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Judging f rom the FMR s p e c t r a ,  the pro tonat ion  of var ious  3 - a t k y l -  and 3 - a ry l i ndo Ie s  in su l -  
fur ic  and t r i f l uo roace t i c  ac ids  p roceeds  p r i m a r i l y  at  the 3 posi t ion.  P ro to t rop ic  shift  of a 
r ad ica l  to fo rm 2-subs t i tu ted  indoles  occurs  on heat ing with these  ac id s ,  and b e t t e r  r e su l t s  
a r e  obtained with polyphosphor ic  ac id .  Ideas  r ega rd ing  the m e c h a n i s m  of the p r o c e s s  a r e  
p r e s e n t e d .  

The indole molecule  is  a 7r-electron cycl ic  s y s t e m  in which the maximum e l ec t ron  dens i ty  is found 
on the f~-carbon a tom [2]. The a t tack  of an e l ec t roph i l i c  agent (including the proton) should the re fo re  be 
d i r ec t ed  to this  posi t ion [2]. The cat ion loca l i za t ion  ene rgy  ca lcula ted  for this case  is a min imum,  and the 
cat ion formed is consequent ly  the most  s table  one [3]. Moreove r ,  the i nc reased  index of mul t ip l i c i ty  of 
the C 2 ----- C 3 bond p re supposes  that indoie has p r o p e r t i e s  c h a r a c t e r i s t i c  for double bonds.  In fact ,  in add i -  
t ion to e l ec t roph i l i c  subs t i tu t ion  in the 3 pos i t ion  of the indole molecule  [4], the addi t ion of the reagen t  at  
this  bond is observed  in a number  of c a s e s  [5, 6]. 

If p ro tona t ion  of indole compounds p roceeds  at  the 3 pos i t ion ,  he t e ro ly t i c  opening of the C 2 = C 3 
double bond occurs  s imu l t aneous ly  with p redominan t  loca l iza t ion  of the cha rge  on the c~-carbon a tom [2]. 
In this r e spec t ,  indole r eminds  one of cyc l ic  enamines ,  the pro tonat ion  of which p roceeds  p r i m a r i l y  at  the 
ca rbon  a tom [7]. The pro ton  can a l so  a t tack  the n i t rogen a tom dur ing  the fo rmat ion  of c r y s t a l l i n e  sa l t s  
with inorganic  ac ids  [8]. This  protonated fo rm is only 1-3 k c a l / m o l e  l ess  s table  than the f l -protonated 
fo rm [2, 3]. However ,  the p o s s i b i l i t y  of N-pro tona t ion  was postula ted only on the bas i s  of an i n t e r p r e t a -  
t ion of the IR s p e c t r o s c o p i c  data  and was  not observed  when other  methods were  used .  At the same  t i m e ,  
a l l  of the data on the e l ec t roph i l i c  subs t i tu t ion  of a lky l indoles  in ac id ic  media  [2] and ])MR spec t ro scopy  
of indoles in ac ids  [8] favor  f3-protonation. The p re sence  of a s t rong  posi t ive  charge  on the (~-carbon 
a tom dur ing protonat ion  of the indole molecule  expla ins  the fact that /?-subst i tu ted indoles a r e  less  bas ic  
by a f ac to r  of 103 than a - a l k y l  de r iva t ives  [8], in which the alkyl  subs t i tuent  s t ab i l i ze s  the molecule  
through its inductive effect .  The pro tonat ion  of a s t r uc tu r e  with a subst i tuent  in the f l -posi t ion is conse -  
quently less  s tab le  e n e r g i c a l l y  than the same s t ruc tu r e  with the s ame  subst i tuent  in the a - p o s i t i o n .  The 
f i r s t  should the re fo re  be conver ted  to the second under  c e r t a i n  condi t ions.  In fact ,  it  is known that the 
co r r e spond ing  2-subs t i tu ted  indoies  [9-12] a r e  formed by the ac t ion  of Lewis ac ids  (ZnC12, A1CI 3) on 3-  
m e t h y l - ,  3 -pheny l - ,  3 - b e n z y l - ,  and 3 - t e r t - b u t y l i n d o l e s  at high t e m p e r a t u r e s ,  but a l l  of these expe r imen t s  
w e r e  c a r r i e d  out under  d i f ferent  condi t ions ,  and it is t he re fo re  diff icult  to compare  them. 

We have invest igated the effect  of proton ac ids  (polyphosphor ic ,  su l fu r i c ,  and t r i f l uo roace t i c  acids) 
on the behav io r  of a s e r i e s  of 3 -subs t i tu ted  indoles .  C h a r a c t e r i s t i c  changes that co r respond  to a change 
in the s t ruc tu r e  of the molecule  dur ing the addi t ion of a p ro ton  to the 3 posi t ion a re  observed in the PMR 
s p e c t r a  of 3 -subs t i tu ted  indoles  (Table 1) on pas s ing  f rom neut ra l  solvents  to ac ids .  The s ignal  of the 3-H 
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T A B L E  1. P M R  S p e c t r a  of  3 - S u b s t i t u t e d  Indo le s  in C o n c e n t r a t e d  

S u l f u r i c  A c i d *  

H 
'--C2H5 

H 
-J--C(C t13) 3 

H 

--~C H.oC6 H5 

H 

~ sH5 

H 

It 

~ 6H5 

H 3 
tt 

~ CH 3 

CH 3 

t] ' ' 

\ N /  
H 

A liphatic Benzene ring 
region 3- H 2-H protons 

CH3 2,30 
(d, l 6Hz) 

CH3 0,93 (t) 
CH2 2,01 (m) 

CH3 1,16 (s)1" 

CH~ 3,25 (d.) T 

CH3 1,63 

CH~ 3,09 (s) 
[2,631" ] 

3-Ct-I3 2,02 
(d, J 6Hz) 
N--CH3 4,62 

N--CHa 4,56 

4,91 
(q, I 6Hz) 

4,29 (t) 

4,27 (s) 

4,58 (t) 

5,91 (s) 

5,55 ( q ) 

5,65 (s) 
[5,53 T ] 

4,75 
(q, ] 6 Hz) 

5,87 (s) 

9,57 
(d, ] 6 Hz) 

9,29 (d) 

9,22 (d) 

9,08 (d) 

9,54 
(d, ] 6 Hz) 

9,46 
(s) 

9,40 (s) 

8,17 

7,00--7,80 

7,30--8,00 

7,00--7,80 

7,40--8,50 (m) 

7,60--8,20 

7,20--8,80 

8,21 

7,30--8,50 

*The c h e m i c a l  sh i f t s  a r e  p r e s e n t e d  on the 6 s c a l e  in p a r t s  p e r  
m i l l i o n .  The a b b r e v i a t i o n s  a r e  a s  fo l lows :  s i s  s i n g l e t ,  d is  
d o u b l e t ,  t is  t r i p l e t ,  q is  q u a r t e t ,  and m is  m u l t i p l e t .  
tThe  s p e c t r a  w e r e  r e c o r d e d  f r o m  s o l u t i o n s  in a m i x t u r e  ofH2S Q 
and CF3COOH (1 : 10). 

p r o t o n  a p p e a r s  at  5-6  p p m  and i s  s p l i t  into a q u a r t e t  in 3 - m e t h y l i n d o l e s  o r  in to  a t r i p l e t  i f  t h e r e  i s  
an  a d j a c e n t  m e t h y l e n e  g roup .  In the c a s e  of 3 - p h e n y l -  and 3 - t e r t - b u t y l i n d o l e s ,  the  3-H s i g n a l  a p p e a r s  as  
a s i n g l e t .  In a d d i t i o n ,  the  s i g n a l  of the 2-H p r o t o n  a p p e a r s  a t  9 .0 -9 .5  p p m  and is  s p l i t  into a doub le t  in the  
c a s e  of  N - u n s u b s t i t u t e d  i n d o l e s .  2 -Subs t i t u t ed  indo le s  a r e  s t r o n g e r  b a s e s  and a r e  p r o t o n a t e d  not  only  in 
s u l f u r i c  ac id  but  a l s o  in t r i f l u o r o a c e t i c  ac id  (Table  2). The p r o t o n a t i o n  of 3 - s u b s t i t u t e d  indo le s  by  t r i f l u o r -  
o a c e t i c  ac id  is i n c o m p l e t e ,  and the  s p e c t r u m  is the s u p e r i m p o s i t i o n  of  the  s p e c t r a  of  the  p r o t o n a t e d  and 
u n p r o t o n a t e d  f o r m .  F o r  e x a m p l e ,  in the  c a s e  of  s k a t o l e ,  both a doub le t  of the m e t h y l  g roup  at  1.37 ppm 
(p ro tona ted  form)  and a s i n g l e t  of the  me thy l  g roup  at  2.26 p p m  (unpro tona ted  form) a r e  o b s e r v e d  in the 
s p e c t r u m .  H o w e v e r ,  the s p e c t r u m  b e c o m e s  c o m p l i c a t e d  a f t e r  a c e r t a i n  t i m e ,  which  is  a p p a r e n t l y  a s s o -  
c i a t ed  wi th  p o l y m e r i z a t i o n  of the s k a t o l e .  

2 - S u b s t i t u t e d  i ndo l e s  a r e  f o r m e d  in h igh  y i e l d s  when  a l l  of  the  s tud ied  3 - s u b s t i t u t e d  i n d o l e s  a r e  
hea t ed  wi th  p o l y p h o s p h o r i c  ac id  to  100-150 ~ E x c e p t i o n s  to th i s  a r e  3 - m e t h y l -  and 1 , 3 - d i m e t h y l i n d o l e s ,  
for  which  the y i e ld  i s  10-50%, and a c o n s i d e r a b l e  amoun t  of r e s i n o u s  r e a c t i o n  p r o d u c t s  is  f o r m e d .  It  is 
known tha t  such  c o m p o u n d s  a r e  g e n e r a l l y  e x t r e m e l y  a c i d o p h o b i c  and a r e  r e a d i l y  r e s i n i f i e d  b y  the a c t i o n  of 
a c i d i c  agen t s  [13]. The  r e a c t i o n  in t r i f l u o r o a c e t i c  ac id  and s u l f u r i c  ac id  r e q u i r e s  m o r e  t i m e ,  and the y ie ld  
o f  r e a r r a n g e m e n t  p r o d u c t s  d e c r e a s e s .  

The  d e g r e e  of  e a s e  o f  m i g r a t i o n  o f  the r a d i c a l s  i s  CH 3 < C(CH3) 3 < CH2C6H 5 < C6H5, which  is in a g r e e -  
men t  wi th  the  o r d e r  of  the  s t a b i l i t y  of  the c o r r e s p o n d i n g  c a t i on .  We have  a l r e a d y  p u b l i s h e d  a b r i e f  c o m -  
m u n i c a t i o n  r e g a r d i n g  th i s  [14]. 
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T A B L E  2. PMR S p e c t r a  of  2 -Subs t i t u t ed  Indo les  in C o n c e n t r a t e d  
S u l f u r i c  Acid * 

H 

~ N ~ C ( C H a ) a  
H 

~ / ' ~ _ O C H 3  
H 

~ C I t  3 
H 

~ C H  3 
tl 

I 
CH a 

n 
C6H 5 

~ C H  3 
I 

CH 3 

~ C H 2 C ~ H  5 
H 

3-H Aromatic region I k liphatic region 

5,09 
(4,78) 

4,68 
(4,42) 

5,28 

4,69 

5,00 

5,07 

5.31 
(4,87) 

4,80 

4,75 or 4.85 
(4,33 or 4,44) 

7,70--8,10 
(7,80--8,20) 

7,40--8,00 
(7,40--7,80) 

7,62 
8,00--8,70 

C(CHa)a 1,80 
0,50 

CHa 4,44 

CHa 3,27 

CHa 2,77 

7,92 
Broad singlet 

7,60--8,5 

8,00--8,20 

7,80~8,80 
(7,70--8,20) 

8,16 
Broad singlet 

7.70--8,30 
(7,10--7,70) 

CHs 4,52 

2-CHa 3,25 
N--CHa 4,40 

CH= 4,85 or 4,75 
(4,44 or 4,33) 

*The c h e m i c a l  sh i f t s  a r e  g iven  on the 6 z c a l e  in p a r t s  p e r  m i l l i o n .  
The  c h e m i c a l  sh i f t s  in s p e c t r a  r e c o r d e d  f r o m  t r i f l u o r o a c e t i e  ac id  
s o l u t i o n s  a r e  g iven  in p a r e n t h e s e s .  

T A B L E  3. R e a r r a n g e m e n t  of  3 - S u b s t i t u t e d  Indo le s  to the  2 - S u b -  
s t i t u t ed  I s o m e r s  by  the A c t i o n  of  P o l y p h o s p h o r i e  Acid 

R" 

H 
H 
H 
H 
CHa 
CHa 
H 

Reaction 
mmp.,*C 

Reaction 
time, rain 

Yield.% 
found 

C6H5 
CH2C6H~ 
C(CHa)a 
CHa 
Cg-ls 
CHa 
2,7- (C6Hs) 2 

I00 
100 
100 
I30 
100 
140 
150 

f5 
15 
60 

240 
15 

420 
15 

50 
I0 
83 
50* 
90 

189~190 

587759 
102 

Mp, ~ 
literature 
data 

189--190 [17] 
86 [18] 

73--74119] 
5e--59 [20] 

100--1m[20] 
55 [21] 

116--I 17 [22] 

* D e t e r m i n e d  b y  g a s - - l i q u i d  c h r o m a t o g r a p h y  wi th  a 3 - m - l o n g  c o l -  
u m n  packed  wi th  p o l y e t h y l e n e  g lyco l  30,000 on m i c r o s p h e r i c  b r i c k  
a t  a c o l u m n  t e m p e r a t u r e  of 202~ and a gas  (n i t rogen)  c a r r i e r  r a t e  
of  100 m l / m i n .  Two p e a k s  wi th  r e t e n t i o n  t i m e s  of  1.4 and 1.7 ra in  
w e r e  ob t a ined .  
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A mixture  of only 2- te r t -buty l indole  and 2-phenylbenzofuran is formed,  accord ing  to gas-l iquid ch ro -  
matographic  ana lys i s ,  when an equimolecula  r mix ture  of 3 - te r t -bu ty l indole  and 3-phenylbenzofuran (which 
is readi ly  i somer i zed  by the act ion of acids to 2-phenylbenzofuran [15]) is heated.  Moreove r ,  c ros sed  
alkylat ion (arylation) products  a re  not obse rved ,  which makes  it poss ib le  to a s s u m e  that the i somer iza t ion  
p roceeds  in t r amolecu la r ly  (see [16]). 

Thus e lec t rophi l ic  a t tack of the 3 posi t ion of the indole r ing by the proton with he te ro ly t ic  opening of 
the C2-C3 bond apparent ly  occurs  init ially,  Prepro tona t ion  is a p r i m a r y  and n e c e s s a r y  act ,  since 3-phenyl -  
indole is r ecove red  quant i ta t ively when it is heated to 200 ~ without acid .  

H I=1 H H 
I R H 

I I i H  I r  I r  I 
R' I~' R' R' R' R' 

I II Ill ~ . . ~  / IV 

~ R  
I 
R" 

In ion I,  the e lec t rons  that f o rm the bond between radica l  R and the ring in te rac t  with the s t rong  pos -  
i t ive charge  on the s - c a r b o n  a tom,  which loads to migra t ion  of the subst i tuent  to fo rm ion III (possible 
through in te rmedia te ,  nonclass ica l  cation II). The proton then m i g r a t e s ,  which leads to a more  stable c a t -  
ion {IV), although d i rec t  deprotonat ion of IV to fo rm the r e a r r a n g e m e n t  product cannot be excluded.  It is 
poss ib le  that the migra t ion  of the radical  and proton is a synchronous p r o c e s s .  

Thus indoles with alkyl or  a ry l  subst i tuents  in the py r ro l e  r ing a re  capable of i somer iza t ion  in acidic 
media  on heating.  In this case ,  the re la t ive  s tabi l i t ies  of the protonated fo rms  of the i s o m e r s  play the de -  
c is ive  role; i.eo, in Other words ,  in conformi ty  with the Le Cha te l ie r  pr inc ip le ,  the less  bas ic  3 - i s o m e r  is 
conver ted to the more  bas ic  2 - i s o m e r .  In a number  of c a s e s ,  pa r t i cu l a r ly  for 3-a lkyl indoles ,  in which the 
cation formed is s t e r i ca l ly  acces s ib l e ,  the p r o c e s s  is complicated by compete t ive  po lymer iza t ion .  

EXPERIMENTAL 

The PMR spectra were obtained with an RS-60 spectrometer with hexamethyldisi|oxane as the ex- 

ternal standard. Thin-layer chromatography on a loose layer of activity II aluminum oxide with elution by 

ether-petroleumether (i : i) and development byiodine vapors, as well as gas-liquid chromatography 
with a Tswett-I chromatograph, were used to evaluate the purities of the substances obtained. 

The starting 3-phenyl-, 3-benzyl-, and 3-tert-butylindoles were obtained by the action of an organo- 

magnesium compound on isatin with subsequent reduction of the reaction product [12]. 

Rearrangement of 3-Substituted Indoles in Polyphosphoric Acid. A l-mmole sample of the 3-sub- 

stituted indole was added to polyphosphoric acid (from 5 ml of 85% orthophosphoric acid and I0 g of phos- 

phorus pentoxide), and the mixture was heated with constant stirring. At the end of the reaction, the mix- 

ture was poured over ice and extracted with ether. The extract was washed with saturated sodium bicar- 

bonate solution and water and dried with magnesium sulfate. The solvent was removed to give the 2-iso- 
mer. The yields and reaction time and temperature are presented in Table 3. 

Rearrangement of 3-Benzylindole by the Action of Trifluoroacetic Acid. A solution of 300 mg (0.001 

mole) of 3-benzylindole in I0 ml of trifluoroacetic acid was refluxed for 18 ho The acid was then removed 

by vacuum distillation, a small amount of water was added to the residue, and the mixture was extracted 
with ether~ According to chromatography on aluminum oxide, the 3-substituted isomer was not present in 

the reaction mixture. The ether was evaporated, and the residual mass was recrystallized from petroleum 
ether to give I00 mg (30%) of pure 2-benzyiindole with mp 84 ~ 

Rearrangement of 3-Phenylindole in Sulfuric Acid. A mixture of i00 mg (0.0005 mole) of 3-phenyl- 
indole and 5 ml of concentrated sulfuric acid was allowed to stand at'room temperature for i0 days. The 
mixture was then poured over ice and extracted with ether. The ether extract was washed with sodium bi- 
carbonate solution and water and dried with magnesium sulfate. The ether was evaporated to give I0 mg 
(10%) of 2-phenylindole with mp 188-189 ~ 
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Joint Rearrangement  of 3-Phenylbenzofuran and 3- ter t -Butyl indole .  A mixture of 0.5 g (~0.003 
mole) of 3-phenylbenzofuran and 0.5 g of 3- ter t -butyi indole was added to polyphosphoric acid (from 50 g of 
phosphorus pentoxide and 25 ml of 85% phosphoric acid) heated to 150 ~ and the mixture was heated at this 
t empera ture  for 2 h. The mixture was poured over  ice and extracted with ether .  The extract  was washed 
with water ,  the ether was vacuum evaporated,  and the residue was dissolved in petroleum ether .  The solu- 
tion was filtered through a thin layer  of aluminum oxide, and the petroleum ether  was removed by vacuum 
distil lation to give 0.8 g (80%) of color less  c rys ta l s .  Gas - l iqu id  chromatography with a 3 -m- long  column 
packed with polyethylene glycol 2000 on mic rospher ic  brick at a column tempera ture  of 220 ~ and a gas 
(nitrogen) c a r r i e r  rate of 39 mi /min  gave four peaks with retention t imes of 17.5, 22, 27, and 37 rain. The 
intensity ratio was 2:38:6:32. The peaks correspond to 3-phenylbenzofuran,  2-phenylbenzofuran, 3 - t e r t -  
butylindole, and 2- ter t -butyl indole .  
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