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The rev iew is devoted to the (4 +2)r -cycloaddi t ion  with conjugated ni t rogen-conta ining 
dienes.  The par t ic ipat ion in the synthes is  of 1-azadienes ,  2 -azadienes  (Schiff bases ,  
oxazoles ,  and the acr id iz in ium ion), 1 ,4-diazadienes  (dehydroindigo, etc.), 2 ,3-d iazadi -  
enes ( te t razines ,  4H-pyrazo les ,  and t r iaz ines) ,  a , f l - u n s a t u r a t e d  azo compounds,  5 ,6-di-  
hydro t r iaz ines ,  fo rmazans ,  and azadienes  containing m o r e  than one he te roa tom in the 
conjugation chain is examined.  The azadiene synthes is  is a method for  the p repa ra t ion  
of pyr id ines ,  quinolines, pyr idaz ines ,  oxazines,  oxadiazines with different degrees  of 
saturat ion,  and s e v e r a l  o ther  he te rocyc les .  

(4 +2)~r-Cycloaddition,;where the components  contain at l ea s t  one ni t rogen atom, is a un iversa l  method 
for  the synthes is  of s i x - m e m b e r e d  ni t rogen he te rocyc les .  
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Variants  of the reac t ions  with the appl icat ion of heterodienophi les  (with C = N, N=N, N= O, N= S and 
other  bonds) have been d iscussed  in detail  [1-4] and a re  the re fo re  not cons idered  in this review.  The sub- 
ject  of this rev iew is the Diels~-Alder reac t ion  with the par t ic ipa t ion  of azadiene s y s t e m s .  1 ,4-Cycloaddi-  
tion for  he te rocumulenes  Ca =b = c and a=  b = c - d =  e) is not included h e r e ,  since,  f i r s t ,  this p rob lem has a l -  
ready been examined [5], and, second, he te rocumulenes  r eac t  as 1,2- or  1,4-dipoles [6], and the react ion  
with them is consequently not (4 +2)~r-cycloaddition.* 

In spi te  of the p rev ious ly  fo rmula ted  opinion regard ing  the low reac t iv i ty  of 1 ,3-azadienes  in 1,4- 
cycloaddit ion [10], more  and more  attention is cur ren t ly  being extended to both the theore t ica l  and prac t ica l  
a spec t s  of the azadiene synthes is .  In d iscuss ing the p rob lem,  one should take into account a number  of gen-  
e r a l a s s u m p t i o n s  that a re  c h a r a c t e r i s t i c  for  the D i e l s - A l d e r  react ion  as a whole. 

F i r s t ,  it is n e c e s s a r y  to cons ider  the compl iance  of the synthes is  with specif ic  s t e r i c  p r inc ip les  (con- 
format ional  r e q u i r e m e n t s  for  the reac t ion  components ,  s t e r i c  fac tors ,  etc.) [11]. 

Second, in accordance  with the Woodward -Hof fman  rule [12], this react ion  is a the rmal ly  allowed 
(4s +2s) p r o c e s s ,  as a consequence of which it is highly s t e reospec i f i c  (cis pr inc ip le  and endo rule) [11]. 

Third,  the azadiene  components  should have low 1,4- local izat ion energ ies  (E~,4) [13], and it should 
the re fo re  be expected that he te rocycl ic  s y s t e m s  with s t rongly e x p r e s s e d  a roma t i c  c h a r a c t e r  a r e  pass ive  
in the azadiene synthes is .  

* See also [7-9] for  individual in teres t ing examples  of reac t ions  with he te rocumulenes .  
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Fourth,  the introduction of ni t rogen a toms into the conjugated sy s t em should lead to an i nc rea se  in 
the role  of po la r  f ac to r s  for  the uns ym m et r i c a l  azadiene components and, in ex t r eme  cases ,  to a po la r  two- 
step mechan i sm.  The c h a r a c t e r  of the azadiene component may change apprec iably  under the influence of 
acidic agents,  and the appearance  of acid ca ta lys i s  is the re fo re  poss ib le  during the react ion.  

Fifth, donor -accep to r  re la t ionships  for  the diene and dienophtle a re  essent ia l .  The introduction of 
ni trogen a toms into a conjugated s y s t e m  should lower  its nucleophil iei ty and consequently suppress  the 
reac t iv i ty  with r e s pec t  to the usual e l ec t ron -accep to r  dienophiles ( tetracyanoethylene,  male ic  anhydride, 
etc.) .  However,  two different var ian ts  should be distinguished. In t e rmina l  azadiene components  (1-aza 
and 1 ,4 -d iaza - l ,3 -d ienes ) ,  at l eas t  one of the ends of the conjugated chain re ta ins  nucleophilic c h a r a c t e r  
6+ 6- 

(C = N) when the i r  nucleophilicity is lowered as a whole. Consequently, one should expect low act ivi ty in 
1,4-cycloaddit ion react ions  for  such s y s t e m s .  On the other  hand, the nucleophilicity of both the ent i re  s y s -  
t em and its ends is reduced for  2 - aza -  and 2 , 3 - d i a z a - l , 3 - d i e n e s .  The manifes ta t ion  of reac t iv i ty  in con- 
densations with e lec t ron-donor  dienophiles ( inversion of the diene synthesis)  is m o r e  l ikely for  these aza -  
diene components .  

T e r m i n a l  A z a d i e n e s  

1 -Aza - l , 3 - d i enes .  1,4-Cycloaddit ion reac t ions  a r e  unknown for  noncyclic der iva t ives ,  i .e. ,  a , f l - u n -  
sa tura ted  imines  and Schiff bases .  The products  of the addition of them to male ie  anhydride a re  apparent ly  
molecu la r  complexes  [14]. 

1 -Styry l -6 ,7-d imethoxy-3 ,4-d ihydroisoquinol ine  (I) r eac t s  with male ic  anhydride [15] in the same way 
as 1- (1-cyelohexenyl ) -6 ,7-d imethoxy-3 ,4-d ihydroisoquinol ine  [16]. 

+ . . . .  . N-, ~ / 0  

~ "[ LO 

CsH 5 C,;II 5 
I 

I soxazoles  and pyrazo les  [17] a re  inactive in the diene synthesis  because  of the i r  s t rongly exp re s sed  
a roma t i c  p rope r t i e s  (high E1 4 value). However,  anthrani l  (II) gives 1,4-cycloaddit ion products  with male ic  
anhydride [18], male in imide  [19], audsome acety lenes  [20], and the l a t t e r  react ion  is a method for  the syn-  
thes is  of 2 ,3-disubst i tuted quinolines. 

,, '"J 2 
1 ,4 -Diaza - l , 3 -d i enes .  Diimines and dioximes of c~-dicarbonyl compounds do not r eac t  via the s c h e m e  

of the Die ls - -Alder  react ion,  with the exception of the b i s (4-Nmethylaminoani l )  of glyoxal (III) in the r e a c -  
tion with p-benzoquinone [21]. 

Ar 0 Ar 0 

N II N 
I 0 I IF 
Ar Ar 0 

III 

~,r = p -  (CH~}2N C~H 4 

The e lec t ron-donor  effect  of the dimethylamino group, which i nc rea se s  the nucleophilici ty of the 1 and 4 
posi t ions  of the conjugated chain, is probably exer ted  here .  

The opposite effect  is obse rved  when e l ec t ron -accep to r  subst i tuents  a re  introduced into the 2 and 3 
posi t ions of the diene component.  Because  of this,  dehydroindigo (IV) r eac t s  with the dienophiles with nu- 
cleophilic c h a r a c t e r  - s tyrene ,  saf ro le ,  i sosaf ro le ,  and isoeugenol methyl  e s t e r  [22]. 
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Products  of the 1,4-cycloaddition of IV to methyl acryla te  [23], acryloni t r i le  [22], and methyl propiolate 
[24] are  formed in low yields under severe  conditions. 

Dimethyl imidazole-4 ,5-dicarboxyla te  in the tautomeric  form (V) reacts  with anethole [25]. 

cu3coo',,~N- . ca3 cn coov/N~/Ca~ 

Y 

A z a d i e n e s  w i t h  N o n t e r m i n a l  N i t r o g e n  A t o m s  

2 -Aza - l , 3 -d i enes .  The recently synthesized [26] aliphatic derivatives with a sys tem of C = C - N = C  
bonds have proved to be extremely reaetive with respect  to both electrophil ic (maleic anhydride and acrolein) 
and nucleophilic (ethyl vinyl ether) dienophiles. The react ions lead to Al- te t rahydropyr id ines  [27]. 

CH a Clta i o 
CH 

" c .  - N. /x 

N \ x  1 
%cn R 

Another variant of this condensation, which is ca r r i ed  out over  K20/A1203 at 400-450~ has proved 
to be a promis ing method for the synthesis  of pyridines,  which are  obtained as a resul t  of aromat iza t ion of 
the i r  te t rahydro derivat ives [28, 29]. 

Schiff bases  are  also active 2-azadiene components in react ions with nucleophilic dienophiles [30, 31]. 
The pecul iar i t ies  of this condensation and its mechanism were discussed in an ea r l i e r  review [32]. 

The react ion is charac te r i s t i c  for  anils of both aromat ic  and aliphatic aldehydes in the presence  of 
Lewis acids (BF 3 and A1CI~) with respec t  to vinyl ethers  and thioethers of various s t ruc tures ,  as well as 
acetylenic dienophiles [33]. A catalyst  is neces sa ry  in this case, and its role is to polarize the C =N bond, 
which leads to the s trongly electrophil ic cha rac te r  of the diene component, as well as to crea te  the favor-  
able planar  configuration of the diene sys tem [32]. 

OR 9 v 

.N. = C l t  Ar r 
BF3 \ A t  

According to the data in [34], iron and cobalt carbonyls  can also be used as catalysts .  The s te reo-  
chemical  pecul iar i t ies  of the synthesis were studied in [35, 36]. This reaction, which is a convenient method 
for  the synthesis  of quinolines, was reeently used to obtain a ser ies  of new heteroeyel ic  s t ruc tures  in which 
the quinoline ring is condensed with other rings [37]. 

N-Arylacyl imido chlorides and N-arylacyl imino es te rs ,  which condense with ni tr i les  in the presence  
of A1C13 [38], behave like Schiff bases .  

R' 

x. R 
tK 

X=CI,  OCH 3 

The favorable eissoid conformation, the low 1,4-localization energy, the electrophil ic charac ter ,  and 
the strong polar izat ion of the conjugated sys tem 1,cad to high reactivi ty in the 1,4-cyeloaddition of the ac r i -  
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dizinium ion and some of its condensed analogs, primariIy in reactions with nucleophilic dienophiles [39-43]. 
The two-step mechanism of this condensation was proved in [43]. 

/ \  
X- X- 

Oxazoles can be used as the 2-azadiene component [44]. Data on the reaction up to 1969 are dis-  
cussed in reviews [45, 46], while the two-step mechanism was proved in a communication [47]. The paths 
for the aromatization of intermediate adducts VI (see the scheme below), which are  usually unstable and are 
isolated only in a few cases  [48-50], are extremely diverse .  As a result, one obtains various pyridine 
derivatives - cinchomeronic acids (VII) and their derivatives,  pyridoxine (VIII) and its analogs, aS well as 
other types of compounds. 

R' X X CH2OH 

~ _Hz.___~ 0 R' X ~ HO CII.~OI! 

I "'~'X' R '~ / "~N~R"  R " / ~ N  / ~'R"' CH S ~":N / "H 
R"' VI VII VIII 

X ~  X=X/~COOH 
-H W=AIk 

X X 

R"~N"'>%" R ' '  R " /  ~":N / ~R"' R"/K'~N/'k"R"' 

X.~ CN, OCOAIk X=CN, OCOAIk  X=H,COOH 
W = 11 W = H R '= OAlk, OCOAIk, CN 

The reaction was also accomplished for benzoxazole  [19]. The condensation of oxazoles  with fu- 
maron{trile to give nitriles of the pyridine ser ies  was recently described [51]. The reaction of vinylpyri-  
dines with oxazoles  gives dipyridyls [52]. 

Methyl azodicarboxylate and 1,2,3-triphenylcyclopropene [53, 54] were also used as dienophiles, as 
a result of which adducts IX and X were isolated. 

o 

N/T,.,x~ C6 ~i ~ 

II o 
R I "N.L-~ \C6H 5 

COOC;II~ 

IX X 

An interesting variant of the retrodiene synthesis ,  which leads to oxygen-containing heterocycles  and 
is accompanied by the l iberation of a nitrile molecule,  was observed in [53-55] for the adducts of several  
oxazoles  with diphenylcyclopropene (XI) and acetylenie dienophiles {XII). 

O 

C 6 H 5 ~  C 6 H s ~ C 6 H 5  R N N ~  c6Hs 
+ = O  ~ 11 0 p=O -RCN 

OC2H 5 
XI 

0 

i , ~" O" ~0%H 5 

R' 

The above material  i l lustrates the diverse synthetic poss ibi l i t ies  of 1,4-cycloaddition with oxazoles  
as the diene component. 

The diene synthesis with dimethyl acetylenedicarboxylate and norbornene was recently accomplished 
for 2,5-dihydroxypyrazine (XIII) [56]. 
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COOCH 3 

COOCtl3 H3C OO C...n/~ 

- 

COOCH~ 0 ~ (~H~ ~H 

XIII 

1,4-Cycloaddit ion for the 2 ,5-d ihydroxypyraz ine  s y s t e m  is proposed [56] a s  a n  intermediate  step in  
the b iosynthes i s  of brev ianamide  A. 

2 , 3 - D i a z a - l , 3 - d i e n e s .  Az ines  are  inactive in 1 ,4-cycloaddit ion because  of their  tendency to add two 
m o l e c u l e s  of  olefin in the 1,3 posit ion via a "crosswise"  s c h e m e .  The known examples  of this react ion are 
presented  in rev iews  [10, 57], while la ter  studies  [58-60] conf irm this property.  The s ingle  exception is  
the react ion of i sopropyl ideneaz ine  with per f luoroazomethane  [61]. 

CH~'.. /CPI  a 
II /CFa CH~- - . .  CH3 

+ N N N--CF 3 
11 ~ II I 

N] N N N--CF 3 

CHa/.C\cH3 '~CF3 CH3~CH3 

(4H)-Pyrazo les  (X-IV) have been s u c c e s s f u l l y  introduced into the react ion  with 1 - p h e n y l - l , 2 , 4 - t r i -  
a z o l i n e - 2 , 5 - d i o n e  [62, 63] and 4 ,4 -d ia lky lpyrazo l ine -3 ,5 -d ione  [62, 64]. 

N CH 3 

R 0 R 0 

X.IV 
X =NC~H~. CR 2 

According to [65], (4H)-pyrazoles  do not react  with hydrocarbon dienophiles ,  but they have been made 
to undergo cycloaddit ion to cyclobutadiene [66]. 

XIV + 

re (CO) 

HzC cH 3 

1,4-Cycloaddit ion was  recent ly  observed  for 3 ,4-d iazacyc lopentadienone  (XV)[67] on react ion with 
norbornene.  

~U \I 

Ct, H 5 

XV 

CbH 5 
I 

Uco I~ ! 

C6H 5 

:c_o_ 

CtiH 5 
J" /7;" 

C~H 5 

2 , 3 - D i a z a - l , 3 - d i e n e s  are  a l so  react ive  in the s i x - m e m b e r e d  ring [68, 69]. 

COOCH~ COOCH 3 

COOCIt~ COOCHa 

n ~ l , 2  

In contrast  to noneyc l i c  az ines ,  s y m - t e t r a z i n e s  are ex treme ly  act ive in the diene synthes i s .  This 
property of them, which was  observed  in 1959 [70], subsequently became  the subject of  s y s t e m a t i c  inves t i -  
gations [71-75].  A charac ter i s t i c  pecul iar i ty  of the behavior  of t e traz ines  is  their  increased  activity with 
re spec t  to nucleophil ic  dienophiles  ( inversion of the diene synthes is )  [71]. The react ion of t e traz ines  with 
olef ins  [70-72, 76-78] is a method for the synthes i s  of 1 ,4-dihydropyridazines ,  while pyr idaz ines  are  syn-  
thes ized  by the react ion of t e traz ines  with ace ty lenes  [70, 72, 78, 79], vinyl e thers ,  and enamines  [75]. 
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R R' . ~  . ,///I R R 
1 

+ - - - -  - R '  - - - ~  / 

R" R 
R" 

R R R 

CH X = O R  ', NR" 
\ X  

R I~ R 

The reac t ion  has been proposed  as a quanti tat ive method for  the ana lys i s  of olefins [76]. 

A number  of studies [73175, 80] have been devoted to the react ion  of t e t raz ines  with cyclopropenes ,  
pa r t i cu la r ly  in connection with the p rob l em  of the valence i somer iza t ion  of (4H)- l ,2-d iazepines  to dihydro-  
pyr idaz ines  (XVI~-~- XVII). 

r r r 

R R' R R R' 

XVII XYl 

Examples  of the reac t ions  of t e t raz ines  with eyclobutadiene (as a eomplex with i ron t r icarbonyl)  [81] 
and with eyclobutene der iva t ives  [69, 82] a re  interest ing.  

N 

C6H~ R R 

R = 2- pyridyl 

A var iant  of the react ion with t e t r az ines  has been proposed  for  the p repa ra t ion  of isobenzofuran [83]. 

R R R 
f 

R R R 

~=2-pyridyl 

The reac t ion  of t e t raz ines  with imino e s t e r s  s e r v e s  as a new method for  the synthesis  of 1 ,2 ,4- t r i -  
azines  [78]. 

R R 

~ r 

It was recent ly  es tabl i shed that the 2 ,3 -d i aza - l , 3 -d i ene  sy s t em is also act ive in 1 ,2 ,4- t r iaz ines ,  a l -  
though the reac t ions  p roceed  with more  difficulty than with t e t raz ines .  The 1,4-cycloaddit ion of 1 ,2 ,4 - t r i a -  
zines to nucle9Philic olefins leads topyr id ine  s [84, 85], while the addition to ace ty lenes  gives pyr idaz ines  [84]. 

N 

N ~ 
:~-- r x 

+ /ll \  

R N j X Y 

- H Y  R N ~  ~ 
-N2 X 

Y 

X 
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N 

CH 3 

The action of cyc lopropenes  on 1 ,2 ,4- t r iaz ines  is a method for  the synthesis  of (4H)-azepines [85]. 

R 

COOC I f  R' R 

Azocines a r e  s imi l a r ly  obtained f r o m  cyclobutene der iva t ives  [86]. 

C6H 5 

COOCH 3 COOC, H 3 

A z a d i e n e s  w i t h  N i t r o g e n  A t o m s  a t  t h e  E n d s  

a n d  i n  t h e  M i d d l e  o f  t h e  C h a i n  

a , f i - U n s a t u r a t e d  Azo Compounds.  The D i e l s - A l d e r  reac t ion  with al iphatic  a , f i -unsa tura ted  azo com-  
pounds was f i r s t  r ea l i zed  in 1968 [87]. 1,4-Cycloaddit ion is a genera l  p rope r ty  of al iphat ic  a , f l - u n s a t u r a t e d  
azo compounds when they r eac t  with e lec t rophi l ic  dienophiles (dienophiles of the ac ry l i c  type, male ic  an-  
hydride,  and dimethyl  fumara te )  [88-91]. The s t ruc tu ra l  specif ici ty  in condensat ions with unsymmet r i c a l  
dienophiles,  as  a resu l t  of which one obtains a mix tu re  of s t ruc tu ra l  i s o m e r s  of A2- te t rahydropyr idaz ines ,  
was studied in [91], while the s t e reospec i f i c i ty  of the p r o c e s s  was proved  in [92, 93]. 

The 1,4-cycloaddit ion of 1 ,2 -d i aza - l , 3 -d i enes  is a genera l  method for  the synthes is  of A2- te t rahydro  ~ 
pyr idaz ines .  

IIIC%c--R + X 
+ ~ R" N 

N%N " I i~' 
i~, R',  

This 1,4-cycloaddi t ion was recent ly  obse rved  for  a ry lazocyc lohexenes  [94] and for  ca rbohydra te  
der iva t ives  with an a , f l - u n s a t u r a t e d  azo f ragment  [95]. 

It has been demons t ra ted  that  a , f l - u n s a t u r a t e d  azo compounds d imer ize  via the scheme  of the diene 
synthesis  [92, 96]. 

\ R  

1 ,3 -Diaza - l , 3 -d i enes .  1,4-Cycloaddit ion only recent ly  became known for  the conjugated s y s t e m  of 
1 , 3 - d i a z a - l , 3 - d i e n e s  in the  synthes is  of sym-d ihydro t r i az ine  XVIII and a lso  in its reac t ion  with dimethyI 
acetylene dic arboxyla te  [97]. 

i o , 

C6H5 C6H ~ 

C~Hs N ~ N ' ~ H  6Hs +cH~OCOC~C.COOCtt a n .S  I " ~  c~176  

........ CO H /~_.N ~( .OOC ii. ' + (-~I%CH=N It 
C6H s 

XVll l  
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1 , 2 , 4 - T r i a z a - l , 3 - d i e n e s .  As demons t ra ted  in [98] in two cases ,  f o rmazans  r eac t  with dimethyl ace ty-  
lenedicarboxyla te  to give, in addition to other  products ,  1 ,4 -d ihydro - l ,2 ,4 - t r i az ine  der iva t ives .  

NttC~H 5 NflC~H 5 
t COOCHj 

I~ --C//N ~ R \ / N  ~.~/CO 0 C H:~ 
, + ,I, - -  

N C ' ~N / ~COOCH~ 
I COOCH3 t 
Coil 5 C6Hs 

R=H~ CH:~ 

A z a d i e n e s  C o n t a i n i n g  M o r e  t h a n  O n e  H e t e r o a t o m  

1 - O x a - 3 - a z a - l , 3 - d i e n e s .  Acyl immonium sal ts  XIX a re  act ive diene components  that readi ly  r eac t  
with olefir~s (alkenes, dienes, and a , f i - u n s a t u r a t e d  carbonyl  compounds) to fo rm (4H)-5,6-dihydro-1,3-  
oxazines [99-101]. 

R 
I x -  + / ; f  

HN ~ 

R,/~O 
XIX 

) n / 

~ R' - 0  / ~ R' 

The reac t ion  of XIX with ace ty lenes  gives 1 ,3-oxazines  [102], while (4H)- l ,3 ,5-oxadiazines  a r e  ob- 
tained f rom XIX and n i t r i les  [102, 103]. A detailed study of the pecu l ia r i t i es  of this condensation demon-  
s t r a t ed  that it p roceeds  via a synchronous mechan i sm [99, 101]. 

1 - O x a - 3 , 4 - d i a z a - l , 3 - d i e n e s .  Azodicarbonyl compounds,  which a r e  act ive dienophiles with r e spec t  
to nucleophilic dienes, can in turn act  as diene components  in reac t ions  with nucleophilic olefins (indene, 
cyclopentene,  norbornene,  and vinyl e thers)  [104-110] to fo rm 5 ,6 -d ihydro- l ,3 ,4 -oxad iaz ines .  1 ,2-Cyclo-  
addition to give 1,2-diazet idines competes  with this t r ans fo rmat ion .  Several  f ac to r s  that de te rmine  the di- 
rec t ion  of the p r o c e s s  a re  examined in [105]. 

COR COR 

F r o m  the ma te r i a l  p resen ted  above it follows that the rapidly developing azadiene synthesis  has 
evolved into an independent a r e a  of the D i e l s - A l d e r  react ion.  The d iverse  var ian ts  of 1,4-cycloaddit ion 
lead to the product ion of numerous  types  of ni t rogen he te rocyc les  (pyridines, quinolines, pyr idaz ines ,  t r i -  
az ines ,  oxazines,  oxadiazines,  etc.) with different degrees  of sa turat ion.  In individual cases ,  there  is a 
t rans i t ion  f rom one c lass  of he te rocyc les  to another,  with the same number  of a toms or  with an inc rease  
or reduction in the number  of links in the ring. At p resen t ,  all types of aza~ and diazadiene s y s t e m s  have 
been successfu l ly  introduced into the diene synthesis ,  and the reac t ions  with some of them a re  not only 
p romis ing  but s o m e t i m e s  the mos t  acceptable  methods for  the synthesis  of some he terocycl ic  sy s t ems .  
The s te reospec i f ic i ty ,  s t ruc tura l  orientat ion,  and mild  conditions of many of the condensations make it pos -  
sible to rea l ize  d i rec ted  syntheses .  All of this c r ea t e s  grounds for  fu r the r  invest igat ions in this field. 
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