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This review is devoted to a discussion of the quantitative charac te r i s t i cs  of the react ivi t ies  
and mechan i sms  of the react ions  of substituted azines with nucleophilie reagents.  

Nucleophilic substitution is very  frequently used for  the preparat ion of substituted azines, many of 
which have important  prac t ica l  value (amino, sulfamido, halo, and alkoxy derivatives,  etc.). It is therefore  
not surpr i s ing  that such great  attention is directed to the study of nucleophilic substitution react ions  in the 
azine ser ies .  Comprehensive ma te r i a l  that genera l izes  the l i terature  on this problem up to 1962-1963 is 
assembled  in reviews [1, 2]. In 1971 a br ief  review on nucleophilic substitution in a number of azines [3] 
was published; only a few studies accomplished af ter  1963 were  mentioned in this review, whereas  a con- 
siderable number of new investigations directed toward the study of the quantitative aspects  of the reac-  
tivities, an understanding of the role  of the medium, and other fac tors  that have a substantial  effect on nu- 
cleophilic substitution react ions  have appeared in the last  decade. 

It is not possible to comprehensively  examine nucleophilic substitution react ions within the f r a m e -  
work of a relat ively br ief  review. Within the present  review, we have not included the react ions  of poly- 
haloazine and N-oxides of azines with nucleophiles, nor have we considered react ions  that proceed via a 
hetar ine nucleophilic substitution mechanism; the la t ter  are  d iscussed in a recent ly  published review [4]. 
We deemed it expedient to di rect  p r i m a r y  attention to problems of the quantitative charac te r i s t i cs  of the 
react iv i t ies  of azines in nucleophilie substitution react ions  without str iving to encompass all of the papers  
in which the use of nucleophilic substitution react ions for synthetic purposes  are  described.  

S u b s t i t u t a b l e  G r o u p s  a n d  t h e  " E l e m e n t  E f f e c t "  in A z i n e s  

In the last  decade the relat ive react ivi t ies  of var ious  substitutable groups  in azines and the react iv i -  
ties of substitutable groups as a function of their  posit ions in the ring have been studied intensively. 

In addition to the data presented in ea r l i e r  reviews [1, 2], new nucleophilic substitution react ions  have 
been found; thus it was shown that amination with cleavage of the C - C  bond occurs  on heating substituted 
(4-pyrimidyl)malonic es te r s  of the I type with ammonium hydroxide [5]. 
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It has been established that it is possible to replace the t r i f luoromethyl  group with cleavage of the 
C -  C bond in the case  of react ions of 2- (trifluoromethyl)pyridine, 2- (trifluoromethyl)quinoline, and 1- (~ri- 
f luoromethyl)isoquinoline with sodium amide in liquid ammonia [6, 7]. Replacement of the t r ichloromethyl  
group was accomplished in a number  of substituted pyrimidines (HD by react ionwith p r ima ry  and secondary 
aliphatic and cycl ic  amines [8]: 
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I t  is in teres t ing to note that the act ion of sodium methoxide on 3-( t r i f luoromethyl)quinol ine  [9] leads only 
to s tepwise  r ep l acemen t  of the f luor ine  a toms  r a t h e r  than r ep lacemen t  of the CF 3 group. 

The hydrogen a tom can, although with cer ta in  difficult ies,  a lso be replaced  (for example,  by Chichiba- 
bin aminat ion of he t e rocyc l e s  [10] and by the action of CN- and Hal-  on O-alkyla ted  N-oxides  of pyr id ines  
[11]) when a sufficiently s t rong nucleophile is used or there  is additional act ivat ion of the azine r ing (quater-  
nization of the r ing n i t rogen a tom or  the use  of azine N-oxides) .  

In invest igat ions of  the r ep l acemen t  of halogen a toms  in haloazines,  the reac t iv i ty  of the chlor ine a tom 
has  been studied m o s t  complete ly .  A compar i son  of the labi l i t ies  of f luorine and chlorine a toms in the r e -  
action of 2 -ha lo -5 -n i t ropyr id ines  with aniline and piper idine enabled Bamkole  and H i r s t  [12] to note the cha r -  
ac t e r i s t i c  (for aza -ac t i va t ed  subs t ra t e s )  cons iderable  d e c r e a s e  in the ra t io  of the r a t e  constants  fo r  the r e -  
ac t ions  of the cor responding  f luoro  and chlore  de r iva t ives  (kF/kc1) as  compared  with haloni t robenzenes .  
A lower  (than fo r  n i t ro -ac t iva ted  subs t ra tes )  kF/kC1 ra t io  was a lso  observed  in the reac t ion  of 2 -ha lopyr i -  
dines, 2- and 4-haloquinol ines,  and 2-haloquinoxalines with sodium methoxide and piper idine [13] and of 2- 
ha lopyr imid ines  with p iper id ine  in va r ious  solvents  [14]. The  low k F / k c 1  ra t io  in the azine s e r i e s  in the 
case  of p ro ton-donor  solvents  is explained [13, 14] by the pecu l i a r i t i e s  of solvation effects  in these  c o m -  
pounds.  

An invest igat ion of the re la t ive  labi l i t ies  of chlorine, bromine,  and iodine a toms  in 2-halo- ,  5 - b r o m o -  
2-halo- ,  2 -ha lo -4 ,6 -d ime thy l - ,  and 4 -ha lo -2 ,6 -d ime thy lpy r imid ines  in reac t ions  with i soamyl -  or  1 ,4 -d i -  
methylpenty lamine  in med ia  of the same  amines  showed [15] that  the r eac t iv i t i e s  of the b romine  a toms  in 
each group of compounds a r e  h igher  than the reac t iv i ty  of chlorine,  but the d i f ference  between them is sma l l  
(by a f ac to r  of approx imate ly  3). The r eac t iv i t i e s  of the iodine a toms  in the s a m e  groups  of compounds may  
be higher  or  lower  than the r eac t iv i t i e s  of the chlor ine a toms,  depending on the amine  used. 

Thus,  l ike haloni t robenzenes ,  the o rde r  of lability of the halogens in haloazines  (F _> Br  > I) may  va ry  
a s  the nucleophile and solvent  a r e  changed. Additional in terac t ion  of the aza  group with the so lvents  c o m -  
p l ica tes  th is  pa t t e rn  even m o r e .  

Despi te  the fact  that the amino group and substi tuted amino groups  a r e  ca tegor ized  as d i f f i cu l t - t o - r e -  
move  subst i tuents  [2], the k ine t ics  of hydrolyt ic  deaminat ion of 2- and 4 - a m i n o - 5 - b r o m o p y r i m i d i n e s ,  4-  
aminoquinazol ine [16], and m e l am i ne  [17] by the action of dilute aqueous alkal i  solut ions have been studied. 
Bas ic  ca ta lys i s  by the reagent  shows up in concent ra ted  alkali  solutions [16]. 

As p rev ious ly  shown [1, 2], the t r ime thy l ammontum group has  high labil i ty.  Subsequent kinetic s tudies 
[18] made  it poss ib le  to quant i ta t ively e s t ima te  its reac t iv i ty .  Bar l in  and Young [18] obtained var ious  t r i -  
m e t h y l a m m o n i n m  der iva t ives  of pyridine,  ni t ropyridine,  pyr imidine,  n i t ropyr imidine ,  and pur ine  and m e a -  
sured  the i r  r a t e s  of reac t ion  with alkal i  in wate r .  It was  found that at 20~ (2 -pyr imidy l ) t r ime thy lammoninm 
chlor ide  r e a c t s  f a s t e r  by a f ac to r  of 700 than 2-ch loropyr imid ine  and f a s t e r  by a f ac to r  of 5 than 2 -me thy l -  
sulfonylpyrtmidine.  

The ni t ro group has  a v e r y  high reac t iv i ty  in azines .  The re la t ive  r a t e s o f  subst i tut ion a t  50 ~ fo r  the 
4 - d e r i v a t i v e s  (NO 2 : SO2Ctt 3 : CI= 7080: 154 : 1) and 2 4 s o m e r s  (NO 2 : SO2CH 3 : C1 =5060 : 65 : 1) were  es tabl i shed 
[19] by compar i son  of the r a t e  constants  f o r  substi tut ion of the ni t ro group in 2- and 4 -n i t ropyr id ines  with 
sodium methoxide in methanol  with the analogous constants  fo r  the cor responding  methylsul fonyl  and ehloro 
de r iva t ives  of pyridine.  

As in the study of the labi l i t ies  of halogen in subst i tuted pyr imid ines  [15], the aminolys i s  (in the case  
of r eac t ion  with butylamine)  of 2- and 4 -methoxy  and 2- and 4 -methy l th iopyr imid ines  was invest igated in 
[20]. Under  these  conditions, the alkoxy group proved to be m o r e  labi le  than the alkylthio groups,  but both 
of these  groups  were  l e s s  r eac t i ve  than the chlor ine a tom in the  cor responding  ch loropyr imid ines .  In the 
case  of the alkoxy der iva t ives ,  amino lys i s  is  accompanied  by i somer i za t ion  to give N-alkyla ted  hydroxy-  
pyr imidines ;  Brown and F o s t e r  [20] took this into account by appropr ia t e  co r rec t ions .  

664 



This  so r t  of i somer iza t ion  compl ica tes  the study of the acid and alkal ine hydro lys i s  of alkoxy de r i v a -  
t ives  of az ines .  The compet i t ive  i somer iza t ion  and dealkylat ion of 2 ,4-d ia lkoxypyr imidines  in aqueous and 
methanol  med ia  has  been invest igated [21]. Dealkylat ion p redomina te s  in s t rongly  acid and s t rongly  alkal ine 
m e d i a  and a l so  when the concentra t ion of the pyr imid ine  ba se s  is v e r y  low; in this case ,  hydro lys i s  of the 
2 -methoxy  group  p roceeds  m o r e  read i ly  in acid media ,  while hydro lys i s  of the 4 -methoxy  group p roceeds  
m o r e  read i ly  in alkal ine media .  In nonaqueous media,  where  dealkylat ion can proceed  only through cleavage 
of the a l k y l - o x y g e n  bond, i somer i za t i on  p redomina te s .  

The acid hydro lys i s  of 2 -methoxypyr imid ine ,  as shown in the O18-labeled compounds p roceeds  p r i -  
m a r i l y  via a nucleophilic subst i t i t ion m e c h a n i s m  through in te rmedia te  ion V, s ince the methanol  that is 
fo rmed  contains 90% of the label  oxygen [22]. In con t ras t  to the acid cleavage of 2-methoxypyr imidine ,  the 
acid hydro lys i s  of alkoxy de r iva t ive  VI, in which the secondary  carbon a tom is bonded to the e the r  oxygen, 
p roceeds  by means  of SN 1 h e t e r o l y s i s  at  the O - A l k  bond [23] of the r ing-pro tona ted  VI. 

N~ \0H2 ~':N/\OH 

y Yl 

2-, 3-, and 4-Methoxypyr id ines  on reac t ion  with sodium methoxide in methanol  readi ly  f o r m  the co r -  
responding hydroxy de r iva t ives  of pyr id ine  and dimethyl  e ther  [24]. In the opinion of Zoltewicz and Sale 
[24], c leavage  of the C - O  bond a lso  p roceeds  at the sa tura ted  carbon a tom of the methoxy group in this case .  

Alkyl(aryl )sul f inyl-  and a lkyl(aryl )sul fonylazines ,  obtained by oxidation of the readi ly  access ib le  a lky l -  
(aryl)thio der iva t ives ,  have high r eac t iv i t i e s  and recen t ly  have been f requent ly  used in nucleophilic subs t i -  
tution reac t ions .  The quanti tat ive study of these  reac t ions  was sys t ema t i zed  (up to 1967) in a rev iew [25], 
in which inves t igat ions  of the amino lys i s  of halo, alkoxy, and alkyl(aryl) thio de r iva t ives  of az ines  we re  a lso  
c o r r e l a t e d  and the i r  r eac t iv i t i e s  we re  compared .  Thus 2- and 4 -me thy l  and 2-  and 4-phenylsulf inyl  as  
wel l  as  2- and 4 - m e t h y l -  and 2- and 4-phenylsulfonyl  g roups  in the cor responding  pyr imid ines  on reac t ion  
with a m y l a m i n e  in d imethyI  sulfoxide (DMSO) a r e  subst i tuted at a somewhat  h igher  r a t e  than the chlor ine  
a tom and f a s t e r  by a f ac to r  of ~ 105 than the alkylthio group [26]. The methylsul fonyl  group in methy l su l -  
fonylpyr idines ,  -py r idaz ines ,  - p y r a z i n e s  and the i r  benzo analogs  is readi ly  replaced by the act ion of sodium 
methoxide  in methanol  [27], while the methylsu l fonyl  group in the 3 posi t ion of pyr idazine  is m o r e  labile by 
a f a c to r  of 90 than the chlor ine  a tom in 3 -ch loropyr idaz ine ;  s imi la r ly ,  2- and 4-methylsulfonylquinol ines  
a r e  m o r e  r eac t ive  by a f ac to r  of 40-100 than the cor responding  chloroquinolines.  

The r a t e  of subst i tut ion of a ry lsu l f iny l  and ary lsu l fonyl  groups  depends on the nature  of the subst i tuent  
in the a r y l  por t ion  of the molecu le .  A l inear  dependence of the reac t ion  ra t e  constants  on the r substi tuent  
constants  is obse rved  in the alkal ine hydro lys i s  of 2- (ary lsu l f inyl ) -and  2- (a ry lsu l fonyl )pyr imid ines  [28]. In 
an invest igat ion of the effect  of an alkyl  group in r eac t ions  of 2-a lkyl th io- ,  2 -a lkylsu l f iny l - ,  and 2-a lky lsu l -  
fonylquinolines with sodium methoxide in methanol  it was shown [29] that  pass ing  f r o m  the methy l  to the 
t e r t -bu ty l  de r iva t ive  induces a d e c r e a s e  in the r a t e  by a fac tor  of 1.8, 140, and 24, respec t ive ly ,  fo r  each 
pa i r  of compounds.  Bar l in  and Brown [29] explain this d e c r e a s e  in the reac t iv i ty  by both the s t e r i c  and e l ec -  
t ronic  effects  of the t e r t - b u t y l  group. 

It is apparen t  f r o m  the examined kinetic data  that the a lkyl(aryl)sulfonyl  g roups  in azines  a r e  m o r e  
labi le  in nucleophilic substi tut ion reac t ions  than the chlor ine  a tom.  The known examples  of the p r e f e r r e d  
substi tut ion by nucleophiles  of the chlor ine  a tom in az ines  that s imul taneously  contain a lkyl(aryl )sul fonyl  
g roups  [30-32] a r e  apparen t ly  a s soc ia t ed  with the mutual  effect  of these groups  on one another  and a l sowi th  
the effect  of o ther  subst i tuents  in the az ines  and with the nature  of the nucleophile. 

The p o t a s s i u m  sa l t s  of va r ious  m o n o -  and disubst i tuted p y r i m i d i n e - 2 -  and -6 - su l fon ic  acids [33] a r e  
read i ly  hydro lyzed  to the cor responding  hydroxypyr imid ines  in alkaline and acid media .  

The r a t e s  of subst i tut ion of var ious  leaving groups  a r e  usual ly  cha rac t e r i zed  by the "e lement  effect"  
by compar ing  the r a t e  constants  of compounds that contain a subst i tu table  group with the r a t e  constants  of 
the chloro der iva t ives ,  which a r e  taken to be unity. As a l r eady  noted, the nature  of the reagen t s  used, o ther  
subst i tuents  in the he te rocyc l i c  r ing (activation of the subs t ra t e  molecule) ,  and the solvation effects  of the 
solvents  have a subs tant ia l  effect  on the ra te  of substi tution of va r ious  groups.  Since there  is no c o m p a r i -  
son of all  of the reac t ion  conditions in mos t  of the publ ished studies,  it is imposs ib le  to c o m p a r e  the o v e r -  
al l  o rde r  of the re la t ive  labi l i t ies  of the subst i tutable  groups  and to cons ider  the r easons  fo r  the changes in 
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the i r  r e l a t ive  reac t iv i t i e s .  On the ba s i s  of the avai lable  quanti tat ive data, one can only note that the. follow- 
ing o rde r  of labi l i t ies  of the leaving groups  is obse rved  in m o s t  c a s e s f o r u n s u b s t i t u t e d  azines:  •O2; ~(CH8)3> 
SO2R; F> Br_~CI> OR> SR> NR 2. 

M e c h a n i s m s  of N u c l e o p h i l i c  S u b s t i t u t i o n  R e a c t i o n s  

in the Azine  S e r i e s  

Concepts regarding the mechanisms of the reactions of heterocyclic compounds with nucleophilic re- 
agents have been established primarily in analogy with the mechanisms of nucleophilic substitution in aro- 
matic hydrocarbon derivatives. This approach to the study of nucleophilic substitution in azines is also 
currently used (thus, for example, the mechanism of the replacement of the 4-~R~ group in the pyrimidine 
series [18] is considered). However, one should bear in mind that concepts regarding the mechanisms of 
nueleophilic substitution in the ardmatic series have" recently changed. Thus it has been assumed [34] that + 
SNI Ar reactions proceed through a carbonium ion (Ar); recently, in the case of the decomposition of di- 
azonium salts, it was proved that radical and ion-radical mechanisms may also occur [35-38]. 

In contrast to aromatic compounds, reactions with nueleophilic reagents in the azine series may pro- 
ceed by a more complex path associated with opening of the heteroring and subsequent cyclization [1, 2, 39- 
43]. 

In investigations of the reactions of compounds of the aromatic series, principal attention is directed 
to the mechanisms of bimolecular substitution reactions. However, even up to the present there has been 
no proof that completely excludes the possibility of the occurrence of these reactions via a one-step syn- 
chronous mechanism [34, 44]. The most widespread concept is that of the two-step SN2 Ar mechanism of 
bimolecular nueleophilic substitution reactions. The principal proofs of this mechanism are based on the 
detection and properties of intermediates (ff complexes) and also on the kinetic regularities of the occur- 
rence of the reactions [34]. The structures and properties of a complexes, including those of the hetero- 
cyclic series have been described in detail in a number of reviews [45-47]. Later other stable ff complexes 
were also obtained in reactions of azines with nucleophilic reagents [48-52]. 

In addition to the classical two-step mechanism, concepts regarding a radical mechanism for nucleo- 
philic substitution reactions have evolved in recent years [53-56]. The effect of light, oxygen, and inhibitors 
on the rate of reactions of halonitrobenzenes with nucleophilic reagents, which attests to a chain mechanism, 
has been observed [53, 55]. The possibility of this sort of mechanism in reactions of azines with nuclee- 
philes has not been proven. One can only note that, like aromatic nitro compounds, azines readily form 
anion radicals during electrochemical reduction [57-59] and reaction with metals [60]; the effect of light 
and hydrogen peroxide [61, 62], just as in reactions of compounds of the benzene series, has been noted in 
reactions of azines with nucleophiles. These data make it possible to assume that a chain mechanism is 
a l so  poss ib le  in nueleophil ic subst i tut ion reac t ions  in azines .  

A z a  A c t i v a t i o n .  E f f e c t  o f  S u b s t i t u e n t s  in  t h e  R i n g  

o f  A z i n e s .  C o r r e l a t i o n  R a t i o s  in t h e  A z i n e  S e r i e s  

The act ivat ing effect  of the he te rocyc l i c  ni t rogen a tom (the aza  group) and the ni t ro  group is often 
compa red  to expose the pecu l i a r i t i e s  of r eac t ions  of azines ,  fo r  which the re la t ive  values  of act ivat ion by 
these  g roups  is usual ly  cons idered  by compar ing  the r a t ios  of the r a t e  constants  under  identical conditions 
(kNo2/kaza). This  ra t io  v a r i e s  within the l imi t s  of one o r d e r  of magni tude [1]. As a l r eady  noted, a num-  
b e r  of f a c t o r s  - the medium,  the group being substituted, the reagent ,  etc. [1, 2] - have a cons iderable  e f -  
fec t  on the r a t e  of nucleophilic subst i tut ion reac t ions ,  and this effect  m a y  be substant ia l ly  different  f o r n i t r o -  
and aza - ae t i va t e d  sys t ems .  It  is the re fo re  not su rp r i s ing  that the usual  o rde r  of r e a c t i v i t y -  NO 2 > aza  or  
kNo2 /kaza>  1 - is  r e v e r s e d  in some  ca s e s .  Th is  so r t  of phenomenon was noted [18] in a compar i son  of the 
r a t e  constants  of a lkal ine hydro lys i s  r eac t ions  in wa t e r  of (5 -n i t ro -2 -py r idy l ) t r ime thy l ammonium (VII) and 
(4 -pyr imidy l ) t r ime thy lammonium (VIII) chlor ides .  

Under  these  conditions, n i t ro  compound VII is  l e ss  r eac t ive  than substi tuted pyr imid ine  vn~  (kNO2/ 
k a z a  ~ 0.4). A g r e a t e r  act ivat ing effect  of the aza  group as  compared  with the ni t ro  group was a lso  p r e -  

I,~N,,~'~N ( C H~}3C I ~ + _ + _ N(CH~)3C I 

VII VII I  
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viously observed inthe case  of react ions with piperidine of 4 -ch loro-6-methy lpyr imid ine  and 2 -ch lo ro -4 -me thy l -  
5-ni t ropyridine in ethanol [63, 64]. It should be noted that in all of these cases  the react ions were car r ied  
out in p ro ton-donor  solvents. A compar ison of the rate constants for  the dechlorination of 2- and 4 -ch lo ro -  
1-ni t ronaphthalenes and 2- and 4-chloroquinolines with piperidine in various solvents demonstrated [65] 
that specific solvation by pro ton-donor  solvents (hydrogen bonding) acce le ra t e s  the nucleophilic react ions 
of halo az ines  considerably more  than those of halonitronaphthalenes. In the opinion of Illuminati and co-  
workers  [65], this difference in the effects of specific solvation is also the reason for  the observed kNO2/ 
kaz a < 1 rat ios.  

The aza group, like the ni tro group, activates the a and "/ positions considerably m o r e  strongly than 
the fi position in the ring of azines.  The widespread opinion regarding the relat ive react ivi ty  of the ~ and 
3/ posit ions in azines is that 3, > ~ (i.e., p > o) predominates  while activation of the nitrogen atoms in com- 
bination, (o, p) > (o, o), p reva i l s  in diazines. However, as seen f rom the data in Table 1, the relative r e a c -  
tivities of the a and ~/ posi t ions of azines depend substantially on the s t ructure  of the substrate,  the type 
of reagent,  and the solvent (see the section ~Solvation Effects in Reactions of Substituted Azines with Nu- 
cleophilic Reagents").  

In examining the effect of substi tuents in var ious  posit ions of the heteror ing on the reactivi ty,  one 
should bear  in mind that the p re sence  in azines of ni trogen atoms, the basici ty of which var ies  as substi tu- 
ents a re  introduced, may complicate  this effect and in some cases  even change it to the opposite of theusual  
effect. F o r  example, the effect is anomalous (e lec t ron-acceptor  substituents such as NO 2 and C1 lead to 
deactivation of the substrate) in the noncatalytic react ion of substituted 2- and 4-ehloroquinolines with p-  
th iocresol  in methanol [66], although the react ion follows second-order  kinetics. Illuminati and co-workers  
[66] have shown that in this case react ion of the subst ra te  with p- th iocreso l  at the heterocycl ic  nitrogen 
atom [Eq. (1)] precedes  nucleophilic substitution o f  chlorine [Eq. (2)]: 

k, 
ArSH (solv.) +QCI  (solv.) ~-ArS (solv . ) -  +HQCI  (solv.) + (1) 

k2 
ArS (solv.) - + HQCI (solv.) + -+ HQSAr (solv.) + + CI (solv.) - (2) 

Q - -  qu ino l ine  residue 

The presence  o2 a fast  preequi l ibr ium (1) explains the observed action of substituents in the react ion 
with p- th iocresol ,  which has a quite acidic proton. 

The appearance of secondary s ter ic  effects on the par t  of substituents in the ortho position relat ive to 
the activating aza group because of hindrance to its solvation by a proton-donor  solvent [67] may serve  as 
an example of another  complication of the effect of substituents. As noted by Call igaris  and co-workers  
[67], these effects in azines, in cont ras t  to ni t ro-act ivated systems,  become significant only in the case of 
very  bulky groups and for  react ions  car r ied  out in protic polar  solvents. In most  of the other  cases,  the 
substituents affect the react iv i ty  mainly through their  e lectronic effects. 

However, the problem of the quantitative allowance for  the polar  interaction of the substituent and the 
react ion center  in the azine se r i e s  is also complicated in cases  in which interactions o f  the heteroatoms 
with the reagents,  solvent, etc. ,  a r e  excluded (see the review [68] on the use of the l lammett  equation for  
heteroeyel ic  compounds). These complicat ions are  caused by interaction of both the react ion center  and the 
substituent with the heteroatom. Kholodov [69] has expressed the opinion that the interaction of the r eac -  
tion center  with the heteroatom is approximately  constant for  the entire ser ies  (for any substituents R); in 
cor re la t ion  analysis,  the magnitude of this interaction will enter  into the log k 0 value and will be ref lected 
in the p value. However, the interaction of substituent R with the heteroatom, which is specific for  each 
type of substituent, will be expressed in a deviation f rom the Hammett  equation. 

In fact, when a small  set of substituents of the same type is used in, for example, react ions  of sub- 
stituted chloropyridines [70] and eh lo ro - sym- t r i az ines  with nucleophiles [71, 72], l inear dependences of logk 
on the r substituent constants a re  found. The observance  of a l inear  dependence between these values w a s  
also established for  a definite relat ive orientation of the substituents (both donors and aeceptors),  ring het-  
eroatoms,  and react ion center .  F o r  example, in a se r ies  of 6-substi tuted 3-ehloropyr idazines  [73] and 4-  
substituted 1-ehlorophthalazines [74], in which the ring heteroatoms a re  not in the para  position relat ive to 
ei ther  R or the react ion center ,  a l inear corre la t ion  between log k and the a substituent constants is 
observed.  Large  deviations f rom the corre la t ion  line are  noted [75, 76] when a large set of subst i-  
tuents of different types are  used in the corre la t ions .  In these cases ,  the r ing nitrogen atoms,  which 
can be considered to be unique groups, in turn  t ransmi t  the effect of variable substituent R to the r e -  
action center  and have a different effect on the lability of the group being substituted, depending on 
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TABLE 1. Relative Reactivit ies of ce- and 3/-Chloroazines 

Azines Nucleophiles Solvents "~E emp'' 
Litera- 

k,v/k a ture 

Chloropyridines 
4-C1/2-C1 

4.C1/2-CI 
4-C1/2-C1 
4-C1/2-Cl 

Chloroquinolines 
4-C1/2-C1 
4-C1/2-CI 
4-C1/2-C1 
4-C1/2-CI 
4-C1/2-CI 
4-C1/2-C1 

2o4-Dichloro- 
quinolines 
4-CI/2-C1 
4-C1/2-C1 
4-C1/2-C1 

Chloropyrimidines 
4-CI/2-CI 
4-C1/2-C1 
4-C1/2-C1 
4-C1/2-C1 
4-C1[2-C1 

2,4-Dlchloro- 
pyrimidine 
4-Cl/2-Cl . 

Chloroquinazoline~ 
4-CU2-C1 

Piper[dine 

Piperidine 
Sodium p.Tnitrophenoxide 
Sodium emoxine 

Piperidine 

Sodium ethoxide 

Dimethylamine 
Dimethylamine 
Sodium methoxide 

Piperidine 

Sodium p-nitrophenoxide 

Piperidine. 

Piperidine 

Piper[dine 

Methanol 
Methanol 
Ethanol 

Toluene 
Ethyl aeetate 
'Piperidine 
~ethanol 
DMSO 
Ethanol. 

Toluene 
iMethanol 
Methanol 

Isooctane 
3enzene 
Methanol 
DMF 
Methanol 

[sooctane 

~thanol 

122-- 
125 
80 
50 
20 

86,5 
86,5 
86,5 
86,5 
86,5 
20 

75,2 
75,2 
75,2 

6O 
60 
6O 
60 
50 

60 

2O 

0,45 

l l  
27 
39 

0,01 
0,06 
0,03 
0,98 
0,4 
l,O 

0,07 
2,6 
1,9 

0,3 
1,6 

II 
7,3 
0,017 

0,5 

6,5.10 s 

l 

90 
91 

2, 92, 93 

83 
83 
83 
83 
83 

l 

94 
94 
95 

96 
87, 88 
87, 88 
87, 88 

91 

96 

2 

the type of substituent.  This sor t  of path for the t r ansmiss ion  of the effect of R was ea r l i e r  widely 
discussed at the qualitative level [2], but its quantitative evaluation is possible by two paths [77]. One 
of these paths assumes  the introduction of new a substituent constants that differ not only f rom the c o r -  
responding substituent constants of the benzene se r i e s  but are  also different for  different posit ions of each 
azine. The other  path is the use of the substituent constants found in the benzene se r ies  by means of the 
mul t ipa ramete r  correlat ion.  The second path is probably more  promis ing,  since it prox ides a possibil i ty 
for  using the available a constant values. Correlat ion of the rate constants of the reac t ions  of substituted 
chloropyrimidtnes  with piperidine in isooctane with the Taft and Lewis r i and ac substituent constants of the 
benzene ser ies  [78] may serve as an example of this sor t  of appraoch. A compar ison  of the Pi and Pc coef- 
f icients in the equations for  the examined compounds of the pyrimidine se r ies  with the analogous coefficients 
of the equations fo r  substituted chlorobenzenes showed that the relat ive conductivity of the electronic effects 
in the pyrimidine ring, e x p r e s s e d  in the form of t ransmiss ion  factors ,  is higher than in the benzene ser ies ,  
and the differences in the t ransmiss ion  of the conjugation effects are  the mos t  substantial  ones. 

S o l v a t i o n  E f f e c t s  in R e a c t i o n s  of  S u b s t i t u t e d  A z i n e s  

w i t h  N u c l e o p h i l ! c  R e a g e n t s  

Solvents within which chemical  react ions  take place determine not only their  r a tes  but often also the 
direct ion (orientation) and mechanism.  A study of the effect of the proper t ies  of the medium on the r eac -  
tion of organic compounds is therefore  current ly  one of the most  important problems in organic chemist ry .  

An examination of solvation effects in nucleophiltc substitution react ions in azines [1, 2] is also usually 
ca r r i ed  out in analogy with the approaches adopted in investigations of these react ions tn compounds of the 
benzene ser ies ,  in which piperidine is mos t  often used as the model reagent  [79-81]. 

Most solvents in react ions of a romat ic  halo der ivat ives  with pipertdine have an effect on the reaction 
ra tes  as a resul t  of nonspecific (ionizing strength of the medium) and specific (homogeneous catalysis} so l -  
ration. The lat ter  is accomplished via general  base, general  acid, general  a c i d - b a s e ,  and bifunctional 
mechanisms,  as a function of the nature of the solvent and the atom or  group undergoing substitution [82]. 

The investigation of the effect of the nature of the solvents on the ra tes  of nucleophilic substitution 
react ions  in the azine se r i e s  has made it possible not only to expose all of the above-indicated fo rms  of 
catalysis  but also to detect different fo rms  of specific so!vat[on that are  charac te r i s t i c  for n i t rogen-con-  
taining he terocycl ic  compounds [1, 2, 12-14, 25, 65-67, 83-89]. On passing f rom nonpolar to polar protic 
and dipolar aprotic solvents, the rate constants of the react ions of 2- and 4-chmroquinol ines  with piperidine 
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i nc rease  [83, 84], and this i nc r ea s e  is much  s m a l l e r  than f o r  the analogous reac t ions  of subst i tuted halo-  
n i t robenzenes .  I l luminat i  and c o - w o r k e r s  [83, 84] note the l a r g e r  effect  of the medium in the case  of 4- 
chloroquinoline than in the case  of the 2 - i s o m e r .  This  so r t  of dec r ea se  in sensi t iv i ty  to a change in solvent 
in the case  of 2-chloroquinol ine was explained by the manifes ta t ion  of the a - a z a  effect, in the understanding 
of which was included the in te rac t ion  of the a - s i t u a t e d  reac t ion  cen te r  with the he te rocyc l ic  nitrogen atom. 

Some data on the compar i son  of the reac t iv i ty  of other  a -  and " / -cMoroaz ines  with nucleophiles in dif- 
fe ren t  solvents  a r e  p resen ted  in Table  1 (k~/k  a a r e  the ra t ios  of the ra te  constants  of the cor responding  
4- and 2-ch loro  de r iva t ives  of azines) .  

It is seen  f rom the data in Table  1 that the l~ / /k  a rat io,  in addition to its dependence on the type of 
subs t ra te ,  nucleophile,  and t empe ra tu r e ,  changes substant ia l ly  as the solvent  changes, and one should note 
that it bas ica l ly  i nc rea se s  with increas ing  polar i ty  and p ro ton-donor  p r o p e r t i e s  of the solvent.  This  so r t  
of i nc rease  in the k y / k  a ra t io  apparent ly  is a lso  assoc ia ted  with the manifes ta t ion  of the a - a z a  effect.  How- 
ever,  this  in te res t ing  phenomenon, which in many  ways de t e rmines  the speci f ics  of he t e roa roma t i c  n i t rogen-  
containing compounds in reac t ions  with nucleophilic reagents ,  is not yet understood.  One cannot exclude 
the poss ib i l i ty  that the unravel ing of the na ture  of the a - a z a  effect will m a k e  it poss ib le  to detect  the fine 
m e c h a n i s m s  of the reac t ions  specif ic  fo r  he te rocyc l ic  aza -ac t iva ted  sys t ems .  

In an investigation of the effect  of solvents  on the r a t e s  of reac t ions  of substi tuted 2- and 4 - c M o r o -  
pyr imid ines ,  Mamaev  and c o - w o r k e r s  [14, 87-89] noted the change in the o r d e r s  of reac t iv i t i e s  of subs t i -  
tuted ch loropyr imid ines  as the nature  of the so lvents  changed. This  phenomenon was explained by the fact  
that the subs t i tuents  in the pyr imid ine  ring have an effect  on the ring he te roa toms  in that they change the 
bas ie i ty  of ch loropyr imid ines  and, consequently,  the i r  capaci ty for  solvation.  In addition, it is noted that 
ch loropyr imid ines  reac t  with p iper id ine  in benzene solution apprec iab ly  m o r e  rapidly  than in isooctane.  
This  sor t  of effect  of benzene,  in the opinion of Mamaev  and c o - w o r k e r s  [87, 89], is explained by both the 
g r e a t e r  contr ibution of nonspecif ic  solvation due to the high polar izabi l i ty  and to the specif ic  solvation of 
bas ic  c h a r a c t e r .  The acce le ra t ing  effect  of so lvents  that have bas ic  p rope r t i e s ,  such as  dioxane, d imethyl -  
fo rmamide ,  piperidine,  and N-methy lpyr ro l idone ,  is a lso explained by the mani fes ta t ion  of bas ic  ca ta lys i s  
[89]. 

Many pape r s  [1, 2, 13, 67, 83, 84] have been devoted to an invest igat ion of the effect  of alcohols and 
o ther  pro t ic  solvents  on the r a t e s  of reac t ions  of haloazines  with piper idine and other  nucleophilic reagents .  
In them, the p r e s e n c e  of ca ta lys i s  by methanol  and other  pro t ic  solvents  at the aza  group in reac t ions  of 
va r ious  he te rocyc l i c  sys t ems ,  pa r t i cu l a r lyqu ino l ines  [1, 2, 83, 84], pyr id ines  [13], and pyr imid ines  [67], is 
noted. In the case  of r eac t ions  of a lkyl -subs t i tu ted  ch loropyr imid ines  and chloroquinolines with p iper id ine  
in var ious  so lvents  [67, 85] and of chloroquinolines with sodium methoxide in methanol  [85], the s t e r i c  ef-  
fect  of subst i tuents  in the o r thopos i t ion  re la t ive  to the aza  group on the ca ta ly t ic  effect  of prot ic  solvents  is  
investigated. Ca l l iga r i s  and c o - w o r k e r s  [67, 85] note that bulky subst i tuents  d e c r e a s e  the solvation effect  
of methanol .  A m o r e  detai led investigation of the effect  of the nature  and composi t ion of solvents  on the 
r a t e  constants  of the r eac t ions  of subst i tuted 2- and 4 -ch lo ropyr [mid ines  was ca r r i ed  out using binary  sol-  
vent m i x t u r e s  [89]. In this investigation, the act ion of specif ic and nonspecif ic  solvation on the r a t e s  of the 
reac t ions  under  considera t ion  was compared .  It was  conf i rmed that speci f ic  solvation of bas ic  c h a r a c t e r  
i nc reases  the reac t ion  ra t e s .  P ro ton -donor  solvents  also have a substant ia l  effect  on the reac t ion  ra tes ,  
and the d i rec t ion  and magni tude of this effect depend on the c h a r a c t e r  of the sub~tituent in the pyr imid ine  
ring. 

The r a t e  constants  of reac t ions  of chloro and fluoro de r iva t ives  of pyr id ines  [12, 13], quinolines, quin- 
oxalines [13], and pyr imid ines  [14, 89] we re  compared  in o r d e r  to expose the genera l  acid ca ta lys i s  at the 
a tom undergoing substi tution. As a l ready  mentioned,  f luoro de r iva t ivesusua l ly  r eac t  at  h igher  r a t e s  than 
the cor responding  chloro de r iva t ives  (kF/kc1 > 1), but the magnitude of this ra t io  is r e la t ive ly  low in the 
case  of az ines  and becom es  l e s s  than one for  o ther  cases  [12]. Bamkole  and I-Iirst [12] link the kF /k c1  r a -  
t ios  with the bas i c i ty  of the reagent  and a s s u m e  that it i n c r e a s e s  with increas ing  bas ic i ty  of the reagent  and 
with the degree  of act ivat ion of the subs t ra te .  A compar i son  of the r a t e s  of r eac t ions  of haloazines  and 
ha loni t robenzenes  with the s ame  nucleophile shows that the k F / k c 1  ra t io  a lso  depends substant ia l ly  on spe-  
cific solvat ion by the solvents ,  espec ia l ly  in the case  of p ro ton-donor  solvents  [13, 14]. 

On the bas i s  of the ava i lab le  expe r imen ta l  data and the analogy with nucleophilic substitution in r e -  
act ions of a r o m a t i c  compounds [79-82], speci f ic  solvation (homogeneous ca ta lys is )  in the reac t ions  of a z i n e s  
with nucleophil ic reagen ts  can be r e p r e s e n t e d  in the following manne r  (in the case  of the reac t ion  of 2-ha lo-  
pyr imid ines  with piperidine):  
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/ z - .  
ll.-,-. H H H H 

y......x\;~/-~ ' \ 
N- -N N,/~,N 

R ~  NT"~N - -  

IX X Xl 

,x-.B+ N~,..' +.B + R ~--':j~''~'N y......N,"~N.-....'~R ~ 

XII XIII 

X is the group being replaced,  B is the base ,  YII is the proton-conta ining solvent,  and RZH is a bifunetional 
solvent  of the piper idine or methanol  type. 

Genera l  ba se  ca ta lys i s  cons i s t s  in split t ing out by a bas ic  solvent (B) of a proton f r o m  the NH group 
of p iper id ine  in ~ complex IX, while genera l  acid ca t a lys i s  cons is t s  in tying up of the a tom or  group (X) un- 
dergoing subst i tut ion or  of the he te roa tom (XIH) by proton-containing solvent YH. In the genera l  case,  the 
m e c h a n i s m  of the specif ic  effect  of the solvents  that have bas ic  p r o p e r t i e s  can be r ep re sen ted  as  genera l  
b a s e - a c i d  ca ta lys i s  (IX and XII). When spli t t ing out of a p r o t o n  and of a r ep laceab le  group a r e  s imul t a -  
neous lyposs ib le ,  bifunctional  ca ta lys i s  (XI) is rea l ized .  

Since re la t ive ly  few studies have appeared  in which the effect  of the nature  of the nucleophile on nu- 
cleophilic substi tut ion reac t ions  in az ines  is  d i scussed  in addition to the p rev ious  rev iews  [1, 2], this  p rob-  
lem is not touched upon in the p resen t  review.  One should only note that, judging f r o m  the inves t igat ion of 
a r o m a t i c  nucleophilic substi tution, the effect  of the nature  of the nucleophile is in t imate ly  in te r re la ted  ~ to the 
solvat ion effects  of the medium,  the nature  of the group being replaced,  and the nature  of the subs t ra t e  [79- 
81]. 

Thus,  despi te  the cons iderable  advances  in Lhe study of nucleophilic subst i tu t ion reac t ions ,  up to now 
many  of the a spec t s  of these  r eac t ions  have not been  clar i f ied.  T h e r e  is no doubt that  a deep understanding 
of the pecu l ia r i t i e s  of the o c c u r r e n c e  of nucleophilic substi tut ion in the azine s e r i e s  p r o m o t e s t h e e x p o s u r e  
of the specifEcs of he te rocyc l ie  compounds and aids synthetic chemis t s  in the se lec t ion of ra t ional  m e a n s  for  
the product ion of new compounds.  

LITERATURE CITED 

i. G. Illuminati, im Adv. Heterocycl. Chem., Vol. 3, Academic Press (1964), p. 285. 
2. R.G. Shepherd and J. L. Fedriek, in: Adv. Heterocycl. Chem., Vol. 4, Academic Press (1965), p. 145. 
3. R. Bacaloglu, Stud. Cereet. Chim. (Bueure~t[), ~ 819 (1971). 
4. T. Kauffmann and R. Wirthwein, Angew. Chem., Intern. Edit., 10, 20 (1971). 
5. Yu. P. Shvachkin and M. K. Berestenko, Vestn. MGU, Ser. Khim., No. 3, 91 (1965). 
6. Y. Kobayashi, I. Kumadaki, S. Taguchi, and Y. Hanazawa,:Tet. Letters, 3901 (1970). 
7. Y.Kobayashi, Io Kumadaki, S. Taguchi, and Y. Hanazawa, Chem. Pharm. Bull. (Tokyo), 20, 1047 (1972). 
8. G. Thomas, S. BrHuer, H. F~irst, and P. Held, German Patent No. 72,790 (1968); Ref. Zh. Khim., 

3N216P (1971). 
9. Y. Kobayashi, I. Kumadak[, and S. Taguchi, Chem. Pharm. Bull. (Tokyo}, 19, 624 (1971). 

I0. A.F. PozharskiiandA. M. Simonov, Chiehibabin Amination of Heterocycles [in Russian], Izd. RGU 
(1971). 

ii. R.A. Abramovitch and J. G. Saha, in: Adv. Heterocycl. Chem., Vol. 6, Academic Press (1966), p. 
274. 

12. T.O. Bamkole and J. Hirst, J. Chem. Soe. B, 848 (1969). 
13. G.B. Bressan, I. Giardi, G. Illuminati, P. Linda, and G. Sleiter, J. Chem. Sot., B, 225 (1971). 
14. S . M .  Shein, O. A. Zagulyaeva,  A. I. Shvets,  and V. P. Mamaev ,  Reakts .  Sposobn. Organ. Soedin., 9, 

890 (1972). 
15. B . W .  Arantz  and D. J .  Brown, J .  Chem. Sot . ,  C, 1889 (1971). 
16. E. Kalatz is ,  J. Chem. Soc., B, 96 (1969). 

670 



17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 

G. Ostrogovich, E. Fliegl,  and R. Bacaloglu, Tet rahedron,  24, 2701 (1968). 
G. B. Bar l in  and A. C. Young, J. Chem. Soc., B, 821,1675 (1971). 
A. Dondoni, A. Mangini, and G. Mossa,  J. Heterocycl .  Chem., 6, 143 (1969). 
D. J.  Brown and R. V. Fos te r ,  Austral .  J. Chem., 19, 1487, 2321 (1966). 
J.  L. Wong and D. S. Fuchs,  J. Org. Chem., ~ 3786 (1970). 
R. Daniels, L. T. Grady, and L. Bauer,  J. Am. Chem. Soc., 87, 1531 (1965). 
R. Daniels, L. T. Grady, and L. Bauer ,  J. Org. Chem., 31, 1790 (1966). 
J. A. Zoltewicz and A. A. Sale, J.  Org. Chem., 35, 3462 (1970). 
G. B. Barl in  and D. J. Brown, in: Topics in Heterocycl ic  Chemistry,  In tersc ience  (1969), p. 122. 
D. J. Brown and P. W. Ford,  J. Chem. Soc., C, 568 (1967). 
G. B. Barl in  and W. V. Brown, J. Chem. Soc., B, 648, 736 (1967). 
D. J. Brown and P. W. Ford ,  J. Chem. Soc., C, 2720 (1969). 
G. B. Barl in  and W. V. Brown, J. Chem. Soc., B, 333 (1969). 
J. M. Sprague and T. B. Johnson, J. Am. Chem. Soc., 58, 423 (1936). 
J.  L. Fedr ick,  R. G. Shepherd, S. G. Svokos, and B. S. Berkman,  Abstr.  of Pape r s  of the 140th Meeting 
of the Amer .  Chem. Soc., Chicago (19614 p. 220. 

32. W.H.  Nyberg and C. C. Cheng, J.  Heterocycl .  Chem., 1, 1 (1964). 
33. D . J .  Brown and J. A. Hoskins, J. Chem. Soc., B, 2214 (1971). 
34. S . D .  Ross, in: Modern Prob lems  of Physica l  Organic Chemis t ry  [Russian translation],  Mir,  Moscow 

(1967), p. 33. 
35. R. Kumar  and P. R. Singh, Tet .  Le t te rs ,  613 (1972). 
36. R .A .  Abramovitch and J. G. Saha, Tet rahedron,  21, 3297 (1965). 
37. K . A .  Bilevich, N. N. Bubnov, I. T. Ioffe, M. I. Kalinkin, O. Yu. Okhlobystin, and P. V. Petrovski i ,  

Izv. Akad. Nauk SSSR, Set .  Khim., 1814 (1971). 
38. A. Rieker ,  P. Niederer ,  and H. B. Stegmann, Tet .  Let te rs ,  3873 (1971). 
39. H . J .  de n Hertog, H. C. van der  Plas,  M. J. P ie t e r se ,  and J. M. Streef,  Rec. Trav .  Chim., 84, 1569 

(1965). 
40. H . C .  van der  Plas  and H. Jongejan, Rec. Trav.  Chim., 89, 680 (1970). 
41. D . J .  Brown, P. W. Ford,  and M. N. Paddon-Row, J. Chem. Soc., C, 1452 (1968). 
42. M. Biffin, D. J. Brown, and O. Por te r ,  J. Chem. Soc., C, 2159 (1968), 
43. J.  Clark, I. Gelling, I. W. Southon, and M. S, Morton, J. Chem. Soc., C, 494 (1970). 
44. J . F .  Bunnet, in: Theore t ica l  Organic Chemis t ry  [Russian translation],  Inostr.  Lit., Moscow (1963), 

p. 183. 
45. R. F o s t e r  and C. A. Fyfe,  Rev. Pure  Appl. Chem., 16, 61 (1966). 
46. M . R .  Crampton, in: Adv. Phys.  Org. Chem., Vol. 7, Academic P r e s s  (1969), p. 211. 
47. M . J .  Strauss ,  Chem. Rev., 70, 667 (1970). 
48. A . P .  Chatrousse,  F. T e r r i e r ,  and R. Shaal, Comptes Rend., C, 2.71, 1477 (1970). 
49. R. Shaal, F o T e r r i e r ,  J. C. Halle, and A. P. Chatrousse,  Tet.  Le t te rs ,  1393 (1970). 
50. G. Illuminati and F.  Stegel, Tet.  Let ters ,  4169 (1968). 
51. M . E . C .  Biffin, J. Miller ,  A. G. Mori tz ,  and D. B. Paul, Austral .  J. Chem., 22, 2561 (1969); 23, 957 

(1970). 
52. J . A .  Zoltewicz and L. S. Helmick,  J.  Amer.  Chem. Soc., 94, 682 (1972). 
53. S . M.  Shein, L. V. Bryukhovetskaya,  A. D. Khmelinskaya, V. F .  Starichenko, and T. M.Ivanova, Reakts.  

Sposobn. Organ. Soedin., 6, 1087 (1969). 
54. S . M .  Shein, L. V. Bryukhovetskaya,  V. F. Pishchugin, V. F.  Starichenko, V. N. Panfilov, and V. V. 

Voevodskii, Zh. Strukt.  Khim., 11, 243 (1970). 
55. L . A .  Blumenfeld, L. V. Bryukhovetskaya,  G. V. Fomin, and S. M. Shein, Zh. Fiz .  Khim., 44, 931 

(1970). 
V. F. Starichenko, V. P. Sokolov, and S. M. Shein, Izv. Akad. Nauk SSSR, Ser.  Khim., 1839 (1971). 
M. D. Sevilla, J.  Phys.  Chem., 74, 805 (1970). 
J. E. O'Reil ly and P. J. Elving, J.  Am. Chem. Soc., 93, 1871 (1971). 

56. 
57. 
58. 
59. 
60. 
61. 
62. 
63, 
64, 
65, 

P. H. Kasai and D. McLeod, J. Am. Chem. Soc., 94, 720 (1972). 
E. M. Kosower and M. Mohammad, J.  Am. Chem. Soc., 90, 3271 (1968). 
R. M. Johnson and C. W. Rees, J. Chem. Soc., B, 15 (1967). 
L. F. Ovechkina, V. I. Gunar, and S. I. Zav'yalov, Izv. Akad. Nauk SSSR, Ser.  Khim., 2035 (1969). 
R. R. Bishop, E. A. S. Cavell, and N. B. Chapman, J. Chem. Soc., 437 (1952). 
N. B. Chapman and C. W. Rees,  J. Chem. Soc., 1190 (1954). 
G. IUuminati, G. Slei ter ,  and M. Speranza,  J. Org. Chem., 36, 1723 (1971). 

671 



66. G. Illuminati, P. Linda, and G. Marino, J. Am. Chem. Soc., 89, 3521 (1967). 
67. M. Calligaris, P. Linda, and G. Marino, Tetrahedron, 23, 813 (1967). 
68. H.H. Jaff~ and H. Lloyd Jones, in: Adv. Heterocycl. Chem., Vol. 3, Academic Press  (1964), p. 209. 
69. L . E .  Kholodov, Reakts. Sposobn. Organ. Soedin., 5, 246 (1968). 
70. T. Kato, H. Hayashi, and T. Anzai, Chem. Pharm. Bull (Tokyo), 15, 1343 (1967). 
71. T .N.  Bykhovskaya and O. N. Vlasov, Reakts. Sposobn. Organ. Soedin., 4, 510 (1967). 
72. T .N.  Bykhovskaya, I. A. Mel'nikova, N. N. MePnikov, O. N. Vlasov, and Yu. A. Baskakov, Zh. Obshch. 

Khim., 39, 1497 (1969). 
73. J . H . M .  Hill and J. G. Krause, J. Org. Chem., ~ 1642 (1964). 
74. J . H . M .  Hill and J. Ehrlich, J. Org. Chem., 36, 3248 (1971). 
75. M. Belli, G. Iiluminati, and G. Marino, Tetrahedron, 19, 345 (1963). 
76. M. Forchiassin, G. Illuminati, and G. Sleiter, J. Heterocycl. Chem., 6, 879 (1969). 
77. Yu. A. Zhdanov and V. I. Minkin, Correlation Analysis in Organic Chemistry [in Russian], Izd. RGU 

(1966), p. 263. 
78. V .P .  Mamaev and O. A. Zagulyaeva, Zh. Organ. Khim., 8, 583 (1972). 
79. B. Capon, M. J. Perkins, and C. W. Rees, in: Organic Reaction Mechanisms, Vol. 1, Interscience 

0-965), p. 133; Vol. 2 (1966), p. 160; Vol. 3 (1967), p. 166. 
80. R.W. Alder, in: Organic Reaction Mechanisms, Vol. 4, Interscience (1968), p. 187; Vol. 5, (1969), p. 

215. 
81. A.R.  Butler, in: Organic Reaction Mechanisms, Vol. 6, Interscience (1970), p. 211. 
82. N.K. Danilova, Candidate's Dissertation, Novosibirsk (1972). 
83. G. Illuminati, G. Marino, and G. Sleiter, J. Amer. Chem. Soc., 89, 3510 (1967). 
84. F. Genel, G. Illuminati, and G. Marino, J. Amer. Chem. Soc., 89, 3516 (1967). 
85. M. Calligaris, G. Illuminati, and G. Marino, J. Amer. Chem. Soc., 89, 3518 0-967). 
86. J. Murto and L. K~i~irifiinen, Suomen Kern., B, 39, 40 (1966). 
87. V .P .  Mamaev, O. A. Zagulyaeva, S. M. Shein, A. I. Shvets, and V. P. Krivopalov, Reakts. Sposobn. 

Organ. Soedin., 5, 824 (1968). 
88. O.A. Zagulyaeva, S. M. Shein, A. I. Shvets, V. P. Mamaev, and V. P. Krivopalov, Reakts. Sposobn, 

Qrgan. Soedin., 7_, 1133 (1970}. 
89. S.M. Shein, V. P. Mamaev, O. A. Zagulyaeva, and A. I. Shvets, Reakts. Sposobn. Organ. Soedin., 9, 

897 (1972). 
G. Coppens, F. Declerck, C. Gillet, and J. Nasielski, Bull. Chim. Belg., 72, 572 (1963). 90. 

91. T . L .  Chart and J. Miller, Austral. J. Chem., 20, 1595 (1967). 
92. N.B. Chapman and D. Q. Russell-Hill, J. Chem. Soc., 1563 (1956). 
93. N.B. Chapman and D. Q. Russell-Hill, Chem. Ind. (London), 1298 (1954). 
94 .  G. Illuminati and G. Marino, AttiAcead. Naz.Lincei, 38, 525 (1965). 
95. G. Marino, Ricerca Scient. (Roma), 30, 2094 (1960). 
96. V. I~. Mamaev, O. A. Zagulyaeva, and V. P. Krivopalov, Dokl. Akad. Nauk SSSR, 193, 600 (1970). 
97. H. Grube and H. Suhr, Ber., 102 , 1570 (1969). 
98. G. Ostrogovich, E. Fliegl, and R. Bacaloglu, Tetrahedron, ~ 2885 (1971). 

672 


