43

Journal of Orgarnometallic Chemistry, 239 (1982) 43—64
Elsevier Sequoia S.A., Lausanne — Printed in The Netherlands

Review

INVESTIGATIONS IN THE SYNTHESIS OF ALKYL-SUBSTITUTED
BOROHYDRIDES *

HERBERT C. BROWN *
Richard B. Wetherill Laboratory, Purdue University, West Lafayette, Indiana 47907 (U.S.A.)

BAKTHAN SINGARAM and SARASWATHI SINGARAM

Chemistry Department, University College of Swansea, Singleton Park, Swansea SA2 8PP,
Wales (Great Britain)

(Received in India November 13th, 1981; in Amsterdam May 25th, 1982)

Contents
1. Introduction 43
1.1. General survey 43
1.2, Early explorations 44
2. Reaction of organoboranes with metal hydrides 45
3. Metal hydride transfer reactions 50
3.1. Reaction of lithium trimethoxyaluminohydride with organoboranes 50
3.2. Reaction of lithium tri-t-butoxyaluminohydride with organoboranes 52
3.3. Reaction of organometals with organoboranes 52
3.4. Reaction of alkyl- or alkoxy-borohydrides with organoboranes 55
3.5. Reaction of lithium aluminum hydride with organoboranes 56
4. Miscellaneous methods 58
5. Spectral data 60
5.1. Infrared spectra 60
5.2. 11 B NMR spectra 60
6. Conclusions 63
7. References 63

1. Introduction

1.1. General survey

The discovery of sodium borohydride [1] in 1942 and lithium aluminum
hydride [2] in 1945 brought about a revolutionary change in procedures for
the reduction of functional groups in organic molecules [3,4]. Today, faced
with the problem of reducing an organic functional group, such as CO, COOR

* Dedicated to Prof. R.C. Mehrotra on the ocecasion of his 60th birthday (February 16th, 1982).
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or CN, the synthetic organic chemist will rarely undertake to use the conven-
tional techniques, such as the Meerwein-Ponndorf-Verley reaction (aldehydes
and ketones), the Bouveault-Blanc procedure (esters) or catalytic hydrogena-
tion (nitriles). The two complex hydrides (sodium borohydride and lithium
aluminum hydride) provide a simple and convenient route for the reduction of
such functional groups and they are invariably used in laboratory syntheses
involving such transformations.

However, despite their great convenience, these two reagents suffer from
certain limitations. As first described by W.G. Brown et al. [4], lithium
aluminum hydride is an exceedingly powerful reducing agent, capable of
reducing practically all organic functional groups. Consequently, it is quite
difficult to apply this reagent for the selective reduction of multifunctional
molecules. On the other hand, sodium borohydride is a remarkably mild
reducing agent [4]. It readily reduces only aldehydes, ketones and acid
chlorides. Consequently, it is useful primarily for selective reductions involving
these relatively reactive groups.

NaBH, LiAlH,
very mild very powerful

These two reagents represent two extremes of a possible broad spectrum.
Either by decreasing the reducing power of LiAlH, or by increasing that of
NaBH;, or both, the organic chemist would have available a more complete
spectrum of reagents for selective reductions. One of the means of controlling
the reducing power of the complex hydrides is to introduce substituents in the
complex ion that might exert marked steric and electronic influences upon the
reactivity of the substituted complex ion. By introducing alkyl substituents in
the borohydride ion, alkyl-substituted borohydrides can be obtained. Synthesis
of the alkyl-substituted borohydrides have assumed increased importance since
their utility as versatile, selective reducing agents [ 5] and synthetic intermedi-
ates [6] has been demonstrated. Moreover, investigations in our laboratory
have established the ability of hindered and highly hindered alkyl-substituted
borohydrides to introduce major steric control into the reduction of cyclic and
bicyclic ketones [7]. In this respect, these reagents are unequalled by any other
reagents currently available. Our aim here is to review the procedures which
have been developed for the synthesis of alkyl-substituted borohydrides.

1.2. Early explorations

Lithium trimethylborohydride and sodium triethylborohydride were the
members of this new class of compounds first synthesized during war research
(1942—1945) [8] (eq. 1 and 2). Since then, a few more reports on the synthesis

LiH + Me,B - LiMe,BH (1)
NaH + Et; B > NaEt,BH (2)

of alkyl-substituted borohydrides have appeared in the literature {9]. Unfor-
tunately, the majority of these studies were carried out utilizing relatively
drastic reaction conditions or in vacuum lines. It was shown later [10] that the
reaction between trialkylboranes and aikali metal hydrides proceeds far better
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in ether solvents than in hydrocarbon solvents or neat [9]. A brief study of
lithium triethylborohydride indicated it to be a considerably more powerful
reducing agent than the parent hydride, lithium borohydride [11].

The exceptional characteristics of alkyl-substituted borohydrides were first
appreciated during our research involving the hydride-induced carbonylation of
organoboranes [12]. It was observed that the addition of an equimolar quantity
of triethylborane to a tetrahydrofuran (THF') solution of lithium tri-t-butoxy-
aluminohydride (LTBA) resulted in a vigorous exothermic reaction and the
rapid disappearance of active hydride. Hydrolysis of the reaction mixture indi-
cated the concurrent formation of 1-butanol (from reductive cleavage of THF).
Further research in this direction revealed that the reaction involved LiEt;BH
and monomeric aluminum t-butoxide as intermediates [13] (eq. 3).

LIAIH(O-t-Bu)y + Et3B

} TAI(O- f‘BU)3
O

+

Li[EtyB—H—AIO-{-Bu)3s] ——== LiEt3BH + 3)
Li[(h-BuO)— Al—(O-t-Bu);] + Et3B —=-———J

‘ o

n—BuOH

The reductive cleavage of tetrahydropyran (THP) is quite sluggish. Conse-
quently, the LTBA-Ei;B system was used in THP to reductively cleave more
reactive cyclic ethers. These investigations led us to believe that LiEt;BH should
possess exceptional hydride transfer ability. Accordingly, we undertook a major
new program to synthesize a variety of alkyl-substituted borohydrides and to
explore their chemistry. Because of their superior hydridic qualities, these
reagents have been called “Super Hydrides”, a term truly representative of their
extraordinary hydridic activity.

2. Reaction of metal hydrides with organoboranes

A simple approach for the synthesis of these derivatives would be the reaction
between alkali metal hydrides and the organoboranes. Hydroboration of olefins
has made available trialkyl-, dialkyl- and monoalkyl-boranes with various struc-
tural features [14,15]. Accordingly, we undertook a systematic examination of
the reaction of alkali metal hydrides with organoboranes of increasing steric
requirements under standard conditions. It was evident from our previous work
[16] and work elsewhere [10] that the reaction between trialkylboranes and
alkali metal hydrides proceeds far better in ether solvents than in hydrocarbon
media or neat [9]. Lithium hydride, as well as lithium deuteride, reacts with a
variety of unhindered trialkylboranes to give lithium trialkylborohydrides and
deuterides [17,18]. The yields are essentially quantitative. However, with
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hindered trialkylboranes, such as tri-s-butylborane, we encountered a major syn-
thetic difficulty [17] (eq. 4, 5 and 6).

THF, 65°C
LiH + R;B oo LiR;BH 4)
2T80R > 95%
R = Me, Et, n-Bu, i-Bu
THF, 65°C
LiD + Et,B -_-h—_) LiEt.BD (5)
THF, 65°C
LiH + s-BuyB ————— Li-s-Bu; BH (6)
21h
10%

The rate of the reaction is strongly influenced by the steric requirement of the
trialkylboranes (Table 1).

Lithium trialkylborohydrides can be isolated as 1:1 [16] or 1:2 [19]
solvates with ether solvents. The solvents can be removed by pumping at mod-
erate temperature without loss of the organoboranes, providing the correspond-
ing unsolvated borohydrides. These materials can then be dissolved in hydro-
carbon solvents, such as benzene, toluene and n-hexane, to give solutions which
are difficult to obtain directly by the reaction of lithium hydride and trialkyl-
boranes in these solvents [16]. Unsolvated LiMe,BH and LiEt,BH readily dis-
sociate into lithium hydride and the corresponding organoboranes at moderate
temperatures. Lithium hydride thus prepared is enormously more reactive than
the commercial lithium hydride and readily reacts with Me;B and Et;B, even in
the absence of solvents, to form the corresponding unsolvated alkylboro-
hydrides [16].

Lithium hydride reacts completely with the dialkylborane, 9-borabicyclo-
[3.8.11nonane (9-BBN), and the monoalkylborane, thexylborane (ThxBH,) at
25°C in 48 h [20] (eg. 7 and 8). Dicyclohexylborane (Chx,BH), disiamyl-

LH + o-pen  JHF.25C_ (7)
48 h

100 %
B— =
)7
. THF,25% N
LiH + ThxBH, _.EmS___ LiThxBH5 (8

borane [bis(3-methyl-2-butyl)borane, Sia,BH] and diisopinocampheylborane
(Ipc,BH) are almost inert to lithium hydride under these conditions [21]. Con-
sequently, the reaction of mono- and di-alkylboranes with lithium hydride was
examined in THF under reflux. Under these conditions, lithium hydride reacts
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TABLE 1
REACTION OF SALINE HYDRIDES WITH REPRESENTATIVE TRIALKYLBORANES IN THF ¢

Trialkyiborane Metal Temp. Trialkylborohydride formed (5%) b Ref,
hydride co)
0.25 05 10 2.0 3.0 8.0 120 240
h h h h h h h h
Triethylborane LiH 25 55 73 78 85 90 92 98 17
LiH 65 97 98 98 98 17
LiD 65 100 17
NaH 25 100 100 17
KH 25 93 96 96 24
Tri-n-butylborane LiH 25 50 74 80 90 17
LiH 65 36 65 92 95 97 17
Nal 25 98 Q99 100 17
KH 25 93 98 98 24
Tri-i-butylborane LiH 25 25 79 91 17
LiH 65 20 74 88 98 99 17
NaH 25 87 89 93 96 100 17
KH 25 96 100 99 24
Tri-s-butylborane LiH 25 [4] (4] 17
LiH 65 (4] o 2 7 10 17
NaH 25 2 5 17
NaH 65 82 90 94 97 100 100 17
KH 25 82 93 100 24
Tricyclohexylborane LiH 65 2 5 8 17
Nakl 65 100 100 17
KH 25 96 26 96 24
Perhydro-9b-bora-
phenalene LiH 65 100 100 18
NaH 25 100 100 100 17
KH 25 100 100 24
Tris(irens-2-methyl-
cyvclopentyl)borane LiH 65 (o] o 17
NaH 65 0 o 17
KH 25 10 20 50 24
Trisiamylborane LiH 65 () o 17
NaH 65 (o] (o] 17
KH 25 2 4 9 24

2 Solutions were 1.0 M in R3B and approximately 50% excess of metal hydride was utilized. & nfonitored
by GLC by measuring the n-octane formed after quenching with n-octyl iodide, or in some cases, by hydro-
lysis of the clear reaction mixture after filtration.

rapidly with 9-BBN and ThxBH,, with the reaction being complete in 12 h and
3 h, respectively. However, this procedure proved not to be suitable for the
preparation of the lithium dialkylborohydrides derived from Chx,BH, Sia,BH
and Ipc,BH. Unlike 9-BBN, these organoboranes are thermally unstable. They
undergo rapid redistribution and/or elimination of alkyl groups at higher tem-
peratures. As a result, a mixture of products is invariably formed [20] (eq. 9).
The reaction of organoboranes with sodium hydride is far more facile than
the corresponding reactions involving lithium hydride [17]. Thus, sodium
hydride reacts essentially with all unhindered trialkylboranes and with a num-
ber of hindered trialkylboranes, even at 25°C (Table 1). Other hindered trialkyl-
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-) BH . )EBHZ .- BH3
N 2 . - -
. THF, 65°C . .
Lik - __24—'_1—_ Li + L
40% 60% )
+

boranes, such as s-Bu3B, react with sodium hydride in refluxing THF rapidly
and quantitatively (eq. 10).
THF, 65°C
s-Bu;B + NaH ——— Na-s-Bu; BH (10)
3n 100%

Highly hindered boranes, such as trisiamylborane (SiazB), are inert toward both
lithium hydride and sodium hydride, even in refluxing THF.

Sodium hydride also exhibits greater reactivity than lithium hydride in its
reaction with mono- and di-alkylboranes [20] (Table 2). The rates of these
reactions vary with the structure of the alkyl grcup on boron. However, even
relatively hindered dialkylboranes, such as Ipc,BH, react quantitatively with
sodium hydride at 25°C (eq. 11).

[ 1

)28H D BH>
NaH + I%‘,_ Na (11)
> 95°%

Trends in the lattice energy of saline hydrides suggest that the reactivity
should increase rapidly in the series, lithium hydride < sodium hydride < potas-
sium hydride [22]. It was shown in a preliminary investigation that potassium
hydride is exceptionally reactive, even towards weak Lewis acids of boron [23].
Unhindered trialkylboranes, such as perhydro-9b-boraphenalene-, triethyl-, tri-
n-butyl- and tri-i-butyl-boranes react with potassium kydride almost instantly
and quantitatively in THF at 25°C [24] (eq. 12).

THF, 25°C X
KH + i-BuzB K-1-Bu;BH (12)
<0.5h

All of the hindered trialkylboranes examined, tri-s-butyl-, tricyclopentyl-,
tricyclohexyl- and tri-exo-2-norbornyl-boranes react rapidly and quantitatively
at 25°C (eq. 13 and 14). However, the reaction of highly hindered trialkyl-
boranes with potassium hydride is quite sluggish. Thus, the reaction of tris-

THF, 25°C
KH + s-Bu;B 5 K-s-Bu;BH (13)
100%
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)58 y BH
. 3
KH + —T—HOF'Z‘;—5hC-—— K (14)

96 /e

(trans-2-methylcyclopentyl)borane proceeds to the extent of 72% in 72 h at
25°C. Trisiamylborane is essentially inert towards potassium hydride under
these conditions (eq. 15 and 16). As shown by the data for the reaction of the

) B ) BH
. e 3
THF, 25°C
: K 15
KH =+ S5 R (15)
72 %o
. THF, 25°C .
. 16
KH + SiasB 5% KSia;B8H (16)
10%.

three alkali metal hydrides with tri-s-butylborane at 25° C: lithium hydride,

TABLE 2
REACTION OF SALINE HYDRIDES WITH REPRESENTATIVE MONOQO-AND DI-ALKYLBORANES
IN THF [20]

Mono- or di-alkylborane ¢ Metal Temp. Mono- or di-alkvlborohydride found (%) b
hydride ‘o
0.25 0.5 1.0 2.0 3.0 6.0 12.0 24.0
h h h h h h h h
9-Borabicyclo[3.3.1]- LiH 25 1) 1) 1) 1) 1) () 30 81
nonane LiH 65 (¢} 4 30 38 54 97 97
NaH 25 o (4] (o] 56 100 100
KH 25 i0o0 100
Dicyclohexylborane LiH 25 o o] o] o o o o 20
LiH 65 o 24 42 58 65 70
NaH 25 o o (0] 4 29 98 98
KH 25 100 100
Disiamylborane LiH 25 o o o o o o 12 49
LiH 65 o 8 73 98 98
NaH 25 o 14 27 47 63 89 100 100
KH 25 100 100
Diisopinocampheylborane LiH 23 o o 14 25 34 49 68 89
LiH 65 o 12 26 61 85 100
NaH 25 o (] (] 12 28 70 99
KH o (V] 65 100 100
Thexylborane LiH 25 (] (o] 0 (o] o o (] (o]
LiH 65 (4] o 22 78 98 98
NaH 25 [¢] o o 20 40 100 100
KH 25 100 100
Monoisopinocampheyl- NaH 25 o 5 10 18 27 55 99 99
borane KH 25 80 1060 100

@ Solutions were 0.5 M in organoborane and approximately 50% excess of alkali metal hydride was utilized.
Monitored by hydrolysis of the centrifuged reaction mixture and by 1y NMR spectroscopy.
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0% in 24 h, sodium hydride, 8% in 2 h; potassium hydride, 100% in 1 h (Table
1).

Potassium hydride reacts almost instantly and quantitatively with mono-
and di-alkylboranes [20]. Indeed, reactions are so rapid and vigorous that care
is needed in controlling the reaction by cooling the flask efficiently in a bath
(~20°C) (eq. 17 and 18). Even such cooling is not adequate for the reaction

THF, 25°C
KH + Sia,BH ——— KSia,BH, an
<0.25h
100%
THF, 25°C
KH + ThxBH, KThxBH; (18)

<0.25 h

between Ipc,BH and potassium hydride, which proceeds vigorously, resulting in
up to 20% dehydroboration. However, this side reaction could be minimized by
mixing the reactants at 0°C and maintaining that temperature for 1 h (eq. 19)
(Table 2).

.- ) BH - )_BH:
- 2 ° -7 2
KH + l"%i.__ K /I (19)
~J1
> 959,

3. Metal hydride transfer reaction

3.1. Reaction of lithium trimethoxyaluminohydride with organoboranes
As pointed out in the previous section, alkali metal hydrides fail to react
with the highly hindered trialkylboranes (eq. 20). Investigations in our labora-

THF, 25°C
MH + Sia;B “on MSiaz;BH (20)
0—10%

(M = Li, Na or K)

tory have established the importance of hindered and highly hindered alkyl-
substituted borohydrides for the stereoselective reduction of cyclic ketones
[5,6]. Consequenily, we became interested in exploring various procedures for
the general synthesis of alkyl-substituted lithium borohydrides, applicable to
unhindered, hindered and highly hindered trialkylboranes.

Recently we reported that the reductive cleavage of THF and related ethers
by lithium {ri-t-butoxyaluminohydride (L TBA) induced by Et;B proceeds
through the formation of LiEt;BH [13]. We also observed that the addition of
a molar amount of triethylborane to a THF solution of lithium trimethoxy-
aluminohydride (LTMA) results in an instantaneous, vigorous, exothermic
reaction, forming a gel. However, nc reductive cleavage of THF or loss of
hydride was noted. Analysis of the reaction mixture indicated that a metal
hydride transfer reaction had taken place to form the corresponding lithium
triethylborohydride and a polymeric gel of aluminum methoxide [25]. Our
preliminary studies with other trialkylboranes indicated that even in the case
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of hindered trialkylboranes the reaction is essentially complete in about 15 min
at 25°C, the rate being far faster than that involving the direct reaction with
lithium hydride (eq. 21). Encouraged by this preliminary study, the reaction of

LiH, THF

- Li-s-Bu,BH
25°C.24h 0%
s-Bu,B — (1)
LiAIH(OCH3)3, THF _
25°C, 0.25 h Li-s-Bu,B
T 100% ¢

LTMA with representative series of trialkylborane was examined in detail [26].
The results summarized in Table 3 clearly indicate that the metal hydride
transfer from LTMA to trialkylboranes is exceedingly rapid, essentially com-
plete in less than 15 min at room temperature. All of the trialkylboranes
examined, unhindered, hindered and highly hindered, underwent rapid and
essentially quantitative hydride transfer [26] (eq. 22, 23 and 24). The rate is

THF, 25°C
LiAIH(OCH,;); + Et;B —— LiE{;BH 22)
0.25h
96%
THF, 25°C
LiAIH(OCHj3;); + s-Bu;B —— Li-s-Bu;BH (23)
025h
98%
THF, 25°C
LiAIH(OCHj;); + SiazB ——— LiSia;BH (24)
0.25h 98%

far faster than that involving direct reaction with lithium hydride. The greatly
enhanced reactivity of LTMA over lithium hydride may be attributed to the
solubility of the former in THF. The LTMA solution in THF can be con-

TABLE 3
REACTION OF LiAlH(OCH3)3 [26] AND KHB(O-i-Pr)3 WITH REPRESENTATIVE TRIALKYL-
BORANES IN THF

Trialkylborane From LiAlH(OCH3)3 + R3B 2 From KHB(OQ-i-Pr)z + R3B ¢
Temp. Time MR3BH Temp. Time MR3BH
co ) formea ?  (°C) ) formed ©

(%) (%0)

Triethylborane 25 15 95 25 5 >98

Tri-n-butylborane 25 15 99 25 5 >98

Tri-i-butylborane 25 15 94 25 5 >98

Tri-s-butylborane 25 15 98 25 5 >98

Tricyclopentylborane 25 15 100

Tricyclohexylborane 25 ib 98

Tri-exo-2-norbormylborane 25 15 100

Tris(frans-2-methylcyclopentyl)borane 25 15 98 25 5 >98

Trisiamylborane 25 15 99 25 5 >98

2 Solutions were equimolar in concentrations, approximately 0.5 M, b Monitored by GLC by measuring
cyclohexanol or 2-butanol formed after Quenching with cyclohexane oxide or 1,2-epoxybutane, respectively.
€ Monitored by 1B NMR.
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sidered a soluble complex of lithium hydride. Moreover, aluminum methoxide
is a weaker Lewis acid than trialkylborane. Consequently, the trialkylborane
can extract the hydride ion from the LTMA molecule.

It was pointed out earlier that the mixtures of lithium trialkylborohydride
and aluminum methoxide are sometimes quite viscous or become gels, probably
due to the formation of aluminum methoxide polymers. The polymeric alumi-
num methoxide is inert and does not interfere in the further reactions of the
trialkylborohydrides. Occasionally we encountered difficulty in stirring the
reaction mixture efficiently. This difficulty can be circumvented by adding
lithium methoxide, which causes dissolution of the gel, producing a clear solu-
tion. Examination of the clear solution indicated that the lithium tetramethoxy-
aluminate formed is solubilized by lithium trialkylborohydride. The correspond-
ing reaction of LTMA with mono- and di-alkylboranes has not yet been investi-
gated.

3.2. Reaction of lithium tri-t-butoxyaluminohydride with organoboranes
Both LTMA and lithium tri-t-butoxyaluminohydride (L.TBA) have been
utilized to achieve the carbonylation of organoboranes (eq. 25). In the case of

LTMA, it has been established that there occurs a rapid transfer of metal

H
l
R,B + CO + LiAIH(OR'); ~ R;—B—C—R Li
OAI(OR'), (25)

1[0]

hydride from LTMA to the organoborane to form the corresponding alkyl-sub-
stituted lithium borohydride [26]. It was of interest to examine whether LTBA
also transfers metal hydride to the organoborane as an essential step in the
carbonylation reaction. Initial study revealed that the addition of an equimolar
or catalytic quantity of trialkylboranes to a THF solution of LTBA results in a
rapid loss of hydride with concurrent formation of n-butanol (from the reduc-
tive cleavage of THF'). The rate of reductive cleavage of THF decreases with
increasing steric requirements of the organoborane.

In contrast to THF, tetrahydropyran (THP) is cleaved sluggishly. Conse-
quently, this solvent can be used to follow the course of the reaction of LTBA
with trialkylboranes of different steric requirements [27]. The results clearly
indicate that a complete metal hydride transfer from LTBA to the trialkylborane
occurs rapidly only in the case of unhindered trialkylboranes. Thus the above
reaction, while interesting, is not a useful method for borohydride preparation.

3.3. Reaction of organometals with organoboranes

Corey et al. [28] have reported that the reaction of thexyllimonylborane (1)
with lithium hydride fails to give the corresponding trialkylborohydride (2).
However, treatment of the same organoborane with t-butyllithium at —40°C
gives the desired trialkylborohydride (2) (eq. 26).
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- - B~ - &
b £-BuLi. THE 4 ™ LiH -
-40°C Li “—"‘#L—— 26)

(1) £2) (1

This borohydride was used in the selective reduction of prostaglandin inter-
mediates, but few experimental details concerning its preparation have been
presented. Other trialkylborohydrides were prepared in a similar manner, again
with little experimental information {29].

It is apparent that the reaction of trialkylboranes with t-butyllithium is
potentially an extremely important method for the preparation of lithium tri-
alkylborohydrides. Accordingly, we undertook a systematic study of this reac-
tion to determine its scope and limitations [30]. Representative trialkylboranes
possessing widely differing steric requirements were selected for this study. The
reaction was followed by !B NMR spectroscopy. It was found that this reac-
tion occurs rapidly in ether solvents, even at —78° C, with formation of the
corresponding lithium borohydrides. It is necessary to maintain the reaction
temperature below —20°C to achieve quantitative formation of the trialkylboro-
hydride. This synthesis is highly general, accommodating even strongly hindered
trialkylboranes such as trisiamylborane. The only by-product, isobutene, is
innocuous and can be easily removed (eq. 27).

RsB  + LiCI?——— TE—  URBH - >== 27)

It was of interest to understand whether the transfer of metal hydride from
t-butyllithium to triatkylborane was a thermodynamic or kinetic phenomenon.
For this purpose, we examined two systems by ''B NMR. Addition of methyl-
lithium to B-t-butyl-9-borabicyclo[3.3.1]nonane [ B-t-Bu-9-BBN (3)] resulted
in the formation of the corresponding “ate” complex (4) (eq. 28). No trialkyl-

@B++Meu ——— L] @Bé (28)
(3) 4)

Y"g NMR : 6 — 16.7 ppm

borohydride was observed. However, attempts to synthesize the same com-
pound via treatment of B-methyl-9-borabicyclo[3.3.1Jnonane [B-Me-9-BBN
(5)1 with t-butyllithium produced the corresponding trialkylborohydride (6)
exclusively (eq. 29). Consequently, the pathway for these reactions is not

CH5
| _ S
B—CH; + LC—— ——==— L] B (29]
l \H

(5) (6)

g NMR : 6 - 158 ppm (d)



54

determined by the nature of the product formed (thermodynamic control),
but by the properties of the reactants (kinetic control).

A similar metal hydride transfer reaction has been reported using s-butyl-
lithium {31]. Thus di-s-butyl-mono-n-butylborane (7) reacts with s-butyllithium
to give the corresponding trialkylborohydride (8) rather than the lithium tetra-
alkylborate (eq. 30). Here agair the reaction is controlled by kinetic factors

/n—Bu
(s-Bu);-B-n-Bu + s-Bul.i > Li s-BuzB\ (30)
H

(7) (8)
rather than by thermodynamic factors.

Recently the synthesis of trialkylborohydrides with t-BuLi has been used to
prepare cis-alkenyldialkylboranes [ 32]. Thus, 1-halo-1-alkenyldialkylboranes
(9) react with t-BulLi at —78° C to give the corresponding trialkylborohydrides
(10). These borohydrides undergo anionotrcpic rearrangement to give the cor-
responding cis-1-alkenyldialkylboranes (11) (eq. 31).

R X R 6(\

>=< + t-Buli EFQ——- >: + Lt H
-78C
H BR;:

B H H(/ BR>

1
(3) (10) (31)

(11)

The metal hydride transfer from an organometallic reagent to a trialkyl-
borane appears to be a general reaction [33]. It depends on the nature of the
organometallic compound and increases regularly within the series: primary <
secondarv < tertiary.

Until recently, it was assumed that dialkylboranes could be easily converted
into trialkylborohydrides via alkylation with organolithium reagents (eq. 32).
This route has been used by several workers in attempts to prepare selective
reducing agents [28,29] and asymmetric reducing agents {34]. Thus, Grundon
et al. [35] claimed that a new class of chiral reducing agents, lithium alkyl-
diisopinocampheylborochydrides, can be prepared by the direct reaction of
alkylithium reagents with Ipc,BH (eq. 32). The reagents prepared in this way

r R

pd
) BH

- ) B
- 2 -~ T2 \H
+ RLI Li (32)
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were used to reduce unsymmetrical ketones to the optically active alcohol with
optical yields in the range of 5—45% [35]. In all cases the proposed boro-
hydrides did not possess the speed or selectivity typical of the lithium trialkyl-
borohydrides in the reduction of alkyl halides [36,37].

In view of this observation, an investigation was undertaken to establish the
nature of the product from the reaction of dialkylboranes with organolithium
reagents [21]. The dialkylboranes, 9-BBN, Chx,BH and Sia,BH, were selected
for the study. Each was treated with methyllithium, n-butyllithium, phenyi-
lithium and t-butyllithium and the reaction was followed by !'B NMR. The
reaction of these dialkylboranes with primary and aryl organolithium agents
did not produce the expected trialkylborohydride. Instead, the products proved
to be equal amounts of mixed lithium tetraalkylborate and lithium dialkylboro-
hydride (eq. 33). The reaction of dialkylboranes with t-butyllithium appears to

R.BH + R'Li—~ LiR,BH, + LiR,R’B (33)

be more complex and is not fully understood.

3.4. Reaction of alky! or alkoxy borohydrides with organoboranes

Certain alkyl borohydrides can react with an organoborane, transferring
metal hydride, to produce the alkyl-substituted borohydride derived from the
organoborane. Negishi has developed a synthesis of cis-1-alkenylboranes involv-
ing the reaction of 1-halo-1-alkenylboranes with lithium triethylborohydride
[38] (eq. 34). This reaction apparently proceeds through a metal hydride trans-

BR:

R X R
>=< + LiEtaBH >_-——< + EtsB + LiX (34)
BR2 H H

H
(9) (11)

fer from lithium triethylborohydride to the 1-halo-1-alkenylborane, followed
by rearrangement [32] (eq. 35).

R X
>——————< + LiEtsBH Li \F—/ + EtsB
H B8RS H (\BRé

(35)

Similarly, metal hydride transfer is also observed in the reaction of a trialkyl-
borohydride with a dialkylborane [39] (eq. 36). The same transfer is also ob-

MR,BH + R,BH -~ MR.BH, + R,B (36)

served in the reaction of a dialkylborohydride with a monoalkylborane [39]
(eq. 87). In general, the metal hydride is transferred from a weaker Lewis acid

MR,BH, + R'BH, -~ MR'BH, + R,BH (37)
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to a stronger Lewis acid. Similarly, in the reaction between sodium trialkyl-
alkynylborate (12) and diethylborane, a trialkylborohydride (13) is formed
[40] (eq. 38). The trialkylborohydrides (13) are valuable intermediates, since

H
|
NaEt,B—C=C—CH, + Et,BH - Na |Et,B—C=C—CH,| + Et,B (38)
(12) (13) B

they can produce dialkylalkynylboranes (14), which are difficult [41,42] to
prepare (eq. 39).

r H

R

Na !Eth—CEC——CH_a, + CH;I » Et,B—C=C—CH, + CH, + Nal (39)
L (13) (14)

Another example of this metal hydride transfer is the reaction of potassium
tri-i-propoxyborohydride [ KHB(O-i-Pr);] with trialkylboranes [43]. Thus, the
addition of i-Bu3B to one equivalent of KHB(O-i-Pr); in THF at 25°C results in
a rapid, quantitative metal hydride transfer to yield an equimolar mixture of
potassium tri-i-butylborohydride and tri-i-propoxyborane (eq. 40). The reaction
can be monitored by !B NMR. Even organoboranes with greater steric hindrance

THF, 25°C

KHB(O-i-Pr); + i-Bu;B ——> K-i-Bu,BH + B(O-i-Pr); (40)

than i-Bu;B undergo rapid quantitative metal hydride transfer from KHB(O-i-
Pr);. In this manner, trialkyiboranes too hindered to undergo direct reaction
with potassium hydride [24] are readily converted to the corresponding trialkyl-
borohydrides (Table 3). This reaction is in line with the previous examples
shown. Trialkylboranes are much stronger Lewis acids than tri-i-propoxyborane
and therefore abstract metai hydride readily from KHB(O-i-Pr); to form the
potassium trialkylborohydrides.

The reaction of KHB(O-i-Pr); with mono- and di-alkylboranes has not yet
been explored. The formation of the corresponding alkyl-substituted boro-
hydrides is anticipated.

3.5. Reaction of lithium aluminum hydride with organoboranes
It has been reported that lithium aluminum hydride reacts with trimethyl-
borane tc give complex products [44] (eq. 41). More recently, lithium alumi-

LiAlH, + Me;B - LiMeBH; + Me, AIH (41)

num hydride was evaluated for its applicability in the hydride-induced carbony-
lation of organoboranes [45]. The subsequent discovery that other complex
hydrides used in this reaction [LTMA, LTBA and KHB(O-i-Pr);] transfer alkali
metal hydride to the triaikylborane [26,27,43] generated interest in a sys-
tematic investigation of the reaction of LiAlH, with representative organo-
boranes as a potential route to the lithium alkyl-substituted borohydrides.
Addition of a THF solution of LiAlH, to triethylborane resulted in a moder-
ately exothermic reaction. Examination of the clear, colorless solution by ''B
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NMR unexpectedly revealed a triplet (6 16.7 ppm, J 67 Hz) instead of the
anticipated doublet. Other trialkylboranes with a primary alkyl group gave
similar results. Evidently the reaction proceeds as shown in equation 42.

THF, 25°C
LiR,BH, + RAIH, (42)

LiAlH, + R;B

Trialkylboranes having a secondary alkyl group behaved somewhat differ-
ently. Addition of LiAlH, caused vigorous exothermic reactions and formation
of white precipitates. Examination of the supernatant solutions by !'B NMR
revealed apparent mixtures of dialkyl- and trialkyl-borohydrides. The above
reaction was carried out at —78°C and the solution examined as rapidly as
possible by "B NMR. Initially a doublet signal, attributed to the desired tri-
atkylborohydride, is observed. This disappears rapidly to give rise to the triplet
due to dialkylborohydride. These results established that the reaction proceeds
with the initial formation of the desired trialkylborohydride (eq. 43), followed
by a transfer of an alkyl group (eq. 44).

LiAlH, + R;B _:FC LiR,BH + AlH, (43)
) THF
LiR;BH + AlH; _—— LiR.BH, + RAIH, (44)

This result indicated that a new synthesis of lithium trialkylborohydride
might be achieved if the aluminum hydride could be trapped as soon asg formed
so as to avoid the fast subsequent reaction. We had recently observed that tri-
ethylenediamine (TED) rapidly and quantitatively precipitates aluminum
hydride as TED - AlH; from diethyl ether (EE) and THF [47]. Accordingly, the
lithium aluminum hydride solution (EE) was added to an EE solution of tri-
alkylborane containing 1.0 equivalent of TED at 0°C. A voluminous white pre-
cipitate of TED- AlH; formed rapidly. The supernatant liquid, examined by !'B
NMR and IR, revealed the quantitative formation of the trialkylborohydride.
Initially, the precipitate is present as a voluminous gel, difficult to separate
from the solution. However, on standing for approximately 12 h, it becomes
granular, easily separated by centrifugation from the reaction mixture. The
resulting solution contains the product in pure form. This reaction is general
and is applicable to a wide variety of trialkylboranes [46].

In an analogous manner, mono- and di-alkylboranes react with lithium alu-
minum hydride, in the presence of TED, to form the corresponding alkyl-sub-
stituted borohydrides [48]. To prepare the lithium dialkylborohydrides, the
reactions were generally run by adding a solution of TED in EE to the dialkyl-
borane in EE with constant stirring. The resulting clear solution was then
treated at 0°C with a solution of lithium aluminum hydride in EE. A volumi-
nous white precipitate of TED-AlH; formed rapidly. Initially, the precipitate
was present as a voluminous gel. However, on standing for approximately 12 h,
it became granular, readily centrifuged from the reaction mixture. Apparently
the reaction proceeds as shown in equations 45, 46 and 47. In the case of

o

R,BH + TED ‘f}i‘i TED-BHR, (45)
min
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EE. 0°C
TED-BHR, + LiAlH, 30—m—_n—> LiRBH, + AlH,; + TED (46)
1

o

EE . 0 C
AlH; + TED —— TED-AlH;3! 47
9-BBN, the formation of the TED complex took more than 1 h for completion.
If the lithium aluminum hydride were added before the complete formation of
TED-9-BBN, a mixture of products was obtained. Alternatively, 9-BBN can be
reacted directly with an EE solution of LiAlH; and the resulting solution
treated with TED in EE to remove aluminum hydride (eq. 43). This reaction

9-BBN  + LiAlH, ;E;: .0°C @ + AlH3 (48)
min

establishes that, unlike many trialkylborohydrides examined [46], this dialkyl-
borohydride does not undergo rapid exchange reaction with free aluminum
hydride.

All of the monoalkylboranes selected for the reaction with lithium aluminum
hydride were prepared and used as their triethylenediamine adducts (TED-BH,R
[48]. The reaction between TED-BH,R and lithium aluminum hydride is rela-
tively slow at 25°C. Consequently, the reaction was examined in refluxing THF.
Under these conditions, the reaction is complete in 1—3 h (eq. 49).

THF, 65°C
TED-BH.R + LiAlH, S LiRBH; + TED-AlH3{ (49)

4. Miscellaneous methods

Alkyl-substituted borohydrides can also be formed by the addition of certain
metal salts to dialkylboranes. Thus 9-BBN reacts with sodium or potassium
cyanide in THF to form the corresponding 9-cyano-9-hydrido-9-borabicyclo-

MCN + 9S-BBN THF.257C / (50)
12 h
CN

(M = Na, K) 15

[3.3.11nonane (15) (eq. 50), which is a useful reagent for reducing allylic
halides [49]. However, this borohydride has not been prepared in pure form
and no ''B NMR data is available [49]. Similar reactions have been carried out
using Chx,BH, Sia,BH [50,51] and Ipc,BH [52], but no !B NMR data are
available to charaeterize the product.

The corresponding reaction of monoalkylboranes with alkali metal cyanides
has not been described.

It has been reported that diethylmagnesium reacts with diborane in EE at
25°C to give colorless ether-soluble magnesium alkyl-substituted borohydrides
(16 and 17) (eq. 51) [53]. The borohydrides 16 and 17 decomposed above
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Et,Mg + BoHg ——= Mg[EtBH3], + EtMg[EtBH;] (51)
(16) (17)

80°C to MgH, and Et,BH. Pure borohydride 16 was formed at a magnesium—
boron ratio of 1 or less. A mixture of 16 and 17 was obtained at a magnesium—
boron ratio of 1 to 6. No further alkylation occurred at higher ratio.

More recently, Goel [54] reported that the reaction of alkylmagnesium
hydrides (RMgH) with borane-tetrahydrofuran (THF -BH;) gave magnesium
alkyl-substituted borohydrides (eq. 52). The stabilities of these compounds are

RMgH + THF -BH; -~ HMg[RBH;] (52)
(R = Me, Et, i-Pr, Ph)
dependent on the alkyl groups. Thus, when the alkyl groups are Et, i-Pr or Ph,

the magnesium borohydrides are stable. When the alkyl group is methyl, the
borohydride disproportionates according to the equation 53.

2 HMg[MeBH;] - MgH, + Mg[MeBH;]. (53)

Recently it was reported that the reagent system generated from dicyclo-
pentadienyltitanium dichloride (Cp,TiCl,) and two molar equivalents of lithium
borohydride promoted the catalytic hydroboration of olefins with lithium boro-
hydride to give lithium alkyl-substituted borohydrides [55] {eq. 54 and 55).
The reaction occurs predominantly in the anti-Markovnikov fashion.

THF, 25°C X R _
“Titanium-Boron Complex”’ (54)

(18)

Cp,TiCl, + 2 LiBH,

(18), 45°C

LiBH, + 3 olefin LiR,BH (55)

The possibility that alkylboranes are produced as primary products of this
catalytic reaction is ruled out by ihe observation that the hydroboration of
2-octene with LiBH, gives the same products having similar isomeric distribu-
tion at 45°C and 150°C (eq. 56 and 57). It is known that tri-2-octylborane
readily isomerizes to tri-1-octylborane at 150°C and would lead to 1-octanol
after oxidation [56]. However, 2-octanol was observed as the major product,
even at 150°C (eq. 57). Hence, it was concluded that tri-2-octylborane was not
produced during the reaction and the tri-2-octylborohydride was formed by the
direct hydroboration of 2-octene with LiBH,. (This conclusion should be

LiBH, + 3NW (i) uB)diglyme,45°C, 46 h
e (i (0] — o)

OH
6 : 1
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LiBH, + 3 /\/W (i) (18),diglyme ,45°C,46 h

(ii) 150°C,1 h (57)
(i) [O]
/\/\/Y - \
OH
6.5 : 1

accepted with caution since tri-2-octylborane isomerizes rapidly only in the
presence of diborane or boron-hydrogen moieties.) No ''B NMR data was pre-
sented to substantiate the formation of lithium alkylborohydrides in the
catalytic reaction of LiBH,; with olefins.

5. Spectral data

5.1. Infrared spectra

Alkali metal alkyl-substituted borohydrides display a strong and broad
absorption in the infrared region due to the B—H stretch in the borohydride
anion. This absorption is typical of this new class of compounds. For example,
trialkylborohydrides [17,24] exhibit a characteristic absorption around 2000
cm™!. The exact frequency depends on various factors, such as the solvent and
nature of the alkyl group and the cation [9]. Dialkylborohydrides [20] exhibit
a B—H absorption around 2100 cm™!, while the monoalkylborohydrides [20]
absorb at 2200 ecm™! and sodium borchydride at 2300 em™!. The regular change
in the B—H frequency, as we go from trialkylborohydride to unsubstituted
borohydride, is interesting and may be related to the inductive effect of the
alky! substituent (Tables 4 and 5).

5.2. !B NMR spectra

Trialkylboranes exhibit a very broad singlet around § 80 ppm (EE -BF5). Solu
tions of trialkylborohydrides exhibit sharp signals between § —6 to —17 ppm.
Potassium trialkylborohydrides exhibit clean sharp doublets (due to boron—
hydrogen coupling) [24]. Similarly, all of the sodium trialkylborohydrides
exhibit well-defined doublets [17]. However, lithium trialkylborohydrides, as
normally prepared, exhibit singlets [17]. It was observed by C.A. Brown [57]
that addition of even a trace of triethylborane to a sample of potassium tri-
ethylborohydride resulted in the collapse of the doublet to a singlet due to
exchange. A similar fast exchange was also observed for the K-n-Bu;BH—n-Bu;B
system. The rate of exchange was remarkably sensitive fo increases in the steric
requirements of the alkyl groups on boron [57].

Thus, the singlet observed for the lithium trialkylborohydrides, prepared
from lithium hydride and trialkylboranes, presumably results from the presence
of a small quantity of free trialkylborane, which rapidly exchanges with the
lithium trialkylborohydride, resulting in the coalescence of the doublet. Addi-
tion of a minute amount of t-butyllithium, a procedure that converts free tri-
alkylboranes into borohydrides [28], converts the singlet into a clean doublet.

(Continued on p. 63)
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The lithium trialkylborohydrides prepared from trialkylboranes and LTMA
[26], t-butyllithium [30] or LiAlH, [46] exhibit sharp doublets. This is taken
as evidence for the completeness of the reaction [58] (Tables 4 and 5).

Mono- and di-alkylboranes exhibit signals between § 20 to 35 ppm, whereas
the corresponding borohydrides exhibit signals between § —5 to —22 ppm.
Consequently, the reactions could be easily followed by the disappearance of
the mono- or di-alkylborane signal with complete formation of the borohydride
signal in the !B NMR spectra [20]. All of the lithium dialkylborohydrides
exhibit triplets and the lithium monoalkylborohydrides display sharp quartets
in the B NMR spectra (Tables 4 and 5).

6. Cornclusions

The objective of this review was to trace major developments, largely in our
own research program, which led from the initial observation of the exceptional
reducing action of alkyl-substituted borohydrides to the present time when we
have numerous reagents, methods and applications based on such “‘Super
Hydrides’ for selective reductions in organic chemistry. In this review, particu-
lar emphasis has been given to the development of practical synthetic routes to
alkyl-substituted borohydrides which make such hydride reducing agents readily
available to the organic chemist. Still we are in constant search of new synthetic
routes to these selective reducing agents that are capable of reacting with a
specific functional group in the presence of other functional groups, as well as
achieving exceptional stereoselectivities in the reductions.
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