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20; ABSTRACT
‘7911th1u1 triethylborohydride (Super Hydride) is a versatile

reagent. It cleanly reduces alkyl tosylates to hydrocarbons,

providing a convenient procedure for the deoxygenation of alcohols.

Super Hydride reduces tertiary amides into primary alcohols via
carbon nitrogen fission during the reduction,

A chiral trialkylborohydride, lithium B-isopinocampheyl1-9-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 1ithium borohydride, calcium borohydride, and borane-methyl

sulfide from the readily available and economical reagent, sodium
borohydride.
The chemistry of dialkylborohydrides has been studied. i
The reactions of various alkali metal hydrides with represent-

ative trialkylboranes have been explored in an attempt to employ

RUSPTPRS——

the resulting reagents for organic synthesis.
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INTRODUCTION
Forty years ago, the author, with Professor Schlesinger,

observed that diborane, a hydride, reduces aldehydes and ketones
with exceptional ease. Since then, various hydride reagents have
evolved for the convenient reduction of typical organic functional
groups. The author's major contributions in this area have led
to the alkali metal hydrides and the alkali metal borohydrides.

The discovery of sodium borohydride in 1942 and of 1ithium
aluminum hydride in 1945 brought about a revolutionary change in
the procedure utilized for the reduction of functional groups in
organic chemistry. The author, with the financial assistance from
ARO, has been exploring the synthesis of new hydrides, their
modifications and their chemistry.

Electrophilic reducing agents, such as borane and alane,
possess markedly different reducing characteristics than those
of nucleophilic reducing agents, such as sodium borohydride (NaBH4)
and 1ithium aluminum hydride (L1A1H4). 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
substances with fascinating properties. With the organic chemists
undertaking the synthesis of structures of increasing complexity,
it 1s desirable to develop means of controlling the reducing power
of such reagents so that a complete spectrum of such reagents would

be availablie for selective reductions.




Es

The author's discovery of hdyroboration in 1956 has made
available for the first time a wide variety of alkyl substituted
boranes of unusual structures. From these, a wide variety of alkyl
substituted borohydrides, L1R3BH. have been prepared and examined
as possible reagents for selective reduction., These are the most
powerful and highly stereoselective reducing agents now available
to organic chemists. Lithium triethylborohydride (Super Hydride),
lithium tri-sec-butylborohydride, and 1ithium trisiamylborohydride
are shown to be highly selective reagents.

It should be pointed out that continued research in this area
wil) make available specific reagents which will enable us to reduce
any specific functional group in the presence of any other functional
group. With 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 support for our research in

this major area.
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Name Period of Appointment Nature of Appointment
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PrROBLEMS STUDIED AND THE RESULTS AND CONCLUSIONS REACHED
1. s with Lithium Triethylboroh

d Deoxygenation of Cycli nd A 11

Alcohols

Deoxygenation of alcohols to the corresponding alkanes is
usually achieved by the reduction of p-toluenesulfonate ester of
the alcohol with Tithium aluminum hydride. However, the results
are less favorable for more hindered alcohols and certain cyclo-

alkanols (eq 1).
OH

LiAlﬂq,THF
- > * + (1)
25°,48 h

54% 25% 19%

0Ts

In view of the exceptional utility of lithium triethylborohydride in
reducing hindered alkyl halides, epoxides and quaternary ammonium
salts, it appeared possible that this reagent might overcome the
difficulties.
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Tosylates of primary and secondary alcohols are quantitatively

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

L1EtBH
CH,—(CH,) ~CH,0Ts = > CHy=(CH,) c—CH, (2)
' 25°,15 min 96%
0Ts
Q i o)
100%

The hindered tosylates are reduced in refluxing THF providing satis-

factory yield of the desired products (eq 4).

s oo - 2D Yacien - i X y = -
e s & ST ILsRR g D R oY ey e o
BRI e o A i Al {5 & SR A ekl i

corresponding tertiary amines. However, "Super Hydride" reduces

tertiary amides to primary amines via carbon-nitrogen fission (eq 5).

2 L1Et,BH/THF 1
- R'~C—N > R —CH,~OH (5)
e N2 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.

(Hs LEtBH, THF M3
CH3—(CH2)3-f-CH20Ts - > CH3—(CH2)3-9-CH3 (4)
65°,3 h
CH CH
3 3
81%
2. b A= n
Reduction of tertiary amides with various metal hydrides or
with diborane proceeds with the carbon-oxygen bond fission to give the




h -BBN Hydride.

A _New Reagent for

f Ketones

The title reagent (eq 6), a highly hindered trialkylborohydride
containing an asymmetric alkyl group, reduces rapidly and quantita-
tively a variety of ketones to the corresponding optically active

alcohols, consistently enriched in the R isomer (eq 7).

D s,

N
<:§:PH H Lt
5 t-Buli
L{i(HB-IPC~9-BBN)
9"
Predominantly

"R"” configuration

This reagent reduces even relatively hindered ketones rapidly and
quantitatively in < 2 h at -78°C.
4, h d C j

A synthetic procedure to prepare lithium borohydride and calcium

Borohydrid

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

NaBH, + LiX ——> LiBH, + NaX (8)

4

NaBH, + 1/2 CaX, —> 1/2 Ca(BH,), + NaX (9)

Various solvents, such as isopropyl amine, monoglyme, 1,3-dioxalane,
tetrahydrofuran, and diethyl ether, and various salts, such as lithium

chloride, Vithium bromide, 1ithium fodide, and calcium chloride, are
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6.
used. The reactions were carried out under nitrogen atmosphere and
various conditions (0°, 25°, and reflux temperature). A high yield
(90-100%) of lithium borohydride was obtained under a certain con-
dition. Thus, thevtrend of reaction is that the 1ithium bromide and
1ithium iodide reactions are much faster than lithium chloride
reaction under identical conditions. For example, lithium chloride
reaction in tetrahydrofuran is quite slow, producing 100% in 4 days,

but 1ithium bromide reaction is very fast, giving 99% of lithium
borohydride in 16 h under reflux temperature.

Attempts to obtain a neat 1ithium borohydride and calcium boro-
hydride from solvated compound of metal borohydride [L18H4. 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. pBorane-Methyl Suifide

A synthetic procedure to develop a convenient laboratory method
for the preparation of borane methyl sulfide has been investigated
by reacting various borohydrides and boron trifluoride ethyl ethers

(eq 10-12),
3 NaBH, + 4 BF,-0Et, + 4 Me,S —> 4 BHj:SMe, + 3 NaBF,+ (10)
3 LiBH4 + 1 BF3°OEt2 + 4 Mezs —_— 4 BH3:SHe2 + 3 LiF¢ (11)
3 Ca(Bll‘)2 + 2 BF3-0Et2 +8 Mezs —_— 4 BH3:SMe2 +3 CaF2$ (12)

Various metal borohydrides, such as sodium borohydride, 1ithium boro-

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




7.

dimethyl sulfide, tetrahydrofuran-dimethyl sulfide, and diethylether-

dimethyl sulfide, are used. The reactions were carried out under }E
25° and reflux temperature. An essential quantitative yield of borane jt
§
!
|

methyl sulfide was obtained from the reaction in the solvents mentioned
above, except 1,3-dioxalane-dimethyl sulfide.
6. R f r

A reduction of ethyl benzoate, with the smallest‘reactivity
among the esters, with various reducing agents, such as lithium
borohydride, calcium borohydride, and borane methyl sulfide, has

f been studied (eq 13-16). ;;

' -0Et CH OH
+ BH :SMe2 THE (13)
3 reflux for 8 h
100%

g CH OH
+ LiBH, THF [::::]/,
reflux for 6 h
C-0Et ©/CH OH

(14)

+ LiBH, THF (15)

reflux for 8 h

] 0

e C-OEt CH,O0H

b + Ca(BH,), THF (16)
? reflux for 8 h
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The reaction of borane methyl sulfide in THF and of 1ithium 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 with borane-methyl sulfide, 95%
yield in 6 h with 1ithium borohydride in monoglyme, 91% yield in 8
h, and 80% yield of benzyl alcohol in 8 h with calcium borohydride
in 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 internal and terminal double bond. Alternatively,
1ithium borohydride in monoglyme would like to be reacted with any
ester in organic compound.

7. ductions of Functional Groups in Organic Compound

Using Various Super Hydrides

Selective reductions of various organic compounds with represent-
ative trialkylborohydrides have been studied.
Various super hydrides, such as LiBHa-Bu3. LiBHSia3. KBH--Bu3. KBH=-
Sia3. KBHEt3. and KBH(i-PrO)3 and ten compounds, such as cyclohexanol,
3-ethyl-3-pentanol, cyclohexanone, a,B-unsaturated cyclohexanone,
n-octyl bromide, benzonitrile, ¥,N-dimethyl benzamide, styrené oxide,
benzoyl chloride, and ethyl benzoate, are used. The stoichiometric
reactions were carried out under nitrogen atmosphere and 0° in both

tetrahydrofuran and toluene.

8. Reaction of Mono- and Dia]kx]boranes with Lithium, Sodium and

Potassium Hydrides
Hydroboration studies have made avaialble a number of mono- and

dialkylboranes exhibiting unique reducing characteristics. It was




felt that the corresponding alkali metal borohydrides might show
interesting hydride transfer ability in reductions. Accordingly,

a systematic_study was undertaken on the reaction of lithium, sodium
and potassium hydrides with mono- and dialkylboranes.

The following alkylboranes were selected for this study: thexyl-
borane (THBHZ). monoisopinocampheylborane (IPCBHZ). 9-borabicyclo-
[3.3.1]nonane (9-BBN), dicyclohexylborane [(CH:)ZBH]. and difsopino-
campheylborane [(IPC)ZBH]. In general, the reactions were carried
out by vigorously stirring a 0.5 ¥ 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 requiring
48 h for completion (eq 17).

M
LiH + @BH THF,25° . ;* @ (17)
48 h \

H

The other alkylboranes were almost inert to LiH under these conditions.
In all cases there was an inductive period of 6-8 h before LiH started

reacting. Consequently, the reactions were repeated in refluxing THF.

It was observed that L1+[K:§:}Hé]- and L1+[ThBH3]' were formed in 100%
yield within 3 h. However, thié.procedure was unsuitable for preparing
the other borohydrides. Unlike 9-BBN and THBHz. the other alkylboranes
are not thermally stable and therefore underwent redistribution and/or

elimination (eq 18).

I
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LiH + _THF,65° | |4+ NH

24 h

eq:

i (18)

23

L -

The reaction of organoboranes with sodium hydride is far more

facile than the corresponding reactions involving lithium hydride.

Even hindered dialkylboranes, such as (IPC)ZBH. reacted quantitatively
with sodium hydride at 25°.

Finally, potassium hydride reacted almost instantly and quant-
jtatively 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)ZBH is so vigorous that it undergoes dehydro-
boration up to 20%. In order to minimize this side reaction, the

reactants were mixed at 0° and stirred for 1 h (eq_19).

H
/
u')ZBH A \")28\
KH + THF,0 k* H (19)
1h L. 3

> 95%
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The reducing property of L1+ (:z:ﬁ\ was explored by reacting

H
-
it with selected organic compounds containing representative func-
tional groups.

10, [ f Alkali Metal Hydrides with Trialkylboranes
Lithium hydride reacts with trimethyl- and triethylborane in

ethereal solvents to give the corresponding lithium trialkylboro-
hydrides as monoetherates (eq 20).

Etzo
LiH + Me38 —_— LiMe3BH'OEt2 (20)
o
0°cC
Removal of the solvent from the monoetherate adduct is possible
leaving behind the solvent-free alkali metal trialkylborohydride.
However, in the absence of ether, lithium trialkylborohydride is not

formed (eq 21).

CGHZ

/4
LiH + Et,B 7 > LiEt,BH (21)

80°C,24 h

These complex borohydrides can be reversibly decomposed by heating

to yfeld "activated” 1ithium hydride nd trialkylborane.
In contrast, sodium hydride reacts with trialkylboranes in the

absence of solvents, yielding sodium trialkylborohydrides. The
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corresponding reactions with commercial lithium hydride do not

proceed., However, the activated 1ithium hydride does react with

trialkylboranes in the absence of solvents to form unsolvated L1R38H. 4
Thus, a mixture of trialkylborane and ether can be considered

as a reversible solvent for lithium hydride, permitting its solution

and recovery in active form,

11. Ihe Reaction of Trialkylboranes with Lithium Trialkylborohydrides

Lithium hydride reacts with trimethylborane in solvents such as

ethyl ether, n-butyl ether, etc., to form lithium trimethylborohydride
(1:1 adduct, LinesBH). Further addition of trimethylborane does not
result in the formation of 1ithium hexamethyldiborohydride (1:2 adduct,
L1He3BHBMe3]. However, in solvents such as tetrahydrofuran, monoglyme,
diglyme, etc., the corresponding reaction gives either 1ithium tri-
methylborohydride or 1ithium hexamethyldiborohydride, depending upon

the amount of trimethylborane. The following explanation nicely

accounts for this major effect of solvent upon the reaction course.
In solvents, such as ethyl ether, which are relatively poor solvating
media for the 1ithium ion, the borohydride anion must be strongly
associated with the 1ithium ion and is thus not free to add the
additional trialkylborane. However, in solvents such as tetrahydro-
furan, which solvate 1ithium ion strongly, the association is much
weaker if it occurs at all. Then borohydride anions are relatively
free to interact with trialkylboranes to form 1:2 addition compounds.
The rates of reductions of alkyl halides with l1ithium triethylboro-

hydride in various solvents, together with infrared and ]]B NMR

studies, strongly support the above results and interpretations.
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13,

12, resentative Trialkylboran
with Lithiym and Sodium Hydrides

The reaction in tetrahydrofuran of lithium and sodium hydrides

with representative trialkylboranes 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 trialkylboranes. Thus, the rates of
reaction of lithium hydride with a series of trialkylboranes at 25°C
follows the order Et,B > n-Bu3B > i-Bu3B >> sec-Bu,B (eq 22-25).

THF,25°C

LiH + Et B > LiEt,BH  100% (22)
24 h
LiH + 4-Bu.B ~JHEWO M o o o0 By g9y (23)
3 o 3
65°C
LiH + sec-Bu,B —Ha28 h . 4  eo-Bu.BH 10% (24)
3 65°C 3

LiK + (:2:::);;)28 THF,28 h (?(:::>;;)2su 8%  (25)
65°C

- Even in refluxing tetrahydrofuran, tri-sec-butylborane and
other hindered organoboranes react with 1ithium hydride sluggishly
and incompletely. Sodium hydride exhibits greater reactivity than
1ithium hydride in these reactions. Sodium hydride reacts with
essentfally all of the unhindered trialkylboranes and with a number

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

TR TR OIINR ST A i SN



NaH + n-Bu,B '"F;f;25 A, Na-n-Bu,BH 993 (26)
2

NaH + sec-Bu,B THF,3 Na-sec-Bu BH 1003 (27)

65°C

uau+<@za ThF,0.25 h | m[@zsu 1008 (28)
65°C L

Other hindered trialkylboranes, such as tri-sec-butylborane,

tricyclohexylborane, and tri-exo-2-norbornylborane, react with sodium
hydride in refluxing tetrahydrofuran rapidly and quantitatively.

Here again the rate of the reaction decreases drastically with
increasing size of the alkyl substituent on boron: Et38 > n-8u38

> tricyclopentylborane > i-Bu3B > tricyclohexylborane > tri-exo-
2-norbornylborane > aec-8u3B. Highly hindered organoboranes, such

as trisiamylborane and tris(trans-2-methylcyclopentyl)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 stoichiometry; the products of the reaction are alkali
metal trialkylborohydrides characterized by hydride analysis, IR,

nB NMR. The present reaction serves as a conventent means

and

for studying the steric requirements of various trialkylboranes.

In addition, 1t also provides a simple route to a number of 1ithium

and sodium trialkylborohydrides.

13, [Facil i i -
aluminohydride

Addition of one mole equivalent of trialkylborane to a tetra-

hydrofuran (THF) solution of 1ithium trimethoxyaluminohydride (LTMA)
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at room temperature results in a facile and rapid displacement of
aluminum methoxide as a polymeric gel, producing the corresponding
1ithium trialkylborohydride in quantitative yield. The reaction is
quite general and applicable to trialkylboranes of widely varied

structural requirements (eq 29-31),

LIATH(OCH,) , + Et,B THF > LiEt,BH  96% (29)
25°C,0.25 h
LYATH(OCH,), + s-Bu B THF > Li-s-Bu,BH 983 (30)
3 25°C,0.25 h
LIATH(OCH,), + Sta B THF > LisiagBH  98% (31)

25°C,0.25 h
The trialkylborohydrides thus produced can be directly utilized
for the stereoselective reduction of organic functional groups with-

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

OH
LiEt3BH,THF

0 0°cC

oo 75%

LiAlH(OCH3)3-£t38 2
0°C

>

(32)

2 76%

The present reaction provides a general, convenient in situ
synthesis of 1ithium trialkylborohydrides where this is required in

synthetic transformations.
14, Reaction of Trialkylboranes with hium Tri-n-

butoxyaluminohydride in Tetrahydrofuran

Addition of equimolar or catalytic quantities of trialkylboranes

to a tetrahydrofuran solution of 1ithium tri-t-butoxyaluminohydride




16.
| results in rapid loss of active hydride with the concurrent formation
j of 1-butanol (from the reductive cleavage of tetrahydrofuran). The
fé' rate of reductive cleavage decreases with increasing steric require-

ments of the trialkylborane (eq 33-36).

LIATH(0-8-Bu)y + Et,B —> Li[Et,BHA(0-¢-Bu),] (33)
THF
LIATH(0-t-Bu), + RyB —HT—> L {[R,B---H---A1(0-¢-Bu),] (34)
Al(O-t-Bu)3
Li[R,B-~-H---A1(0-t-Bu),] THE = LireBu+ (') (35)

/#-7
L1R3BH + —_— Li[(n-BuO)A](O-t-Bu)3] + R3B (36)

In contrast to the tetrahydrofuran, tetrahydropyran is cleaved
sluggishly. Consequently, this solvent can be utilized to follow
the course of the reaction of lithium tri-t-butoxyaluminohydride with
representative trialkylboranes by 113 NMR. Chemical and spectral

evidence suggest the intermediacy of lithium trialkylborohydrides and

aluminum-t-butoxide in these reactions.
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