
. 2014. 3. . 5–42. 
DOI: 10.14258/jcprm.1403005 

 
 

 
 
 
 

 547.992.3:541.13 

 ( ) 

© .  

, 
., 5, , 124021 ( ),  

e-mail: edward_evst@mail.ru 
 

-
, . 

,  
. 

-
.  b- -4 -

. -
-

  . , , -
. -

, -
. 

. -
, -

. :  
, 2, . -

 ~ 50%. 
, , , 

, -
, . 

: , , , , -
, . 

 

 – ,  
. , -

 [1].  
-

 «… » [2, . 498]  
 «… …» (  [3, . 261])  «…  

,  … »  [4]. -
 

 [5].  
, , , -

. -
.  

 
 
 

.  
, -

 –   
,  

,  
, e-mail:  edward_evst@mail.ru 



.  6

-
.  

,  ( ) 
 1925 .    [6], , – 

,  [7] .  
, ,  

.  

 

 
, -

 [7–9].  [10] -
,   

, , , . , -
, , : 

 
(1) 

-
 

 
(2) 

, . -
-
 

, .  
. ,  

2+  
, .   

 [7–9] . , -
, ,  SS  SH. 

,   
, , -

. , ,  
. 

O

OCH3

Co

R

R

NH
O

OCH3

R

NH
Co

2 2
 

, , 
, .  

-
. -

 ( )  [11].  
 (  5) -

 1 .  (  –0,8  –1,3 ) -
: 

 BH+  +  e              BH             (1)

  2BH               2B  +  H2         (2)                   
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(3) 

 (3) -
, : 

 

(4) 

 (4)  (–1,3 ),  
.  

 ( ). 
 > 12  –1,5  1 , -

. ,  (  
2,0 )  (  5). -

, -
. 

 

(5) 

, 
 [12–20].  1   12, 

. 
 9,  

.  
 1 , , -

 ( ),  
1/2  –1,85  – 1,98 ,  4- . 

, , , -
 [18]. , -

 (~ –2,0 ). 

 1.    (  12–13) 

 – 1/2,  ( . )  
 1,48 [16] 

4-  1,86 [16] 
4-  1,58 [16] 
3,4-  1,88 [16] 
4- - 3-   1,85 [16] 
2- -3-   1,74 [16] 
2,3-  1,35 [16] 
3,4-  1,46 [16] 
4- - 3,5-  1,82 [16] 

 1,62 [17] 
4-  1,98 [17] 
4- -3-  1,95 [17] 
4- -3,5-  1,94 [17] 
2- -3-  1,73 [17] 

 1,52  [15] 
4-  1,69  [15] 
2-  1,56  [15] 
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 1  3  
 [18, 21–27]. -

 [24].  ( ), -
, -

. -
, ,  

. 
,  0,2 -1, , 

 1/2  –0,88  –0,98 ,   – 
1,45-1,50 .  « », . 

 0,2 -1 , -
 1/2 ~ –1,4 , , 

.  
-

 [23, 25, 26]  
 (  :  9 : 1)  ( ) -

.  2. 
, , -

.   
V- ,  7. -

. -
- .  

 [23, 25, 26] ,  
, ,  -

 ( )  ( ).  
 ~ –3 , ,  

. -
. 

 2.  
 [23] 

 –  Ip  10–1 –  Ip  10–1 –  Ip  10–1 –  Ip  10–1 
 :  9 : 1 1,06 0,03 1,48 0,15 – – – – 

   1,09 0,08 1,48 0,17 2,05 0,53 2,44 0,46 
.  – , . . Ip – , –1 –2/3. 

 
 [28–34]  ( )  

 ( ) ,  
,   

, .  
.  [2], -

 -, -     ( ),  
 20  100  (20/100 ).   

 7/100 ,   – 10/100 .  (3/100 )  
, , 

 ( . ).   
,  [2], . 

.   
. -

 (1–8),  (9–15)  (16–22). -
 3–5. 
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1-8 R = H,   9-15 R = Me,   16-22 R = Et

R1, R2, R3 = H, OH, OMe ( . . 3-5)

R

RR

RO

1

2

3

 

 3.  [28] 

 R1 R2 R3  –Ep
1,  ip

1, A r  
1 H H H 1,77 7,5 + 
2  H OH H 1,88 2,0 – 
3 H OMe H 1,92 6,8 + 
4 H OH OMe 1,86 2,1 – 
5 H OMe OMe 1,91 4,5 + 
6 OMe OH OMe 1,83 2,1 – 
7 OMe OMe OMe 1,79 4,5 + 
8 OH OH OMe 1,87 1,8 – 

 - :  «+» – , «–» –    

 4.  [28] 

 R1 R2 R3  –Ep
1,  ip

1, A r 
9 H H H 1,95 7,7 + 

10  H OH H 2,04 2,6 – 
11 H OMe H 2,11 5,9 + 
12 H OH OMe 2,02 2,4 – 
13 H OMe OMe 2,07 5,3 + 
14 OMe OH OMe 1,99 2,3 – 
15 OMe OMe OMe 1,97 4,7 + 

 5.  [28] 

 R1 R2 R3  –Ep
1,  ip

1, A r 
16 H H H 1,97 8,0 + 
17 H OH H 2,07 2,9 – 
18 H OMe H 2,12 6,7 + 
19 H OH OMe 1,86 2,1 – 
20 H OMe OMe 2,09 5,5 + 
21 OMe OH OMe 2,01 2,3 – 
22 OMe OMe OMe 1,99 4,6 + 
23 H OH OMe 1,86 2,0 – 
24    1,91 3,4 – 
25    1,94 4,9 – 

 
,   

 [11, 35].  
.  

, . -
,  (  5). , , , 

 – . , ,  
 (5) ,  (  6): 

 

(6) 
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 ( ),  
. , , 

 5, 6,  ( -
). 

 ( , ) , ,   
   ( -

 5, 6). , -
,  

 ( . 1).  2 ,  
 3–5  ( 1). 

-
.  ( . 2). 

 
.  -

,  (5, 6). -
 (  8). ,  

, -
. ,  

, . -
, ,  (  11). -

,  (6)  5- -
 (8) . 

,  
, . -

, -
. -

, -
. ,  

 ( . ). -
, , .  

.  (  10)  
, . 

 
. 1.  (19) 

 (20) [28] 
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(9)

C RArOH
OH
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O
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O
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O
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HO-Ar = , , 

(11)
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O

OH

 

. 2.  
 [28] 

, .  
,  : 23, 24  25, -

,  1  ( .  5).  -
 23  24 ,  25 -

, . -
. 

OH

OMe

O
OH

OMe

OMe

O
OH

OMe

OMe

O
OMe

23 24 25  

 [36], -
, . 

 

(12) 

 
, ,  = ,  

, ,  [11]. 

 ArC

O

CH R

X

+ 2e  + 2H+ ArC

O

CH2 R +   HX

X = OH, OAlk, OPh .
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, , -
 23  24,  25,   = –1,94 -

,  (–2,08 )  
 (20).   = –2,08  (20), -

 25 (  12). 
.  (26)  (27)  

 ( , ) . ,   
-

, . -
,  [11, 35, 36].  

R

OMe

O

26 R = OH
27 R = OMe

R

OMe

O
O

28 R = OH
29 R = OMe

 

, .  28  29 -
 6. 

 
,  [35]. 

 
(13) 

 
(14) 

,  29.  
, , .  

 28  29 ( . 6)  
,  

. , ,  
 (7-11), ,  28. -

 28  ,  – ,  
, -

 (  (14). ,  ip
2 > ip 

1, -
,  1 -

 2 . ,  
 

. 

 6.  ,  [28] 

 –  ,  i  ,  r 
28 
 
 

29 

1,12 
1,68 
2,67 
1,16 
2,37 

2,1 
2,7 
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+ 
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. -
, . -

 [37].  
 30–36. -

 7. , -
 [38, 39].  (  10%  

) ,  ( ). -
 1 .  

, -
 CH2Cl2  1/2. 

O

OMe

R

O

OMe

R

O

O

R

OMe

R
1

2

3

O

OMe

30 R = H
31 R = Me

32 33 R1 = R2 = R3 = H

34 R1 = Me, R2 = OMe, R3 = H

35 R1 = Me, R2 = OMe, R3 = CH=CHMe

36

 

 7.  [30] 

 30 31 32 33 34 35 36 
– 1/2,  1,12 1,14 0,90 0,81 0,96 0,96 1,10 

 
, , ,  

.  34  
 ( , , 1–5% HCl3),  

 [40].  ( ) -
, , -

, ,  [41, 42]. 

 
(15) 

 
(16) 

 
. , -

,  (15),  
 [40].  

,  30–36,  
-

. , -
. -

1/2,  1/2,  
(IIa–IIf, IIIa) ,  [30]  [41–43].   

 ( ) , . -
 8–10, . 

 QM  +  e           QM                   (15)

QM  +  e           QM2                 (16)
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RR

O O

RR

O

SS

O O

SS

O

RR

1

1

1

2

2

2

II III IV

Va Vb VI  

 IV, Va, Vb , , –1,12, –0,97, –1,25  [41, 42]. 
 – 1

1/2  8–10 -
-

 [30]. ,  
,  (  32)  

 – 1
1/2 – -

 0,97. , -
, -

. , .  

 8.  II [41–43] 

 R1 R2 – 1
1/2, , .  

IIa H i-C3H7 1,39 
IIb H CN 0,67 
IIc H CO2CH3 0,70 
IId CH3 CH3 1,39 
IIe CN CN 0,13 
IIf C6H5 C6H5 1,13 
IIg NC5H10 NC5H10 2,15 
IIh H C6H5 1,09 
IIi n-C4H9 C6H5 1,3 
IIj CH3 C6H5 1,25 
IIk CN C6H5 0,66 
IIl NC5H10 C6H5 1,54 

IIm SC6H5 C6H5 1,06 
IIn SO2C6H5 C6H5 0,70 
IIo COC6H5 C6H5 0,82 
IIp H NC5H10 1,78 
IIr NC5H10 CN 0,97 
IIs NC5H10 SCH3 1,52 
IIt –SCH2CH2S– 1,35 
IIu CH3 CN 0,77 
IIv i-C3H7 CN 0,80 
IIw H H 1,2 
IIx H CH3 1,33 
IIy CN C2H5 0,79 
IIz H OCH3 1,52 
IIaa H Cl 1,03 
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 9.  III [41–43] 

 R1 R2 – 1
1/2, , .  

IIIa H3 CH3 1,04 
IIIb H H 0,91 
IIIc C2H5 C2H5 1,06 
IIId i-C3H7 i-C3H7 1,06 
IIIe OCH3 OCH3 0,99 
IIIf Br Br 0,60 
IIIg CH3 t-C4H9 1,08 
IIIh H CH3 0,98 
IIIi H C2H5 1,01 
IIIj H i-C3H7 0,99 
IIIk H t-C4H9 1,00 
IIIl H OCH3 0,95 
IIIm H Br 0,77 

 10.   VI [30, 41, 42] 

 R1 R2 – 1
1/2, , .  

VIa H H 1,20 
VIb H C6H5 1,20 
VIc H p-HOC6H4 1,27 
VId H m-HOC6H4 1,23 
VIe H p-H3COC6H4 1,24 
VIf H p-HO(m-H3CO)C6H3 1,25 
VIg H p-(CH3)2NC6H4 1,28 
VIh C6H5 C6H5 1,06 
VIi –SCH2CH2S– 1,45 

, . -
 7  100 ,  

.  
 7-8/100 ,  [2].  

,  , : -
, , .  

   
. -

, , ,  
, , , , ,  

 [2].  
.  (37  38) , 

 (  –2,80 ), -
  i . , , ,  

,  , . 

 

 

OH

OMe

39 R1 = R2 = H
40 R1 = OH, R2 = OMe
41 R1 = R2 = OMe

OH

OMe

CH2OH

R

R

CHO

37 38
1

2
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. -

 (  39, 41)  11. -
,  (39),  

, ) -
. 

. -
, -

 [11, 35, 44].  
-

 [44]. ,  
 i <<ic. ,  3,4- -

 (41) .  (40), -
,  

.   i  
,  

 ( . ). 

 11.   [28] 
 – ,  ip,  r 

39 1,45 
2,08 

6,7 
2,1 

– 
– 

40 1,48 
2,02 

1,8 
2,7 

– 
– 

41 1,55 
2,25 

4,6 
1,3 

– 
– 

.  12 -
 (42–46).  ( , )  

, , -
,  

,  [45].  
 ( , )  (45) -

,   ( .  12).  
 (42) , . ,  

-
 ( . ). , -

. 

 12.   [28] 
 – ,  ip,  r 

42 1,70 
2,44 

2,6 
4,5 

– 
– 

43 1,83 
2,60 

2,2 
1,0 

– 
– 

44 1,80 
2,58 

2,4 
3,4 

– 
– 

45 1,73 
2,28 

4,9 
2,7 

– 
– 

R

R

COOH COOMe COOH

42 R1 = R2 = H

43 R1 = OH, R2 = OMe

44 R1 = R2 = OMe

45 461

2



 ( ) 17

.  
 (46).  

 ( , ) , .  
.  44 

,  ip
1<ip

2,  (43), 
, , -

, , . 

.  
. , -

 5  100  [46, 47]. : 
,  16  100  [47].  

, , -
 [48].  

 ( . ),  
. -

,  47–53  54–57.  
 13. 

COOR

R

RR

47-53 R = H    54-57 R = Me
R1, R2, R3 = H, OH, OMe ( . . 13)

1

2

3

 

-
. ,  20% 

 ( ),  80% -
 [11].  ( , )  

, , .  
, ,  

 13.  (54), 
,  

, , ,  45%  
(47).  (48-53) . 

-
. -

  48  49, 50  51, 52  53,  , 
 . ,  

.   
  ( .  48, 50, 52  49, 51, 

53 ). 
 55, -

,  
 54. , -

. 
 

.  1 ,  ( . 3–6, 
11–13) , , -

, : , , 
. 
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 13.   [28] 

 R1 R2 R3 – ,  ip,  r 
47 H H H 2,11 2,7 – 
48 H OH H 2,38 2,2 – 
49 H OMe H 2,29 2,0 – 
50 H OH OMe 2,35 2,0 – 
51 H OMe OMe 2,25 2,0 – 
52 OMe OH OMe 2,31 1,2 – 
53 OMe OMe OMe 2,19 2,2 – 
54 H H H 2,16 6,0 + 
55 H OH H 2,36 3,1 – 
56 H OMe H 2,33 5,5 + 
57 OMe OMe OMe 2,23 5,0 + 

 ( )  
.  

, ,  
. ,  (26, 27)  

 (46), .  

.  
:  [2]. -

, , -
 -4 (49-51/100 ), -4 (6-13/100 ), -  (6/100 ). -

 5-5, 5-6 (19–22/100 ).  -5  
(11/100 )  -  (2-10/100 ).  

. 
, .  

 -4.  -4, ,   
.  [25] -

 [49] , -
 ,  

.   

 
(17) 

-
 [50], -

 [51]. 
 58  [29].  

59–62  14,  3. , -
 (59, 60), ,  

 3,4-  (13)  3,4-
 (20)  ( . 4, 5), . ,    

 -4 . ,  
 = –1,78 . 

  (  (61)  
 

. 14.). ,  
. 

 Ar(C=O)CH(OAr')R + 2e  + 2H+            Ar(C=O)CH2R + Ar'OH                     (17)



 ( ) 19

OMe

OH

O
OH

OMe

OMe

R

R

O
O

OMe

59 R = OMe, R1 = H
60 R = OMe, R1 = Me
61 R = OMe, R1 = CH2OH
62 R = OH, R1 = Me

58

1

 

 14.  ,  -4 [29] 

 R R1  –Ep,  ip,  r 
59 OMe H 1,78 

2,09 
4,1 
4,5 

– 
– 

60 OMe Me 1,78 
2,08 

5,5 
5,8 

– 
– 

61 OMe CH2OH 1,74 
2,09 

4,5 
3,6 

– 
– 

62 OH Me 1,81 
2,61 

1,9 
3,6 

– 
– 

 (62) -
 59–61 ( . 3). .  = –1,81 , -

 ( )  = –2,61 .  
, -

,  
 ( . 2).  

,   = – 1,81  (62) ,   = –
2,61  – ,  -4. 

,   = –1,81 , , , -
. ,  60  120 ,  

 62  160 .  
 -4. , ,  63 ( -

)  64 ( , ), , -
. 

 - .  65 ( ), , . 
 

. 3.     
 (60)   

 (62) [29]  
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OMe

OH

O
O

OMe

MeO
MeO

OH
O

MeO

MeO

OH
O

O

OMe

OH

63

65

64

 
,  

 5-5 ( ). -
 (  66)  75%-    

 ( 1/2= –2,7 , . )  
 [35].  ( , )  = 

–2,5 , , ,   . 
, , 

 15. , ,  (67, 68), 
,  :  –2,52  –2,55 .  -

 68  (  69) -
, . ,  

, ,  
. 

RR

R

R R

R

66  R = R1 = R2 = H
67  R = CH2OH, R1 = OMe, R2 = OH
68  R = CHOHEt, R1 = OMe, R2 = OH
69  R = COEt, R1 = OMe, R2 = OH

 

 15.  [29]  
 –Ep,  ip,  r 

66 2,50 7,2 + 
67 2,52 1,8 – 
68 2,55 1,8 – 
69 1,94 

2,33 
2,56 

1,2 
1,1 
2,7 

– 
– 
– 

 -5  - . ,  (63  65 ), -
. 

,  
.  ( ) -

 (  70)  
 1/2  –2,21  –2,58 ( . ). ,  –  

[35].  ( , )  , 
, –2,14  –2,45  ( . 16). 

-
. -3,3’,4,4’-  (71) . , 

,  – .  
,  (  72), -

.  –2,32 , -
. , . 
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 16.   [29] 

 – ,  ip,  r 
70 2,14 

2,45 
4,4 
3,6 

+ 
– 

71 2,33 
2,64 

4,3 
4,4 

+ 
– 

72 2,32 2,0 – 

1

70 R = R1 = H
71 R = R1 = OMe
72 R = OH, R1 = OMe

R

R

R

R

1

O

OMe

OMe

OMe

73  

.  73  = –2,65 
 ip = 7,5 . 

, , -
 -4 -

, . 
, -

. 
-

, -
 ( . 4). 

, -
 (NaBH4, LiAlH4, CH2N2, (CH3O)2SO2), -

 
. 5). 

,  
-

. -
, -

. 
,   

,  ( ).  
 [52]. 

 ( )  ( . 6) 
,   [53].  -4  

,  -
.  -4 ( . 

). -
 [54, 55]. ,  

 [56, 57]. 
-

 –  ( ) –  -4 -
.  [52],  

 –  ( ),   
. , -

 [40]. ,  -



.  22

. 
,  ( ) ,  

 (  18, 19). 
 30–36 [30]. , -

,  -4, -
 33–35.  7 ,  35  

. 

 

. 4.     
.  [29] 

OH

OMe

O
O

R

OH

OMe

CHO

OH

OMe

RO

OH

RO

MeO

OH

OMe

RO

OH

R

MeO

OH

OMe

R

[OR] [OR] [OR] [OR] [OR] [OR] [OR]

1.0 1.5 2.5 3.0
E, . 

 

. 5.    
 [29] 
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. 6.  
(1)  (2)  

 (3) [53]  

 

(18) 

(19) 

. 7.   
 35 2Cl2 (9 : 1) 

.  
200 . 1 – , 2 – , 3  4  + . 

 ( )  0,48 10–3, 
: 1  3 – 0,95 10–3, 4 – 1,74 10–3 [30]  

,  -4,  
 [40].   [58].  

, -
 [59]. -

. 
  

 [60-67]  ( -
),  ( ) . ,  

, . -
, . -

, -
 –  – . 

 [63], ,    
 –2,6  4 -

 AX   +   e                   AX                             (18)          

AX    +   XM                 AX   +   XM            (19)           



.  24

 1/2  –2,72  
 1/2 –2,17 . .  

, -
 

.   
,  19,  

O

O

OMe

OMe

O

OMe

O

OMe

O

OMe

O

OMe

   +    +

O

OMe

O

OMe

 

, , -
 ( )  ( ). -

, . ,  
 [40].   

 
 ( . 3),  
,  

. , -
,  .  ,   

 1\2 –2,17 .  
,  

. , -
, .  

-
 [11].   

.   

 

 
 1921 . [68]. -

-
 (  [69]).  

 1%-  NaOH  81,6% -
: , , , , 

 [70].  
, -

. 



 ( ) 25

.  < -
,  >  –  [71–74]. ,  ( -

 20, 21) [75]: 

CHO

OH

OMe

2e, H+

O

CHO

OMe

H2O

O

CHO

O

+ CH3OH + H+ (20)

CHO

O

OMe

e

CHO

OMe

O

H

CHO

OH

MeO

CHO

OH

OMe

(21)

 

-
,  17.  

,  -
 [72, 73].  

, ,   -
,  0  0,45 . -

.  (75–79)  (80–84) -
, ,  1/2. 

, ,  1/2  
85, 90  100 , , 0; 63; 0,73  0,53 . -

 
 1/2 =  0,08   (  97).  

:  97    
.  ( -

 102, 103).  

 17.  [72],  [76]  
 ( )  0,5 .  Na2HPO4  

 1/2, , .  
1 2 3 

1

2

3

4

OH

R

R

R

R

 

74 R1 = R1 = R2, = R3 = R4 = H 
75 R1 = Me, R2, = R3 = R4 = H 

76 R1 = H, R2 = Me, R3 = R4 = H 
77 R1 = R2 = Me, R3 = R4 = H 

78 R1 = H, R2 = R3 = Me, R4 = H 
79 R1 = R2 = R3 =H, R4 = OH 

0,45 
0,28 
0,41 
0,20 
0,36 
0,00 

1

2

3

4
OH

R

R

R

R

 

80 R1 = R2 = R3 = H, R4 = OMe 
81 R1 = H, R2 = Me, R3 = H, R4 = OMe 
82 R1 = H, R2 = Et, R3 = H, R4 = OME 
83 R1 = OMe, R2 = R3  = H, R4 = OMe 

84 R1 = OMe, R2 = Et, R3 = OMe, R4 = H 

0,25 
0,19 
0,22 
0,19 
0,18 

1

2

3
OH

R R

R

CHO

 

85 R1 = R2 = R3 = H 
86 R1 = R2 = H, R3 = OMe 

87 R1 = OMe, R2 = H, R3 = OMe 
88 R1 = COOH, R2 = H, R3 = OMe 
89 R1 = CHO, R2 = H, R3 = OMe 

0,63 
0,48 
0,32 
0,45 
0,56 
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1 2 3 

1

2

3

R

R

R

COOH

R 4

 

90 R1 = R2 = H, R3 = OH, R4 = H 
91 R1 = R2 = R3 = H, R4 = OH 
92 R1 = OH, R2 = R3 = R4 = H 

93 R1 = OH, R2 = H, R3 = OH, R4 = H 
94 R1 = OH, R2 = R3 = H, R4 = OH  

95 R1 = R2 = H, R3 = OH, R4 = OMe 
96 R1 = OH, R2 = H, R3 = H, R4 = OMe 

97 R1 = OH, R2 = OMe, R3 = H, R4 = OMe 

0,73 
0,53 
0,58 
0,50 
0,17 
0,51 
0,46 
0,08 

1

2

3
OH

R

R

R

 

98 R1 = (C=O)CH3, R2 = H, R3 = OMe  
99 R1 = CH2COOH, R2 = H, R3 = OMe 
100 R1 = (C=O)CH2CH3, R2 = R3 = H 

101 R1 = (C=O)CH2CH3, R2 = H, R3 = OMe 
102 R1 = CH2CH=CH2, R2 = H, R3 = OMe 
103 R1 = CH=CHCH3, R2 = H, R3 = OMe 

104 R1 = CH=CHCOOH, R2 = H, R3 = OMe 

0,43 
0,28 
0,53 
0,42 
0,21 
0,10 
0,31 

CHO

OH

MeO

CHO

OH

OMe

105

 

0,29 

MeO

OH

O

MeO

106

 

0,16 
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0,28 
0,29 
0,25 
0,26 
0,30 
0,33 
0,30 
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 LiClO4 [93, 94]. , -
.  

,  
. .  

.  

R

OMe

OH OH

OMe

R R
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O
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 -
,  1-(4- -3-  (113)  4- -3- -

-  (114)  0,1 M  
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 18.  
 0,1  LiClO4 . Ag/0,01 M Ag+ [51] 

 E1/2,  

R

OMe

O

R

OMe

R

1

2

3

 

 
 

117 R1 = OMe, R2 = H, R3 = CHO 
118 R1 = OMe, R2 = H, R3 = CH2OH 

119 R1 = OCH2C6H5, R2 = COCH3, R3 = H 
 

 
 

1,10 
0,95 
1,14 
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R

R

O
O

OMe

R

1

2
3

 

120 R1 = OCOCH3, R2 = H, R3 = CHO 
121 R1 = OH, R2 = H, R3 = CHO 

122 R1 = OCH2C6H5, R2 = CH2OH, R3= H 
123 R1=OCH2C6H5,R2 = CH2OH, R3 = CHO 

124 R1 = OH, R2 = CH2OH, R3 = CHO 
125 R1 = OMe, R2 = CO2C2H5, R3 = H 

126 R1 = OMe, R2 = Me, R3 = H 

1,27 
1,12 
1,15 
1,36 
… 

1,15 
1,12 

OMe

R

R

O
O

OMe

R

MeO

1

2
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127 R1 = OCOCH3, R2 = H, R3 = CHO 

128 R1 = OCOCH3, R2 = Me, R3 = CHO 
129 R1 = OCOCH3, R2 = CH2OH, R3 = CHO 

130 R1 = OH, R2 = CH2OH, R3 = CH2OH 
131 R1 = OCOCH3, R2 = CH2OH, R3 = CHO 

  
1,56 
1,45 
1,28 
0,97 
1,27 

OMe

OCH2C6H5

R

O

OCH2C6H5

OMe

 

 
132 R = OCOCH3 

133 R = H  
134 R = CH2OH 

 

 
1,17 
1,04 
1,10 
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: Fe(CN)6
–4  – e  Fe(CN)6
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 4 -1 .  
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R CO2             R CO2  (ads)            R CO2 (ads)   R  +  CO2                                (24)

e

nR           , ,      

R                R+                                            ,                   (26)  e Nu (OH , H2O, ROH)
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47,78%,  – 0,15–67,36%. ,  
2 ( . ),  

. 
,  [104] (1  NaOH,    0,8 . ), 

 
. 
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, ,  
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 30%,  –  10% [89].  
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, 
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, % 

2, 
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, % 

 3,30 3,48 2,0 1,5 7,6 4–5 
 2,48 3,21 2,2 1,0 6,8 3–4 
 2,03 4,75 0,2 0,1 11,3 5–6 

 1,72 5,30 0,2 0,1 12,8 6–8 
 

 
RH          (RH)               (RHF)             (RHF)              RF            (27)

 e F  e  H+

RH                     R+              RF                                                     (28) 
 2e,  H+ F



.  34

-
, , -

.  
 [114, 115]  [116]. 

,  
,  (  22, 23) [117–119]. 

 

-
.  

)  
 ( , , -

)  
 [120]. 

. , -
,  [2, 89].  

 « » -
,  [121]. 

 2300 100,  
 3,0-3,5 [89]  6900–8050.  

 [122] , , , ,   
, . ,  

, , , – .  
 [5] -

.   
, -

  
.  

-
.  -4  

. -
-

  . -
, , -

. -
, -

.  
.  

,  
.  

: , 2, . -
 ~ 50%.  

, ,  
,  
, , . -

 – ,  [67],  
,   

. , 
.  [108, 123]. -

, -
 [124, 125].  



 ( ) 35

 
1. . .   

. ., 2012. 308 . 
2. . ,  / . . , . : . . ., 1975. 632 .  
3. ., ., . . .,1976. 368 . 
4. Gellerstedt G., Henriksson G. Lignins: major sources, structure and properties // Monomers, Polymers and Compo-

sites from Renewable Resources / M. N. Belgacem, A. Gandini (eds.). Amsterdam:  Elsevier, 2008. Pp. 201–224. 
5. Evtuguin D.V., Amado F.M.L. Application of electrospray ionization mass spectrometry to the elucidation of the 

primary structure of lignin // Macromol. Biosci. 2003. Vol. 3. Pp. 339–343. 
6. .  // .  

. . . . , 1972. . 7–33. 
7. Kanda T., Kawakami H. Polarography of thiolignin. 1.The catalytic wave in the cobalt buffer solution // J. Japan 

Wood Res. Soc. 1956. Vol. 2. Pp. 124–129. 
8. Kanda T., Terashima N., Kawakami H. Polarography of lignin. X. On the active group of thiolignin catalytic wave // 

J. Japan Wood Res. Soc. 1961. Vol. 7, N6. Pp. 258–263. 
9. Terashima N., Tamao M., Kanda T. Polarography of lignin. XI. Sulfate cooking of model compounds and 

polarographic properties of the cooking products // J. Japan Wood Res. Soc. 1968. Vol. 14, N4. Pp. 220–226. 
10. .  // -

. 1964. . 33, . 1. . 75–107.  
11. ., ., . . ., 1975. 351 . 
12. Lindberg J.J., Penttinen K., Majani C. Polarographic investigations on formylguaiacol and veratrols // Acta Chem. 

Scand. 1965. Vol. 19, N8. Pp. 1991–1992. 
13. Lindberg J.J., Penttinen K., Sundholm F. Polarographic reduction and chemical structure of lignin // Paperi ja Puu. 

1969. Vol. 51, N11. Pp. 823–825, 827–828, 844. 
14. , ., . -

 // . 1968. . 4, 12. . 1508–1511. 
15. ., ., . .  

 //  . 1970. . 6, 5. . 683–687. 
16. Peter F., Polcin J., Rapson W.H. Polarographic investigations on some model compounds related to lignin and 

groundwood bleaching . Part 1. Aromatic aldehydes // Pulp Paper Mag. Can. 1973. Vol. 74, N7. Pp. 89-96. 
17. Polcin J., Peter F., Rapson W.H. Polarographic investigations on some model compounds related to lignin and 

groundwood bleaching // Trans. Tech. Sect. Can. Pulp Paper Assoc. 1976. Vol. 2, N1. Pp. 7–13. 
18. ., ., . -

 //  . 1974. 15. . 57–61. 
19. ., ., .  

 // . 1974. 15. . 62–67. 
20. ., .  -

 // . 1978. 1. . 53–57. 
21. ., .  //  

. . 1973. 3. . 114–118. 
22. ., ., . -

.  // . . 1978. 5. . 114–117. 
23. ., ., . -

.  // .  
. 1978. 6. . 95–100. 

24. .  //  
. 1981. . 54, . 2. . 377–382. 

25. ., ., . -
. 1.  // . 1979. 6. . 71–81. 

26. ., ., . -
. 2.  // . 1979. 

6. . 82-89. 
27. . 914993 ( ). -

 / .  , . . . 1982. 11. 
28. Evstigneyev E., Mayiorova H., Platonov A. Polarographically active structural fragments of lignin. I. Monomeric 

model compounds // J. Wood Chem. Technol. 1999. Vol. 19, N4. p. 379–407. 
29. Evstigneyev E., Shevchenko S., Mayiorova H., Platonov A. Polarographically active structural fragments of lignin. 

II. Dimeric model compounds and lignins // J. Wood Chem. Technol. 2004. Vol. 24, N3. Pp. 263–278. 
30. Evstigneyev E. I. Schevchenko S.M., Apushkinsky A.G., Semenov S.G. Electrochemistry of lignin model p-

quinonemethides // Ligno-Cellulosics. Science, Technology, Development and Use, Ellis Horwood, New York. 1992. 
Pp. 657–670. 

31. Evstigneyev E., Mayiorova H., Platonov A. Polarographically active groups and bonds of lignin // Proc. 8 th Int. Symp. 
on Wood and Pulping Chem. Helsinki, Finland, June 6-9. 1995. Vol. 2. p. 89–94. 



.  36

32. Evstigneyev E., Mayiorova H., Platonov A. Electrochemistry of lignin model compounds // Proc. 10th Int. Symp. on 
Wood and Pulping Chem. Yokohama, Japan, June 7-10. 1999. Vol. 2. p. 106–111. 

33. Evstigneyev E., Mayiorova H., Platonov A. Electrochemistry of dimeric lignin model compounds // Proc. 7th Europe-
an Worksshop on Lignocellulosic and Pulp. August 26-29, Turku. 2002. Pp. 193–196. 

34. .  //  
 : . IV ., -

, 2009. . 1. . 80–83. 
35. ., . . ., 1974. 480 . 
36. Organic Electrochemistry. M.M. Baizer and H. Lund (eds.). New York and Basel: M. Dekker, Inc. 1983. 986 p. 
37.  C. ., .  ( ) // . 1992. . 61, 

. 1. . 195–245. 
38. ., ., ., ., . , 

  // -
. 1987. . 3, . 9. . 1891–1901. 

39. ., ., ., ., .   
 2- -4-/2-/2- // -2,5- -1-  // 

. 1990. . 26, . 9. . 1839–1848. 
40. Dimmel D.R., Perry L.F.,  Palasz P.D., Chum H.L. Electron transfer reactions in pulping systems (II): electrochemis-

try of anthraquinone / lignin model quinone methides // J. Wood Chem. Technol. 1985. Vol. 5, N1. Pp. 15–36. 
41. Krupi ka  J.,  Koutek  B.,  Musil  L.,  Pavli kova  L.,  Sou ek  M.  Half-wave  potentials  of  quinone  methides  in  

dimethylformamide: substituent effects // Coll. Czechosl. Chem. Commun. 1981. Vol. 46. Pp. 861–872. 
42. Koutek B., Pišova M., Krupi ka J., Ly ka A., Šnobl D., Sou ek M. Benzoannelated quinone methides // Coll. 

Czechosl. Chem. Commun. 1982. Vol. 47. Pp. 1645–1653. 
43. ., ., ., . -

 // . . . . 1978. 7. . 1503–1508.  
44. ., ., . -

 // . 1974. . 44, . 11. . 2520–2523. 
45. Petrovich J.P., Baizer M.M., Ort M.R. Electrolytic reductive coupling. XVI. A study of 1,2-diactivated olefins. Part I. 

Voltammetry // J. Electrochem. Soc. 1969. Vol. 116, N6. Pp. 743–749. 
46. Ekman K.H., Lindberg J.J. On the origin of the infra-red bands in the 1720 cm-1 region in lignins //  Paperi  ja Puu. 

1960. Vol. 42. Pp. 21–22. 
47. Marton J., Adler E. Reactions of lignin with methanol hydrochloric acid. A discussion of some structural questions // 

Tappi. 1963. Vol. 46. Pp. 92–96. 
48. Gellerstedt G., Lindfors E. Hydrophilic groups in lignin after oxygen bleaching  // Tappi J. 1987. Vol. 70, N 6. Pp. 119–122. 
49. Lund H. Electroorganic preparation. IX. Polarography and reduction of substituted aryl alkyl ketones // Acta Chem. 

Scand. 1960. Vol. 14, N9. Pp. 1927–1938. 
50. Chum H.L., Ratcliff M., Schroeder H.A., Sopher D.W. Electrochemistry of biomass-derived materials. I. Characteri-

zation, fractionation and reductive electrolysis of ethanol-extracted explosively-depressurized aspen lignin // J. Wood 
Chem. Technol. 1984. Vol. 4, N4. Pp. 505–532. 

51. Limosin D., Pierre G., Cauquis G. Étude Électrochimique de quelques Composés Diméres Modéles de la Lignine // 
Holzforschung. 1985. Vol. 39, N2. Pp. 91–98. 

52. ., .  ( ) // . 1983. 6. . 3–32. 
53. Evstigneyev E., Maiyorova H., Platonov A. Lignin functionalization and the alkaline delignification rate // Tappi J. 

1992. Vol. 75, N5. Pp. 177–182. 
54. .,  .,  .,   .  -

 2-  
// . 1992. . 62, . 5. . 1170–1176. 

55. Maiyorova H., Platonov A., Evstigneyev E.  About significance of nonphenolic lignin structure in alkaline pulping 
with anthraquinone // Proc. The 8th Int. Symp. on Wood and Pulping Chem. Helsinki. 1995. Vol. 2. p. 291–296.   

56. ., . ,  
. 1.  // 

. 1985. 1. . 50–54. 
57. ., . ,  

. 2.  // . 1985. 
1. . 55–60. 

58. Shevchenko S.M., Zubarev V.E., Rudenko A.P. On the formation of anthrasemiquinone in the conditions of wood al-
kaline pulping // Croatica Chem. Acta. 1988. Vol. 61. Pp. 763–773. 

59. .  // . 1984. 5. . 97–98. 
60. ., ., .  

// . 1976. 6. . 46–48. 
61. ., ., .   

 // . 1976. 2. . 72–74. 
62. ., ., . -

 // . 1977. 1. . 77–82. 



 ( ) 37

63. ., .   
 // . 1978. 2. . 65–68.   

64. ., . . 1.  
 

 // . 1983. 2. . 60–63. 
65. ., .  // -

. 1979. 3. . 53–57. 
66. ., ., . -

 // . 1980. 5. . 5–7. 
67. ., .  

 // . 1983. 2. . 64–67.  
68. König F. // Cellulosechem. 1921. N2. P. 93.  
69. O’Connor J.J. Electrochemical studies of 3,4-dimethoxypropenyl benzene. Voltammetry and controlled potential oxi-

dation at a rotating platinum electrode in acetonitrile : Doctor’s dissertation. The Institute of Paper Chemistry Apple-
ton, Wisconsin. 1962. 

70. Bailey A. J., Brooks H. M. Electrolytic oxidation of lignin // J. Am. Chem. Soc. 1946. Vol. 68, N3. Pp. 445–446. 
71. ., ., . -

 // . 1969. . 39, . 5. . 1196–1202. 
72. ., ., . -

. 1.  // . 1978. 6. . 79–81. 
73. ., ., . -

. 2.  // . 1979. 1. . 87–90. 
74. ., ., ., .   

 // . . 1980. 2. . 82–85. 
75. Yasukouchi K., Taniguchi I., Yamaguchi H., Amameishi T., Takao M. Anodic oxidation of methoxyphenols. I. An-

odic demethoxylation of vanillin // Denki Kagaki. 1979. Vol. 47, N9. Pp. 573–575. 
76. ., ., .  

 // . 
1985. 2. . 58–62. 

77.  / . . , . . ., 2010. 492 . 
78. ., ., ., .  

 // . 2006. 1. . 11–14.  
79. ., ., ., ., ., . -

. 4. -
 // . 1982. 1. . 82–86. 

80. ., ., ., ., .  
 // . 1985. 4. . 82–86. 

81. ., ., ., .  
 // . 1985. . 21. 5. C. 725–732. 

82. Hapiot P., Pinson J., Francesch C., Mhamdi F., Rolando C., Neta P. Oxidative dimerization of phenolic aldehydes re-
lated to lignin formation // J. Phys. Chem. 1994. Vol. 98, N10. Pp. 2641–2645. 

83. Evans H., Jimenez P.J., Kelly M.J. Reversible dimerization of phenoxyl radicals by anodic oxidation of phenolates // 
J. Electroanal. Chem. 1984. Vol. 163, N1-2. Pp. 145–157. 

84. Iguci M., Nishiyama A., Eto H., Yamamura S. Anodic oxidation of propenylphenols // Chem. Lett. 1981. N7. 
Pp. 939–942. 

85. Ogawa H. Oxidation potential of lignin model compounds // Kagaku Gijutsu Kenkyusho Hokoku. 1985. Vol. 80, N2. 
Pp. 31–36. 

86. Ohmori H., Ueda C., Tokuno Y., Maeda H., Masui M. Electrochemical oxidation of 2,6-ditertbutyl-4-methylphenol in 
basic methanol // Chem. and Pharm. Bull. 1985. Vol. 33, N9. Pp. 4007–4011. 

87. Kishioka S-Y., Ymada A. Electrooxidation of vanillyl alcohol in acidic aqueous solution using rotating ring-disk elec-
trode voltammetry // Analytical Sciences. 2005. Vol. 21, N4. Pp. 429–432.  

88. Fichter F., Christen A. Über die elektrochemische Oxydation von Anethol und Isoeugenol // Helv. Chim. Acta. 1925. 
Vol. 8, issue 1. Pp. 332–336. 

89. ., . . , , . . . ., 1988. 512 . 
90. Fichter F., Dietrich W. Elektrochemische Oxydation von Alkyläthern des Phenols und der drei isomeren 

Dioxybenzole // Helv. Chim. Acta. 1924. Vol. 7, issue 1. Pp. 131–143. 
91. Musgrave O.C. The oxidation of alkyl aryl ethers // Chem. Revs., 1969. Vol. 69, N4. Pp. 449–531. 
92. Mann C.K. Nonaqueous solvents for electroanalytical use // Electroanal. Chem. 1969. Vol. 3. Pp. 57–134.  
93. Sundholm F., Sundholm G. Anodic oxidation of cathecol // Finn. Chem. Lett. 1981. N7-8. Pp. 85–86. 
94. Sundholm F. Anodic oxidation as tool for mechanistic studies // Holzforschung. 1982. Bd. 36. H. 2. S. 71–75. 
95. ., ., ., ., .  

 2-  // . , . . . 1985. 17/6. . 132–135. 
96. Shiraishi T., Takano T., Kamitakahara H., Nakatsubo F. Studies on electrooxidation of lignin and lignin model com-

pounds. Part 1: Direct electrooxidation of non-phenolic lignin model compounds // Holzforschung. 2011. Vol. 66, is-
sue 3. Pp. 303–309. 



.  38

97. Shiraishi T., Takano T., Kamitakahara H., Nakatsubo F. Studies on electrooxidation of lignin and lignin model com-
pounds. Part 2: N-Hydroxyphthalimide (NHPI)-mediated indirect electro-oxidation of non-phenolic lignin model 
compounds // Holzforschung. 2011. Vol. 66. Issue 3. Pp. 311–315. 

98. ., ., ., ., ., ., . 
 -1 // . 1985. 5. . 70–75. 

99. Limosin D., Pierre G., Cauquis G. Oxydation Électrochimique de quelques Echantillons de Lignine en Solution 
Aqueuse Basique // Holzforschung. 1986. Vol. 40, issue 1. Pp. 31–36. 

100. Löbbecke J.G., Lindner A., Wegener G., Wabner D.W. Anodic modification of lignins during electrolysis in the 
Organocell process // Holzforschung. 1990. Vol. 44, issue 6. Pp. 401–406. 

101. Yoshiama A.,  Nonaka T.,  Chou T-C.,  Tien H-J.  Anodic degradation of lignins I.  Hardwood lignins //  J.  Jap.  Wood 
Res. Soc. 1988. Vol. 34, N2. Pp. 155–161. 

102. Yoshiama A., Nonaka T., Kawakami H., Chou T-C., Tien H-J. Anodic degradation of lignins II. Softwood lignins // 
J. Jap. Wood Res. Soc. 1988. Vol. 34, N3. Pp. 2755–280. 

103. Yoshiama A.,  Chou T-C.,  Nonaka T.,  Kawakami H.,  Tien H-J.  Anodic degradation of lignins III.  Herbal  lignins //  
J. Jap. Wood Res. Soc. 1988. Vol. 34, N8. Pp. 702–706. 

104. Lalvani S.B., Rajagopal P. Hydrogen production from lignin-water solution by electrolysis // Holzforschung. 1993. 
Vol. 47, issue 4. Pp. 283–286. 

105. ., ., . -
 // . 1977. . 50, 

. 8. . 1741–1744. 
106. ., ., ., ., ., .  

. 3. -
 // . 1980. 2. . 72–77. 

107. Parpot P., Bettencourt A.P., Carvalho A.M., Belgsir E.M. Biomass conversion: attempted electrooxidation of lignin 
for vanillin production // J. Appl. Electrochem. 2000. Vol. 30. Pp. 727–-731. 

108. Moodley B., Mulholland D.A., Brookes H.C. The electro-oxidation of lignin in Sappi Saiccor dissolving pulp mill ef-
fluent // Water SA. 2011. Vol. 37, N1. Pp. 33–40. 

109. Smith C., Utley J.H.P. Biomass electrochemistry: anodic oxidation of an organo-solv lignin in the presence of 
nitroaromatics // J. Appl. Electrochem. 1989. Vol. 19. Pp. 535–539. 

110. ., ., ., . -
 // . 1986. 5. . 66–72. 

111. ., ., ., .    
 // . 1986. 6. . 98–101. 

112. . : .  ... . . -
. , 2006. 41 . 

113. ., .  // . 1990. 
. 63, 2. . 389–395. 

114. ., ., .  //  
. 1979. 2. . 41–44. 

115. ., ., ., .  
 // . 1980. 4. . 82–84. 

116. ., ., . . ., 1982. 135 . 
117. Padtberg C., Kim H.-C., Mickel M., Bartling S., Hampp N. Electrochemical delignification of softwood pulp with 

violuric acid // Tappi J. 2001. Vol. 84, N4. Pp. 68–69. 
118. Hampp N.,  Bartling S., Kim H.-C., Mickel M. Electrochemically mediated bleaching of pulp fibers // Electrochimica 

Acta. 2001. Vol. 47, issue 5. Pp. 799–805. 
119. Mickel M., Kim H.-C., Hampp N. Origin of the mediator losses in electrochemical delignification processes: Primary 

and secondary reactions of violuric acid and N, N’-dimethylvioluric acid radicals with lignin model compound // 
Green Chem. 2003. Vol. 5. Pp. 8–14. 

120. . . ., 1968. 232 . 
121. Metzger J.O., Bicke O., Faix O., Tuszynski W., Angermann R., Karas M., Strupat K. Matrix-assisted laser desorption 

mass spectrometry of lignins // Angew. Chem. Int. Ed. Engl. 1992. Vol. 31, N6. Pp. 762–764. 
122. ., ., . . ., 1985. 304 .  
123. Vagin M.Yu., Trashin S.A., Karyakin A.A. Corrosion protection of steel by electropolymerized lignins // 

Electrochem. Commun. 2006. Vol. 8, issue 1. Pp. 60–64. 
124. Chen A., Rogers E.I., Compton R.G. Abrasive stripping voltammetric studies of lignin and lignin model compounds 

// Electroanalysis. 2010. Vol. 22, issue 10. Pp. 1037–1044. 
125. Reichert E., Wintringer R., Volmer D.A., Hempelmann R. Electro-catalytic oxidative cleavage of lignin in a protic 

ionic liquid // Phys. Chem. Chem. Phys. 2012. Vol. 14. Pp. 5214–5221. 
 1  2013 . 

 26  2014 . 



 ( ) 39

Evstigneev E.I. ELECTROCHEMICAL REACTIONS OF LIGNIN 
St. Petersburg State Forestry University, Institutskii st., 5, St. Petersburg, 124021 (Russia),  
e-mail: edward_evst@mail.ru 
The review deals with the reactivity and mechanisms of electrochemical reactions of lignin model compounds and the 

reduction and oxidation in various electrodes in aqueous, aqueous-organic and non-aqueous media. Reactions direct and indi-
rect cathode and anode are discussed, as well as in non-aqueous media autoprotonation and electrocatalytic reactions. The reac-
tion center in the reduction of lignin in the dropping mercury electrode are different types of carbonyl groups and conjugated 
double bonds. Bonds b-O-4, the most representative in the lignin capable electrochemical cleavage in the presence of the car-
bonyl group adjacent position. Autoprotonation from existing in lignin phenolic hydroxyl groups in non-aqueous aprotic media 
for the reduction reaction has a significant impact. Preparative recovery of indirect electrochemical, such as amalgam, allows 
for the destruction of lignin to low molecular weight compounds. Use of polarography in relation to lignin opens up new possi-
bilities of functional analysis, as well as studying the mechanisms of chemical and electrochemical reactions. Reaction centers 
are lignin aromatic ring at anodic oxidation. The presence in the molecule of phenolic hydroxyl depolarizer facilitates oxidation 
in alkaline media, but it is accompanied by the dimerization and polymerization reactions. In general, the oxidation process is 
developed in two directions: to the degradation of low molecular weight compounds, including CO2, and polymerization. The 
maximum degree of degradation of the investigated drugs lignin is ~ 50%. Lignin is insoluble in acetonitrile and acids, but ac-
cording to a study model compounds by oxidation in these media can be expected to deep destruction of aromatic aldehydes, 
ketones and acids, and aliphatic compounds. 

Keywords: lignin, model compounds, polarography, voltammetry, preparative electrolysis, electrochemical reactions, 
autoprotonation, electrocatalytic reactions. 
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