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Hydroboration. XI. The Hydroboration of Acetylenes-A Convenient Conversion 
of Internal Acetylenes into cis-Olefins and of Terminal Acetylenes into Aldehydes 

BY HERBERT C. BROWN AND GEORGE ZWEIFEL 
RECEIVED MARCH 20, 1961 

The treatment of internal acetylenes, such as 3-hexyne, with the theoretical quantity of hydroborating agent results in  the 
formation of the corresponding trivinylborane. However, under the same conditions, terminal acetylenes, such as 1-hexyne, 
undergo dihydroboration predominantly. The use of hydroborating agents of large steric requirements, such as disiamyl- 
borane, permits the conversion of both internal and terminal acetylenes into the corresponding vinylboron compounds in 
essentially quantitative yields. These vinyl derivatives undergo rapid protonolysis with acetic acid at room temperature, 
forming cis-olefins of high purity from the internal acetylenes, and terminal olefins from the terniinal acetylenes. Oxidation 
with alkaline hydrogen peroxide forms the ketone from the internal acetylene and the aldehyde from the terminal acetylene. 
Dihydroboration of acetylenes appears to place two boron atoms on the same carbon atom. Oxidation of these derivatives 
produces the alcohol predominantly, This result is attributed to the rapid hydrolysis of the dihydroboration intermediate. 
The same result is obtained with the dihydroboration product of dicyclohexylborane and 1-hexyne. However, the use of a 
large excess of diborane in the hydroboration stage reduces the amount of alcohol in the product and increases markedly the 
yield of the carbonyl derivative to  be anticipated for a dihydroboration product containing two boron atoms on the same 
carbon atom. 

The hydroboration of olefins provides a conven- 
ient new route to the aliphatic and alicyclic organo- 

and to the numerous derivatives into 
which these organoboranes may be transformed. 

The synthesis of the vinylboranes via the Grig- 
nard reaction has offered difficulties" and their 
utilization as intermediates for organic synthesis 
has received relatively little attention. Accord- 
ingly, we undertook a study of the hydroboration 
of acetylenes as a possible route to the vinylboranes 
and to the utilization of these substances as inter- 
mediates in synthetic work. 

Results 
The Monohydroboration of 3-Hexyne and 1- 

Hexyne.-3-Hexyne and 1-hexyne were selected 
as typical representatives of acetylenes with an 
internal and a terminal triple bond. 

The 3-hexyne was added to the usual hydrobora- 
tion mixture of sodium borohydride in diglyme and 
the hydroboration accomplished at 0' by adding 
boron trifluoride etherate to the reaction mixture. 

( 1 )  H .  C. Brown and R. C. Subha Rao, J .  Am. Chcm. Sac., 18, 
5884 (1856): J .  Org. Chcm., 11, 1135 (1957); J .  Am.  Chem. S O C ,  81, 
8423, 8428 (1959). 

(2) H .  C. Brown and G. Zweifel, ibid. ,  81, 4106 (1959); H. C. 
Brown, K .  J. Murray, L. J. Murray, J. A. Snover and G. Zweifel. 
ibid. ,  81, 4233 (1960); S. Wolfe, M. Nussirn, Y. Mazur and F.  Sond- 
heimer, J .  Org. Chcm.. 14, 1034 (1858). 

(3) H. C. Brown and K. J. Murray, J .  Am. Chcm. Sac.. 81, 4108 
(IB59); 1. Or#. Chcm., 16, 631 (1961). 

(4) M. F. Hawthorne and J. A. Dupont, J .  A m .  Chcm. Soc., 80, 
5830 (1958); M .  F. Hawthorne, ibid. ,  SP, 1886 (1960). 

(5) J. B. Honeycutt and J .  M. Riddle, ibid. .  81, 2593 (1959); 
81, 305 (ISGO). 
(6) H. C. Brown and C. Zweifel, ibid. ,  83, 486 (1961). 
(7) H .  C. Brown, N. C. Hebert and C. Snyder, i b i d . ,  83, 1001 

( 1 Q G l ) ;  H. C. Brown and C. Snyder, ibid. ,  83, 1002 (1981); H. C. 
Brown, C. Verbrugge and C. Snyder, ibid. ,  88. 1001 (1861). 

(8) T. D. Parson, M. B. Silverman and D. M.  Ritter, ibid. ,  19,  5081 
(1857). 

The sodium borohydride utilized was sufficient to 
achieve the monohydroboration of the 3-hexyne 
(1). 

I 

R 

After two hours a t  room temperature, ethylene 
glycol was added to convert residual hydride to 
hydrogen, and residual acetylene. was estimated by 
gas chromatographic examination (adiponitrile 
column). Only traces of residual hydride were 
found, and 84976 of the initial acetylene had reacted. 
Consequently, the reaction had proceeded largely 
as indicated (l), with approximately 16% of 
double hydroboration suggested. 

Under similar experimental conditions, 44%. of 
1-hexyne was found in the reaction mixture, with 
complete utilization of the available hydride indi- 
cated. Consequently, the 1-hexyne undergoes 
dihydroboration preferentially. Only traces of 
hydrogen were evolved during the hydroboration. 
Consequently, the terminal hydrogen atoin of the 
acetylene is not suficiently acidic to react with the 
hydroborating reagent. 

It was evident that the monohydroboration of 
1-hexyne would require the use of a large excess 
of the acetylene to repress the second stage. How- 
ever, a more convenient solution suggested itself. 
Bis-3-methyl-2-butylborane (disiamylborane) is a 
hydroborating agent of large steric requirements.@ 
It appeared possible that the large steric require- 
ments would hinder the second stage and permit 

(8) H. C. Brown and 0. Zweifel, ibid 88, 1241 (1861). 
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the simple formation of the monohydroboration 
product. 

Indeed, treatment of 25 rnmoles .of 1-hexyne 
with 25 nimoles of disiamylborane resulted in the 
essentially quantitative reaction of the acetylene. 
Similarly, 3-hexyne reacted readily with the reagent 
in a 1:l stoichiometry. The results of these 
experiments are summarized in Table I. 

TABLE I 

SODIUM BOROHYDRIDE-BORON TRIPLUORIDE AND DEI- 

Acety- 

Hydroborating added, reacted, acted,c 

MONOHYDROBORATION OF 3-HEXYNE AND ~ -HEXYNE WITH 

AMYLBORANB 

Hy- Hy- lene 
dride dride re- 

Acetylene Mmoles agent mmoles mmoles mmoles 

3-Hexyne 25 .0  NaBH,. BFI' 25 24 21 
3-Hexyne 25 .0  SiazBH' 25 23 25 
1-Hexyne 25 .0  NaBH,, BFI' 25 25 14 
1-Hexyne 25.0 SialBHb 25 25 25 

a Internal hydroboration in diglyme. * Hydroboration 
with disiamylborane in tetrahydrofuran. Analysis by 
gas chromatography. 

Protonolysis of the Vinyl 0rganoboranes.- 
Preliminary experiments indicated that the un- 
saturated organohoranes are readily protonolyzed 
by the action of glacial acetic acid, forming the 
corresponding olefins (2). 

In order to test the utility of this reaction for the 
conversion of acetylenes into olefins, 1-hexyne, 
2-pentyne and 3-hexyne were hydroborated with 
sodium borohydride and boron trifluoride in diglyme 
and the reaction products were treated with 
glacial acetic acid a t  0'. After 2712 hours a t  
room temperature, lo the olefin formed was analyzed 
by gas chromatography on an adiponitrile column, 
using methylcyclohexane as an internal standard. l1 

By this procedure, 2-pentyne and 3-hexyne were 
converted into cis-2-pentene and cis-3-hexene in 
yields of 60 to 80%. However, the yield of 1- 
hexene from 1-hexyne was only 7%, confirming the 
conclusion previously arrived a t  that this terminal 
acetylene undergoes dihydroboration preferentially. 

I-Hexyne and 3-hexyne were hydroborated with 
disiamylborane in diglyme. Protonolysis yielded 
1-hexene in a yield of %?yo and cis-3-hexene in a 
yield of 90%. These results are summarized 
in Table 11. 

The high purity of the cis-olefins indicated by the 
gas chromatographic analyses suggested that this 
procedure should be an exceedingly valuable one 
for the synthesis of pure cis-oleiins. Consequently, 
a number of acetylenes were hydroborated and 
protonolyzed, with isolation of the products. In  
this way 3-hexyne was converted into cis-3- 
hexene in a yield of 8375, and diphenylacetylene 
was converted into cis-stilbene in a yield of 69%. 

(10) We have since observed that the reaction is complete within a 
few minute:a at room temperature, so that an even shorter reaction 
time is adequate; work iu progress with Mr. Donald Bowman. 

(1 1) The adiponitrile column permitted the complete resolution of 
the cis-Irons isomeric olefins. 

TABLE I1 

PROTONOLYSIS OF THE VINYL BORANES OBTAINED IN THE 
HYDROBORATION OF SOME REPRESENTATIVE ACETYLENES 

Hydride Olelin 
Hydroborating added, Olefin yield,# 

Acetylene Mmoles agent mmoles formed % 

1-Hexyne 25 NaBH,, BF,' 25 1-Hexene 7 
1-Hexyne 25 SiapBHb 25 1-Hexene 70 
I-Hexyne 25 Sia,BHb 30 1-Hexene 92 
2-Pentyne 100 NaBH,, BFaa 100 cis-2- 

Pentene 00 
3-Hexyne 25 NaBH,, BFI" 25 cis-3- 68 
3-Hexyne 25 NaBH,, BFI" 28 Hexene 80 

Hexene 90 
* Hydroboration 

with disiamylborane in diglyrne. c Analysis by gas chroma- 
tography. 

Both gas chromatographic and infrared examina- 
tion of the products indicated purities in the 
neighborhood of 9&990Jo. The results are sum- 
marized in Table 111. 

Oxidation of the Viny1organoboranes.-The acet- 
ylenes were hydroborated by both of the pro- 
cedures utilized in this study-hydroboration with 
sodium borohydride-boron trifluoride in diglyme 
and reaction with disiamylborane in diglyme. The 
reaction products then were oxidized with alkaline 
hydrogen peroxide. However, in order to minimize 
the effect of the alkali on the reaction products, 
the 15% hydrogen peroxide was added to the re- 
action mixture containing the organoborane with 
concurrent addition of 3 N sodium hydroxide to 
maintain the pH at  approximately 8. 

Under these conditions 1-hexyne and 1-octyne 
were converted into n-hexaldehyde and n-octalde- 
hyde. Consequently, this procedure offers a con- 
venient route for conversion of terminal acetylenes 
into aldehydes. 

The same procedure transformed 3-hexyne 
into 3-hexanone. The results are summarized in 
Table IV. 

Double Hydroboration of Acetylenes.-The 
double hydroboration of 1- and 3-hexyne was 
examined in order to establish the nature of the 
reaction product. It had been anticipated that the 
reaction product would contain the two boron 
atoms either on adjacent carbon atoms, or on the 
same carbon atom. Oxidation of the product 
with alkaline hydrogen peroxide should then lead 
either to the glycol or to the carbonyl derivative. 

Treatment of 3-hexyne with the theoretical 
quantity of dihorane in tetrahydrofuran resulted 
in an uptake of 1.57 "hydrides" per acetylenic 
molecule. By use of an excess of diborane, the 
hydride uptake became 1.88, approaching the the- 
oretical value of 2.0 anticipated for the complete 
hydroboration of a triple bond. 

In the case of 1-hexyne, the uptake of hydride 
for a stoichiometric mixture of diborane in tetra- 
hydrofuran and the acetylene was 1.85. The re- 
action mixture appeared deep yellow in color, 
whereas the corresponding product from 3-hexyne 
had been practically colorless. With increasing 
quantity of hydroborating agent, the intensity of 
the color decreased. 

3-Hexyne 25 SianBHb 25 cis-3- 

0 Internal hydrohoration in diglyme. 
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TABLE 111 
CONVERSION OF ACETYLENES INTO OLEFINS 

Hydroborating Olefin y B . p , - -  Lit. 
Acetylene hlmoles agent yield, % OC. Mrn. n% n% 

1-Hexyne 200 Sia2BH" 72 64 743 1.3879 1,3878' 
68 75 1 1.3970 1. 3977g 

754 1 ,3957 1.3947" 
2-Hexyne 50 NaBHp, BF3b ( ) d  
3-Hexyne 300 NaBH4, BF,b ECC 67 
3-Hexyne 200 SiazBH" 83' 67 750 1.3955 1.3947" 
Diphenylacet ylene 150 SiazBHa 6gC 138-139 10 1.6212 1.6220' 

Hydrnboration with disiarnylborane in diglyme. Internal hydroboration in diglyme. Isolated. Low yield pri- 
e "Selectcd Values of Physical and Thermodynamic Properties of Hydrocarbons," marily duc to small scale of preparation. 

Ani. Petr. Inst., 1!)53, p. 55. f G. Wilke and H. Muller, Ber., 89, 444 (1956). 

TABLE I V  
CONVERSION OF ACETYLENES INTO CARBONYL DERIVATIVES 

Acetylene Mmoles agent Product % 
1-Hexyne 200 SiazBH" %-Hexaldehyde 88" 
I-Octyne 200 SiarBH" n-Octaldehyde iod 
3-Hexyne 350 NaRH4, BFah 3-Hexanone 6gd 

Hydroboratiori with disiarnylborane in diglyrne. 
ternal hydroboration in diglyme. Estimated as 2,4 
tlinitrophenylhydriizone. Isolated. 

Treatment of 3-hexyne with an excess of disi- 
amylborane in tetrahydrofuran resulted in a re- 
action of only 1 molecule of disiamylborane with 
each molecule of 3-hexyne. Evidently, under these 
conditions the liydroboration proceeds only to the 
monohydroborntion stage. 

Even in the case of 1-hexyne, disiamylborane 
reacted only partially beyond the monohydrobora- 
tion stage. By utilizing a less hindered deriva- 
tive, dicyclohexylborane, the reaction proceeded 
to the dihydroboration stage. 

Unexpectedly, oxidation of the dihydroborated 
1- and 3-hexynes with alkaline hydrogen peroxide 
yielded 1- and 3-hexanol as a major reaction prod- 
uct in each case. This we5 puzzling, since oxi- 
dation of the dihydroborated products had been 
expected to lead either t o  the glycol or to the 
carbonyl derivative. 

It was observed that the addition of aqueous 
sodium hydroxide to the dihydroborated 1-hexyne 
resulted in a discharge of the yellow color. This 
observation suggested that the dihydroboration 
product undergoes rapid hydrolysis of one boron- 
carbon bond prior to oxidation. On this basis, 
a number of modifications were made of the 
hydroboration-oxidation procedure and some suc- 
cess was achieved in reducing the formation of the 
anomalous product, 1-hexanol. Thus the hydro- 
boration of 1-hexyne with a threefold excess of 
hydroborating agent, followed by oxidation a t  pH 
8, yielded only 16y0 1-hexanol, with lSyO of 1,2- 
hexanediol and 68% of 1-hexanal. 

From these results i t  appears that dihydrobora- 
tion occurs preferentially to place both boron atoms 
on the same carbon atom. 

The experimental results are summarized in 
Table V. 

Hydroborating Yield, 

b In- 

Discussion 
Monohydroboration of Acetylenes.-The addi- 

tion of a boron-hydrogen bond to the triple bond 
(12) T. J. Logan and T. J. Flaut, J .  A m .  Chcm. SOL., 82, 3446 

( l W O ) ,  likewise observed that the simple alcohol was a major product 
of the hydroboration-oxidation of di-l-butylacetylene. Similarly, R.  
Dulou and Y. ChretiCn-BessSre, Bull. sot .  chim. France, 1362 (1959), 
observed the formation nf I-heptanol in the hydroboratioa-oxidation of 
1-heptyne. 

will result in the formation of a vinylboron deriva- 
tive (3). 

-C-H 
I 

I / \  

C H  b + $  - II (3)  
-C-B( 

It is evident that during the reaction a competition 
will exist between unreacted acetylene and the vinyl- 
boron derivative for the residual hydroboration 
reagent. 

In the case of 3-hexyne, it appears that the acet- 
ylene is far more reactive than the initial reaction 
product. Consequently, the reaction proceeds 
satisfactorily to the formation of the trivinyl- 
borane (4). 

CPHL 

C I CZHsC-H 

C CtH&-)aB 
/ / I  + [BHal ----f II (4) 

I 
CZH6 

On the other hand, in the case of 1-hexyne, the 
initially formed product (5) is apparently more 
reactive toward the reagent than the residual 
acetylene. In this case the 1-hexyne undergoes 
dihydroboration preferentially (6). 

n-C1HQ 

C I H  n-C4HQCH 

C 
(5) 

HkB( 
Ill + 4 - 

a- C4H QCH H n-CdHpCHn 
I Hh< + a - HCB< I (6) 
B 

/ \  

/\ 
The use of a reagent of large steric requirements, 

such as disiamylborane, results in a simple mono- 
hydroboration of both internal and terminal 
acetylenes (7 ,8) .  

R 
I 
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TABLE V 
DIHYDROBORAYION OF 1- AND 3-HEXYNE AND OXIDATION OF THE PRODUCTS WITH ALKALINE HYDROGEN PEROXIDE 

Oxidn. producta,d '% 
Reactants Hydride used >c--c< 

Hydroborating B -H/ B -H/ I I Yield,@ 
Hexyne Mmoles agent C S C  c-c Oxidation procedure >CEO >CHOH OH OH 7'0 

1- 50 Bd%" 2 . 0  1 I 85 Standard oxidation 26 64 10 83 
1- 50 &Haa 2 . 0  1.85 Oxidation at PH 7-8 41 47 12 68 
1- 50 BIH~" 2 . 0  1.83 Hydrolyzed with H20 

for 3 hr. at 0-5', oxi- 

1. <50 &HE" 2 . 0  1.84 Hydrolyzed with 3N 
dation at PH 7-8 38 51) 12 77 

NaOH for 3 hr. 
standard oxidation 26 60 14 93 

1- 50 BaHa" 3 .0 1 .87  Standard oxidation 40 44 16 81 
1- 25 &Ha" 6 . 0  1 .92 Standard oxidation 60 19 21 90 
1- 25 B2H; 6 . 0  1.87 Oxitlation at pH 7-8 68 16 16 80 
1- 25 SiarBHb 2 . 0  1.25 
1- 25 RnBH' 3 . 0  1.82 Standard oxidation 10 go Traces 81 
3- 50 BzHC 2 . 0  1.57 
3 25 B2Hca 6 . 0  1.88 Standard oxidation 52 32 16 87 
3 25 SiaaBHb 2 . 0  0 . 9 5  

a Addition of the acetylene t o  a solution of diborane in tetrahydrofuran. * Addition of the acetylene to disianiylborane in 
Analysis by gas chromatogra- tetrahydrofuran. 

phy. 
Addition of the acetylene to dicyclohexylborane in tetrahydrofuran. 

e Estimated by gas chromatography using an internal standard, 

Indeed, the large steric requirements of the disi- 
amylborane reagent renders the addition of a second 
mole of reagent negligibly slow, so that the yield 
of monovinylborane is practically quantitative 
from both the internal and terminal acetylene. 

Protonolysis of the Monohydroboration Prod- 
ucts.-The protonolysis of the trialkylboranes with 
acetic acid proceeds readily for the first group,12a 
but requires elevated temperatures for the second 
and third groups.8 However, the protonolysis of 
the unsaturated organoboranes produced v i a  the 
monohydroboration of acetylenes proceeds to 
completion readily with acetic acid a t  room tem- 
perature. 

In  the case of terminal acetylenes it is desirable 
to carry out the monohydroboration with disi- 
amylborane in order to realize a good yield of the 
corresponding alkene. On the other hand, the 
simple hydroboration of internal acetylenes fol- 
lowed by protonolysis with acetic acid results in 
the production of the corresponding cis-olefins 
in yields of 60-70%. The yield is increased to 
SO-SO% by the use of disiamylborane. 

The procedure appears to be quite general as a 
method for converting internal acetylenes into 
corresponding cis-olefins. In  the present study, 
2-pentyne was converted into cis-2-pentene, 2- 
hexyne into cis-2-hexeneI 3-hexyne into cis-3- 
hexene and diphenylacetylene into &stilbene. l3 
A. C. Cope and his co-workers recently made an 
interesting application of this procedure by trans- 
forming cyclodecyne into cis-cyclodecene-1 ,2-d2 
by utilizing deuteriodiborane, BZDe, followed by 
deuterioacetic acid, CH3C02D. l4 

Examination of the cis-olefins by both gas chro- 
matography and infrared revealed high purities, in 

(12a) J. Goubeau, R.  Epple, D. D. Ulmschneider and H .  Lehmann. 
Angew. Chem.,  61, 710 (1958). 

(13) B y  means of a related procedure, G. Wilke and H. Muller, 
Be*., 89, 444 (1956). have prepared pure cis-olefins by the reaction 
of diisobutylaluminum hydride with internal acetylenes, followed by 
hydrolysis of the resulting organoaluminum derivative with water. 

(14) A. C. Cope, 0. A. Berchtold, P. E. Peterson and S. M Shar- 
man, J .  A m .  Chcm. Sot., 89,  6370 (1960). 

the neighborhood of 98-99yo or better. Previously, 
the conversion of acetylenes into cis-olefins re- 
quired careful hydrogenation with a special 
catalyst.16 Purities of no higher than 95y0 were 
realized. Consequently, the hydroboration route 
appears to offer definite advantages for this trans- 
formation. 

Stereochemistry of the Hydroboration-Proton- 
olysis Reaction.-The hydration of an olefin by the 
hydroboration-oxidation procedure involves the 
addition of a boron-hydrogen bond to the olefin, 
followed by the oxidation of the resulting organo- 
borane to the alcohol. The observed stereochem- 
istry of the observed cis hydration of cyclic ole- 
fins1e is therefore the net result of two different 
reactions. However, examination of the available 
data led to the conclusion that the reaction pro- 
ceeded through a cis addition of the boron-hy- 
drogen bond and an oxidation with retention of 
configuration. 

The available evidence indicates that the proton- 
olysis of trialkylboranes proceeds with retention 
of configuration.a There appears to be no reason 
to doubt that protonolysis of a vinylborane like- 
wise proceeds with retention. Consequently, the 
formation of the cis-olefin must involve a cis 
addition of the boron-hydrogen bond to the 
acetylene structure, followed by a rapid protonoly- 
sis with retention of configuration (9). 

R 

c HB RCH CHsCOOH RCH 

C R B <  RCH 
I 

I 
111 - - It (9) 

R 
Since cis-3-hexeneJ cis-stilbene and cis-cyclo- 

decene are all thermodynamically less stable than 
the corresponding trans isomers, i t  is evident that 
the structures of the products are determined by 

(15) H. Lindat, Hclu. Ckim. A d o ,  86, 440 (1952). 
(16) H. C. Brown and G. Zweifel, J .  A m .  C h e m .  Soc., 81, 217 (1959);  

83, 2544 (1901). 
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the reaction mechanism and not by their thermo- 
dynamic stabilities. 

Consequently, the addition of the boron-hydro- 
gen bond both to the double bond of olefins and to 
the triple bond of acetylenes must proceed in a 
pure cis manner, presumably through a four- 
center transition state (IO). 

R 

C H  I p:H 1 RC-H E + 4 - g B - II (10) 
RC-B 

Oxidation of the Monohydroboration Products.- 
Oxidation of the monohydroboration product from 
3-hexyne yielded 3-hexanone. This is the product 
formed by the usual hydration procedures, so that 
hydroboration provides an alternative but not 
distinctive procedure for the hydration of internal 
acetylenes. 

However, the monohydroboration-oxidation of 
terminal acetylenes results in the formation of 
aldehydes in excellent yields (Table IV). Since 
the usual hydration procedures convert terminal 
acetylenes into methyl ketones, the hydroboration 
procedures open up a new synthetic path for the 
utilization of terminal acetylenes. 

The reaction apparently involves the usual anti- 
Markownikoff addition of the boron-hydrogen 
bond to the terminal acetylene. Oxidation pre- 
sumably proceeds through the formation of the 
enol borate ester (not identified) which is pre- 
sumably rapidly hydrolyzed to the enol, tautomer- 
izing to the final product, the aldehyde (11). 

R 

c HB RCH HzOz RCH 
I 

1 
& +  II - II 

HCB( HCOB( 

H 

JHIO (11) 

RCHs RCH 

HC=O HPOH 
I f- 

Dihydroboration of Acetylenes.-Treatment of 1- 
and 3-hexyne with the stoichiometric amount of 
hydroborating agent results in an approach to  the 
utilization of 2.0 hydrides per acetylene molecule 
(1.57 to 1-85), but the reaction fails to go to com- 
pletion in a reasonable time. Even with a three- 
fold excess of hydride, the hydride up-take is no 
greater than 1.88 to 1.92 per acetylene molecule. 
I t  appears that the reaction involves the formation 
of a complex cross-linked polymer with some of the 
residual double-bonds so buried that complete 
reaction becomes exceedingly slow. 

Reaction of an acetylene with diborane could 
reasonably take three paths: (a) two boron atoms 
could add to the same carbon atom, (b) two boron 
atoms could add to adjacent carbon atoms, (c) 
a double addition of two hydrides from the same 
boron atom could occur (12). 

It appeared that oxidation with hydrogen per- 
oxide would establish whether the dihydroboration 
reaction followed paths b or a,c. 

L, RT-~=BH-. RCHzCHO 

H 
However, oxidation of the product from the di- 

hydroboration of 1-hexyne yielded 1-hexanol as the 
major product, 10% 1,2-hexanediol, 26% n- 
hexaldehyde and 64y0 of 1-hexanol (the total 
yield of these products was 83%). 

The only reasonable explanation for the high 
yield of 1-hexanol is that the dihydroboration 
product, whatever its structure, undergoes rapid 
hydrolysis to lose one of the two boron-carbon 
bonds prior to oxidation. On this basis, i t  ap- 
peared that variation of the oxidation procedure 
might avoid the difficulty. In  actual fact, varia- 
tion in the oxidation procedure had little effect 
on the product distribution. 

We attempted to circumvent the difficulty by 
performing the hydroboration with dicyclohexyl- 
borane, After 24 hours a t  room temperature, 
nearly two dicyclohexylborane groups per 1- 
hexyne molecule had reacted. Oxidation with 
alkaline peroxide gave an even larger yield of 1- 
hexanol: 10% n-hexaldehyde and 90% of 1- 
hexanol, with only traces of the 1,2-diol. 

The experiment suggested that this dihydrobora- 
tion product was exceedingly unstable to hydro- 
lytic cleavage, in spite of the presence of the large 
cyclohexyl groups. Assuming that the initial 
product contains the two boron atoms on the 1- 
carbon, i t  is possible to write a reasonable mech- 
anism to account for the hydrolytic instability (13) 

HO .. 

3, 
RCH*CH=BR~ - RCH@BR~ 

RCHzCHzBR2 

Since the initial stage in this hydrolysis involves 
an attack by base on the electrophilic boron atom, 
substituents which decrease the acidity of the boron 
atom should greatly reduce the hydrolytic stability 
of the 1,l-diboro derivative (14). 

BHz H*O 
RCHI 6 H --RCHs 

~ B H ~  ~ B ( o H ) ~  

(14) 

RCHzCHnB(0H)t 
'---B( OH slow 
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Accordingly, 1-hexyne was added to a threefold 
excess of diborane in tetrahydrofuran. The re- 
action product WZLS hydrolyzed and oxidized with 
alkaline hydrogen peroxide. There was obtained 
26y0 of 1,2-hexanediol, 60% of n-hexaldehyde and 
21% 1-hexanol. By carrying the oxidation out a t  
pH 8, the yield of aldehyde increased to 68% of 
the oxidation products. 

The results clearly indicate that the dihydro- 
boration product contains two boron atotiis on the 
same curbon atomi7 (12a) with only ti minor 
amount of the 1,2-diboro derivative. The hydro- 
boration of terminal olefins proceeds to place 6-7% 
of the boron 011 the 2-carbon atom.18 It is prob- 
able that the initial reaction of diborane with a 
terminal acetylene places an even larger fraction 
of the boron adding on the 2-carbon atom of the 
triple bond. 'The subsequtrit addition to place 
the second boron atom on the more favored 1- 
position would readily account for the iiiinor 
amount of the 1,2-diboro derivative which is ap- 
parently present in the product. 

From these results i t  appears that the dihydro- 
boration of acetylenes occurs preferentially to 
place two boron atoms on the same carbon atom, 
with a niinor amount of the isomeric derivative. 
The products are exceedingly sensitive to hydrolytic 
cleavage, being converted to the corresponding 
alkylborane. 

From the above results i t  is evident that the di- 
hydroboration of acetylenes can also be utilized 
for the synthesis of the corresponding aldehydes or 
ketones. However, monohydroboration with disi- 
amylborane produces considerably better yields 
and would appear to be the more satisfactory 
synthetic procedure. 

Experimental Part 
Materials.-Diglymc (Ansul Clieiiiical Co.) was distilled 

under reduced preszure from lithium aluminum hydride. 
Tetrahydrofuran (du Pont Co.) was also distilled from 
lithium aluminum hydride. Boron trifluoride etherate was 
treated with a sniall quantity of ethyl ether to ensure an 
excess of this component and then distilled under reduced 
pressure over a few pieces of calcium hydride. The hy- 
drides were obtaiiied from Metal Hydrides, Inc. 

The acetylenes used were from the Farchaii Cheniical 
Co. The aliphatic acetylenes, 2-pentyne, 1-hexyne, 2- 
hexyne, 3-hexyne and I-octyne, were distilled from sodium 
borohydride to remove peroxides. Diphenylacetylene 
was used without further purification. 2-Methyl-2-butene 
and cyclohexene mere Phillips Pure Grade (99%) and mere 
utilized without further treatment. 

Monohydroboration of Acetylenes with Sodium Boro- 
hydride-Boron Trifiuoride Etherate.-In a three-neck 
flask, equipped with a pressure eqitalizing dropping funnel, 
a condenser and a thermometer, was placed 25 mmoles of 
the acetylene derivative and 6.3 ml. of a 1.00 M solution of 
sodium borohydride in diglyme. The flask was cooled to 0" 
and flushed with nitrogen. From the funiiel 8.4 mmoles of 
boron trifluoride etheratc in 5.0 nil. of diglyme was added 
dropwise to the well-stirred reaction mixture. The reaction 
flask was permitted to remain a t  0" for 0.5 hour, and theu 
at room temperature for 2 hours. The unreacted hydride 
was decomposed with cthylene glycol, and the hydrogen 

(17) G. Wilke and H. Mfiller, A I I ? I , ,  618, 267 (1959), have observed 
that the reaction product formed in the addition of two moles of 
diethylaluminum hydride (5 hours a t  100") uiidcrgoes hydrolysis 
with deuterium oxide to form 1,l-dideuteriohexnne. IIerc also the 
nddition proceeds to place both aluminum ntonw on the termiual 
csrbon atom. 

(18) H .  C. Drown and G. Zweifel, J. A m .  Chon. Soc., 82, 4703 
(1960). 

evolved was collected aud measured. To the reaction 
mixture was added I measitreti quantity of either cyclo- 
hexane or mcthytcyclohcxane as an internal standard, 
and the residual acetylene determined by gas chroma- 
tography on ail atliponitrile coltimn. The results are sum- 
marizecliti Table I .  - 

Monohvdroboration of Acetylenes with Disiamylborane .- 
In a thrGe-rieck flask equipped as obove was-placed 3.5 
g. of 2-methyl-2-butene (60 mmoles) in 26 ml. of tetra- 
hydrofuran. The flask was immersed hi an ice-bath. 
Diborane (13.7 Inmoles) geuerated by the addition of 20.5 
n11. of a 1.00 A4 solution of sodium borohydride in diglyme 
to an excess (41.0 mmoles) of borori trifluoride etherate, 
was introduced into the olefin-tetrahydrofuran solution. 
The reaction flask was permitted to remain for 2 hours a t  

The acetylene (25.0 mmoles) \vas added rapidly to the 
reaction mixture at 0'. The flask was maintained for 
0.5 hour at this temperature, then for 2 hours at room 
tempeiature. Atialysis for residual hydride arid acetylene 
was carried out as above. 

Protonolysis.-~-Hcxyrie (2.05 g., 25.0 mmoles) was 
added to 6.8 ml. of a 1.00 M solution of sodium borohydride 
in diglyme (10% excess). Boron trifluoride etherate 
(8.8 mmoles) was added to the reaction mixture a t  0-6" 
and the flask maintained at that temperature for 0.6 hour. 
To the reactiori mixture was added 5.0 ml. of glacial acetic 
acid and the mixture allowed to stand overnight (12 hours). 
Gas chromatographic analysis of the olefin formed, using 
methylcyclohexane ELS internal standard and an adiponitrile 
column, indicated 80y0 of cis-3-hexeiie with only traces of 
isomeric materials. 

Disiamylborane was synthesized by treating 4.2 g. of 
2-methyl-2-butene (60 mmoles) and 22.5 ml. of a 1.00 
M solution of sodium borohydride in diglyme with 30 
ninioles of boron trifluoride a t  0'. The reaction mixture 
was permitted to stand an additional 2 hours a t  0-5". 
The reaction mixture was cooled in an ice-salt-bath and 
2.05 g. of 1-hexyne (26 mmofes) was added rapidly to  the 
well-stirred reaction mixture. The flask was maintained 
for 0.5 hour a t  0' and then for 2 hours a t  room temperature. 
To the reaction mixture was added IO ml. of glacial acetic 
acid. After 2 hours a t  room temperature, gas chroma- 
tographic analysis indicated the presence of 23 mmoles of 
1-hexene, a yield of SZ%. 

The results of these protonolysis experiments are sum- 
marized in Table 11. 

Preparation of I-Hexene.-In a dry 1-1. three-neck 
flask fitted with a mechanical stirrer, a condenser and a 
pressure-equalized dropping fume1 flushed with dry nitro- 
gen, was placed 33.6 g., of 2-methyl-2-butene (0.48 mole) 
and 6.8 g. of sodium borohydride (0.18 mole) in 100 ml. of 
diglyrne. The reaction flask was immersed in a n  ice-bath 
and boron trifluoride etherate (0.24 mole) was added drop- 
wise to the well-stirred reaction mixture. After completion 
of the addition, the flask was permitted to remain for 2 
hours a t  0-5". 

To the disianiylborane thus prepared was added 16.4 
g. (0.200 mole) of 1-hexyne (b.p. 71' a t  750 inin., nmD 
1.3984) over a short period of time, keeping the temperature 
in the flask below 10" by use of an ice-salt-bath. The re- 
action wits allowed to remain for 0.6 hr. a t  0-5", and then 
for 2 hours a t  room temperature. A small quantity of 
ethylene glycol was addecl to decoriipose residual hydride. 

To the reaction mixture a t  0" was addecl 100 ml. of glacial 
acetic acid. After standing for 2 hours at room tempera- 
ture, the reaction mixture was poured into ice-water. The 
upper layer was separated, washed with sodium hydroxide 
solutiou and then with a saturated sodium chloride solution. 
The organic phase (olefin plus some organoborane) was 
distilled in a Claisen flask. The fraction with boiling point 
tip to 80' was collected, saturated with sodium chloride, 
and the upper phase decanted and dried over anhydrous 
potassium carbonate. 

0-5 " . 

Distillation through a Todd micro coluuin yielded 12.0 
g. of I-hexene, b.p. 64' a t  743 mm., #OD 1.3579, a yield 
of 72y0 (TahleIII) .  

Preparation of cis-Stilbene.-Diphenylacetylene (26.7 
g., 0.150 mole) was hydroborated with 0.180 mole of disi- 
amylborane following the above procedure. After protonol- 
ysis with 75 ml. of glacial acetic acid, the reaction mixture 
was poured into ice-water and the organic material taken 
up in ethcr. The ether was washed with diluted sodium 
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hydroxide solution, then evaporated. Since separation 
of the residual organoborane from the cis-stilbene by distil- 
lation proved difficult, 50 ml. of tetrahydrofuran and 38 
ml. of 3 N sodium hydroxide were added, followed by the 
dropwise addition of 38 ml. of 30% hydrogen peroxide to 
oxidize the organoborane. 

The organic material was extracted with ether. The 
ether extract was washed with a saturated sodium chloride 
solution, and then dried over anhydrous magnesium sulfate. 
Distillation yielded 18.6 g. of cis-stilbene, b.p. 138-139" 
at 10 mm., ~ * O D  1.6212, a yield of 69% (Table 111). In- 
frared examination revealed the essential absence of the 
fmns isomer. 

Preparation of cis-3-Hexene.-In a 0.5-1. flask, equipped 
as above, was placed 24.6 g. (0.300 mole) of 3-hexyne 
(b.p. 80-80.5" at 756 mm., ?z*"D 1.4114) and 83 ml. of a 
1.00 M solution of sodium borohydride in diglyme (10% 
excess). Boron trifluoride etherate (0.11 mole) was added 
to the reaction mixture maintained at 0" over a period of 
1 hour. After an additional 0.5 hour at O', the residual 
hydride was destroyed with ethylene glycol. After addi- 
tion of 60 ml. of glacial acetic acid, the flask was permitted 
to remain overnight at room temperature. The product 
was worked up as described for the preparation of 1-hexene 
above. 

After distillation through the Todd micro column, there 
was obtained 17 g. of cis-3-hexene, b.p. 67' at 754 mm., 
n% 1.3957, a yield of 6870 (Table 111). 

Preparation of n-0ctaldehyde.-In a three-neck flask 
was placed 33.6 g. of 2-methyl-2-butene (0.48 mole) and 
180 ml. of a 1.00 M solution of sodium borohydride in 
diglyme. The flask was immersed in an ice-bath. Boron 
trifluoride etherate (0.24 mole) was added dropwise to the 
reaction mixture. The flask was permitted to  remain 
for 2 hours a t  O',  then placed in an ice-salt-bath. To  
the disiamylborane there mas added as rapidly as possible 
22.0 g. of 1-octyne (0.200 mole) in 20 ml. of diglyme, 
maintaining the temperature below 10'. The reaction 
mixture was permitted to warm up to  room temperature 
to complete the hydroboration, and the product oxidized 
a t  0" by the addition of 150 ml. of a 15yo solution of hydro- 
gen peroxide, maintaining the PH of the reaction mixture 
a t  7-8 by the controlled addition of 3 N sodium hydroxide. 

After oxidation, the reaction mixture was brought to the 
neutral point and steam distilled. The distillate was 
extracted with ether and the ether extract was dried over 
anhydrous magnesium sulfate. Distillation yielded 18 g. 
of n-octaldehyde, h.p. 83-85' at 33 mm., ?Z%D 1.4217 
(literature'$ b.p. 171-173', n m ~  1.4216) a yield of 70%. 

Preparation of 3-Hexanone.-In a 0 5-1. flask was placed 
28.7 g. (0.35 mole) of 3-hexyne and 100 ml. of a 1.00 M 
solution of sodium borohydride in diglyme. Hydrobora- 
tion was achieved by adding 0.135 mole of boron trifluoride 
etherate to the well-stirred reaction mixture. The un- 
saturated organoborane was oxidized a t  0" by the addition 
of 36 ml. of 30% hydrogen peroxide, maintaining the pH 
of the reaction mixture at approximately 8. The product 
was cxtracted with ether and dried over magnesium sulfate. 
Distillation gave 23.8 g. of %hexanone, b.p. 118' at 745 
mm., n Z o ~  1.4004 (literaturem b.p. 120.9-121", n% 1.4007), 
a yield of 62%. 

Dihydroboration of I-Hexyne and 3-Hexyne.--In a 
three-neck flask was placed the acetylene (25 mmole) in 
10 ml. of tetrahydrofuran. The flask was immersed in an 
ice-bath and a standard solution of diborane in tetrahydro- 
furan, 1.17 M ,  was added dropwise by means of a syringe 
to  the acetylene. The reaction mixture was permitted to 
remain for 2 hours at 0-5'. The excess of hydride was 
decomposed by adding water. The oxidation was carried 
out with alkaline hydrogen peroxide at 30-50". The re- 
action mixture was saturated with potassium carbonate, 
a procedure which has been shown to bring about a quanti- 
tative transfer of glycol to the tetrahydrofuran phase.*' 
The upper phase was separated, dried over anhydrous 
magnesium sulfate, and the products estimated by gas 
chromatography, using 1-heptanol a s  internal standard 
and a column containing a Silicone 200 substrate on Halo- 
port Fsolid support. 

In  individual experiments the time required for the hy- 
drolysis step was varied, and the procedure utilized for the 
oxidation was altered using both normal oxidation with 
alkaline hydrogen peroxide arid oxidation at pH 7-8. 

The result4 are summarized in Table V 
In  the experiment where dicyclohexylborane was utilized, 

the intermediate was synthesized by adding 2 moles of 
cyclohexene to 1 mole of borane in tetrahydrofuran at 0'. 
The 1-hexyne was added to  the reaction mixture, and the 
reaction permitted to  proceed for 24 hours at room tempera- 
ture. The product was then oxidized by the normal pro- 
cedure and the oxidation products determined by gas 
chromatography. 

(19) C .  D. Harries and K. Oppenheim, Chcm. Zenlu . ,  87, XI, 903 

(20) K. Owen,  0. R .  Quayle and W. J. Clegg, .T. A m .  Chrm.  Sot., 

(21) Unpublished research with K .  Nagase. 

(19 1 e). 

64, 1295 (1942). 
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Acetates of methylferrocenylcarbinol, methylruthenocenylcarbinol and methylosmocenylcarbinol have been found to  
solvolyze with rates somewhat greater than trityl acetate, indicating a high stability for the corresponding carbonium 
ions. The solvolysis mechanism for methylferrocenylcarbinyl acetate has been carefully investigated to  show that  a car- 
bonium ion mechanism is involved. Several possibilities for a molecular orbital description of direct metal participation 
are discussed. The order for carbonium ion stabilization (osmocenyl > ruthenocenyl > ferrocenyl) is found to  parallel 
that  of the strength of intramolecular hydrogen bonds to  the carbinols, but is the reverse of that  observed for reactivity of 
the parent metallocene toward acetylation. 

Since its discovery in 1951,' ferrocene has been 
shown to be a reactive substance in many electro- 
philic, substitution-type reactions.2 An important 

difference between the metallocenes and other aro- 
matic systems is the presence of the metal atom. 
The role of this metal atom in reactions of the 

(1) T. J. Realy and P. L. Pauson, Nofurs ,  168, 1039 (1951); S. A. metallocenes presents an interesting area for Illech- 
anistic studies. Miller, J. A.  Tebbotb and J. F. Tremaine, J .  Chcm. Sac., 632 (1952). 

(2) G. D. Broadhead, J.  M. Owerby and P. L. Pauson. i b i d . ,  We have investigated electron-release from 
650 (1958). For review8 of ferrocene chemistry, see P. L. ~ a u s o n ,  
Ouerf. Revs., 9, 391 (1956); E. 0. Fisher ,  Angsw. Cksm., 6'1, 475 
(1955); M. D. Rauscb, M. Vogel and H. Rosmberg, J .  Chrm. E d . ,  84, 

metallocene systems gY a kinetic study of the 
volyses Of esters Of alcohols substituted with 

268 (1957). metallocene residues. The initiaI results of this 


