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The catalyt ic  oxidation of furan compounds in the vapor  and liquid phases  is reviewed.  

The vapor-phase  and l iquid-phase oxidation of furan compounds is a catalyt ic  method fo r  the synthesis  
of maleic  anhydride,  laetones,  and furancarboxyl ic  acids and the i r  der ivat ives .  The g rea t e s t  number  of 
studies in the a r e a  of the l iquid-phase oxidation of fur'an compounds have been devoted to the oxidation of 
fur fura l  and o ther  furan compounds with molecu la r  oxygen (aut ooxidation) and hydrogen peroxide .  

The mechanism of these react ions  has been discussed in detail  in review papers  [1, 2] and d i s se r t a -  
tions [3, 4]. 

The subject  of the p re sen t  review is the vapor--phase oxidation of furan  compounds on vanadium cata-  
lys ts  and thei r  l iquid-phase oxidation on heterogeneous oxide (Ag20 , Ag20-CuO , etc.) ca ta lys ts  and in the 
p re sence  of homogeneous cata lysts  (salts of metals  with var iab le  valences).  

V a p o r - P h a s e  O x i d a t i o n  o f  F u r a n  C o m p o u n d s  o n  V a n a d i u m  C a t a l y s t s  

Catalysts .  The des i red  product  in the vapor -phase  oxidation of furan compounds on vanadium cata-  
lysts  is maleic  anhydride,  which is a valuable monomer  for  the prepara t ion  of lacquers  and glass plast ics ,  
defoliants and herbic ides ,  dyes for  polychromat ic  printing, nutri t ive acids,  etc.  

The ca ta lys ts  fo r  the vapor -phase  oxidation of furan compounds can be divided into the following pr in-  
cipal groups with r e spec t  to the i r  act ivi ty and genesis .  

1) P romoted  V - M o - P  cata lysts  on aluminum metal  p repa red  by the paste method [5, 6]. These 
cata lysts  a r e  in a s tate  that ensures  high yields of maleic  anhydride (70-80%) only when the react ion mix- 
ture  is highly diluted with a i r .  The efficiency of the ca ta lys ts  does not exceed 1.5 g / l i t e r  �9 h. 

2) P romoted  V - M o - p  cata lys ts  p r e p a r e d  by evaporat ion in an ammoniacal  medium and applied to 
aluminum metal  o r  n icke l -a luminum alloy [7-12]. Under optimum conditions the des i red  product  is ob- 
tained in 55-66% yie ld  with an eff iciency of up to 60 g / l i t e r  �9 h. 

3) P romoted  V - M o - P  cata lys ts  on synthetic corundum, porcela in ,  carborundum,  o r  other  nonme- 
tallic supports  and p r epa red  by evaporat ion in a hydrochlor ic  acid medium [13]. Maleic anhydride is ob- 
tained in 47-63% yields at eff ic iencies  of up to 130 g / l i t e r  - h. 

Thus, depending on the composit ion and or igin of the catalyst ,  the yield of the des i red  product  changes 
by a fac to r  of two and the ca ta lys t  eff iciency changes by one o r d e r  of magnitude. An increase  in the initial 
concentra t ion in the reac t ion  mixture  leads to a dec rease  in the select ivi ty  of the p rocess .  

The best  weight ra t ios  of the active components in the case  of oxidation of fur fura l  on vanadium-con-  
taining ca ta lys ts  applied to corundum and p repa red  by evaporat ion in a hydrochlor ic  acid medium are  as 
follows [13]: MoO3/V205 = 0.3-2.2, Ni/V205 = 0.006-0.03, P205/V205 = 0.005-0.02, Na/V205 = 0.005-0.02, 
and Na/P202 = i. 
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Both a solid solution of molybdenum tr ioxide in vanadium pentoxide and a more  complex catalyt ic  sys-  
tem [14] cha rac t e r i zed  by a high MoO3/V2Os rat io (1-2.2) have high catalyt ic  activity.  A chemical  compound 
is fo rmed  at  these ra t ios  of the catalyt ic  oxides [15]. 

A cha rac t e r i s t i c  pecul iar i ty  of the ca ta lys ts  f o r  oxidation of furan  compounds is the p re sence  of phos-  
phates in the ca ta lys t  composit ion.  Modification of the ca ta lys t  with monosodium phosphate (in ~ 5% con- 
centrat ions)  leads to the format ion  of a n e w  chemical  compound of the sodium phosphomolybdate type [16]. 
The bond between oxygen and the vanadium and molybdenum ions is  broken,  and the concentra t ion of sol i tary  
V 4+ ions changes.  As in the case  o fvanad ium-ph0spho rus  ca ta lys ts  fo r  the oxidat ionof  C 4 hydrocarbons  [17, 
18], the ro le  of phosphorus compounds in mult icomponent  vanadium cata lysts  reduces  to weakening of the 
V~O bond of the vanadium pentoxide. 

Oxides of s i lver ,  thallium, cadmium,  cobalt, lanthanum, cer ium,  etc. ,  which can be a r ranged  in the o r -  
der  Ag20 - T1203 > CdO -> NiO > CeO 2 with r e spec t  to the effect  of an increase  in select ivi ty,  have been p ro-  
posed []9, 20] as p romo te r s  fo r  V - M o - P  cata lysts .  

The increase  in se lect iv i ty  observed  when promoting compounds a re  introduced in the ca ta lys t  composi-  
tion is due to the change in the rat io  of the ra tes  of the par t ia l  react ions  involving the format ion  of maleic  an- 
hydride and complete  oxidation of the furan compound. Rear rangement  of the s t ruc tu res  of the ca ta lys ts  is 
obse rved  when var ious additives a re  introduced [16, 21, 22]. Modification of the ca ta lys t  with added Ag20 leads 
to the format ion of S i lve r -vanad ium bronze AgVsO15, s i lverpolyvanadate  AgV~Ois, and unbonded AgC1 [23]. 
Cupric  ox ide-promoted  ca ta lys ts  contain a COplSer-vanadium bronze [16]. Si lver  polyvanadate and s i l v e r -  
and c o p p e r - v a n a d i u m  bronzes  contain vanadium ions surrounded by oxygen with var ious bond energies;  the 
high heterogenei ty  of the sur face  with r e spec t  to oxygen ensures  high select ivi ty  of these ca ta lys ts  during in- 
complete  oxidation of furan compounds and hydrocarbons  [23, 24]. 

Modification of ca ta lys ts  by the addition of CeO2 and In203 leads to a change in the bond between the 
vanadium ion and oxygen because of the t ransi t ion of a port ion of the vanadium ions to octahedral  coordination 
[16]. These cata lysts  a re  cha rac t e r i zed  by re la t ively  low select ivi ty  as compared  with s i l ve r -p romoted  
cata lysts .  

Synthetic corundum, carborundum, mulli te,  chamotte,  TiO2, n icke l -a luminum al loys,  and o t h e r f o r m s  o f  
supports  can be used as supports  f o r  cata lysts  fo r  the vapor -phase  oxidation of furan compounds. The se lec -  
tivity of a cata lys t  i nc rea se s  as the poros i ty  of the support  dec reases  [25]. The optimum supports  a re  those 
cha rac t e r i zed  by an overa l l  poros i ty  --<7%. When the poros i ty  is increased  to 47%, one observes  a sharp  de-- 
c r ea se  in the select ivi ty  of the oxidation of fur-an compounds as  a resu l t  of t ransi t ion of the react ion to the in- 
t radiffusion region. 

At comparable  support  poros i t ies ,  the distr ibution of the pores  along the radius has a g rea t  effect  on the 
p rope r t i e s  of the catalyst .  The optimum supports  a re  those cha rac t e r i zed  by the p re sence  of large t ranspor t  
po res  (r >- 1000 ~} and a minimum percentage  of fine pores  with radi i  < 100 .~. P r i o r  t r ea tment  of nonme-  
tallic supports  with concentra ted  HC1 has been recommended  [26]. The ro le  of the la t te r  consis ts  in dissolving 
and removing iron sal ts  and increasing the percentage  of large t r anspor t  pores .  

The conditions under  which the ca ta lys t  is genera ted  have a considerable  effect  on the par t ic le  s ize  and 
s t ruc tu re  of vanadium cata lys ts .  The bes t  method for  the prepara t ion  of the cata lysts  is evaporat ion of a solu- 
tion of the act ive components  in the p r e sence  of the support  [27, 28]. It has been establ ished by compar ison  of 
the s t ruc tu re  and par t i c le  s ize  of vanadium cata lysts  p r epa red  by evaporat ion in hydrochlor ic  acid and ammo-  
niacal  media that the ca ta lys ts  p r epa red  in hydrochlor ic  acid media a re  cha rac t e r i zed  by a more  finely dis- 
pe r s e d  sys tem of catalyt ic  oxides.  The di f ferences  in the degree  of d ispers ion  of the l aye r  of active com-  
ponents a re  responsible  fo r  the different  mechanical  s t rengths  of the above catalysts .  The degree  of dispers ion 
of the catalyt ic  oxides fo r  cata lysts  p r epa red  in hydrochlor ic  acid media  is one o r d e r  of magnitude lower than 
that of ca ta lys ts  p r epa red  in ammoniacal  media [14]. This difference in the s t ruc tu re  and p roper t i e s  of ca ta-  
lysts  p r e p a r e d  in hydrochlor ic  acid and ammoniacal  media is associa ted with the fact  that c rys ta l l ine  V205 is 
fo rmed  by dehydrat ion of V205 �9 nH20 during activation of compounds obtained f ro m  acid solutions, while c r y s -  
ta l l izat ion of V205 f rom vanadium compounds obtained f rom ammoniacal  solutions occurs  during thermal  de- 
composi t ion of NH4VO 3. 

The technology for  the product ion of pi lot-plant  batches of p romoted  vanad ium-molybdenum~phosphorus  
ca ta lys ts  on corundum o r  aluminum metal  has been worked out. The vanad ium-molybdenum-phospho rus  cata-  
lyst  on corundum is cha rac t e r i zed  by high reproducibi l i ty  of the catalyt ic  activity during the production of large 
batches.  This ca ta lys t  has proved its value in the case  of its uti l ization for  2 y r  in a pi lot-plant  instal lat ion 
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with an output of 250 t o n s ] y r  both with r e s p e c t  to the act ivi ty of the ca ta lys t  and the quality of the des i red  
product .  The technology f o r  the isolat ion of male ic  anhydride f r o m  the contact  gases  has been  worked out 
[16, 29]. 

Thus a new and or ig inal  method fo r  the product ion of male ic  anhydride fo r  the paint  and va rn i sh  industry 
f r o m  a m a t e r i a l  that has not been  prev ious ly  used fo r  this p r o c e s s  - fu r fu ra l  - has been crea ted .  The v ap o r -  
phase  oxidation of fu r fu ra l  is a p romis ing  method fo r  the p repa ra t ion  of ma le ic  anhydride in countr ies  that 
have  la rge  sou rces  of  pentosan-conta ining raw m a t e r i a l  and l imited pe t ro l eum r e s e r v e s .  

The p repa ra t i on  of male ie  anhydride by the v a p o r - p h a s e  oxidation of f u r a n - a  side p roduc t  in the oxida- 
t ive dehydrogenat ion of butenes and b u t a d i e n e -  is a p romis ing  method [30, 31]. The v a p o r - p h a s e  oxidation of 
furan  to male ic  anhydride is c h a r a c t e r i z e d  by a high yie ld  of the des i r ed  product  and high eff iciency of the 
p r o c e s s  (~80 mole  % and 240 g / l i t e r  �9 h) [32]. 

Reac t iv i t ies  of F u r a n  Compounds and the React ion Mechanism.  The reac t iv i t i e s  of furan  compounds have 
been studied under  in tegra l  [33] and nongradient  [34, 35] conditions. The ra te  of accumulat ion of male ic  anhy- 
dr ide  and the ra te  of the ove ra l l  convers ion  of furan  compounds dec rea se  in the o r d e r  [34] furan  > fu r fu ra l  > 
t e t r ahydrofu ran  (THF) > fu r fu ry l  alcohol > a - m e t h y l f u r a n  �9 5 -methyl fur fura l .  

The f i r s t  and slow step in the oxidation of furan  der iva t ives  to male ic  anhydride is oxidative e l iminat ion 
of the side chain. The l a t t e r  is in a g r e e m e n t  with the hypothesis  of M. V. Shimanskaya and S. A. Gi l l e r  [36] 
and Milas and Walsh [33]. F u r a n  has been p roposed  as the in te rmedia te  in the fo rmat ion  of male ic  anhydride 
f r o m  fur fura l :  

Evidence in favor  of this assumpt ion  is provided by the data in [37], according to which oxidative d eca r -  
bonylation of fu r fu ra l  to furan  occu r s  on vanadium ca ta lys t s  in the p r e sence  of oxygen and water .  

Data on the l iquid-phase  oxidation of a -14C-fur fura l  const i tute a second piece  of evidence in f avor  of the 
above mechan i sm.  The male ic  and fumar ic  acids fo rmed  do not contain radioact ive  carbon [38]. A compar i son  
of the energy  of c leavage  of the C -  H bond of the furan ring and the C -  H bond of the carbonyl  group indicates 
p r i m a r y  Oxidation of the aldehyde g r o u p .  

With al lowance f o r  the quan tum-chemica l  reac t iv i ty  indexes of the individual s t ruc tu ra l  e lements  of the 
furan  molecule ,  it has been a s s u m e d  that reac t ion  in the 2 and 5 posi t ions  of the furan ring occurs  in the case  
of oxidation of furan to male ic  anhydride,  whereas  reac t ion  of the su r face  f o r m s  of furan  and oxygen in the 2 
and 3 posi t ions  of the furan  ring occu r s  in the case  of complete  oxidation [39]. 

The singly charged  (in the 2 position) furyl  cation and the doubly charged  (in the 2 and 5 posit ions) d i ca t -  
ion a r e  probably  in te rmedia te  f o r m s  in the product ion of male ic  anhydride [40]. In analogy with the oxidation 
of o ther  organic  compounds [41-43], it has been proposed  that the oxygen anion radica ls  O-,  O~, and O 2 - �9 C) 2 
and loosely adsorbed  oxygen pa r t i c ipa te  in the oxidation of furan compounds.  It has been a s sumed  that the oxi-  
dation of furan  to ma le i c  anhydride p roceeds  e i the r  with opening of the furan  ring through a step involving the 
fo rma t ion  of male ic  dialdehyde {33] o r  with re tent ion  of the furan ring through a step involving the fo rmat ion  of 
the hypothetical  2 ,5 -d ihydroxyfuran  [8]. 

Veiss  and c o - w o r k e r s  [44] explain the oxidation of furan  to male ic  anhydride on vanadium ca ta lys t s  with 
al lowance fo r  the e lec t rophi l ic  reac t ion  of the ca ta lys t  with the carbon a toms of the furan ring in the 2 position: 

H29<',) 
, 2 ~  %-~o o 

\M//O \~ /0  \§ \ 2+ 

/ \ / \ / \ / M \  

Vanadium oxide ca ta lys t s  a r e  capable  of this so r t  of reac t ion  owing to the pronounced e lec t rophi l ic  
c h a r a c t e r  of the i r  oxidative groups.  The meehansm of the fo rmat ion  of male ic  anhydride includes s e v e r a l  
s teps  - e lec t rophi l ic  a t tack,  deprotonation,  and reac t ion  of the cor responding  carbonium ion with a hydrogen 
donor (water) to give the cor responding  hydroxy ketone as an in te rmedia te .  An advantage of this hypothesis  as 
c o m p a r e d  with the prev ious  hypotheses  is the assumpt ion  of the par t ic ipa t ion  of the. V = O  group of the ca ta lys t  
in the oxidative p r o c e s s .  A number  of r e s e a r c h e r s  have es tab l i shed  a co r re l a t ion  between the p r e s e n c e  of 
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TABLE 1. K ine t i c  P r i n c i p l e s  of the Oxida t ion  of F u r a n  C o m -  
pounds  o n  an  Ni-  and N a - P r o m o t e d  V - M o -  P C a t a l y s t  on a C a r -  

borun.dum Support  (Ssp = 0.82 m ~ / g )  * 

Fumn 

FLt~-  

fural 

5-Methyl 
fuffural 

Exptl. conditions 

i 
290--350~ 
v= 11600--97000 h "l, 
Co = 1,4. I0 - 4 -  
3.7.10 -4 mole/litex 
[O~]=5. I0 -~ -  
44.10 -~ mole/liter 

302--350~ 
v =8000--36000 h -~ 
c o =  1,7.10 -~ -  
3,4.10 -~ m01e/llter 
[o~1=5,5-I0-4-- 
4.10 -~ mole/liter 
302--370~ 
v = 2000--32700 b- -1 
co= 1,7- 10 -4 -  
3,7- 10 -4 mole/liter 
[O~]=0,5- 10 -2 -  
4,4.10 -~ mole/liter 

Form of the ld- 
I netic equations 

wtot = ktot [O2] 
w .~i A = k ~i A[O2] 
wco= kco[O2] ~ 
~ CO 2 

= k co~ c~ ~ 
wt=kl[O2] 
w2 = k2c~ 

~MA ~ 

= k M Ac~ ~ 

~='tot = 
=kto t c~176 ~ ~ 
=' ~ a = k .~ .~[0~t ' 
a,~ =/~[0~1 ~ 
ws= #~c~ '~ 

E a, keal/mole 

Eto t = 33 
E_~., =41 
Eco =29 
E co2 =27 
El=41 
E 2 = 28 

Eto t =26 Eco2=30 
E.~ A = 35 E ~ = 3 4  
Eco=23 E2=21 

E t o t  = 25 
E_~:x =32 
E~ =33 
E~ = 24 

Effective 
activation 
entropy, eu 

IS* te f f  = - 2 , 6  

I 
S*~eff = - 4 0  

Seffto t - 
~-~--~2 4,6 

S*afs MA = 
= -5,7 

s~ffto t = 
= - 30.4 

S*eff .~ix = 
= --27,1 

* Abbrevia t ions . .  w is the r a t e  ( m o l e s / m  2 �9 h), tot  r e f e r s  to to ta l  
c o n v e r s i o n  of the f u r a n  compound,  MA p e r t a i n s  to the m a l e i c  
anhyd r ide  a c c u m u l a t e d  du r ing  the r e a c t i o n ,  CO and CO 2 p e r t a i n  
to the f o r m a t i o n  of c a r b o n  monoxide  and dioxide,  and 1 and 2 
p e r t a i n  to the p a r t i a l  r e a c t i o n s  of f o r m a t i o n  of m a l e i c  anhydr ide  
and comple t e  ox ida t ion  of the raw m a t e r i a l .  

M-~-O in the c a t a l y s t  and the s e l ec t i v i t y  of the p r o c e s s  [18, 45]. The f o r m a t i o n  of one o r  the o t he r  i n t e r m e d i a t e  

depends ,  in  add i t ion  to o the r  cond i t ions ,  on the o r i e n t a t i o n  of the a d s o r b e d  f u r a n  on the c a t a l y s t  s u r f a c e .  M . V .  
Sh imanskaya  and c o - w o r k e r s  [16] have made  a q u a n t u m - c h e m i c a l  c a l c u l a t i o n  by the extended I-Jtickel method  
(EHM) of the e l e c t r o n - d e n s i t y  d i s t r i b u t i o n  in the pos i t i ve ly  c ha r ge d  f u r a n  ion and have e s t i m a t e d  the magni tude  
of the t r a n s f e r  of e l e c t r o n  dens i ty  f r o m  the l igand  to the c r y s t a l  l a t t i ce  in  the ca se  of a th ree fo ld  o r i e n t a t i o n  of 
the l igand  above the v a n a d i u m  ion. The m a x i m u m  t r a n s f e r  of e l e c t r o n  dens i ty  takes  p l ace  in  the c a s e  of a 
p l a n e - p a r a l l e l  o r i e n t a t i o n  of the f u r a n  m o l e c u l e  above the v a n a d i u m  ion, in  which ca se  the hydrogen  a toms  
bonded  to the C a toms  in the 2 and 5 pos i t i ons  of the f u r a n  r ing a r e  c l o s e s t  to the oxygen a toms  of the Vanadi-  
tun pentoxide  l a t t i ce .  A p e r p e n d i c u l a r  o r i e n t a t i o n  of the f u r a n  r ing  a long the - C = C -  bond on the c a t a l y s t  s u r -  
face  has  been  p r o p o s e d  fo r  the comple t e  ox ida t ion  of f u r a n  compounds  [39]. The a b o v e - m e n t i o n e d  f o r m s  of 
o r i e n t a t i o n  of the f u r a n  m o l e c u l e  w e r e  e s t a b l i s h e d  dur ing  a s tudy of the a d s o r p t i o n  of f u r a n  on the homogeneous  
s u r f a c e  of g r a p h i t i z e d  c a r b o n  b lack  [46]. 

K i n e t i c s  of the Oxida t ion  of F u r a n  Compounds .  We made  the f i r s t  s tud ies  of the k ine t i c s  of the ox ida t ion  
of the m o s t  w i d e s p r e a d  compounds  of the f u r a n  s e r i e s  (furan,  f u r f u r a l ,  and 5 - m e t h y l f u r f u r a l )  to m a l e i c  anhy-  
d r ide  on p r o m o t e d  c a t a l y s t s  [47-52]. The r e a c t i o n  cond i t ions ,  the f o r m s  of the k ine t i c  equa t ions ,  and the ac t i -  
va t ion  e n e r g i e s  and ef fec t ive  ac t iva t ion  e n t r o p i e s  a r e  p r e s e n t e d  in Table  1. 

The ox ida t ion  of f u r a n  takes  p lace  in the r e g i o n  of high de g r e e s  of cove rage  of the s u r f a c e  w i th  f u r a n  and 
low d e g r e e s  of c o v e r a g e  wi th  oxygen.  The f r a c t i o n a l  o r d e r s  with r e s p e c t  to the s t e a d y - s t a t e  c o n c e n t r a t i o n s  of 
the ox id izab le  c o m p o n e n t  and oxygen dur ing  the ox ida t ion  of o t he r  f u r a n  compounds  cons t i tu t e  ev idence  fo r  the 
p r i m a r y  o c c u r r e n c e  of these  r e a c t i o n s  in  the r e g i o n  of m e d i u m  de g r e e s  of s u r f a c e  cove rage .  

C o m p e t i t i o n  be tween  f u r f u r a l  and 5 - m e t h y l f u r f u r a l  fo r  the ac t ive  c e n t e r s ,  which is e x p r e s s e d  in  t e r m s  of 
a c o n s i d e r a b l e  d e c r e a s e  in the r a t e  of o v e r a l l  ox ida t ion  of f u r f u r a l  in the p r e s e n c e  of 5 - m e t h y l f u r f u r a l ,  has 
b e e n  e s t a b l i s h e d  [20]. 

P r o d u c t s  of c o m p l e t e  ox ida t ion  a r e  f o r m e d  p r i m a r i l y  in the c a s e  of d i r e c t  oxida t ion  of f u r a n  compounds  
(via a p a r a l l e l  s cheme) ,  and only a s m a l l  p o r t i o n  of the c o m p l e t e - o x i d a t i o n  p roduc t s  (~ 1.5%) a r e  f o r m e d  v ia  the 
c o n s e c u t i v e  to ta l  ox ida t ion  of m a l e i c  anhydr ide .  The p a r a l l e l - c o n s e c u t i v e  v a p o r - p h a s e  ox ida t ion  of f u r a n  c o m -  
pounds  p r o c e e d s  p r i m a r i l y  in  two p a r a l l e l  d i r e c t i o n s :  
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R~-~o,,~'-- R2"/////////~ k2 CO -'r CO 2 

RI=H Or CH3;R2=H orC~O 

In analogy with our  studies ,  Novel la  and c o - w o r k e r s  [53, 54] also  p ropose  a p a r a l l e l - c o n s e c u t i v e  s c h e m e  
for  the p r o c e s s .  

The exis tence  of the reac t ion  of fu r fu ra l  with male ic  anhydride to give an adduct that  is oxidized to c a r -  
bon monoxide and dioxide under  the react ion  conditions has been assumed.  However,  this assumpt ion  con t r a -  
dicts  the exper imenta l ly  es tab l i shed  absence  of slowing down of the react ion  rate by the reac t ion  products .  

F i r s t - o r d e r  equations with r e s p e c t  to the su r face  concentra t ion of fu r fu ra l  have been p roposed  fo r  the 
descr ipt ion  of the r a t e s  of the pa r t i a l  r eac t ions  [53, 54]. The reac t ion  o r d e r  with r e s p e c t  to oxygen has not 
been es t imated.  

The apparen t  act ivat ion energy  (14.5 k c a l / m o l e )  f o r  the fo rma t ion  of ma le ic  anhydride is p rac t i ca l ly  
equal  to the act ivat ion energy  f o r  the fo rmat ion  of male ic  anhydride obtained by oxidation of fu r fu ra l  on a vana .  
d ium--molybdenum--phosphorus  ca ta lys t  applied to a luminum meta l .  

In con t ras t  to [53, 54], in our  studies we es tab l i shed  different  o r d e r s  of the pa r t i a l  reac t ions  with r e sp ec t  
to the oxidizable component.  This also const i tu tes  evidence f o r  the fo rma t ion  of male ic  anhydride and fo r  com-  
ple te  oxidation of furan  compounds via a pa ra l l e l  m e c h a n i s m  on different  cen te r s  of the heterogeneous su r face  
of  the ca ta lys t .  

In the case  of oxidation of fu r fu ra l  on two f o r m s  of v a n a d i u m - m o l y b d e n u m - p h o s p h o r u s  ca ta lys t  it was 
es tab l i shed  that the m e c h a n i s m  of the p r o c e s s  does not change but the reac t ion  takes place  at a d i f ferent  de-  
g r e e  of coverage  of the su r face  with fur fura l .  The r a t e  of accumulat ion of male ic  anhydride depends on the 
oxygen concentra t ion to a g r e a t e r  degree  than does the r a t e  of complete  oxidation, i .e.,  the se lec t iv i ty  of the 
r eac t ion  increases as the oxygen concentra t ion increases [55, 56]. 

An inc rease  in the se lec t iv i ty  as the t e m p e r a t u r e  r i s e s  is also obse rved  in the oxidation of furan  com-  
pounds. The c lose  apparen t  act ivat ion energ ies  fo r  the s a m e  reac t ions  in the case  of oxidation of a different  
f o r m  of raw m a t e r i a l  indicate identical  or ienta t ions  of the react ing  pa r t i c l e s  on the ca t a lys t  sur face .  An 
ana lys i s  of the effect ive  act ivat ion ent ropies  provides  evidence fo r  re la t ive ly  high labil i ty of the t rans i t ion  s ta te  
and f o r  the s i m i l a r  na ture  of the act ivated complexes  in the fo rmat ion  of ma le ic  anhydride and the products  of 
comple te  oxidation f r o m  furan.  The ra t ios  of the dis t r ibut ion functions of the ac t ivated complex and adsorbed  
furan  ( f + / f F )  a lso  indicate high labili ty of the ac t ivated complex in the fo rmat ion  of male ic  anhydride f r o m  
furan  [39]. The l a t t e r  indicates  reoxidat ion of the vanadium ca ta lys t  as one of the slow s teps  in the oxidation of 
furan.  Ideas regard ing  reoxidat ion of the ca ta lys t  as a slow step have also been e x p r e s s e d  on the bas i s  of k i -  
netic data  on the oxidation of fu r fu ra l  on vanadium ca ta lys t s  [57]. 

The favorab le  influence of added w a t e r  on the course  Of the p r o c e s s  has been demons t ra ted  in the case  of 
oxidation of furan  compounds [12, 58]. The se lec t iv i ty  of the fo rmat ion  of male ic  anhydride i n c r e a s e s  and the 
amount  of r e s ins  and volat i le  acids d e c r e a s e s  in the p r e sence  of water .  The favorab le  influence of wa t e r  is 
due mainly  to inhibition by w a t e r  of homogeneous oxidation of fu r fu ra l  by molecu la r  oxygen (autooxidat ion) ,par -  
t i eu la r ly  at  low w a t e r  concent ra t ions  in the reac t ion  mixture .  In addition, wa t e r  pa r t i c ipa te s  in the adsorpt ion 
d i sp lacement  of fu r fu ra l  and male ic  anhydride f r o m  the ca ta lys t  sur face ,  thereby prevent ing the i r  condensat ion 
with the reac t ion  in te rmed ia tes  to give compounds that a re  difficult to desorb.  

F u r a n  compounds a r e  a r r anged  in the o r d e r  fur fury l  alcohol ~- 5 -me thy l fu r fu ra I  > fu r fu ra l  > furan  
t e t r ahydro fu ran  with r e s p e c t  to the effect  of increas ing  se lec t iv i ty  in the p r e sence  of wa t e r  vapor .  

In con t ras t  to the pos i t ive  ef fec t  of w a t e r  v a p o r  on the react ion,  en r i chment  of the reac t ion  mix ture  with 
a hydrogen donor (ammonia) leads to a sha rp  dec r ea se  in the se lec t iv i ty  of the p r o c e s s  and an inc rease  in the 
amount  of r e s ins  in the reac t ion  p roduc t s  [59]. The Large role  of volume pa ra s i t i c  p r o c e s s e s  in the convers ion  
of fu r fu ra l  and o the r  furan  compounds in the p r e s e n c e  of ammonia  has a lso  been es tab l i shed  in the oxidative 
ammono lys i s  of furan  compounds on vanadium ca ta lys t s  [60-62]. The Latter is due to the high reac t iv i t i e s  of 
fur*an compounds in reac t ions  involving condensat ion with ammonia .  

In addition to the chief reac t ion  products  (maleie anhydride and carbon  monoxide and dioxide), volati le 
and o ther  acids ,  the qual i ta t ive and quanti tat ive composi t ion  of which depends on the nature  of the compound 
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undergoing oxidation, a r e  f o r m e d  in the v a p o r - p h a s e  cata lyt ic  oxidation of furan  compounds [63-75]. The o v e r -  
al l  r a t e  of  fo rma t ion  of the volat i le  acids depends on a f rac t iona l  power  (0.7) of the s t eady - s t a t e  fu r fu ra l  con-  
cen t ra t ion  and is c h a r a c t e r i z e d  by an apparen t  ac t ivat ion energy  of 12 k c a l / m o l e  a t  250-330 ~ and 35 k c a l / m o l e  
a t  330-370 ~ . The volat i le  acids  and the res inous  products  a r e  f o r m e d  both in homogeneous p r o c e s s e s  involving 
autooxidation o f f u r f u r a t  and in heterogeneous  and he te rogeneous-homogeneous  p r o c e s s e s  involving condensat ion 
of fu r fu ra l  and its in te rmedia te  t r an s fo rm a t i on  products .  

A c h a r a c t e r i s t i c  pecu l i a r i ty  of the k inet ics  of the vapor--phase oxidation of furan  compounds is a d ec r ea se  
in the r a t e  as  the initial  concent ra t ion  of oxidizable component  in the reac t ion  mix tu re  inc reases  [49]. 

The ef fec t  of w a t e r  vapor ,  the pecu l i a r  kinetic p r inc ip les  in the fo rmat ion  of volat i le  acids,  and the ob- 
s e r v e d  ef fec t  of slowing down of the reac t ion  as the initial concentra t ion of the oxidizable compound inc reases  
const i tu te  evidence  f o r  a complex  he te rogeneous-homogeneous  m e c h a n i s m  for  oxidation of fu ran  compounds.  
The he te rogeneous  oxidation of furan  compounds to ma le ic  anhydride is accompanied  by the i r  homogeneous 
oxidation by m o l e c u l a r  oxygen (autooxidation), and this leads to the fo rma t ion  of r e s ins  and volat i le  acids .  

The he te rogeneous  fo rma t ion  of male ic  anhydride and comple te -ox ida t ion  products  is, in turn, a c c o m -  
panied  by p a r a s i t i c  reac t ions  involving the condensat ion of the in te rmedia tes  with fu f fu ra l  on the ca t a lys t  s u r -  
face .  The ex is tence  of s ide reac t ions ,  as a r e su l t  of which d i f f i cu l t - to -desorb  subs tances  a r e  fo rmed,  has a 
pronounced ef fec t  on the kinet ics  of the pr inc ipa l  he terogeneous  ca ta lys i s  p r o c e s s .  Kinetic equations were  de-- 
r ived  f r o m  the s t e a d y - s t a t e  conditions with al lowance fo r  slowing down of the reac t ion  ra te  by the in te rmedi -  
a tes .  The ra t e  of ove ra l l  convers ion  of fu r fu ra l  on a v a n a d i u m - m o l y b d e n u m - p h o s p h o r u s  ca t a lys t  is e x p r e s s e d  
by the equation 

dx kl(1--x)}02 

where  k 1 and b a r e  constants ,  C O andO~ a r e  the initial  fu r fu ra l  and oxygen concentra t ions ,  x is the degree  of 
convers ion ,  and T is the contact  t ime.  

Consider ing  the high adsorpt ion  capac i t i es  of furan  and o ther  furan  compounds,  one mus t  i nc rease  the 
oxygen concent ra t ion  in the gas  mix tu re  to p reven t  the reac t ion  of the t rans i t ion  complex  with the s ta r t ing  
compound to give  d f f f i cu l t - to -desorb  products .  This is evidenced by the absence  of a s lowing-downeffec t  in the 
oxidation of furan  compounds with oxygen. Data on the adsorpt ion  of furan  and oxygen on vanadium-containing 
ca ta lys t s  [66], accord ing  to which furan  is sorbed  rapidly and comple te ly  i r r e v e r s i b l y  with 60% coverage  of the 
su r f ace  by a monolayer ,  const i tute  evidence in f avor  of the p roposed  m e c h a n i s m  fo r  the oxidation of furan 
compounds.  

Thus the high adsorp t ion  capac i t i es  of furan  compounds a r e  due to a number  of pecu l i a r i t i e s  of  the k i -  
ne t ics  of the i r  oxidation as  c o m p a r e d  with the kinetic p r inc ip les  of the oxidation of a r o m a t i c  compounds [67, 
68]. These include the inc rease  in se lec t iv i ty  as the t e m p e r a t u r e  i nc r ea se s ,  the oxygen and w a t e r  vapo r  con-  
cen t ra t ions  in the reac t ion  mix ture ,  and the effect  of slowing down of the reac t ion  ra t e  by the in te rmedia tes .  

L i q u i d - P h a s e  O x i d a t i o n  o f  F u r a n  C o m p o u n d s  

The g r e a t e s t  n u m b e r  of s tudies  have been devoted to the l iquid-phase oxidation of fu r fu ra l  to py romuc ic  
ac id  on heterogeneous  ca ta lys t s .  These  ca ta lys t s  include oxide ca ta lys t s  containing Mn, AI, Fe,  Ni, Ag, and 
Au, as  well  as  b inary  A g - C u  oxide ca ta lys t s  [69-77]. 

L iqu id-phase  oxidation of fu r fu ra l  has a lso  been accompl i shed  on Ag20--CuO ca ta lys t s  applied to ca rbon  
and o ther  suppor ts  [78, 79]. The use  of appl ied ca ta lys t s  fac i l i ta tes  the i r  isolat ion f r o m  the oxidate and their  
regenera t ion .  

According to [80], the l iquid-phase  oxidation of fu r fu ra l  on an A g - C u  oxide ca ta lys t  p roceeds  via the 
following scheme:  

Ag20 + C~H~O-- CHO +N aOH---~2Ag + C~H30 - COON a + H20; 
2Ag+2CuO-~Ag20+Cu20; 

Cu20 + 1/20z--.~2CuO. 

The ro le  of CuO in the composi t ion  of the b inary  A g 2 0 - C u O  ca ta lys t  reduces  to oxidation of s i l v e r  me ta l  
to s i l v e r  oxide. 
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The oxidation is  car r ied  out in an alkaline medium to avoid decarboxylation of the pyromucic acid and 
other side reactions. 

Liquid-phase oxidation' of furfural  with oxygen on a heterogeneous Ag--Cu oxide catalyst is character ized 
by high selectivity (91-95%) and the simplicity of the technology of the process.  The catalytic synthesis of py- 
romucie acid therefore  has advantages over  the liquid-phase oxidation of furf~ml with potassium permanganate 
[76] ~nd other  synthetic methods. 

The kinetics of the liquid-phase oxidation of furfural  on an Ag-Cu oxide catalyst have been investigated 
[79, 81]. The rate is initially independent of the furfural  concentration. At higher  degrees of conversion the 
reaction rate is f i r s t -o rde r  with respect  to furfural  and the catalyst. Mass t ransfer  between the g a s -  liquid 
and liquid- solid phases does not affect the rate of the process.  The construction of a reac tor  for  the liquid- 
phase oxidation of furfural  has been proposed, and a mathematical model of the process has been worked out. 

Heterogeneous Ag90 and Ag20-CuO catalysts are  also characterized by high activity in the oxidation of 
other  compounds of the furan series .  

We have shown that the liquid-phase oxidation of 5-methylfuffural with ai r  oxygen in the presence of 
Ag~O in an alkaline medium is a convenient method fo r  the synthesis of 5-methylpyromucic acid [82]. However, 
the selectivity of the oxidation of 5-methylfuffural is considerably less than the selectivity of the oxidation of 
furfural.  The yield of 5-methylpyromucic acid does not exceed 50 mole %. 

Whereas the principal product in the liquid-phase oxidation of 5-methylfurfural on a heterogeneous Ag20 
catalyst is 5-methylpyromucic acid, the chief product in the oxidation of 5-methylfurfural with a i r  oxygen under 
p ressure  in the presence of a homogeneous c a t a l y s t -  salts of metals with variable valences (a Co-Mn- -Br  
catalyst) - is furan-2,5-dicarboxylic acid (in 36 mole % yield) [83]. The liquid-phase oxidation of 5-methyl- 
furfural  to furan-2,5-dicarboxylic acid proceeds via a parallel-consecutive scheme: 

H 

H CLo; H 

H / \O / x H 

This process  is accompanied by oxidative cleavage of the furan ring. This is responsible for  the rela-  
tively low selectivity of the oxidation of 5-methylfurfural to oxygen-containing derivatives of the furan series  
as compared with the selectivity of the oxidation of alkylbenzenes [84]. 

The preparation of furan-2,5-dicarboxylic acid by the liquid-phase oxidation of 5-hydroxymethyifurfural 
with air  oxygen on heterogeneous P d - ,  P t - ,  and Ag20-CuO catalysts is also known [85]. The process is re la-  
tively highly selective but is based on the use of a raw material  that is difficult to obtain. 

The liquid-phase oxidation of 5-methyl-2-cyanofuran with air  oxygen in the presence of a coba l t -man-  
ganese catalyst under p ressure  in a solution of acetic acid has been studied [86]. Under these conditions, in 
addition to oxidation of the methyl group, one observes hydrolysis of the CN group to an amido group: 

NC-~CH 3 " HzNOC-~CHO --H,NOC~COOH 

Depending on the reaction conditions, the process  may be directed ei ther  to favor the predominant forma- 
tion of furan-2,5-dicarboxylic acid monoamide or  to favor the formation of 5-formylfuran-2-carboxamide.  

A great  deal of attention has been directed to the liquid-phase oxidation of THF and its derivatives [87- 
93]. Oxidation of TIIF with oxygen in the presence of peroxides or  metals with variable valences or in the case 
of initiation by UV irradiation leads to the formation of ~-hydroxytetrahydrofuran and T-butyrolactone. The 
reaction proceeds via a chain mechanism to give the corresponding ~-hydroperoxide as the pr imary molecular 
product. ~-Hydroxytetrahydrofuran is an extremely reactive compound that exists in equilibrium with ~/-hy- 
droxybutyraldehyde, c~-Hydroxytetrahydrofuran is converted to ?/-butyrolactone at a high rate even under mild 
oxidation conditions and in the case of low degrees of conversion of the raw material.  

We have investigated the liquid-phase oxidation Of THF with air  oxygen in the presence of a B203 catalyst 
[94]. The yield of ~-hydroxytetrahydrofuran does not exceed 17~, whereas the yield of ?/-butyrolactone reaches 
75-80%. 
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~-Hydroxy  ketches  a r e  obtained in the oxidation of 2 -a lky l t e t r ahydro fu rans  [92], apparent ly  as a r e su l t  
of  decomposi t ion  of the co r respond ing  hydroperoxides .  

G, I. Nikishin and c o - w o r k e r s  [95] have invest igated the l iquid-phase  oxidation of monofunctional de r iva -  
t ives  of T H F -  t e t r ahydro fu r fu ry l  alcohol and its f o r m a t e  and aceta te ,  as well  as  methyl  t e t r ahyd ro fu ran -2 -  
ca rboxyla te  - with oxygen in the p r e s e n c e  of manganese  ace ta te  as the ca ta lys t .  The chief reac t ion  products  
a r e  y -bu ty ro lac tone  and subst i tu ted  y -bu ty ro lac tone  with a functional group in the ~ posi t ion.  Succinic acid, 
which: is  f o r m e d a s  a r e s u l t  of oxidation of the lactones  to succinic anhydride: and subsequent  hydrolys is  of  the 
anhydride,  was  detected in the reac t ion  products .  Oxidation of the side chain leads to the fo rmat ion  of f o rmic  
aeid. 

R = CNzOH ~ CH2OOCH ~ CHzOCOCH 3 ~ COC)CH 3 

Thus the oxidation of monofunctio~l derivatives of TEF proceeds at two reaction centers, 2-C and 5-C. 
Ultraviolet  irradiat ion substantially accelerates the oxidation process, and this makes i t  possible to carry, out 
the reaction at lower temperatures. 

The ra te  of oxidation of THF der iva t ives  i n c r e a s e s  in the o r d e r  [96] 

~XO~CH2OH < ~>--CH2OCOC"3 --< ~COOC"3 < ~>--CH, 

The lower  r a t e  of oxidation of t e t r ahydrofu r fu ry l  alcohol as compa red  with the e s t e r s  and 2 - m e t h y l t e t r a h y d r o -  
fu ran  is explained by the fo rma t ion  of hydrogen bonds between the hydroxyl groups  and the peroxide  radica ls  
f o r m e d  during the oxidation, which leads to a d e c r e a s e  in the i r  r eac t iv i t i e s .  

We obtained T-butyrolac tone ,  ~ -hydroxymethy l -~ -bu ty ro l ac tone  (and its formate) ,  and fo rmic  acid by 
l iquid-phase  oxidation of t e t r ahydrofu r fu ry l  alcohol with a i r  oxygen in the p r e s e n c e  of B203 [97]. In the case  
of the l iquid-phase  oxidation of t e t r ahydro fu r fu ry l  alcohol in the p r e s e n c e  of B203, as well  as B203 and cobalt  
ace ta te ,  the se lec t iv i ty  of the fo rma t ion  of V-subst i tuted T-butyro lac tones  i nc rea se s  as c o m p a r e d  with the s e -  
lect iv i ty  of the oxidation in the p r e s e n c e  of manganese  ace ta te .  This is due to the fo rma t ion  of m o r e  s table  
(with r e s p e c t  to subsequent  oxidation) e s t e r s  of boric  acid and thereby to prevent ion  of des t ruc t ion  of the f ive-  
m e m b e r e d  ring. 

Whereas  ~-butyro lac tone  and its de r iva t ives  a r e  the p r inc ipa l  reac t ion  products  in the oxidation of t e t r a -  
hydrofur fury l  alcohol in the p r e s ence  of sa l t s  of meta l s  with va r i ab le  va lences  and boron-containing ca ta lys t s ,  
p r i m a r i l y  t e t r ahydrofu ranca rboxy l i c  acid (in up to 80 mole  % yield) is f o rmed  in the l iquid-phase  oxidation of 
t e t r ahydrofu r fu ry l  alcohol in the p r e s e n c e  of Ag20 and Ag20/A1203. Thus the oxidation of t e t r ahydrofur fu ry l  
alcohol  in the p r e s e n c e  of he terogeneous  ca ta lys t s  is an e x t r e m e l y  se lec t ive  and convenient  method fo r  the 
p r e p a r a t i o n  of t e t r ahydrofu ranca rboxy l i c  acid. Liquid-phase  oxidation of t e t r ahydrofu r fu ry l  alcohol  on a 
heterogeneous  Ag20 ca t a lys t  on carbon is c a r r i e d  out a t  low t e m p e r a t u r e s  (50-60 ~ and low concentra t ions  of 
the raw m a t e r i a l  in the reac t ion  mix tu re  [98]. The react ion  is c h a r a c t e r i z e d  by a high yie ld  of t e t r ahyd ro -  
fu ranca rboxy l i e  acid (92%) and the absence  of side products .  The l iquid-phase oxidation of t e t rahydrofur fury l  
alcohol and of o the r  furan  compounds with a i r  oxygen on Pd on carbon has s e rved  as a model  reac t ion  in the 
study of the cata lyt ic  oxidation of hexoses  to the cor responding  carboxyl ic  acids [99-101]. A disadvantage of 
this method fo r  the synthes is  of t e t r ahydrofurancarboxy l i c  acid is the low eff iciency of the fo rma t ion  of the de-  
s i r ed  produc t  as a r e su l t  of the high dilution of the reac t ion  mixture .  

M. A. Nadtochii [96] has made a detai led study of the l iquid-phase oxidation of 2 -me thy l t e t r ahyd ro fu ran  
with oxygen with and without i r rad ia t ion  with UV light, as  well  as  in the p r e s e n c e  of solvents  and sa l t s  of meta ls  
with va r i ab l e  va lences .  The oxidation p roceeds  via two pathways:  v ia  the methyl idyne group in the 2 posi t ion 
and via the methylene group in the 5 posi t ion:  

~--~-c% ~ oo" sH ~ {/--,~oo. 

~ CFI 3 _ _ ~  O " ~ ~ C H 3  "O / "CH 3 

The hydroperoxide  and peroxide  subsequent ly  undergo t h e r m a l  decomposi t ion:  
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-~,OOH ~ .  : "  

~0 / "CH3 H3 
A 

CXo-o z-  
O CH3 H3Cr \O / 

H 3 C - - ~ O O H  ~ H 3 C - - ~ O  e= - H 3 C ~ O ~ O - - ~ C H 3  

B 

Radical A (and B) undergoes decycl izat ion with subsequent detachment of a hydrogen atom f r o m  the solvent: 

= IC H2CH2CHzOCOCH3 

A ~ ~  H2CH2COCH3 

"%0 / "CH 3 

Radical B is pr imari ly converted to "Y-valerolaetone: 

B 4- *OR 

R =H or 

RH 
= CH3CHzCH2OCOCH 3 

RH 
�9 " HOCH2C H2CH2COCH 3 

t 

= H3C~O -I- ROH 

Thus it  follows f rom the l i t e ra tu re  data p resen ted  above that the liquid-phase oxidation of furan com-  
pounds, initiated by UV i r radia t ion and sal ts  of metals  with var iable  valences as catalysts ,  differs  substantial-  
ly f rom the l iquid-phase oxidation of furan compounds on heterogeneous ca ta lys ts  with r e spec t  to the nature of 
the products ,  the select ivi ty  of the i r  formation,  and the reac t ion  mechanism.  The select ivi ty  of the format ion  
of products  of incomplete oxidation is considerably higher  in the la t te r  case  than in the case  of oxidation in the 
p r e se nc e  of salts  of metals  with var iab le  valences.  Whereas  the l iquid-phase oxidation of furan compounds in 
the p re sence  of sal ts  of metals  with var iab le  valences has a rad ica l -cha in  mechanism,  thei r  l iquid-phase oxi- 
dation on heterogeneous ca ta lys ts  evidently p roceeds  via a mechanism of the nonradieal  type. The data on the 
mechanism of the oxidation of organic  compounds on Ag20-containing cata lysts  [102] consti tute evidence in 
favor  of the la t ter .  

On the basis of an analysis  of the l i t e ra tu re  data on the vapor -phase  and l iquid-phase oxidation of furan 
compounds, it can be concluded that the l iquid-phase oxidation of substi tuted furan compounds on heterogeneous 
ca ta lys ts  (Ag20 and Pd on carbon) and the i r  vapor -phase  oxidation on vanadium cata lysts  have much in common. 
In both eases  one obse rves  oxidation of the substi tuent to give furancarboxyl ic  acids,  which undergo decarboxyl-  
ation under the conditions of vapor -phase  oxidation. In the case  of vapor-phase  oxidation the heterogeneous 
p roc e s s  of format ion  of maleic  anhydride is accompanied by homogeneous o r  heterogeneous-homogeneous oxi-  
dation of the furan compounds by molecu la r  oxygen, which leads to inefficient consumption of the raw mater ia l  
as a r e su l t  of the fo rmat ion  of volat i le  acids and res inous  products .  The la t ter ,  which a re  substances that a re  
difficult to desorb at low t empera tu re s  and high concentrat ions of raw mater ia l ,  may lead to deactivation of the 
ca ta lys t  [47, 48]. A s imi l a r  ef fect  of a hydrogen donor (water) on the course  of the p rocess  has been noted in 
vapor--phase and l iquid-phase oxidation. The ra te  of oxidation of furan compounds by molecular  oxygen de- 
c r e a s e s  in the p re sence  of water .  The slowing down of oxidation of the aldehyde by wa te r  is associa ted with 
the fac t  that the advancing chain radical  (RCO3") fo rms  a hydrogen bond with a wa te r  molecule,  and the la t te r  
leads to a dec rease  in the activity of the peroxide radicals  [102]. 
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A C Y L A T I O N  OF D I B E N Z O F U R A N  W I T H  p - S U B S T I T U T E D  

B E N Z O Y L  C H L O R I D E S  

A. G. K h a i t b a e v a ,  N. G.  S i d o r o v a , *  
a n d  K h .  Yu.  Y u l d a s h e v  

UDC 547.728 : 542.951.1 

It is shown that benzoylation and p-chloro-  and p-nitrobenzoylation of dibenzofuran in the 
presence of small amounts of FeC13, the FeC13 �9 CHaNO 2 complex, ZnC12, and aeetylaceto- 
natoiron lead to the production of the corresponding 3-acyldibenzofurans in high yields. 

Reactions involving the acylation of heterocyclic compounds, part icularly dibenzofuran, in the presence 
of AICI 3 require the consumption of large amounts of the catalyst [1-4]. The use of 1.5 moles of anhydrous alu- 

* Deceased. 
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