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The l i te ra ture  data relative to the hydrogenation and dehydrogenation of benzofuran and its 
hydrogenated derivat ives in the presence  of different types of catalysts  are  examined. The 
problems involved in the formation,  stability, and t ransformat ions  of carbonium ions in the 
benzofuran ser ies  under the conditions of ionic hydrogenation and reactions with hydride-  
ion acceptors  are  discussed.  

The interest  in compounds of the benzofuran ser ies  is associated,  on the one hand, with the i r  physiologi-  
cal activity, part icipat ion in plant metabol ism processes ,  antioxidant activity, etc., and, on the other, with the 
presence  of potential r e sources  of these compounds in the products  of pet roleum and coal refining. The com- 
bination of benzene and heterocycl ic  rings in benzofuran derivatives determines the cer tain specific cha rac te r  
of the i r  chemical  (particularly, catalytic) t ransformat ions ,  which up to now have not been adequately studied. 
Benzofuran and its hydrogenated derivatives are  extremely interesting subjects for a study of ionic p rocesses  
that give r ise  to cationoid and anlonoid par t ic les .  

The aim of the present  review is an analysis of the l i te ra ture  data devoted to catalytic and noncatalytic 
hydrogenation, dehydrogenation, and i somer iza t ion  in the benzofuran ser ies .  

H y d r o g e n a t i o n  o f  B e n z o f u r a n s  

Catalysts based on group VIII metals  and their  oxides bring about hydrogenation not only of the hetero-  
cyclic ring of benzofurans but also of the benzene ring even under relatively mild cor, ditions, and hydrogenation 
in a number of cases  is accompanied by hydrogenolysis  of the oxide ring of the result ing octahydrobenzofuran.  
A s imi la r  sequence of react ions was observed in the hydrogenation of benzofuran in the p resence  of palladized 
asbestos  both in the liquid phase under p r e s s u r e  and at a tmospheric  p r e s su re  in a flow sys tem (175~ [1]. The 
predominant  p rocess  was hydrogenolysis  of the oxide ring. 

Platinum oxide gives r i se  to the same p rocesses  at an even lower t empera tu re  (50~ in which case  the rate of 
hydrogenation of the benzene ring is considerably lower than the rate of hydrogenation of the double bond of the 
heterocycl ic  ring. 

The rate of hydrogen absorption for  benzofuran at 25 ~ in the presence  of palladized carbon is cons ider-  
ably lower  than the rate observed for indene and furan but is appreciable as compared with the rate observed 
for  benzene, which does not absorb hydrogen at all under these conditions [2]. 

Raney nickel is most  active in the hydrogenation of benzofuran to 2,3-dihydrobenzofuran; palladized (10%) 
carbon and copper  oxide on chromium oxide display lower activit ies [2]. The select ivi ty of the process  de- 
c reases  as the t empera tu re  is  raised in all cases ,  and the hydrogenation product is also octahydrobenzofuran. 
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Plat inum oxide displays  high selectivity.. Only success ive  reduction of the acetyl  g roup  occurs  in the hy- 
drogenat ion of 2-ace ty lbenzofuran  [3], whereas  Raney nickel a lso  br ings  about hydrogenat ion of the c a r -  
b o n - c a r b o n  double bond of the he te rocyc le .  Replacement  of plat inum oxide by colloidal plat inum des t roys  
the se lec t iv i ty  (a mix tu re  of I - W  is formed).  

~COCH3 I II 

111 N 

Benzofuran and its 2- and 3-a lkyl -subs t i tu ted  der iva t ives  can be a r ranged  in the following o rde r  
with r e spec t  to the re la t ive  ra tes  of hydrogenat ion in the p r e s e n c e  of Raney nickel and plat inized ca rbon  
(1570) at 50 ~ [4]: benzofuran > 2-methylbenzofuran  > 2-ethylbenzofuran > 3-methylbenzofuran  > 2 ,3-dimethyl-  
benzofuran.  2-Phenylbenzofuran  is not hydrogenated under  these  conditions. The effect  of the p resence ,  
posit ion, and volume of a substi tuent  on the ra te  of hydrogenation of substi tuted benzofurans  is thus ap- 
pa ren t .  The resu l t s  a re  sa t i s fac to r i ly  expl icable f rom the posi t ion of v -complex  adsorpt ion  [5-7] of a ro -  
mat ic  compounds on group VIII me ta l s .  An inc rease  in the number  of alkyl groups,  on the one hand, by 
lowering the ionization potential ,  p romote s  the fo rmat ion  of a r complex of the subs t ra t e  with the meta l  
and, on the other,  c r e a t e s  s t e r i c  hindrance to this sor t  of in teract ion [8]. S imi lar  r egu la r i t i e s  were  ob- 
se rved  during a study of the compet i t ive  hydrogenat ion of a lkylbenzenes [9]~ 

Catalysts  based on ruthenium proved to be highly effect ive in the hydrogenat ion of 2 ,3-dihydrobenzo-  
furan [10]. Ruthenium on aluminum oxide and ruthenium on carbon hydrogenate  dihydrobenzofuran at 50 ~ 
in hexahydrocoumaran  without causing hydrogenolysis  of the oxide ring. A study of the kinetic pr inc ip les  
of the hydrogenat ion at 1-120 a tm showed that hydrogenat ion p roceeds  at  a higher  ra te  in the p r e sence  of 
Ru/A1203 than on Ru/C,  Up to 90 a tm,  a reac t ion  that is ze ro  o rde r  with r e spec t  to 2 ,3-dihydrobenzofuran 
and f i r s t  o r d e r  with r e s pec t  to hydrogen is observed,  and an overa l l  z e r o - o r d e r  reac t ion  occurs  at higher 
p r e s s u r e s .  

The data f rom r e s e a r c h  on the catalyt ic  hydrogenat ion of benzofurans  p r e s e n t e d  above show that it 
does not always proceed  se lec t ive ly  to give 2,3-dihydro der iva t ives  and is complicated by the fo rmat ion  
of octahydro der iva t ives  and products  of hydrogenolys is  of the he ter0cycl ic  ring, 

The reduction of benzofurans  and t h e i r  der iva t ives  with alkali me ta l s  in liquid ammonia  [11-14] p r o -  
ceeds in s eve ra l  d i rec t ions  to give ring c leavage products  {alkylphenols) and t e t r ahydro  and hexahydro 
der iva t ives :  

I LI/NH 
tert~ - C4HgOH _-- ~ ,. 

CH 3 CH 3 

The ionic hydrogenat ion of benzofurans ,  which consis ts  in the success ive  addition of a proton and a 
hydride ion to the molecule ,  may  s e r v e  as a method for  the noncatalytic hydrogenat ion of benzofurans  to 
2 ,3-dihydrobenzofurans  [15]. Inasmuch as carbonium ions, the p r o p e r t i e s  of which de te rmine  the extent 
and d i rec t ion  of the p r o c e s s e s ,  a re  fo rmed  in the f i r s t  step of the react ion,  only compounds that,  upon 
protonation,  give carbonium ions that  a r e  sufficiently stable to exis t  in the fo rm of kinet ical ly independent 
pa r t i c l e s  undergoing ionic hydrogenat ion.  

The ionic hydrogenat ion of benzofuran and its homologs [16] with a t r i f luoroace t l c  a c i d - t r i e t h y l -  
silane p a i r  showed that this reac t ion  may  se rve  as a p r e p a r a t i v e  method fo r  the synthesis  of 2 ,3-dihydro-  
benzofurans  (the yields  a r e  c lose  to quanti tat ive).  Inasmuch as the f i r s t  step in ionic hydrogenat ion is 
protonat ion of the subs t ra te ,  a quest ion natural ly  a r i s e s  regard ing  the s i te  of initial a t tack of the proton; 
up until recent ly ,  this p rob lem had remained  unresolved for  compounds of the benzofuran  se r i e s .  The 
computat ional  [17-19] and exper imenta l  [20, 21] data on the re la t ive  act ivi t ies  of the 2 and 3 posi t ions of 
the molecu les  in e lec t rophl l ic  substi tut ion react ions  (par t icular ly  alkylation) a re  e x t r e m e l y  contradic tory .  

The d i rec t ion  of protonat ion of benzofuran was es tabl ished in expe r imen t s  with hydrogenat ing pa i r s  
in which one of the subs tances  contained deuter ium [22, 23]. In the b a s e  of benzofuran  and i ts  2-a lkyl -  and 
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2,3-d ia lkyl -subs t i tu ted  de r iva t ives  a t tack  of the proton is d i rected to the 3 posit ion,  whereas  3 -methy l -  
benzofuran  is protonated in the 2 posit ion: 

~ :  ' CF3COOH.,~ 

[~CH3fF3COOH 
J . . . . .  

~ CH 3 

R=R'=H ; R=D, R'=H ; R =CH3~ R'=H ; R =C2H5~ R'=H ; R=R'=CH 3 

However, individual monodeutero-2,3-dlhydrobenzofurans can be obtained only when the trifluoroaeetic 
acld-triethyldeuterosllane pair is used (Table 1), whereas when deuterated trifluoroacetic acid is used 
as the deuter ium source ,  a ce r ta in  amount of polydeuterated analogs a re  also fo rmed along with the mono-  
deutera ted  compounds.  

The NMR s p e c t r a  and m a s s  s p e c t r a  indicate that  the 2 ,3-dihydrobenzofurans  obtained in this way 
have a s t r i c t ly  fixed posi t ion of the deuter ium atom, and, consequently,  1,2-hydride and methyl  migra t ions  
a re  absent  in the in te rmedia te  carbonium ions. 

The data in [22] make  it poss ib le  to draw a conclusion that is of fundamental  impor tance  - the p r o -  
tonation of benzofuran  is de te rmined  by the posi t ion of the alkyl substi tuent  in the he te ror ing .  The p r e s e n c e  
and posi t ion of the subst i tuent  de te rmine  the reac t iv i t i es  of these compounds in ionic hydrogenation: Thus 
the re la t ive  r a t e s  of hydrogenat ion of benzofuran and 3- and 2-methylbenzofurans  a r e  1, 8, and 16, r e -  
spect ively .  

D e h y d r o g e n a t i o n  o f  2 , 3 - D i h y d r o b e n z o f u r a n s  

Both dehydrogenating agents (sulfur) and var ious  types  of ca ta lys t s  such as group VIII meta l s  and 
ca ta lys t s  with act ive cen te r s  of an accep to r  na ture  (aluminum oxide, zinc oxide on aluminQm oxide, alu- 
minum s i l ica tes ,  and act ivated carbon) have been used for  the dehydrogenation of 2 ,3-dihydrobenzofurans .  

K la rmann  [24] obtained benzofuran  in 45-500/0 yield by heating 2 ,3-dihydrobenzofuran with sulfur  or  
se lenium at 220 ~ . 

Les iak  [25] was able to obtain benzofuran in 77% yield by ca r ry ing  out the dehydrogenation of 2,3- 
dihydrobenzofuran in the vapor  phase  (600-630 ~ in contact  with alumogel  (promoted by i ron oxide) at r e -  
duced p r e s s u r e  and repeated rec i rcu la t ion  of the unchanged 2,3-dihydrobenzofuran.  

Plat inum, pal ladium, or  rhodium on carbon  have proved to be eytremr effect ive ca ta lys t s  for  the 
dehydrogenation of 2 ,3-dihydrobenzofuran [26]. The yields of benzofurans  (70-95~) depend on the s t ruc -  
tu res  of the s ta r t ing  compounds,  the ca ta lys t s ,  and the t e m p e r a t u r e  [27-29]. Rhodium is the mos t  s e l ec -  
t ive  ca ta lys t  [28]. Hydrogenolys is  of the oxide ring to give alkylphenols is a side react ion  in this case .  

~CH3 { ~  cH3 

i 
I cHICHO 1 [~ "CH 3 - C O  [ ~ C  2H5 

It is ex t r eme ly  in teres t ing  that  the posi t ion of the substi tuent  in the he te ror ing  changes the di rect ion 
of opening of the oxide ring. Substances that provide  evidence fo r  c leavage of the oxide ring not only at 
the 1 - 2  bond but also at the 1 - 9  bond were  detected in the products  of convers ion  of 3 - m e t h y l - l , 2 - d i -  
hydrobenzofuran  (for example ,  in the p r e s e n c e  of Pt /C) [30]. 

The invest igated compounds a r e  a r ranged  in the following o r d e r  with r e spec t  to the i r  ease  of de- 
.hydrogenat ion on group VIII me ta l s :  2 ,3 -d lhydrobenzofu ran  > 3-methy l -2 ,3 -d ihydrobenzofuran  > 2-methy l -  
2 ,3-d ihydrobenzofuran> 2 ,3-d imethy l ,2 ,3 -d ihydrobenzofuran  (Table 2) [31]. 
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TABLE 1. Ionic Hydrogenat ion of Benzofurans [CF3COOH- 
(C2Hs)3SiD hydrogenating pair ,  react ion t ime 3 h at 70~ 

, Deuterium Substituent in the $ubstituent in the 2,3-di- Yield, % 
starting benzofuran hydrobeuzofuran product content, % 

lI 
2-D 
2-CH3, 
2-C2Hs 
2,3- (Ct'13}2 
3-CH3 

2-D 
2,2-D2 
2-D-2-CHs 
2-D-2C2Hs 
2- D-2,3- (CHs) 2 
3-D-3-CH3 

8! 
80 
96 
96 
94 
96 

98 
94 

I00 
98 
98 
97 

TABLE 2. Apparent Energies of Activation in the Dehydrogena- 
tion of 2,3-Dihydrobenzofurans 

Compound 
Pd,'C J Rh/C. 

2,3-Dihydrobenzofuran 
2-Methyl-2,3-dihydrobenzofuran 
3-Methyl-2,3-dih~drobenzofuran 
2,3-Dimethy!-2,3-dihydrobenzofuran 

5,0 
10,1 
8,2 

14,5 

s kcal/mole 
I Pd black pt/c 

5,7 8,5 
9,2 12,3 
8,5 -- 

12.6 -- 

t 6,7 
10,1 

TABLE 3. Yields of Alkylphenols (%) as a Function of the Struc- 
ture of the Starting 2,3-Dihydrobenzofuran (reaction t empera tu re  
290~ 

Substituent in the 2,3-dihydrobenzofuran 
Catalyst 

n [ 3-CI{:~ 3,3,5-(CHD~ 2-Ct-I~ [ 2-C.-,H~. 2,3-(CI-I.~)z 2,2-(CH:)o. 

Pd/C 118 I 16 Pt black 31 23 
18 5t,, 15 17 

6 
13 

0 
8 

Thus an increase  in the degree of substitution of the heteror ing lowers the react ion rate, i.e., an 
effect s imi la r  to the or tho-deact ivat ion effect [7, 32] evidently occurs  in the dehydrogenation of 2,3-di-  
hydrobenzofurans.  In addition, one should take into account the fact that the oxygen in 2,3-dihydrobenzo- 
furans gives r ise to an additional interaction with the ca ta lys t ' s  surface [33], which also shows up in the 
difference in the kinetic pa rame te r s  of dehydrogenation of unsubstituted 2 3-dihydrobenzofuran and its 
2- and 3-alkyl derivatives.  The effect of s ter ic  hindrance also shows up in the hydrogenolys!s of the 
oxygen-containing ring (Table 3), The yields of alkylphenols (the hydrogenolysls  products) a re  substan- 
tially lower for 2,3-dihydrobenzofurans that have an alkyl substituent in the 2 position [34]. 

2,3-Dihydrobenzofurans are  not only dehydrogenated to benzofurans  in a s t r eam of hydrogen in the 
presence  of platinlzed carbon at 200-300 ~ but are  also hydrogenated to octahydrobenzofurans.  The equi:  
l ibrtum is shifted to favor the hydrogenated derivatives,  which then undergo ra ther  complex t ransformat ions .  

It is interesting that octahydrobenzofurans undergo mainly dehydrogenation on contact with group 
VIII metals  [29, 30, 35, 36]; this distinguishes them from te t rahydrofurans ,  which are  isomerized to ca r -  
bonyl compounds of the aliphatic se r ies  under s imi la r  conditions [37]. This behavior  of octahydrobenzo- 
furans is associated with the possibil i ty of convers ion of the alicyclic f ragment  of the molecule to a ben- 
zene ring, which stabil izes the oxide ring. The dehydrogenation Of octahydrobenzofurans is accompanied 
by side p rocesses ,  the sequence of which is depicted by the following scheme in the case of catalysis  by 
platinum, rhodium, and palladium deposited on carbon:  

. C )  
R=H ~CH3 I C2N 5 
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The carbon  used as the suppor t  was p r e p a r e d  in such a way that it did not have catalyt ic  act ivi ty in 
the indicated reac t ions  and did not give r i s e  to i somer i za t ion  of the he te ror ing .  

In con t ras t  to plat inized carbon,  plat inum on a luminum oxide, in addition to causing dehydrogenation 
of 2 -a lky l -2 ,3 -d ihydrobenzofurans ,  a lso br ings  about the i r  i somer iza t ion .  Thus 2-e thy l -2 ,3 -d ihydrobenzo:  
furan  f o r m s  2 - m e t hy l ch rom an  in up to 38% yields on contact  with this ca ta lys t  [38]. 

' ~  PL/AI203 _-- ~ C F I  3 

CH2CH 3 

The i somer i za t ion  reac t ion  is r eve r s ib l e ,  and ch roman  undergoes  dehydro i somer iza t ion  with con- 
t r ac t ion  of the he te ro r ing  under  s i m i l a r  conditions [39-41]: 

Aluminum oxide i tself  has not only i somer iz ing  but also dehydrogenating act ivi ty,  and 2 ,3-dihydro-  
benzofurans  undergo the s ame  t r an s fo rm a t ions  as on group VIII me ta l s  when it is p r e s e n t  [42]: 

Other ca ta lys t s  with aprot ic  acidity also display s i m i l a r  act ivi ty.  Thus zinc chlor ide  on aluminum 
oxide dehydrogenates  and i s o m e r i z e s  (with expansion of the oxide ring) 2 -a lky l -2 ,3-d ihydrobenzofurans  
[43, 44]: 

~R ZnCI2/AI203 ~ '~R' 

=C2H 5 ~C3H 7 ; R' =CH 31 C2H5 ~ L R J  

2,2-Dimethyl -  and 3 ,3 -d imethy l -2 , -3 -d ihydrobenzofurans  undergo dehydro i somer iza t ion  under  s i m -  
i l a r  conditions [45, 46]: 

~ CH 3 ,,- ~ " - ~  CH3 

Alumosi l ica te  ca ta lys t s  a r e  m o r e  s table  and se lec t ive  than the ZnC12/A120 ~ cata lys t ,  and this makes  
it poss ib le  to obtain dehydrogenat ion products  in up to 80% yields [47]. The fo rmat ion  of phenols in the i r  
p r e s e n c e  was obse rved  only at t e m p e r a t u r e s  above 400 ~ . 

A pecu l ia r i ty  of the t r ans fo rma t ions  of 2 ,3-dihydrobenzofurans  on all acid ca ta lys t s  is the absence  
of hydzegen in the gas  phase ,  whereas  a s to ich iomet r ie  amount of hydrogen is detected in the gaseous  r e -  
act ion products  in the ease  of dehydrogenation on group VIII me ta l s .  In this connection, a quest ion a ro se  
regard ing  the m e c h a n i s m  of dehydrogenat ion of 2 ,3-dihydrobenzofurans  on  acid ca ta lys t s .  Concepts have 
been developed regard ing  the ionic m e c h a n i s m  of p r o c e s s e s  that occur  on toni/tot of 2 ,3-dihydrobenzo-  
furans with ca ta lys t s  of an acidic nature ,  according to which a hydride ion is detached f rom the 2,3-di-  
hydrobenzofuran molecule  in the f i r s t  step of the reac t ion  under the influence of the accep to r  centers  of 
the ca ta lys t .  The carbonium ions thereby  genera ted  a r e  quite s table  owing to the par t ic ipa t ion  of the oxy- 
gen in delocal izat ion of the posi t ive charge .  

R' - H- R' 

The t r an s fo rma t i ons  of the carbonium ions de te rmine  the final composi t ion of the reac t ion  products .  One 
such t r a n s f o r m a t i o n  is s tabi l izat ion of them by eject ion of a proton,  which leads to the dehydrogenation 
products .  In addition, the carbonium ion may  reac t  via different  pathways;  tn pa r t i cu la r ,  it may  undergo 
skele ta l  i somer iza t ion .  

Oxidized act ivated ca rbon  is an effect ive ca ta lys t  for  the dehydrogenat ion of 2 ,3-dihydrobenzofurans ,  
and, as in the case  of acid ca ta lys t s ,  hydrogen is absent  in the gas  phase  [48, 49]. Taking into account the 
p r e s e n c e  on the act ivated ca rbon  sur face  of quinoid groups that have an acceptor  effect,  Karakhanov and 
c o - w o r k e r s  feel that the t r an s fo rm a t i ons  of 2 ,3-dihydrobenzofurans  proceed  via an ionic mechan i sm in 
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TABLE 4. Effective Rate Constants and Apparent Energies 
of Activation for Dehydrogenation on Activated Carbon (BAU) 

Effective rate constants, kK" 104 moles/arm, sec 

2-methyl-2,3- 3-methyl-2,3- 2,3-dimethyl-2,3- 
Temp., ~ 2,3-dihydro- dihydro- dihydro- dihydrobenzofuran 

benzofuran benzofuran benzofuran 

290 4,0 6,3 3,8 ] 4,6 
320 5,4 7,9 5,9 1 6,4 
350 7,1 8.9 7.3 8,3 
380 9,8 12,0 9,8 11,0 

Eapp, 8,5 5,7 7,3 6,8 
l~cal/mole 

this case also. The absence of a cor re la t ion  between the activity of the carbon in the indicated reactions 
and the concentrat ion of the paramagnet ic  centers  on its surface demonstra tes  and there  is pract ical ly  no 
contribution of radical  p rocesses  to dehydrogenation and isomerizat ion [50]. 

The kinetic principles of the dehydrogenation of 2,3-dihydrobenzofurans on carbon [51] and alumo- 
silicate [47] provide evidence in favor  of ionic initiation of the p rocesses  (Table 4). 

Thus, with respec t  to the ease of dehydrogenation on activated carbon, 2,3-dihydrobenzofurans are 
arranged in an order  opposite to the order  obtained in dehydrogenation on group VIII metals  [31]. The 
react ivi t ies  o f  2,3-dihydrobenzofurans cor re la te  with the hydride lability of the hydrogen in their  mole-  
cules.  Similar resul ts  were obtained in eyperiments  with an alumosil icate catalyst  [47]. 

The specific cha rac t e r  of the adsorption of 2,3-dihydrobenzofuran on an alumosil icate catalyst  was 
investigated to obtain a more  detailed explanation of the mechanism of the described t ransformat ion  [52]. 
The IR spect ra  of 2,3-dihydrobenzofuran adsorbed on the original sample of alumosil icate  and on a sample 
obtained as a result  of H - D  exchange in its surface silanol groups and a m a s s - s p e c t r a l  analysis of the 
products of H - D  exchange desorbed f rom the surface of the catalyst  showed that the deuterium is concen- 
trated in the 2 posit ion of the 2,3-dihydrobenzofuran molecule.  In the case  of the hydrocarbon analog of 
2,3-dihydrobenzofuran ~ indane - H - D  exchange occurs  at a minimum of two carbon atoms of the five- 
membered  ring. The presence  of deuterium atoms only in the 2 position in the 2,3-dihydrobenzofuran 
molecule,  in contrast  to indane, made it possible to draw a conclusion regarding the specific cha rac te r  
of the adsorption of 2,3-dihydrobenzofuran,  consisting in the fact that the plane of the molecule forms a 
cer ta in  angle with the surface of the adsorbent,  and the hydrogen atoms in the 2 position prove to be c lose r  
to the surface than those in the 3 position. This sor t  of orientation of the molecule may be associated with 
pronounced interaction of the oxygen atom of the f ive-membered  ring with the t r icoordinated aluminum of 
the alumosilicate,  and it is also responsible for  splitting out of a hydride ion p r imar i ly  f rom the 2 position 
of the molecule. Karakhanov and co-workers  [53] and Lysenko [54] associa te  the formation of phenols 
frorri 2,3-dihydrobenzofurans in the p resence  of acid catalysts  with redistr ibut ion of the hydrogen in the 
polymerized complex, which is formed in turn f rom the alkylphenols - products of opening of the oxygen 
ring of 2,3-dihydrobenzofurans.  

The ionic cha rac t e r  of the t ransformat ions  of 2,3-dihydrobenzofurans on acid catalysts  and activated 
carbon suggests  hydride lability of the hydrogen atoms in 2,3-dihydrobenzofuran molecules,  information 
regarding which was obtained in [16, 55-57] during a study of the react ion of 2,3-dihydrobenzofurans with 
c lass ica l  hydride- ion acceptors  - stable carbonium ions. 

.. C2H5 

CHzCH3 - H CH2CH CH;,CH 

~ ~, ~ V 

C H  3 

Drawing analogies between the catalyzed and noncatalyzed p rocesses  in a number  of eases  makes it pos-  
sible to const ruct  ext remely  useful models,  by means of which one can explain many experimental  facts.  
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A study of the generat ive conditions and the cha rac te r  of the subsequent t ransformat ions  of the c a r -  
bonium ions of the benzofuran se r ies  [16, 55, 57] made it possible to model p rocesses  that occur  on the 
active centers  of acid cata lys ts .  

2 ,3-Dihydrobenzofurans under ionic dehydrogenation and skeletal i someriza t ion on react ion with 
tr iphenylmethyl  perch lora te .  An ion-chain p rocess  is real ized.  

On the basis  of the scheme presented above one should expect a considerably lower capacity of 2- 
methyl -2 ,3-dihydrobenzofuran to undergo isomeriza t ion with expansion of the oxide ring, inasmuch as the 
{somerizat ion of the cations is unlikely in this case.  This is confirmed by the absence of chroman in the 
products  of the react ion of 2-methyl-2 ,3-dihydrobenzofuran with hydr ide- ion acceptors .  

2 ,2-Dimethyl-2 ,3-dihydrobenzofuran is dehydrogenated to 2,3-dimethylbenzofuran in reactions with 
hydr ide- ion  acceptors .  

L~.~%O~<.CH 3 -H- " ~  "O" "CH s ~ O ' ~ " C H s  

2,3-Dihydrobenzofurans react s imi la r ly  with tr iphenylmethyl tetraf luoroborate and chloranl l .  

The hydride labi l i ty  of the hydrogens in 2,3-dihydrobenzofurans was also estimated from thei r  ac- 
t i v i ~  as hydr ide- ion donors in the hydrogenation of cycl ic olefins and the reduction of t r iphenylmethyl-  
earbinol [56, 57]. The investigated 2,3-dihydrobenzofurans are arranged in the same order  with respect 
to the case of extract ion of a hydride ion as the order obtained during an investigation of their  t ransfor-  
mations on acid catalysts  and activated carbon. 

The resul ts  and the s t ruc ture  of the 2,3-dihydrobenzofurans made it possible to assume that the 
hydride ion is detached f rom the 2 position. However, Karakhanov and co-workers  [56, 57] did not ex- 
clude the possibi l i ty of detachment of a hydride ion also f rom the 3 position, inasmuch as the benzene 
ring may part ic ipate  in charge stabil ization in the result ing carbonium ion in this case.  As a result  of 
experiments  with labeled 2,3-dihydrobenzofurans,  Dem~yanova [16] unambiguously established the site 
of detachment of the hydride ion: 

1 7  {{ ."~ '~ D (C6Hs)3 C+ 
"~.// ' - .  OJ  % CH 3 - (C6H5) 3 CD 

: / ~ - - ' ~ - - . ~  CH 3 (C6H5) 3 C § 

L.~.OJ" - (C6H5)3 CD 

~ " ~ . . - " ~  D (C6H5)3 C+ 

~ L ~ .  ~ D  - (C6H5)3CD 

V! 

VII 

VII{ 

The deuter ium content in the tr iphenylmethane formed as a resul t  of hydride t r ans f e r  was close to 
quantitative. When an alkyl substituent par t ic ipates  in stabilization of the intermediately formed carbo-  
nium ions, the hydride ion is split out f rom the same carbon atom to which this substituent is a t tached.  
Thus the site of detachment of a hydride ion f rom the start ing 2,3-dihydrobenzofurans is determined by 
the posit ion of the alkyl substituents.  In the case of unsubstituted 2,3-dihydrobenzofuran, the hydride ion 
is split out only f rom the 2 position, and this constitutes evidence that the positive charge is stabilized to 
a g r ea t e r  extent by the oxygen p electrons than by the ~r sys tem of the benzene ring. The carbonlum ions 
that are  generated by detachment of a hydride ion are  ar ranged in the o rder  VI > VII > VIII with respect  to 
the i r  re la t ive  stabili t ies,  and this cor re la tes  with the ease of dehydrogenation of 2,3-dihydrobenzofurans 
under the influence of both hydr ide-acceptors  and catalysts  that are  acidic in nature.  In [16] it was shown 
by means of ESR and NMR methods {chemical polar izat ion of the nuclei) that the react ions under discus-  
sion did not proceed through a step involving one-e lec t ron  t rans fe r .  

Experiments  with 2 ,3-dimethyl-2 ,3-dihydrobenzofuran on alumosil icate,  in which 2-methylchroman - 
t h e  product  of expansion of the oxide ring - if formed along with 2,3-dimethylbenzofuran, constitutes an ex- 
t r emely  interest ing i l lustrat ion of the ionic cha rac t e r  of the t ransformat ions  of 2,3-dihydrobenzofurans on 
acid cata lys ts  [58]: 
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[ ] " 
H H r ~ I~CH 2 

"O '~CH s -H- ~ "o CH s ~ v -O~.HH 
L 3 J 

The c i s , t r ans - i somer i za t ion  of octahydrobenzofurans [59] under the influence of A120 ~ and ZnC12/ 
A1203 also apparently p roceeds  via an ionic mechanism:  

The mater ia l  f rom the papers  cited above persuas ive ly  demonst ra tes  the exis tence of a cor re la t ion  
between the activit ies of 2,3-dihydrobenzofurans,  in the i r  t ransformat ions  on catalysts  with acceptor  cen-  
t e r s ,  and the hydride labili ty of the hydrogen of the he terocycl ic  ring and, consequently, the ionic char -  
ac te r  of p r oc e s se s  that occur  on catalysts  on this sor t .  Thus the react ion of 2,3 .dihydrobenzofurans with. 
hydr ide- ion  aceeptors  and the i r  t ransformat ions  on acid catalysts  can be used for  the prepara t ion  of the 
corresponding benzofurans in high yields.  Of pa r t i cu la r  in teres t  a re  cata lysts  such as activated carbon 
and alumosi l icate ,  which a re  quite stable in the exper iments  and bring about highly select ive dehydrogena- 
tion. 
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