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The cyclic hydroboration of 1,5-cyclooctadiene provides 

9-borabicyclo[3.3.1]nonane. an unusual boraheterocycle, with 

interesting chemical properties and unusual characteristics 

a s  a hydroborating and reducing agent. 
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The format ion of organoborane h e t e r o c y c l e s  v i a  cyc1i.c 

hydrobora t ion  of d i e n e s  was t h e  s u b j e c t  of a  r e c e n t  review 

i n  t h i s  jou rna l . '  As desc r ibed  p rev ious ly ,  many i n t e r e s t i n g  

organoborane h e t e r o c y c l e s  a r e  known. However, t h e  most 

e x c i t i n g  and use fu l  c y c l i c  organoborane i s  undoubtedly b i s -  

9-borabicyclo[3.3.1]nonane (9-BEN, 1). 

F i r s t  c h a r a c t e r i z e d  by KBsterS2 9-BBN was found t o  e x i s t  

a s  a  s t a b l e  c r y s t a l l i n e  dimer,  mp 14Z0, which could  even be 

sublimed. Subsequent ly ,  Knights and Brown repor ted  t h a t  t h e  

d i r e c t  r e a c t i o n  of 1 .5-cyclooctadiene  w i t h  borane In t e t r a -  

hydrofuran (EH3-THF) provides  a  h igh ly  convenient  s y n t h e t i c  
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route to ~ - B B N . ~  This development opened the door to the 

application of 9-BBN for the hydroboration o f  a l k e n e ~ . ~  The 

resulting B-alkyl-9-BBN compounds then found numerous applica- 

tions in the rapidly expanding synthetic chemistry of organo- 

boranes. 5 

9-BBN exists as the dimer 1, both in solution and as a 
crystalline solid. However, for purposes o f  discussion and 

for reaction stoichiometries, it is usually more convenient 

to treat it as the monomer. As a further convenience, the 

monomer can be represented in the shorthand notation shown 

(2). 

9-BBN is a truly unique dialkylborane. In this review, 

we will limit the discussion to the unusual chemistry o f  9- 

BBN and t o  how the properties o f  9-BBN are a direct conse- 

quence o f  the heterobicyclic structure. Obviously. 9-BBN is 

a highly useful synthetic reagent. Because o f  its commercial 

a ~ a i l a b i l i t y , ~  9-BBN has become an important tool for the 

preparation of many organic compounds. A detailed discussion 

o f  the synthetic applications of 9-BBN and o f  B-R-9-BBN 

derivatives is beyond the scope o f  this review. These syn- 

thetic applications will be reviewed by us elsewhere. 7 



The first reported preparation of 9-BBN involved the 

thermal disproportionation of tetra-n-propyldiborane and B- 

n-propyl-9-BBN (eq 1 ). 2 

The required B-R-9-BBN was prepared by Kaster via a 2-step 

process.' For example, direct hydroboration of 1.5-cycloocta- 

diene with tetraethyldiborane gives 3 ,  converted to B-ethyl- 
9-BBN by a thermal disproportionation in the presence of 

boron hydride catalyst (eq z).~ The direct thermal treatment 

of 1.5-cyclooctadiene with tetraethyldiborane results in exten- 

sive polymer formation. 9 

Alternatively, Kdster found that tricyclooctylborane 

could be converted directly to B-cyclooctyl-9-BBN (4)  by a 
thermal displacement reaction (eq 3 ) .  10 
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B-Cyclooctyl-9-BEN can be used to prepare other B-R-9-BEN com- 

pounds by a boron hydride catalyzed disproportionation (eq 4). 1 1  

These thermal transformations o f  organoboranes have been 

reviewed by ~8ster.l' Although o f  limited synthetic utility 

for the preparation of 9-BEN, these processes developed by 

Kaster indicate that the 9-BEN heterocyclic ring system pos- 

sesses remarkable thermal stability. In all cases involving 

a cyclooctylboron compound, the thermodynamically controlled 

product contains the 9-BEN moiety. For example, hydroboration 

of 1.5-cyclooctadiene with diborane followed by thermal isomer- 

ization apparently gives ~ - c y c l o o c t e n y l - 9 - ~ ~ ~ . ~ ~  Similarly. 

the thermal reaction o f  diethylaminoborane with 1,5-cycloocta- 

diene gives a 68% isolated yield of B-diethylamino-9-EBN (eq 



The f i r s t  c o n v e n i e n t  s y n t h e s i s  o f  9-BEN was r e p o r t e d  b y  

K n i g h t s  and  Brown.3 I n  t h i s  g r e a t l y  i m p r o v e d  p r o c e s s .  1.5- 

c y c l o o c t a d i e n e  i s  t r e a t e d  w i t h  BH3-THF w i t h  i c e  b a t h  c o o l i n g .  

A m i l d  i s o m e r i z a t i o n  a t  65O o f  t h e  i n i t i a l  p r o d u c t  t h e n  g i v e s  

9-BEN a s  a  s o l u t i o n  i n  THF i n  e s s e n t i a l l y  q u a n t i t a t i v e  y i e l d  

( e q  6 L 3  Upon c o o l i n g ,  9-BEN c a n  be i s o l a t e d  as  t h e  c r y s t a l -  

BH3-THF 
> THF 

65O.1 h r  > O H  ( 6 )  

l i n e  m a t e r i a l  i n  % 65% y i e l d .  

A d e t a i l e d  e x a m i n a t i o n  o f  t h e  h y d r o b o r a t i o n  o f  d i e n e s  

w i t h  BH3-THF i n  a  m o l a r  r a t i o  o f  1 :1  r e v e a l e d  t h a t  1 . 5 - c y c l o -  

o c t a d i e n e  i s  a  s p e c i a l  case.15 Thus, i n  marked  c o n t r a s t  t o  

a l l  o t h e r  d i e n e s  examined,  t h e  h y d r o b o r a t i o n  o f  1 . 5 - c y c l o o c t a -  

d i e n e  a p p e a r s  t o  be e s s e n t i a l l y  a  s i m p l e  c y c l i z a t i o n  ( e q  7 ) .  
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O x i d a t i o n  o f  t h e  r e a c t i o n  m i x t u r e  p r o d u c e s  a  70:30 m i x t u r e  

o f  c i s - 1 , 5 -  and c i s - 1 . 4 - c y c l o o c t a n e d i o l s  i n  92% y i e l d ,  16 

O b v i o u s l y ,  t h e  t h e r m a l  t r e a t m e n t  ( 1  h r  a t  6 5 " )  c o n v e r t s  6 t o  

5. The 1,5 i s o m e r  ( 5 ) .  w i t h  two f u s e d  six-membered r i n g s ,  

w o u l d  be e x p e c t e d  t o  be t h e  t h e r m o d y n a m i c a l l y  c o n t r o l l e d  

p r o d u c t .  

H i g h - p u r i t y ,  c r y s t a l l i n e  9-BBN shows mp 152-155' ( i n  a  

s e a l e d ,  e v a c u a t e d  c a p i l l a r y ) .  17 

The b o i l i n g  p o i n t  o f  9-BBN. 195' ( 1 2  mm). i s  u n u s u a l l y  

h i g h .  I t s h o u l d  be c o n t r a s t e d  t o  t h e  b o i l i n g  p o i n t  o f  d i - n -  

b u t y l b o r a n e ,  98' ( 1 2  mm). T h i s  marked d i f f e r e n c e  i n  b o i l i n g  

p o i n t s  s u g g e s t s  t h a t  i n  c o n t r a s t  t o  ( ~ - B u ~ B H ) ~ ,  (9-BBN)2 r e -  

s i s t s  d i s s o c i a t i o n  and d i s t i l l s  as  t h e  d i m e r .  
3 



The infrared spectrum of 9-BBN exhibits a strong absorp- 

tion at 1567 cm-l, either as a mineral oil mull of the solid 

or in solution.''/ This indicates the presence of a B-H-B 

bridge. Therefore, 9-BBN must exist as the dimer 1, in the 
solid state, in solution, and as the vapor (during distilla- 

tion at 12 mm). 

The mass spectrum of 9-BBN exhibits a prominent cluster 

of peaks at m/e 242, 243, and 244 in the approximate ratio of 

1:8:16.~~ This corresponds to the peaks expected for the 

molecular ion derived from the dirner 1. 

The chair-chair conformation shown in 1, as well as the 

boron-hydrogen bridge, has been confirmed by a crystal struc- 

ture determination. 18 

A very useful property of 9-BEN is its solubility i n  a 

wide variety of common solvents, as shown in Table I. At 0°, 

the solubility of 9-BBN in THF is only 0.28 M.19 Obviously, 

commercial 9-BBN in THF (0.5 M) should be stored at room 

temperature. Storage in a cold room will result in crystal- 

lization of 9-BBN. 

The most remarkable property of 9-BBN is its thermal 

stability. 9-BBN can be distilled at 195' (12 mm) or heated 

for 24 hr at ZOO0 under nitrogen without loss of hydride 

a ~ t i v i t y . ~  In sharp contrast, disiamylborane isomerizes at 

750.~' Obviously, 9-BBN is stable at room temperature. The 
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TABLE 1. S o l u b i l i t y  o f  9-BBN 

S o l u b i l i t y  a t  25' 

Sol v e n t  (moles  p e r  l i t e r )  

Pen t ane  0.48 

Hexane 0.52 

Heptane 0.43 

Decane 0.36 

Benzene 0.81 

Toluene  0.72 

o-Xylene 0.63 

O i e t h y l  e t h e r  0.39 

T e t r a h y d r o f u r a n  0.62 

Diglyme 0.09 

!, lethylene c h l o r i d e  0.56 

Chloroform 1.01 

Carbon t e t r a c h l o r i d e  0.71 

Nethyl  s u l f i d e  1.20 

r e a g e n t  can be s t o r e d ,  e i t h e r  a s  t h e  s o l i d  o r  i n  s o l u t i o n ,  

f o r  i n d e f i n i t e  p e r i o d s  ( > 4  y e a r s )  w i t h o u t  any  n o t i c e a b l e  

change  i n  a c t i v i t y ,  p rov ided  oxygen and w a t e r  a r e  r i g o r o u s l y  

exc luded  by m a i n t a i n i n g  an i n e r t  a tmosphere .  

The s t a b i l i t y  o f  c o l o r l e s s ,  c r y s t a l l i n e  9-BBN toward  a i r  

o x i d a t i o n  i s  un ique  among d i a l k y l b o r a n e s .  A f r e s h ,  unopened 

b o t t l e  of  commerc ia l ,  c r y s t a l l i n e  9-6614 can  be opened i n  t h e  

a i r  and t h e  e n t i r e  c o n t e n t s  t r a n s f e r r e d  r a p i d l y  t o  a  n i t r o g e n  

f l u s h e d  f l a s k  w i th  o n l y  ve ry  minor  l o s s  of  a c t i v i t y .  Small 

amounts shou ld  NOT be removed i n  a i r  a t  f r e q u e n t  i n t e r v a l s  

w i t h  t h e  b o t t l e  be ing  r e p e a t e d l y  opened and c l o s e d .  Such a 



practice can, at worst, result in significant deterioration 

of the ~ - B B N . ~ '  Consequently, for quantitative small-scale 

studies, manipulations of solid 9-BBN is best carried out 

under a nitrogen atmosphere, in order to maintain maximum 

hydride activity and purity. Solutions of 9-BBN, on the 

other hand, are quite reactive to both oxygen and water. 

Such solution should be rigorously protected from the atmos- 

phere for both preparative and quantitative studies in the 

manner utilized in handling other organoboranes and reactive 

organometallics. 5 

The unusual inertness of crystalline 9-BBN toward oxygen 

may be a reflection of the unusual stability of the B-H-B 

bridge in the dimer. Support for this reasoning is evidenced 

by the observation that B-X-9-BBN compounds are very reactive 

toward oxygen. For example, neat B-methoxy-9-EBN, solid B- 

chloro-9-BBN, and solid B-hydroxy-9-BBN are all pyrophoric. 

Also, B-alkyl-9-BBN derivatives are quite reactive toward 

oxygen--more so than the corresponding trialkylboranes. 2 2 

Hence, with the 6-H-B bridge no longer present, the exposed 

position of the boron atom in the heterobicyclic bridge makes 

the derivatives of 9-BBN unusually reactive toward oxygen. 

The reactions of 9-BEN in THF at 25' with water and 

alcohols afford quantitative yields of hydrogen and the cor- 

responding B-hydroxy- and B-alkoxy-9-BBH derivatives. l7 For 

example, methanolysis of 9-BBN provides a convenient synthesis 

of B-methoxy-9-BEN. 23 However, these reactions are by no 
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means instantaneous, requiring 10-60 min for complete evolu- 

tion o f  hydrogen. This is much slower than comparable solvo- 

lyses o f  d i ~ i a m y l b o r a n e . ~ ~  Again, this sluggishness is prob- 

ably a reflection o f  the unusual stability of the B-H-B bridge 

in the 9-BBN dimer. 

9-BBN reacts readily with anhydrous hydrogen chloride in 

diethyl ether.23 The B-chloro-9-BBN product must be isolated 

immediately since it cleaves ethers readily. B-Chloro-9-BBN 

is stable indefinitely in hydrocarbon solution.23 Thus, an 

improved yield o f  B-chloro-9-BBN is possible via the reaction 

of 9-BEN with boron trichloride in hexane (eq B).'~ A similar 

H + BC13 hexane , 2 

91% isolated yield 

B-bromo-9-BBN from 9-BEN and reaction can be used t o  prepare 

boron t r i b r ~ m i d e . ~ ~  Also, protonolysis of 9-BBN with hydrogen 

bromide and treatment of 9-BBN with half an equivalent o f  bro- 

mine both yield B-bromo-9-BBN. 2 6 

Alkaline hydrogen peroxide oxidation of 9 - B B N  proceeds 

cleanly, giving an essentially quantitative yield o f  cis-1,5- 

c y ~ l o o c t a n e d i o l . ~ ~  However, chromic acid oxidation o f  9-BBN 

has resulted in conflicting reports. Bishop claims that 9-BBN 

can be converted to 1.5-cyclooctanedione by Jones oxidation. 2 8 

On the other hand. Oevaprabhakara and coworkers found that 

Brown-Garg oxidation o f  9-BBN gives mainly cyclooctanone. 2 9 



U n f o r t u n a t e l y ,  n e i t h e r  g r o u p  has p r o v i d e d  e x p e r i m e n t a l  d e -  

t a i l s .  

Two r e s e a r c h  g r o u p s  have f o u n d  t h a t  t h e  r e a c t i o n  o f  9- 

BBN w i t h  a l k a l i n e  s i l v e r  n i t r a t e  r e s u l t s  i n  a  m i x t u r e  o f  

p r o d u c t s .  3 0 * 3 1  I n  b o t h  cases ,  c y c l o o c t a n o n e  was r e p o r t e d  t o  

be t h e  m a j o r  p r o d u c t .  I n t e r e s t i n g l y ,  one g r o u p  r e p o r t e d  t h e  

d e t e c t i o n  o f  cis-bicyclo[3.3.0]octane as a  m i n o r  p r o d u c t .  31 

E ,  9-BBR AS A HYDROBORATION REAGENT 

H y d r o b o r a t i o n  o f  a l k e n e s  i s  a  b r o a d l y  a p p l i c a b l e  r e a c t i o n  

w h i c h  makes o r g a n o b o r a n e s  r e a d i l y  a v a i l a b l e  f o r  a p p l i c a t i o n s  

i n  o r g a n i c  s y n t h e s i s  ( e q  9 ) . 5  BH3-THF i s  t h e  m o s t  w i d e l y  u s e d  

h y d r o b o r a t i o n  r e a g e n t .  However, t h e  p o l y f u n c t i o n a l  n a t u r e  o f  

B H 3 .  i t s  r e l a t i v e l y  l o w  s e l e c t i v i t y .  and i t s  l o w  s t e r i c  r e -  

q u i r e m e n t s  somet imes  c a u s e  d i f f i c u l t i e s .  V a r i o u s  b o r a n e  de-  

r i v a t i v e s  have  been d e v e l o p e d  t o  ove rcome t h e s e  p r o b l e m s  

a s s o c i a t e d  w i t h  s e l e c t i v e  t ~ y d r o b o r a t i o n s . ~ ~  U n f o r t u n a t e l y ,  

t h e  l i m i t e d  s t a b i l i t y  o f  many o f  t h e s e  b o r a n e  d e r i v a t i v e s  

means t h a t  t h e y  m u s t  be used  r e l a t i v e l y  soon f o l l o w i n g  t h e i r  

p r e p a r a t i o n .  

A d e t a i l e d  s t u d y  p r o v e d  t h a t  9-BBN i s  a  u n i q u e l y  s e l e c t -  

i v e  r e a g e n t  f o r  t h e  h y d r o b o r a t i o n  o f  a l k e n e s .  4.17.33 T h u s *  

t h e  u n u s u a l s t a b i l i t y  and c o m m e r c i a l  a v a i l a b i l i t y  makes 9-BBN 

an e x c e p t i o n a l l y  c o n v e n i e n t  s e l e c t i v e  h y d r o b o r a t i o n  r e a g e n t .  
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1. 

The rate of reaction of  9 -BBN with simple unhindered 

alkenes is considerably slower than that of disiamylborane. 

The earlier kinetic studies with disiamylborane indicated 

that hydroboration is second order, first order in alkene. 

and first order in the disiamylborane diner. 34 ~ h u s ,  tile 

rate-determining step apparently involves the direct reaction 

of dimeric disiamylborane with the alkene. In sharp contrast. 

first order kinetics are observed for hydroboration of terminal 

alkenes with 9 -BBN in T H F . ~ ~  This result is consistent with 

rapid trapping of a small, equilibrium concentration of mono- 

meric 9-BUN by the reactive terminal alkene, causing dissocia- 

tion of 9 -BBN (dimer) to become the rate-determining step. 

Indeed, good agreement was realized between the first order 

rate constants obtained in studies of five different reactive 

a1 k e n e ~ . ~ ~  This striking difference in mechanism may be a 

result of the unusually strong B-4-B bridge in the hetero- 

cyclic structure of 9 -BBN (direr). 

Hydroborations with disiamylborane are normally carried 

out at O O .  Higher temperatures cannot be used to drive slug- 

gish reactions to completion because of the instability of 

disiamylborane. Fortunately, both 9 - B B N  and B-R-9 -BBN com- 

pounds exhibit remarkable thermal stabilities. Thus, hydro- 

borations with 9 - B B N  can be carried out at 2 5 -  or higher to 

achieve essentially complete hydroboration for alkenes of 

widely different structural types. 17 



In g e n e r a l ,  t h e  hydrobora t ions  of t e rmina l  a lkenes  with 

an equimolar amount of 9-BBN in  THF a r e  complete i n  2  h r  a t  

2 5 0 . ' ~  I n t e r n a l  a lkenes  vary widely i n  r e a c t i v i t y ,  b u t  t n e s e  

hydrobora t ions  can be c a r r i e d  ou t  wi thout  d i f f i c u l t y  i n  THF 

a t  r e f l u x .  Under t h e s e  c o n d i t i o n s ,  a lmost  a l l  a l k e n e s  a r e  

q u a n t i t a t i v e l y  conver ted  t o  B-K-9-6611 d e r i v a t i v e s  w i t h i n  1  h r .  

Even tile most s l u g g i s h  a lkene  s t u d i e d .  2,3-dimethyl-2-butene.  

i s  complete ly  hydroborated i n  8 hr a t  65' (eq 1 0 ) .  17 

@ H  + 
CH3, ,CH3 

C = C  THF > 
65',8 hr 

(10)  
CH; ' CH3 H ~ C  C H ~  

The r e l a t i v e  r e a c t i v i t i e s  of a  l a r g e  number of a lkenes  

c o n t a i n i n g  v a r i o u s  s t r u c t u r a l  f e a t u r e s  toward hydrobora t ion  

by 9-BBN i n  THF were r e c e n t l y  d e t e r ~ i n e d . ~ ~  Where comparable 

d a t a w e r e a v a i l a b l e ,  a  comparison was made between 9-BBN and 

d i s i amylborane .  Both r e a g e n t s  d i s p l a y  l a r g e  s t e r i c  r e q u i r e -  

ments,  r e a c t i n g  p r e f e r e n t i a l l y  with l e s s  h indered double 

bonds. However. 9-BBI i s  f a r  more s e n s i t i v e  t o  e l e c t r o n  i n f l u -  

ences .  For example, p-methoxystyrene i s  67 t imes  a s  r e a c t i v e  

a s  p - t r i f l u o r o m e t h y l s t y r e n e  toward 9-BEN, but  i s  only  1.5 

t imes  a s  r e a c t i v e  toward d i s i a ~ y l b o r a n e . ~ ~  T h i s  g r e a t e r  

s e n s i t i v i t y  t o  e l e c t r o n i c  i n f l u e n c e s  could be a t t r i b u t e d  t o  

a  g r e a t e r  e l e c t r o n i c  demand by t h e  8-H moiety i n  t h e  

s t r a i n e d  9-BBN monomer s t r u c t u r e .  

9-BEN e x h i b i t s  a remarkable r e g i o s p e c i f i c i t y  i n  t h e  

hydrobora t ion  of many a lkenes .  1 7 * 3 3  The r e g i o s e l e c t i v i  t y  
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o b t a i n e d  s u r p a s s e s  t h a t  ob ta ined  wi th  a l l  o t h e r  hydrobora t ion  

r e a g e n t s .  For  example, t e rmina l  a l k e n c s  r e a c t  t o  p l a c e  the  

boron a t  t h e  t e rmina l  p o s i t i o n  wi th  a  s e l e c t i v i t y  of  a t  l e a s t  

99.9% (eq  11).17 Even more remarkable  i s  t h e  r e g i o s e l e c t i v i t y  

e x h i b i t e d  upon hydrobora t ion  of  c i s -4-methyl -2-pentene  (eq 12 ) .  17 

H B  Agent: BH3  94% 6 % 

Sia2BH 99% 1  % 

9-BBN > 99.9% 

H B  Agent: BH3 57% 43% 

Sia2BH 97% 3  % 

9-BBN 99.8% 0.2% 

The o r i g i n  of  t h i s  s u r p r i s i n g l y  high r e g i o s e l e c t i v i t y  

observed  wi th  9-BBN i s  not  c l e a r . 3 3  The f a c i l e  r e a c t i o n  of  

9-BBN wi th  h i g h l y  s u b s t i t u t e d  a l k e n e s  seems t o  i n d i c a t e  t h a t  

t h e  r e a g e n t  i s  s t e r i c a l l y  l e s s  demanding than  d i s i amylborane .  

However, t h e  h e t e r o b i c y c l i c  s t r u c t u r e  of  9-BBN i s  r i g i d  and 

s t e r i c  crowding i n  t h e  t r a n s i t i o n  s t a t e  cannot  be r e l i e v e d  

by i n t e r n a l  r o t a t i o n .  Thus, t h e  r i g i d  b i c y c l i c  9-BBN r e a g e n t  

may be more s e n s i t i v e  t o  s u b t l e  d i f f e r e n c e s  i n  s t e r i c  env i ron -  

ment than  t h e  more f l e x i b l e ,  a c y c l i c  d i s i amylborane .  



2 .  Nvdroboration of C r c l i c  Alkencs. Reqio- a n d  S t c r e o s e l e c t -  

ivity 

As expected,  e x c e l l e n t  s t e r e o s e l e c t i v i t y  i s  shown f o r  

tile hydroboration of c y c l i c  a lkenes  with 9-BBN. For example. 

norbornene r e a c t s  t o  g ive  the  exo isomer almost e x c l u s i v e l y  

(eq 13) ,17  while 7,7-dimetl~ylnorbornene g ives  t h e  endo isomer 

predominantly (eq 14) .  37 1-ilethylcyclohexene provides > 99.8% 

of t h e  t r a n s  isomer (eq 15) .  17 

H 

99.5% exo 

>99.8% trans 
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In general, hydroboration of 1-alkylcycloalkenes with 

9-BEN produces the corresponding trans-2-alkylcycloalkyl-Y- 

BBN in essentially quantitative yield. 38 Even l-methylcyclo- 

octene (7) can be converted to the trans isomer in high iso- 
meric purity (eq 16).~' This is in sharp contrast to borane 

and disiamylborane where the organoborane initially derived 

from 7 undergoes a rapid i s o m e r i ~ a t i o n . ~ ~  This reluctance of 

B-alkyl-9-BEN derivatives to undergo thermal isomerization is 

probably a reflection of the smaller steric crowding in these 

organoboranes, as compared with other trialkylboranes. 

Hydroboration of 3-alkylcycloalkenes with 9-BBN produces 

none of the cis-1.2-i~omer.~' 00th diborane and disiamylborane 

form significant amounts of this isomer when 3-alkylcycloalkenes 

are hydroborated. The amazing selectivity exhibited by 9-BEN 

with regard to the hydroboration of 1-methyl- and 3-methylcyclo- 

alkenes lead to the prediction that 1,3-dimethylcycloalkenes 

should form exclusively the trans,trans-dimethylcycloalkyl-9- 

BEN d e r i v a t i ~ e . ~ ~  Indeed, this proved to be the case. 41 For 

example, 1.3-dimethylcyclopentene is converted exclusively into 

t-2.t-5-dimethylcyclopentanol (eq 17). 41 



The r e s u l t s  ob ta ined  f o r  t h e  hydrobora t ion  of c y c l i c  

a lkenes  c l e a r l y  i n d i c a t e  t h a t  t h e  r e g i o -  and s t e r e o s e l e c t i v i t y  

of 9-BEN s u r p a s s e s  t h a t  ob ta ined  with o t h e r  hydrobora t ion  r e -  

agen t s .  Also, t h e s e  r e s u l t s  provide  a d d i t i o n a l  evidence  t h a t  

9-EBN i s  indeed very s e n s i t i v e  t o  s u b t l e  d i f f e r e n c e s  i n  t h e  

s t e r i c  environment of t h e  a lkene .  

3. 

Terminal a lkynes  a r e  r e a d i l y  conver ted  t o  t h e  1.1-dibora 

d e r i v a t i v e  (eq To ach ieve  monohydroboration of t e rmina l  

a lkynes  w i t h  9-BBN, i t  i s  necessa ry  t o  use a  two-fold excess  

of t h e  a l k ~ n e . ~ ~  On t h e  o t h e r  hand, monohydroboration of i n -  

t e r n a l  a lkynes  occurs  r e a d i l y  with an equimolar amount of 9-BBN 

i n  THF a t  0 0 . ~ ~  The corresponding B-alkenyl-9-BEN d e r i v a t i v e s  

a r e  formed i n  y i e l d s  of 90-95%. 
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4. H y d r o b o r a t i o n  o f  D ienes  

The d a t a  a v a i l a b l e 3 6  f o r  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  

r e p r e s e n t a t i v e  a l k e n e s  t owa rd  9 -BBN a r e  c o n s i s t e n t  w i t h  t h e  

r e s u l t s  r e a l i z e d  i n  t h e  monohyd robo ra t i on  o f  d i e n e s .  43 D ienes  

c o n t a i n i n g  one t e r m i n a l  d o u b l e  bond and one i n t e r n a l  d o u b l e  

bond can  be s e l e c t i v e l y  h y d r o b o r a t e d  a t  t h e  t e r m i n a l  p o s i t i o n ,  

as shown by  t h e  f o l l o w i n g  examples ( eq  19. 20 ) .  4  3  

The s y m m e t r i c a l  a c y c l i c  d iene .  1.5-hexadiene, r e a c t s  w i t h  

9 -BBN i n  a  n e a r l y  s t a t i s t i c a l  manner g i v i n g  17% u n r e a c t e d  d i ene .  

50% monohyd robo ra t i on ,  and 25% d i h y d r ~ b o r a t i o n . ~ ~  On t h e  o t h e r  

hand, t h e  s y m m e t r i c a l  c y c l i c  d i enes .  1 . 4 - cyc l ohexad iene  and 

1 , s - cyc l ooc tad i ene ,  r e a c t  w i t h  one e q u i v a l e n t  o f  9 -BBN t o  form 

p r e d o m i n a n t l y  t h e  mono- a d d u c t  ( eq  21, ~ 2 1 . ~ ~  No rbo rnad iene  



behaves much more like a simple symmetrical diene, yielding a 

product distribution approaching that predicted for a statis- 

tical reaction. 43 In contrast. 7-tert-butylnorbornadiene 

undergoes a relatively clean monohydroboration giving entirely 

the exo derivative 8 (eq 23). 44 

droboration o f a limited number of conjugate 

dienes and allenes with 9 - B E N  can be controlled to give B -  

allyl-9-BBN compounds.26 The monohydroboration of 1.3-cyclo- 

hexadiene (eq 24lZ6 and 3-methyl-1.2-butadiene (eq 25) 26.45 

provides two specific examples. 
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The m o s t  i m p o r t a n t  r e s u l t  d e r i v e d  f r o m  t h e  s t u d y  o f  d i e n e  

r e a c t i v i t y  t o w a r d  9-BBN i s  t h a t  t h e  r e m a r k a b l e  s e n s i t i v i t y  o f  

9-BBN t o  t h e  s t r u c t u r e  o f  i n d i v i d u a l  a l k e n e s  can  be u t i l i z e d ,  

i n  many cases ,  t o  a c h i e v e  a  s e l e c t i v e  m o n o h y d r o b o r a t i o n .  4 3  

Thus, t h e  known r e l a t i v e  r e a c t i v i t i e s  o f  s i m p l e  a l k e n e  s t r u c -  

t u r e s  t o w a r d  h y d r o b o r a t i o n  w i t h  9-BBN can  be used  d i r e c t l y  t o  

p r e d i c t  t h e  p o i n t  o f  h y d r o b o r a t i o n  o f  n o n c o n j u g a t e d  d i e n e s .  

H y d r o b o r a t i o n  o f  a l k e n e s ,  a l k y n e s ,  and  d i e n e s  w i t h  9-BBN 

p r o v i d e s  a  h i g h l y  c o n v e n i e n t  s y n t h e t i c  r o u t e  t o  v a r i o u s  B- 

a l k y l - 9 - B B N  d e r i v a t i v e s .  These B-R-9-BBN compounds a r e  e x t r e m e l y  

u s e f u l  i n t e r m e d i a t e s  f o r  v a r i o u s  s y n t h e t i c  o r g a n i c  t r a n s f o r m a -  

t i o n ~ . ~  U n f o r t u n a t e l y ,  a  l i m i t e d  number o f  w i d e l y  u s e d  a l k y l  

g r o u p s  c a n n o t  be a t t a c h e d  t o  t h e  9-BBN m o i e t y  by  d i r e c t  h y d r o -  

b o r a t i o n .  O b v i o u s  examples i n c l u d e  m e t h y l ,  i s o p r o p y l ,  and t e r t -  

b u t y l .  A l s o ,  B -a ry l -9 -BBN compounds m u s t  be p r e p a r e d  b y  an 

i n d i r e c t  r o u t e .  These u s e f u l  9-BBN d e r i v a t i v e s  w e r e  o r i g i n a l l y  

p r e p a r e d  f r o m  9-BBN and o r g a n o l i t h i u m  r e a g e n t  by  a  t w o - s t e p  

p rocess .46  S u b s e q u e n t l y ,  an i m p r o v e d  p r o c e s s  was d e v e l o p e d  

w h i c h  i n v o l v e s  t i l e  r e a c t i o n  o f  B-methoxy-9-BBN w i t h  o r g a n o -  

l i t h i u m  r e a g e n t s  i n  p e n t a n e  ( e q  ~ 6 ) . ' ~  S i m i l a r l y ,  B - a l l y l - 9 - B B N  

B0CH3 + R L i  p e n t a n e  , + LiOCH3+ 



derivatives are readily prepared by the reaction of B-methoxy- 

9-BBN with allylic aluminum reagents. 2 6 

The development of 9-BBN as a hydroboration reagent pro- 

vides a highly convenient synthetic route to B-alkyl-9-BBN 

compounds. Subsequent investigations revealed that 9-BBN is 

a remarkably regio-, stereo-, and chemoselective hydroboration 

reagent. Thus, an area of intense research activity has developed 

in recent years to utilize fully these readily available B-  

R-9-BBN derivatives for organic syntheses. Much progress has 

been made, and it is now possible to replace the boron-alkyl 

bond by many substituents or by new carbon-carbon bonds. 5.47.48 

Many of the new reactions of trialkylboranes result in 

the utilization of only one group on boron. Consequently, for 

the conversion of a valuable alkene, the yield is limited to 

33%. In many cases, the alkyl group in a B-alkyl-9-BBN com- 

pound reacts preferentially, providing a much higher yield 

based on alkene. Equally important, 9-BBN is both an except- 

ionally convenient and a remarkably selective hydroboration 

reagent. Thus, 9-BBN has been used extensively as a selective 

reagent for synthetic transformations. 5 ' 4 7 * 4 8  A discussion of 

these reactions of B-R-9-BBN compounds is beyond the scope of 

the present review and will be presented elsewhere. 7 

F, 9-BBN AS A REDUCING AGENT 

9-BBN exhibits certain remarkable physical and chemical 

properties quite distinct from those of borane and other mono- 
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and d i a l k y l b o r a n e s  ( s e e  s e c t i o n s  C and 0).  I t  i s  a  c r y s t a l -  

l i n e  s o l i d ,  e x c e p t i o n a l l y  s t a b l e  the rmal ly ,  and s o l u b l e  i n  a  

v a r i e t y  of s o l v e n t s .  I t  hydrobora tes  a lkenes  w i t h  excep t ion-  

a l l y  high r e g i o -  and s t e r e o s e l e c t i v i t y ,  f a r  g r e a t e r  than t h o s e  

observed f o r  borane and o t h e r  d i a l k y l b o r a n e s  ( s e e  s e c t i o n  E ) .  

These remarkable p r o p e r t i e s  of 9-BBN i n d i c a t e d  t h a t  a  system- 

a t i c  s tudy  of t h e  reducing c h a r a c t e r i s t i c s  would be h igh ly  

d e s i r a b l e .  Such a  s tudy  was r e c e n t l y  completed and revea led  

t h a t  9-BBN possesses  many i n t e r e s t i n g  and unusual f e a t u r e s  f o r  

a  boron hydr ide  reducing agent .  4  9  

The o r i g i n a l  a r t i c l e 4 '  should be consu l t ed  f o r  d e t a i l s ,  

b u t  t h e  o v e r a l l  r e s u l t s  a r e  summarized i n  Table 11. These 

r e s u l t s  should be use fu l  both f o r  p r e d i c t i n g  p o s s i b l e  s e l e c t -  

i v e  r e d u c t i o n s  and f o r  dec id ing  when a  s e l e c t i v e  hydrobora t ion  

of a  f u n c t i o n a l l y  s u b s t i t u t e d  a lkene  i s  p o s s i b l e .  

The excep t iona l  thermal s t a b i l i t y  of 9-BBN permits  i t s  

use a t  h igher  t empera tu res ,  making p r a c t i c a l  t h e  r educ t ion  of 

even d i f f i c u l t l y  r e d u c i b l e  groups ,  such a s  c a r b o x y l i c  a c i d s ,  

e s t e r s ,  and lac tone^.^' The r e d u c t i o n  of o c t a n o i c  a c i d  (eq 27) .  

methyl hep tanoa te  ( e q  2 8 ) .  and y -bu ty ro lac tone  ( e q  29) provide  

s p e c i f i c  examples. 

92% y i e l d  

92% y i e l d  



TABLE 11. Reaction of 9 - B B N  with Various Funct ional  Groups 

in  THF a t  25OC 

Compounds R e s u l t s  

l o .  2". and 3" Alcohols 

Simple phenols 

S u l f o n i c  a c i d s  

Carboxyl ic  a c i d s .  l o  amides 

Oximes 

S u l f o x i d e s ,  azoxy compounds 

Amines, t h i o l s  

Aldehydes, ke tones  

Alkenes, quinones 

3' amides,  a c i d  anhydr ides  

Acid c h l o r i d e s ,  l a c t o n e s  

E s t e r s ,  epoxides  

Ni t ro  compounds 

Azo compounds, s u l f i d e s  

D i s u l f i d e s ,  s u l f o n e s  

T o s y l a t e s ,  h a l i d e s  

Rapid H z  e v o l u t i o n ,  no reduc- 
t i o n  

Rapid H 2  e v o l u t i o n ,  very slow 
reduc t ion  

Rapid H 2  e v o l u t i o n ,  slow r e -  
duc t ion  

Slow H 2  e v o l u t i o n ,  very slow 
r e d u c t i o n  

Very slow H z  e v o l u t i o n ,  no 
r e d u c t i o n  

Very r a p i d  r e d u c t i o n  

Rapid r e d u c t i o n  

- 11 _ 
- 11 - 

Slow r e d u c t i o n  

I n e r t  

- 11 - 
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98% yield 

Disiamylborane is inert to acid chlorides.24 and thexyl- 

borane reacts only ~ l u g g i s h l y . ~ ~  Therefore, it was somewhat 

unexpected that acid chlorides undergo a relatively rapid and 

quantitative reduction with ~ - B B N . ~ '  As previously observed 

for hydroborations, this observation provides further evidence 

that 9-BBN is much more sensitive to electronic influences 

than other dial kylboranes. 

Selective reduction of a,B-unsaturated aldehydes and 

ketones to the corresponding allylic alcohols represents one 

of the major applications of 9-BBN as a reducing agent. 51 

The following specific examples illustrate the preparative 

value of the procedure for selective reductions (eq 3 0 .  31). 

75% isolated yield 

86% isolated yield 



Reduction of f r e e  carboxyl  groups i n  p r o t e i n s  w i t h  9-BBN 

can be used t o  i d e n t i f y  t h e  c - t e rmina l  and o t h e r  " a c c e s s i b l e "  

carboxyl groups.52 Consequently.  9-BBH should prove t o  be 

h igh ly  u s e f u l  f o r  t h e  s p e c i f i c  chemical modi f i ca t ion  of pro- 

t e i n s  and a s  a  v a l u a b l e  conformat ional  probe. 

9-BBN " a t e "  complexes can a l s o  be used as  reducing agen t s .  

Some a p p l i c a t i o n s  of t h e  cyano complex 9 were r e c e n t l y  d e s c r i b e d ,  

b u t  t h e s e  d id  n o t  appear  p a r t i c u l a r l y  promising. 5  3 

The isopinocampheyl borohydr ide  10 i s  much more promising. 

Applied t o  ke tones ,  i t  provides  o p t i c a l l y  a c t i v e  a l c o h o l s  t h a t  

a r e  c o n s i s t e n t l y  en r i ched  i n  t h e  R-enantiomer ( i f  (+ ) -a -p inene  

i s  used t o  p repa re  10). 54 

THF + NaCN - Na + 

-> 
THF 

OF" \ H 
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Finally. 9-BBN "ate" complexes, such as the dibutyl com- 

pound 11, exhibits interesting unexpected characteristics as 
reducing agents. 5 5 

This reducing agent reacts by a pathway which involves a truly 

remarkable rearrangement.56 The fascinating chemistry of these 

dialkyl 9-BBN ''ate" complexes will be discussed in detail in 

the accompanying review. 5 7 

It is evident from this review that the boraheterocycle. 

9-BBN, possesses highly interesting characteristics and highly 

promising potential as a reagent. Its thermal stability is 

remarkable, very different from any other dialkylborane 

presently known. Its stability toward dissociation of the 

dimer to the monomer is also unique, far greater than that of 

any other known diborane derivative. These characteristics 

raise highly interesting theoretical questions as to the 

cause of their origin in the heterobicyclic structure. 



The hydrobora t ing  c h a r a c t e r i s t i c s  of 9-BBN a r e  a l s o  

unique. I t  e x h i b i t s  unusual r e g i o -  and s t e r e o s p e c i f i c i t y .  

Compared t o  o t h e r  hydrobora t ing  a g e n t s ,  i t  e x h i b i t s  unusual 

s e n s i t i v i t y  t o  e l e c t r o n i c  i n f l u e n c e s .  B-Alkyl-9-BBN d e r i v a -  

t i v e s  e x h i b i t  unusual thermal s t a b i l i t y ,  r e s i s t i n g  t h e  f a c i l e  

i somer iza t ion  e x h i b i t e d  by o t n e r  organoborane d e r i v a t i v e s .  

F i n a l l y .  i n  r e d u c t i o n s ,  i t  a l s o  e x h i b i t s  unique proper-  

t i e s .  Why i s  p r o t o n o l y s i s  of t h e  r eagen t  by va r ious  a l c o h o l s  

so slow compared with r e l a t e d  organoboranes,  such a s  d i s i amyl -  

borane? Why does i t  r e a c t  s o  f a s t  with a c i d  c h l o r i d e s  i n  

c o n t r a s t  t o  borane i t s e l f ?  P r i o r  c o o r d i n a t i o n  of borane w i t h  

t h e  carbonyl group had been thought  t o  be t h e  i n i t i a l  s t a g e  

in  such r e d u c t i o n s  and t h e  slow r a t e  of r e a c t i o n  of a c i d  

c h l o r i d e s  was a t t r i b u t e d  t o  t h e  low b a s i c i t y  of t h e  carbonyl 

group in t h e s e  d e r i v a t i v e s .  Yet, t h e  f a s t  r e a c t i o n  of 9-BBN 

i s  not  i n  agreement with t h i s  i n t e r p r e t a t i o n .  Borane reduces  

t e r t i a r y  amides r a p i d l y  t o  t h e  amines; 9-BBN reduces  such 

amides t o  t h e  a l c o h o l s .  What i s  t h e  cause  of t h i s  major 

d i f f e r e n c e  i n  behavior?  

P a s t  s t u d i e s  have emphasized e x p l o r a t i o n  of t h e  c h a r a c t e r -  

i s t i c s  of 9-BBN a s  a  r eagen t .  C l e a r l y  t h e r e  a r e  a l s o  many 

i n t e r e s t i n g  t h e o r e t i c a l  q u e s t i o n s  awa i t ing  e x p l o r a t i o n .  
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