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I .  Introduction 

Alfred Stock (131) and his collaborators were the first to  characterize 
a series of boranes. Properties and many reactions reported by them (1912- 
1936) have required but little revision to  this day. For one hundred years 
prior to the investigations of Stock and his co-woi kers, the boron hydrides 
had been produced intermittently, but they were not identified or analyzed 
correctly. Stock’s work stimulated others, notably Burg and Schlesinger, 
to enter this field so that from 1930 until 1942, the date of an important 
review ( I l l ) ,  structural studies were carried out, and the abandon with 
which the boranes enter into chemical combination with themselves and 
with other molecules became evident. Development of improved, or even 
new, experimental methods has necessitated reinterpretation of most of 
the early structural results. As would be expected, preparative studies 
carried out prior t o  about 1942 have required less revision, providing a firm 
foundation on which a great extension of synthetic work could be built. 

Until fairly recently interest in boron hydride chemistry was largely 
academic but was sustained by the failure of the boranes, and certain 
compounds related to  them, to  conform with the usual rules relating chemi- 

279 



2x0 F. G .  A. STONE 

cal composition with classical valence theory. This has now changed, and 
in little more than a decade the boron hydrides and their derivatives have 
assumed an importance far greater than could possibly have been envisaged 
hy pioneer workers in this field. This is a conscquerice of the production of 
certain boron compounds on an industrial scale for use as fuels and fuel 
additives (I&') and as reducing agents in organic and inorganic chemistry 
(56) * 

Compounds rich in both boron tirid hydrogcil are especially suitable as 
chemical fuels because they combine such properties as high energy content 
per unit weight with high density and with low melting point. Of all thc 
elements hydrogen has the highest heat of combustion, 52,000 BTU/lb a t  
25°C. Carbon has a heat of combustion of 14,500 BTU/lb. Hydrocarbons, 
therefore, have intermediate hc:h of combustion. Thus kerosene burned in 
jet engines yields about 18,600 BTlJ/lb. Boron itself releases 25,000 
BTU/lb when burncd, arid when it is combined with hydrogcri in the form 
of diborane (13zH6) cornbustion yields 32,000 Brl'lJ/lb. The hydrides R5Hs 
 id RloHIP arc' only a little less efficient in this rcspect. The boranes are thus 
theoretically far superior fuels to herosene.' However, actual fueIs currently 
being produccd are believed to  be alkylated boranes. Introduction of carbon 
decreases rfficicwy, but the resulting compound would be easier to  manipu- 
late than a simple boron hydride. 

New principles of propulsion may in time make chemical fuels obsolete. 
Furthermore, boron is a somewhat rare element. From the point of view of 
industrial iritcrcst in this field, it is fortunate that compounds containing 
boron and hydrogen have other applications, for example, as reducing 
agcnt 8. 

Boron hydride structures and structures of moIecules related to them, as 
well as other properties associated with bonding problems in these com- 
pounds, have been reviewed in the first volume of this series (83). Here it 
is intended to  survey chemical reactivity of the boranes and of their 
derivatives. 

Rapid expansion of boron research with isolation of many new substances 
has led to  a proposal that there should be a new scheme of nomenclature 
for boron cornpounds (90, 100). Most workers now reporting their result,s in 
the English language literatme do so in accordance with the new scheme. 
Although the subjcct is still being debated with vigor and there has been 
no international agreement on the subject, the new system of naming will 
be used here, except where long-established compounds are involved and 
trivial designations have received widespread usage. The new system may 

A recent useful article on this subject is by D. R. Martin (83~). However, it now 
appears that performance of the borane fuels has not lived up to expectation, and costs 
arc much higher than anticipated. See Chem. Eng. News 37, No. 36, 38 (1959). 
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be illustrated by considering the BH, group, long referred to as borine 
but now better described as borane, thereby emphasizing its relation to the 
commonest boron hydride, diborane (B2Hs). A natural extension is to con- 
sider most compounds as being derived from borane, thus calling alkyl 
compounds RaB, RZBX, and RBX2 trialkylboranes, dialkylhaloboranm, 
and alkyldihaloboranes, respectively; for example, (CH3)3B, trimethyl- 
borane; (C2H6)2BBr, diethylbromoborane; and C2HsBF2, ethyldifl uoro- 
borane. Other new names put forward have received far less support; for 
example, tetrahydridoborate(II1) for the BH 4 - ion. * 

Through the years the boron hydrides and their derivatives have been 
reviewed several times, and the reader would do well to refer to these arti- 
cles (6, 10, 27, 57, 111, 132, 146, 147) for a more detailed survey of borane 
chemistry than is possible in the space available here. 

Well-authenticated boron hydrides are listed in Table I. Characteriza- 
tion of these hydrides does not preclude the isolation of others (83). Proper- 
ties known at present to be common to all boranes include thermal instabil- 
ity; susceptibility to hydrolysis, to alcoholysis, and to oxidation; toxicity; 
ability to react with ammonia and with many electron-pair donor molecules 
[for example, (CHa)sN]; and a tendency to undergo substitution of their 
hydrogen atoms by halogen or alkyl groups. 

As might be expected, the hydrides possess these properties to varying 
degrees. At ambient temperatures decomposition of pure diborane is less 
than about 10% in a year but at  100" it rapidly forms hydrogen and other 
hydrides. On the other hand, tetraborane-10 and pentaborane-1 I decom- 
pose into other boranes fairly rapidly at room temperature. Similarly, 
whether or not a borane will inflame on contact with air depends not only 
on the borane but also on the conditions of temperature and pressure. Most 
of these general properties have been known for a long time, but in the last 
ten years much work has been done to pIace knowledge of them on a more 
quantitative basis. The following studies illustrate this point. Pressure and 
composition explosion limits have been determined for diborane-oxygen 
(91 , 97) and pentaborane-8oxygen (2,  92) mixtures. The results have been 
interpreted in terms of branched-chain reactions, with oxygen atoms prob- 
ably taking part in chain propagation. Experiments have shown (119, 120, 
144) that the hydrolysis of diborane and of pentaborane-9 very likely 
involves the intermediate 

+ -  
1320. BHI, 

and Stock's (131) observation that pentaborane-9 reacts only slowly with 
water at room temperature has been shown (121) to be due to poor miscibil- 
ity of the hydride with water. In the presence of a mutually miscible solvent 
(dioxane) the rate of hydrolysis of pentaborane-9 is fast. A kinetic study 



TAkBLE I 
PHYSICAL CONSTANTS OF THE VOLATILE BORON HYDRIDES 

Name Diborane-6 Tetraborane-10 Pentaborane-9 Pentaborane-li Hexaborane-10 Enneaborane-15 Decaborane-14 u- 

Melting g 
E 

point ("C) -165.5 - 120 -46.6 - 123 -63.2 - 20 99.7 

point ("C) -92.5 18 48 63 82.2 
Boiling 

213 - 
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(7 ,  8) has been made of the reactions between decaborane-14 and various 
alcohols, and deuterium exchange of decaborane-14 and deuterium oxide 
has been examined (68). Partial hydrolysis of pentaborane-11 below room 
temperature yields tetraborane-10 (IS). This reaction illustrates a new 
principle-interconversion of boranes by appropriately chosen chemical 
reagents rather than interconversion via thermal decomposition type 
reactions. A further example of this procedure is the synthesis of the 
hitherto rare B6HI0, several physical properties of which have recently 
been reported (56u), by treating BsHll with dimethyl ether or certain other 
basic reagents (1%). 

11. Reactions of the  Boranes and Their Derivatives 

A. GENERAL PRINCIPLES 
On the basis of known behavior most boron hydride reactions may be 

assigned to two main classes. The first class involves removal of a borane 
group from a boron hydride structure, while the second class involves 
nonsymmetrical cleavage of the hydrogen bridge bonds in a borane.2 

Removal of a borane group often occurs when a borane is treated with a 
nucleophilic reagent. The initial product of this type of reaction is an adduct 
of the borane group, but the nature of the donor part of the adduct controls 
the subsequent fate of the whole. For all such compounds there is a tend- 
ency, varying from complex to complex, to dissociate reversibly into donor 
and acceptor parts. Thus whereas (CH&S * BH3 (49) is appreciably dis- 
sociated in the gas phase at  50", the compound (CH3)QP . BH3 (43) may be 
heated to 200' without appearance of significant amounts of borane decom- 
position products. 

Some borane adducts decompose irreversibly. Thus if the ligand atom 
has hydrogen bonded to it, elimination of molecular hydrogen from the 
complex occurs either as soon as it is formed [ ] or on heating; for example, 
BzHo + ROH + [R(H)O. BHa] + ROBHz + FL 

4 (R0)zBH + (RO)aB + BZH6, (38)'" 
disproportionation 

heat 
(CHa)?NH + BzHa (CH3)zNH. BH3 ---+ (CH3)zNBHz + Hz. (36, S7,148,149)3 

*a In this chapter, parenthesized numbers appearing to  the right of chemical equa- 
tions are reference numbers throughout. 

* Since this article was submitted to the publisher, two papers concerned with classi- 
fication of the reactions of the boranes in relation to their structures have appeared 
(83a, 85a). 

3 This compound, N,N-dimethylaminoborane (mp, 75"), like most BH2 derivatives 
polymerizes. When prepared by this method, the solid is dimeric but a monomer- 
dimer equilibrium exists in the gas phase, complicated by some disproportionation t o  
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Reactions related to these are the iriariy which occur in the gas phase 
between boranes and molecules with insufficient dative bonding power to 
permit formation of a definite complex even at  low temperature; for 
example, 

IbTI, + HpAs + Hz + (HzAsBHz)~, (1%) 

BzHs + (CF3)2PII I32 f [(CF&PBHz]s. (31 1 

An alternative route for irreversible decomposition of a borane adduct in- 
volves transfer of hydride from boron to the ligand, usually occurring with 
a rapidity sufficient to prevent isolation of an initial complex. Indeed, exist- 
ence of an adduct at  the first stage of reaction can often only be inferred 
from the nature of the final product; for example, 

l 3 z T I ~  + CsH6 + CH, - + BH, + [CHJCHZCHZBH~] * (CsH7)aB, (59) [ <[I: ] disproportionation 

BpHr, + CHaC€TO 4 [CHsCHO . BHal+ [CHsCHzOBHzI > 
disproportionat ion 

(CzHpO)zBH + (CzHsO)&. (16) 

The boron hydrides function as Lewis acids in these reactions involving 
borane. In this connection important energy factors are dissociation of the 
boron hydride in the gas phase to give a borane fragment, vaporization of 
the base if it is a liquid or solid, adjustment of borane and of the base to 
configurations prcscnt in the final product, energy released in dative-bond 
foimation and in condensation of product to a liquid or solid (13.2, 233). 
Thus each reaction must be examined individually, and although data for 
component parts of such an eriergy cycle are lacking, the cycle can be used 
qualitatively for discussion of real or possible compounds. Physical proper- 
ties of several borane addition compounds are presented in Table 11. Heats 
of dissociation and heats of formation of a number of borane coordination 
compounds have been measured. Borane exists in its standard state as 
B2H6, so that the measurements nrcessai ily irivolve this dimer. However, 
the enthalpy change for the reaction B2Ha(B, = 2BH3(,) has been estimated 
as 28.4 kcal/mole (5, 84). Hence strength of the dative bond in a borane 
itddition compound can be determined from data involving diborane if 

[(CH&N]zBH and (CH&NBzHs. As will be described in Section II,B, a trimeric form of 
(CH&NBH2 has aho been reported. In most cases occurrence of borane derivatives like 
(CH&NBHa or (CaHs0)2BH as monomers can be accounted for in terms of the existence 
of double bonding involving ovcrlap of a filled p,-orbital on the donor atom (namely 
N or 0) with the empty boron p,-orbital. See references (10) and (155) for more de- 
tailed review of thiis ideti. 
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strength of the bond is defined (153) as the eiithalpy change accompanying 
the reaction, 

Ligand . BHa(gj + Ligand(,) + BHa(,). 

More recently another mode of reaction of some of the boranes has been 
recognized. Certain reagents under rather carefully controlled conditions 
induce nonsymmetrical cleavage of the hydrogen bridge bonds. As will be 
discussed in more detail later (Section II,B), formation of the “diammoni- 
ate of diborane” probably involves this mechanism. 

The sodium-diborane reaction (72) provides another example of unsym- 
metrical cleavage of a double bridge bond. 

2Na + 2BaHe + NaBH, f NaBP8 

Besides removal of borane groups and unsymmetrical bridge-bond cleav- 
age, other types of boron hydride reaction are known but at present appear 
to be much Iess common;2 for example, loss of protons, as in the ionization 
of Bl0HI4 in dioxane-water or ethanol-water solutions (61, 69), 

B I o H I ~ ( ~ Q )  G BloH-la(aq) + H+(aq), 

and in salt formation by BlOH14 (65), 

(CeH6)3P+CHz- + BioHu + [(CsH~hPCHslBioHla, 

or internal exchange of hydrogen atoms as in the reaction betweenfBloH,, 
and acetonitrile to give BloH12(CNCH3)2. The latter substance is best 
regarded as a substitution derivative of BloH14-’ (83), not a derivative of 
B10H14, with the boron-hydrogen arrangement having either the 2632 or 
0814 topology (139). 

B. REACTIONS LEADING TO FORMATION OF BORON-NITROGEN BONDS 

Discovery of the “djammoniate” of diborane (BZHa, 2NH3) and bor- 
azene (B3N3H6), better known by its older name of borazole, by Stock (131) 
indicated that the boron hydrides could be used to prepare interesting 
boron-nitrogen compounds. This approach to boron chemistry was rapidly 
extended when the principles discussed in the preceding section were 
clearly recognized. Thus the compound (CH3)gN * BH3, the first borane 
adduct to be characterized (S9), pointed the way to the synthesis of a 
number of similar substances directly from diborane and amines; for exam- 
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a 
TABLE I1 m 

COORDINATION COMPOCNDS OF BORANE 

Compound 
Melting BoiIing = - A / T  + B AH Trouton h 3 0  P ( m )  

point pointa (vapor) constant" References 
(kcal/mole) (eu) ("C) ("C) A 

Slowly decomposes, liberating H? at room temperature 183, 124 
54 

-49.3 
Solid at -78.5 
( p h  = 10.5 mm) 

36 
- 22.6 
-22.4 to  -21.5 

94 
-4 
- 33 
- 

103 
73.5-74.5 

- 33 
Solid at  -78 
- 

2-4" 
55 

-23 to -21 
- 16.5 
-116.1 
- 137 

150 2329 8.400 10.7 
Unstable - I - 

174 2337 8.100 10.7 
85.5 2263 9.191 10.3 

171 2202 7.846 10.1 
Vapor pressure 12 mm at 100" 
Vapor pressure 14 mm at 125" 
Vapor pressure mm at  87" 
- 2933 9.531 
154 2420 
Unstable - 
Loses HZ on warming to room temperature 
h e s  HZ on warming to room temperature 
Vapor pressure 6 mm at  25" 
Slightly volatile at. 40" 
Slightly volatile a t  25" 
Vapor pressure 3.8 mm at 26" 
-61.8 1038.9 7.8061 4.760 
- 64 1040 7.850 4.750 

- 

8.553 11.1 
- - 

- 

25.3 
- 

- 
23.9 
28.9 
22.7 

- 

26.0 
- 

22.5 
23 

1 ,  12, 96, 148 
149 
43 
134 

1 ,  96,148,149 

134 
39 c3 

80 
e 80 

80 
43 
134 

45 
45 
45 
11 
11 
11 
86 
39 

? 

43 ? 
rn 

94,71 



110 Solid at  -778.5 Unstable - - - - 

hiss = 18 mm) 
( C H h O .  BH, 

(CH2140. BH, - 34 62 1244 6.592 - 17.0 49,95,154 
(CH3)eS. BH, -40 to -38 97 2346 9.220 10.7 29.0 44, 49, 58 
(CHs)aS. BH, - 
(CPHS)SS * BH3 - 0 

E 
E 

132.5 2321 8.602 10.6 26.2 49 
119.5 2394 8.978 11.0 27.9 49 

(CH&Se. BH3 -34 to -32 63.2 1732 8.030 7.9 23.5 58 

5 
(1 In order to  calculate the boiling point, a large extrapolation of the vapor pressure equation is involved, so these values must be con- 

sidcred as approximate. Furthermore, whenever vaporization of an addition compound is accompanied by an increase in dissociation, 
extrapolation of the vapor pressure equation cannot give the true boiling point. This is exemplilied by tetrahydrofuran-borane, the boiling 
point of which is less than that of the ligand [tetrahydrofuran; bp 64"]. The large entropies of vaporization of molecular addition corn- 
pounds are a consequence of further dissociation on vaporization, although dipole association in the condensed phase probably enhances 
the effect to some extent. A few addition compounds do not have high Trouton constants even though they are known to be highly dis- 

> 
F 

s 
m 
& 

sociated in the gas phase. Such adducts are no doubt partially dissociated even as liquids. 4 
0 
LIJ 
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ple, CbHsN RH3 (17)' CHSNH, * BlIs (112, 148, 149), (CH&NH - H H 3  
(36, 148, 146), and (CH&NH - BH3 (33). Moreover, many tidducts of this 
type provide a I oute to  substituted derivatives of borane, because in those 
instances where the donor atom carries a proton the complex will elimirizltc 
hydrogen, either incipiently or on heating; for example, 

(33) 
2(C11[2)rN€I - BFT, -+ -Ha bz /c"z\ CH2 hWII21 

\ /  
2 

Azetidine-borane Azetidinoborane 
loo0 

3CHaNHz. BHa A (CHsNHBH2)a + 3H2 (18) 

N-methylamincborane N-methylaminobornnc 

( C H & ~ ~ S  t 3Ht (1 12,151) 
N-trimethylbornsole 

Aminoboranes undergo an interesting reaction when heated with di- 
borane; a borarie group is absorbed and amiriodiboranes are formed (35,56). 
The structure of N,Ndimethylaminodiborane has been determined by 
electron diffraction (70); it (I) is related to  the structure of diborane and 
to  the probable structure of dimeric N,N-dimethylaminoborane (11) .3 It 
is likely that all aminodiboranes have similar structures. The first member 
of the group, HzNH2Hs, may be prepared by passing diborzlnc over its 

H \N/ H H \N' I1 

€I' \H' '11 

CHa CHI HaC CJT, 

\ /+\ / 

/ \  

B-  - 1 3  
\ / \B/ 

B 
II / \y \H 

H3C CH3 
(1) (11) 

dizlmmoniate a t  88", and st n pressure of about 1 atrn (113). It decomposes 
slowly into a polymer, (H2B . NH2),, and diborane. Alkylaminodiboraries 
are niore stable. N,N-Dimethylaminodiboranc may be stored indefinitely 
a t  room temperature. 

The effect of ammonia on diborsne is very complex. A variety of prod- 
ucts are produced depending on conditions. At - 120' using very specific 
techniques, diborane and excess of animonia forni the diamnioaiate, B2Hs, 
2NH3 (89, 1 10, 131). The latter was a t  first formulated as (N134+)2(B2H4)-2 
(131,146), but this structure was later shown to be incorrect (26, 110), con- 

4 Borane adducts of various dkylpyridines havc been preparcd. They were studied 
in order to  correlate their stability with certain steric effects in organic chcmistry. See 
Brown and Domash (1%). 



Formillti 

-66.5 

-54,s to -54.4 
-39.0 
-69.4 to -6X.S 
-96.1 
-146 to -143 
-45.4 
-63.5 

- 
76.2 
66.8 
50.3 
51 
54 
86.6 

121 
101 
121.8 
148 

2097 0.00643 6.677 
2158.56 0.00SOG 7.518S3 
1727.64 0.004661 5.3370 
loglop(mm) = S.0S1 - 16S6T-1 
loglop(mm) = 7.974 - 16697'-I 
2090.3 0.00533 6.15245 
log,, p(rnm) = 8.537 - 21177'-I 
224s 0.00616 6.6928 
2205 0.004539 5.7217 
2410 0.00510 6.1606 

21.0 
19.6 
20.6 
23.S 
23.3 
21.0 
23.9 
20.2 
20.6 
19.6 

113 
36 
96 
.95 
3.5 
33 
53 
33 
SS 
33 

~~~ ~~~ _____ 

a From the vapor pressure equation. 
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IAi1%I14 + NH4<:! ___ + LiCl + II,N . HI13 + 1 1 2  



I~ti i t i ioi i i : t - t )or~it ic '  is thc?rni:illy less s t d h  thaii tlic "di:tiiitiiotii:itc" with 
r(qm:t  to loss of hytlrogoti. It, is iiioiiotiicric, :tiid uiilike the "di:itiit~ioiii:tte~~ 
is soluth in ethar. 

When diborwe and excess of ninmonia :ire heated together, boron imitle 
:iiid ultitnntety 1)oroti iiitrideb arc produced. If dibortiiie i i t id nmnioniu i i i  

:i ratio of 1 : 2 :ire he:ited, or if the diammotiiate of diboratie is heated above 
2W0, thc conipouiid bornzole(II1) (bp, 53") is obtained, but in yields o d y  
:is high as 45%. Ror:tzole decotiiposes slowly iii the liquid phase atid even 
more slo\vly in the gas ph:ise. Its boroii ntonis cat1 act as weak electroti 
:tcceptors aiid its iiitrogen atoilis :is weak donors; thus hydrogeri chloride 
adds to lxmzole, aiid oil heating B,B',B"-trichlorol)or:ixole is produced. 
111 :I sitiiilar rnaiiiic'r water re:tcts with t)ornzolc. This rcnctivity err1phasixc.s 
how t)oraxolc differs from hctizene :md is rc1:ittxl to loctilization of electrotis 

II I 1  
S 

I I I {  '."l$lI HI3 / N h l  I 
I c t  II 

N II 
I 

TIN: :NII TIN 
\ ,' 

1% 
11 

(111) 

on nitrogen, for 1vhic.h therc is ndditiotial evidence from spectroscopic 
studies (93). A very large tiuint)er of substituted bor:izoles are knowii. 
Reartioils by wliicli horazolc : i t d  sotile of its derivatives hnvc twcri prepnrerl 
iiicludc: 

m0 
:$LiUII, + :3NlI,(;l -+ I%rNJTti + 9IL + 3LiC1 
(niixtiirc- of solids) (:IO-Y5 ";) 

(104) 

yicld)6 
( ( T ?  I I s  )?( ) 

(75)  

6 In this rcnc-tioil tliv hexngonnl or " w l i t c  grnphitc" for in  of t l i q  snbstnncc: is obtained 
It is composed of rond~wsed (BN), rings. A cubic forin, bomzon, analogoiLs to diarnond 
11:~s rcccntly bccm prcp:ircd. It, is ofteii s t n t d  t,hrit. t h :  struetiires of graphite and hexa- 
goiiul I J ( J~OI I  nitritlc art' sinrilnr. 'I'hcy arc rc!l:tttd but differ in an important respect. 
1,octiIiztit ion of clcctrons on the nitrogen :itnnLs in boron nitrido lea& to a different 
iiiodc of Inyrr pwkiiiK, with horon utoins in one lnycr diroctly under nitrogen atonw in 
tinot hcr. In ;irrorthnc!o wit 11 this, hcxtigonnl tioron nitride is n poor electrical condlIvt,or. 

6 Rcccmtly Eiiic.16us and Vitlclii (5Ua) have shown that  if hydrazinc hydroc-hloritlc is 
iiscd in this rcnrt ion ir istcd of aniinoniiiiii chloride, thc yield i.3 n w r  50(;;,. 



hent 
3RRC1 + ONHI [RBNH13 + (iNII,CI 

(R = n-C,IIy, CsIIa, CICII:CII, etc.) 

AS \\o~tld t)c rspc.ctc4, hytlrolytic: :itit1 thcrrn:il st,nbility of the suhtituted 
I)(mtzoks is clcpciitl(vit on t,he substituent groups. Thus U-trimethyl-N- 
t~ril)hetiylbor:izolc is hut little :iffec:tcd by \v:iter :it loo”, \vhcrc;is the 
~\‘-tri:ilk~lbor:tzol~~s arc rc:idily hydrolyzed. 

A I I  cstmsi\x field of I,oroii cheinistry is :issoc:i:itcul with ro:ic:t,ions he- 
t\\.ccii t,ha Iiighcr I)tirtiiics :incl :iititiiorii:t or atnitics. Stock (Z:?1)  wis rcspoii- 
sitdc l‘or disc+o\vry of n scrics of “:iitiiiioiiiiit,es” of the Iiiglic!r i)oron hydrides 
:i11c1 for their t,heriit:il clec:otiipositioii it)  to Imxzole ntid tioiivo1:itilc boroii- 
iiiLrogcti (:on t:iiriiiig ni:itcri:ils. The properties of all these :inimotii:ttes are 
\\orthy ol‘ further itivcstig:itioii siricc recently it has I)eeti showti (77, 78) 
t,h:it tc*ti.at)ornticb-IU forms ti  “diaiiitiiotiiLitc” atid tint :i ~~tctr~itiriiriioiii~it(!” 

:IS rcport,ccl by Stock (131). The ‘Ldiiiriir~iotii:ite)) of tctr:it)orniie h:is proper- 
tiw coiisisteiit with the structure [HzB(NH3)2]+(H3Hg]- (77, 78, 7Du). This 
ittisymtiictrical clenvtigc by amniotiiu of the hriclge bonds of n highcr borntie 
is i i i  contmst to the behavior of terti:iry uriiiiics towards tetrtrborane, penta- 
twr:uie-3, or  pental)oratie-ll. The ultimate products of the renctiori betweeti 

7 111 tlw prcsciice of cwI)nlt c:itlrlyst yicltls iii this: rciict,ion nro iiinrkedly iIicr(w(x1 
(GOU) . 



tetr:il)oranc :ind cxces  of trimethylaminc :ire thrw moles of (CH 3)3N - BH, 
and (BHz)n polymer (42). With a 1 : 1 niolar ratio of rc:ictniits, howcver, 
tetr:iborane and trimethylaiirinc yield a mixture of (CH3),N - HH, and 
(CH3)3N - H3H7. In a similar rniiiiiier the adduct C&N * R3H7 has been 
obtained from pyridine arid tetraborane (73).  With excess of the nitrogen 
bases the RaII.~-:idducts decompose giviiig an amine-boranc and dibornne. 
The B&I7 group has n strong affinity for pyridine sirice the reaction, 

141110 + ChIIaR’ . BII3 -+ Ct.IIbN . BaH, + I32Hs 

occurs. Adducts arc also forriicd 1)ctween B3H7 and diinethyl sulfide, 
ethylene glycol ethers (73),  :tnd aminonia (77, 86), 

(Celr1)zo 

-78“ 
H 4 M i o .  ‘LNIT, + HCl (NH3)zBITk:I + (C:Ilfi)?O . BaII7 + Hz 

111 coiitrast to tctral)oraiie, no reactions I\ ere observed between pentn- 
lmranc-9 :~nd we:A I ,ewis lxises such as teti nhydrofuran or diriiethyl 
sulfide (74) .  With t rimethyl:imine, however, :it -78” (28) or t i t  room tern- 
pcraturc (74) ,  pe1itJ~or:ine-9 :iffords the white sublim:iIh histrimethyl- 
amirie pcrit:ilmwie-9, [ (CH3)3K;l2B6H9. If the latter bul>st:iricc is heated 
(H), or left in c*ont:ict uith ariiinc (74) ,  c1eav:igc occurs uith ptrtial con- 
w r h n  to ((‘II8),N - 731T3 :itid (I<Hz)n. In the :thscnce of exwss of :tminc, 
1~i~trimcthyl:iniitic pcbtitahor:uie-9 slowly forms (CH3)3N - B€I, : id  tri- 
nicthylamiiir tetr:iIioran(’-6’, ((’11,)JV I3JI~  (74). Dirnethy1:tmiiic or the 
Ar-n~ethylnn~iiiol)ornrics :h reniove boranc from B ~ H Q  on heati ng, but form 
as well :I cwiipouiid first fonnulatcd :is I (CH3)2NJ3B& (28).6 

8 Very rrrcwtly thr rcuction brtnccsn I3JID and nxwss of dimcthyla~~~inohor~tllc. hw 
bren rcinvestigntrd ( 4 6 ~ ) .  On the brwis of new acid-mcthanolysis dnta and an N M R  
study the conipound rcyorted tm “[ (CHI)~N]~B~IT~”  hns now bccn fornidatrd us [(CH3),- 
NBH& a ncw trimeric form of dimcthylaminoborane. This has bccn confirmed by an 
X-ray diffrnction Rtiidy by Trrfonas nnd Lipscomb ( 2 % ’ ~ ) .  The compound in question 
is inrrt to wntrr, acid, rind mcthnnol at nmbirnt temprratures (in this reupect it is quite 
compnrriblc ( I f?)  to the N-mrt Iiylnminoboranc triniw), and is stablc in vuczio to a littlt1 
over 300’. With mcthnriol and hydrochloric acid, howrvrr, it rcnrts coxnpletrly a t  80-90’ 
over a pcriod of 16 hr or lcss. Compared with other bornne derivativcs the stability of 
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'Hie int,crtic+ion of t,riiiicthyl:tiiiiiie or certaiii ot,licr Lewis bases ivit h 
p(!iit,nhorarie-11 also results in symmetrical cleavage of RH, groups. Nevcr- 
tlielcss, t,he ultimate reactions are more compliciited than t,he re:wt,ions wit.h 
other boranes becaiise of t.he instat)ilit,y of pciitahorniic-11 (55).  rl'lic 
dcc~:~boranc-dimethylaniiiic systein is complic:itcd. When solid JjlOH14 is 
t r e : i t d  with dimethyl:tmiiie, :t series of adducts containing 1, 2, or 3 niolcs 
of :tinine per mole of decaborane tend to form (52).  11ec~ihor:tne :tiid pyri- 
dine :dso yield a niiniber of prodiwts (51) .  It, appears tlittt most of these 
product,s coiisist, of two pyridine molecules atttiched to u c1ec:iborane rnolc- 
cwlc which has lost oiic or two hydrogen atoms. 

As a conclusion to this section i t  should bc meiit,ioncd that rcact,ioiis 
l)et,wccn dihor:tne arid scver:rI other iiitrogeri Lewis bases bcsidcs those nicii- 

t ioiied al)ovc have heen investigated. 'I'ht~se nitrogen donors include hytlrn- 
zinc :tiid its riiethyl deriwtives ( ISO) ,  hydroxylaminc :tiid its ,V-methyl 
tloriv:itives (&), :~iid O-i~iethylhydraxyl:tniiiic arid its N-methyl dcriv:it,ivrs 
(1 7 ) .  In gencwl, hortine adducts arc formed ('l'ablc 11) n4iic.h arc thernicilly 
iiiist:ildc with rcy>c!ct, t,o rcleasc of hydrogen. 

HOItOS-XIISESIC', O1t HOItOS-r \STIhlOSY 130Sl)S 

I3y usiiig t)oroii hydridcs as tlic l)oron sourc.~, n iiumlwr of c.onipouiitls 
niuy be madc in which horoii is Imiderl to phosphorus or its coiigencrs. 
'I'hcrmal st'nhilit.ics of :inahgous hortiric tlerivat.ivcs of t,Iicse elements 
dcc:rc:ise from phosphorus tan antimony in accord with t.hc genenil ohserv:i- 
t ioii that heavier clenieiits forin we:iker c o d e n t  Imids th:tn do lighter 
chi~ci i ts .  Hiwever, st.rength of R h i i d  between ti pnrt,icular (iroup \' clc- 
inciit a,ntl the hoi*:tne group is dependent on :t numbcr of factors iricluding 
the ii:iture of suhstituents on the Group V atom. 'I'lius t.hc compouiid 
( U I n ) n P  . 1311, is very st:rble (43) since strong donor groups are on phos- 
phorus, nhere:rs t,lie complex FJ' - HHs (86) wit,h elcctroiwgntive groups 
on t,hc ligantl :itom ratdily tlissoci:itc,s inlo its cornponeiits. Xniminolysi~ 
of pliosphorus t,rifluoride-l,ortinc a t  low txmpemtures niay he represented by 

The conipouiid triniiiido-pliosphorus-borniic, (H&) J' - BI13, is a sublim- 
d h  white solid soluble in ether and liquid ammoniii. An ethane-like struc. 
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ture has been suggested for phosphorus trifluoride-borane with a a-bond 
between boron and phosphorus (85). However, as  will be discussed in Sec- 
tion II,F, it is possible that the bonding may not be as simple as this. 

Diborane and phosphine a t  - 110" form a solid B2Hs,2PH3, dissocia- 
tion pressure 200 mm a t  0" (66). Its constitution is unknown but the prop- 
erties are more like those of ammonia-borane than those of the diammoniate 
of diborane, so it may be a simple borane adduct H3P - BH3. Diborane 
reacts with biphosphine well below room temperature to  produce PzH4 - 
B~BG,  a compound thermally more stable than P2Ha - 2BF3 (9). As might 
be expected, diborane and phosphine react slowly at room temperature, 
or more rapidly on heating, forming a polymer [BPH,], and hydrogen. 
Similarly, CH3PH2 * BH3 (4S ) ,  with more than one proton bonded to  the 
ligand atom, releases hydrogen on heating, producing nonvolatile polymeric 
materials. When adducts such as (CHJ2PH - BH3 or (CH3)ZAsH - BH3 
are heated on the other hand, loss of hydrogen ceases after evolution of one 
mole and formation of borane derivatives, [(CH3)2MVBH2], (Mv = P or 
As) (4sl 134). These dimethylphosphino- and dimethylarsinoboranes are 
obtained principally as trimers, although some tetlameric and higher 
polymeric forms are simultaneously produced. The trimers and tetramers 
are volatile crystalline solids with exceedingly high thermal and hydrolytic 
stability for molecules containing B-H bonds. Thus dimethylphosphino- 
borane trimer and tetramer are hydrolyzed only slowly by concentrated 
hydrochloric acid near 300", and [(CH3)2PBH2]3 is stable in vucuo to 400", 
although it ignites in air a t  about 250". The arsinoboranes are somewhat 
less stable, as would be expected from the weaker bonding powers of arsenic. 
I t  is likely that these trimeric and tetrameric phosphino- and arsinoboranes 
have ring structures (IV,V). Indeed, in the case of [(CH&PBH,], this has 

HZ 
B 

(CH&AS As(CHB)P 

HL! 
'B' 

been confirmed by an X-ray diffraction study (63). It has been suggested 
(43) that the extraordinary stability of these compounds is due to  a novel 
type of bonding in which the regular dative a-bonds are strengthened by 
*-bonds. These ?r-bonds could arise through interaction of vacant d-orbitals 
on phosphorus or arsenic with electron density from the B-H linkages. In 
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this nimmer the virtual 1~l)scncc of hydridic character in the B-H bands 
can be accounted for. This hypothesis gains some support from the observa- 
tion that in [(CH&PBH2I3 the HBH angle is near 120', considerably 
greater than tetrahedral, and as if B-H electrons are attracted to phos- 
phorus above and below the puckered ring (63). Any B-Y ?r-bonding in 
the cyclic phosphinoborunes should irlcrease in irnportaiice as electronega- 
tivity of the groups on phosphorus is increased. The P-B dative u-bonds, 
however, would be weakened. It is interesting, therefore, that the volatile 
solids [ (CF,),PBH2], and [ (CF3)2PBH& have been prepared by reaction 
betweeri diborane and (CI?3)2PF or (Cl?&PH (31). These fluorocarbon 
phosphinoboranes are hydrolytically much less stable than the methyl 
compounds, but they are thermally stable up to  200'. Their existeiicc is 
difficult to account for in terms of polymerization of (CF&PBH2 groups 
merely by Y-B udative bonds because the (CF&P group is a very weak 
electron pair donor. The compouod (CF&PH does not form a recognizable 
adduct with borane. 

A number of compounds [RJ'BH,], have now been prepared (41, I@), 
some by pyrolysis of borane adducts obtained from diborarie and sceondary 
phosphines, for example, 

1 
(CHI)(i-C3Hr)PH. BHa -+ - [CHj(i-C3H7)PBHzls + Hn 3 

1 
cgrZo(CgH&-'H . BH, + 5 lcycZo(CsH11)2PBHz13 + H2 

others starting from organohalophosphines, for example, 
It2PCI + NnI<H, -+ RtPH. BH3 + N d J  1 pyrolysiv 

W'BHzh 
(R = Et, fh, etc.) 

The discovery (28a) that when the adduct (CHJ*P2(BH& is heated to  
170-200" the phosphinoborane [(CH~)ZPBHZI, (n = 3, 75% yield; n = 4, 
15% yield) is produced suggests that, diphosphines may also provide routes 
to phosphorus-boron polymers. In the above reactions the phosphinobor- 
anes are obtained mostly as trimers with small amounts of tetrainer and 
only traces of higher polymers. In the search for truly inorganic polymer 
systems it would be useful if the phosphinoboranes could be obtained with 
a high degree of polymerization. Recently a novel technique has been 
partially successful in increasing the yield from pyrolysis of a phosphine- 
borane of highly polymeric [R2PBH2], (140~) .  When a phosphine-borane 
is pyrolyecd i n  the presence of about ten mole per cent of a strong Lewis 
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base [for example, (C2H6):{N, (CHJsP, or (CH,),N], a significant propor- 
tion (approximately 50%) of the phosphinoboraiie produced is in the form 
of high polymer. Under these conditions (CH&PH 9 BH3, for example, 
affords a brittle white polymer with a degree of polymerization of about 
80 (molecular weight approximately 6000), while when CHs(C2H6)PH - BH3 
is heated in the presence of Lewis base, a truly plastic polymer (mp, 118- 
126") is produced. It is probable that in these reactions the Lewis base 
functions to stabilize the monomer, namely, RzPBHz . N(C2H6)3, the 
phosphorus atom in one such unit then bonding to  the boron atom in an- 
other. It is likely that treatment of higher boranes with organophosphines 
will afford interesting substances with phosphorus-boron bonds. In this 
connection the compound BloHl,[ (CsH6)3P]2 should be noted (69). This 
substance, stable without melting to  above 300°, may be prepared by 
refluxing decaborane and triphenylphosphine in diethyl ether. One mole of 
hydrogen is evolved per mole of compound produced. Treatment of 
BloHl2(CH3CN)2 with triphenylphosphine also yields BlJ€12[ (CsH,) 3PlZ. 

The BloH12 unit can be transferred from one ligand to  another, behaving 
as  a discrete electrondeficient species (69). 

Recently some stibinoboranes have been reported (34), and as would be 
expected antimony-boron bonds are considerably weaker than those be- 
tween arsenic and boron. Thus (CH3)BSb * BHs exists only well below room 
temperature, whereas (CH3)aAs . BH3 shows instability only above 80". 
Indeed, if Lewis acid-base displacement reactions are used as a criterion 
of stability, then relative stabilities of the BH3 adducts of trimethyl com- 
pounds of Group V elements are in the order: (CH3)aP - BH3 > (CH3),N a 

BH3 > (CH3),As BHs > (CH3)sSb BH3 (135). Reaction between di- 
borane and (CH&SbH, or better (CH3)dSbZ a t  looo, yields (CH&SbBH, 
(bp, est. 70") (34). This compound is monomeric. Failure of (CH3)2SbBH2 
to polymerize via antimony-boron bonds is easily understood in terms of 
the weak dative bonding power of antimony. However, the BH, group in 
(CH3),SbBH2 should then pass to a dimer form as in diborane, because 
the monomer would not be stabilized by Sb-B p,-p, bonding, as is mono- 
meric (CHJ2NBH2. Antimony is too large to  form double bonds of the 
p,-p, variety. In  view of this it has been suggested (34) that monomeric 
(CH3),SbBH2 exists through the ability of antimony to  hybridize its 
filled 5p-orbital with the appropriate 5d to give a pd hybrid long enough for 
effective overlap with the vacant p,-orbital of a planar boron atom. 

D. REACTIONS LEADING TO FORMATION OF BORON-OXYGEN BONDS 

There are oxygen counterparts t o  many of the reactions which occur 
between boranes and nitrogen compounds, but with important differences 
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because the donor power of oxygen is less than that of nitrogen, and the 
0-H bond has a greater protonic activity towards B-H than does the 
N-H bond. Thus borane forms a series of etherates analogous to the 
amine-boranes but with much lower stability. In the gas phase at  ambient 
temperatures the borane-etherates (Table 11) are completely dissociated, 
but their relative stabilities as determined from volatility measurements 
(49), phase studies (154), and from Raman spectra studies (96), are in the 
order (CHJ4O * BH3 > (CH&O - BHa > (C2H&0 - BH3. Furthermore, 
some of the higher horanes react with ethers in a manner analogous to their 
reactions with tertiary amines. Tetraborane-10 on treatment with either 
diethyl ether or tetrahydrofuran forms diborane, and the unstable solids 
(C2H6)20 * BsH7 and (CH2)40 B3H7, respectively (73). 

It was learned long ago that boranes and methanol release hydrogen 
rapidly when mixed. Moreover, if the borane is in excess an unstable 
polymeric species CHIOBH~ appears which subsequently disproportionates 
to di- and trimethoxyboranes and diborane (38). Dimethoxyborane, 
(CHSO)zBH, the oxygen arialog of [(CH&NI2BH, is the first member of a 
series of monomeric3 dialkoxyboranes. These are formed when diborane 
or some of the higher boranes are treated with aldehydes, ketones (16, 
l56) ,  or alkene oxides (156). The dialkoxyboranes disproportionate more 
readily than do the aminoboranes. 

E. REACTIONS LEADING TO FORMATION OF BORON-SULFUR OR BORON- 
SELENIUM BONDS 

The effect of diborane on several sulfur compounds and one selenium 
compound has been studied. No compounds from higher boranes and sulfur 
compounds have yet been reported apart from an adduct (CH3),S - B3H7 
derived from B4H10 (73, 74). The complex CHsSH - BH3 may be prepared 
from its components a t  -78O, but even a t  this temperature it begins to 
lose hydrogen to make (CH3SBH2), polymer (44). In contrast to compounds 
like (R2PBH2)3 and [ (CH3)1A~HH2]3, polymer bonding in (CH3SBH2), is 
weak. This is shown by the readiness with which (CH3SBH2), yields a series 
of low polymers when heated over its melting range of 65-80", and more 
especially by removal of CH3SBH2 groups, with formation of a complex 
(CH3)aN * BH2SCH3, when (CH3SBH2), is treated with trimethylamine. 
The adduct (CH3)3N - BH2SCH3 reacts with a stream of diborane at ele- 
vated temperatures to form (CH3)3N - BH3 and the interesting derivative 
CH3SB2H6. The latter very probably has a sulfur-bridge structure analogous 
to the nitrogen-bridged aminodiboranes, but it is much less stable than 
these compounds, easily reverting to diborane and (CH3SBH2),. 

With dimethyl sulfide and dimethyl selenide, diborane forms well-de- 
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fined BHa complexes (Table 11). The compound (CH3),S - BH3 is unusual 
in being more stable than either (CH&S BF3 or (CH3)20 - BH3. Similarly 
(CHz),S - BH3 is more stable than (CHz)4S - BF3 or (CH2),0 . BH3, and 
(C2H&S - BH3 is more stable than (C2H&S * BF3 or (C2H&0 - BH3 
(49, 58). In forming more stable complexes with oxygen donors than with 
sulfur donors, boron trifluoride parallels the behavior of trimethylaluminum 
(50) and trimethylgallium (48). By exhibiting the reverse behavior, borane 
differs from most of those Group I11 acceptor molecules which have been 
studied. Furthermore, on the basis of electronegativity effects alone it 
would be expected that boron trifluoride would always form more stable 
complexes than borane. However, there is considerable evidence suggest- 
ing that the acceptor power of boron trifluoride is reduced by F-B dative 
a-bonding. Thus heats of formation of the trimethylamine adducts of boron 
trifluoride and borane, and of the pyridine adducts of these two acids are 
very similar (58). Nevertheless, with heavier donor atoms (P, As, Sb, S, 
and Se) borane forms much stabler complexes than does boron trifluoride, 
even though it is necessary to supply considerable energy to diborane to 
break its bridge bonds to supply borane groups. These observations have 
been interpreted in terms of there being something unusual about the 
borane group. Perhaps the atomic orbitals of the three hydrogen atoms of 
borane can combine, thereby forming a p,-like orbital which can then over- 
lap with an empty orbital of a ligand. There would thus be a a-bond 
strengthening the a-bond in certain borane complexes, but not in those 
involving oxygen or nitrogen since these elements possess no low-lying 
vacant orbitals (58). The effect with BH3 would be something like the 
hyperconjugation of organic chemistry except that with borane the 
effect would be greater due to the charge separation in the dative a-bond. 
Some support for this idea comes from a study of the infrared spectrum 
of (CH3)2S . BH3 (94). The boron-hydrogen stretching frequencies in 
(CH&S - BH3 are higher than the corresponding frequencies in the borane- 
etherates, indicating greater charge transfer to boron in the latter, yet 
these are much weaker complexes than their sulfur analogs. However, 
supplementary a-bonding is in the reverse direction to the donor a-bond, 
so the total effect in dimethylsulfide-borane could be less negative charge 
on boron resulting in a higher B-H stretching frequency. 

F. REACTIONS LEADING TO FORMATION OF BORON-CARBON BONDS 

A number of reactions of the boranes lead to synthesis of boron-carbon 
bonds. With boron alkyls the boron hydrides undergo important alkylation 
reactions, but only in the case of diborane have these reactions been 
described in detail. When diborane is mixed with trimethylborane at room 
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temperature, a mixture of methyldihoranes is obtained (116). These methyl- 
diboranes readily exchange methyl groups with each other, and the inter- 
conversions have recently been studied kinetically using gas partition 
friictornctry (138). Unlike its isomer 1,l-dimethyldiborane, the compound 
1 ,2-dimethyldiborane is hardly present a t  all in an equilibrium mixture of 
methyldihoranes. It may be prepared by removal of a borane group from 
CH3BzH, with tetrahydrofuran (SO), 

1 CHjB2Hs + (CH2)rO 4 (CH2)rO. UH, + 3 CH,HB(HZ)BHCIT~. 

1,2-Dimcthyldiborane has been used to prepare a number of compounds 
wherein boron is bonded to one methyl group; for example, (CH&NBHCH, 
(30) and (CHaO)zBCH3 (25). 

Besides the methyl compounds a number of other alkyldiboranes have 
been prepared from diborane and trialkylboranes (111, 128). The alkylated 
diboranes can also be obtained by treating at elevated temperatures 
NaRH4, LiRH4, or LiAlH4 with R3B, arid cithcr LL hydrogen halide or a 
boron trihdide (8%). 

Even when trimethylborane is taken in great excess for reaction with 
diborane, only four hydrogen atoms of the hydride are replaced by methyl 
groups. Tetramethyldiborane is fairly easily removed by fractional con- 
densation from the reaction mixture. Since it behaves chemically as a source 
of (CH&BH fragments] it has been used to develop a considerable chemis- 
try of the (CH&B-group, for example, 

1 CHjHH + 3 [(CHJ)~BH]Z + C H ~ J H  . BH(CIT& + CHsSB(CH& + Hz, (44) 

(CHj)zNH + a [(CH3)zBH]z+ (CHahNH. BH(CH&+ (CH&NB(CHs)z + Hz, (29) 

With sodium in liquid ammonia the two halves of a molecule of tetra- 
methyldiborane behave differently. One half forms H,N + BH(CH&, 
which is converted to (CH&BNHY and Hz, and the other half forms a 
salt Nat2HB(CH& (52). The latter when trcated with trimethylborane in 
liquid ammonia forms Na2HH2(CH3)s which very likely contains a boron- 
boron bond. When pure, both NazHB(CHaj2 and Na2HB2(CH3)6 are stablc 
in oucuo to about 100’. A calcium compound CaHB(CH3j2 . NH, has also 
becn prepared (4S), but in contrast to its sodium analog it does not act as 
a Lewis base towards trimethylborane. 

Few boron-carbon bonded derivatives of the higher boranes have been 
reported, but well-authenticated alkyl- and bcnzyl-decaboranes have been 
prepared from the remarkable “Decaborane” Grignard (54, 126). 

ether 
I l i oH~  + CHxMgI -+ BloHlaMgI + CH4 

BioHisMgI 4- 2CeHaCHzCI --+ CsHbCHzBloHls + MgC12 + GH5CHzI. 
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Best yields of alkyl-substituted decaboranes are obtained from reactions 
between the decaborane Grignard and alkyl fluorides rather than from 
decaborarie Grignard and other alkyl halides. 

The compound borane-carbonyl occupies a special position in any dis- 
cussion of molecules derived from boron hydrides with boron-carbon bonds. 
Carbon monoxide reacts with diborane (20 atm/room temperature) to  
give an adduct of the borane group which does not rearrange or lose hydro- 
gen (39). The adduct OC * BH, does, however, dissociate into carbon mon- 
oxide and diborane a t  ordinary temperatures. No carbonyls of other 
Group I11 acceptor molecules have been prepared so far (133), and it has 
been suggested (2'7, 58) that borane-carbonyl owes its existence to  the abil- 
ity of the hydrogen atoms of borane to transfer electrons to  a vacant 
pT-orbital in carbon monoxide. 

The behavior of carbon monoxide toward borane would, therefore, be 
similar t o  its behavior towards metals in the metal carbonyls in which 
multiple bonding between the metal and carbon monoxide groups has long 
been postulated. The carbon monoxide groups of metal carbonyls may 
sometimes be replaced by phosphorus trifluoride groups. It has been sug- 
gested (4'7) that this is possible because phosphorus trifluoride functions 
as a ligand like carbon monoxide, that is, PF, can donate electrons in a 
dative a-bond, as well as accept them in a r-bond, since phosphorus has 
vacant 3d-orbitals. It is therefore, interesting that the phosphorus tri- 
fluoride complex of borane has been prepared (85) (see above). Its existence 
could be due to  phosphorus-boron multiple bondinglg although it should be 
recognized that there is no general agreement on this idea. Nevertheless, 
the concept of the H,B group being able to  release electron density to  a 
ligand with vacant orbitals as well as to accept it in a classical a-dative 
bond accords well with many experimental facts (58). 

Diborane is not unique among the boron hydrides in its ability to  form 
a carbonyl. High pressure reaction of either pentaborane-11 or tetra- 
borane-10 with carbon monoxide forms a substance which behaves like 
borane-carbonyl in its manner of decomposition. The formula of this 
polyborane-carbonyl has recently been established as OC - B4H, (mp, 
- 114.5"; bp, 59.6") ( 4 1 ~ ) .  It reacts with trimethylamine without release 
of carbon monoxide. 

A different approach to  the synthesis of boron-carbon bonds from the 
boranes involves addition of B-H bonds to carbon-carbon double bonds. 

9 Boron trifluoride does not form a PF3 adduct. However, even though PF3 is a very 
weak electron pair donor, by using a strong enough acceptor atom (boron is rather weak 
in this respect compared with aluminum or gallium) it might well be possible to make a 
PF, adduct of a Group IT1 acceptor molecule in which the dative bonding could be 
described in terms of a classical u-bond. 
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The reaction 

proceeds slowly in the gas phase at  ordinary temperatures, but more rapidly 
a t  80" (76). 

Recently it has been found that the speed of addition of dibontne to  
olefiris is remarkably increased if an ether is present (21). In spite of its 
great speed this hydroboration reaction in ether is fairly selective. Thus 
treatment of an equimolar mixture of 1- and 2-hexene with a deficiency 
of diborane, followed by refluxing, yielded tri-n-hexylbor ane. Under the 
influence of heat the organoborane from 2-hexene isomerized into tri-n- 
hexylborarie (22). Similarly a mixture of 2-, 3-, 4-, and &decerles treated 
with diborane in ether, heated and then subsequently oxidized gave an 
80% yield of ldecanol. Diborane may thus be used to transform olefins 
into alcohols. 

A logical extension of the ether-catalyzed diborane-olefin reaction was 
the discovery that amineboranes, for example, (CH3)aN - BH3 or C6HBN * 
B H ,  and olefins react to yield triorganoboranes ( la ,  66, 81, 118). 

Reactions between diborane and molecules containing carbon-carbon 
pr-pr bonds do not always involve simple addition of B-H to the double 
bond. Thus the principal volatile products of the gas-phase diborane- 
vinylsilane reaction are silane and hydrogen. In the presence of an ether, 
however, the silyl group is not cleaved from vinylsilane by borane and 
addition of B-H to the carbon-carbon bond does take place. Similarly 
in Pyrex bulbs at  SO" the volatile products of the reaction between diboiane 
arid perfluoropropene are CF4 and SiF4, the latter formed presumably by 
hydrogen fluoride attack on the reaction vessel (129). How varied the effect 
of diborane on an organic molecule can be is illustrated by the action of 
the hydride on fluoroethylenes such as vinyl fluoride. See Fig. 1. In the 
iibsence of ether, all fluoroethylenes with diborane give the same mixture 
of products (4). The main reaction products are boron trifluoride, ethyl- 
difluoroborane, diethylfluoroborane, and triethylborane. Composition of 
the mixture, however, depends markedly on the fluoroethylene taken for 
reaction. With tetrafluoroethylene distribution of boron in the volatile 
products is in the order: BF3 > C&6BF2 >> (C2H6),BF > (C2H6)aB, while 
with vinyl fluoride it is: CzHsBFz > (CzHs)2BF >> BFI > (CzH6)3B. The 
products may be accounted for by the reaction scheme outlined (Fig. 1) (4).  
In the presence of ether, however, preliminary results indicate that borane 
adds to the double bond of vinyl fluoride to  some extent without rupture 
of the carbon-fluorine bond (129). In this manner organoboranes with 
fluorine atoms in the side chain may be obtained in small quantity. In the 
absence of ether, in a manner similar to the reaction between diborane 
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and vinyl fluoride, treatment of vinyl chloride with diborane yields ethyl- 
dichloroborane, diethylchloroborane, triethylborane, and boron tri- 
chloride (129). In this reaction, however, significant quantities of chloro- 

B H 3 / r  BHzF \ blymer 

CF2CFH+BHFz CF2CFH t BF3 
/ 

CFz:CFH + BHzF ' 1 BHz\ 

(CFHCFHt BHFz CFH:CFH+BF3 
/ BH3 

CFHCFHt BH$ 

or or 

(C2H5I2BF t CzF3H etc. (CzH5)3B 

FIG. 1. The effect of diborane on fluoroethylenes. 

ethylboranes are also formed, demonstrating that addition of borane to the 
double bond of the vinyl halide is almost as important a process as reduction 
of the vinyl halide to ethylene. 

When diborane is led into vinyl chloride in ethereal solvents like di- 
glyme, tetrahydrofuran, and diethyl ether, thermally unstable mixtures 
are obtained which defy separation (6'7). In an attempt to simplify this 
behavior, vinyl chloride in dimethyl ether was treated with diborane a t  
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- 80". Again, however, in working up the products exothermic decomposi- 
tion often occurred, but it was possible to  isolate in low yield 8-chloroethyl- 
boron dichloride as its crystalline dimethyl etherate. In  a similar manner, 
diborane and ally1 chloride in dicthyl ether afford a mixture of tri-y- 
(chloropropy1)-borane and di-7-(chloropropy1)-boron chloride. Hydrolysis 
of these chloropropyl horzlncs yields cyclopropane. 

It is probable that a whole new area of boron chemistry will result from 
compounds obtained from reac tioris betwceii the higher borancs arid com- 
pounds containing carbon-carbon double bonds. In this respect discovery 
of the new compound dimcthylenetetrahorane, C2H4B4H~, is particularly 
intriguing (64). This compound, which may be formed in 70% yield from 
tctraborarie and ethylene, appears to have a cyclic bridged structure in 
which one hydrogen atom of each of the two BH2 groups in the tctruborarie 
structure has been lost, the two boron atoms then being bonded to  each 
other by a -CH2CH2-- group. 

G. RXACTIONS LEADING TO ~ ~ O I i M I 4 T I O N  OF BORON-HALOGEN BONDS 

This section of this article would not he complete wit,hoiit some mention 
of reactions of the boranes and their derivatives which lead to boron- 
halogen bond synthesis. It was noted above that reactions between diborane 
and halogen-substituted ethylenes led to  boron-halogen as well as boron- 
carbon bond synthesis. In addition to these reactions, and preceding them 
chronologically, it was observed that several of the more stable boranes 
(hH6, &Hs, RloHla) under cmefully controlled conditions undergo sub- 
stitution reactions with halogens, hydrogen halides, or boron halides. 
Usually only one or two of the hydrogen atoms of the borane can be re- 
placed by halogen without breakdown of the hydride structure. Compounds 
prepared directly from the boranes and having both boron-hydrogen and 
boron-halogen bonds include H2H6RP, R2H&I, B6H8Cl, BsHsBr, B~HsT, 
BIOHIJ (two isoincrs), B10H13Br, and BIOH& (two isomers). The struc- 
tures of several of these compounds have been reviewed by Lipscomb (85). 

The compound B,H,CI can only be isolated with difficulty since it is 
transformed into RC13 and B2H6 rapidly at room temperature, dispropor- 
tionatimg much more readily than does BBHKBr. Indeed, mixtures of boron 
trichloride and diborane at ambient temperatures exhibit pressures which 
are additive for the two components. In the presence of ethers, however, 
diborane and boron trichloride react readily a t  room temperature to  form 
chloroborane etherates (24) ; 

BzHs + BClj + 3Rz0 + 3R20. BHzCl. 
BaTTs + 4BCls + GRzO -+ tjRzO * BHCl2. 
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These chloroborane etherates can also be prepared from alkali metal boro- 
hydrides (Section 111). 

For the preparation of unusual boron compounds the hydrogen atoms 
of certain derivatives of borane can also be replaced by halogen; for 
example, 

[ (CH~)ZPBH~I~ + GHF - [(CHs)zPBF& + 8Hz, (140) 
anhydrous 

AlXi 
[(CHs)zPBH& + GCHaX -+ [(CHo)zPBXzla + 6CH4, (140) 

(CHs),N.BHa + HC1 - --t (CFI3)oN * BHzCl + Hz. (24 

(X = C1, Br, I) 

anhydrous 

Ill. Recent Advances in the Chemistry of the Borohydrides 

Preparation of the first borohydrides, those of aluminum, beryllium, 
and lithium, by Schlesinger, H. C. Brown, Burg, and Sanderson (40, 106, 
114, 116), suggested the existence of similar compounds of other elements. 
This field was rapidly extended by studies related to  the search for solid 
sources of hydrogen gas, volatile uranium compounds, and new methods 
for preparing diborane (107). 

Further stimulus came on the discovery that the borohydrides were 
very useful reducing agents in inorganic and organic chemistry. Boro- 
hydrides of some 35 metals have now been reported in the literature, 
including those of elements of Groups I, 11, and 111, those of several sub- 
group elements (for example, Zn, Cu, Ti, Cr, Mn, etc.), those of several 
lanthanide elements, and those of a few of the transuranic elements. A still 
more recent development has been a report of triple hydrides (for example, 
NaA1(BH4)4, Ca[A1(BH4)4]2) by Wiberg and co-workers (147). 

Borohydrides vary greatly in volatility, arid in such properties as ther- 
mal stability, ease of oxidation or hydrolysis. Decreasing thermal stability 
and ease of oxidation correlate roughly with increasing electronegativity 
of the metal. Thus sodium borohydride is stable to  300" in dry air, and to  
400" in vucuo, whereas titanium(II1) borohydride decomposes completely 
within a few days a t  ordinary temperatures. Some borohydrides, such as 
those of copper and silver, have been observed only at low temperatures. 
Potassium and sodium borohydrides can be crystallized from cold water, 
whereas aluminum borohydride is hydrolyzed explosively. Sodium boro- 
hydride, having a face-centered cubic structure (l27),  is essentially ionic, 
but volatile borohydrides like AI(BHJ3, (CH3)&aBH4, and U(BH4), 
represent fairly nonpolar situations, with varying degrees of covalent 
bonding of metal ion to  BHd- groups via three center bonds like those in 
diborane. 
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Sodium borohydridc, now curnmcrcittlly available, may be prepared 
without recourse to  diborane by the reaction (108) : 

225-275' 
4NaH + B(OCFI&- + NaBHd + 3NaOCHa. 

Although alternative synthetic routes are available for some of thc boro- 
bydrides, most can be prepared from sodium or lithium borohydrides by 
metathesis; for example, 

1 1 -45" 

ether 
FeCh + 3LiBHr - 3LiCl + 3 Hz + BZHB + Fe(BH&, 

decomposes 
at  0" 

(1 as) 
heat 

AlCls + 3NeBH4 ____ + 3NnCI + AI(BIId)S, 
bp 44.9 

(7 0.9) 

LiCl + NaRHd - NaCl + Idi13H4, 

CH~OCS + N ~ L B H ~  - --+ CHaONa + CsBH,, 

( I  09) 

(3)  
CHaOH 

1 liq. NH3 

-45' 
[Cr(NH&]F, + 3NaBH4 - 3NaF + [Cr(NH&I(BH&. 2 NHs. (87) 

Under suitable conditions boron trifluoride will liberate diborane from 
lithium or sodium borohydrides according to  the equation (18) : 

3MBHa + 4BF1 --j 3MBP4 + 2BzZIn. 

Although several other methods for preparing the simplest borane are 
known (132), this method represents a convenient laboratory route to the 
hydride. However, when sodium borohydride is used, the above equation 
does not completely represent the course of reaction unless sodium boro- 
hydride is added in increments to  boron trifluoride, both reagents being 
dissolved in djglyme.l0 If a deficiency of boron trifluoride is added to  sodium 
borohydride dissolved in diglyme, the reaction, 

1 dklyme 
NaBHd + .j BzHs -+ NaBHI . BHs 

occurs (as), yielding the interesting new substance NaBzH7. Only on addi- 
tion of excess of boron trifluoride are considerable amounts of diborane 
liberated. Similarly if boron trichloride is used to form diborane from so- 
dium borohydride, only stoichiometric quantities of reagents (BCl, : NaRH4, 
1 : 3) give quantitative yields. As in the analogous boron trifluoride reaction 
n deficiency of the Lewis acid gives low yields of dibornne. Furthermore, 

10 Sodium borohydride is insoluble in the ordinary et,hers but is soluble in diglyme, 
the dimethyl ether of diethylene glycol. 
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unlike the boron trifluoride situation, use of an excess of boron trichloride 
also decreases the yield. This is because ether solutions of boron trichloride 
absorb diborane to form a new class of compound, the mono- and dichloro- 
borane etherates (24) (See Section I1,G). The boron trichloride-sodium 
borohydride system can be represented by the equations, 

7NaBH4 + BC13 -+ 3NaCl+ NaBzH7, 
3NaBHd + BCla 4 3NaCl + 2BzH6, 

NaBH,, + BCl, + RzO -+ NaCl + 2Rz0. BA2CI. 

Sodium borohydride 
elements, for example, 

is useful in the preparation of hydrides of several 

NaBHd 
GeOz GeH4. 

n+ 

Lithium borohydride has also found some use in this respect, for example, 
(159) 

CeHsMClz + 2LiBHd 4 C~ILMH2 + B& + 2LiCl 
(M = P, As, Sh) 

In aqueous solution many metal ions are reduced by sodium borohydride 
to  borides [for example, Ni(I1) and Co(II)], to the metal [for example, 
Ag(I)], or to  a lower oxidation state [for example, Ce(1V) converted to  
Ce(III)]. Some of these reactions have found analytical application; for 
example, analysis of iron, wherein NaBH4 replaces SnC12 or the Jones 
Reductor. 

The borohydrides have found their greatest use as reducing agents in 
organic chemistry (56).  Reduction products are obtained in nearly quanti- 
tative yield and the reactions are highly selective. Reducing power of the 
borohydride group depends on the nature of the associated cation, on the 
solvent, and on the presence or absence of other substances (19). Thus 
sodium borohydride does not normally reduce olefinic double bonds, but 
in diglyme solution in the presence of aluminum chloride reduction readily 
takes place, thereby providing a route to triorganoboranes, or even alcohols 
by subsequent oxidation of the borane, followed by hydrolysis of the boron 
ester (20). Aluminum borohydride may be an intermediate in this reaction, 
but if so it is not present in the sodium borohydride-aluminum chloride 
reagent in more than trace amounts. Table IV illustrates the selectivity 
of sodium borohydride and related substances as reducing agents in organic 
chemistry. In the construction of Table IV no attempt has been made to  
take solvent effects into account. Choice of solvent sometimes determines 
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whether reduction takes place or not. Suitable solvents for sodium horo- 
hydride are diglyme, isopropyl alcohol, or even water or methanol. Lithium 
borohydride and lithium aluminum hydride may be used in a variety of 
etherfi, but not in water or alcohols since they react vigorously with these 
substances. 

Finally mention should be made of the existence of a variety of sub- 
stituted borohydrides, as well as of the existence of aluminohydrides. 
Many of these suhstances, especially lithium aluminum hydride, have, 

TABLE IV 

SODIUM BOROHYURIDE A N D  RELATED COMPOUNDS AS SELECTIVE REDUCING AGENTS 
IN ORU.4NlC CHEMISTRY 

at 25-100" 
++ Iteacts rapidly, + Reacts at  ti modcrate rate, - Reacts hlowly or ncgligibly. 

H(:HO 
RR'CO 
RCOCl 
RCOOR' 
RCOOII 
RCOOM 
HCHzCl 
RCN 
RN0z 
RCH=CI12 

++ ++ ++ 
++ ++ ++ + + 

++ ++ ++ ++ ++ f+ ++ + ++ - 

++ ++ 
+ ++ 
- 

-ti- 

++ 
- 

++ ++ ++ ++ ++ ++ 
++ + 
- 

like the parent borohydrides, revolutionized the preparat,ive techniques 
of organic and inorganic chemistry. Examples of substitutcd borohydrides 
include trialkoxyborohydridcs, NaBH(0R) 3 (14, 15),  sodium triphenyl- 
borohydride, NaRH(CsH6)3 (156), lithium phenylborohydride, LiB(CsHs)H3 
(150), and sodium triformatoborohydridc, NaBH(02CH)3 (141, 143). 

IV. Conclusion 

This review, concerned with reactivity of the boranes with no attempt 
to make the references exhaustive, has demonstrated the current and in- 
tense activity in this area of chemistry. The reader may already have 
recognized that nearly 60% of the references quoted refer to  work published 
in this field during the last five years. With the application of new methods 
of preparation and separation, it is evident that boron compounds will be 
described in increasing numbers. Meanwhile, it is hoped that the subject 
matter reviewed here will be of help to research workers and teachers alike. 
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