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20. ABSTRACT
• ‘

~~Llth1um triethylborohydride (Super Hydride) is a versati le

reagent. It cleanly reduces alkyl tosylates to hydrocarbons ,

provi ding a convenient procedure for the deoxygenatlon of alcohols.

Super Hydride reduces tertiary amides into primary alcohols via

carbon nit rogen f ission during the reduction. 
. -

A chiral trialkylborohydride, lithium B—isopInocampheyl-9-BBN

hydride was shown to be an asymmetric reducing agent for the con-

version of ketones into optically active alcohols. • ,

During this study, methods were developed for the preparation

of l ithium borohydride , calcium borohydride, and borane-methyl

sulfide from the readily available and economical reagent , sodium

borohydride.

• The chemistry of dia lkylborohydrides has been studied .

The reactions of various alkali metal hydrides with represent-

ative trialkylboranes have been explored i n an attempt to employ

the resulting reagents fo r organic synthesis.
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INTRODUCTION

Forty years ago , the author , wi th Professor Schlesinger ,
• observed that diborane , a hydride, reduces aldehydes and ketones

- • with exceptional ease. Since then, va rious hydride reagents have

evolved for the convenient reduction of typi cal organic functional

groups. The author ’s major contributions In this area have led

to the alkali meta l hydrides and the alkali metal borohydrides.

The discove ry of sodium borohydride in 1942 and of lithium

alum inum hydride i n 1945 brought about a revolut ionary change in

the procedure utilized for the reduction of functiona~ groups In

organic chemistry. The author , with the financial assistance from

ARO , has been exploring the synthesis of new hydrides , their

mod ifications and their chemistry .

Elect rophilic reducing agents , such as borane and alane ,

possess markedly different reducing characterist ics than those

of nucleophilic reducing agents, suc h as sodium borohydride (NaBH4)

and lithium aluminum hydride (LIA1H 4). Explorations in the author ’s

laboratory have revealed means of enhancing and diminishing electro-

philic or nucleophilic properties of these reagents.

These hydrides , both complex and simple , have proven to be

exceedingly valuable as reducing agents. They are high energy

substance s with fascinating properties. With the organic chemists

undertaking the synthesis of st ructures of increasing complex i ty,

it Is desirable to develop means of controlling the reducing power

of such reagents so that a complete spectrum of such reagents would

be available for selective reductions.

• ~~~~~~~~~~~~ -. 
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2.

The author ’s discovery of hdyroboration in 1956 has made

4 
available for the first time a wide variety of alkyl substituted

boranes of unusual structures. From these, a wide variety of alky l

substituted borohydrides , LIR 3BH, have been prepared and examined

as possIble reagents for selective reduction. These are the most

powerful and highl y stereoselective reducing agents now available

to organic chemists. Lithium triethylborohydride (Super Hydride),

lithium tr i-..o—butylborohydride, and lithium trisiamylborohydride

are shown to be highly selective reagents.

It should be pointed out that continued research in this area

will make ava ilable specific reagents which will enable us to reduce

any specific functional group in the presence of any other functional

group. W ith our increasing understanding in this area, it Is hoped

that we shall be in a position to design reducing agents to perform

desired reductions—-as specific as the enzymes designed by nature.

ARO has been the sole source of supp ort for our research i n

this major area.

ii
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3.

LIST OF PARTICIPATING PERSONS

Name Period of Appointment Nature of Appointment

S. Krishnamurthy 5/1/76 — 4/25/19 Postdoctoral Research
Associate

S. C. Kim 5/1/76 — 12/31/76 Graduate Student
1/ 1/ 7 1 - 2/28/78 Postdoctora l Research

Associate

J. 1. Hubbard 6/ 1/77 - 9/ 1/78 Postdoctora l Research
- Ass ociate

Y. N. Choi 1/1/78 — present Postdoctoral Research
Associate

P. Nathew 1/1/78 — pre sent Postdoctoral Research
Associate

PROBLEMS STUDIED AND THE RESULTS AND CONCLUSIONS REACHED

1. Facile Reduction of Alkyl Tosvlates with Lithium Trlethylborohydride.

An Advantaoeou~ Procedure for Deox~aena t1on of Cyclic and Acyclic S

Alcoholi

Deozygenatlon of alcohols to the corresponding alkanes is

usually achieved by the reduction of p—toluenesulfonate ester of

the alcohol with lithium aluminum hydride. However, the results

are less favorable for more hindered alcohols and certain cyclo-

alkanols (eq 1).

H OH• OTs

a :~~~~
‘:>

~~~~~ 
a + a + (1)

54% 25% 19%

In view of the exceptiona l utility of lithium triethylborohydride In

reducing hindered alkyl halides, epoxides and quaternary ammonlum

salts, It appeared possible that this reagent mi ght overcome the

• difficulties. 

—-.. ——.~~ —.- -. -—~~ ———~~~---• .



u—i—’- - . - “• - -  - • 
-

~~~~~~~ 

• 

4.

Tosylates of primary and secondary alcohols are quantitatively

reduced to the corresponding hydrocarbons (eqs 2, 3).

LiEt BH
CH -4CH)—CH OTs > CH — ( C H ) — C H (2)

25°,15 mm 96%

OTs

O -

~~~ 0 (3)

100%

The hindered tosylates are reduced In refluxing THF providin g satis—

factory yield of the desired products (eq 4).

• 
. ?~3 - LIEt BH,THF ~H3

CH~—(CH ,)1--C—ç H,OTs > CH 1—(CH~,).~--C—CH, (4)
6 5 ° 3 h  °‘

CH3 ‘ CH3
81%

2. An Unusual Reduction of Tert1ar~ Amides with Carbon-NitroQen Fission !~
Reduction of tertiary amides with various metal hydrides or

with diborane proceeds with the carbon—oxygen bond fission to give the

corresponding tertiary amines. However, NSuper Hydride reduces

tertiary amides to prima ry amines via carbon—nitrogen fission (eq 5).

2
~ ~R 2 LIEt BH/THF

R ’—Cl > R ’—CH —OH (5)
‘R2 0-25

This reduction proceeds presumably through the formation of aldehyde

as an Intermediate . A representative set of tertiary amides has been

examined to show the generality of the reaction.
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5. 1
3. LitbIm. I-Isooinocamohe.yl-9-BBN Hydride. A New Reaoent f o r

Asv..etrfc Reduction of Ketones

Th. title reagent (eq 6), a highly hindered trielkylborohydride

containing an asymmetric alkyl group, reduces rapidly and quantita-

tively a variety of ketones to the corresponding optically active

a lcoho l s , consistently enriched in the R Isomer (eq 7).

~~~~ 

t-BuLI > [~ “
Li(HB—IPC--9-BBN)

H R 1—CO--R 2 
L1(HB—IPC—9— BBN) > R1—4! H--R2 (7)

Predomi nantly

“R” confi guration

This reagent reduces even relatively hindered ketones rapidly and

quantitatively in < 2 h at —78°C.

4. Li th Ium Boroh~dride and Calcium Borohvdrlde

A synthetic procedure to prepare lithium borohydride and calcium

borohydride from sodium borohydride has been studied (eq 8, 9).

NaBH4 + LiX —> L 1B H 4 + N a X  ( 8 )

N aBH 4 + 1/2 CaX 2 — 1/2 Ca(BH4)2 + NaX (9)

Var ious solv ents, such as isopropyl amine , monoglyme, l ,3—dioxalane ,

tetrahydrofuran , and diethyl ether, and various salts , such as lithium

4 
chloride , lithium bromide, lithium i o d i d e , and calc ium chloride , are

• ..
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used. The reactions were carried out under nitrogen a tmosphere and

various co nditions (0° , 25° , and reflux temperature). A high yield

(90—100%) of lithium borohydride was obtained under a certain con—

dition. Thus, the trend of reaction is that the l ithi um bromid e and

lithium iodide reactions are much faster than lithium chloride

reaction under identical conditions. For example , lit hi um chlor ide

reaction in tetrahydrofuran is quite slow , producing 100% in 4 days,

but lithium bromide reaction is very fast, giving 99% of lithium
borohydride in 16 h unde r reflux temperature .

Attempts to obtain a neat lithium borohydride and calcium boro—

hydride from solvated compound of meta l borohydride [L1BH 4, Ca(BH4)2)

and the solution in various solvents have been examined. A pure sample

of lithium borohydride and of calcium borohydride (96-100%) were

Isolated under high temperature (100—150°) and vacuum (‘
~ 

1 mm Hg).

5. Borane—Methy l Sulfide

A synthetic procedure to develop a convenient laboratory method

for the prepa ration of borane methyl sulfide has been investigated

by reacting various borohydrides and boron trifluoride ethyl ethers

(eq 10—12) .

3 NaBH4 + 4 BF 3 •OEt 2 + 4 Me 2S —> 4 BH3:SMe2 + 3 NaBF4+ (10)

3 LiBH4 + 1 BF 3 •OEt 2 + 4 Me2S —> 4 BH3:SNe2 + 3 LIF+ (11)

3 Ca(BH4)2 + 2 8F3•OEt2 + 8 Me2S —> 4 BH3:SMe2 + 3 Ca F 2+ (12)

Various metal borohydrides , such as sodium borohydride , lithium boro-

hydride, and calcium borohydride, and various solvents , 1,3-dioxalane-

(I
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7.

dimethyl sulfi de, tetrahydrofuran—diniethyl sulfide , and diethylether—

dimethyl sulfide , are used. The reactions were carried out under

25° and reflux temperature. An essential quantitative yield of borane

methyl sulfide was obtained from the reaction in the solvents mentioned

above , except 1,3—dioxalane —dimethy l sulfide .

6. !Ijuctton of Ester

A reduction of ethyl benzoate , wi th the smallest reactivity

among the esters, with various reducing agents , such as lithium

borohydride, calcium borohydride , and borane methyl sulf ide, has

been studied (eq 13-16). H

—OEt CH OH
• + BH 3 : S14e2 

- 

reflux for 8 h 
> 

2 
(13)

100%

c CH OH

cIIII::J~
— —OEt 

+ L I B H 4 r ef l u x  f o r  6 h 

2 
(14)

+ LIBH4 refl~~~for 8 h 
~~~~:J

__CH
2
0H 

(15)

9 1 %

c 1

J_OEt 
+ Ca(BH4)2 reflux for 8 h 

0,
..CH 2OH (16)

- - --- -i
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The reaction of borane methyl sulfide In THF and of lithium boro—

hydride in monoglyme were faster than that of lithium borohydride

in THF and of calcium borohydride in THF. Thus the reaction gave

100% yIeld of benzyl alcohol In 8 h wi th borane—methyl sulfide , 95%

yield in 6 h with lithium borohydride In monoglyme , 91% yield In 8

h, and 80% yield of benzy l alcohol in 8 h with calcium borohydride

i n THF .
The reduction agent , borane-methyl sulfide , in tetrahydrofuran

will be very useful agent in reduction of any ester in organic compound ,

but without an interna l and terminal double bond. Alternatively,

lithium borohydride In monog lyme would like to be reacted with any

ester in organic compound.

L 7. SelectIve Reductions of Functional Groups In Organic Compound

• Uslno Various SuDer H~d r 1des

Selective reductions of various organic compounds with represent—

• ative trialkylborohydr ides have been studied .

Various super hydrides , such as LiBHa—Bu 3, L 1BHS Ia 3, KBHs—Bu 3, KBH—

Sia3, KBHE t 3, and KBH(i—PrO)3 and ten com poun d s , such as cyclohexanol ,
3—ethyl— 3-pentanol , cyc lo hexanone , a,B—unsatura ted cyclohexanone ,

n—octy l bromide , benzon itrlle , N,N—dimethy l benzamide , styrene oxide ,

benzoyl chloride, and ethy l benzoate , are used. The stoichiometric

reactions were carried out under nitrogen atmosphere and 0° in both

tetrahydrofuran and toluene.

8. ReactIon of Mono- and Dialkylboranes with Lithium 0 Sod i um an d

Potass ium Hydrides

Hydroboration studies have made avaialble a number of mono— and

dialkylboranes exhibiting unique reducing characteristics. It was
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felt that the corresponding alkali metal borohydrides might show

interesting hydride transfer ability in reductions. Accordingl y,

a systematlc.study.was under taken on the react ion of l i thi um, sodium

and potassium hydrides with mono— and dialky l boranes.

The following alkylboranes were selected for this study: thexyl-

borane (THBH 2) ,  mono l so pi nocam phey l borane ( I PCBH 2) ,  9—borabicyclo-

(3.3.l]nonane (9-BBN), dicyclohexylborane [(CHg)2BH) ,  and dilsopino —

canipheylborane ((IPC)2BH]. In general , the react i ons were carr ied

out by vigorously stirring a 0.5 M solution of the alkylborane in THF

with a slight excess of the metal hydride (‘~ 
50%) at room temperature.

LIH reacted with 9—BBN and THBH2 at room temperature requ i r i n g

48 h for completion (eq 17).

LIH + (~~ BH THF ,25° > 

~~~ 
( 1 7)

—

- I 
The other alkylboranes were almost Inert to L1H under these conditions.

In all cases there was an inductive period of 6—8 h before LIH started

reacting. Consequently, the react ions were repea ted in re f l ux ing THF .

• It was observed that Li4’[~~~ BH
2] 

and Li ’4’(T hBH 3] were forme d i n 100%

yield within 3 h. However , this procedure was unsuitable for preparing
the other borohydrides. Unlike 9-BBN and THBH2, t he ot her al ky l boranes
are not thermal l y sta b le  and therefore un derwen t re di str ib uti on and/or

J elimination (eq 18).
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eq: L1H + ~~~~~~~ Li ’
~ 

“H

118)

..
Hj + Li~ ~~ 

+

The reaction of organoboranes with sodium hydride is far more

facile than the corresponding reactions Involving lithium hydride.

Even hindered dialkylbo v~anes , suc h as ( IPC)
2

BH, reacted quantitative ly
wI th sodium hydride at 250 .

Finall y, potassium hydride reacted almost instantly and quant-

itatively with all the alkylboranes used In this study. Reactions

were so rapid and vigorous that care was needed to control the reac-

tion by cooling the reaction flask In a water bath (20 ). However ,

the reaction with (IPC)2BH is so v ig orous that it undergoes dehydro-

boratlon up to 20%. In order to minimize this side reaction , the

reactants were mixed at 0° and stirred for 1 h (e 19).

KH 
~~~~~~ ,)2

BH 

i h  
K~ 
[

~~~~~ J2B~~~ 
(19)

> 95%
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9. Reaction of Lithium 9-Borabicyclof3.3.llnonane HYdr1de.Li
+[~~

Y].with Selected Organic Comoounds Containing Representative H

Functional Grouos H 
-

The reducing property of Ll
+[c~~

B
\ j  

was explored by reacting

it with selected organic compounds containing representative func-

tional groups.

10. Reac tions of Alkali Meta l Hydrides with Trialky l boranes
LIthium hydride reacts with trimethy l- and triethylborane in

ethereal solvents to give the corresponding lithium trialkylboro—

hydrides as monoetherates (eq 20).

Et 0
L1H + Me3B — 2 > LIMe3BH’OEt2 (20)

0°C

Removal of the solven t from the monoe thera te adduct i s poss ib le

leaving behind the solvent—free alkali meta l trialkylborohydr ide.

- 

- However , in the absence of ether , lithium trialkylborohydride is not

formed (eq 21).

C6H2
LiH + Et38 > L1Et 3BH (21)

80°C,24 h

The se complex borohydrides can be reversibly decomposed by heating

to yield °activated” l ithium hydride •~id trialkylborane .

In contrast, sodium hydride reacts with trialkylboranes in the

absence of solvents, yielding sodium trialkylborohydr ides. The
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correspond ing reactions with commercial lithium hydride do not

proceed. However, the activated lithium hydride does react with

• trialky lboranes in the absence of solvents to form unsolvated L1R 3BH.

• Thus , a mixture of trialkylborane and ether can be considered
as a reversible solvent for lithium hydride, permitt ing i ts solut ion
and recovery in active form.

11. The React ion of Tr ialk~lboranes wit h Lithium Trlalky l bprphydrldes

Li thium hydr id e reacts w ith trimethylborane in solvents such as
ethyl eth*r, n-buty l ether, etc., to form lithium trimethylborohydride

(1:1 adduct , LiMe
3
BH). Further addition of trimethylborane does not

result in the formation of lithium hexamethyldiborohydride (1:2 adduct ,

LiMe3BHBMe3]. However , in solven ts such as tetrahydrofuran , monoglyme,

dig lyme, etc., the corresponding reaction gives either lithium t n-

• methylborohydride or lithium hexamethyldiborohydr tde , depending upon

the amoun t of trimethylborane. The followin g ex p lana ti on nicely
accounts for this major effect of solvent upon the reaction course.

In solven ts, such as ethyl ether , which are relatively poor solvating

media for the lithium ion , the borohydride anion must be strongly

associated with the lithium ion and is thus not free to add the

-

~ 

. 

additional trialkylborane. However, in solvents such as tetrahydro-

furan, wh ich solvate lithium ion strongly, the assoc iation i s muc h
weaker If it occurs at all. Then borohydride anions are relati vely

free to interact with trialkylboranes to form 1:2 addition compounds.

The rates of reductions of  alkyl halides with lithium triethylboro—
-
• hydride in various solvents , together with infra red and B NNR

• studies, strongly support the above results and interpretations.
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12. Stenlc Effects in the Reaction of Reoresentative Triplkylbpranes

wi th Llthiuit and Sodium H~dnides

The reaction in tetrahydrofuran of lithium and sodium hydrides
- 

• wi th representative tnialkylboranes of increasing steric requirements

- 
• was examined in detail with respect to rate, stoichiometry , and

products. The rate of the reaction is strongly influenced by the

steric requirements of the tnialkylboranes. Thus , the rates of

reaction of lithium hydride with a series of trialkylboranes at 25°C

follows the or der Et3B > n—Bu 3B ‘ i—Bu 3B >> a.o—Bu 3 8 (eq 22-25).

THF.25°C
- • LIH + Et,B ~ L1Et~BH 100% (22)

2 4 h

L1H + i—Bu 3B 
THF ,6 h > Li— i— Bu BH 99% (23)
65°C

THF 24 hL1H + s.c—Bu3B > Li—aeo—Bu ,BH 10% (24)
65°C

L1H + 
(
~

‘

~~~~~~2
B THF;24 h 

> Li [(?~~ 2B~J 
8% (25)

Even in reflux ing tetrahydrofuran , tri-aeo—butylborane and

other hindered organoboranes react with lithium hydride sluggishly

and Incompletely. Sodium hydride exhibits greater reactivity than

lithium hydride in these reactions. Sodium hydride reacts with

essentially all of the unhindered trialkylborane s and with a number

of hindered trialkylboranes even at 25°C (eq 26—28).

—- -~~~~~~~~— —•• . •  --• - ___ ••..-

~~ 

•-.
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Nail + ,i—Bu3B THF~0.25 h > Na— n— Bu 3BH 99% (26 )
25°C

Nail + a.o—Bu 3B 
THF .3 h 

> Na— ..o—Bu3BH 100% (27)
65°C

Nail + (KIIII~2a _rK:~o.25 h > Na[(~

’

~~~~~~2BH
] 

100% (28)

Other hindered trialky lboranes , such as tri-..c—butylborane,
• tricyclohexylborane , and tri-.xe—2-norbornyIborane , react with sodium

hydride in refluxing tetrahydrofuran rapidly and quantitatively. N
• Here aga in the rate of the reaction decreases drastically with

- • 
increas ing size of the alky l substituent on boron: Et

3
B > n—Bu 3B

> tricyclopentylborane > i—Bu 3B > tricyclohexylborane > tn -axe—

2—norbornylborane ->  8CO- BU3B. Highly hindered organoboranes , such
as trisiamylborane and tris(trans—2—methyIcyclopentyl)borane , are
essentially inert toward both lithium hydride and sodium hydride at

65°C. The reaction of alkali metal hydrides with trialkylboranes

proceeds in 1:1 stolchiome try; the products of the reaction are alkali

metal trialkylborohydrides characterized by hydride analysis , IR, 
4

and 118 NMR. The present reaction serves as a convenient means

for studying the steric requirements of various trialkylboranes.

In addition , it also provides a simple route to a number of lithium

and sodium trialkylborohydrldes.

13. Fac ile Reaction of Trialk~l boranes with Lithium Trimethoxv—

alum inoh~dride

Ad dition of one mole equivalent of trialkylborane to a tetra-

hydrofuran (THF) solution of l ithium trimethoxyaluminohydride (LTNA )

k
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15.

at room temperature results in a facile and rapid displacement of

alum i num methoxide as a polymeric gel , producing the corresponding

lit hium trialkylborohydride in quantitative yield. The reaction is

• qui te general and applicable to trialkylboranes of widely varied

structural requirements (eq 29—31).

LiA1H(O CH3)3 + Et B THF > LiE t~BH 96% (29)
25°C,O.25 h

LIA1II (OCH )3 + a—Bu 3B 
THF > Li-a—Bu 3

BH 98% (30)3 25°C,0.25 h

LiAl H(OCH 3)3 + S1a 3B 
THF > LIS1a 3BH 98% (31)

25°C,O.25 h

The trialkylborohydrides thus produced can be directly utilized

for the stereoselec tive reduction of organic functional groups wi th—

out the necessity of removing aluminum methoxide (eq 32).

OH
LIEt 3BH ,THF

0°C

I T — 75% 
(32)

LIA1H(OCH ) —Et B
~~ —> 76% ._1i

0°C

The present reac ti on p rov id es a general , conven ient in aitu H
synthesis of lithium trialkylborohydnides where this is required in

synthetic transformations.

14. An Unusua l  React io n of Trialkylboranes with Lithium Tn —n-

butoxy aluminohydnide In Tetrahydrofuran

Ad dition of equimolar or catalytic quantities of trialkylboranes

to a tetrahydrofuran solution of lithium tri-t~butoxyalu.inohydride

— - -- . ~~~~~~
- -

.
~
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~~~~~ 
—- - .—-— - ~~~~~~~~ •—-— --



_ _  _ _ _  - _ _ _ _ _

16.

results in rapid loss of active hydride with the concurrent formation

of 1-butano l (from the reductive cleavage of tetrahydrofuran) . The

• rat e of reductive cleavage decreases with Increasing steric require—

ments of the trlalky lborane (eq 33—36).

LIA1H(0—t—Bu)3 + Et3B —> Li [Et 3BHA1(O—t—Bu) 3] (33)

LIA 1H( O- t—Bu)2 + R 38 
THF 

> L 1 [R 3B——— H— —— A l (0—t—Bu )2] (34)

A1 (0—t—Bu)

L 1 [ R 3 B— —— H -- — A l (O - t — B u ) 3 ) T H F  
~ L I R 3 BH + 

() 
(35)

A 1 (O —t — Bu)
0

LIR 3BH + —> L 1[ (n — Bu O )A1(0 - t— Bu) 3 )  + R 3 B (36)

In contrast to the tetrahydrofuran , tetrahydropyran Is cleaved

sluggis hly. Consequent ly, this solvent can be utilized to follow

the course of the reaction of lithium tri-t—butoxyaluminohyd nide with

representative trialkylboranes by NMR. Chemical and spectral

evidence suggest the intermediacy of lithium tnialkylborohydrides and

alum lnum -t—butoxide in these reactions.
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