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Methods for  the synthes is  of  he te rocyc l ic  compounds based  on i n t r amotecu l a r  reac t ions  with 
the fo rmat ion  of f ree  rad ica l s  with an unpai red  e l ec t ron  on the he te roa tom as in te rmedia te  
pa r t i c l e s  - photochemical  cycl iza t ion of unsa tura ted  n i t r i t es ,  m e r c a p t a n s ,  and sulfides and 
the photochemical  and ca ta ly t ic  cyel izat ion of unsa tura ted  N-ch lo roamines  - a re  examined.  

The f r e e - r a d i c a l  reac t ions  that  a re  m o s t  f requent ly  used  in the synthes is  of  organic  compounds a re  
usual ly  of the following th ree  types :  r ep lacemen t  of a hydrogen a tom,  addition to double (or, l e ss  frequently,  
t r ip le)  bonds, and subst i tut ion reac t ions  in the a roma t i c  s e r i e s .  

However ,  up until  1964 only a v e r y  few methods  for  the synthes is  of he te rocyc l ic  s y s t e m s  with the 
par t ic ipa t ion  of f ree  rad ica l s  were  known, and this was the r e a s o n  for  our  in te res t  in th is  p rob lem.  F i r s t ,  
it s eemed  poss ib le  to use  the above- indica ted  reac t ions ,  for  example ,  i n t e rmo lecu l a r  rad ica l -addi t ion  r e -  
act ions,  but to functional de r iva t ives  of olefins r a t h e r  than to olefins t hemse lves .  There  a re  many  p o s s i -  
bi l i t ies  in this field, but t he i r  rea l iza t ion  is l imi ted by the inadequate amount of study of the behavior  of 
such compounds with r e spec t  to f ree  rad ica l s .  As an example ,  one may  cite the rad ica l  addition of ethyl 
cyanoaceta te  to a l ly l  a lochols ,  which has p roved  to be a convenient method for  the synthes is  of 5 - cyano-  
lac tones  (in 30-80%yields)  [11: 
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A second possible  di rect ion was the use of  i n t r amolecu la r  rad ica l -addi t ion  reac t ions  as applied to 
s y s t e m s  containing he t e roa toms  in the chain. Some oxygen-containing he te rocyc les  have been obtained by 
this  method [2, 3] 
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Finally,  the invest igat ion of i n t r amolecu la r  rad ica l  addition in which an unpaired e lec t ron  is located 
on the he te roa tom in the in termedia te  rad ica l s  might  have been a th i rd  direct ion.  The p resen t  review is 
devoted p r i m a r i l y  to studies in this a r e a  p e r f o r m e d  in the au thor ' s  l abora to ry  and does not c la im to give 
a complete  account of the bibl iographic m a t e r i a l .  
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Of the three  types  of p r o c e s s e s  p resen ted  in the p reced ing  scheme,  the f i r s t  - r ep lacement  of a hydro-  
gen a tom in the al iphatic s e r i e s  - was well known even before our  studies [the Bar ton react ion (X =NO) and 
the H o f m a n n - L 6 f f l e r - F r e y t a g  react ion] .  The o ther  two types  have e i ther  rece ived  litt le study or  have 
not been studied at all.  The second type will be examined br ief ly ,  whereas  p r i m a r y  attention in the review 
will be d i rec ted  to the third type, inasmuch as,  in pa r t i cu la r ,  it has proved  to be possible  to obse rve  not 
only in t r amolecu la r  reac t ions  s i m i l a r  to in t e rmolecu la r  reac t ions  but also s e v e r a l  new rad ica l  addition 
and cleavage reac t ions .  

A L K O X Y L  R A D I C A L S  

In te rmolecu la r  substi tution in the a romat i c  s e r i e s  with par t ic ipat ion  of an R(~ rad ica l  is obse rved  ex -  
t r e m e l y  ra re ly :  it poss ibly  occurs  during anodic methoxylat ion,  in which ne i ther  MeO" nor  MeOH apparent ly  
par t ic ipa te  and in the well-known but spec ia l  (for alkoxyl radicals)  case of hydroxyl rad ica l s  [generated by 
the Fenton reagent  (H202/Fe 2+) or  H202/hP]. The poss ibi l i ty  of methoxylat ion was shown by Tay lo r  [4] only 
in a specia l  case  in which the yield of substi tution product  did not exceed 20%. 

P r o c e s s e s  involving fl f ragmenta t ion  and substi tution of a hydrogen a tom are  the two mos t  common 
reac t ions  involving the par t ic ipat ion of alkoxyl rad ica l s .  Addition to a double bond occurs  only as an ex -  
ception, and the mechanism of this reac t ion  is not c lea r .  At the same t ime,  one should note that the AH 
value is m o r e  negative for  addition than for  substitution: 

i ' - ' - ' -P R--CH--CH-'-CH2 + ROH A H - - 1 7  kcal/mole 
R--CH2- CH=CH 2 ,4.- RO. 

R--CH2.,-(~H--CH2"-OR ~,H =-25 kcal/mole 

I n t r a m o l e c u l a r  S u b s t i t u t i o n  R e a c t i o n s  in  t h e  A l i p h a t i c  S e r i e s  

I t  has been found that  i n t r amolecu la r  substi tution reac t ions  in the aliphatic s e r i e s  can be successfu l ly  
used for  the se lect ive  introduction of a functional grouping in the 5 posit ion with respec t  to the oxygen atom 
by rep lacement  of the hydrogen atom, which, according to c l a s s i ca l  concepts ,  should not be reac t ive .  This  
is what is observed  in the Bar ton react ion  [5] (photolysis of  n i t r i tes ,  X=NO), which leads to the c o r r e s p o n d -  
ing oximes ,  o r  in the photolysis  of hypochlor i tes  with the fo rmat ion  of chloro der iva t ives  and subsequent 
cycl izat ion to subst i tuted t e t r ahydrofurans  [6 ]: 

X M H 

X =NO HO)~ H 
T r e a t m e n t  of alcohols with lead t e t r aace t a t e  in the p resence  or  absence of iodine gives t e t r a h y d r o -  

furans .  Although the mechan i sm of this cycl izat ion is as yet not comple te ly  c l ea r ,  the homolyt ic  c h a r a c t e r  
of  the p roce s s ,  in which, however,  the alkoxyl rad ica l  in f ree  fo rm does not par t ic ipa te  [7, 8], s eems  ex -  
t r e m e l y  probable .  
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A disadvantage of all of these reactions is the fact that they can be used only for the synthesis of 
tetrahydrofuran derivatives. 

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

Little study has been devoted to the intramolecular substitution in the aromatic ser ies  with the par -  
ticipation of an alkoxyl radical.  It has been shown [9] that this sort of process may be realized, but there 
is no complete confidence in its radical mechanism: 

C6H5 Pb(OAC)4 ~ C6H5 

I n t r a m o l e c u l a r  A d d i t i o n  t o  a D o u b l e  B o n d  

It has been found that oxygen-containing heterocycles are formed in the reaction of lead tetraacetate 
with ethylenic alcohols, for example [10] 

AcO 

I AcOCH2 
H 26"l, 'I/~el* 

Although processes  of this sort  are not f ree-radical  processes  [10], it is precisely reactions of this 
sort that induced us to investigate the behavior of unsaturated alkoxyl radicals under conditions that ex-  
clude the possibility of an ambiguous interpretation of the results .  We were able to show that nitrites of 
y-ethylenic alcohols cyclize under the conditions of the Barton reaction to give tetrahydrofuryl-substi tuted 
oximes (in 50-60%yields) [11-16]: 

@" _ _  p 
N ~0  ~ F ' ~  N 

0 

There is no doubt about the mechanism of this reaction (in any case, with respect  to the part pertain- 
ing to the formation of an alkoxyl radical and its addition to the double bond). It is confirmed by the forma- 
tion of a nitroxyl radical (by ESB) and chemical means [12]. 

The cyclization of y-ethylenic nitrites is an extremely general reaction. The presence of alkyl sub- 
stituents attached to the carbinol carbon atom or  to the double bond does not affect e i ther  the yield of the 
product of the reaction or  its selectivity, which consists in the formation of only a f ive-membered ring, 
The reaction has also been used for the preparation of [3.2.1]-bicyclic systems (in ~30%yields) [17]: 

O 
R~-~H ~ 

R~CH3 '~ 
a_ / ~, 

However, we were unable to apply it to derivatives of acetylenic alcohols, probably because of cleav- 
age of the intermediate unsaturated nitroso compounds [18]: 
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The select ive  format ion  of a f i v e - m e m b e r e d  r ing r a the r  than a s i x - m e m b e r e d  r ing is the rule for  i r -  
r eve r s ib l e  radica l -addi t ion  products  [19], although this se lec t iv i ty  does not always r each  100%. Two fo r -  
mal ly  different  a t t empts  to give a quali tat ive explanation for  this  se lec t iv i ty  have become well known [20-22]. 
Our semiquant i ta t ive evaluation shows that the di rect ion of cycl izat ion m a y  be assoc ia ted  with the m a g -  
nitude of the van der  Waals repuls ion between the vinyl proton and the proton of the methylene group to 
which the a tom having an unpaired e lec t ron  is connected [23]: 

H H �9 -H 

" - "  F "  

Formation of a five- Formation of a six- 
membered r i n g  membered ring 

X Repulsion energy, kcal/mole 
O 0 15,4 
C 0 12,4 

R-N 0 12,2 
S 0 1 

The format ion of a f i v e - m e m b e r e d  r ing beoomes  increas ing ly  more  p r e f e r a b l e  as compared  with the 
format ion  of a s i x - m e m b e r e d  ring as the C - X  bond becomes  sho r t e r .  The g rea t e s t  se lec t iv i ty  should be 
obse rved  for  alkoxyl rad ica ls ,  whereas  it will be e x t r e m e l y  slight or  even zero  for  RS" rad ica l s :  this  was 
l a t e r  conf i rmed exper imentaUy.  

AMINYL RADICALS 

A number of reactive nitrogen-containing particles in which the nitrogen atom may have a valence 
from one to three or may be neutral or positively or negatively charged are known. Aminyl radicals of the 
R2N" type have reactivities that differ markedly as a function of the method used to generate them [24-27]. 

h v - R2N" -l- CI" 
I 

H I  ~+  + Fe 2+ or 
R2N--Cl ~ R2N--Cl -~V -Or -~ R;N'--H "H+'hv R2"="O 
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hv ArSO2--N--NO ~ Ar SO2--N, 
, I I 

R R 

In addition, t he i r  reac t iv i t ies  also depend on the nature of R. All of these  facts  taken toge ther  open 
up broad p rospec t s  for  the use of n i t rogen-conta ining in te rmedia tes  in organic  synthes is .  

The reac t iv i t i es  of neut ra l  aminyl  rad ica l s  (R2N') a re  low, inasmuch as they p r i m a r i l y  d i spropor t ion-  
ate to give imines and hydrazines  [28], whereas  the act ivat ion energy  of addition to ethylene is e x t r e m e l y  
high, according  to the r e su l t s  of the calculat ion in [29]. 

2 Me2N" �9 CH2=N--Me + Me2N--NMe2 

"NH l q- CHz=CH 2 CH2--CH ~ AH : -17 kcal/mole 
NH 2 E a -- +36 kcal/mole 

On the other  hand, neut ra l  rad ica ls  of t he 'NF  2 or  RCOI~-R '  type readi ly  undergo addition react ions ,  
although the in terpre ta t ion  of the mechan i sm of the p r o c e s s  is ambiguous in this case  [30, 31]. 

Protonated aminyl  radica ls  a re  ve ry  reac t ive  [32-35]. They can se lec t ive ly  rep lace  a hydrogen a tom 
in the aliphatio s e r i e s  [32] and undergo substi tution reac t ions  in the a romat i c  r ing [33]. Addition r a t h e r  
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than al lyl ic subst i tut ion is obse rved  m o r e  frequent ly  in the p r e s e n c e  of olefins.  However,  ionic ch lo r ina -  
t ion is poss ib le  in the case  of subst i tuted olefins.  

R~--H i R2NHCI 
R2NH 2 "t- R. - -  - -  R ' - -  C l  

�9 + I C . H ~ C  H 
R 2 N - - H - - ~ - - L ~  C6HsNR2 ( 80"/,)  

I ;c - -c . . ' . a_c .  " , - x  ; c - c O  • = c ,  - 8o~ ; •  {o=im~)-3O',o] 
" I I I 

NR 2 X NR 2 

Substitution reactions proceed with greater di f f icul ty in the case of complex aminyl  radicals. Sub- 
stitution in the a rom a t i c  s e r i e s  occurs  only when e l ec t ron -donor  subst i tuents  a re  p resen t ,  and e l e c t r o -  
phil ic chlor inat ion p roves  to be the m a j o r  p r o c e s s  in this  case [36]. On the o ther  hand, the addition of c o m -  
plex aminyt  r ad ica l s  to double bonds is a convenient method for  the synthes is  of f l - ch lo roamines  [37]: 

C6H5OMe 
p-- R2NCsH4OMe (~1001.) " 

C| R=N . . . .  CM*Ci-) "c=c~ ;c-&~ (M*cl'~ . s. 
. �9 ~ . ? - c .  ( 6 o : ~ - , . ,  

NR 2 NR 2 

I n t r a m o l e c u l a r  S u b s t i t u t i o n  R e a c t i o n s  

I n t r a m o l e c u l a r  subst i tut ion reac t ions  with an aminium rad ica l  have been invest igated intensively in 
connection with t he i r  theore t i ca l  and p rac t i ca l  in te res t  [38] (the H o f m a n n - L 6 f f l e r - F r e y t a g  reaction):  

CI / \ R  R / H / %R 

R2NCI ~ HO- ;- 

H / "~R I 
R 

8 0 * t o  

Because of its ve ry  high se lec t iv i ty ,  this  reac t ion  cannot be extended to the p repa ra t ion  of h e t e r o -  
cyc les  o ther  than pyr ro l id ines .  In cont ras t  to amide o r  sulfamide rad ica l s ,  neut ra l  complex or  aminyl  
rad ica l s  do not undergo the H o f m a n n - L 6 f f l e r - F r e ~ a g  react ion.  

C y c l i z a t i o n  o f  A r o m a t i c  C o m p o u n d s  

Lit t le  study has been devoted to the cycl izat ion of a roma t i c  compounds by means  of aminyl  rad ica ls ,  
although the published data make it poss ible  to a s sume  that some ni t rogen he t e rocyc le s  can be obtained via  
this  route .  Most of the studies were  c a r r i e d  out with protonated aminyl  rad ica l s .  In par t icu la r ,  t e t r a h y d r o -  
quinolines were  synthes ized in excel lent  yields  by this method [39]. When compet i t ion is poss ible ,  subs t i -  
tution in the a roma t i c  r ing is p r e f e r ab l e  to the H o f m a n n - L 6 f f l e r - F r e y t a g  reac t ion  [40]: 

Fe§ 

H3 C/ CH 3 
~ 

Fe ++ 
I 

H IC CH$ 
27~ 

. ~-~ Hofmann--Lbffler--Freytag 
~ reaction - 

H 3 C / ~ / '  H~ gO*le 

Recent ly invest igated cycl iza t ion reac t ions  involving the par t ic ipa t ion  of amide and sulfamide r ad -  
icals  apparent ly  p roceed  unambiguously  [41-43]. Another  mechan i sm (electron t r a n s f e r )  is a lso possible  
in the case  of me thy l - subs t i tu t ed  compounds: 
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40~ 

The behavior  of  aminyl  radicals  has not been  studied in this  respect ,  and complex  radicals  react  
more  poorly  than protonated radicals  [44]: 

Ar H20 
/ I H"  \ 

C3H ? C3H 7 CI C3H 7 C3H ? 
15Olo 5~ 54o1~ 

I n t r a m o l e c u l a r  R e a c t i o n s  o f  E t h y l e n i c  N - C h l o r o a m i n e s  

The e a s e  of  in termolecu lar  addition of N - c h l o r o a m i n e s  to double bonds induced us  to cons ider  the 
poss ibi l i ty  of  the synthes i s  of  var ious  nitrogen h e t e r o c y c l e s  by in tramolecu lar  react ions  of  ethylenic  N-  
c h l o r o a m i n e s  [45-47]: 

L C I ~ I  

Cl C3H 7 C3H 7 

F Ar (1:1) 70~ 
hV ~CH3OH 24 ~ 

L }- C3H'/OH 6 ~ 

AcOH- H2SO/(4M ) 66e/. 
(Fe ++ Or hv) 
AcOH/H20 (I:I)?T~Cl 3 elt ~ 

4-  

C3H7 H / "~C 3H ? 

0 ~ 0'~1o 
32 ~ 9 "1o 

37 "lo 18 ~ 

The photochemical  cyc l i zat ion  of  N - c h l o r o - 4 - p e n t e n y l a m i n e  s e e m s  of spec ia l  interest ,  inasmuch as  
it made it poss ib le  to demonstrate  for the f irst  t ime  the poss ib i l i ty  of  in tramoleeu lar  addition of a neutral  
aminyl  radical  [45]. It was  shown that the detachment of  a proton from the solvent  b e c o m e s  m o r e  i m p o r -  
tant in a proton-donor  solvent  (in methanol  or,  to a greater  degree ,  in i sopropyl  alcohol)  than i n t r a m o l e c -  
ular addition. 

React ions  in acidic media  require the observance  of  spec ia l  precaut ionary m e a s u r e s ,  inasmuch as ,  
for example ,  the presence  of even  t races  of  oxygen c a u s e s  the m e c h a n i s m  of the p r o c e s s  to become ionic 
(cycl ic  compounds are,  n e v e r t h e l e s s ,  obtained in this  case  a lso) .  In an exper imenta l  respect ,  in t ramolec -  
ular react ions  are  carr ied  out m o s t  s imply  in the presence  of a complextng agent [47]. 

It should be noted that in tromolecu lar  addition is  preferable  to the t t o f m a n n - L ~ f f l e r -  Freytag r e -  
action.  

The high se lec t iv i ty  of  all of  these  react ions ,  which lead to the formation of  a f i v e - m e m b e r e d  pyr-  
rolidine ring, m a k e s  them an interest ing synthetic  complement  of the H o f m a n n - L 6 f f l e r - F r e y t a g  react ion.  

The range of application of the react ion is somewhat  l imited in acidic  media  in connect ion with the 
fact that e lectrophi l ie  chlorination react ions  occur  to a s ignif icant degree  in the case  of  o lef ins  with sub-  
stituted double bonds.  N e v e r t h e l e s s ,  an in tramoleeu lar  react ion is a l so  observed  under these  condit ions 
in a number of cyc lohexeny lmethy l -  [48] and 5-hexenyl - subst i tuted  N - c h l o r o a m i n e s  [23] (however,  the y ie lds  
are higher when a complex  radical  is  used): 

Fe ++ 
A 

C3H 7 N--C3H 7 
10~ 40~ 

AcO 

~ Fe § + 
C~ ~'~ 

CI C3H 7 e l  C3H 7 C3H 7 

50~ 4 ~ 

The preparative  value of these  react ions  is  part icularly  high in s o m e  c a s e s .  For  example ,  a z a t w i s -  
tane was obtained in 80%yield by this  method [49]: 
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c% N 
_ _  h V  = p 

The photo lys i s  of  e thylenic  n i t r o s a m i n e s  in a methanol  so lut ion of hydrogen chloride  leads to pyr-  
ro l id inyl - subst i tuted  o x i m e s  through a step involving the format ion  of an aminium radical  [50, 51]: 

CH3OH/HCI 

ON CH 3 ~oHCH3 
82~ 

The resu l t s  obtained when neutral  aminyl  radicals  are used are usual ly  poorer  than in the case  of  
complex  radica l s .  However ,  even  in these  c a s e s  compounds that are difficult to prepare by other methods  
can s o m e t i m e s  be obtained [44]: 

�9 
Cl C3H 7 

hv  ~ 1  4- Cl - - ~  
C H 3 O H  

I 
Cl C3H? C "31"17 

- 5 *  IO  "1. 4 "1. 
+ 4 5  ~ 5~,5 "1. 5~5~ 

We have studied the behavior  of complex  radicals  in greates t  detail .  In a number  of penteny l - sub-  
stituted amines  the presence  of subst i tuents  at the end of the chain does  not have a substantial  effect  on the 
y ie lds  [44]: B icyc l i c  s y s t e m s  are a l so  formed in good y ie lds  [48], and the cyc l i za t ion  product presented  
in the s c h e m e  below is s t e r e o c h e m i c a l l y  individual: 

CI CH 3 

Ti 3. 

AcOH/H20 

~ ?  -- C3H 7 Ti 3+ 
CI AcOH / H201-1-~ 

".. tb /_reo = 
H CH3 R 45 : 55 ] 

N--C3H 7 
77~ 

The react ion  can a lso  be extended to N-ch loroaminobutenes  [44]. Although the y ie lds  here  are low, 
it should be noted that cyc l i za t ion  products  are not formed at all in the case  of  analogous radicals  that have 
an unpaired e l ec tron  on the oxygen or  carbon a toms .  This  react ion can a l so  be extended to N - c h l o r o - 5 -  
hexeny lamlnes  and the ir  analogs ,  and s i x - m e m b e r e d  h e t e r o c y c l e s  are obtained here  in good y ie lds  [44]: 

C! 

AcOH/H20 
"~'C 3H7 

C3H 7 
14"1o 

N ACOH/HzO 

3H7 Cl C3H ? 

X = CH} 72 ~ 

X= O 64~ 

However ,  the resu l t s  of  cyc l i za t ion  of N-ch lorod ia lkeny lamines  are of  greates t  interest  in a prepara-  
t ive respec t .  Thus ch loromethy lpyrro l i z id ine  was  obtained as  the only react ion product in 63%yield [44], 
and this  react ion  was  used in the synthes i s  of  indol iz idines  (in 50%yields) [52]: 

Cl 

C! 

Severa l  other  radicals ,  for example ,  amide radicals ,  a l so  undergo s i m i l a r  in tramolecu lar  addition r e a c -  
t ions .  The radical  charac ter  of  the react ion was  conf irmed by ESR spec troscopy  [53, 54]. Unfortunately,  
ethylenic  n i t r o s a m i d e s  are difficult to obtain: 
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0 

N• 0 

ON / CH 3 

h~ 

h~J 

X•N•CH 3 
K : O  21"1= ,r K : N O H  63"1= 

C H - ~ ' N ~ O  
~l I 
N--OH CH 3 

4 5 %  

T H I Y L  R A D I C A L S  

Photolysis  of m e r c a p t a n s  is the mos t  well-known method for  the genera t ion of thiyl rad ica l s .  We 
also used  the photolysis  of allyl  o r  benzyl  sulfides to obtain rad ica l s  of this type: 

R--S- -R h v  . RS, 
h v  

RS--CHz'-CH-~--CH 2 ~ RS, -}- -CH2--CH----CH 2 

RS__CH2Ph h~ , ~ RS, -F- ,CH2-PI1 

RS--H R' RS" -P R t CH---CH 2 ~ R ~ CH-- H 2 ~ CH--CH~ 
I I " 

SR H SR 

Up until recent ly  the only known reac t ion  of thiyl  rad ica l s  was the i r  i n t e rmo lecu l a r  addition to a 
double bond. The r eve r s ib i l i t y  of this p r o c e s s  has been shown in var ious  s tudies ,  including our  s tudies ,  
and the role of the r e v e r s e  p roces s  is intensified as the t e m p e r a t u r e  is r a i sed .  

In o rde r  to accompl i sh  in t r amoleeu la r  reac t ions ,  we initially invest igated the photolysis  of  ethylentc 
m e r e a p t a n s ,  which are  readi ly  obtained f rom the cor responding  halo der iva t ives  through the isothiuroni-  
um sa l t s .  Even in our  initial s tudies [55] we were  able to show that  in t r amolecu la r  addition, which leads 
to sulfur  he te rocyc les ,  is a genera l  react ion,  but, in con t ras t  to what was obse rved  in the case  of alkoxyl 
and aminyl  radica ls ,  the react ion  is nonselect ive and gives a mix ture  of two he te roeyc les  in a ra t io  that  
depends both on the react ion conditions ( tempera ture  and reagent  concentration) and on the s t ruc tu re  of 
the mercap tan  o r  sulfide (the length of the carbon chain and the nature of the subst i tuents  a t tached to the 
double bond). We have also demons t ra ted  the rad ica l  c h a r a c t e r  of the p rocess :  i n t r amolecu la r  addition 
of a thiyl  rad ica l  to give a cyclic radical ,  which can be obse rved  as the nitroxide by ESR spec t roscopy  
a f t e r  t rapping  with tert-C4HsNO. 

Some data cha rac te r i z ing  the l imi t s  of applicabi l i ty  of the reac t ion  a re  p resen ted  below [56]: 

Yield, ~. 

8 0 "  

SO" K S / 2 , 5  

80~ 1 / 0  

~ 8 0 "  

The effect  of subst l tuents  and t e m p e r a t u r e  on the ra t io  between the f ive-  and s i x - m e m b e r e d  r ings is 
shown in the following scheme [56]: 

Yie/d, % 

37" 
R 

R 
R = H gO 10 55 

R = CH  3 5 0  5 0  7 2  
R = C6H s 0 1 0 0  5 0  

36" go  10 55 
- 6 5  o 5 4  4 6  7 3  

I f  there  is a poss ibi l i ty  of format ion  of s ix -  and s e v e n - m e m b e r e d  r ings ,  p r i m a r i l y  the f o r m e r  is 
fo rmed  at 80% and the p resence  of subst i tuents  at the end of the chain p romote s  this ,  whereas  the i r  p r e s -  
ence in other  posi t ions favors  the format ion  of a s e v e n - m e m b e r e d  r ing [56]. In the genera l  case ,  i n c r e a s -  
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ing the t empera tu re  promotes  the formation of a s ix -membered  ring, whereas an increase in the solution 
concentrat ion p romotes  the formation of a s even-membered  r ing [56]: 

BO 15 85  ,4,4 
X = O _65 o 58 42 47 

X=CH 2 { 80~ 10 90 60 
~65 ~ 78 22 62 

% 

80 33 67 43 
o r o . o 6  M 4 2  5 8  

X= S "1 20  ti44M 67 33 
[-65" " 88 12 Z,5 

Thus, in principle, by changing the temperature and concentration one can direct the reaction to favor 
the formation of rings of either size. 

The absence of selectivity and the change in the ratio between the reaction products as a function of 
the reaction conditions are explained by two reasons. First, because of the large C-S bond length, re- 
pulsion between the vinyl and methylene protons is weakened, and this leads to a decrease in the difference 
in the energies of the transition states leading to rings with n or n +1 links (see the repulsion energies 
given above). Second, these facts are associated with the reversibility of the reaction, which we have shown 
in one special example [57]: 

2') 21> h'V ,~ 

<) <) , RS--H 
H 
i 

;_, .S~-H 
~ ' ~  m : ~  E_v 

80~  ~ 3 ~5  ~ ~ 5 0  50 

The role of the reverse  react ion increases  as the tempera ture  r i ses .  We note that the formation of 
dithiane IV from mercaptan  I in general  cannot be convincingly explained in any other  way than as the r e -  
sult of free cyelizat ion of the intermediate seven-membered  radical .  At high t empera tu res  the reaction 
is completely revers ib le ,  and, in par t icular ,  r e a c t i o n s - 2  a n d - 3  are fas te r  than react ions 4 and 5, and 
this leads, r egard less  of the s tar t ing mercaptan,  to the same IV to III rat io (95 : 3). At low tempera tu res  
the ra tes  of react ions - 2  and - 3  becomes lower than the rates  of react ions 4 and 5, and, although recyc l i -  
zation is still  observed at - 6 5  ~ (mercaptan I gives 22%of dithiane IV), it is seen that p r imar i ly  dithiepan 
]II is obtained in this case from I. In addition, p r imar i ly  a seven-membered  r ing ra ther  than a s i x - m e m -  
bered  ring is formed from mercap tan  II at low tempera tu re  because of kinetic control.  Finally, there  is 
still another possibi l i ty for  a decrease  in the rate of recyel izat ion by creat ion of more  favorable conditions 
for  detachment of a proton (an increase  in the solution concentrat ion promotes  the formation of a seven-  
membered  ring). 

The yields of eyclizat ion products  formed in the photolysis of acetylenic mercap tans  are lower than 
the yields obtained in the photolysis of ethylenic derivat ives  [58]. This is due to the high react ivi t ies  of 
unsaturated he terocyeles .  In the case of monosubsti tuted acetylenes the react ion proceeds  only at the t e r -  
minal  carbon atoms;  when there is an alkyl group in this position, addition in both direct ions is possible: 

Ring size 5 6 7 s 9 
Yield, ~ - 48 3S 23, B 

An attempt to extend this reaction to methyleneeyelopropane derivatives seems of interest. An at- 
tempt of this sort led mainly to normal addition products and, partially, to products of rearrangement of 
the intermediate radicals [59]: 

H 69 " 10 9 : 12 
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Recombinat ion of cycl ic  and al lyl  o r  benzyl  rad ica l s  was obse rved  in the cycl iza t ion of al lyl  o r b e n z y l  
alkenyl sulfides [60]: 

yQ 
4- 
, , . /~.  15 t 41 t 54 

Assuming that the cycl izat ion of N- (2 -mercap toe thy l ) -N-a l ly l amines  gives,  as inthe case  of the o ther  
compounds that  we invest igated,  s i x -  o r  s e v e n - m e m b e r e d  r ings ,  we unexpectedly obtained thiazol idines  in 
th is  case  [56, 6I] .  SEx- o r  s e v e n - m e m b e r e d  s y s t e m s  a re  obtained in low yields  only at h igher  t e m p e r a t u r e s :  

- ../N 

~" HS ~ 

~ - s  LNO 
i I 

C,Hg~ N 
/l~., . ~ /J 70:/. 
80~ S 

/IV J- ~ 44 ~I. 
80= .5 

The thiazolidines a re  not fo rmed  as  a resu l t  of poss ible  r e a r r a n g e m e n t  of  the in te rmedia te  h e t e r o c y -  
c les .  The scheme  for  the i r  format ion  is based  on the assumpt ion  that when ce r ta in  p r e r equ i s i t e s  a re  met ,  
the thiyl rad ica l  m o r e  l ikely undergoes  i n t r amolecu la r  substi tut ion of the hydrogen a tom r a t h e r  than ad-  
dition. These  p r e r equ i s i t e s  a re ,  f i r s t ,  that  the in te rmedia te  rad ica l s  should have a s t ruc tu re  analogous 
to the s t ruc tu re  of the in termedia te  rad ica l  in the Bar ton  radica l ;  second, that  the hydrogen a tom u n d e r -  
going rep lacement  should be of the al lyl  type; and, third,  that a ni t rogen a tom should be si tuated in the 
posit ion re la t ive  to this  hydrogen a tom.  However,  it is su rp r i s ing  that  this react ion  is not obse rved  in the 
case  of  oxygen-containing analogs: 

S g ~ 

R R R 

In o r d e r  to ve r i fy  this hypothesis ,  we c a r r i e d  out the same react ions  with an amino thiol in which 
R =butenyl [62]: 

/ 

36(h~) 5"7 ; 8 : 33 : 2 35~1~ 
130" tert-Bl~O~ 19 : 3 ; 27 : 51 67~ 

it m a y  be obtained as  a r e su l t  of s e l e c -  The format ion  of VIII co r re sponds  to the proposed  scheme:  
t ive addition of the carbon a tom of the al lyl  rad ica l  to give the pyrro l id ine .  The la t t e r ,  being s imul taneous ly  
an unsa tura ted  mercap tan ,  undergoes  subsequent  cycl izat ion,  e spec ia l ly  at high t e m p e r a t u r e s ,  to give a 
s i x - m e m b e r e d  r ing.  The fact that "normal"  addition is obse rved  p r i m a r i l y  at low t e m p e r a t u r e s  is in all  
l ikelihood assoc ia ted  with the r eve r s ib i l i t y  of  the addition of the RS" radica l ,  the role  of  which i n c r e a s e s  
as the t e m p e r a t u r e  r i s e s .  An inc rease  in the t e m p e r a t u r e  a lso  p romote s  the subst i tut ion react ion,  which 
has a high act ivat ion energy .  In conclusion, it should be pointed out that  the study of f r e e - r a d i c a l  reac t ions  
may  lead to the detection of in teres t ing  methods for  the synthesis  of he terocycl ic  compounds.  The a l ready  
well-known in t e rmolecu la r  reac t ions  can be used  for  this  purpose .  However ,  one mus t  take into account 
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the fact that drawing together of the radical and any other reactive center may bring about the occurrence 
of new processes  that are presently unknown in the chemistry of intermolecular reactions. 
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