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Hydroboration of Diene Polymers 

YUJI MINOURA and HIROHARU IKEDA, * Research Institute for 
Atomic Energy, Osaka City University) Sugimoto-cho, 

Sumiyoshi-ku, Osaka, J a p a n  

Synopsis 

Iliene polymers (i.e., polyisoprene, polybutadiene, and butadiene-styrene copolymers) 
were hydroxylated in tetrahydrofuran by hydroboration with diborane and subsequent 
alkaline oxidative hydrolysis. The strong, broad infrared absorption of the product a t  
3340 cm-1 shows the introduction of hydroxyl group. The properties of hydroxylated 
diene polymers depend upon the extent of hydroxylation. The less hydroxylated poly- 
mers are rubbery. As the extent of hydroxylation increases, the product becomes a white 
thermoplastic which is soluble in alcohol. The hydroboration of diene polymers with 
diborane is very rapid. However, if the reaction is continued further, the extent of hy- 
droxylation decreases because of side reactions. The results of acetylation and formyla- 
tion of the hydroxylated products and the grafting of vinyl monomers onto hydroborated 
diene polymers are also presented. 

INTRODUCTION 

The hydroboration of low-molecular olefinic compounds) i.e. , reactions of 
mono-olefins and diolefins with diborane, has been studied by Brown et  al. 
The present authors attempted the syntheses of derivatives of diene poly- 
mers and graft copolymers by the hydroborations of diene polymers ob- 
tained from diene monomers such as isoprene, butadiene, etc. 

When diborane adds to  polyisoprene (I), a boration adduct (IT) is formed. 
By the oxidation and hydrolysis of I1 in alkaline medium, an hydroxyl de- 
rivative (111) is formed. When a vinyl monomer (M) is added to 11, the 
formation of graft copolymer (IV) is expected as in equation on next page. 

The hydroxylated diene polymers obtained by hydroboration with di- 
borane and subsequent alkaline oxidative hydrolysis showed an infrared ab- 
sorption band a t  3340 em-' due to  hydroxyl groups. The product grad- 
ually became a white thermoplastic as the extent of hydroxylation increased. 
Acetylation and formylation of the hydroxylated products have also been 
carried out. 

It was found that the hydroborated diene polymer initiated free-radical 
polymerization of vinyl monomers, and in this manner graft copolymers of 
vinyl monomers on diene polymers were obtained. 
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EXPERIMENTAL 

Materials 
The diene polymers used were Cariflex IR 305 (eis-l,4-polyisoprene), 

Balata (trans-l,4-polyisoprene), Cis4 (cis-l14-polybutadiene), and three 
kinds of butadiene-styrene copolymers (St/Bu wt-% : 76.5/23.5, 42/28, 
and 15/85), as shown in Table I. All polymers were purified by precipita- 
tion using benzene-methanol. Squalene distilled at 203'C/0.5 mm Hg 
was used as model compound of polyisoprene. 

The sodium borohydride (NaBH4) used was made by Metal Hydride Inc. 
Commercial boron trifluoride etherate (BFXOEt,) was distilled in nitrogen 
atmosphere at bp 126.5"C. 

Diethylene glycol dimethyl ester was prepared from methyl bromide and 
slcoholate made from sodium and dimethylene glycol monomethyl ester. 

TABLE I 
Diene Polymers 

Polymers 

[TI in 
toluene ck+1,4, 
at 30°C % 

trans-l,4, 
% 

~~~ ~ 

cis-1,4-Polyisoprene (Cariflex 

trans-l14-Polyisoprene 

cis-l14-Polybutadiene (cis 4)  
tTUns-l,I-Polybutadiene 
cis-l14-Polyisoprene (liq.) 
~sis-1,4-Polybutadiene (liq.) 

IR 305) 

(Balata) 

5 .4  92 

1.6 - 
2.5 92 
1 .6  
0.15 92 
0 . 3  89 

- 

3 

95 
3 

95 
3 
7 

13-f % 

0 

3,4, % 
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After the unreacted monomet,hyl ester was reacted with sodium, it was dis- 
tilled under reduced pressure. Moreover, it was distilled over lithium alu- 
minum hydride at  reduced pressure before use (bp 84-85"C/27 mm Hg). 
Tetrahydrofuran (THF) , benzene, and other solvents used were purified as 
usual. 

Preparation of THF Solution of Diborane 

In a three- 
necked flask equipped with a thermometer, condenser, and pressure-equaliz- 
ing funnel was placed 50 g NaBH4. The flask was immersed in an ice bath, 
and 33 ml BF30E& was added dropwise to the well-stirred mixture. The 
diborane gas produced was led with nitrogen gas and absorbed into 100 ml 
THF cooled to 0°C. The concentration of the THF solution of diborane 
obtained was determined by measuring the volume of hydrogen gas using a 
gas buret. 

THF solution of diborane was prepared by Brown's method.2 

Hydroboration of Diene Polymer 

The preparations of the hydroxyl derivatives were carried out as follows: 
a tetrahydrofuran (or mixture of toluene with tetrahydrofuran) solution of 
a diene polymer was mixed with a tetrahydrofuran solution of diborane2 
and reacted at  0-20°C for a required length of time. After reaction, 3N 
sodium hydroxide solution and 30% hydrogen peroxide were added, and the 
mixture was stirred at  40°C for 15-60 min. A large amount of water was 
added to the mixture, and the solvent was distilled off. The hydroxylated 
polymer thus obtained was acetylated with a mixture of pyridine with ace- 
tic anhydride3 and was formylated with formaldehyde using HzS04 as 
catalyst in alcohoL4 

Graft Copolymerization 

In the case of graft copolymerization, diborane was added to the polymer 
solution, and then the excess diborane was deactivated with a small amount 
of ethanol. A 50-100 molar amount of a vinyl monomer with respect to the 
diborane was added to the mixture and polymerized at required tempera- 
tures. 

Measurements 

The hydroxyl group of the hydroxylated polymer was determined by in- 
The per cent of reacted 

The intrinsic viscosity [q ] of the hydroxylated polymer was determined 

The infrared spectra were obtained with a Perkin-Elmer Model 337 pho- 

frared spectroscopy5 and by elemental analysis. 
double bonds was taken as the degree of hydroxylation. 

by an Ubbelohde viscometer at  30°C in THF. 

tospectrometer and KBr pellets. 
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RESULTS AND DISCUSSION 

Hydroxylation of Polyisoprene 
The reaction of low-molecular-weight a-, LY'-, and 0-substituted olefin 

compounds with diborane was thought to  yield borane (V) by the equation 
shown below. The B-H bond in the boration adduct did not react with a 
third olefin owing to  steric hindrance.6 Hydrolysis of adduct V gave the 
hydroxylated compound VI  : 

R' 
I 

4 R-C-CH-R" + BZH6 --t 2 (R-CH-CH)ZBH 
V 

R' 
I (R-CH-CHXBH [o"oH-l r 2 R-CH-CH-R" 

I 
OH 

VI 

where R, R', and R" are alkyl groups. 
On this basis, 1 mole of diborane is equivalent to 4 moles of isoprene re- 

peat units. 
When a THF solution of diborane was added to  a THF solution of poly- 

isoprene, gelation usually occurred immediately, but this gel of the boration 
adduct could be dissolved by hydrolysis. 

0 20 40 60 ao 100 

% E q u i v a l e n t  amount of diborane  

Fig. 1. Effect of equivalent aniount of diborane on hydroxylation of diene polymers: 
(0)  cis-1,4-plyisoprene (OOC X 15 min and then 25°C X 60 min.); ( X )  truns-1,4- 
polyisoprene ( O O C  X 15 min and then 25°C X 60 min); (0) truns-1,4-polybutadiene 
(5°C x 10min). 
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Table I1 shows the results of hydroboratiori of ~is-1~4- and truns-1,4-poly- 
isoprene. When an equivalent of diborane was reacted with rubbery cis-l,4- 
polyisoprene at 5°C for 15 min, a polymer with a 52% degree of hydroxyla- 
tion was obtained. No appreciable difference in the reactivity was ob- 
served when Balata, i.e., truns-1,4-polyisoprerie, [q] = 1.6, was used. 

The relation between the degree of hydroxylation and diborane added is 
shown in Figure 1. The hydroxyl content in polyisoprene increased with 
increasing amounts of diborane, and saturation was reached at  35-4070 
hydroxylation, probably because crosslinking between polymers occurred. 

The effects of reaction time and temperature on the hydroxylation of cis- 
1,4-polyisoprene are shown in Table 111. In the hydroxylation at  O"C, 
the hydroxyl content in the polymer was 51-52% after 15-30 min and was 
about 40% after 60 min. With increasing reaction time, the gel increased 
and the [q] of the hydroxylated polymer decreased. Similarly, with in- 
creasing temperature, the amount of gel increased and the hydroxyl content 
decreased. 

Hydroxylation of Polybutadiene 

With polybutadiene, 1 mole diborane is equivalent to 6 moles butadierie 
units: 

6R-CH=CH-R' + B2H6 - 2 (R-CH,-CH,)B [ '3 

Table IV shows the results of hydroxylation of cis-1,4- and trans-1,4- 
polybutadiene by hydroboration. 

The hydroxylated cis-1,4-polybutadiene ([?I] = 2.79) was insoluble in ben- 
zene, THF, methanol water, etc., which indicated gelation (Table IV). 
However, the infrared spectrum showed the hydroxyl absorption band. 

In  the hydroxylation of truns-l,4-polybutadiene ([q] = 1.56), the degree 
of hydroxylation increased with increasing amounts of diborane added, as 
shown in Figure 1. With small amounts of diborane, the reaction pro- 
ceeded almost quantitatively and the yield decreased with increasing 
amounts of diborane added. With an equivalent amount of diborane, the 
degree of hydroxylation was 78%. 

The degrees of hydroxylation of three different butadiene-styrene copoly- 
mers (BU/St = 76.5/23.5,42/58, and 15/85 mole-'%) carried out at  5°C for 2 
min were found to be 38, 31, and 1S70, respectively, as shown in Table V. 
The greater the styrene content, the lower the degree of hydroxylation. 
The lower degrees of hydroxylation of the copolymers than those of poly- 
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butadiene are probably due to the steric effect of the bulky pheriyl groups in 
the styrene units. 

Hydroxylation of Liquid Diene Polymers 

To avoid gelation which took place during the hydroxylation of the rub- 
bery polymers, the hydroxylation of liquid cis-1,4-polyisoprene ([7] = 0.15) 
was attempted. As can be seen in Figure 1, the degree of hydroxylation 
in the polymers increased with increase in the amount of diborane. With 
150% equivalent diborane at  20°C for 30 min, 99% hydroxylation was ob- 
tained (Table VI). This polymer can be regarded as a head-to-head alter- 
nating copolymer of propylene with vinyl alcohol. A polymer with 84% 

Wave number (em-') 

3600 2800 2000 1800 1650 1400 1200 1000 800 

Fig. 2. Infrared spectrum of hydroxylated product of cis-1,4-polyisoprene, truns-1,4- 
polybutadiene, and squalene: (-) hydroxylated product; (--) original diene poly- 
mer; (a) hydroxylated &-1,4-polyisoprene (degree of hydroxylation 52%): (b) hy- 
droxylated trans-1,4-polybutadiene (78%); (c) hydroxylated squalene (46%). 
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hydroxylation was obtained by the hydroxylation of liquid eis-l,4-polybuta- 
diene ([v] = 0.3-0.2) using 1 equivalent diborane. This polymer, shown in 
Table VI, corresponds to a terpolymer consisting of 84% ethylene-vinyl al- 
cohol alternating units and 16% butadiene units. 

The appearance of the hydroxylated liquid polyisoprene differed depcnd- 
ing on the degree of hydroxylation. They were, for example, liquids (8a/,), 
transparent soft solids (44%), crystalline powders (86%), etc. The hy- 
droxylates with greater than S6Yo hydroxylation were soluble in methanol 
and insoluble in benzene, carbon tetrachloride, etc. 

Infrared Spectra 

The spectra of hydroxylated cis-1,4- and trans-l,4-polyisoprene and squa- 
lene in Figures 2a, 2b, and 2c show broad, intense hydroxyl bands at  3300 - 
3400 cm-'. 

The infrared spectrum of hydroxylated cis-l,4-polyisoprene showed an ab- 
sorption band a t  3340 cm-' for the hydroxyl group, one a t  1055 cm-' for the 
alcoholic 6 - 0 ,  and one a t  1712 crn-I due to  C=O. The intensities of the 
band at 1665 cm-' due to internal C=C and that a t  385 cm-' due to  cis- 
C=C were decreased. 

Figure 3 shows a variation of absorption bands a t  1665 cm-* due to  inter- 
nal C=C and a t  1645 cm-' due to isopropenyl C-C by the hydroxylation 
of polyi~oprene.~ The intensity of the absorption band due to  internal 

Wave number (cm-') 

1700 1600 

E 
-A m m 
.rl 
E' 
E 
& 
E i  

x 

Fig. 3. Absorption of internal C=C (1665 cm-l) and isopropenyl C=C (1645 cm-l): 
(A) cis-l,4-polyisoprene; (B) hydroxylated cis-1,4-polyisoprene (degree of hydroxylation 
17%); (C) hydroxylated eis-1,4-polyisoprene (degree of hydroxylation 37%). 
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Yave number (cm-l) 

3600 2800 2000 1800 1600 1400 1200 1000 PO0 

E3 

w 6 
0 

Fig. 4. Infrared spectrum of boration adduct and hydroxylated product of cis-1,4 
polyisoprene: (-) boration adduct; (---) hydroxylated product. 

h’ave number (cm-I) 

1700 1500 

Fig. 5. Absorption of carbonyl group of hydroxylated polyisoprene. 
tion: 
min; (D) 0°C X 15 min, then 25°C X 60 min, and then 40°C X 180 min. 

Reaction condi- 
(,4) 0°C X 15 min; (B) 0°C X 60 min; (C) 0°C X 15 min and then 25°C X 60 

C=C decreased with increase in the hydroxylation, but the intensity of the 
absorption band due to the isopropenyl C=C did not change. 

The infrared spectrum of the boration adduct of polyisoprene which was 
coagulated with water-methanol was determined by KBr pellet technique. 
As shown in Figure 4, an absorption band due to  ROB was observed at  1340 
cm-1.8 Therefore it was thought that the boration adduct was oxidized by 
oxygen in the air, as is well known for alkyl borane. 

As already described, with increasing reaction time the degree of hydroxy- 
lation [v] and the THF-soluble part decrease. Figure 5 shows the absorp- 
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tion band due to C=O of hydroxylated polyisoprerie obtained under dif- 
ferent reaction conditions. The intensity of this band increased with ail ill- 
crease in reaction time and temperature. 

These results indicate that the cleavLtgc of the polymer chain, crosslink- 
ing, and other side reactions have taker1 place during hydroboration. 
Hanseng and Welch'O have reported that the reaction of allcyl borane with 
oxygen easily produced peroxide and then radicals, as follows: 

RSB + 0 2  + RzBOOR 

R3B + RzBOOR -P RZBOR + R '  + RzBO' 

Although in these experiments the reaction was carried out under nitro- 
gen, traces of oxygen in the nitrogen gas could have started the side reac- 
tions. 

Properties of Hydroxylated Polymer 

The nature of hydroxylated cis-1,4-polyisoprene changed with the degree 
of hydroxylation from a rubbery solid (14%) to a thermoplastic white solid 
(52%). The melting points of the hydroxylates increased with an increase 
in the degree" of hydroxylation, as shown in Figure 6. The solubility of 
the hydroxylates also varied with the degree of hydroxylation, as shown in 
Table VII. Thus the solubility in alcohols increased and solubilities in ben- 
zene and in chloroform decreased with increase in the degree of hydroxyla- 
tion. 

The nature of the hydroxylated trans-l,4-polybutadiene also differed de- 
pending on the degree of hydroxylation. It changed from a thermoplast,ic 

20 40 60 

DeFree o f  hydroxylation (%) 

Fig. 6. Melting p0int.s of hydroxylated cis-1,4-polyisoprene. 
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TABLE VII 
Solitbility of IIydroxylated cis-1,4-l'olyisopreiie 

Soliibilitya 

Solvent 
Ilydroxylation 

14% 34% 527, 

Water 
MeOH 
EtOH 
n-BuOH 
Ethylene glycol 
T H F  

MEK 
Pyridine 
IIMF 
DESO 
CHC13 
CCl, 
CSZ 
Benzene 

EtTO 

X 
X 
X 
H 
X 
0 
X 
X 
0 
0 
X 
0 

0 
0 

X 
O H  
O H  
0 
X 
0 
X 
A 
0 
0 
0 

A 
X 
A 

x 
0 
0 
0 
A 
0 
X 
X 
0 
0 
0 
A 
x 
X 
A 

Fig. 7. Infrared spectrum of acetylnted product from hydroxylated polyisoprene (517,). 
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(52%) was a soft polymer soluble in benzcnc and THF, and its infrared spec- 
trum shon-ed absorption peaks a t  1730,1245, and 1022 em-' due to the ester 
group. 

The structure of thc cster derived from hydroxylated polybutadieiie is 
thought, to be compound VII,  corresponding to an ethylene-vinyl acetate- 
butadiene terpolymer: 

+H?X~H--CH% ~H2---i~~~cx;;~ +2- -gz -cHj -  z 

vrr Y 

The hydroxylated polyisoprene (51%) was treated with formaldehyde in 
alcohol in the presence of H2S04, and a white solid was obtained that was 
insoluble in common organic solvents (e.g. , alcohol, ethylene glycol, THF, 
ether, methyl ethyl ketone, acetone, chloroform, CCl,, CS2, benzene, pyri- 
dine, DMF, DMSO, etc.). Evidently crosslinking between hydroxylated 
polymers has taken place. 

Graft Copolymerization 

Various vinyl monomers have been added to  the diborane-hydroborat,ed 
liquid cis-l,4-polyisoprene. The subsequent polymerizations were carried 
out a t  room temperature. 

The outline of the preparation of the graft copolymers is shown in Figure 
8. Diborane was added to  the polymer solution, and the unreacted dibo- 
Pane was deactivated with a small amount of ethanol. A 50-100 molar ex- 
cess of vinyl monomer with respect to  diborane was added to the mixture. 
Polymerization was carried out for the required time a t  room temperature 
under nitrogen atmosphere. 

Wave number (crn-l) 

3600 2800 2000 1800 1600 1400 1200 1000 800 

100 - ' 

c 

r f i  * 
RCOOCR' 

0 

Fig. 9. Infrared spectrum of MMA-liquid cis-1,Cpclyisoprene graft copolymer. 
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With methyl methacrylate, the product was a soft solid. It contailled a 
small amount of benzene-insoluble and a trace of chloroform-insoluble por- 
tion. As can be seen in Figure 9, the infrared spectrum of the benzene- 
soluble portion shows an intense absorption band due to the ester group. 

With vinyl acetate, the product was a transparent, soft solid, soluble in 
methanol and THY, and its infrared spectrum showed an intense absorption 
band due to the ester group. 

Wit,h acrylonitrile, the system became pale yellow, and its viscosity in- 
creased, indicating that acrylonitrile polymerized. The mixture was hy- 
drolyzed by alkali and poured into a large amount of methanol to precipi- 
tate the polymer. The product was pale yellow, and its infrared spectmm 
had an absorption band due to the nitrile group a t  about 2200 em-'. 

From the above results, it was concluded that vinyl monomers can be 
grafted onto hydroborated diene polymers, after deactivating the excess di- 
borane in the system by ethanol. 
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