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The cool igomer iza t ion  of 1 ,3 -d ienes  with methyl  ac ry la t e ,  ca ta lyzed by nickel  complexes ,  is a p r o m -  
ising method for  the p repa ra t ion  of polyenoic ac ids .  However ,  the exis t ing data tes t i fy  to the fact  that the 
routes  for  a p rac t i ca l  rea l iza t ion  of the theore t ica l  s chemes  a re  bese t  by a number  of diff icult ies .  F o r  
example ,  in the cool igomer iza t ion  of butadiene with methyl  ac ry la t e  the yield of the methyl  e s t e r  of 2, 5, 
10-undeca t r ienoic  acid (1) is 15-38~ due to an inadequate se lec t iv i ty  of the ca ta lys ts  [1, 2]. In a s ea r ch  
for  the opt imum conditions of p repa r ing  (1) we invest igated the effect  of the s t ruc tu re  of e l ec t ron -donor  
modi f i e r s  and organoaluminum reducing agents ,  and a lso  of the type of solvent ,  on the yield of (1). The 
ef fec t  of t e m p e r a t u r e ,  ra t io  of m o n o m e r s ,  and of the ca ta lys t  components ,  was studied at the s ame  t ime .  

It  was shown that  opera t ion under  the conditions given in [2] (cata lys t  = Ni(acac)2 + P(CsHs) 3 
+ AI(C2H5) 3 = 1 : 1 : 5 ,  160~ gives a mix ture  of 4-vinylcyclohexene (I1), 1 ,5-cyclooctadiene  (HI), t r ans ,  
t r ans ,  t r a n s - l , 5 ,  9 -cyc lododeca t r iene  (IV), methyl  t e t rahydrobenzoa te  (V), e s t e r  (1), and the e s t e r s  of the 
4 -v iny l -2 ,  7- and 4-v iny l -7 ,  10-dodecadienedicarboxyl ic  acids (V1)-(VII). The e s t e r s  of the t e t r a d e e a t r i e n e -  
d icarboxyl ic  acids desc r ibed  in [2] were  not found. The yield of (1) ranged f rom 15 to 25%. 

We es tab l i shed  that the highest  y ie ld  of (1) (75~) can be obtained at  an optimum t e m p e r a t u r e  of 120 ~ 
on a ca t a lys t  that  is composed  of Ni(acac) 2, t r iphenylphosphine,  and t r i s (3 -me thy l -4 ,  6-heptadienyl )a lumi-  
num (VIII), taken in a 1 : 2 : 4 ra t io .  The mix ture  of o l igomers  included (1), (I1), (III),. (V), and the methyl  
e s t e r  of 3 ,4 -d iv iny lcyc lohexanecarboxyl ic  acid (IX). The l a t t e r  is the i somer i za t ion  product  of the initially 

TABLE 1. Coot igomer iza t ion  of Butadiene with Methyl Acry la te  

Solvent 

Toluene 

)) 

THF 
Hexafluorobenzene 
Aeetone 
8ulfolane 
Hexane 
Toluene * 

" t  

~.~ 

Composition of otigomers, ~ 

(II) [{lid Mod i fief 

(Ph)aP 
(Ph)3P (IM) 
(Ph)sP (3M) 
(eh)aP (4M) 
(C6Hn0)~P 
(CsH~O)3P 
(C..HsO)3P 
(C~Hs)3N 
(CsHn)3P 
0 =P[ N(CHa)-.b 
PCla 
(Ph)aP 
PheP 
Ph3P 
Ph~P 
PhaP 
PhaP 
PhaP 

'Reducing agent (CzHs)2 A120. 
tReducmg agent (XI). 

97 
98 
98 
80 
94 
95 
90 
95 
85 
80 
78,5 
93,0 
78 
7O 

( I )  

75,0 4,5 t 7 
42,5_ 1,5_ 3,5_ 

58,5 4- 
48,0 "7,01 ;0,0 33,5 4,0 0,0 
27,5 8,0 3,0 
22,51 2,0 
t61  t,0 

2V,5  ,0t F,0 
13,0 .0,0[ t,5 
11,05,0[ 
3 4 , 0  o , o l  ~,o 
40,54,0[ 7,5 
52 6,01 5,0 
30 8,Ol 

(iv) (v) 

10 
14 

i00 
i00 

6,5 
9,0 

t2,0 
25,0 

t00 
t4 
40,0 
7i 
t8,0 
18,5 
20,0 
15 

(IX) (vi-viI) 

_ _ 

6,0 
6,0 

2 t2,0 
24,5 

10'5 _ 

50 5 
4,0 31,0 

Traces 
6,0 25 
i,0 24,5 
3,5 
7,5 23 
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Fig. i .  Effect of temperature onyield and composi- 
tion of butadiene--methyl acrylate eooligomers: 17 
total yield of cooligomers; 27 yield of (D; 37 yield of 
(VI)-(VII). Reaction conditions: Ni(acac)2: Ph3P: 
(VIII) = I : 2 : 4; butadiene--methyl acrylate = 2 : 1, 
toluene, 5 h. 

Fig. 2. Effect of butadiene (B) and methyl methacry- 
late (M) ratios on yield of methyl esters (I) and (V): 
i) total yield; 2) yield of (1); 3) yield of (V). Reaction 
conditions: Ni(aeac)2 : Ph3P : (VIII) = 1 : 2 : 4, toluene, 
120 ~ 5 h. 

formed 4-carbomethoxy-l, 7-cyclodecadiene (X). The structure of (IX) was proved by dehydrogenation on 
Pd/C and subsequent oxidation with HNO 3 to trimellitie acid [3]. It should be mentioned that the formation 
of (IX) on a catalytic system containing Ph3P was observed for the first time. The structure of (1) was con- 
firmed by the spectral data, and also by the formation of oxalic, malonic, and glutaric acids on ozoniza- 
tion. 

A change in the Ni: P ratio from 1 : 2 to 1 : 1 leads to a decrease in the yield of ester (i) to 40~, and 
increase in the yield of eyclooctadiene, and the appearance of the esters of dicarboxylic acids (VI)-(VII). 
The total yield of the oligomers is close to 100%. At a Ni : P ratio = 1 : 3-4 the yield of the oligomers drops 
to 15%, in which connection the sole reaction product is ester (V). As a result, a phosphine, which oc- 
cupies three or four coordination sites on the Ni atom, prevents a coordination of the monomers. In view 
of this, all of the subsequent experiments on studying the effect of electron-donor additives were run at the 
optimum Ni : P ratio = i : 2. As can be seen from Table i ,  the amount of ester (i) in the mixture of oligo- 
mers decreases in the series: P(C6H5)3, P(OC~HII)3 , P(OC6Hs) 3, P(OC2Hs)3, N(C2Hs)3, although the total 
yield of oligomers is at least 95~ in all of the experiments. Even lower yields of ester (I) were obtained 
when (P(C6H11)3 and O = P[N(CH3)2] 3 were used. Ester (1) is completely absent in the mixture of oligomers 
that are obtained on the catalysts involving PCl 3. 

The structure of the organoaluminum reducing agent has an important effect on the total yield of 
oligomers and the amount of (i) in them. The bestresults were obtained inthe experiments with Al(C2Hs)3, 
(C2H5)2AIOAI(C2H5) 2, and (VIII). The use of perhydro-9b-aluminophenolene (XI) [4] leads to a decrease in 
the yield of (I) and an increase in the amount of the esters of dicarboxylie acids (VI) and (VI/). 

The best solvents are hydrocarbons. The use of THF, C6H ~, acetone, or sulfolane facilitates an in- 
crease in the yield of (V), (V1), and (VIII); in these cases the amount of (1) in the mixed oHgomers does 
not exceed 35%. The composition and yield of the oligomers as functions of the reaction temperature and 
ratio of monomers are plotted in Figs. 1 and 2. 

The esters of dicarboxylie acids (VI)-(VII) were isolated by vacuum distillation as a mixture that 
could not be separated. The cleavage of the mixed esters by ozonolysis gave glutaric, malonic, oxalic, 
2-carboxyglutaric, and 4-carboxypimelic acids, which were identified as the methyl esters by GLC. The 
(VI) : (VII) ratio changes somewhat from experiment to experiment as a function of the type of modifier and 
reaction conditions, and on the average is 6 : 4. Their yield increases with decrease in the temperature 
and reaches a maximum (75%) at 80 ~ 
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S t a r t i n g  with  the ob t a ined  da ta ,  the fo l lowing  c o o l i g o m e r i z a t i o n  s c h e m e  can  be d e p i c t e d .  Depend ing  
on the c o n d i t i o n s ,  the c o o r d i n a t i o n - u n s a t u r a t e d  n i c k e l  ~, ~ - e o m p l e x  (XII) [5] can  give two 1 8 - e l e c t r o n  c o m -  
p l e x e s  (XIII) and  (XIV), the e q u i l i b r i u m  be tween  which  is r e g u l a t e d  by  the t e m p e r a t u r e .  The m o r e  s t a b l e  
c o m p t e x  a t  e l e v a t e d  t e m p e r a t u r e  is  (XIII),  and  i t  l e a d s  to t r i e n o i c  e s t e r  (I).  The  i n s e r t i o n  of m e t h y l  a c r y -  
l a te  a t  the r - a l l y l - N i  bond l e a d s  to the i r r e v e r s i b l e  c o n v e r s i o n  of c o m p l e x  (XIII) to the ~, ~ - c o m p l e x  (XIV). 
T h i s  p r o c e s s  p r o c e e d s  a t  a l o w e r  t e m p e r a t u r e .  

C02CH3 

a, 
, H a C O 2 C ~  

(V) ~ pR a P~aA ?P3 (IX) 
~ , > ~ C O : C H ~  DCO2CH a 
~ C O 2 ' ~ H a  ~ C O 2 C H  a 

(xw) (\iII) 
1 I 

/ ' - .  A .-r A ~ ./CO.,CHa 
H~co:c . . . . . .  " (  ' - ~  - ~ ' / ' / ~ ' " - S " - c o ~ c H ,  

'%, (\q) (1) 

HaCO2C ~ / -~',,.//CO2CHa 

('%. (w0 

Some t r a n s f o r m a t i o n s  of (1) w e r e  e x a m i n e d .  T r e a t m e n t  wi th  NaOH o r  MeOK in m e t h a n o l  g ives  the 
m e t h y l  e s t e r  of 3 , 5 , 1 0 - u n d e c a t r i e n o i c  a c i d  (XV), which  with m a t e i c  a n h y d r i d e  g ives  adduc t  (XV1). The  
e p o x i d a t i o n  of (I) by t r e a t m e n t  wi th  t e r t - a m y l  h y d r o p e r o x i d e  in the p r e s e n c e  of MoCI 5 g ives  m e t h y l  5, 6-  
e p o x y - 2 , 1 0 - u n d e c a d i e n o a t e  (XVII) in quan t i t a t i ve  y i e l d .  The  r e d u c t i o n  of (XVI) with LiAIH 4 gave 3 , 5 , 1 0 -  
u n d e c a t r i e n o l .  It is  c h a r a c t e r i s t i c  tha t  (I) u n d e r  r e d u c t i o n  cond i t ions  g i v e s  a m i x t u r e  of 2 , 5 , 1 0 - u n d e c a -  
t r i e n o l  (XIX) and (XVII1) (7 : 3).  The  l a t t e r  is  f o r m e d  v ia  i s o m e r i z a t i o n  by the LiAIH 4. 

o 

(,) ~ ~= co,cH~ (xv) o/i" 

[ iAIH4 ~ O 

CO2CI-ta ( 

CH 
/ ~ "~""CII20[[ + (XVI[I) l[ 

(XlX) CH 2 (XVI) 

EXPERIMENTAL METHOD 

The bu tad tene  and m e t h y l  a c r y l a t e  u s e d  in the s tudy  w e r e  a t  l e a s t  99.8% p u r e .  The  m i x t u r e  of h y d r o -  
c a r b o n s  was a n a l y z e d  on a T s v e t t - 1 0 2  c h r o m a t o g r a p h ,  u s i n g  a f l a m e - i o n i z a t i o n  d e t e c t o r ,  a 2 - m - l o n g  c o l -  
umn p a c k e d  with 15% A p i e z o n  L d e p o s i t e d  on Ce l i t e  545, and  n i t r o g e n  as  the c a r r i e r  ga s .  The p r e p a r a t i v e  
s e p a r a t i o n  was  c a r r i e d  out  on a C h r o m - 3 1  c h r o m a t o g r a p h ,  u s ing  a f l a m e - i o n i z a t i o n  d e t e c t o r ,  a 1 m x 10 
m m  co lumn  p a c k e d  with  15~ S i l i cone  e l a s t o m e r  d e p o s i t e d  on Ce l i t e  545, a t e m p e r a t u r e  of 160 ~ and n i t r o -  
gen as  the c a r r i e r  g a s .  

The  NMR s p e c t r a  w e r e  r e c o r d e d  on a Tes la-48013 i n s t r u m e n t  in CCI 4 solution, using HMDS as  the 
i n t e r n a l  s t a n d a r d .  The  IR s p e c t r a  w e r e  r e c o r d e d  on a UR-20  s p e e t r o p h o t o m e t e r  (as a f i l m ) .  The  m a s s  
s p e c t r a  w e r e  r e c o r d e d  on a n M K h - 1 3 - 0 6 i n s t r u m e n t ,  u s i n g  an e l e c t r o n  ion iz ing  e n e r g y  of 50 eV and a c h a i n -  
b e r  t e m p e r a t u r e  of 200 ~ 

C o o l i g o m e r i z a t i o n  of Bu tad i ene  with Me thy l  A c r y l a t e .  Wi th  s t i r r i n g ,  0 .06  mo le  of (VIII) was  a d d e d  
a t  0-5  ~ in a n i t r o g e n  s t r e a m ,  to 0 .015  m o l e  of Ni (acac)  2, 0 .015  m o l e  of the a c t i v a t o r ,  and  5 m l  of b u t a -  
d iene  in 20 m l  of the s o l v e n t .  The  c a t a l y s t  s o l u t i o n  was  l o a d e d  into a 3 0 0 - m l  s t a i n l e s s - s t e e l  a u t o c l a v e ,  
fo l lowed  by the a d d i t i o n  of 56 g of b u t a d i e n e  and 45 g of m e t h y l  a c r y l a t e ,  and  the s t i r r e d  m i x t u r e  was  h e a t e d .  
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After cooling, the mixture was treated with 5 ml of alcohol to decompose the catalyst, after which the pro- 

duet was vacuum distilled. The experimental results and their dependence on the temperature and ratio of 

monomers are given in Table 1 and plotted in Figs. 1 and 2. The oligomers, which were separated by 

fractional distillation through a column, had the following constants. 

Methyl ester of 2, 5,10-trans-undecatrtenoic acid (i) [2]: bp 85-86 ~ (0.4 ram), nD 2~ 1.4'730. Infrared 

spectrum(v, cm-1): 920, I000, 3090 (--HC=CH2), 975,3030 (trans-CH=CH--), 1720(=C--CO2CH3). NMR 
spectrum (5, ppm): 1.5 m (2H, CH~); 2.04 m (4H, --CH2C); 2.88 (2H, =CCH2C=); 3.63 (3H, OCH3); 

\ 
4.96(2H, /C =CH2); 5,62(4H, --CH = CH--); 6.7 (1H, --CH =CH2); m/e 194. Ultraviolet spectrum (in 
alcohol): kmax 205 nm, e 15000. 

Methyl ester of 3,4-divinylcyclohexanecarboxylie acid (IX) [5]: bp 90 ~ (2 ram); nD 2~ 1.4780. Infrared 
spectrum (v, era-l): 920, I000, 3085 (--HC =CH2), 1740 (--CO2CH3). NMI:t spectrum ((5, ppm): 1.72 (6H, 

CH2); 2.36 (2H, CH); 3.60 (3H, OCH3); 5.04 (4H, ~C=CH2); 5.76 (2H,--CH=CH2); m/e 197. 

Dimethyl esters of 4-vinyl-2, 7-and 4-vinyl-7,10-dodecadienedicarboxylic acids (VI) and (VII): bp 
230-233 ~ (imm); nD 2~ 1.4861. Infrared spectrum (v, cm-1): 915, 995, 3090 (--HC=CH2), 975, 3030 

(trans- CH = CH--), 1720 (=C--CO2CH3) , 1735(--CO2CH3). NMR spectra (5, ppm): 1.5 (4H, CH2); 1.98(3H, 
=CCH2); 2.22(2H,CH2C--); 2.84(2H, =CCH2C=); 3.54(3H, OCH3); 3.61(3H, OCH3); 5.04(2H, ~C=CH2); 
5.46(3H, CH =CH); 5.79(IH, =CCHC); 6.93(IH, CH =CHC); m/e 280. Found: C 68.9; H 8.8~. 
C16H2404. Calculated: C 68.57; H 8.57%. The constants of oligomers (II), (HI), (IV), and (V) coincide 
with the literature data. 

Ozonolysis of Esters (1)and (VI)-(VII). at A solution of 5 g of (i) in 20 ml of AeOH was ozonized at 
5-10 ~ until 3.6 g of ozone was absorbed, after which the mixture was treated with 10-15 ml of 30~ H202 
solution and kept at 50 ~ for 10 h. The solvent was evaporated, while the residue was metbylated with an 
ether solution of CH2N 2. After removal of the solvent we obtained 7.5 g of mixed esters, which, based on 
the GLC, was a mixture of the methyl esters of oxalic, malonic, and glutaric acids. 

b) The ozonolysis of (VI) + (VII), after methylation with CH2N2, under the same conditions gave a 

mixture of esters, which, based on the GLC data, contains the methyl esters of the 2-carboxyglutaric, 4- 
carboxypimelic, glutaric, malonic and oxalic acids. The structure of the first two compounds was con- 
firmed by comparing with compounds that had been synthesized by known methods [6, 7]. 

Methyl Ester of trans-3,5,10-Undeeatrienoic Acid (XV). a) To a refluxing solution of 0.5 g of MeOK 
in 30 ml of abs. methanol was added dropwise i0 g of (I) in 20 min and the mixture was kept at this tem- 
perature for another 15 rain. Then the mixture was cooled, poured into 40 ml of water, and extractedwith 
hexane. The extracts were combined, dried over MgSO4, and after removal of the solvent the residue was 
vacuum distilled. We obtained 8.5 g of (XV), bp 108-110 ~ (i ram); nD 2~ 1.4752. Ultraviolet spectrum (in 
alcohol): hmax 232 nm, e 16000. Infrared spectrum (v, cm-!): 920, i000. 3090(--HC =CH2), 980, 3030 

(trans-CH = CH), 1735 (CO2CH3). NMR spectra (5, ppm): 1.57 m (2H, CH2); 1.98 m (4H, =C--CH2CH2C=); 

2.96 t (2H, =CCH2CO2R); 3.52(OCH3); 4.89(2H, ~C = CH2); 5.52(4H, CH = CH); 6.02(!H, CH = C ).~ 
Found: C 74.0; H 9.41%. C12H~802. Calculated: C 74.23; H 9.28%. 

A mixture of (XV) and maleic anhydride in toluene was refluxed for 3 h to give adduct (XVI) in ~I00% 
yield, mp176-178 ~ . Infrared spectrum (v, cm-1): 720, 3030 (cis-CH =CH), 920, I000, 3090(HC=CH2); 

1735(CO2CH3), 1780, 1850 (COC). Found :  C 62 .48 ;  H 6.54%. CI~H~205 . Ca l c u l a t e d :  C 64 .3 ;  H 6.43~..  

b) To  a so lu t ion  of 0 .3  g of NaOH in 50 m l  of m e t h a n o l  was added 10 g of (I) and  the m i x t u r e  was 
s t i r r e d  a t  40 ~ for  3~ h.  Af t e r  the a b o v e - d e s c r i b e d  workup we obta ined  8 .3  g of (XV). 

Reduc t ion  of (I) and  (XV). a) With s t i r r i n g  and cool ing,  5 g of (XV) was added to a s u s p e n s i o n  of 
0.8 g of LLAIH 4 in 50 ml of abs. ether and the mixture was kept at ~20 ~ for another 0.5 h. The excess 
LiAIH 4 was decomposed with water, the obtained precipitate was filtered and washed with hot CHCI3, and 
the filtrate was dried over MgSO 4. The solvent was evaporated, while the residue was vacuum distilled. 
We obtained 4.1 g of (XVIII) with bp 93-94 ~ (i mm); nD2~ 1.4252. Ultraviolet spectrum (in alcohol): kma x 
232nm, < 22,000. Infrared spectrum (v, cm-1): 920, i000, 3090 (HC:CH2), 990, 3030 (trans-CH=CH--), 
1150, 3600 (OH). Found: C 78.82; H ii.05~, CiiHisO. Calculated: C 79.6; H 10.8%. Acetate (XX), 
bp 97 ~ (i mm); nD 2~ 1.4811. Ultraviolet spectrum (in alcohol): kmax 232 nm, ~ 22,000. Infrared spectrum 
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(v, cm-1): 920, 1000, 3090(HC =CH2) , 990, 3030 ( t rans-CH=CH),  I735 (OCCH3); m / e  208. NMR spec-  

O 
II 

t rum (6, ppm): 1.87 (3H, CCH3); 3.94 (2H, CH20); 1.98 (4H, = CCH2CH2 C =); 4.89 (2H, /.C=~ CH2); 

/ 

5.52 (4H, CH = CH2); 6.02 (1H, CH = C ~  ). Found: C 75.26; H 8 .9~ .  C13H1802. Calculated: C 75.73; 
H 8.74~. 

b) The reduction of i0 g of (1) under analogous conditions gave 8.5 g of a mixture of alcohols, which, 
based on the GLC data, contained 70~ of (XIX) and 30~c of (XVIII). Fractional distillation of the mixture in 
vacuo gave 4.5 g of (XIX), bp 93-94 ~ (i ram); nD 2~ 1.4811. Ultraviolet spectrum (in alcohol): kma x 205, 

13,400o Infrared spectrum (v, cm-l): 920, i000, 3090 (HC =CH2), 985, 3030 (trans-CH=CH--), 3600 
(OH). Found: C 79.11; H 10.45%. CIIHI~O. Calculated: C 79.6; H 10.8%. Acetate (XXI), bp 90 ~ (i 
ram); nD 2~ 1.4626. Ultraviolet spectrum (in alcohol): Xma x 205, ~ 13,400. Infrared spectrum (v, cm-1): 

O 
II 

920, I000, 3095 (HC = CH2), 980, 3030 (trans-CH = CH--), 1730 (OCCH3); m/e 208. NMR spectrum (6, 

O 
H 

ppm): 1.5 (2H, CH2--); 1.87 (3H, CCH3); 2.02(4H, CH2); 
/ 

(2H, ~C = CH2); 5.6 (4H, CH =CH); 6.1 (IH, CH =C~ 
lated: C 75.73; H 8.74~. 

Methyl 5,6-Epoxy-2,10-Undeeadienoate (XVII). To i0 g of (1) in 50 ml of abs. benzene at ~20 ~ was 
added an equimolar amount of tert-amyl hydroperoxide and 10 mg of MoCl 5 in i0 ml of benzene. The mix- 
ture was heated at 70 ~ for 1 h, cooled, and filtered through 30 g of Al203. The solvent was evaporated, 
and the residue was vacuum distilled. We obtained 9.5 g of (XVII), bp II0-112 ~ (i ram); nD 2~ 1.4732. 
Ultraviolet spectrum (in alcohol): Xma x 205, e 13,400o Infrared spectrum (v, cm-l): 920, i000, 3090 (HC 

= CH2) , 985 (trans-CH = CH). 1725 (CO2CH3). Found: C 68.5; H 8.7~. C12H1803. Calculated: C 68.57; 
H 8.57~. 

2.74 (2H, =CCH2C =); 3.93 (2H, CH20); 4.96 

). Found: C 76.0; H 8 .50~ .  C13H1802. Calcu- 

C O N C L U S I O N S  

1. The conditions were found for  obtaining methyl  t r ans -2 ,5 ,10 -undeca t r i enoa te  and the methyl 
e s t e r s  of the 4-vinyl-2 ,  7- and 7, 10-dodecadienecarboxyl ic  acids in high yields by the cool igomerizat ion of 
butadiene with methyl acry la te  on nickel-containing ca ta lys ts .  

2. The t ransformat ions  of methyl t rans -2 ,  5 .10-undecat r ienoate  were  studied. 

1. 

2. 

3~ 

4. 

5. 

6. 
7. 
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