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React ions of the d i r ec t  introduction of ni trogenous a romat ic  he te rocyc les  into nucleophflic 
organic  compounds with the use  in si tu of N-acyl  salts  of he te rocyc l i c  cations and also of 
he t e roa roma t i c  anion radicals  a re  d iscussed.  

The he tary la t ion  reac t ion  is the name which we give to the d i r ec t  introduct ion of a romat ic  he t e ro -  
cycles  into organic compounds [1]. This rev iew cons iders  only those aryla t ion reac t ions  in which he te ro -  
a romat ic  sys t ems  a re  used d i rec t ly  without the previous  product ion of he taryla t ing  agents (such as qua ter -  
na ry  salts,  N-oxides and the i r  qua te rna ry  salts,  etc.) f rom them.  Such reac t ions  include those  of n i t ro-  
genous a romat ic  he te rocyc les  with nucleophilic organic compounds in the p r e s e n c e  of acylat ing agents or 
in the p r e s e n c e  of act ive meta ls .  In the f i r s t  case,  he tary la t ion  is effected by the N-acyl  sal ts  of the he te ro -  
cycles  fo rmed  as in te rmedia tes  in situ and is s imi l a r  in many r e spec t s  to the widely-used and thoroughly 
studied reac t ions  of e lec t rophi l ic  substi tut ion by t ropylium, cyclopropenyl ium and arenediazoninm salts,  

e t c .  Naturally, the mechanisms  of he tary la t ion  with salts  of o ther  he t e roa roma t i c  cations such as pyry l ium 
sal ts  (the so-ca l led  Tre ibs - -Krohnke  reac t ion  [3, 4]) is  s imi la r .  

Hetary la t ion  with ni t rogenous he te rocyc les  in the p r e s e n c e  of active meta ls  is p e r f o r m e d  by anion 
radicals  fo rmed  as in te rmedia tes  in the one -e l ec t ron  reduct ion of the nitrogenous he t e roa roma t i c  
sys t ems  [5]. 

H e t a r y l a t i o n  o f  N - A c y l  S a l t s  o f  A r o m a t i c  H e t e r 0 c y c l e s  

The hetaryla t ion  reac t ion  with N-acyl  sal ts  of pyridine in si tu was f i r s t  pe r fo rmed ,  to the i r  own sur -  
p r i se ,  by Claisen and Haase [6] at the beginning of the p r e sen t  century.  On acylatiug acetophenone with 
benzoyl chloride in the p r e sence  of pyridine,  in addition to the O-benzoyl der ivat ive  of the enolic fo rm of 
acetophenone, they isola ted a compound containing a pyr id ine  nucleus the s t ruc tu re  of which was establ ished 
only in 1951 [7]. tn 1905, R e i s s e r t  [8] d i scovered  that  the reac t ion  of quinoline or  isoquinoline with KCN 
in the p r e s e n c e  of benzoyl  chlor ide fo rmed  N-benzoyl der iva t ives  of c~-cyano-l ,2-dihydroquinol ine o r  
- isoquinol ine .  These  compounds, subsequently cal led " R e i s s e r t ' s  compounds," proved  to be ex t r eme ly  
reac t ive  and have assumed  an impor tant  place in p repa ra t ive  organic ch em is t ry  (see the reviews [9, 10]) 
and the reac t ion  in which they a re  fo rmed  has en tered  chemical  h i s to ry  as R e i s s e r t ' s  reac t ion .  

On consider ing  f rom the usual  points of view reac t ions  of ni trogenous he t e roa roma t i c  compounds in 
the p r e s e n c e  of acylat ing agents, it  becomes  c l ea r  that R e i s s e r t ' s  r eac t ion  is a special  case  of the he ta ry la -  
t ion of an inorganic compound. 

In a study of the acylat ion of dimethylanil ine [11] and of some ketones [12-14] by acyl halides in the 
p r e s e n c e  of pyridine,  it  was found that in these  c i r cums tances  pyr id ine  res idues  en tered  the dimethylanil ine 
nucleus and the ketone molecules .  It was poss ib le  to in t roduce a quinoline res idue  s im i l a r l y  [15]. It was 
cons idered  [7, 11, 15] that N-acylpyr id in ium sal ts  a re  fo rmed  in the cases  descr ibed .  However,  only in the 
l as t  decade through the ef for ts  of many workers ,  including the author  of the p r e sen t  review,  have the syn- 
thet ic  poss ib i l i t ies  of  this in teres t ing  reac t ion  been es tabl ished and its mechanism been studied. The 
author  hopes that the publication of the p re sen t  rev iew and the unsolved questions connected with the 
he tary la t ion  reac t ion  that r emain  will s t imulate  in the r e ad e r  an in te res t  in this field of the chemis t ry  of 
he t e roa r oma t i c  compounds. 
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Mechanism of the Reaction. The f i r s t  stage of the reac t ion  of ni trogenous he te roa romat ic  sys tems 
containing a "pyridine" ni trogen atom in the r ing with organic compounds in the p r e sen ce  of acylating agents 
is the formation of aromat ic  N-acyleyelammonium sal ts .  Only in a few cases  have such hetarylat ing agents 
been isolated [1, 16, 17], but thei r  formation in solutions and the i r  part ic ipat ion in react ions  in situ has been 
s t r i c t ly  demonst ra ted  [1. 22]. 
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There  are  grounds for  believing, in spite of established opinion, that the s imple equil ibrium shown 
above exis ts  only in react ions  of t e r t i a r y  amines.  In the reac t ion  of aeylating agents with nitrogenous 
he te roa romat ic  sys tems not only are  the N-acyl  salts  of type (I) then capable of decomposing into the initial 
reac tan ts  but, as a resu l t  of react ion with anions, they can also apparently be conver ted  into other  e lec t ro -  
neutral  p a r t i c l e s  [22]: for  example: 
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In actual fact, the possibi l i ty  of the ex i s t ence  of the N-acyl  sal ts  {I) in the fo rm of ch a rg e - t r an s f e r  
complexes (CTes) (II) is not a m a t t e r  of doubt in view of the increased  e lec t rophi l ic i ty  of the N-acyl  he te ro-  
a romat ic  cations as compared  with the N-alkyl  and N-ary l*  cations, where  the existence of CTCs has been 
demonst ra ted  [25, 26]. The decomposit ion of the complexes (II) into f r ee  radica ls  has been shown by means 
of ESR and chemical ly  [22]. In par t icular ,  in an investigation of mixtures  of isoquir/51ine and of phenan- 
thr idine with benzoyl chlor ide (but not the fluoride) a signal was found by the ESR method corresponding to 
an unpaired e lec t ron.  The heating of mix tures  of quinoline, isoqninoline, or benzoquinolines with acyl chlo- 
r ides  led to the d imers  (VI). the format ion of which can be explained only by the recombinat ion of the N-acyl  
he te roa romat io  radica ls  (V) [22. 27]. 
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Compounds of type (VI) have also been obtained by the reac t ion  of quinoline or  isoquinoline with acid 
anhydrides in the p r e sence  of zinc dust [22, 28]. 

In general ,  the possibi l i ty  of the format ion of N-alkyl and N-ary l  he te roa romat i c  radica ls  in the one- 
e lec t ron  reduct ion of the corresponding cations by severa l  anions has been discussed repeatedly  in the 
l i t e r a tu re  [29-31] and is apparent ly inherent  in all he t e roa romat i c  cations under  cer ta in  conditions which 
depend on the electrophfl ie i ty  of the cation, the nucleophflici ty of the anion, and the ionizing capaci ty of the 
solvent. 

The reac t ion  of anions and he te roa romat i c  cations with the format ion  of a ~ b o n d  between them (com- 
pounds of type (IV). called "Kryptosalze"  ["Crypto-sa l t s"  or pseudo-sa l t s"]  [32] or  "pseudo-bases"  [33], or  
"Re i s se r t  compounds" [9, 10] depending on the nature  of the anion) is also well known and is de te rmine  d by 
the nature  of the cation and of the anion. An analysis  of much l i t e r a tu re  information (see. for  example, the 
reviews [26]) shows that anions of low nucleophil ici ty (C104-, BF4-, A1C14-, etc.) fo rm only ionic bonds with 

* Concerning the influence of substi tuents attached to the he te roa tom on the e lect rophi l ic i ty  of pyridinium 
cations, see [23-25]. 



h e t e r o a r o m a t i c  cat ions .  S imi la r  q u a t e r n a r y  sa l t s  a r e  p r e s e n t  in solution in the f o r m  of ion p a i r s  or  of 
so lva ted  f r e e  ions and exhibit  the g r e a t e s t  r eac t iv i ty  with r e s p e c t  to nucleophil ic agents .  More  highly 
nucleophil ic  anions (r' ,  OH-, CN-, etc.) r e ac t  with cat ions to form, depending on the e lec t rophi l ic i ty  of the 
cation, CTCs or new compounds with a r bond between the anion and a ca rbon  a tom of a ring. The com-  
pounds (IV) fo rmed  m a y  also  take p a r t  in r eac t ions  with nucleophil ie  agents  with the r ep l acemen t  of the X 
groups  by o ther  r es idues ,  but the act ivat ion ene rgy  of such subst i tut ion reac t ions  is  apparent ly  higher  than 
the ac t ivat ion energ ies  of reac t ions  invo lv ing  the d i rec t  addition of nucleophiles  to cat ions.  Additional 
p roofs  of the convers ion  of the N-acy l  sa l t s  {I) ini t ial ly fo rmed  into e lec t roneu t ra l  p roduc t s  have been ob- 
ta ined in a study of the e l ec t r i ca l  conductivi ty of c rys ta l l ine  2- (N,N-diphenylcarbamoyl) i soquinol in ium 
chlor ide  [22]. 

Thus, the fo rmat ion  of the d i m e r s  (VI) and a lso  a study of the e l ec t r i ca l  conductivity and ESR spec t r a  
of solutions of n i t rogenous  h e t e r o a r o m a t i c  compounds and aeyl  hal ides  in neut ra l  s o l v e n t s  shows the s imul -  
taneous p r e s e n c e  of both N-acy l  h e t e r o a r o m a t i c  cations (I) and N-acy l  h e t e r o a r o m a t i c  r ad ica l s  (III) and (V). 

Accordingly,  the he ta ry la t ion  reac t ion  can take  p lace  by two m e c h a n i s m s - -  cat ionic and rad ica l  m e -  
chan i sms  [22] --  the rea l iza t ion  of one of which apparen t ly  depends on many  fac to r s  affect ing the s tab i l iza-  
t ion of the cat ions (I) f o rm ed  initially: the na ture  of the counter- ion,  the poss ib i l i ty  of the delocal izat ion of 
the pos i t ive  charge  in the cation, the ionizing capac i ty  of the solvent,  etc. As a rule,  N-acy lac r id in ium sal ts  
r e a c t  in si tu by the cat ionic mechan i sm,  N-acylquinol inium, - isoquinol inium, and-benzoquino l in ium sal ts  
by a rad ica l  mechan i sm,  and pyr id in ium sa l t s  by both mechan i sms ,  but this can be changed by varying the 
solvent  or by using ca ta lys t s  and UV i r rad ia t ion .  With the cationic reac t ion  mechan i sm,  fully a roma t i zed  
subst i tu ted he t e rocyc l e s  a r e  obtained as the r e s u l t  of migra t ion  of a hydr ide  ion f r o m  the N-acy l  dihydro 
de r iva t ives  f o rmed  as i n t e rm ed i a t e s  to the N-acy l  h e t e r o a r o m a t i c  cations (I). In the case  of he tary la t ion  
by the r ad i ca l s  (V) such hydr ide  migra t ion  does not take p lace  because  of the reduced  e lec t rophi l ic i ty  of the 
N-acy l  h e t e r o a r o m a t i c  rad ica l s  and the reac t ion  stops at the s tage of the fo rma t ion  of the dihydro de r iva -  
t ives  [22]. For  example ,  in the reac t ion  of acr id ine  with dialkylanil ines [34-37], indoles [38, 39], p y r r o l e s  
[40], furan [41], and other  nucleophflic a r o m a t i c  he t e rocyc l e s  and with al iphatic  compounds [42-45], 9 - sub-  
s t i tuted acr id ines  and 10-acy ld ihydroacr id ines  a r e  fo rmed:  
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Apparent ly ,  the N-acy lac r id in ium cation (VII), on at tacking the ac t ivated a r o m a t i c  nucleus of a dialkylaniline, 
f o r m s  a l 0 - a c y l - 9 -  a ry l -9 ,10 -d ihydroac r id ine  (VIII). Then, under  the action of an excess  of the compound 
(VII), hydr ide  migra t ion  takes  p lace  with the fo rmat ion  of the N-acy ld ihydroacr idane  (X), which can be i so-  
la ted in a lmos t  theore t i ca l  yield [35], and the unstable  N-acy l  sa l t  (IX), which is read i ly  conver ted  in the 
p r e s e n c e  of an excess  of acr id ine  into the final r eac t ion  produc t  (XI). Hydride migra t ion  is poss ib le  in this 
r eac t ion  because  of the g r e a t e r  e lec t rophi l ic i ty  of the N-acy lac r id in ium cation (VII) than of the cation (IX), 
which has  an e lec t ron-donat ing  dialkylaminophenyl  subst i tuent .  

To conf i rm the p ropos ed  s chem e  of cat ionic hetaryla t ion,  a model  r eac t ion  of hydr ide  migra t ion  arm- 
logous to that  desc r ibed  above has  been  p e r f o r m e d  [35]: 
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In this case ,  hydr ide  t r a n s f e r  also takes  p lace  because  of the g r e a t e r  e lec t rophi l ic i ty  of the N-e thyl -  
acr id in ium cation {XII) than of the ion {XIII) in view of the p r e sence  of an e lec t ron-donat ing substi tuent  in 
the l a t t e r .  The sal t  (XIII) fo rmed  in this p r o c e s s  is s table  and has  been iso la ted  together  with N-ethyldihy-  
droacr id ine  [22. 35]. The hydride reduct ion of acr idine  methiodide to N-methyld ihydroacr id ine  by reac t ion  
with var ious  N-methy ld ihydroaer id ines  having e lect ron-donat ing subst i tuents  in posi t ion 9 takes  p lace  
s i m i l a r l y  [35]. 

Hetary la t ion  by pyr id ine  in.the p r e s e n c e  of acylat ing agents may  take p lace  both by a rad ica l  mech a -  
n i sm with the fo rmat ion  of 4--substituted 1 -acy l - l . 4 -d ihyd ropyr id ines  and by a cationic m e c h a n i s m  with the 
fo rmat ion  of 4-subs t i tu ted  pyr id ines .  In pa r t i cu la r ,  when the reac t ion  of pyridine with indoles and acyl 
ha]ides is  p e r f o r m e d  in absolute  benzene.  1 - aey l -4 - ( i ndo l -3 -y l ) - l . 4 -d ihyd ropy r id ine s  a r e  fo rmed  [46]. In 
m o r e  highly po la r  solvents ,  the reac t ion  takes  place  with the fo rmat ion  of 1 -acy l -3-{pyr id in-4-y l ) indo les  
[47]. The authors  concerned do not d iscuss  the reasons  fo r  the fo rmat ion  of the 1 ,4-dihydropyr idine  (XV) 
in some cases  and the comple te ly  a roma t i c  compound (XIX) in o thers .  B e r g m a n  [47] has  given a reac t ion  
scheme  analogous to that  shown above fo r  the acr idinylat ion of dialkylanil ines [35] including the s tage  of the 
reduct ion of N-acy lpyr id in ium sa l t s  to 1 - acy l - l . 4 -d ihyd ropy r id ine s  ~XVII). for  fo rmat ion  of which was 
demons t ra ted  [47]. However,  ins tead of a s imple  hyd r ide - t r an s f e r  scheme,  Bergman  suggested the follow- 
ing l e s s  probable  p roce s s :  
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It  r ema ins  unc lea r  through what reagen ts  the t r a n s f e r  of the acyl group is  effected, while according to the 
scheme  given above t r ansacy la t ion  could take place  a f te r  the loss  by  compound (XV) of a hydr ide  ion 
through the resu l t ing  cation, s ince the acylat ing capaci ty  of N-acylpyr id in ium cations is e x t r e m e l y  high [1]. 
In actual  fact,  under  analogous conditions in the reac t ion  of pyr idine with indole in the p r e s e n c e  of t r i ch lo-  
roace ty l  chloride,  the aey la t ion  and not the pyr id inyla t ion of indole was obse rved  [47]. 

The change in the m e c h a n i s m  of the he ta ry la t ion  reac t ion  m a y  apparent ly  be explained by the a s su mp -  
tion that  in feebly ionizing solvents  the N-acy lpyr id in inm sa l t s  fo rmed  a re  in the s ta te  of a close ion pai r .  
which fac i l i ta tes  the t r a n s f e r  of an e lec t ron  of the anion to the lowest  vacant  ~ orbi tal  of the cation with the 
fo rmat ion  of N-acy lpyr id in ium rad ica l s .  In po la r  solvents ,  however ,  ni t rogenous he te roa romat i c  cations 
and anions in the d issocia ted  sa l t  a r e  solvated,  the fo rmat ion  of rad ica l s  is  m o r e  difficult and. probably,  in 
this  case  cationic he ta ry la t ion  t akes  p lace  with subsequent  hydride migra t ion  as was shown above. 

To i n c r e a s e  the act ivi ty  of the N-acy lpyr id in ium sa l t s  in cationic he tary la t ion  reac t ions  it has been 
p roposed  to u s e  Lewis acids as ca ta lys t s  [48-51]. In these  c i r cums tances ,  the yields i nc rea se  sharp ly  and 
it  is poss ib le  to use  var ious  N-aey lpyr id in ium sa l t s  in the reac t ion  and to de te rmine  the influence of the 
acyl res idues  on the r eac t iv i ty  of the sal ts .  The action of the ca ta lys t s  is  apparen t ly  explained by a change 
in the na ture  of the counter - ion  and the resul t ing  change of the cationic in terac t ion  in the N-acylpyr id in ium 
sa l t s .  In the p r e s e n c e  of A1C13 or other  Lewis acids,  the complex counter - ions  A1C14- or  o thers  with the 
s a m e  elevated nucleophi l ic i ty  a r e  formed,  the reac t ion  of which with the pyr id in ium cation is  l imi ted  only 
by  e l ec t ro s t a t i c  fo rces .  The following m e c h a n i s m  of the he ta ry la t ion  of dimethylani l ine can be imagined:  
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On reac t ion  with nucleophiHc a romat ic  [52-55], he t e roa roma t i c  [41-43], and aliphatic [56] compounds, 
N-acylquinolinium and N-acylisoquinolinium sal ts  fo rm high yields of stable N-acyl  der iva t ives  of 1,2-di-  
hydroquinoline and 1,2-dihydroisoquinoline.  In these  cases ,  the reac t ions  take place,  even though slowly, 
at room t e m p e r a t u r e  in the absence of ca ta lys ts .  They can be acce le ra t ed  by heating or by i r radia t ion  with 
UV light [57]. In cont ras t  to acylpyr idinium salts,  in reac t ions  of acylquinolinium sal ts  the yields a re  
p rac t i ca l ly  independent of the e lec t ronic  nature  of the acyl res idue (which again conf i rms  the radical  me-  
chanism of the react ions) .  Also in harmony with a radica l  mechanism of the reac t ions  is the fact that the 
yie lds  a re  substant ial ly  affected by the na ture  of the anions of the 1-acylquinolinium salts .  Thus, in the r e -  
actions of quinoline and benzoyl fluoride, benzoyl chloride,  benzoyl bromide,  and benzoyl iodide with dimeth- 
ylanil ine under  s tandard  conditions the yields r i s e  r egu la r ly  with an inc rease  in the nucleophil ici ty of the 
anion, which pe r mi t s  the assumption of the par t ic ipat ion in the reac t ions  not of the 1-acylquinolinium cation 
but of a c h a r g e - t r a n s f e r  complex which subsequently decomposes  into a 1-acylquinolinium radical  and halo- 
gen [53, 57]. The p r e s e n c e  of rad ica ls  in the reac t ion  mix ture  has been conf i rmed by ESR spectroscopy.  

A cha rac t e r i s t i c  fea ture  of rad ica l  he taryla t ion  reac t ions  is the format ion of d imers  in the he ta ry la -  
tion of compounds possess ing  weak nucleophil ici ty (benzene. anisole,  thiophene, cyclopentadiene, etc.): 
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Derivat ives  of types (XXVI) and (VI) a re  also fo rmed  in the definite rad ica l  he tary la t ion  of nucleo-  
philic organic compounds with N-acyl  he t e roa romat i c  radica ls  under  the conditions of the Dimroth reac t ion  
[58-62]. N-Substituted he te roa romat i c  rad ica ls  p o s se s s  e lect rophi l ic  p rope r t i e s  [22, 63] and the re fo re  with 
any hetaryla t ion mechan ism there  is an e lect rophi l ic  reac t ion .  In all cases ,  the addition of the he te rocyc l ic  
res idues  to the posi t ion with the highest e lec t ron  densi ty is observed  [1] although the ele 'ctrophflieity of 
he t e roa roma t i c  rad ica l s  has never the less  proved insufficient for  the detachment  of a hydr ide  ion f rom the 
dihydro der ivat ives  (XXVI). Par t i a l ly  hydrogenated compounds of type (XXVI) a re  conver ted  fa i r ly  readi ly  
into a romat ic  sys tems  e i ther  by the detachment  of a hydr ide  ion or as the r e su l t  of the loss  of earbanions, 
pa r t i cu l a r ly  in those cases  where  the carbanions split  off a re  s tabi l ized by neighboring carbonyl  groups 
[64, 65]: 
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The ease  of c leavage of a c a r b o n - c a r b o n  bond in compounds of type (XXVI) with e lec t ron-accept ing  
subst i tuents  in the side chain is responsible  fo r  the possibi l i ty  of the o c c u r r e n c e  of t ranshetary la t ion  r eac -  
t ions as a resu l t  of which the he te rocyc l i e  res idue  migra tes  to other  compounds with labile hydrogen atoms 
[64, 65], as is the case  in cyclopenta t r iene  compounds [66], fo r  example [64]: 

COC6H 5 COC6H5 
XXVll XXWL| 

There  a re  s imi la r  examples  of such easy  cleavage of a C--C bond in the l i t e r a tu re  [66-68] and. as it  ap- 
pea r s  to us, the mechanism of this p roce s s  is s imi l a r  in many cases  to Grob fragmentat ion [69] and. 



apparently, has a general nature. Thus, the reversibility of radical hetarylation reactions and the possibility 
of the occurrence of transhetarylation reactions in some cases have been established [64, 65]. 

Hetarylating Agents. The following have been used successfully in situ as hetarylating agents in the 
direct hetarylation of organic compounds: N-acylpyridinium salts [1, 6, 11, 14, 46-51], N-acylquinoliniu.m 
salts [40-46. 52, 53. 70-751, N-acylisoquinolium salts [54. 56. 76-79L N-acylacridinium salts [34-39, 80-82J, 
N-acylphenanthridinium and other N-acylbenzoquinolinium salts [22, 55, 78], and also N-acyl salts of some 
azines [10. 22] and azoles [83, 84]. Thus, the hetarylation reaction apparently has a general nature and can 
be extended to any heteroaromatic systems having a nitrogen atom of the pyridinium type in the ring. The 
electronic effects of substituents in the benzene rings of benzopyridines have practically no influence on 
the yields of hetarylation products [57. 70]. This has also proved to be valid, in particular, for 8-methyl. 
quinoline [70], although it has been shown previously [72] that the Reissert reaction does not take place 
with 8-substituted quinolines because (in the opinion of Poppet  al. [72]) of the screening of the nitrogen 
atom and the difficulty of formation of 1-acyI salts. The Reissert reaction could not be extended to many 
substituted quinolines, to pyridine, and to acridine [9, 10], while the hetarylation of organic nucleophiles by 
all these compounds takes place fairly readily. Exceptions are formed by 2- and 4-substituted pyridines 
and quinolines. 1-Acyl salts of 2- and 4-methylquinolines do not take part in the hetarylation reaction but 
are converted (with the capture of a hydride ion) into 1-acyl-l.2-dihydroquinoline derivatives [85]. 1-Acyl- 
lepidinium and 1-acylquinaldinium salts behave differently. Depending on the conditions of performing the 
reactions, acyllepidinium cations are converted either into 1-acyl-l,2-dihydroquinolines (XXIX) (at 50~ 
or into the "dimers" {XXX) (at 100~ 

c 

+ H -  OH-  

C,- [o] 

1 ' COR -HCt XXIX COR 

CH~- 

CH -COR CH HCOR 

COR COR COR H 
XXX 

The reaction of acyl halides with quinaldine forms 1- acyl- 1,2,3, 4-tetrahydroquinaldines {XXXI), apparently 
as the result  of the disproportionation (with hydride transfer) of the intermediate 1-acyl-2-methyl-1,2-di- 
hydroquinolines [85]: 

2 H"~ 2 + 

'co. ' L ao. "J co. co. 
XXXl 

Halides of aliphatic, aromatic, and heterocyclic carboxylic acids [1] and sulfonic acids [1, 9. 10, 46] 
and chlorides of some acids of phosphorus [86-88] have proved suitable for the formation of N-acyl salts of 
heteroaromatic cations and subsequent hetarylation with them. Hetarylation takes place in the presence of 
some analogs and vinylogs of acyl halides such as cyanuryl chloride [74, 89. 90] and ~-chlorovinyl ketones 
[91]. with the formation of compounds of types (XXXII) and (XXXIII). 

.y. # 
C~ xxxif !  
XXXI[ 

Hetarylation of Activated Aromatic and Heteroaromatic Nuclei. A necessary condition for the sue- 
cessful occurrence of the hetarylation reaction, as for the similar azo coupling reaction, is a sufficiently 
high nucleophilicity of the compounds undergoing hetarylation. Such compounds include aromatic amines. 
phenols, and other activated aromatic nuclei, and also It-excess heterocycles (pyrrole, indole, furan, etc.). 



In the reaction of s ix-membered aromatic nitrogenous heterocyeles in the presence of aeyl halides with 
such compounds, various heterocyelic derivatives of dialkylanilines and their analogs have been obtained: 
N-phenylmorpholine, N-phenylpyrrolidine, and N,N,-diphenylpiperazine, and also 1- alkyl- 2, 3- dihydroindoles 
and 1-alkyl-l ,2,3.4-tetrahydroquinolines [6, 11, 15, 35, 48-55. 76, 92]. The most active hetarylating agents 
have proved to be N-acylisoquinolinium salts [76] and acylacridinium salts [35-37]. Apart from the dialkyl- 
anilines and their  analogs, it has been possible to introduce an isoquinoline residue in this way only into the 
nucleus of resorcinol  dimethyl ether and of 2, 6-di-tert-butylphenol, where the hydroxy group is screened 
and is not aeylated: other activated aromatic compounds were either aeylated under the reaction conditions 
(phenols, anilines) or were insufficiently nucleophilic (anisole). 

The pyrrole  ring hetarylates more readily. Attention was first  drawn to the possibility of the hetar- 
ylation of pyr ro le  by Fischer  and Ernst [93], who, by the reaction of pyridine and cyanogen bromide on 3- 
ethoxycarbonyl-2,3-dimethylpyrrole,  isolated a colorless substance containing a pyridine residue the s truc-  
ture of which they were unable to determine. Later  [94, 95] pyridinylpyrrole residues of undetermined 
s t ructure  were obtained in attempts at the acylation of pyrroles  with acyl chlorides in pyridine. In the re-  
action of 2- ethoxy- 3,4- dimethylpyrrole with pyridine in the presence of ethyl chloroformate, 3,4- dimethyl- 
2, 5-di(pyridin-4-yl)pyrrole was unexpectedly obtained [96]. As a result  of a detailed study [97, 98] of the 
conditions for the hetarylation of pyrrole  it has been established that, contrary to other information in the 
l i tera ture  [99], it is possible with any N-acyl salts of nitrogenous heteroaromatic cations. The most active 
proved to be N-acylisoquinolinium salts, the reaction of which with unsubstituted pyrrole  at room tempera-  
ture gave mono(2-acyl- 1,2-dihydroisoquinolin- 1-yl)pyrroles (XXXIV, XXXV) and bis(2-acyl- l ,2-dihydroiso-  
quinol in- l-yl)pyrroles  (XXXVI). The ratio of the compounds formed depends to a considerable degree both 
on the nueleophilicity of the pyrrole  ring and on the electrephilicity of the N-aeylcyclammonium salts, 
which is connected, under otherwise the same conditions, with the nature of the acyl residue: with active 
salts the bis derivative (XXXVI) is formed, in the main; with less  active compounds a mixture of all three 
compounds, and with the still less react ive N, N-diphenylcarbamoylisoquinolinium salt only the mono deri-  
vative (XXXIV). 

COR COR COR COR 

)(XX I'V XXXV H XXXVl 

It is possible to introduce only one heterocyclic residue into an a position of the pyrrole  nucleus of 
N-phenylpyrrole, the nucleophilicity of which is lowered because of the electron-accepting influence of the 
phenyl substituent. The monohetaryl derivatives (XXXIV) may also take part  in a hetarylation reaction with 
the formation of {XXXVI) or of 2, 5-dihetarylpyrroles with various heteroeyclic residues or with the same 
heterocycles but with different acyl substituents in them [98], 

By a similar method, it has proved possible to obtain various heteroeyelic furan derivatives, as well, 
in one stage [41, 100, 101]. In particular,  the reaction of furan, sylvane, or 2,5-dimethylfuran with quino- 
line, isoquinoline, or phenanthridine in the presence of acyl halides gave mono- and diheterocyclic deriva- 
tives of furan: 

COR COR 

In this reaction, the formation of ~-hetarylfurans with a free a position as has been observed in the 
hetarylation of p y r r o l e s  was not found. 

Under s imilar  conditions, N-acyl salts of acridine react  with the formation of N-acyldihydroacridines 
and of 9-furylacridine. 

Attempts have been made to extend the hetarylation reaction to thiophene, benzo[b]thiophene, 2-meth- 
ylthiophene, selenophene, and 2-methylselenophene [22. 27]. It is known [102-105] that in electrophilie sub- 
stitution reactions the relative reactivit ies of ~-excess  heterocyclic systems change in the following way*: 

*The figures character ize  the reactivities of these heterocycles in electrophilic substitution reactions [102-105]. 
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In agreement  with this.  all at tempts to p e r f o r m  the hetaryla t ion of thiophene and of benzo[b]thiophene have 
proved  unsuccessful .  In the react ions  of N-acylpyridinium and N-acylacr id inium cations, only the initial 
reac tan ts  were  isolated, but the react ion of N-acylisoquinolinium salts  with thiophene and benzo[b]thiophene 
gave d imers  of the N-acyl  radica ls  formed as in termedia tes .  

It has been possible  to extend the arylat ion react ion to the more  nucleophilic selenophene, 2-methyl-  
selenophene, and 2-methylthiophene where, as in the case of the furans, mono- and dihetaryl  der ivat ives  
a re  formed [27]. 

In contras t  to the hetaryla t ion of py r ro l e s  and other  f ive -membered  he te rocyc les ,  in the indole s e r i e s  
this react ion has recen t ly  a t t rac ted  grea t  attention [39, 46. 47, 58, 91]. The react ions of indoles with pyr i -  
dine, quinoline, isoquinoline, and some benzoquinolines in the p resence  of chlor ides  of carboxylic  and sul- 
fonic acids and also of acids of phosphorus and B-halogenovinyl ketones fo rm the corresponding indole 
der ivat ives  [22]: 

In the reac t ion  of acr idine with indoles under  s imi la r  conditions, however. 9-  ( indolin-3-yl)acridines 
and N-acyldihydroacr id ines  were  obtained [39]. It must  be mentioned that it  has not previous ly  been poss i -  
ble to introduce an acr id ine  res idue  into the indole molecule  in this way. Acridinylindoles can also be ob- 
tained by the reac t ion  of ~cridine hydrochlor ide  with indoles [39]. 

H e t a r y l a t i o n  o f  S o m e  C H - A c i d s  

The most  active N-acylisoquinolininm sal ts  he ta ry la te  organic CH-acids with pK a values of about 20- 
21 (for example, acetone, with pK a 20), while less  active salts  e i ther  a re  acylating agents under these  con- 
ditions, or fo rm dimers ,  or  he ta ry la te  the CH-acids.  In par t icular ,  N-acylammonium salts  a re  acylating 
agents only when t e r t i a r y  aliphatic amines a re  used, and in these c i rcumstances  O-acylat ion and C-acyla-  
t ion of the carbonyl  compounds take place to equal extents [6, 106, 107]. In the p re sence  of pyridine,  de- 
pending on the na ture  of the carbonyl  component, e i ther  O-acylat ion (in reac t ions  with B-dicarbonyl  com- 
pounds) or pyridinylat ion (in react ions  with ketones) takes place predominant ly  [12-15, 46]. As a rule, 
N-acylquinolinium. N-acylisoquinolinium, and N-acylphenanthridinium salts he tary la te  both monocarbonyl 
and ~-dicarbonyl  compounds [7. 46, 78, 107]. Similarly,  the reac t ion  of acr idine with acetophenones in the 
p r e se nc e  of acyl halides has led to 9-phenacylacr idines  and other  ketones of the acr idine s e r i e s  [56], al-  
though the re  is informat ion in the l i t e ra tu re  that such react ions  do not take place with acridine [46]. It has 
also been poss ible  to synthesize  he te rocyc l ic  der iva t ives  of oxosteroids  in the same way [79, 108, 109]. 

Making use  of the activation of the he te rocyc l ic  nucleus in the molecules  of thiazolidinones and py r -  
azolinones, l ike ketones, i t  has been poss ible  to extend the method of hetaryla t ion by N-acyl  sal ts  to these 
he te rocyc les ,  as well [42. 43]. 

o R 

COR COR 
X=O,S,NCBH5, R=CH3; CBHs; N(CBH5) 2 ; f u~ l  ; t~enyl  ; Oc2H 5 

Re=H ; C2H5; CsH 5 

The alkaline hydrolys is  of the compounds synthesized fo rms  the corresponding thioglycolic acids of the 
he te rocyc l i c  se r ies ,  and this can be rega rded  as a convenient p repara t ive  method for  obtaining them [42, 43]. 

It has also been poss ible  to extend the hetaryla t ion  reac t ion  to such CH-acids as cyclopentadiene, 
phenylacetylene,  indene, azulene, and guaiazulene {pK a values 18, 15.5, 20, and 21, respect ively)  and others,  
while f luorene (pK a 22.9) and f e r rocene  do not take pa r t  in this reac t ion  [22, 110]. 



T h e  A r b u z o v  R e a r r a n g e m e n t  u n d e r  t h e  A c t i o n  

o f  N - A c y l  H e t e r o a r o m a t i e  C a t i o n s  

Recent ly  it has been  p roposed  to synthes ize  phosphonic acids of the acr id ine  s e r i e s  by  the react ion  of 
ac r id in ium sal ts  with sodium diethyl phosphate  [111]. 

O O O 
II II II 

H P--(OR).  P-- (OR)-  P-- (OH)_ 

Ncl PO (OR)2 ---. 
j ? - N E "  

I I 
R R R R 

Simultaneously [112], a genera l  and m o r e  convenient  method for  synthesizing he te rocyc l i c  phosphonic 
acids on the bas i s  of the reac t ion  of h e t e r o a r o m a t i c  cat ions with t r ia lky l  phosphi tes  was developed. The 
p e r f o r m a n c e  of this react ion  is pa r t i cu l a r l y  convenient  with protonic  sa l t s  of s i x - m e m b e r e d  ni t rogenous 
he t e rocyc l e s  or  with the i r  N-acy l  sal ts ,  s ince in these  c i r c u m s t a n c e s  the end-products  of the reac t ion  a r e  
he te roocyc l ic  phosphonic acids,  and not the i r  qua te rna ry  sa l t s  [113-115]. 

It has  p roved  poss ib le  to s impl i fy  this method by  combining the s tages  of obtaining the acr id ine  hydro-  
chlor ide  and the t r i a lky l  phosphi tes .  Fo r  this purpose ,  the react ion  of acr idine  with phosphorochlor id i tes  
is  p e r f o r m e d  in any alcohol, and the N-phosphoryl  acr id ine  sa l t s  so fo rmed  reac t  with the alcohol to f o r m  
t r i a lky l  phosphi tes  and acr id ine  hydrochlor ide ,  which then takes  p a r t  in the Arbuzov r e a r r a n g e m e n t  [116]: 

(RO)IPO (RO)2PO (HO)2PO 

AC~ H . O P (  , 
_ H. I "oR" 

~ R'OH 
...... +c,o,oR,,- - -  + o oR,,o.- 

I c t -  ~ c ,  H 
P(OR) 2 

In this way it has a lso  been poss ib le  to obtain mixed e s t e r s  of 9 .10-d ihydroacr id in-9-y lphosphonic  
acid.  

H e t a r y l a t i o n  o f  O r g a n i c  C o m p o u n d s  w i t h  N i t r o g e n o u s  

H e t e r o a r o m a t i c  A n i o n  R a d i c a l s  

It  is not poss ib le  by using N-acy l  sa l t s  to in t roduce he te rocyc l ic  r e s idues  into compounds containing 
NH. OH, and SH groups,  s ince in these  c a s e s  acylation,  and not hetarylat ion,  takes  p lace .  In view of this, 
a m o r e  un ive r sa l  method for  the d i r ec t  he ta ry la t ion  of organic  compounds used in he t e roa roma t i c  anion 
r ad ica l s  fo rmed  in the one -e lec t ron  reduct ion of ni t rogenous bases  with act ive  me ta l s  has  been developed 
[117-119]. In pa r t i cu la r ,  when a mix tu re  of any s i x - m e m b e r e d  ni t rogenous he te rocyc le  and indole is heated 
with me ta l s  in an anhydrous apro t ic  solvent  in an a tmosphe re  of carefu l ly  dr ied ni trogen,  a mix tu re  of 
he te rocyc l i c  de r iva t ives  of indole and of b ihe te rocyc les  is formed.  The tota l  yield of reac t ion  products  and 
the r a t io  of the i s o m e r i c  he tary l indoles  and b ihe te rocyc les  fo rmed  is de te rmined  by the redox potential  and 
by the coordinat ing capac i ty  of the ca ta lys t .  Thus, in the reac t ion  of quinoline with indole, depending on the 
ca ta lys t ,  2 ,2 ' - ,  2 ,3 ' - ,  and 4,4 ' -biquinol inyls  and 2- and 4- (indol-3-yl)qninolines,  and a lso  pa r t i a l l y  hydro-  
genated biquinolinyls, a r e  obtained [117-119]: 

H H 



Various hetarylindoles and also heterocyclic derivatives of other v -excess  heterocyeles, phenols, and 
aromatic amines have been obtained similarly. The hetarylation of ketones is possible in the same way 
provided that the heterocycle used in the reaction is reduced more readily than the ketone [120]. Otherwise, 
as the result of one-electron reduction of the ketones by the active metal, anion radicals are formed which 
attack the heteroeyelic nucleus with the formation of ter t iary  alcohols or which dimerize with the formation 
of pinacones (Emmert reaction [121, I22[). On comparing the reduction potentials of various N-heteracyeles 
and ketones, it was found that almost all pyridines, with the exception of acridine, are reduced with greater  
difficulty than acetophenone [123]. Because of this. on performing the Emmer~ reaction with pyridine, 
quinoline, and isoquinoline the corresponding te r t ia ry  alcohols are formed, while with acridine in all cases 
it was not carbinols but ketones of the acridine ser ies  that were obtained [120]: 

In the absence of a nucleophilic organic compound, the reaction of s ix-membered nitrogenous hetero- 
cycles with active metals gave bihetaryls as a result  of the recombination of the heteroaromatic anion 
radicals formed as intermediates, Preparat ive methods for obtaining pyridines, biacridinyls, biquinolinyls. 
and other biheterocycles have been based on this [119, 124]. 
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