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I. INTRODUCTION

The chemistry of cationic boron complexesi began with
the work of Diltey, who obtained in 1906 the first boronium
cations by the interaction of s-diketones with boron tri-
chloride!l.

In the last decade, after the work of Parry and cowork-
ers?™® who determined the structure of “diammoniate of
diborane”, this field in boron chemistry has developed
extensively.

A number of fundamental monographs 972! dealing with
various aspects of boron chemistry have now been pub-
lished. In the first place mention must be made here of
the books by Mikhailov?!?, Zhigach?!®, Steinberg!5, and
Muetterties'®. These monographs contain isolated data
on the methods of synthesis and the properties of boronium
salts but they do not provide complete information about

1 Boron complexes with boron as the central atom of
the cation are called cationic boron complexes or boronium
salts. In the present review both terms are used.

these compounds. Moreover, in recent years many new
results have accumulated, which have not been reviewed
anywhere. This review gives a compilation of the litera-
ture on the cationic boron complexes up to the middle of
1969.

II. PREPARATION OF CATIONIC BORON COMPLEXES

The methods of preparation of numerous boron com-
plexes with a wide variety of structures may be divided
into four principal groups.

1. Asymmetric cleavage of boranes by Lewis bases:

Se™a ot o [Net ] e T
Ay At N

2. Conversion of substituted boranes under the action
of amines:

N N
SB—X+ 2L-[/B\L] X .

ank
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3. Addition of hydrogen halides to aminoboranes:

AN RaNH /Y]+
B—Y + 2HX — X .
R/ T [ ,NH/ A

4. Reaction of boranes with aminoboranes at elevated
temperatures:

2L - BHy+ BiH, — [HBLy IV X,

1. ASYMMETRIC CLEAVAGE OF BORANES BY LEWIS BASES

At the present time there exist two views on the mecha-
nism of the formation of cationic boron complexes by the
reaction of Lewis bases with diborane. According to
Beachley?2, at a low temperature bases always cause an
asymmetric cleavage of diborane and the cationic boron
complexes can rearrange to the corresponding amino-
boranes when the latter are thermodynamically more stable
at a given temperature:

~H
HoE > BH, + 2L — [H,BLJ*BH; F== 2HB-L . (1)
o,/

However, Shore and Parry? and also Inoue and Kodama 23
showed that in liquid amines and in ether there is no equi-
librium between cationic boron complexes and the corres-
ponding aminoboranes.

According to another view %2* the reaction of diborane
with Lewis bases begins with the dissociation of one bridge
bond and the formation of an intermediate product (A):

H.B<:>BH, +L -~ HB—H—BH, . 2)
L (A)

The nature of the final compound is determined by the mode

of dissociation of the three-centre bond H,B—-H—-BH; as a

result of the attack by a second molecule of the base on

product (A):

s H,BL,I" BH;
1"zBH3*Ly 2B Lo “

H,xla .
L ~

(3)

2H;B L

The mode of attack depends both on the structure of the
reactants and on the reaction temperature. In many
cases the reaction can proceed via both pathways simulta-
neously. This mechanism of the formation of boronium
salts was confirmed by the preparation of compounds of
type (A) in the tensimetric titration of aminoboranes by
diborane at —78°C in methylene chloride24)25;

L - BH,+ 0.5B, H, — H,‘B—H——BH, , 4)
L
where L = NH,;, CH,NH,, or N(CH,);. The presence of
H,B and BH, groups in these compounds was established by
1B NMR spectroscopyi.
The addition of a second mole of the amine leads to
compounds indicated below:

—78°
H,}I3 H—BHs+ L excr;

L

{H,B (L)]" BH; (5)

1 Eastham 26 suggests that compounds (A) have the
H
structure H,B BH,, i.e. the diborane molecule is

NeX

L

linked to the ligand by a 7-bond formed by a free orbital
of diborane and the electron pair of the amine. However,
this structure was rejected on the basis of tracer atom
studies and the determination of the heats of reaction??,
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where L = NH; or CH,NH,;
H,B—H—BH,
N (CHy)s
Thus the same products were obtained in reactions (5) and
(6) as in the reaction between diborane and an excess of the
corresponding amine at a low temperature.

It is interesting to note the effect of the degree of
methylation of amines on the proportions of the final prod-
ucts in the reaction with diborane. Whereas in the reac-
tion with ammonia 2852 the boronium salt is mainly formeds§,
in the reaction with trimethylamine the product was
exclusively a neutral complex®, Methylamine and di-
methylamine 22,2%,% form mixtures of both possible com-
pounds, with the boronium salt predominating in the first
case and the neutral complex in the second:

+N(CHy)s —7, HyB - N(CHJs - (6)

B;H, + 2NH; — [H,B (NHs), )t BH (7
ByHs + 2 (CHy), NH,_,, — {H,B[NH,_, (CH,), ]} BH] + (CHy),NH,_, - BH; ,
n=1—-2)
ByHg + 2N (CHg)s — 2 (CHg)sN - BHy .

Apparently the cleavage of the intermediate (A) is
determined mainly by steric factors. This is confirmed
by Wiberg's data? on the synthesis of boronium salts in
the reaction of tertiary diamines with diborane:

(CH,),N (e
(CH N N(CHy), e PN /

BoH, + c=C 5 ﬂ H, BH] ,
(CHINT  N(CHy)y ether”
(Cﬂa)z

(CH,),
(cHy, TF (8
N(CHy), o N\
@ + ByHy oo™ @(N/EH2 BH;
'N(CH,), 1y,

The ease of preparation of such salts has been explained
by the formation of a sterically favourable cyclic system 14,

Other Lewis bases can also react with diborane via
mechanism (2)—(3) with formation of cationic boron com-
plexes. In a tensimetric study of the reaction of diborane
with dimethyl sulphoxide in methylene chloride at —78°C,
McAchran and Shore 4! showed that in this case a boronium
salt is formed:

ByHy + 2 (CH9); SO — {HsB [0S (CHa)alo}V BH;™ - 9
The formation of the hydrated ion BH} has been postu-

lated in the reaction between diborane and 8 N hydrochlo-
ric acid at —70°C: 42,43

B,H.+2H++4H;O — 2[H,B (H50)2]++2H2 . (10)

The cation may be formed as a result of the asymmetric
cleavage of diborane by waterf:

ByH, + 2Hy0 — [HyB (H;0),JV BH, . 11)

On the basis of the electrical conductivity of diborane
solutions in tetrahydrofuran (THF) and diglyme, Brown
and Wallace *t and Mikhailov et al. %5 concluded that the.
corresponding cationic boron complexes exist in such

§ For the structure of “diammoniate of diborane”
[H,B(NH,),]*BH;, see the appropriate literature?™,28,33738,
1 However, one cannot exclude also other mechanisms
of this reaction, for example:
B.Hg+2H;0->2H;B-H:0 ,
2H,B-Hy0+ 2HCI>2H,BCl- H;0+2H, ,
2H,BC1- H0 +2H,0-»2{H,B (H,0) ]+ CI- ,
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solutions, Mikhailov et al. % believe that in a tetrahydro-
furan solution of diborane there is an equilibrium between
the neutral complex (I) and the cationic boron complex

(XD):

I

. H — N

BH, +20{ |5 H>B/ TS 2( T
an Ol __ M

Apart from diborane, higher boranes can also undergo
asymmetric cleavage by Lewis bases. The mechanism of
the reaction of tetraborane with Lewis bases is similar to
that of the cleavage of diborane and consists in the disso-
ciation of one of the bridge bonds in the first stage of the
reaction 4¢:

H B

B . ,-é'\
H\a/H H\‘~’/h H\A/H H\Q/H
B N + L /B B\ (13)
0 Npp—g i’ OH L BT _p”
1 L ¥
H H

A second molecule of the base attacks the B*—H—B! bond,
which is ruptured with the formation of the cation (H,BL,)*
and the anion BgH; (asymmetric cleavage) or the complexes
H,B.L and B.H,.L (symmetrical cleavage).

Stock et al.*”, who investigated the reaction of tetra-
borane with ammonia, concluded that its products are
unstable compounds with the compositions B,H,,.4NH; and
B,H,,.2.5NH,. However, Kodama and Parry *%%° showed
that the product of the reaction of an ethereal solution of
tetraborane with ammonia at —78°C is diammineboronium
octahydrotriborate:

/NH, +
“NH,3

Schaeffer et al. 5% detected by !B NMR spectroscopy the
anion BgH; in solutions of tetraborane in tetrahydrofuran at

—53°C, which is evidence of the formation of the boronium
salt:

H
ByHyo + 2 NH, — [H\/B BH . (14)

BuHyo - 2 CHyO — [HyB (OC,Hs)2 17 BgHy (15)

However, they did not detect the corresponding cation
[H,B(OC,H,),|*.

These data are somewhat inconsistent with earlier
studies, where it was found that the reactions of tetra-
borane with amines, ethers, or dialkyl sulphides lead ex-
clusively to the formation of products of the symmetrical
cleavage of tetraborane 51733,

Moews and Parry3¢ described the asymmetric cleavage
of tetramethyldiborane by ammonia at —78°Cj:

CHy._ /HN3J+[H\ /CH,,}“' )
CH,/B\NH;; 1-1/B\c1-1}l (16)
Thus, although it is at present difficult to make a reli-
able a priori prediction of the structure of the final prod-
ucts of the reaction of boranes with Lewis bases, the
published data makes it possible to follow fairly clearly the
effect of the structure of the reactants on the process.

H
(CHy); B<H>B (CHg)s + 2 NH; — [

2. THE CONVERSION OF SUBSTITUTED BORANES UNDER THE
ACTION OF AMINES

The reaction of substituted boranes with bases is the
most widely used method for the synthesis of cationic
boron complexes., In most cases the formation of such

¥ This reaction was investigated for the first time
by Schlesinger et al. 55, but they did not establish the
composition and the structure of the reaction product.
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complexes by this method may be regarded as nucleophilic
substitution by the base of an electronegative substituent X
at the boron atom, probably via an SN2 mechanism 56758:
HB—X H\/H -
+ —>L‘..B‘..X~+lL>BH2] X . (17)
i L
In many cases in the presence of bulky substituents in
the amine—borane molecule or when charged intermediate
species may be stabilised, one cannot exclude also the
possibility of a reaction by an S\y1 mechanism. This

possibility was discussed by Ryschkewitsch and coworkers 39,
who investigated the reaction of (CH,);N.BH,I with methyl-
pyridines and also by Noth et al. 3% in the case of pyridine-
chloroborane, for which there is a possibility of the forma-
tion of a cation stabilised by mesomerism., However, in

a later study of Nainan and Ryschkewitsch 58 the ionisation
of iodoboranes in non-polar solvents and the formation
under these conditions of boronium salts by an Syy1 mecha-
nism was fully excluded.

In the synthesis of boronium salts via mechanism (17)
it is necessary to take into account a number of factors
which influence the stability of boronium salts under the
reaction conditions: (1) the dimensions and nature of the
anion; (2) the steric and electronic effects of the substi-
tuents at the boron atom; (3) the structure of the bases.

An increase in the size of the anion leads to consider-
able stabilisation of the boronium salt. Thus, when tri-
methylamine-iodoborane was used instead of trimethyl-
amine-chloroborane58:%86° it was possible to obtain
boronium salts containing tertiary aliphatic amines in the
cation:

(18)

(CHy)s N. o
(CHg)y N - BHI +L — [ )BH{I =,

where L = (CH,),N, (C,H,);N, or 4-methylpyridine.

The salts formed by the anions of weak acids (SR”) are
stable only in the presence in the cation of relatively small
ligands®, An increase of the bulk of the substituents at
the boron atom or the heteroatom of the base leads to a
decrease of the stability of the boronium cation, thedecom-
position of which in the reaction may be represented by
two mechanisms: (1) in the case of primary and secondary
amines the final reaction products may be aminoboranes:

NHR, 1t NR,
[>B<NHR2] X~ + HNR, ——preomx— [>B<NH’RZ] —sR~ )B—NRy, (19)
where R = H, alkyl, or aryl; (2) in the case of tertiary
amines we believe that there is a possibility of the regen-
eration of the initial complex:

NB_

DBLITX 5 L +/% X (20)

A number of boron compounds have been used to syn-
thesise cationic boron complexes by the substitution method:
(a) complexes of halogenoboranes with Lewis bases;
(b) amine-boranes; (c) mercaptoboranes and their amine
complexes; (d) aryl-, alkyl-, amino-, and alkoxy-boron
halides; (e) boron trihalides BX, (X = Cl, Br, I, or F).

a. Preparation of Boronium Salts from Complexes of
Halogenoboranes with Lewis Bases

Noth and coworkers 5% 62764 gbserved in a study of the
reaction of ether and amine complexes of chloroboranes
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with amines that the latter takes place with formation of
boronium saltsj:
H,BCl AT AT
2BCl- OR, 2L — [HzB\L] Cl- +R,0; H;BCl - L4 L' — [H,B\L ] al-,(21)
where L and L’ = NHR; ., (¢ = 1-2) or C;H;N.
Ryschkewitsch and coworkers 5876966 gbtained boronium
salts containing various tertiary amines in the cation:
Lt
L BHJ 4L — [H,B<L’:| I, (22)
where L = R;N (R = CHj; or C,H;) or pyridine and L’ =
substituted pyridines, quinoline, or NN -dimethylaniline.
Douglass et al. ¢ isolated boronium salts with alkyl
substituents at the boron atom:

RR'B - I - NCHy 4 CsHyN — [R'R'B (NGHgJT I™ (23)

where R’ = 1,1,2-trimethylpropyl and R” = Hor R’ =
R” = cyclohexyl.

It has also been observed that the bis(pyridine)boronium
cation is formed when pyridine-iodoborane is refluxed in
an ether —benzene solution at 40°C.% The authors quote
the following reaction mechanism:

C4HyN - BH,I + (CoHg)s O — [CiHGNBH,O (CsHylal T 17,
[CsHsNBH,O (CaHg)s]t + 1™ — CsHgN - BH0CH; + CoHsl
CsHsN - BH,OC,Hy 5 CsHyN -+ HeBOCqHs
CsHaN - BHyl - CiHyN — [(CoHyN) BHIT 17,

(24)

The preparation of cationic boron complexes containing
in the cation alkylthio-groups linked directly to the boron
atom has been described ®:

CH,4 +
] |

!
(CHg)s N - BH,SCH; + BH,I - N (CHy)s — [(CHn)a NBH,;SBH;N (CHa)s

e Lol
CH )3 NBH,SCH,+ (CHg)s N - BH,SBH,! (CHg)sNBH,S |,BH,J 1-,
and also the synthesis of boronium salts with polyfunctional
bases 7%7!, tertiary amines, phosphines, arsines, sul-
phides 2, and their oxides ™,

A monobrominated boronium cation was obtained by the
reaction of trimethylamine-dibromoborane with NNN’N'-
tetramethylethylenediamine 72;

H,—CH, +
N (CHy)y | Br,

(26)

(CHy)s N - BHBr; + (CHy)z NCH,CH,N (CHg); — | (CHg)s N

B
H/ “Br

b. Preparation of Boronium Salts from Amine-boranes

Douglass %7, who investigated the reaction of amine
complexes of borane or its derivatives with iodine in an
excess of the amine isolated cationic boron complexes:

RBH, - L4 I+ 2L — [RBHL,J* I- 4 L+HI.L | 27)

1 N®th and coworkers 38 initially isolated the boronium salts
as side products in the reduction of benzoyl chloride by
the complexes H,B.NH,R (R = CH,;, n-C.H,, or t-C,H,).
The formation of these salts may be represented by the
following equations!7:

C4H,COCI 4 HyB - NHR — H,BCl - NH,R 4 C¢H;CHO ,
CeH;CHO + H;B - NH;R — C¢HsCH,OBH, + RNH, ,

H,BCI - H,NR + RNH, — [H,B (NHR),]* CI- .
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where (a) R = phenyl or cyclohexyl and L = C,;H,N and
(b) R =H and L = (CH,);N or C,H,N. Initially a two-stage
reaction mechanism was proposed: in the first stage an
amine complex of iodoborane is formed and is then con-
verted further into a boronium salt under the influence of
the excess amine:
RBH, - L+1,+L — RBHI - L+HX.L ,
(28)
RBHI - L+ L — [RBHL,JTI” ,
However, further study of the reaction®” showed that
amine-boranes containing bulky substituents at the boron
atom do not react with iodine in the excess amine. There-
fore Douglass suggested another mechanism with a four-
membered transition complex:
2CHN + 1, —= (CHN)LI' I,
NC;H,

RyB---H —> [R,B(NCsHg);)" + CiH,N-HI .
I

CoHgN----INC,H, (29)

This mechanism agrees better with the experimental data,
since it is known that cyclic transition states are very
sensitive to steric factors.

Ryschkewitsch 7¢ obtained dipyridineboronium salts by
the reaction of sodium borohydride or trimethylamine-
borane with iodine in the presence of an excess of pyridine.
The author believes that the formation of the dipyridine-
boronium cation from sodium borohydride may be repres-
ented by the following sequence of reactions:

R,BH NCgH, + (CgHsN),IT —>

BHT + I, + 2CsHgN — CHN - BH, + GHNHT 217,
0
BH, + CsHsNHY — CH;N - BH; -+ H; , (30)

CgHyN - BHy + I, + CgHsN — (CsHgN)y BHF + CH,NHt 421~

The author concludes from the measurements of the rates
of reaction of deuterated and normal trimethylamine-
borane with iodine that the rate-determining stage of the
reaction [Eqn. (31)] is hydride transfer from trimethyl-

amine-borane to iodine:
HyB - N (CHo)g + I + 2 CHsN — [HyB (NCgHy)e]t 1™ 4 (CHy) N - HI.  (31)

A similar boronium cation is formed when trimethylamine-

borane is refluxed with mercury(I) chloride in pyridine "¢,
Borane complexes with phosphorus and arsenic deriva-

tives can also be introduced into the Douglass reaction 7%

(CHg)s SICHL « BHg + I -+ N (CHy)s — {(CHg)sN - BH,CHSi (CHp)s) L}+ 1, (32)
where L = P(CH,), or As(CH,),.

(CyHy)s PCH,BH, + 1 + N (CHg)s —~ [(CHy)s NBH,CH,P (CoHy)sl ™ 17,

¢c. Preparation of Boronium Salts from Mercaptoboranes

Mikhailov and coworkers ¢ 77 showed that in the reaction
of trimers of alkylthioboranes with primary amines bis-
(alkylamine)boronium mercaptides are formed regardless
of the proportions of the reactants:

(RSBH,); + 6 RNH, — 3 [H,B (NHR),]T SR, (33)
where R = CH,;, C,H,, or n-C,H,. When the reaction is

carried out with higher amines in the presence of benzyl
chloride, bis(alkylamine)boronium chlorides are formed:

(RSBH,)s ++ R'NH; + 3 CgHyCH,Cl — 3 [H,B (NH,R"),J* CI™ + C;H,CH,SR , (34)

where R = CH,, C,H;, or n-C,H, and R’ = iso-C,H,,
n-CH,, iso-CH, n-CH, t-CH, n-CH,, n-CiH, or
C.H,CH,.
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The authors proposed two schemes for the formation of
bis(alkylamine)boronium chlorides without giving prefer-
ence to either. The first is a modification of N6th's
method, based on the use of a halogenoborane as the initial
component:

1/4 (RSBHy)s + 3 R'NHy —~ RSBH, - NH.R’ ,
RSBH, - NH;R’ + CgHyCHyCl — CIBH, - NH;R' + C¢HyCHaSR .
HiBCl - NH;R + RSBH, - NH;R’ — [H;B (NH;R"),]T CI™ + /5 (RSBH,)s ,

(35)

The second scheme presupposes the partial conversion in
ether of alkylamine-alkylthioborane into bis(alkylamine)-
boronium mercaptide, which then reacts further with
benzyl chloride:

2R'NH, - BH,SR & [H,B (NHyR"),]" SR’ 4 RSBH; , (36)

[H,B (NHR")oJ* SR™ + CoHsCH,Cl — [H,B (NH,R"),J* €™ - C,H;CH.SR,

We believe that the second scheme [Eqn. (36)] is less
likely, because, as stated above523, complexes of amine-
boranes and their boronium salts are probably not inter-
converted in ether.

Cationic boron complexes are also formed when hydro-
gen chloride and halogeno-derivatives of hydrocarbons
react with dimethylamine-alkylthioborane complexes 78 %:

2RSBH, - NH (CHy); + R’X — {HgB[NH (CHj)s]e}t X~ + RSR’ + /4 (RSBH); , 37)
where R = CH, or C,H;, H' = CCl,, CHBr,, C,H,, C;H,CH,,
or H, and X = Cl or Br. Similar reactions take place

with pyridine -alkylthioboranes under the action of carbon
tetrachloride:

2RSBH, - NC;H; + CCly — [HyB (NCgHy)oJ* CI™ + 1/ (RSBH,), + RSCClq , (38)

Only the amine complexes of halogenoboranes and
dialkyl sulphides were isolated in the reactions of tri-
alkylamine-alkylthioboranes with halogeno-derivatives of
hydrocarbons 7:

RSBH, - NR, + R'X ~» RN - BH,X + RSR’, (39)
However, later a boronium salt was also obtained 8°:
(CHy)3 N - BH,SCH; + CH,l — [(CHg)s NBH,S (CHg) T 17, (40)

Evidently, the formation of boronium salts in all the
examples quoted takes place via mechanism (35).

d. Preparation of Boronium Salts from Alkyl-, Aryl-,
Amino-, and Alkoxy-boron Halides

Many cationic boron complexes were synthesised by
Mikhailov and coworkers 788:-8 jn a3 study of the reaction
of diaryl- and dialkyl-boron halides with amines:

’ g L1t
;>B—x+ 2L — [§~>B<L] X,
where R’ and R” = alkyl or aryl, X = Cl, or Br, and
L = amine.

Similar boronium salts were also obtained by N6th 63,87,88
and other investigators 8 by mixing the reactants in an
inert solvent (ether, benzene, pentane) at room or a lower
temperature.

It is noteworthy that one can undoubtedly include among
the boronium salts also the ternary complexes of dibutyl-
boron chloride and bromide with pyridine, (CH,),BX.2C,H,N
(X = Cl or Br), ? and a group of complexes of alkoxyaryl-
boron chlorides® %4, alkoxyboron dichlorides® -7, and
dialkoxyboron dichlorides®® with two moles of pyridine, the
preparation of which was reported by Gerrard, Lappert,
and coworkers.

(41)
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Diphenyl -(aa’ -dipyridyl)boronium chloride was obtained
in 50% yield by refluxing diphenylboronic acid or its 2-
aminoethyl ester with a¢a’-dipyridyl in 5 N solution of
hydrochloric acid for 2—3 h: ®

(CeHs) BOR + (NCyHy)s + HCl ~ [(CoHy)e B (NCsH),JF €I (42)
where R = H or OCH,CH,NH,,.
A unique case of the synthesis of a cationic boron
complex from borate has been described 98:
(CoH30)sB -+ NHy — [(CoHs0)2 B (NHa)oI* OCGH]™ | (43)

It proved possible also to obtain boronium salts by the
reaction of aminoboron halides with amines 8%9;

(CHga Ny (CH N LY
R/B—x+21__.[ R/B\L X,
where R = (CH,),N or Cl, X = Cl, and L = pyridine,
4-CH,C,H,N, or ac’-dipyridyl.

An unusual boronium salt is formed in the reaction of
B-trichloroborazine with pyridine °;

(44)

BN BN NGH

= A 5115

HNY SBC2CHN — {HNS OB(
N/ O TR Gl BN’ “NC;Hs
clH ClH

+
] ., (45)
The boronium salts (III) and (IV) were synthesised by
Davidson and French by the reaction of a stoichiometric
amount of aa’-dipyridyl with an equimolar mixture of
diphenylboron chloride or 10-chloro-9-hydroxy-10-bora-
anthracene with silver perchlorate in nitromethane 100,102;

(CeHy),BC + AgClO, + (NCgH,), TR [(CﬁHs)-)(B(I;lC5H.)QI+ cio7 ,
1t

(@)

\
0] BCI + AgClO, + (NC4H,), —>| O s’ clo; 46
~AgCl 4.

&0

(W%

They showed°%10! that, depending on the amount of aa’-
dipyridyl taken, diphenylboron chloride forms 1:1 and
2:1 complexes, to which ionic structures are attributed;

[(CoHs)2 B (NC;HQRI ™ €17 [(CoHg)z B (NCHa),1 T [CIB (CoHy )l ™,

On the basis of the conductivities of (C4H,),BCl, AICL,,
and (CgH,),Br— AICI, solutions in nitrobenzene and also the
ultraviolet spectra of these systems in ethyl methyl
ketone, Davidson and French!® believe that the boronium
cation (C¢H,),B*, isoelectronic with the diphenylmethyl-
carbonium cation (C.H;),CH*, is formed from (CgH,),BCl in
ionising solvents in the presence of ionic additives.

However, Moodie and coworkers !, having analysed the
H NMR spectra of the products of the reaction of diphenyl -
boron chloride and silver perchlorate in sulpholane, con-
cluded that in solution the (C¢H;),B* ion is coordinated to
two solvent molecules and is therefore a boronium cation
[(CeHj),B (sulpholane),]*.

Armstrong and Perkins!® arrived at a similar conclu-
sion in view of the agreement betweenthe electronic transi-
tion calculated by the Pariser —Parr —Pople method with
the absorption observed in the ultraviolet spectrum of the
diphenylboron cation.

Thus Davidson and French's conclusion that the
(C¢H;),B* ion is present must be evidently regarded as
erroneous and the appreciable increase of the conductivity
of the diphenylboron chloride solution in nitrobenzene fol -
lowing the addition of aluminium chloride may be accounted
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for by the formation of a cationic boron complex according
to the following mechanism:

(CgHs)z BCl + Solv &5 (C¢Hy)a BCI - Solv
(CeHs)z
B...Cl

v

(47)

(CeHs)a BCI - Solv 4 AICIg 4 Solv — Solv . .. ... AlCly —

= [(C¢Hs)s B (Solv), T AICIT
where Solv = CgH,NO,.

Mikhailov and coworkers % observed that ethereal solu-
tions of certain diarylboron chlorides [(C4H;),BCl,
(0-CH,C4H,),BCl, (p-CH,C-H,),BCl, (a-C,H,),BCl, and
(C,H,),BCl] conduct electricity and explain this phenomenon
by the existence in ether of an equilibrium between organo-
boron chlorides and the corresponding boronium salts:

RiBCl + 2 (CaHs)s O S (ReB[O (CaH)sla}H CI~
However, Moodie et al.!% demonstrated by *H NMR
spectroscopy that the cation of the boronium salt
{(C4H,),B[O(C,H,),}'C10; § is insufficiently stable and is
fully decomposed in several hours via the following mecha-
nism:

(48)

{(CoHs)sBIO (CoHy)ala}T — (CeHy)s BOCH, +- (CoHy)s O (49)

e. Preparation of Boronium Salts from Boron Trihalides

A number of cationic boron complexes have been
obtained by the reaction of boron trihalides with amines.
The reaction consists of many stages and the final products
depend on many factors!%-!1l, Thus NGth et al.!!? showed
in a study of the reaction of boron trichloride with di-
methylamine that the aminolysis of boron trichloride pro-
ceeds via a stage involving the formation of a boronium
salt —dichlorobis(dimethylamine)boronium chloride (V) and
dimethylaminoboron dichloride is formed only in the ther-
mal decomposition of (V) in the course of aminolysis:

BCl, _HNCH) | 1B . HN (CHy), —HCH)

— {ClI,B {HN (CHg)g}*Cl™ —:m(cﬁ—)ﬁr' CI,BN (CHy);
V)
5]
o[
S (50)
=2
TIE
E
|
CIBIN (CHshls —prteer— BN (CHahls .

Boronium salts containing various amines in the cation
have been prepared by the reaction of dimethylamine -
boron trichloride with amines in ether or benzene 112,113

+
ClgB - NH(CHgs + L — [cu,B<fH(CH')'] a, (51)
where L = NH,, iso-C H,NH,, C,H,NH,, (CH,),NH,
(C,H,),NH, N(CH,),, pyridine, or 4-methylpyridine.

When trimethylamine-boron tribromide was refluxed
with 3-chloropyridine, a boronium salt were also isolated:
[Br,B(NC,H,C1),]*Br. ¢ Similar salts were obtained by
the action of amines on solutions of boron trihalides in
benzene or chloroform 115-118q;

BX;+ 2L — [XsBLyJt X~ , (52)

where (a) X = Cl or Br and L. = NH(CH,),, RNH,, or C;H,N
and (b) X = Iand L. = C;H,N.

§ It is noteworthy that Mikhailov and coworkers %
considered salts with the anion C1-, while boronium
salts with the anion Cl0O; are as a rule more stable .

1 It is interesting that, in an 'H NMR spectroscopic
study of solutions of boron trihalides in pyridine deriva-
tives in the temperature range between —50° and +35°C,
the formation of boronium salts was not observed 1%,
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On the basis of conductimetric data, Greenwood and
Robinson 120 attributed an ionic structure to the adducts
formed by the reaction of boron trichloride with urea

derivatives:

T

—c/ N\ -
[O—C\NH /BCI,] a-,

R
We may mention that the infrared spectrum of the com-
pound isolated in the reaction between SbCl; and the adduct
of sulphur nitride and boron trichloride corresponds very
closely to the structure of a boronium salt2;

§===N==5"

} Cl

N—B—N  sbClj ,
[

A similar cationic boron complex was detected in a
study of BCl;—SbCl,—CH,CN phase diagrams at 25°C: 122

(53)

Analysis of the spectroscopic characteristics and con-
ductimetric data for solutions of boron trichloride and
tribromide in acetonitrile led Schmulbach and Ahmed 123,124
to the conclusion that the ion pairs [(CH,CN),BX,|*'BX,
exist in solution. However, the authors' conclusion prob-
ably requires confirmation. The same workers!?® suggest
that the boronium cation [L,B(CH,CN),]* is formed on disso-
lution of (C,H,),NBI, in acetonitrile:

BCly + SbCly + 2CH,CN — [ClyB (CHsCN),Jt ShCly .

(54)

The formation of a boronium cation was postulated in
the synthesis of arylboron halides from aromatic hydro-
carbons and boron trichloride in the presence of alumini-
um and aluminium trichloride 128,127:

(CsHy)g NBI, ~SHCN (€ H) N+ [1,B (CH,CN), ] T + 217,

AtH - BCly — ArH - BCl, —AISk , AtHBCIF AICIT, (55)

ArHBCIH — ABClL +HT
3HT AICI; + Al — 3/, H,y + 4AICY,
The sole example of the preparation of cationic boron

complexes from boron trifluoride is the reaction of boron
trifluoride-ether with tertiary diamines #0,128;

(CHN 9
(CHY.N. N(CHy), BN i
/c=c\ w+ 2BF;: O(Cytig)y —> ll /Fa BF}
(CH3),N N(CHy), (CH,) 2N/C\N
(CHy),

(56)
(CHy), —]+

A~ N(CH;), '\
LC)\‘/ + 2BF;- O(CyHg)y —> @/BFJJ BF]
N

~7 “N(CHy), (gu s
3

The majority of investigators assume a covalent struc-
ture for the boron trihalide complexes with amines:
Ry . yHpN — BX;. However, in a number of studies ionic
structures were attributed to the amine complexes of boron
trichloride:

(Ry_, H, NBCLJT CI™ [(Ry_, H,N)a BCL,]T BCI,

Thus the formation of an ionic complex in the dimethyl -
amine —boron trichloride system was suggested by Brown
and Osthoff 1!, who concluded on the basis of a study of
the vapour pressure of dimethylamine—boron trichloride
that the following equilibrium exists in the gas phase:

(CHy); NH - BCly 5 (CHg)y NBCl, - HCI 55 (CHg)o NBCL +-HCL.  (B7)
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This observation enabled them to formulate the structure
of amine-borane also in the form of the salt

H,C\ /H + _
[H,c/ N\BCh] @
The reaction of this complex with iron(IIl) chloride, which
leads to the formation of [CLLBNH(CH,),]*FeCl;, may be
regarded as a confirmation of the ionic structure 129,
Moreover, dimethylamine—boron trichloride is readily
hydrolysed in aqueous silver nitrate with formation of
AgCl, this being in sharp contradiction with the behaviour
of trimethylamine-boron trichloride, which is difficult to
hydrolyse and which does not react with FeCl;. At the
same time the low conductivity of solutions of this complex
in chloroform indicates a non-ionic structure!3°,

Gerrard et al.'3! suggested that complexes of boron
trichloride with aliphatic secondary amines be regarded
as dichlorobis(dialkylamine)boronium tetrachloroborates:

(CL,B (NHRp),Jt BCI; ,

where R = CH, or iso-C,H,. This hypothesis is based on
an analysis of the infrared spectra of these compounds,
which contain absorption bands characteristic of the BCl,
group and also frequencies corresponding to the anion
BCl,.

In a study of the viscosity and conductivity of melts of
boron trichloride complexes with pyridine and piperidine
over a wide range of temperatures, Greenwood and Wade 132
concluded that these complexes dissociate into ions to the
extent of approximately 1%. On this basis, the following
equilibrium between covalent and ionic forms was pro-
posed:

2BCl, - NGsH, 5 [CL,B (NC;H,)JT BCI; (58)

where x = 5 or 11,

The infrared spectra of the solid complex of pyridine
with boron trichloride and its solutions in benzene % and
also the *B NMR spectra of complexes of pyridine with
BX; (X = Cl or Br) in acetonitrile and methylene chloride
correspond to the covalent structure C;H;N.BX;. 118123
Boronium salts with ether ligands in the cation were syn-
thesised by Mikhailov and coworkers 15117 by the reaction
of iron(IM) or tin(IV) chloride with ethereal solutions of
boron trichloride:

BCly + 2L+ FeCly -7, [ClBLyJ* FeCly,

where L = (C,H,),0 or C,H;O;

(59)

2BCly 4 4 CuHg0 4 SnCly ——°, [Cl,B (OC,Hg)s ]y SnCB™ |

The results of this reaction and also the determinations of
the molecular weights of boron trihalide-ether compounds
in ether by Singer's methodt and the capacity of ethereal
solution of boron trihalides to conduct electricity led to the
conclusion® that in ether there is an equilibrium between
the neutral complex (VI) and the boronium salts (VII) and
(vIm):

BX, O(C:Hy)s

XgB « O(CoHs)s + (CgHy): O S {X,B({O (CHe)2l} T X~
VD) (viD)
— {X:B[O(CoHy)la} T BX]
4200))

(60)

where X = Cl, Br, or F.

1 The molecular weights determined for the other
compounds of boron trichloride, trifluoride, and tri-
bromide exceed the values for the neutral complexes
by 50, 40, and 20% respectively*s.

an

However, these results can be accounted for also from
other standpoints. For example, the conductivity of the
complex of boron trifluoride with anisole was explained by
Pechalin and Panchenko by the formation of a charge-
transfer complex!33, Fratiello et al. 13¢ observed that
ethereal solutions of the complexes BCL,.0C,H, and BBr,.
.O(C,H,), are unstable and therefore their conductivity may
be caused by the presence of decomposition products.
Moreover, the NMR spectra of the ether complexes of
boron trihalides, which always contain one !B signal and
one signal corresponding to each of the protons in the
ether bound in the complex, are also inconsistent with the
presence of ionic structures!s?, Bearing in mind the
results of Fratiello et al. !, structures of the type
[(R,0),BX,]*X " for the ether complexes of boron trihalides
can be rejected altogether. The reaction of ethereal solu-
tions of boron trichloride with Lewis acids need not neces-
sarily be accompanied by their ionisation but may involve
an Sy2 mechanism:

R,0 - BCly + FeCl, —2 RO ... S'f.
R,0

All these findings show that the problem of the existence
of an equilibrium in ethereal solutions of boron trihalides
cannot be regarded as finally solved.

Boron trichloride may react with 5-diketones to form
cationic boron complexes, Diltey in fact obtained in 1906
the first cationic boron complexes precisely by this reac=
tion:

. Cl ... FeCly — [(R,0); BCl T FeCly, (61)

R R *
C=0 C=0. 0—cC
7 7 N4 N .‘ .
- H,Q + BCly > |HC B CH| Ci (62)
(\c=o S I S o’ ’
R R g
where R = CH; or C;H;.  Subsequently the method was
improved by Barabas et al. '3 and extended to other 3-
diketones:

R R
oy o c—o o=C
2 \c—cnzc/ + B(OR); + HX —»> H({ \,a' \CH x, (63)
N g c—0" \O—C//
ST G

where R’ = R” = CH; or CiH;, R =H or n-C;H,, and X =
Cl or C10,.

Cationic chelate complexes of boron containing tropone
derivatives as ligands were synthesised by Muetterties and
coworkers 37142 hy the reaction between the tropone deriv-
atives and BBr, in chloroform or methylene chloride:

BBry+2T

s—IBT.I B~ (64)

~H

where T = tropolone, thiotropolone, or the lithium salt of
NN -dimethylaminotroponimine and N -methylaminothio-
tropone.

In the case of tropolone the chelate complexes of boron
can be obtained from boric acid and tropolone in aqueous
solution in the presence of inorganic acids.

3. PREPARATION OF CATIONIC COMPLEXES BY THE
ADDITION OF HYDROGEN HALIDES TO AMINOBORANES

The reaction of aminoboranes with hydrogen halides
was investigated in greatest detail by N6th and co-
workers 8% 87,1437147  who established that the reaction can
lead to two different products, the structure of the com~
pound depending mainly on the nature of the substituents at
the boron atom. In the presence of bulky substituents,
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aminoborane derivatives are formed, but when the substi-
tuents are small the products are boronium salts:

(CHy)s N

65
(CHg)y N/ (65)

(CHs)q NH\B/X ]+ o
VERN
(CHs), NH Cl
(IX)

or

B—X 4 2HCl — [

X
(CHy)e NB<C1 + (CHg), NH - HCI ,
X)

where in compound (IX) X = H, CH,, C,H,, CH,, Cli, F,
or N(CHjy), and in compound (X) X = C4H,, C,H,, Si(CH,),,
Si(C¢H;),, B{N(CH,),|,, or N(C,Hy),.

The mechanism of the reaction of aminoboranes with
hydrogen chloride probably consists in the addition of HC1
to the B—N bond of the aminoborane with formation of
compound (XI). Subsequent addition of a second HC1 mole-
cule leads to the formation of the boronium salt (XII), the
cation of which is unstable in the presence of bulky substi-
tuents and decomposes with formation of substitution
products:

H...Cl

: +
R,N | | HCl [RﬂNH\ /X} -

NB— — RegN——B—X —— B clI™ —~ (66
gy PR HOL = RN v e (66)
(XI) NRg (XII)

/X
~ RN=B{_ -+ RINHC -

The reactions of hydrogen chloride with aminoboranes
have been investigated in a number of studies. Thus, the
preparation of the cationic boron complex (XIII) by the
reaction of B-methyldiazaboroline with hydrogen chloride
has been described *48;

H,C—NH\B

H,(I:—NH/ (67)

HC—NH,.  ,Cl 1~
CH; + zchﬁ[ TUNBC ] a-.

H,C—NH;”  “CH,
(XIIT)
Mikhailov and coworkers15-117 gshowed that the reaction
of dimethylaminoboron dihalides with amine hydrogen
halides in chloroform leads to the formation of boronium
salts:

CHg)s NH +
(CHy)s \x,] N (68)

(CHg)g NBX; + L - HX — [ L/B

where X = Cl or Br and L = (CH,),NH or C,H;N.

The cationic boron complex (XIV) was synthesised by
the reaction of biguanidine with tris(dimethylamino)borane
in boiling pyridine followed by treatment with 0.5 N hydro-
chloric acid 49;

NH, 7+
NH, IYHa I 2
| C—NH HN=C
C—NH, NV ARERN . (69
2N + B[N (CHy)aly —BS B SN | a . (69)
\CI=NH )28 —GH,),NH \C=N{l \HN——'C/
NH, 1 I\lng NH, _!
(XIV)

The unusual behaviour of hydrogen iodide in relation to
aminoboranes is noteworthy.  In contrast to the reactions
with hydrogen chloride and bromide, methyl bis(dimethyl -
amino)borane combines in toluene with only one mole of
hydrogen iodide forming the insoluble complex (XV):

[{CHg)z N]; B—CH, 4 HI — [(CHs)s 1;‘(]‘2’ B—CH, - HI , (70)
xV)

1 It is interesting to note that Weiberg and Schuster 1%
described a product with the same composition more
then 30 years before the work of N6th.
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On the basis of infrared spectroscopic data, N6th and
coworkers 45 attribute to (XV) the structure

.
(CH,),NH _‘
N

I
| (cH

in which the cation is stabilised by the formation of a 7 -
bond between the boron and nitrogen atoms. Additional
confirmation of this structure is provided by the reaction
of (XV) with hydrogen chloride, which leads to the forma-
tion of the boronium salt (XVI) and the disappearance from
the infrared spectrum of the 1576 cm~! absorption band
characteristic of the B... N bond:

s o

(CHy),NH * (OH,),NH. Tt
[ \,B—cH{, I” + HCl—» \B/C r.
3

(CHP,NZ (CH,NHY NcH
(xv) (XvI)
Hydrogen iodide reacts similarly also with tris(dimethyl -
amino)borane:

(71)

(CHg) N (CHg)eNH o
>B“N(C“a)=+2Hl~»[ >B.'.;N(CH3)2] 5. (72)
(CHa N (CH3), NH
(XV1I)

The structure of compound (XVII) is based on infrared
spectroscopic data.

4, INTERACTION OF BORANES WITH AMINE-BORANES AT.
ELEVATED TEMPERATURES

One of the general methods for the preparation of
cationic boron complexes is the reaction proposed by
Miller, Muetterties, and coworkers 79138,140,150 hetween
borane complexes and 'onium salts at an elevated pressure
and a temperature in the range 100—180°C:

L. BHy+ L -HX - [HBLJt X~ + H, . (73)

A wide variety of boronium salts have been synthesised by
this method, containing in the inner sphere of the cation
amines, phosphines, arsines, and dialkyl sulphides and
with various acid residues as the anions. Equivalent
amounts of a base and an acid may be employed instead of
the 'onium salts.

Cationic boron complexes are also obtained by the
reaction of borane—base complexes with diborane or higher
boranes at 100—250°C: 138,151-155

L - BHy 4 BHy — [HBL,J* X~ (74)

where X = B, H};, B,,H,,L*, etc. and L = (CH,);N, (CH,);P,
(CH,);As, or (CH,),S.
Boronium salts containing the cation
[H 5 N (cx-ls,),—cx-lz]+
*"\N (CH,)e—CH,

are formed when adducts of pentaborane(9) with NNN'N’-
tetramethylethylenediamine (TMED) and B,H,.TMED are
decomposed at 140—-150°C, 56
Beachley, who investigated the pyrolysis of the amine
complexes of borane both in the presence of bis(methyl-
amine)boronium chloride and in its absence, isolated
boronium salts with cations containing several boron
atoms 157,158:
HyB - NH (CHy)s -+ [HeB (NHCHo), ] ¥ €1 | 1,
— [CH;NH,BH,NHCHBH,NH,CH;| * CI™ -+ H, - [HyBN (CHy), Iz,
H;B - NH,CHj + [HsB (NH,CHy), I CI™ _"_’*:.‘L,

— [CHsNH;BH,;NHCH,;BH,NH,CH, I+ CI™ -- H, +

- [CHsNH,BH;NHCH;BH,NHCH;BH,NH,CH, ]+ C1™ 4 H,B,N; (CHy)s .
(XVII1)

(75)
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The same products were obtained on partial pyrolysis
of 1,3,5-trimethylcyclotriborazane in the presence of
methylamine hydrochloride. The structure of the boroni-
um salt (XVIII) was proposed by Beachley on the basis of
infrared and *H NMR spectroscopic data.

The preparation of bis(1,3-diketonato)boronium salts
by the decomposition of 1,3 -dioxaborinium salts at 100°C
both in the solid state and in inert solvents (toluene and
acetonitrile) has been described 5% 189;

R R R"—|+

2 {(+ \ . . . < e ) 76
C o) X" Zra C /B\E J X (76)
" o4 ®'

where X = Cl- or ClO;, R = CgH,;, R’ = CH, or C;H;, and
R" = CH, or CH,.

5. OTHER METHODS OF PREPARATION

A method for the synthesis of boronium salts with the
composition [H,BL,[*X~, where L = tertiary amine, phos-
phine, or nitrile and X~ = ClOj or BF,, consisting in
the treatment of borohydrides or amine-boranes with tri-
phenylmethyl perchlorate or fluoroborate in the presence
of bases, has been patented 16%,162:

(CoHy)s CBFy -+ (CHg)y NBH, + 2 CHN — it

> [HyB (NC;Hy)oJ* BF] + (CgHs)s CH + (CHg)y NBF, . (17)

The acid hydrolysis of the adducts of pentaborane(9)
with TMED and B,H,. TMED leads to the formation of the
cation

H,B

[ /N (CHa)a‘CHa]“'
N (CHy)y—CH,

in quantitative yield. The same cation is obtained by the
hydrolysis of the adducts under neutral conditions 58,

After allowing two moles of dibutylamine to react with
one mole of 2-isocyanato-1,3,2-benzodioxaboronate,
Lappert and coworkers 1® isolated a complex with the com=
position C,,H,,0,N,B, which proved to be resistant to
pyrolysis and alcoholysis. On the basis of infrared spec-
troscopic data, the structure of a boronium salt (XIX) was
attributed to the complex:

o
o\ AN

O JPNCO + (n=CyHgl,NH —> O JBN(n-CHg), +
o o

" _
((()\[0\ /NH(C(Hg-n)g—l @EO\ N(CHgen )y

+ B B

NoZaWg \w(cmgm)il o MN(CHn),

-

(78)

€X1X)

The boronium salts [C;H,NBH,N(CH,),]*I" and
{[(CH,),NBH, |,SCH,}'I~ were isolated after treating
H,BN(CH,),CH,SCH, with methyl iodide and pyridine or with
methyl iodide and water respectively8°,

The preparation of ionic compounds of boron (the authors
regard them as boronium salts) by the reaction of tri-
methylamine -dimethylaminomethylborane with ethyl bromo -
acetate or hydrogen chloride has been described 7%, 184:

PF_

(CHy)gN-BH,CH,N (CHy); + HCl 5 [(CHy)sNBH,CH,N (CHy)H|*PFs , (79)

913

Similar compounds are also formed in the methylation
with methyl iodide or in the hydrolysis of the lithio-deriva-
tive of borane (XX): 71,164

o [H,BCH,N (CHy),H

PFy N (CHy)s

CH,I [HgBCH,N(CHg), ]* R
N (CHy),CHCH, |

+
~ + Li++4-2 OH™
H,B—CH,N (CHy)x ] gl

80
(CH,),N ~CH,Li (80)

PF
[

(XX)

Di- and Tri-valent Cationic Complexes of Boron

The data presented above show that considerable advan-
ces have been achieved in the development of methods for
the synthesis of singly charged cationic boron complexes.
Until recently almost nothing was known about cationic
boron complexes with charges greater than +1., The first
mention of this class of compound dates back to 1951 when
Sowa 1% reported the preparation of a series of boronium
cations with charges ranging from +1 to +3. However, he
did not prove the structure of these compounds. Only in
the last three years has a series of papers appeared on the
preparation of doubly and triply charged cationic boron
complexes in which the structural data for the compounds
are confirmed by the results of elemental analyses, infra-
red spectra, and conductimetric data.

When boron trichloride reacts with various primary,
secondary, and tertiary amines in benzene, complexes
with the composition BCl,.3L (L = amine) are obtained 166 ~168,
the structure of a divalent cationic complex was attributed
to them:

L Clpt
B cl
L7 L .

Similar complexes were prepared by the reaction of
B-trichloroborazine and diethylaminoboron dichloride with
an excess of pyridine in benzene or petroleum ether at
0°C: %

~CH: N NCH, -t
Cl H N/
B—N_ B—NH__ NCH,
HN Bll+4CGHN—|  HN B c;, , (81)
NN/ NB_N" \NC,Hj
Cl H ct H

(CoHg),NBC, + 3 CoHyN — [(CoHy)oNB (NCiHy)a ¥ Cl,

Tri- and divalent boron complexes were synthesised
by refluxing (CH,),N.BBr; with an excess of pyridine or its
derivatives 14:

L, [BLJP*Br; + (CH)N
(CH,);NBBr; —
1L [BrBLPTBr; + (CHyN ,

(82)

where L = 4-ethylpyridine and L.’ = pyridine or 3-bromo-
pyridine.

It is noteworthy that the complexes 3C,H, NH.BBr,; and
3(C¢H,),NH.BBr; obtained in reactions of boron tribromide
with aromatic and cyclic amines and also the complexes
[(CH,),N];B.3HI and 3(CH,),NH.BCl, should probably be
regarded as divalent cationic boron complexes 112,145,189,

A divalent cationic complex has been synthesised by the
reactionoftris-2,4,6-trichlorophenyl borate with ammonia %8:

(C14CaHy0)5B + 3 NHy — [CloCoH,0B (NHy)sJ*+ [CI,CeHOI] (83)
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III. PHYSICAL PROPERTIES OF CATIONIC BORON
COMPLEXES

Cationic boron complexes are crystalline substances.
Most of them are insoluble in hydrocarbon solvents,
carbon tetrachloride, and ethers. Boronium salts with
small anions (C1-, NOj;, SO, etc.) are hygroscopic. They
dissolve appreciably in halogenohydrocarbons (chloroform,
methylene chloride, and dichloroethane), acetonitrile,
acetone, alcohols, and water§, some salts crystallising as
hydrates from the last solvent,15°, The water of hydra-
tion is readily eliminated by drying in a vacuum over
phosphorus pentoxide or by recrystallisation from aceto-
nitrile or chloroform. Boronium salts with large anions
(PF,;, ByH3;, etc.) are much less soluble in organic sol-
vents and water, i

The boronium salts isolated from reactions in chloro-
form or carbon tetrachloride frequently contain between
0.2 and 0.9 mole of the solvent 75,76,136,

The saltlike nature of the cationic complexes of boron
is confirmed by their capacity to conduct electricity in
aqueous solutions #14 organic solvents 56,99,102,125,145 = oy
amines5t, The ionic structure of diammineboronium
chloride [H,B(NH,),]*Cl~ and “diammoniate of tetraborane”
[H,B(NH,),]*B;H; was also confirmed by X-ray diffraction
datal707172,  The molecular weights of these complexes
have been determined in liquid ammonia 49,173,174,

Cationic boron complexes with an asymmetric boron
atom should exist in optically active forms. After a
number of unsuccessful attempts 135,150 gptically active
cationic complexes were isolated 0% 66,175:

[CH,—C5H.N\ /H]+ )
B PF, >

(CHesN” X
where X = Cl or Br.

NMR Spectra of Cationic Boron Complexes

The !B NMR spectra of cationic boron complexes with
2 BH bonds consist of triplets with intensity ratiosof1:2:1
and JBH constants in the range 90-120 Hz, 39,40,58760,67,72,75, 76,

150,176,177 5nd the spectra of cations with only one BH bond
consist of symmetrical doublets with Jpg = 134-160

Hz. 69,66,67,150  The spectrum of bis(trimethylphosphine)-
boronium consists of a quintet (0.5:4.4:5.5:4.4:0.5), 15°

The *H NMR spectra of various cationic boron complexes

have also been described 40,58-60,66,67,69 =73,76,88, 103,128, 135,147,
150,151,178,

Infrared and Ultraviolet Spectra of Cationic Boron
Complexes

In the infrared spectra of boronium salts of the type
[H,BL,]*X"~ (where L is a Lewis base) there is a doublet in
the region of 2380—2600 cm~! associated with the stretch-
ing vibrations of the BH bonds. It is symmetrical for
bisarsine and bisphosphine cations and asymmetric for
bisamine cations, the band with the lower intensity lying at
higher wavelengths. The frequencies due to the deforma-
tion vibrations of the BH, group are in the region of 1065—
1170 cm~t, In the deuterium-substituted cation [D,BL,}*
the stretching and deformation vibration frequencies of the

§ The solubilities of a number of boronium salts in
water have been determined®°,
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BD, group are displaced to 1900—1760 and 915 cm ™
respectively., In the region of 2430—2600 cm~-! cations of
the type [HB(R)L,]* have a singlet with a much lower inten-
sity than the doublet of the BH, group 22,23,40,56 -59,67,69-76, 143, 150,
158 .

The Raman spectra of diammineboronium and bis(di-
methyl sulphoxide)boronium borohydrides each have two
bands associated with the BH, group (2371—-2315 and
2437-2422 cm™! %41),

The infrared spectra of the boronium salts (R’R”BL,)*X"
containing various substituents at the boron atom (R’ and
R”=halogen, alkyl, aryl, etc.)4?54%,67,88,90,99-101, 114,123,128, 144,
145,163 the infrared spectra of Diltey's complexes 135,159,178,
179, and the ultraviolet spectra of various boronium
cations 40,59,76,101,102,104,114,118,135,179 haye been described.

IV. CHEMICAL PROPERTIES OF CATIONIC BORON
COMPLEXES

The chemical reactions of cationic boron complexes can
be divided into three groups.

1. Reactions with breakdown of the boronium salt
(pyrolysis, hydrolysis, alcoholysis, and reactions with
bases).

2. Reactions involving changes in the boronium cation
but not resulting in its breakdown (substitution reactions
and ligand exchange reactions).

3. Reactions of the anions of the boronium salts.

1. REACTIONS WITH BREAKDOWN OF THE BORONIUM SALT
a. Thermal Stability and Pyrolysis of Boronium Salts

The thermal stability of boronium salts depends both on
the nature of the ligand and the substituents at the boron
atom in the cation and on the nature and dimensions of the
anions. Mikhailov*® quotes the following series of bases
bound in a complex with boron in terms of decreasing sta-
bility of the boronium cations: diamines > amines >
phosphines > arsines > ethers > sulphides. Within the
limits of each of the above types of bases, the stability of
the boronium cation is determined mainly by steric factors.
For example, for amine ligands it is possible to establish
the following series in terms of decreasing thermal stabil -
ity of boronium salts 56:

[(CeH3)gB (NHy)o*CI™ > [(CeHi)2B (NHCHy)o HCI= > {(CoH5),B [HN (CHjl} CI-

While diammineboronium borohydride is stable up to 80°C,
the borohydrides of bis(methylamine)boronium and bis-
(dimethylamine)boronium are stable at room temperature
only in a vacuum 1023,

The stability of boronium salts is appreciably influenced
also by the dimensions of the substituent at the boron atom,
the stability as a rule decreasing with increase in the size
of the substituent. Thus ethylbis(dimethylamine)boronium
chloride decomposes at room temperature and methylbis-
(dimethylamine)boronium remains unchanged at the same
temperatures in the absence of moisture !,

The dimensions and the nature of the anion also have a
significant effect on the thermal stability of the salts. The
boronium salts formed with the anions of weak acids are
stable only when small ligands are present in the inner
sphere of the cation (NH;, CHNH,).® Boronium salts
with anions of strong acids are distinguished by greater
stability. While the boronium salt [(CH,),B(NH,),]*[H,B.
.(CH,),]” decomposes at 10°C, its chloride is stable under
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the same conditions5¢, When salts with strong acid anions
and bulky ligands are formed, the dimensions of the anion
become of decisive importance for their stability, since
small anions are capable of displacing the ligand from the
cation at elevated temperatures:

(84)

On the other hand, large anions (B,,H3;, PF;) permit the
synthesis of stable boronium salts with ligands such as
trimethylamine, ethyldimethylamine, triethylamine, and
2,6-dimethylpyridine 58,59,140,150,

Two types of thermal transformations are characteris-

[HBLJTcl- & HBCl-L+L,

tic of boronium salts, depending on the nature of the ligand.

The pyrolysis of boronium salts with tertiary amines as
ligands and small anions leads to the displacement of the
amine from the inner sphere of the cation by the anion and

formation of complexes of the amine with boron deriva-
tives 138,140,150,180.

125--198°

{H,B[N(CHy)aly} "X~ (85)

where X = Cl, Br, or N,.

Another type of thermal transformation is character-
istic of boronium salts containing primary and secondary
aliphatic amines in the cation. When these salts are
heated, aminoboranes and derivatives of cycloborazanes
and borazines are produced, and their formation may be
represented by the following equations:

Re_ NHRR:7H Ry NRR
B X~ - B

R‘/ \NHRIRZ

HB—X-N (CHy)s + N (CHy)s ,

+HX
R “\NHRIR? ’
NR'R? R

+HX -  B—NIRR? 4 NHR'R? - HX ,
R+ \NHRIR? Rs/

R!
'S (86)

(XX1)

When R® and R* = CH,y 4+, CgH;, or Cl, the pyrolysis
stops at this stage. When R! = R® = H, the product (XXI)
may cyclise with formation of cycloborazanes (H,BNHR),
or undergoes further reactions leading to borazine deriva-
tives:

H N
B—NHR —> (HBNR); (87
H

This mechanism may be illustrated by the examples of the
reactions of boronium salts on heating quoted below. The
wide melting point range of the boronium salts {C1(X)B.
[NH(CH,),],}'C1™ can probably be accounted for by their
partial decomposition on heating. This reaction, which
leads to the formation of aminoboranes, occurs smoothly
at 170--200°C: 63,88,112,143 145

AN

B—N (CHy)s + (CHy),NH - HCI ,
ca
where X = H, Cl, Br, CH,, or C.H;.

It is noteworthy that the introduction ot bulky substitu-
ents linked to boron into the cation of the boronium salt
leads to a lowering of the temperature at which the trans-
formation takes place 8,8

{C1 (X) B[NH (CHy)gls} HCI= 10— 3002 (88)

300— 260°

[(CsHs)oB (NH,R),]FCl (89)

where R = CH;, C,H;, or iso-CH,;

(CeHs)sB—NHR + RNH, - HC!I ,

150—170°

[(p-CH,CqHy)eB (NH,R),I*CI~
where R = C,H; or iso-CH,.

The decomposition of the salts [H,B(NH,CH,),]*X~ and
[CH,NH,BH,NHCH,BH,NH,CH,]*X"~, where X = BH, or Cl,
at 100—125°C results in the formation of 1,3,5-trimethyl -
cyclotriborazane and 1,3,5-trimethylborazine 157,158,181,

(p-CH,C¢Hy), BNH, + RNH, - HCI ,

915

The pyrolysis of the “diammoniates” of diborane and
tetraborane at 180—190°C leads to the formation of
borazine +"»!8, N-Tri-n-burylborazine, bis-(n-butyl-
amino)borane, and n-butylamine-borane were isolated in
the thermal decomposition of bis-(n-butylamine)boronium
ethylmercaptide 7.

A completely different type of thermal decomposition
was observed on heating dicyclohexylbis(pyridine)boronium
perchlorate in chloroform. This results in the formation
of cyclohexene and cyclohexylbis(pyridine)boronium per -
chlorate ©7:

[(CoHun)BING,H), 1FCI0, = [CoHyy (H)' B (NCHy)ITCIOT -+ CiHy ,  (90)

The pyrolysis of the boronium salt
('ZH2~NH2 +
\ cl
B Cl-
I/ el
CH,—NH, i
at 300°C in the presence of hydrogen chloride results in
the formation of methane and CH,BCl, in low yields 48,
The decomposition of diphenylbis(ethyl ether)boroni-
um 103:
{{CoH5)yB{O (CsHy)ole} T — (CyHg)B—OCoHy +-(CeHy){0* (91)

and the transformation® on vacuum sublimation of the
/NH—B (NC;H; ),
divalent cationic complex [CIB NH

2+
] 2C1° into the
NH—FB (NC;Hy),

NH—BCI
. / AN
univalent complex [cm NH

+
b ] ci- have also been
A NH—B'(NCsH;)»

described.

b. Hydrolysis and Alcoholysis

The hydrolysis and alcoholysis of boronium salts are
the most important reactions of cationic boron complexes.
It is noteworthy that the majority of boronium salts are
stable in relation to water and acids but are fairly rapidly
decomposed by alkalies 39,56,58, 66,67,69 -71,73 -76,88,89,114, 158_
Thus this reaction evidently reduces to nucleophilic attack
on the boronium cation.

Although there has been no systematic study of the
behaviour of boronium salts in hydrolysis, examination of
the literature data permits the isolation of a number of
factors which determine the stability of cationic boron
complexes in relation to hydrolysis.

The hydrolytic stability of boronium salts is determined
primarily by the basicity of the ligands in the cation. The
salts become more stable with increase in the basicity of
the ligands. Thus boronium cations containing thioether
ligands with a relatively low basicity, [H,B(SR,),]*, are
readily hydrolysed by waterf.

T However, a boronium cation containing the S—CH,
group, [(CH,;),NBH,SBH,N(CH,),}}, which is resistant to
acids and alkalies, has been described. Rowatt and
Miller € explain its enhanced hydrolytic stability by the
screening of the sulphur atom by H,BN(CH,), groups,
which are isoelectronic with the neopentyl group. The

cation
cr!{, . ] }*«
[[(CHa)sNBHszS 2BH,

in which the sulphur atom is less screened, is hydrolysed
by water.
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Bis(trialkylarsine)boronium salts, [H,B(AsR,),]*X", in
which the ligands are more basic, can be actually recry-
stallised from water, but water hydrolyses them slowly.
Cations with even more basic tertiary phosphines,
[H,B(PR,),]*, are stable even in relation to boiling inor-
ganic acids but are slowly decomposed in hot alkalies.
Diamineboronium cations, [H,B(NR,),|*, are not susceptible
to the action of concentrated acids (HCl, HNO,, H,SO,),
and 10% alkali even on heating 7%14%150,  However, the
replacement of NR; in the boronium cation by 4-methyl -
pyridine leads to a sharp lowering of the hydrolytic stabil -
ity of the salt5s,

An analogous variation of hydrolytic stability in relation
to alkalies on passing to more basic ligands was observed
by Muetterties 138-138,140-141 algo for chelate cationic boron
r r 7 s

N
s ‘

complexes:
+ + + CH. +

o ] U Lo— 1 r“ ' \ X |
‘\Bﬁo )J<Lsrs )<B_ )|< 5, J

: L Y dn, :

The rate of hydrolysis of the boronium cations [H,BL,J*,
where L is a pyridine derivative, is inversely proportional
to the relative strength of the base?!%, Boronium salts
with weakly basic ligands such as dimethylformamide and
dimethylacetamide 7 and the N -oxides of tertiary bases 3,
exhibit an unexpectedly high stability in relation to hydrol -
ysis.

On the basis of data for the solvolysis of a number of
bis(alkylamine)boronium chlorides, Mikhailov and co-
workers 183 established that, with increase in the bulk of
the molecules of nitrogen-containing bases, the hydrolytic
stability of the salts decreases in the series

(a) NH; > CH,NH, > C,HsNH, > n-C3H,NH, > C,HoNH, > n-CsH,;NH, >
n-C¢H,3NH,;

(b) NH; > CH3NH, > (CH,),NH;

(¢) n-C3;H,NH, > iso-C;H,NH,:

(d) n-C4HoNH, > is0-C4HoNH, > t-C,HoNH,.

Bulky or electronegative substituents at the boron atom
reduce the hydrolytic stability of boronium salts 54,56,61,112,
Thus the stability of salts of the type {(C1)XB[NH(CH,),],}".
.C1™ decreases with increase in the bulk of the substituent
X in the following sequence 8143147 H > F > Cl ~ CH.,.

The nature of the anion of the boronium salt probably
also influences its hydrolytic stability. Boronium salts
with anions of weak acids [(CH,),BH,, SR~] are fairly
readily hydrolysed 23151, while the anions of strong acids,
particularly large anions (B,H%;, PFy), increase the
hydrolytic stability of the salts 140150,

The hydrolytic stability of the cationic boron complexes
depends on the magnitude of the positive charge of the
cation and decreases as it is diminished !4,

The mechanism of the hydrolysis of boronium salts is
still obscure. According to the data of Mikhailov and
coworkers 6,183 in the first stage of the solvolysis of the
boronium salts (H,BL,)*C1~ (where L are primary and sec-
ondary aliphatic amines) one amine molecule is replaced
by water or an alcohol molecule:

CH,

L RT
[H;BL,I -+ ROH 2= [H’B—°<H] +L (92)
(XXII)
The mixed cation (XXII) formed dissociates at the
O—H bond with formation of a neutral complex of the
hydroxy- or alkoxy-borane:
XU &+ ROH ~ H,8{ ~_ +ROH} (93)

(XXIIT) NOR
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Compounds of type (XXIII) are solvolysed at a high rate
with evolution of hydrogen.

The mechanism shows that the possibility of the dis-
placement of the ligand in the first stage is determined
both by the basicity of the hydrolysing agent and the strength
of the boron—ligand bond. On the other hand, the ease of
the acid-catalysed dissociation of the cation (XXII) in the
second stage depends both on the nature of the amine
incorporated in it and on the basicity of the medium. In
addition, the rate of alcoholysis decreases with increasing
bulk of the alcohol molecule.

In the alkaline hydrolysis of the boronium salts
(H,BL,)*X" (where L are primary or secondary amines),
one cannot of course exclude the possibility of the reaction
of the hydroxide ion with NH protons:

[H\ /NHR,]+ [H\ /NRa ]
B +OH™ — B +HO0 ,

H” “NHR, H” “\NHR,
[H\B/NRZ J H,BNR, -+ R,NH
— Dy 2 2 ]
H” “NHR, (94)

H3;B—NRg— hydrolysis .

However, this last mechanism has been questioned by
Mikhailov et al. 117

Muetterties 14%15° proposed a different mechanism for
the alkaline hydrolysis of boronium salts with the cations
[H,BL,J* (where L = PR,, AsR,, or SR,), according to
which the initial stages of the process involves the attack
by the hydroxide ion on the positively charged heteroatom
of the ligand.

It is interesting to note that in certain‘cases there is a
possibility of a nucleophilic attack by the hydroxide ion
also on an atom more remote from boron %137, In the
alkaline hydrolysis of the boronium cation with tropolone
molecules as ligands in a medium containing H}%0, tropol-
one becomes enriched in oxygen-18 to an extent corres-
ponding to 50% of the possible maximum. On this basis,
Muetterties suggests that the initial stage of the hydrolysis
consists in the attack by the OH™ ion not on the central
boron atom but on the carbon atom linked to oxygen:

/ / / \OH (95)

130H 150
An analogous mechanism of hydrolysis was proposed
for the boronium cation [(CH,),NBH,0<P(CH,),]*:
OH™
[(CH}NBH,0 P (CH);J+ + OH=-» (CH,);NBH,0 <P (CHy); =H* (CHg)sNBH,0~--PO (CHy),
(96)
This reaction is of third order: of first order with respect
to the boronium cation and of second order with respect to
the hydroxide ion ",

Thus at present it is difficult to imagine a general
mechanism for the hydrolysis of boronium salts. Pos-
sibly the reaction mechanism varies with the type of
hydrolysing agent and the nature of the boronium salt.

v v o _/

o— o—

S8 [e—13OH‘—»\B< \ -~ 58|
o-_ )

c. Effect of Bases on Boronium Salts Containing Amines
as Ligands

A number of communications have been published on
the preparation of aminoboranes or their polymerisation
products by reaction of strong bases with cationic boron
complexes. Probably the reactions can be described in
all cases by a general mechanism including as the first
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stage the elimination by the base A~ of a proton from the
amine in the boronium cation:

[HNBH,NH,] " +- A~ — HA + HsNBH,NH, |
(XXIV)

where A~ is the base [C=CH~, NH,, H", NE,R (R = H or

C)

alkyl)]. The ammine-aminoborane (XXIV) formed
dimerises with loss of an ammonia molecule:
HNBENHS - NBH,NH,BH,NH, -+ NH,§ (98)
H,NBH,NH;3 .

(XXV)
The ammine-aminoborane (XXV) formed or the product of
its further condensation may cyclise with elimination of an
NH,; molecule:

H;N (BH:NH,), — (H,BNH,), + NH, , (99)

Another pathway tor the formation of cycloborazanes
(H,NBH,)y, includes attack on the boron atom in the
diammineboronium cation by the ammine-aminoborane
(XXIV):

[HsN -BH,NHJ
H,NBH, - NH,
(XX1V)
The boronium cation (XXVI) can be lengthened by mecha-
nism (98) quoted above with transfer of a proton to the base
A~ [reaction (97)] or can cyclise with loss of an ammonia
molecule according to reaction (99).

The examples below illustrate the formation of amino-
boranes in the reaction of boronium salts with bases.
Sodium acetylide reacts with diammineboronium borohy-
dride forming aminoboranes in two different modifications,
one of which is cyclotriborazane (n = 3): *%

(HyB (NHy)s P BH -+ NaC=CH 28 (1 BNH,), + NaBH, -+ CH=CH-+NH,
(101)

Cycloborazanes with the composition (H,BNH,),, where
n =2, 3, or 5, were synthesised by the reaction of sod-
amide with diammineboronium borohydride 1%:

— [HsNBH,NH,BH,NH,[* -+ NHg (100)

XXV

NH,(liq.)

{H,B (NHy)s] " BH]” + NaNH, (H,BNH,),, + NaBH, + 2NH;, (102)

The “diammoniate of diborane”, which is stable in dry
ether at room temperature, decomposes rapidly in the
presence of small amounts of ammonia with formation of a
polymeric aminoborane 3:

(CeHi)sO

[HB (NHy)e] " BH;" + NH, (H,BNH,), + HsB - NH; +H, . (103)

Probably bis(ethylamine)boronium ethylmercaptide
decomposes similarly in ether under the influence of traces
of an amine %:

~ HaNC,H,
[HyB (NH,CoHy )] T SCoHy it

H,BNHC,Hs + C,H,SH + C;H;NH,, (104)

The reaction of bis(trimethylamine)boronium chloride
with sodium hydride % and butyl-lithium *** and also the
reactions of a number of boronium salts with metallic
sodium 2:5%54 take place with initial elimination of a proton
from the nitrogen atom or from the alkyl group of the
amine.

The reaction with sodium hydride gives rise to a six-
membered boron-containing heterocycle in 5% yield. The
formation of this product may be represented by the fol-
lowing mechanism

[(CHg)sNH,BN (CHg)s|*CI~ -+ NaH — NaCl + H, -+ [(CHy)sNBH,N (CHy),CHS ,

[(CH,),NBH,N (CHy), CH,

BH,
- (CHg),N CH, 2N (CHy)s, (105
Loy (cu,),,] e 42N (CHas, (105)

H,C N (CHy)s
NBHY
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In the reaction with butyl-lithium a number of products
are formed depending on the proportions of the reac-
tantg 71,164;

H,B—CH,N(Clly),

| + 2CH
1m°\es°~“’“ (CHy),N—CH,Li o
&
+ 1.5 molesC HgLi | .
{CHg)sNBHyN(CH,),l™ CI :-———>.(CH3),NBH,@(CH3),CH,:—>(CH,)aNBH.,cH,N(CH;,)b

ey, (108)
UCH),NCH, BH,],
The reactions of the boronium salts [H,B(NH,),]|*X~ and
[(CH,),B(NH,),]*{H,B(CH,),] ~ with sodium in liquid ammonia
lead to the formation of aminoboranesy 2,495

[H,B (NH,J* X~ + Na 0L 4 NBH, + NH, + NaX + 1/,

where X~ = C1°, Br~, BH;, or BgHg:
[(CHy),B (NHg), " [HyB(CHgs I~ +Na 29192, Nq [H,B(CHy),) +-(CH):B—NHy-+ NHy +/sHa
(107)
Boronium salts with substituents at the boron atom can
also decompose under the influence of amines with forma=
tion of aminoboranes %,86;

R NHCH,
[RIR?B (NH,C{H,)o[FCI~ + NH,C;H, — B + CH;NH, - HCI ,
Re/ “\NHCH,
R\ NHCH, R
B —~  B—NHCH,—C,HNH, ,
R/ “NHCH, R’

where (1) R* = R? = p-CH,C,H, and (2) R* + R? = (CH,),.

It is noteworthy that hexamethylenebis(n-butylamine)-
boronium chloride does not react either with CH,NH, or
(C,H,);N. Unfortunately there is no explanation in the
literature 8 of this phenomenon. At the same time it is
known that dichlorobis(dialkylamine)boronium chloride 12
and chlorophenylbis(dimethylamine)boronium chloride 88
decompose smoothly under the influence of (C,H,),N and
(CH,),NH:

{108)

NR;
H2L-HX,

2

[Cl (X) B (NHR;) (NHR))]TCI~ + 2L — xs/
\NR

(109)

where X = Cl or CgH; and L = (C,H;),N or (CH,),NH.

It is also noteworthy that reactions of a different type,
leading to a transformation of the boronium cation, have
also been described. Thus the complex C1,B.3NH(CH,),,
which is evidently the divalent cationic boron complex
{CIB{NH(CH,),];}>*C1", is converted by triethylamine into
the univalent boronium salt {C1,B[NH(CH,),],}*CL", 112

d. Oxidation of Boronium Salts

Boronium salts containing tertiary amines as ligands
are extremely resistant to oxidation. They remain
unchanged under the action of oxidising agents such as Ag*,
Cuw*, Hg', and Au* salts, potassium dichromate, and 309
hydrogen peroxide solution. Even “aqua regia” at 100°C
does not decompose the cation [H,B(NR,),]* but merely
converts it into themonochloro-derivative HB(C1)B(NR,),. %,
140,150,164  Cases of the oxidation of boronium salts by
potassium permanganate 58128 and trimethylamine-N -
oxide'%® have been described.

1 In these reactions the acidic protons of ammonia
serve as a source of hydrogen. This was confirmed
by Parry and coworkers® in a study of the reaction of
various deutero-derivatives of the “diammoniate of
diborane” with sodium in liquid ammonia.
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e. Reduction of Boronium Salts

Very few examples of the reduction of boronium salts
are known at present. The preparation of borazanes by
the reaction of LiBH, with [H,B(NH,R),]'C1~ has been
reported 5%, The only product isolated in the reduction
of [(CH,),B(NH,),]|*Br~ by hydrogen at 120°C and a pressure
of 3200 atm proved to be ammonium bromide 54,

The reduction of a cationic boron complex containing
tropolone as a ligand has been described

BH
{CH;0)BI*Br~ —2— (C;H0y) B (O,C:Hy) - (110)

Bis-(NN -dimethylaminotropolonimine)boronium bromide
is reduced similarly by lithium aluminium hydride:

[(CoHuNsBI B Z2Ms (CH, Ny B (CHuNy) (111)
Both these boronium cations are resistant to polarographic
reduction 138,140,

2. REACTIONS IN THE CATION

a. Ligand Exchange Reactions

The ligands in the boronium cation may be displaced
by stronger bases without decomposing the complex.
Miller and Muetterties *%15° quote the following series of
bases arranged in order of decreasing ease of exchange of
the ligand in boronium salt cations: sulphides >> arsines >
phosphines > amines > diamine, The electron-donating
properties of these bases increase in the same sequence.

The steric effects of the substituents in the bases also
have a significant effect on the possibility of the displace-
ment of ligands from the cation. For example, substitu-
tion of dimethyl sulphide in {H,B[S(CH,),].}*'B,,H2; by
trimethylamine, aa’-dipiridyl and NN -dimethylpiperazine
is rapid at room temperature, while N -methylpiperidine
and ethyldimethylamine are incapable of displacing di-
methyl sulphide. The displacement of tertiary amines by
diamines takes place at an elevated temperature (up to
about 150°C):

(G SN
a— 180° / N—CH; _
{H;B N (CHg)ol,} BigHY; Ty, N, CRNGHT | HoB Bt - (112)
\N—CH,
cH)y

Muetterties suggests that the first stage of the reaction is
dissociation :

[H,B (NRg), T+ 2 [H;BNR;] ™ + NRq (113)

because the formation of the transition state by an SN2
mechanism is unlikely owing to steric hindrance. How-
ever, the absence of the racemisation of the optically
active boronium cation

N
"
"0
CH,

both at room temperature and at 100°C throws doubt on the
possibility of the reversible dissociation of one of the
ligands at the boron atom ¢,

Examples of the substitution of trimethylamine in the
cation by pyridine or its derivatives at 100—110°C have
been describeds8, A weak base (4-acetylpyridine) proved
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to be incapable of displacing a molecule of trimethylamine
from the cation on refluxing in benzene for 4 h.%8 It is
interesting to note that the trimethylamine, a compara-
tively strong base, does not displace pyridine N -oxide
from the boronium cation at 50°C, 73

The exchange of primary and secondary amine ligands
in boronium salts with small anions (C17, BH;) takes
place under mild conditions5¢. Thus the cations
[H,B(NH,CH,),]* and {H,B[NH(CH,),],}* undergo ligand ex-
change reactions on dissolution in liquid ammonia or liquid
amines 23

(CHy),NH (lig.) o
(H,B(NH,CHp)) " €I ..—.3).—.___—" {HEB[HN(CHMQ} cl
CHgNH, (lig.) M

&,
% )
Y @, S

{(H,B(NHyJ 1

(114)

Since in these salts the amine is not dissociated from the
boronium cation at a low temperature, one may assume
that here the ligand exchange reactions have an SN2 mech-
anism,

The attempts to substitute the ligand in di- or trivalent
boronium cations by other amines led to the decomposition
of the products or the recovery of the initial compounds 4,

b. Hydrogen Substitution Reactions in the Cation [H,BL,]*

When chlorine or bromine is allowed to act on solutions
of the boronium salts [H,BL,]*X" in water !38,140,180,154 op
methylene chloride®»%, one hydrogen atom linked to boron
is replaced by halogen. However, the chlorination in
water is slow even at 90°C:

H_ L'+ H_ L7+
[ \B/ ] X‘+Y,~|: \B/ ] X~ +HY |, (115)
a1 v/ \1»
where X =Ior Cl and Y = Cl or Br.

When the boronium salts [H,B(NRy),*C1~ are acted upon
by reactants such as “aqua regia”, NCl;, and SF,Cl, the
monochloro-substituted cations [H(CL)B(NRy),} are
formed.

The iodination of boronium salts does not take place
either with iodine or iodine monochloride. In the latter
case at 80°C both hydrogen atoms are replaced by chlo-
rine:

(o}

{HsB [N (CHg)sha}TCI~ = {ClyB [N (CHy)sl} T, (116)

When fluorine in a stream of nitrogen is passed through
an aqueous solution of {H,B[N(CH,),],}* at 0°C, the mono-
and di-fluorinated cations {(F)HB|N(CH,),],}* and {F,B.
.[N(CH,);],}' are obtained, - Fluorination in the presence
of chloride ions gives the mixed cation {C1(F)B[N(CH,),],}*.

Peroxydisulphuryl fluoride substitutes both hydrogen
atoms in the boronium salt cation:

{H,B [N (CH)gh} TPF; 22 ((FS0),BIN (CHysl} P PE;,  (117)

Miller and Muetterties suggest that the above reactions
have a radical mechanism. However, on the basis of data
for the chlorination of the boronium salt [(CH,),NBH,NC,.
.H,CH,J*I" in methylene chloride at a low temperature and
in the absence of light, Ryschkewitsch and Garrett ® sug-
gest that the mechanism of the halogenation of boronium
cations consists in the electrophilic attack on the BH bond
by a halide molecule.
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Halogeno-substituted cations are obtained alse on heat-
ing boronium polyhalide salts ®5:

I
’

. o [H\ N CHi,
[(CHa)sNBH,NC,H,—~CH,* I- 3‘» [H:BN (CHy)sNC{H CH, I IC1, 2= [ ]

c1” \NC,H,CH,
A

5 [(CHy)NBH (Br) NCgHCH,]+Br~, (118)

{(CHg)NBH,NCyH,CHs) T Br

The substitution by chlorine of a methyl group bound to
the boron atom in a cationic complex on heating the latter
with hydrogen chloride has also been described. However,
the reaction conditions and the properties of the final
product have not been indicated 48;

H,C—CH, —+ CH,—CH, —+
| |
H,N NH -5, | HN NH -
( N NH, CI™ s N N | crmtcH (119)
! B B
LN B /N
LcH, “al cl cl

The reaction of [(CH,);NBH,N(CH,),CH,SCH,]* with hydrio-
dic acid results in the formation of {[(CH,),N],BH,}". 7

It is noteworthy that the reactions of the cations in
boron complexes containing only amine molecules in the
cation as ligands have now been described. The sole
exception appears to be the reactions with methyl alcohol
of the boronium salt (XXIX) containing acetonitrile as a
ligand 87;

N
(CH,)SN;\ + (CH,)s! \BH +
BH F- =, * -
[ e 2] BF,” -+ CH,0H CHy— C=NH/ BF, . (120)
S CH0”

(XXIX)

3. REACTIONS OF BORONIUM SALT ANIONS

Reactions involving the exchange of the anions in
boronium salts are widely used to identify these compounds
and to modify their properties. Thus when diammine-
boronium borohydride was treated with ammonium chloride
or bromide in liquid ammonia, diammineboronium chloride
and bromide were obtained?:

[HyB (NHy)o "BH, + NH,X — [H,B (NHg)y | X~ -+ NHyBH; + Hy ,  (121)

where X = Cl or Br.

When ethereal or aqueous solutions of hydrogen halides
(HC1, HBr) react with boronium salts containing the anions
BH,, 23224 B.H, *° and H,B(CH,),, > the corresponding
halides are obtained. The reverse reaction—the replace-
ment of the chloride ion by the borohydride ion—was
achieved by allowing sodium borohydride to react with
boronium chloride salts in liquid amines 23,1%8:

L(liq.)
[HBLaJ+CI~ + NaBH, — oy

where L = CH,NH,(CH,),NH;

{H,BL,]"BH, +NaCl ,  (122)

CH,NH,
—30°

[CH3NH,BH,NHCH;BH,;NH,CH,]tCl~ 4 NaBH,
~ [CHyNH;BH,;NHCH;BH,NH,CH;J " BH,_ -+ NaCl

The mercaptide ion is replaced by the chloride ion when
boronium mercaptides are treated with hydrogen chloride ¢
or benzyl chloride®7, Boronium halides are converted
into the corresponding perchlorates on treatment with
ammonia or metal (Ag*, K*, and Na*) perchlorates both in
water and in organic solvents 87,74 ~76,90,100,101,103,135 Hexg -
ﬂuOI‘OphOSphateS 58-60,67, 7073, 76, 80, 114, 136, 139, 141,150, 151’ hexa -
fluoroarsenite salts58,%6,114  and tetraphenylborate
salts 56,58,%9,8 gre precipitated when aqueous or alcoholic

919

solutions of boronium halides are acted upon by the cor-
responding ammonium, sodium, and potassium salts.

Boronium chlorides react with the chlorides of
iron 56,78, 88,115,116,135,143 145,158 gqluminium 56,135, tin !,83,116,135
antimony 83135 gold 1159152  platinum 145, zinc, cadmium,
and mercury?!,5886,188  forming salts with complex anions.
Treatment of alcoholic solutions of boronium salts contain-
ing the anions FeCl; and SnClZ~ with 70% perchloric acid
leads to the formation of the corresponding perchlorates 35
and in reactions of KPF, or NaB(CGH5)4 with boronium salts
having the anions BF, and BH,, the hexafluorophosphates
or tetraphenylboronates are formed %128,

When ion-exchange resins or the reactions of boronium
chlorides with silver oxide in water are employed, the
products are cationic complexes of boron containing hy-
droxide ions and behaving as strong bases. When these
complexes were acted upon by acids, boronium salts with
different anions were synthesised 89,159,152,155,180,  Boroni-
um salts containing the anions B;H,, Br~, 17, I, Br;,

N;, SSP(SH,)2-, NO;, HSO;, C(SCN),(NH,);, (NC),C—CHC-
(CN);, etc. have also been obtained by exchange reac-
tions 58,136,150,189  gQeyeral reactions of boronium salts
involving transformations in the anion have been described
too. When SO, is passed through an alcoholic solution of
bis-(1,3-diketonato)boronium di-iodoiodate, the corres-
ponding iodide was obtained!35, A quantitative conversion
of boronium salts with the anions I, Br;, and LCl” into
the corresponding halides takes place when they are trea-
ted with Na,S,0;, acetone, or an olefin®, The reaction of
difluoro[tetrakis(dimethylamino)ethylene]boronium tetra-
fluoroborate with phenylmagnesium bromide results in the
formation of the tetraphenylboronate of the cation4®,
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