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Po lymer  catalysts,  as has been shown by the investigations of recent  years ,  present  new possibil i t ies 
for  increasing the rate  and changing the specifici ty of the p rocess  [2]. It might be expected that the use of 
complexes based on polymers  as homogeneous catalysts  would be ext remely  promising,  permit t ing a com- 
bination of the advantages of homogeneous low-molecular  complex catalysts  (saving of metal, relat ive ease 
of studying the mechanism of the process)  with the possibi l i t ies  provided by the polymer  ligand (polyfunc- 
tional active center,  weak interactions,  conformational peculiari t ies) .  

In this work we produced and investigated the complex Cu(II) -po ly -4 -v iny lpy r id ine  [Cu(I!) - PVP] 
for catalytic activi ty in an oxidation reaction.  It is known that the complex of divalent copper with poly-  
vinylpicolinic acid [3] is active in the decomposition of hydrogen peroxide, while the complex with po ly -L -  
histidine is active in the oxidation of a number  of organic compounds [4]. 

Product ion and Investigation of the Complex. In the interaction of methanol solutions of CuC12 and 
poly-4-vinylpyridine,  complex formation occurs ,  which is indicated by the appearance of a bright green 
color and absorption bands in the region of 262 and 435 nm. In an investigation of the catalytic activity of 
the solutions obtained at various N/Cu ra t ios ,  it was found that the grea tes t  activity is achieved when the 
mole ratio of poly-4-vinylpyridine and copper is equal to 7-8 (Fig. 1). The maximum amount of the com- 
plex, as was shown by the method of i somolar  se r ies  (kmax 263 nm), is formed at rat ios N/Cu  = 7-8 (Fig. 
2). 

To isolate the complex, e ther  was added to the react ion mixture, after  which a light green precipi tate  
formed. It was f i l tered off, washed with methanol and ether,  anddried;  dec. temp. 160-165~ Found: C 51.48; 
H 5.49; N 7.23; Cl 6.25; Cu 15.90%. Cu3CslI-ITtN~O~C12. Calculated: C 52.00; H 6.30; N 7.15; C1 6.02; Cu 
16.20%. 

An examination of the IR spec t ra  of the isolated complex and of poly-4-vinylpyr idine shows a shift of 
the bands charac te r i s t i c  of the valence C = C and C = N vibrations of the pyridine ring, as well as an intensi- 
fication and redistr ibut ion of the intensities (in the region of 1400-1600 cm -t poly-4-vinylpyr idine has 
bands 1432, 1469, 1565, 1586 cm-1; the complex has bands 1432, 1474, 1578, 1590 cm-i).  In the region 
of the nonplanar deformational C - H vibrations of the ring, the initial polymer  has a nar row band 748 cm -i 
and a weaker  broad band 789 cm -1. In the spec t rum of the complex, the band 748 cm -1 is shifted to 752 
cm- l ;  the intensity of the bands 752 and 789 cm -1 increases  sharply.  The spec t rum is also changed in the 
region of the deformational  vibrations 1000-1200 cm -l.  New bands appear  at 1029 and 1248 cm -~, and the 
intensity of the band 1149 cm -1 is also increased.  

The conclusion of the formation of complexes in the interaction of polyvinylpyridine with chlorides of 
the metals  Ti, Sn, Sb, Fe, and A1 was drawn in [5] on the basis of an interpretat ion of the analogous IR 
spectra .  

* For  the preceding communication of this ser ies ,  see [1]. 
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Fig. 1. Dependence of the r a t e  of oxidation of 2 ,4 ,6 - t r i - t e r t -bu ty lpheno l  on the mole  ra t io  
P V P / c u p r i c  chloride.  

Fig. 2. Dependence of the concentra t ion of the eomplex on the composi t ion of the i s o m o l a r  
solution. 

Fig. 3. Dependence of the rate of oxidation of the substrate on the pH. Cu(iI) - PVP: 1) 3,4- 
dihydroxycinnamic acid; 3) ascorbie acid; 4) salicylic acid. A for i-3:10 -4, for 4:10 -5. 
Cu(II)-pyridine: 2) 3,4-dihydroxycinnamic acid. 

Catalytic Activity of the Complex. The catalytic activity of the complex was investigated in the oxida- 
tion of substituted phenols. As can be seen from Table 1, the complex Cu(II) - PVP is an active catalyst of 
the oxidation of substituted phenols. The reaction products are the corresponding 1,4-benzoquinones, as 
well as dihydroxydiphenyls. The rate of oxidation is a maximum if the reaction is conducted in methanol. 
The use of dimethyl sulfoxide or dimethylformamide as the solvent substantially lowers the rate of oxida- 
tion. Thus, 2,4,6-tri-tert-butylphenol (0.35 M) is oxidized in methanol in 30 min, in dimethyl sulfoxide in 
240 min, while in dimethylformamide the oxidation proceeds very slowly and not to completion. The cata- 
lytic activity of the polymer complex obtained on the basis of copper chloride is higher than that of the 
analogous nmonomern complex (Table 2) [6]. The replacement of the chloride ion in the initial compound 
by nitrate, acetate, or acetylacetonate lowers the catalytic activity. On the basis of the data obtained it 
can be assumed that in the coordination sphere of copper of the polymer complex, one of the ligand s is the 
methoxy group, which can readily be displaced by the substrate. By analogy with the conclusion drawn 
earlier for complexes of copper with pyridine [7], this structural peculiarity of the polymer complex is 
probably associated with the catalytic activity. 

The Complex Cu(II)- PVP as a Bifunctional Catalyst. From the results obtained it is evidentthat 
not all the nitrogen of the polymer is coordinated with copper ions. Considering the ability of the nitrogen 
atom in pyridine for protonation, we might have attempted to use the complex Cu(II)- PVP as a bifunc- 
tional catalyst. The free nitrogen of pyridine in the complex has a positive charge, which depends on the pH 
of the solution. It seemed thatwith suitable selection of the substrates, we might have been able to use the 
peculiarity of the polymer complex to increase the ability of the substrate to form complexes with the cata- 
lyst close to the active center (Schemes 1-4) 

[L --Cu(II)--L(N)I~+ HCI ~ [L--Cu (II)--L(N)+H]~+ C1- (1) 

XAH ~ XA- + H+ (2) 

[L--Cu (II)--L(N)+H]~ ~ [ L - C u  (II)--L (N)+H]~ (3)* 

+XA- XA- 
H+ + C1- ~ HC1 (4) 

Here  [ L -  Cu( I I ) -  L(N)] n is the po l ym er  complex ca ta lys t  (L is a ligand bonded to copper;  L(N) is the vinyl-  
pyr id ine  f r agmen t  with uncoordinated nitrogen);  XAH is the subs t r a t e  (X is the group to be oxidized; AH is 
a subst i tuent  containing a labile  hydrogen atom).  

For  the invest igat ion we se lec ted  3 ,4-dihydroxycinnamic,  sa l icyl ic ,  and a sco rb i c  acids,  as well as  
2 ,5-dihydroxyacetophenone,  which p o s s e s s  a substant ia l  dipole moment .  2 ,4 ,6 -Tr i - t e r t -bu ty lpheno l  was 
se lec ted  as  the neu t ra l  subs t r a t e .  We cons idered  paraphenylenediamine  as an e lec t ropos i t ive  subs t ra te .  

* As in Russ ian  or ig inal  - Consultants  Bureau.  
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T A B L E  1. In i t i a l  P h e n o l s  and  T h e i r  Ox ida t ion  P r o d u c t s  on the C a t a l y s t  C u ( I t ) - P V P  

Initial compound Oxidation products Yield, % 

2, 4, 6- Tri- tert- butylphenol . . . . . . . . . . . . . . .  
2, 4 - Di- tert - butylphenol . . . . . . . . . . . . . . . . .  
2, 6- Dimethoxyphenol . . . . . . . . . . . . . . . . . .  
ten- Butylhydro qu inone . . . . . . . . . . . . . . . . . .  
2,6- Di-tert-butyI-4- methylphenol . . . . . . . . . .  

Hydroquinone . . . . . . . . . . . . . . . . . . . . . . . .  

T A B L E  2. C a t a l y t i c  A c t i v i t y  of C o p p e r  Ions  
of V a r i o u s  C o m p l e x e s  of Cu(II) in the  O x i d a -  
t ion  of 2 , 4 , 6 - T r i - t e r t - b u t y l p h e n o l  

Copper salt 

Rate of absorption of oxygen.10-s, 
m 01 e____/lit er____, mi__%n 

free Cu 2+ ions Cu2+ Cu2+ 
+ Py + PVP 

CuCI~.2H20 6.4 4,2 
Cu(NO@~.6H~O Practically not 6,65 

oxidized 
Cu (CH3CO0)~. H~O 0.93 t3,0 
Cu (acac)~  [Practically not --  

oxidized 
Note: 25"; [copper salt] = 2.10 -2 M; [substrate 

2, 6- Di-tert- butylbenzo quinone 95 
2, 2'- Dihydroxy-3, 3', 5, 5'-tetra-tert-butyldiphenyl 70 
1,1 ', 2, 2', - Tetr amethoxybenzo quinone 95 
tart- Butylbenzoquinone 90 
2, 2', 5, 5'- Tetra-tert- butyl- 1, l'-dihydroxydiphenyl- 

ethane 30-40 
2, 2', 5, 5'-Tetra-tert- butylstitbenequinone 25 
Benzoquinone 

F r o m  F ig .  3 (curve  1) i t  i s  ev iden t  tha t  the  r a t e  
of ox ida t ion  of 3 , 4 - d i h y d r o x y e i n n a m i e  a c i d  in the  p r e s -  
ence  of the  c o m p l e x  Cu(II) - P V P  at  f i r s t  i n c r e a s e s  wi th  
i n c r e a s i n g  pH of the  so lu t ion ,  r e a c h e s  a m a x i m u m ,  and  
then  d r o p s .  At  the  s a m e  t i m e ,  on the  " m o n o m e r i c "  eop -  
p e r - p y r i d i n e  c o m p l e x ,  the  r a t e  of ox ida t i on  i n e r e a s e s  
wi th  i n c r e a s i n g  pH, but  then  r e m a i n s  cons t an t  (curve  2). 

t7,4 
2,4 

3 ,7  

= 0.35 M. 

The  p r e s e n c e  of a m a x i m u m  in the  ox ida t ion  of 3 , 4 - d i -  
h y d r o x y c i n n a m i c  a c i d  on the  p o l y m e r  c o m p l e x  can e v i -  
den t ly  be  e x p l a i n e d  by  the  fac t  tha t  when the  a c i d i t y  of 
the  so lu t i on  i s  i n c r e a s e d ;  h y d r o g e n  ions  p r o t o n a t e  the  
f r e e  n i t r o g e n  of p y r i d i n e ,  and  a s  a r e s u l t  of the  e l e c -  
t r o s t a t i c  i n t e r a c t i o n  be tw e e n  the  p o l y e l e c t r o l y t e  and the  
a n i o n i c  s u b s t r a t e ,  the  c o n c e n t r a t i o n  of the  l a t t e r  in -  
c r e a s e s  c l o s e  to the  a c t i v e  c e n t e r ,  and  the  r a t e  of o x i d e -  

t ion  i n c r e a s e s .  A f t e r  a de f in i t e  pH has  been  r e a c h e d ,  an  e x c e s s  of p r o t o n s  a p p e a r s ,  wh ich  p r e v e n t s  d i s -  
s o c i a t i o n  of the  a c i d  and  t h e r e b y  r e d u c e s  the  e l e c t r o s t a t i c  e f fec t .  In the  ox ida t i on  of a s c o r b i c  a c i d  on the  
p o l y m e r  complex ,  a m a x i m u m  was  a l s o  o b s e r v e d ,  ly ing  a t  pH 4.2 (curve  3 ) .  The  r e s u l t s  o b t a i n e d  in the  
ox ida t ion  of s a l i c y l i c  a c i d  show tha t  the  m a x i m u m  of the  r e a c t i o n  r a t e  i s  r e a c h e d  a t  pH 3 (curve  4). 

F i g u r e  4 d e p i c t s  the  d e p e n d e n c e  of the  r a t e  of ox ida t ion  of 2 , 5 - d i h y d r o x y a c e t o p h e n o n e  on the pH. It 
is  ev iden t  tha t  when the  pH is  l o w e r e d ,  t h e  r a t e  of ox ida t i on  i n c r e a s e s ,  p a s s e s  t h r o u g h  a m a x i m u m ,  and 
then  d r o p s .  Th i s  can p r o b a b l y  be  e x p l a i n e d  by  the fac t  tha t  in p o l a r  m e d i a  the  d ipo le  m o m e n t  of the  s u b -  
s t a n c e  i n c r e a s e s  [8]. Wi th  i n c r e a s i n g  d ipo le  m o m e n t ,  the  p o s s i b i l i t y  is  i n c r e a s e d  of e l e c t r o s t a t i c  i n t e r -  
a c t i o n  b e t w e e n  the  p o l y m e r  c o m p l e x  p r o t o n a t e d  by  the  n i t r o g e n  of p y r i d i n e  a n d  the ca rbony[  g roup  of 2 ,5 -  
d i h y d r o x y a c e t o p h e n o n e .  A s u b s t a n t i a l  d e c r e a s e  in the  pH l e a d s  to a d e c r e a s e  in the  r e a c t i o n  r a t e  on a c -  
count of s t r o n g  i n t e r a c t i o n  of the  p r o t o n s  wi th  the  c a r b o n y l  g roup .  

As  the  n e u t r a l  s u b s t r a t e  we u s e d  2 , 4 , 6 - t r i - t e r t - b u t y l p h e n o l .  F r o m  F ig .  5 (curve  1) i t  is  ev iden t  tha t  
t h i s  pheno l  is  o x i d i z e d  at  c o n s i d e r a b l y  h i g h e r  pH than  n e g a t i v e l y  c h a r g e d  s u b s t r a t e s .  The  r a t e  of o x i d a -  
t ion  a t  f i r s t  i n c r e a s e s  wi th  i n c r e a s i n g  pH, then  r e m a i n s  cons tan t .  In the  c a s e  of a p o s i t i v e l y  c h a r g e d  s u b -  
s t r a t e  ~ a r a p h e n y l e n e d i a m i n e ) ,  the  r a t e  of ox ida t ion  d r o p s  s h a r p l y  when the a c i d i t y  of the  s o l u t i o n  is  in -  
c r e a s e d  (curve  2). Th i s  i s  e v i d e n t l y  e x p l a i n e d  b y  the  e l e c t r o s t a t i c  r e p u l s i o n  of the  l i k e - c h a r g e d  p o l y e l e c -  
t r o l y t e  and  s u b s t r a t e .  

A n  i n v e s t i g a t i o n  of the  k i n e t i c s  of the  r e a c t i o n  at  cons tan t  pH a l s o  i n d i c a t e s  a d i f f e r e n c e  be tween  
n e g a t i v e l y  c h a r g e d  and n e u t r a l  s u b s t r a t e s .  The  ox ida t ion  of a s c o r b i c  ac id ,  a s  can  be s e e n  f r o m  F ig .  6 
(curve  1), a t  r e l a t i v e l y  low c o n c e n t r a t i o n s  obeys  a f i r s t - o r d e r  equa t ion  wi th  r e s p e c t  to the  s u b s t r a t e .  When  
the  c o n c e n t r a t i o n  of the  s u b s t r a t e  i s  i n c r e a s e d ,  beg inn ing  with a s u b s t r a t e / c a t a l y s t  r a t i o  of 30, the  i n i -  
t i a l  r a t e s  a p p r o a c h  a m a x i m u m  va lue ,  i . e . ,  the  o r d e r  of the  r e a c t i o n  wi th  r e s p e c t  to the  s u b s t r a t e  changes  
f r o m  f i r s t  to z e r o .  T h e r e  is  a l i n e a r  r e l a t i o n s h i p  be tw e e n  the  v a l u e s  of the  r e c i p r o c a l  r a t e s  and  the  r e c i -  
p r o c a l  c o n c e n t r a t i o n s .  It m a y  be a s s u m e d  tha t  a s  a r e s u l t  of e l e c t r o s t a t i c  i n t e r a c t i o n  be tw e e n  the p o l y -  
e l e c t r o l y t e  and ions  of a s c o r b i c  ac id ,  the  c o n c e n t r a t i o n  of the  l a t t e r  c l o s e  to the  p o l y m e r  i n c r e a s e s  wi th  
i n c r e a s i n g  amoun t  of ac id ,  and  the r a t e  of ox ida t ion  i n c r e a s e s .  When a c e r t a i n  a s c o r b i c  a c i d  c o n c e n t r a t i o n  
i s  r e a c h e d ,  a l l  the  a c t i v e  c e n t e r s  of the  p o l y m e r  c o m p l e x  a r e  s a t u r a t e d  by  the  s u b s t r a t e ,  and  a f u r t h e r  
i n c r e a s e  in i t s  c o n c e n t r a t i o n  has  no s i g n i f i c a n t  i n f luence  on the  r a t e  o f  ox ida t ion .  Consequen t ly ,  the  o x i d a -  
t ion  of a s c o r b i c  a c i d  u n d e r  t h e s e  cond i t ions  o b e y s  the  M i c h a e l i s  - Menten  equa t ion  and  p r o c e e d s  wi th  the  
f o r m a t i o n  of an  i n t e r m e d i a t e  c o m p l e x .  
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Fig. 4. Dependence of the rate of oxidation of 2,5-dihydroxyacetophenone 
on the pH. 

Fig. 5. Lnfluence of pH of the solution on the rate of oxidation: I) 2,4,6-tri- 
tert-butylphenol; 2) paraphenylenediamine. A for 1:10 -8, for 2:10 -4. 

Fig. 6. Dependence of the rate of oxidation on the substrate concentration: I) 
ascorbic acid; 2) 2,4,6-tri-tert-butylphenol. 

Curve 2 of Fig. 6 shows that the ra te  of absorp t ion  of oxygen is a l inea r  function of the amount  of 
2 ,4 ,6 - t r i - t e r t -bu ty lpheno l .  Evidently such a dependence is  a s soc ia t ed  with the absence  of an e l ec t ros t a t i c  
in terac t ion  between the subs t r a t e  and the pro tona ted  ni t rogen of the complex.  In view of this,  the concen-  
t r a t ion  of subst i tu ted  phenol close to the ac t ive  cen te rs  of the po lymer  complex will depend to a substant ia l  
degree  on the concentrat ion of phenol in the en t i re  volume of the reac t ion  medium.  

E X P E R I M E N T A L  

The initial  phenols  and 3 ,4-dihydroxycinnamic  acid were  produced according  to the methods of [9-12]. 
Brand "B w hydroquinone was r e c r y s t a t l i z e d  twice f r o m  water .  Oxidation was conducted with molecu la r  
oxygen in a t he rmos t a t i c a l l y  control led v e s s e l  with shaking at 25 ~ and a t m o s p h e r i c  p r e s s u r e .  The reac t ion  
ra t e  was m e a s u r e d  accord ing  to the absorp t ion  of oxygen f r o m  a gas bure t te .  The pH of the solutions was 
m e a s u r e d  on a p H - m e t e r  of the LPU-01 type;  the IR spec t r a  were  taken on an IR-10 s p e c t r o m e t e r ;  spec-  
t ropho tome t r i c  m e a s u r e m e n t s  were  conducted on SF-4  and SF-10 spec t ropho tome te r s .  

The oxidation p roduc t s  of 2 ,4 ,6 - t r i - t e r t -bu ty lpheno l ,  2 ,4-d i - te r t -bu ty lphenol ,  2 , 6 - d i - t e r t - b u t y l - 4 -  
methylphenol ,  and te r t -buty lhydroquinone  were  isola ted by acidif icat ion of the reac t ion  mix tu re  with dilute 
HC1 and ex t rac t ion  of the solution with e ther .  The e ther  ex t r ac t s  were  dr ied and the e ther  dist i l led off. 
The oxidation product  of 2, 6-dimethoxyphenol  prec ip i ta ted ;  it was f i l t e red  off, washed with methanol,  and 
dried.  

The i so la ted  p roduc t s  we re  identified accord ing  to the mel t ing points .  A mixed sample  with known 
subs tances  synthes ized  accord ing  to the methods of [13-15] showed no depress ion  of the mel t ing  point. 

C O N C L U S I O N S  

1. A homogeneous p o l y m e r  complex ca ta lys t  based  on po ly -4 -v iny lpyr id ine  and cupric  chloride,  ac -  
t ive in the oxidation of subst i tu ted phenols,  was produced.  

2. In the oxidation of 3 ,4-dihydroxycinnamic ,  a scorb ic ,  and sa l icy l ic  acids and 2 ,5-d ihydroxyaceto-  
phenone, the reac t ion  ra t e  p a s s e s  through a m a x i m u m  when the acidi ty  of the medium is var ied .  

3. The p r e s e n c e  of a m a x i m u m  is evidently a s soc ia t ed  with the fo rmat ion  of a complex between the 
subs t r a t e s  and the ca ta lys t  on account of an e l ec t ro s t a t i c  interact ion.  The p o l y m e r  complex functions as 
a bifunctional ca ta lys t  in the indicated cases .  

I. S. N. Zelenin,  
(1969). 
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