Health (DA
03153-01, CA 33668-01), American Chemical Society-Petroleum Research Fund, and the University of Kansas General Research Fund
(3244-X0-0038) is gratefully acknowledged by DLB.
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