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The cycl izat ion of e thy leneamines  by the act ion of m e r c u r y  sal ts  to give f ive-  and s ix -  
m e m b e r e d  ni t rogen he t e rocyc le s  is  examined.  The m e c h a n i s m  and s t e r e o c h e m i s t r y  of this 
reac t ion  and the chemical  and t h r ee -d imens iona l  s t r u c t u r e s  of the in t e rmed ia te  o rgano-  
m e r c u r y  compounds and some chemical  p r o p e r t i e s  of the l a t t e r  a r e  d iscussed .  

Beginning in 1966, we developed a new method fo r  the a lkylat ion of amines  by olefins by means  of 
m e r c u r y  sal ts ;  this  method has a l so  Sound applicat ion in the synthes is  of ni t rogen he t e rocyc le s  [1]. 

In the p r e s e n t  communica t ion  some  genera l  p r o b l e m s  of reac t ions  proceeding  with i n t r amo lec u l a r  
cycl izat ion (see the r ev iew in [2]) will be examined  br ief ly .  Special at tention will be d i rec ted  to the pecu-  
l i a r i t i e s  of m e r c u r y - c o n t a i n i n g  e lec t rophi l i c  reagen ts  and to the p r o p e r t i e s  (in pa r t i cu la r ,  the s t e r e o c h e m -  
ical  p rope r t i e s )  of the in t e rmed ia t e  o r g a n o m e r c u r y  compounds.  The pr incipal  por t ion of this rev iew is  
devoted to he te rocyc l iza t ion  by means  of aminomercu ra t i on .  Hydroxymercura t ion  and aminomercu ra t i on  
reac t ions  will be c o m p a r e d  at  the  end of this review.  

Cycl izat ion in two poss ib le  d i rec t ions  can occur  s imul taneous ly  when e lec t rophi l ic  reagent  XZ is  
added to an unsa tura ted  molecu le  having an e l ec t ron -donor  grouping: 

...--- ~ +-XZ 4- Z -  
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This  s o r t  of cycl izat ion is  a spec ia l  case  of reac t ions  involving the par t ic ipa t ion  of adjacent  groups,  
which, in confo rmi ty  with cer ta in  s t e r eochemica l  pecu l ia r i t i e s ,  lead to r ings  of definite s t ruc ture .  With a 
few except ions,  r ings  of this so r t  usual ly  have five to six links. The predominant  or ientat ion co r re sponds  
to the c lass ica l  p r inc ip les  of e lec t rophi l i c  addition (for example ,  to the Markownikoff  rule) .  

The s t ruc tu re  of the cycl izat ion product  depends on the c h a r a c t e r  of the subst i tuents  a t tached to the 
double bond, on s t e r i c  effects ,  which influence the s tabi l izat ion of the cyclic  t rans i t ion s ta te ,  and on the 
nucleophil ic  p r o p e r t i e s  of the e l ec t ron -donor  por t ion  of the unsa tura ted  molecule .  The na ture  of the e l ec -  
t rophi le  and the solvent  used  a lso  m a y  have a definite effect .  

When two subst i tuents  a r e  a t tached to the t e rmina l  carbon a tom of the double bond, a s i x - m e m b e r e d  
r ing is  fo rmed ,  whe reas  when another  carbon a tom i s  subst i tuted a f i v e - m e m b e r e d  ring is  obtained. 
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An additional factor  is the configuration of the molecule:  It is known that the orientat ion of cycl iza-  
tion in a number  of cinnamic acids changes as  the geomet ry  of the double bond is  a l tered .  

If the re  i s  ye t  another  he te roa tom inthe  cha inof the  unsatura ted  molecule  (CH 2 = C H - C H ~ - Z - C H 2 C H  z- 
D, Z = O, S, NH), the degree  of cyet izat ion d e c r e a s e s .  Moreoever ,  the react ion is inhibited and is somet imes  
rep laced  by an addition o r  substitution react ion.  This effect  is pa r t i cu la r ly  noticeable when oxygen is  the 
second he te roa tom.  

Iodine, Br2, C t2 ,Hg+,perac ids ;e te .  , a r e  used as the e lect rophi l ic  reagents .  In o rd e r  to avoid com- 
peti t ion with normal  addition reac t ions ,  i t  is  expedient to use weak e lec t rophi les  (I2, HgCI2) , par t icu lar ly  
in nonaqueous solutions.  I t  has been shown (Berti) that,  fo r  example,  t r ans -2 -ca rboxy - s t i l bene  is  cycl ized 
complete ly  when i t  i s  t r ea t ed  with chlorine in all nonaqueous solvents ,  whereas  bromine brought  about 
cycl izat ion in CHCI~ but added to the subs t ra te  in CCI 4. When water  is  used as  the solvent,  the opposite 
pat tern  is observed .  Somet imes  e lect rophi l ic  reagents  may par t ic ipa te  in the cyclizat ion react ion in dif-  
f e ren t  f o r ms  (HgC12--* ttgC12 and HgCI+); HgCI + is  120,000 t imes  m o re  reac t ive  than the neutral  molecule .  

Kinetic invest igat ions  indicate that (1) the ra te  of cyclization depends on the s t ruc ture ,  configuration, 
and conformation of the unsatura ted  port ion of the molecule  and the ra t io  between the e lec t rophi l ic  p r o p e r -  
t ies  of the reagent  and the nucleophilic p roper t i e s  of the donor group; (2) alkyl substi tuents at  the end of 
the chain a c c e l e r a t e  the react ion;  (3) a romat i c  substi tuents inhibit the react ion.  

The mechanism of the reac t ion  consis ts  in the formation of onium s t ruc tu re s  with subsequent t rans  
addition. It should be noted that react ions  of this so r t  a re  much more  sensi t ive to nucleophilic p roper t i e s  
of the donor  subst i tuent  than the usual addition reac t ions .  

M e r c u r y  S a l t s  a s  E l e c t r o p h i l i c  R e a g e n t s  a n d  S 0 m e  

P r o p e r t i e s  o f  O r g a n o m e r c u r y  C o m p o u n d s  

The e lec t rophi I ic  p roper t i e s  of m e r c u r y  sal ts  change as  a function of the nature of the anion; thus 
m e r c u r i c  aceta te  is  a s t ronger  e lec t rophi le  than m e r c u r i c  chloride.  

One of the i sotopes  of m e r c u r y  (19~Hg, spin 1/2, natural  abundance 17%) has r a the r  l a rge  s p i n - s p i n  
constants  f o r  coupling with vicinal  and geminal protons,  and this makes  o rganomercu ry  compounds con- 
venient  ma te r i a l s  for  NMR invest igat ions.  

Organomercu ry  compounds a re  considerably less  react ive  than many other  organometal l ic  compounds. 
This  is due to the smal l  amount  of ionic cha r ac t e r  of the m e t a l - c a r b o n  bond (11%); this is  explained by the 
Pact that the e lec t ronegat iv i ty  of m e r c u r y  (1.95) is  v e r y  close to the e lect ronegat iv i ty  of carbon. 

The products  of addition of m e r c u r y  sal ts  to v bonds a re  of par t i cu la r  in teres t .  They have been 
known since 1892 [3, 4] and have been thoroughly invest igated in connection with the fact  that  they a re  im-  
portant  in te rmedia tes  in organic  synthesis .  The reac t ion  of a m e r c u r y  sal t  with a double bond usual ly 
gives e i the r  an addition product  (path a) or  an al lyi  substitution product  (path b): 
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Addition has been accompl ished p r i m a r i l y  by means of hydroxyl-containing reagents  - water ,  a lco-  
hols,  acids ,  pe rac ids ,  etc.  - and has been called the hydroxymercura t ion  react ion [5]. 

We extend the boundaries of applicabil i ty of these mercu ra t ion  reac t ions  by using p r i m a r y  and s ec -  
ondary amines  as  the nucleophiles and in this way real iz ing aminomercura t ion .  Several  studies that p r e -  
ceded our  invest igat ions in this  a r ea  should be mentioned [6-8]. 

A m i n o m e r c u r a t i o n -  I n t r a m o l e c u l a r  H e t e r o c y c l i z a t i o n  

o f  E t h y l e n e a m i n e s  

Depending on the types of olefin and amine,  this react ion may  be e i the r  a method for  alkylation of 
amines (af ter  demercura t ion  of the in termedia te)  or  a method for amination of a double bond. 
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The react ion  has  ionic c h a r a c t e r .  A ~r complex or  a m e r c u r i n i u m  ion is  fo rmed  in the f i r s t  s tep,  and 
a Markownikoff  addition product  is  obtained when i t  r e ac t s  with an amine .  

The reduction of the in t e rmed ia te  o r g a n o m e r c u r y  compound with complex hydrides  p roceeds  via a 
radica l  o r  ionic mechan i sm.  In the l a t t e r  case ,  an az i r id in ium ion is  fo rmed  as  an in te rmedia te  s t ruc tu re ,  
and this s o m e t i m e s  leads to the product ion of two i s o m e r i c  amines .  

The s t ruc tu re  of the o r g a n o m e r c u r y  compound can be es tab l i shed  by NMR spec t roscopy  f rom the 
JlS~Hg,H value.  

I f  the double bond and the amino group a r e  located in the s a m e  molecule  and a r e  sepa ra ted  by a suf -  
f ic ient ly  long carbon chain, a m i n o m e r c u r a t i o n  p roceeds  i n t r amo lecu l a r l y  via the s a m e  scheme  to give a 
he te rocyc le  containing one l e s s  carbon a tom:  
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React ions  of this so r t  a r e  known in the case  of hydroxymercura t ion .  Thus in 1923 Adams rea l i zed  
the cycl izat ion of o-al ly lphenol  with m e r c u r y  sa l t s  to a m e r c u r a t e d  dihydrobenzofuran [9]: 

-- HX ~ H--CH2HgX 

The kinet ics  of this reac t ion  were  inves t iga ted  in [10], and la te r ,  with the use  of o ther  ethylene a l -  
cohols, it became a method fo r  the synthes is  of numerous  furan  and py ran  de r iva t ives  [11]. The s ame  
type of cycl iza t ion was examined in [12]. 

The invest igat ion of i n t r a m o l e c u l a r  a m i n o m e r c u r a t i o n  has developed in s eve ra l  d i rect ions:  the study 
of the effect  of solvents ,  the ef fec ts  of a change in the nucleophi l ic i ty  of the ni t rogen a tom as  the subst i tu-  
ent a t tached to this a tom is  var ied ,  and e s t ab l i shmen t  of the ef fec ts  of modif icat ion of the carbon skeleton 
(substi tut ion in the chain o]~ at  the double bond, and change in the chain lengths).  

The i n t r a m o l e c u l a r  cycl izat ion of 1 -p ropy lamino-4 -pen tene  (I) in an apro t i c  solvent  [ te t rahydrofuran  
(THF)] by means  of m e r c u r i c  chloride gave, a f t e r  reduct ion of in t e rmed ia te  o r g a n o m e r c u r y  compound II, 
individual 1 -p ropy l -2 -m e t hy l py r roHd i ne  (HI) in 80% yield. 
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Although the o r g a n o m e r c u r y  compound was not i so la ted  because of i t s  instabil i ty,  the format ion  of 
only pyr ro l id ine  II as  a r e su l t  of reduct ion indicates  that p r i m a r y  a t tack  of the m e r c u r y  cation p roceeds  
at  the t e rmina l  carbon a tom.  

In o r d e r  to ve r i fy  whether  the s to i ch iome t ry  of i n t e rmo lecu l a r  a m i n o m e r c u r a t i o n  (amine/HgX~ = 2) 
is  re ta ined  in this case ,  the cycl izat ion was inves t iga ted  by means  of NMR spec t roscopy .  It was found that  
when the a m i n e - t o - m e r c u r y  sa l t  ra t io  is  unity, the s ignals  of the ethylene pro tons  vanish complete ly .  The 
fo rmat ion  of an o r g a n o m e r c u r y  compound is  conf i rmed  a lso  by the appea rance  of the signal of a proton a t -  
tached to a t e r t i a r y  ca rbon  a tom and by a c h a r a c t e r i s t i c  shif t  of the o ther  s ignals .  Thus,  the proton that 
is  r e l e a s e d  as a r e su l t  of cycl izat ion r e m a i n s  fixed in the reac t ion  product  and does not add to the s ta r t ing  
amine .  

I t  was shown by a special  expe r imen t  that  in the alkal ine med ium in which the reduction with sodium 
borohydride  is  p e r f o r m e d ,  the o r g a n o m e r c u r y  compound is  s table ,  in con t ras t  to the p rev ious ly  repor ted  
data [5]. 



TABLE 1. Yields of the P roduc t  of Cycl izat ion of 1 - P r o p y l a m i n o -  
4-pentene  by Means of M e r c u r i c  Chloride 

Solvent  ~ THF i H~O I THF/HzO ! MeOH AcOH 

t 
75 i 80 ! 85 85 10 

TABLE 2. Yield  of Cycl iza t ion P roduc t s  of N-Subst i tu ted  
1 -Amino-4 -pen tenes  ( m e r c u r i c  chloride in THF) 

�9 
Amine  IV v I vI 

R H :~e Pr  t-Bu 
Yield, % 20* 50 75 60 

* The yield was 70% when m e r c u r i c  ace ta te  was used.  
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R e p l a c e m e n t  of m e r c u r i c  chlor ide by the ace ta te  does not affect  the d i rec t ion of the cycl izat ion of 
amine  I, but this r e p l a c e m e n t  is  of s ignif icance for  reac t ions  with p r i m a r y  e thyleneamines .  

Apro t i c  so lvents ,  which make  i t  poss ib le  to avoid compete l ive  hydroxymercu ra t ion ,  we re  the m o s t  
convenient  so lvents  ini t ial ly.  Most  of the cycl izat ion reac t ions  were  t he re fo re  c a r r i e d  out in Tt tF ,  inwhich 
m e r c u r i c  chlor ide  d i s so lves  readi ly ,  whe rea s  m o s t  of the resu l t ing  cycl ic  o r g a n o m e r c u r y  compounds a r e  
only s l ight ly  soluble in it, and this  i s  of  additional i n t e r e s t  f r o m  a p r e p a r a t i v e  point of view. 

Although i t  was  a s s u m e d  that  hyd roxymercu ra f ion  would p roceed  a t  a high ra t e  in a p ro t i c  medium,  
the reac t ion  in wate r ,  methanol ,  o r  even in ace t i c  acid gave exc lus ive ly  an i n t r a m o l e e u l a r  a m i n o m e r c u -  
rat ion product .  The cycl izat ion should t h e r e f o r e  be cons idered  to be m e r c u r a t i o n  of the double bond with 
par t ic ipa t ion  of the adjacent  n i t rogen a tom (anch imer ic  acce le ra t ion) .  This so r t  of par t i c ipa t ion  is  a m a x i -  
m u m  i f  a f i v e - m e m b e r e d  r ing  is  fo rmed ,  as  has  been found fo r  the so lvo lys i s  of chlorohydr ins  [13]. 

In addition, i t  i s  known that  this so r t  of par t ic ipa t ion  shows up m o s t  dis t inct ly if two groups a r e  in 
an anti conformat ion  [13]. The assumpt ion  of an anti or ienta t ion of the ni t rogen and m e r c u r y  a toms  in the 
t rans i t ion  s ta te  of the cycl izat ion follows f rom this .  

F r o m  a p r e p a r a t i v e  point of view, THF, methanol ,  o r  wa te r  a r e  app rox ima te ly  ident ica l ly  sui table 
for  the cycl izat ion.  On the other  hand, in ace t ic  acid  the yield of cycl izat ion produc t  i s  low because  of 
pa r t i a l  protonat ion of the ni t rogen a tom of the s ta r t ing  amine  (Table 1). 

The best  r e su l t s  we re  obtained when the react ion  was c a r r i e d  out in THF/H~O; this was a lso  noted 
in the case  of hyd roxymercu ra t i on  [141. 

Substi tuents a t tached to the n i t rogen a tom of the unsa tura ted  amine  m a y  affect  the cou r se  of i n t r a -  
m o l e c u l a r  aminomereu ra t i on .  This  effect  m a y  be both a po la r  and a s t e r i c  effect.  The p r e s e n c e  in the IR 
spec t r a  of a v e r y  broad  band of NH v ibra t ions  is  a fea ture  common to all of the amines  (I, IV-VID se lec ted  
as  the objects  of invest igat ion of these  f ac t o r s  (except fo r  the phenyl -subs t i tu ted  compound). The a s s u m p -  
tion of the ex i s tence  of an in te rac t ion  between the amino group and the double bond, i .e . ,  that  the confor -  
mar ion  of the moIecu le s  of these  amines  p r o m o t e s  the i r  cyelization,  foIIows f rom this .  

The r e su l t s  of eycl izat ion of the f i r s t  four  amines  (Table 2) indicate  that  s t e r i c  shielding of the ni -  
t rogen a tom by the subst i tuent  is  compensa ted  in the s ame  o r d e r  by an i n c r e a s e  in the nucleophil iciW of 
this a tom.  On the o ther  hand, a d e c r e a s e  in the e lec t ron  densi ty  on the ni t rogen a tom as  a consequence o f  
conjugation with the phenyl  group s u p p r e s s e s  the cycl izat ion react ion;  however ,  this effect  is  not a genera l  
one and is  s o m e t i m e s  compensa ted  by the conformationM pecu l ia r i t i e s  of the molecule  that  p romote  i t s  
cyel izat ion.  In the case  of a p r i m a r y  amine ,  cycl izat ion p roceeds  sa t i s f ac to r i ly  only with m e r c u r i c  a c e -  
tare; this  i s  explained by the high s tabi l i ty  of the complex with m e r c u r i c  chloride and the m o r e  e l e c t r o -  
phi ! i t  c h a r a c t e r  of the ace ta te .  

Substitution in the s a tu ra t ed  port ion of the amine  molecule  m a y  change i ts  conformat ion  and the reby  
i t s  abi l i ty  to undergo cycl izat ion.  In addition, a s y m m e t r i c  induction is  poss ib le  when a ch i ra l  cen ter  i s  
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p r e s e n t  in the molecule .  On the o ther  hand, if  he te rocycl iza t ion  is an  ionic react ion,  complete  or  pa r t i a l  
i nve r s ion  of the po la r iza t ion  of the double bond m a y  change the s t ruc tu re  of  the he te rocyc le  fo rmed .  F i -  

�9 nally,  he te rocyl iza t ion  of individual c is  or  t r ans  i s o m e r s  of e thyleneamines  m a y  make  it  poss ib le  to e s t ab -  
: l ish the d i rec t ion  of a t tack  on the double bond by the ni t rogen a tom and the m e r c u r y  cation. 

The introduct ion of a methyl  subst i tuent  into the s ide chain substant ia l ly  changes the r e su l t  of the r e -  
act ion as  compa red  with the unsubst i tuted compound. Thus,  the he te reeyc l i za t ion  of 2 - p r o p y l a m i n o - 5 -  
hexene (VI~) in the usual  way gives  two i s o m e r i c  he te rocyc les  with p redominance  of a pyr ro l id ine  s t r u c -  
tu re .  S imi la r  r e s u l t s  w e r e  a l so  obtained when a phenyl group was p r e s e n t  in the a posi t ion (amine IX): 

R R R 

Overall yield 

VIII R=Pr, R'=Me; 66% 33% 60% 
IX R=i-Pr, R'=Ph 80% 20% 80% 

The PMR s p e c t r u m  of the in t e rmed ia t e  o r g a n o m e r c u r y  compound fo rmed  in the he te rocyc l iza t ion  of 
amine  VIII  contains two doublets f rom a methy l  group in the ~ posi t ion re la t ive  to the ni t rogen atom. An 
a s y m m e t r i c  cen te r  in the ~ posi t ion r e l a t i v e  to the n i t rogen a tom of the e thyleneamine thus  induces the 
p r e f e r r e d  fo rmat ion  of one of the d i a s t e r e o m e r i c  f o r m s  of the o r g a n o m e r c u r y  compound (the ra t io  of s t e -  
r e o i s o m e r s  is  75 : 25). However ,  the s p e c t r u m  does not make  i t  poss ib le  to choose between the pyr ro l id ine  
and p iper id ine  s t r u c t u r e s ,  i nasmuch  as  the ut i l izat ion of the 199Hg sa te l l i t e s  fo r  this pu rpose  i s  imposs ib le  
because of the s t rong  mul t ip l ic i ty  of the s ignal  of the methyl idyne proten .  

The fo rma t ion  of f i ve -  and s i x - m e m b e r e d  r ings  a f t e r  the reduct ion of the in t e rmed ia te  o r g a n o m e r -  
cu ry  compound both in the case  of he te rocyc l i za t ion  of amine  VIII  and in the case  of he te rocycl iza t ion  of 
amine  IX indica tes  that  the p r e s e n c e  of a subst i tuent  in the ~ posi t ion is  suff icient  to cause  opening of the 
az i r id in ium ion via the two poss ib le  paths .  I t  i s  poss ib le  that  this i s  a s soc i a t ed  with a s y m m e t r i c  induc-  
t ion through the n i t rogen a tom in the case  of s - s u b s t i t u t e d  compounds.  However ,  the conf i rmat ion of this 
a s sumpt ion  i s  e x t r e m e l y  difficult ,  i nasmuch  as  the appea rance  of a t e r t i a r y  n i t rogen a tom p e r  se i n t ro -  
duces an addit ional  chi ra l  center ,  even when this so r t  of center  i s  absent  in the s t a r t ing  molecule .  

Only the r e su l t s  of reduction made i$ poss ib le  to es tab l i sh  that  the o r g a n o m e r c u r y  compound con-  
ta ins  a f i v e - m e m b e r e d  r ing.  Inasmuch  as  i t  i s  an individual compound, one of the two reduct ion products  
is  f o rmed  dur ing r e a r r a n g e m e n t  of the az i r id in ium ion. When the reduct ion conditions ( t empera tu re  and 
reducing agent) were  changed, the pr inc ipa l  reac t ion  product  was a lways  the f i v e - m e m b e r e d  ring, and i t  
i s  p r e c i s e l y  this fac t  that  const i tutes  p roo f  in f avor  of the pyr ro l id ine  s t ruc tu re  of the o r g a n o m e r c u r y  com-  

pound. 

The i n t e rmed ia t e  of the reduct ion is  two- r ing  az i r id in ium der iva t ive  X, despi te  the g rea t  s t r a in  in 
this sys t em.  In t e rm ed i a t e s  of this s o r t  we re  i so la ted  in the fo rm of sa l t s  with anions of low nucleophil ici ty.  

X H,~ ~ C  H 3 ~ +  CH3 
a Pr 

~ C H  3 H3C I CH3 
Pr Pr 

Thus the introduct ion of a subst i tuent  into the side chain on the wl~)le changes the d i rec t ion of t h e  
h e t e r o c y c l i z a t i o n - r e d u c t i o n  p r o c e s s .  However ,  this  so r t  of subst i tut ion is  of s ignif icance for  the second 
step (reduction) r a t h e r  than f o r  the f i r s t  s t ep  (eycl izat ion of the m e r c u r i n i u m  ion) because of r e a r r a n g e -  
men t  of the in t e rmed ia t e  az i r id in ium ion. The s a m e  in te rmed ia te  can a lso  be fo rmed  in the reduct ion of 
the o r g a n o m e r c u r y  compound obtained f r o m  1 -p ropy lamino-4 -pen tene .  The fo rma t ion  of only one r e a c -  
t ion product  in this case  i s  explained e i ther  by a single di rect ion of opening of the t h r e e - m e m b e r e d  r ing 
o r  by a high r a t e  of  reduct ion with bypassIng  of the s tep involving the az i r id in ium ion. 

On turning to a d i scuss ion  of the effect  of subsl i tuents  a t tached to the double bond of the e thylene-  
amine ,  one shotfld a s s t tme  t t~ t  the fo rmat ion  of f ive -  o r  s i x - m e m b e r e d  r ings  will be de te rmined  by p c -  



larizarion of the double bond, the peculiari t ies of heterocyclization with the participation of an adjacent 
group (the possibility of s ter ic  drawing together of the double bond and the nitrogen atom of the side chain), 
and the s train in the resulting ring. 

The heterocyclization of amine XI and subsequent reduction gave five-and s ix-membered rings with 
predominance of the former:  

~"'{3 ~ " 2, NO B H/., H5C H3C 
PP pp PP 

70 ~ 30 ~/, 

A study of t h e  PMR spectrum of the intermediate organomercury compound indicates its individuality: 
Only one doublet is observed in the region of the resonance of methyl groups. It was possible to choose be- 
tween s t ructures  XII and XHI by using the mercury  satellite. In pyrrolidine XIt the protons of the methyl 
group and the mercu ry  atom are  separated by three bonds, whereas they a re  separated by four bonds in 
piperidine xrrL A systematic investigation of the long range JHv H constants (4j~ 15-45 Hz, 2j and 3j~ 

�9 o . . , 

230-280 Hz) [15] made xt possible to establxsh that in this case t~e organomercury compound has s t ructure 
XII (JHg, CH3 : 264 Hz). 

Hc ~Hg , , ~  
H 3 C ~  

H "" \ I H3C" '~ 
b HgX Pr Pr ' 

x,~ x,~j 

Thus, heterocyclization of the individual s tereoisomer  of the ethyleneamine gives only one diaste- 
r eomer  and is ,  consequently, a s tereospecif ic  reaction. 

However, the formation of two heterocycles in the reduction of the organomercury compound is a 
consequence of the previously described rearrangement  of the aziridinium ion. 

The fact that different results  - only one replacement of a methyl group with an ethyl group gave an 
individual product with a f ive-membered ring - were obtained with XIV is surprising. It is possible that 
the reduction of the intermediate aziridinium ion is extremely sensitive to the effect of substitution. 

xn~v 

In contrast  to what might have been expected from the point of view of polarization of the double 
bond, 1-amino-5-phenyl-4-pentene (XV) gives f ive-membered mercurated heterocycle XVL In this case 
the geometry of the ring ra ther  than polarization of the double bond evidently plays the decisive role; this 
is in agreement with the effect of anchimeric participation, which is responsible for the pre fe r red  for-  
marion of a f ive-membered ring. Reduction of the organomercury compound again results  in the forma-  
tion of two isomers :  

= H t , + 

~'4H2 H ~ 6 H 
HgX 

x__vv • (7OO/o) 70Oro 30oto 

The reaction with ethyleneamine XVII, which is disubsrituted at the end of the chain, proceeded via 

XHg * 

H3C CH 3 C 
H PP pp 

xvl__J xvu_._jt 

the following scheme: 

' P r "  

H3C~ ..~-- ~ 50~ 

H3C/" ~- "CH3 
Pr" 
•215 



H3c  
Pr HgX 

X• 

A study of the PMR spec trum of the react ion  mixture  (prior to reduction) indicates  the p r e s e n c e  of 
a complex  (XXI) between the m e r c u r y  salt  and the starting a m i n e  and a l so  o r g a n o m e r c u r y  compound XVIIL 
D e m e r c u r a t i o n  by m e a n s  o f  a hydride and by heating des troys  the complex,  l eav ing  the individual organo-  
m e r c u r y  compound. The fact  that only one doublet of  a methyl  group of the o r g a n o m e r c u r y  compound, 
which should ex i s t  in two d i a s t e r e o m e r i c  forms ,  i s  observed,  whereas  there  are  two doublets that are  
re latable  to the complex ,  i s  interes t ing .  Cyc l i za t ion  leads to two d i a s t e r e o m e r s ,  but in both e a s e s  the 
methyl  group i s  or iented  preferably  equator ia l ly  because  of interact ion with the axial  methyl  substituent 
of  the g e m - d i m e t h y l  group. An equatoria l  orientat ion of the mercury -conta in ing  grouping i s  advantageous 
only to an ins igni f icant  degree .  

CH 3 
H 3 C ~  

H 
CH 3 

. I ,c"~ 
H 3 C ~  

y 
HgX 

HgX 

CPI 3 l R ~ N ~  H 

H~c-IcHs 
H 

H 

ICH 3 
H 

Complex XXI can ex i s t  in two d i a s t e r e o m e r i c  f o r m s ,  and the a m m o n i u m  nitrogen atom is  the second 
chiral  center .  

The a s s i g n m e n t  of a s i x - m e m b e r e d  s tructure  to the o r g a n o m e r c u r y  compound was  based,  on the one 
band, on the absence  of sate l l i te  s ignals  of  methyl  groups ,  which should have been appreciable  in the case  
of  pyrro l id ine  XXII, and, on the other,  on the re lat ive  e x c e s s  of the piperidine i s o m e r  in the reduction 
products .  

H3C ~. ~ - ~  
H3C, ~ ~pp "cH3 

I~gX - -  
xx~__J 

Compounds XXIII and XXIV w e r e  used to ascer ta in  how a change in the length of the carbon chain of  
the e thy leneamine  af fects  the direct ion of the react ion.  In the f i r s t  case  he terocyc l i za t ion  could lead to 
the format ion  of a m e r c u r a t e d  azet idine ,  and a s e v e n - m e m b e r e d  ring could resul t  in the second  case  in 
the reduction step.  However ,  it was  found that the s train factor has greater  s igni f icance  in such s y s t e m s  
than po lar iza t ion  of  the double bond: F ive -  and s i x - m e m b e r e d  rings,  respec t ive ly ,  in individual form are  
obtained: 

\ 
P r  I I 

Pr Pr XXItl 

XHg ~ H3C 
\ 1 Pr Pr Pr 

XX t V 
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TABLE 3. Ratio of the Produc ts  of Cyclization of Amine XXVII 

' XXVIII : XXtX Overai t  
Mercury sal t  Solvent  rat io yield,  % 

Hg(OAc) ,  P~ridine 
wate r  

HgCls Acetone  
Water 

71 : 29 71 
32 : 68 58 
t 4 : 86 60 
55 : 45 67 

S t e r e o c h e m i s t r y  o f  I n t r a m o l e c u l a r  A m i n o m e r c u r a t i o n  

It  is  known that in hydroxymercu ra t ion  reac t ions  t rans  addition of the oxygen and m e r c u r y  atoms oc-  
curs  in m o s t  cases ,  except  fo r  bicycl ic  bridged sys tems ,  the s t ra in  of which causes  cis  addition, t r a n s -  
Hydroxymercura t ion  of cyclohexene was proved  by means  of x - r a y  diffraction [16], spect ra l ,  and optical 
methods.  The r e v e r s e  react ion also has the same s t e reochemis t ry :  fo r  example,  the ra te  of dehydroxy-  
m e r c u r a t i o n  of t r ans  1 - iodomercur i -2 -me thoxy-cyc lohexane  is  10 t imes  that observed  for  the cis i s omer .  

However,  in a review on the s t e r e o c h e m i s t r y  of hydroxymercura t ion  [17] Zef i rov  showed that  there  
a r e  numerous  exceptions to this ru le ,  and he a t tempted to link the d i f ferences  between the s t e r eo chemis t ry  
of different  reac t ions  with the fact that in some of them the m e r c u r y  atom can coordinate  with the hereto~ 
a tom of the ethylene subs t ra te ,  whereas  in o t h e r s  i t  remains  f r ee .  Thus, the s t e r e o c h e m i s t r y  of hydroxy-  
m e r c u r a t i o n  of 4-cyanocyclohexene i s  de te rmined  by coordination of the m e r c u r y  atom with the cyano 
group, and this leads to a t rans-addi t ion  product  [18]. 

N N 

-il l  111 
~'cOxx / / / ~  C HgOAc C 

OCH 3 

When coordinat ion is  absent ,  a cis product  can be formed (react ion with carvomenthene) .  The hy-  
d roxymercu ra t ion  of D-glucal  is  a c is-addi t ion p rocess ,  whereas  the react ion with i ts  t r i ace ta te ,  which 
apparent ly  is  capable of g r e a t e r  coordination with the m e r c u r y  atom, gave a t r ans ' add i t ion  product  [19]. 
Consider ing the g r e a t e r  tendency of the m e r c u r y  atom to fo rm coordinate  bonds with the ni trogen atom, i t  
might have been a s sumed  that  the s t e reochemica l  pecul ia r i t i es  of the hydroxy-  and aminomercura t ion  r e -  
actions would be different .  The t rans i t ion  s ta te  of  the aminomercura t ion  react ion,  which cor responds  to 
AdE 3 e tec t rophi l ic  addition [20], p re sumes  the possibi l i ty  of this sor t  of coordination: 

x x 5"- x 

\ ~ "  Hg 

; /  \l l /  
L ~* /i--cNc C--C 

_J L f ~, _/ 
H - - - N  G- 

/ %  
trans cis 

We at tempted  to es tabl ish  the s t e r e o c h e m i s t r y  of aminomercura l ion  with amines of the type shown 
below: 

~ \  /R~ 
C ~ C  

R2/" ~ (CH2)  3 NHR 

Organomercu ry  compounds XXVa and XXVIa (in the case of a f i v e - m e m b e r e d  ring) or  XXVb and XXVIb 
(in the case of a s i x - m e m b e r e d  ring) should be obtained as a resu l t  of cis or  t rans  addition. 

RI'," ' N H R 2 . . . . .  

R 3 

xx'-~a xxv~ a ~-f',7 b x-~ b 
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TABLE 4. 
I n t r a m o l e c u l a r  Hydroxy-  o r  Aminomercu ra t i on  

Synthesis of Morpholine Der iva t ives  by Means of 

yield, % yield, 9]0 
Compound (method) Compound , (method) 

X LV_.~II O ~ H  

CH 1 

36 
(a) 

XL~I  O/~N--C H 3 

~ 6S XLIX O N~CN 3 

k__l~c~ 3 (a) CH3 

53 
(a) 

68 
(a) 

L{-'~ O. / %N/"A~,,.~ 

H3C,,~__.. / 

k ~ C H 3  

CH 3 

~ ~ � 9  C H 3 

H 

45 
(b) 

46 
(a) 

58 
(a) 

5O 
(b) 

When s u b s t r a t e s  having R 1 = H and R 2 o r  R 3 = H a r e  used,  the JHHg s p i n -  spin coupling constant  can 
be re la ted  to the re la t ive  configurat ion a t  the two a s y m m e t r i c  carbon a t o m s  and hence to the di rect ion of 
a t tack  on the double bond by the n i t rogen and m e r c u r y  a toms .  

Amines  IX, XIV, and XXVII were  used  a s  the ethylene subs t r a t e .  As a r e su l t  of he te rocyel iza t ion  of 
amine  IX, which was a s s u m e d  to have a t r ans  configuration,  individual o r g a n o m e r c u r y  compound XH was 
obtained; this  p r o v e s  the s t e r eospec i f i c i t y  of the reac t ion .  The JH, H c value was found to be 11 Hz for  such 

s y s t e m s .  

Two o r g a n o m e r c u r y  .compounds (XXVIH and XXIX) a r e  obtained as  a r e su l t  of cycl izat ion of o - ( t r a n s -  

2-  bu t en - l -y l ) -N-m e t hy l an i l i ne  CK~CVII): 

CH Hb l "H a' 
CH 3 CH CH~ 3 HgX 3 

xxv~ xxw='i xxl#, 

An ana lys i s  of the PMR s p e c t r u m  in this case  gave JHa,H c = 3 Hz in the f i v e - m e m b e r e d  r ing and 

JHa, ,Hc , = 3 Hz in the s i x - m e m b e r e d  r ing.  

In o r d e r  to es tab l i sh  the s t e r eospec i f i c i t y  of aminomercu ra t i on ,  the s p i n - s p i n  coupling constants  

m u s t  be c o m p a r e d  with the ca lcula ted  values .  

The produc t  of  t r ans  addition to amine  IX will  have configurat ion XXX, whereas  the product  of cis 

addition will have configurat ion XXXI: 

Hg-~ ,  "~,:# R 
~ t XXX~ 

Both of these  d i a s t e r e o m e r s  can exis t  in the f o r m  of th ree  skew c o n f o r m e r s  XXXa-c  and XXXIa-c ,  

r e spec t ive ly :  

12 



HO H o Ha 

~'-"." I "cm ~-"2 I "c .~  '~-"2 t "c.~ 

xx_.._~x a x x x  b x x x  c 

PIQ pl a H O 

R-- NI I ~C H 2 R ~ N t ~ C  H 2 R -- N ( JH~ >C H 2 

XXX~ a XXXl b XXXI C 

The s p i n - s p i n  coupling constants  wi l l  then be determined by the e x p r e s s i o n s  

]tc=xaJgauehe+XbJ anti "F.~J gauche, 
Joe = XaJgauche + X'bJgauche + XcI anti, 

where  Jtc and Gee are  the constants  of  trans  and cis  addition to the c i s  amine ,  and x a. . .x c are  the popula-  
t ions  of each  conformer .  B e c a u s e  of the s trong  attract ion between the nitrogen and m e r c u r y  a toms  the 
populations of  the c o n f o r m e r s  should be e x t r e m e l y  different,  and the conformat ional  equi l ibrium wil l  be 
shifted to favor  XXXb,c and XXXIa,b. In addition, i f  one takes  into account  repuls ion between the phenyl 
group and the ni trogen atom,  the population of c o n f o r m e r  XXXc wi l l  d e c r e a s e  in favor  of XXXb, as  a r e -  
sul t  of which J t c -  I/2 (janti+ jgauche) .  Hence Jtc = ~2 (janti + jgauche)  and Joe  = jgauche .  Thus,  trans  ad-  
dition leads  p r e f e r a b l y  to c o n f o r m e r  XXXb in which two hydrogen a toms  are  in the anti posi t ion,  whereas  
c i s  addition leads  to two c o n f o r m e r s  XXXIa,b (with predominance  of XXXIb) in which these  two hydrogen 
a t o m s  are  in the gauche posi t ion.  The applicat ion of the Karplus equation m a k e s  it pos s ib l e  to e s t imate  
j g a u c h e = 4  • I Hz and janti  = i 0 . 5  • 1.5 Hz.  Then, J t c = 7 . 2 •  1.2 Hz and J c c = 4 •  1 Hz. The exper imenta l  J 
value of 11 Hz for the product  of he terocyc l i za t ion  of c i s - a m i n e  XIV indicates  that trans  addition of the 
m e r c u r y  and ni trogen a toms  occurs .  

A s i m i l a r  interpretat ion of  the re su l t s  can a l so  be given in the e a s e  of he t erocyc l i za t i on  of t rans -  
amine XXVH: 

H:~C ~ H3cH~ \R 
H CH 3 H b 

XXVt l  XXXII 
Ha H a 

R - - N "  I "CH2 R - - N  I "CH2 

Ha H a 

R--N" I "CH 2 R--N; I "CH2 

•215215 ~ •215215 u 

-t- 

I 

H 3C.. t "  \ \  

H b 

XXXIH 
Ha i 

XHg'~ Hb 

R N" ' " C H  

x, XX I c  

He. 
I 

\ . ~ , /  

XXXIII  C 

A s s u m i n g  equal populations of the XXXIIb,c and XXXHIb,c conformat ions ,  we obtained Jtt = jgauche = 
4 • i IIz and Jct  = 7.2 • 2.5 Hz.  The exper imenta l  J value (3 Hz) again conf i rms  thatthe react ion i s  trans  
addition. 
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Thus aminomercuration is a regiospecific and stereospecific reaction, but the reduction step is not 
regiospecific because of the intermediate formation of an aziridinium ion. 

S o m e  S p e c i a l  E x a m p l e s  o f  H e t e r o c y c l i z a t i o n  

o f  E t h y l e n e a m i n e s  

The reaction with amine XXVII gave two organomercury compounds (the only such case in the in- 
x(estigated series) - indoline derivative XXVI~I and tetrahydroqninoline derivative XXIX in an overall yield 
of 70%. The presence of two isomers  is confirmed by the 3JH~,CH~ value of 272 Hz and the 4JHg, CII s value 
of 19 Hz. Their  ratio depends on the anion of the mercury  saltandVthe solvent (Table 3). 

The indoline : tetrahydroquinoline ratio changed only slightly in the reduction step. 

Strained system XXXIV underwent heterocyclization very  easily to give only one organomercury com- 
pound (XXXV). A comparison of JHg,6-g = 264 Hz with the analogous value for XXXVI (88 Hz) shows that 
trans addition occurs in this case also. 

- ' 2  L JS:;: 
CHtNHPr - -  N- -Pr  ~I 6 

xxx ,~ xxx',' xxxw 

The formation of two types of heterocycles is possible in the heterocyclization of amines containing 

an endocyclic double bond: 

~ ( C H 2 )  __NH 2 ~ < I ~ ,  (oH2 , " -  NH2 

x~__~,f$-,H g x 

~ _ / \ .  J 
H H 

Cyclization of amines with n = 3 and 4 is specific and gives only the spiroheteroeycle: 

R ~ (GH 2 )n NH2 

Amine  R 

XXXVII H 
XXXVIII H 
XXXIX t-C4H~ 

H 

n Yfeld, % 
3 40 
4 48 
3 58 

In the case of amine XXXIX two s tereoisomers  (XL and XLI) are  formed with predominance of the 

i somer  with the nitrogen atom in the axial position: 

x._~ • 

Octahydroindole XLIII is obtained ra ther  than the spiroazetidine as a result  of heterocyclization of 
amine XLII, inasmuch as a strained system ar ises  in the case of the spiro compound. 

~ (CH2) 2 tqH 2 ------------4" 
H 

xL,--T • 

Reaction ~th amine XL~ and subsequent reduction ~ve two heterocycles: 
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XLIV 

We studied the poss ib i l i ty  of using the s a m e  method to obtain he t e rocyc l e s  with two he t e roa toms  - 
morpholines and piperazines. We establish~ed that a related method for the synthesis of the heterocycles 
by i n t r a m o l e c u l a r  hyd roxym ereu ra t i on  i s  l imi ted  in cha rac t e r .  

Morphot ines  a re  f o r m e d  by the act ion of m e r c u r i c  ace ta te  under  the conditions of i n t r a m o l e c u l a r  
a m i n o m e r c u r a t i o n  of al lyl  e the r s  XLV or  hyd roxymercu ra t i on  of 2-(a l ly lamino)ethanols  XLVI: 

I ,  Hg(OAc)2 I .  Hg(OAc)2 

2. NaBH 4 ~ 2, NaBH 4 ,4/r~O 
R--NH 0 ~ R---N 0 R - - I  H 

R"= H, R=R'=H 
XL_ V XLVI 

Hete rocyc l i za t ion  by a m i n o m e r c u r a t i o n  was  c a r r i e d  out by means  of m e r c u r i c  ace ta te  in aqueous 
THF (1 : 1). The in t e rmed ia t e  o r g a n o m e r c u r y  compound was reduced  with sodium borohydr ide  in alkal ine 
media .  

In con t r a s t  to a m i n o m e r c u r a t i o n  (method a), hydroxymercura t ion  of a l ly lamino a lcohols  (method b) 
is  not a gene ra l  method for  the p r e p a r a t i o n  of morphol ines  and gives s a t i s f ac to ry  r e su l t s  only with amino 
alcohols  having a t e r t i a r y  amino  group o r  with amino alcohols  whose conformat ions  a r e  favorab le  for  cy-  
cl izat ion (LV) (Tab le  4). 

The p r i m a r y  fo rmat ion  of one of the d i a s t e r e o m e r s  was obse rved  in all  cases  when there  were  two 
chirM cen te r s  in the resu l t ing  morphol ine .  Thus,  t he i r  ra t io  in the case of LI  was 80 : 20. The shif t  of the 
s ignals  of the pro tons  of the CH 3 groups in the PlVIR s p e c t r a  as  a r e su l t  of complexing with the lanthanides 
co r re sponds  to the l i t e r a t u r e  data for  an equator ia l  or ienta t ion  of these  groups.  When these  subst i tuents  
a r e  p r e s e n t  in the 3 and 5 posi t ions  (LIII  and LIV), they have a cis or ientat ion,  but when they a r e  p r e sen t  
in the 2 and 5 pos i t ions  they have a t r ans  oriet i tat ion (LD. This  m a y  be explained by al lowance for  the 1,3- 
diaxial  in te rac t ions  dur ing the fo rma t ion  of the r ings .  

All a t t empt s  to obtain 2 -me thy lp ipe raz ines  by i n t r a m o l e c u l a r  aminomercu ra t i on  of N-a l ly le thy lene-  
d iamines  (method a) were  unsuccessfu l ,  undoubtedly because  of the fo rmat ion  of a complex between the 
m e r c u r y  sa l t  and the two ni t rogen a toms .  

C o m p e t i t i o n  b e t w e e n  H y d r o x y -  a n d  A m i n o m e r c u r a t i o n  

�9 As we have a l r eady  pointed out, as  a r e su l t  of anch imer i c  acce l e r a t i on  i n t r a m o l e c u l a r  a m i n o m e r -  
curat ion is  r e a l i z ed  cons iderab ly  m o r e  eas i ly  than i n t e r m o l e c u l a r  aminomercu ra t i on .  I t  was a lso  e s t ab -  
l /shed that  in the case  of i n t e r m o l e c u l a r  p r o c e s s e s  the r a t e  of hyd roxymercu ra t i on  is  subs tant ia l ly  higher  
than the ra te  of aminomercu ra t i on .  The explanation for  this cons is t s  in the s tabi l i ty  of the complex fo rmed  
between the amine  and the m e r c u r y  sal t ;  this pa r t i a l l y  blocks the ionization of the la t t e r .  On the other  
hand, in the case  of he terocycl iza t ion ,  a m i n o m e r c u r a t i o n  of an ethylene subs t r a t e  takes  p lace  in a few 
minutes ,  whereas  hyd roxymercu ra t ion  of an ethylene alcohol is  complete  only a f t e r  s e v e r a l  hours .  

We f i r s t  of al l  a t t empted  to es tab l i sh  the poss ib i l i ty  of competi t ion between i n t e r -  and i n t r a m o l e c u l a r  
a m i n o m e r c u r a t i o n  in those  cases  in which the conditions a r e  l e s s  favorable  for  the la t t e r .  The m e r c u r a -  
t ion of a I ly lamine  by means  of m e r c u r i c  ace ta te  (a t h r e e - m e m b e r e d  r ing should be obtained he re  during 
i n t r a m o l e c u I a r  react ion) gave c i s -  and t r a n s - 2 , 5 - d i m e t h y l p i p e r a z i n e s  (which can be explained by both 
i n t e r m o l e c u l a r  and i n t r a m o l e c u l a r  p r o c e s s e s )  and a l ly laee tamide .  

We next  examined  the i n t e r m o l e c u l a r  a m i n o m e r c u r a t i o n  of d iaI ly lamines :  

F " - ~  I .  HgX ~ / - - ~  
Y J- Y N--R 
'~.-~_~ 2.NH2R 

3, Red uction 
Y =O~,NH 
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This sort  of reaction is, in principle, possible, as demonstrated in the case of allyl ethers [5]. How- 
ever, all experiments with diallylamine gave only its aeetamide (X = CH3COO). 

Finally, we accomplished the intramolecuIar heterocyclization of ethylene amino alcohols LVI and 
LVIL In the f irst  case, the amino and hydroxy groups are identically sterieally accessible, whereas in the 
second case drawing together of the double bond and the amino group is less favorable than drawing to- 
gether with the hydroxyl group. 

NH z OH H H3C H H3C 

LVI 19 ~Io 42 ~ 3S % 

Thus, amino alcohol LVI ~ves 61% of aminomercuration products and only 38% of h y d r o x ~ e r e ~ -  
tion products; when allowance is made for the high nucleophilicity of the nitrogen atom, this confirms a 
mechanism with participation of a neighboring group. 

At the same time, amino alcohol LVH gives only a hydroxymercuration product: 

OH H3C- 

Lw__J 

Consequently, although intramoleoular aminomercuration competes successfully with hydroxymer- 
curation in the case of identically favorable geometrical characteristics,  it nevertheless remains extremely 

sensitive to them. 

The presence of two functional groups in both of the lat ter  models makes i t  possible to hope for fur-  
ther development of aminomercuration reactions that lead to functionally substituted heterocycles. 

In conclusion, we used the results obtained above for the cyclization of a system with two double 
bonds, which made it possible to carry out amino- and hydroxymercuration simultaneously: 

 rrC y ,, 
NH 2 O H  __ " 0 

LI.~X 

The formation of spiran LIX is an interesting example of the extension of heterocyclization to all  
substrates containing amino and hydroxy groups as well as several double bonds. 
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