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Abstract

Several new monosubstituted anionic derivatives of [BBHST of the type

[B3H7(X)T(X = NCSe, NCBPhy, NCBH,NCBH,, NCB,H,,NCBH,CN and

NCBHZCNB3H7) have been prepared. The disubstituted anions [B3H6
(CDX)T(X = NCBH,NCBH,, NCBH,CN and NCB,H,) and [B;H (Br)

NCBBHG(Br)]' have also been prepared and studied by various spectro-

scopic techniques. Two-dimensional n.m.r. spectroscopy was shown to

be useful in the qualitative determination of the bonding employed

in these anions.

The electrochemical properties of these anions have been investigated
by various techniques. It was found that when the substituent was
varied the oxidative stability of the anions varied.  Metallaboranes

of some of these anions have been prepared by anodic dissolution

of a suitable metal in a solution of the anion.

The structures and dynamics of substituted derivatives of the [B9H14]-

ion have been studied. The anions [B9Hl3(X)]-(X = Cl,NCS@,NCBPhy

3» NCBH,CN, NCBH,CNBgH,,, CN, and NCAgCNB9H]3)

and [ByH, ,(CN),I" have been prepared. ' B and 'H n.m.r. spectroscopy

NCBHZNCBH

Indicated that when the substituent contained electron withdrawing
groups (e.g. the hrydrogen atoms on NCBHZNCBHB) the anion was
static at room temperature on the n.m.r. time scale. If no electron
withdrawing groups; were present on the substituent then the molecule

was fluxional at room temperature on the n.m.r. time scale.
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The electrochemistry of these anions was also studied and it was
found that, in some cases, oxidation resulted in cage closure to give

substituted nido-derivatives. Anodic dissolution of Cu or Ag in

solutions of some of the anions produced metallaboranes.

The chemistry and electrochemistry of [B9H|2]' was also studied and

the crystal structure of the [N(Pph3)2]+ salt was obtained.

Several new substituted metallaboranes have been prepared by reaction
of the substituted octahydrotriborate (1-) or substituted tetradecahydro-

nonaborate (1-) anions with Cu(PPh3)2(BH4)- The reactions of Mn(CO)5

Br with [B9H 1 3(X)]‘(x

NCSe, NCBH,NCBH

5 3 and NCBPhB) have

also been investigated.
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CHAPTER ONE

INTRODUCTORY SURVEY




.1 Introduction

In this chapter the general chemistry of the octahydrotriborate (i-)
ion, [BBHST’ the tetradecahydrononaborate (1-) ion, [B9H14T; and the
tri-u-hydro-nonahydro-nido-nonaborate (1-) ion, [B9H]2]', and their

derivatives are surveyed. This review is limited to' general chemical,

physical and .spectroscopic properties, with emphasis on areas which
are important with respect to subsequent work described iIn later

chapters. In addition, the electrochemical and nuclear magnetic reso-

nance (n.m.r.) of these derivatives are also reviewed, but are limited
to studies of boranes, borane anions and metallaboranes and neglect

carbaboranes and metallacarbaboranes.

1.2 The Octahydrotriborate (1-) ion, [53_1-18]", and Related Compounds

1.2.1 Introduction
The arachno-octahydrotriborate (1-) ion, [BBH3T’ has been shown to be
a useful precursor in the synthesis of higher boranes,] polyhedral
borane animns2 and transition metal Cfamplts:xes...3 In this section the
preparation, structure and reactions of the [BBHST ion and its deriva-

tives are reviewed.

1.2.2 Pregarations

(a) Condensation of Smaller Species

Originally Na[B3H8] was prepared in 80% vyield by the reaction of

diborane and sodium amalgam in an ethereal medium*

2Na(amalgam) + 2B,H, > Na[B,H,] + NaBH, (1-1)



2

A large scale preparation of Na[B3H8] has been dew:-':loped5 from the

reaction of NaBHu with 12 in diglyme at 100°C

3NaBH4 + 1 -+Na[BBH8] + 2H., + 2Nal (1-2)

2 2

The reaction of BZHG with NaBH, in diglyme at 200°C and

Y
reactions (1-3) and (1-4) in diglyme®® have also been used for the

large scale preparation of Na[B3H8]‘

7NaBH, + 4BF, + 3NaBF, + 4Na[BzH7] (1-3)

Y

3 4

100°

2Na[52H7] NaBH, + Na[BBHg] + H (1-4)

4 2

The sodium salt Na[52H7] is so strongly solvated by diglyme that

It cannot be isolated free of the sn::.lvem:9 in which it slowly decomposes

to [BBHST and [BHQ]' at room temperature..]0

(b) Cleavage of Tetraborane (10)

The [BBHS]-ion can be considered as a fragment of tetraborane (10),

with one vertex removed and, indeed, may be prepared by unsymmetri-

cal cleavage of Bqu by arr_lmo::m}aI

B, H o + 2NH3——) [(HBN)ZBHZIBBHS] (1-5)

Tetraborane also yields [B3H8]' in the following reactions;

ether
BQHIO + NaH —mm— Na[BBHSJ + 1/252H6 (1-6)
BQHIO + NaBHq > Na[B3H3] + BZH6 (1-7)

(c) Cleavage/Degradation of Higher Boranes

. 13 14 . th
The methanolysis of BlOHIZ(SEtz)z and 55H9 both vyield the

[B3H8T ion.



BSH9 + 6CH30H + [N(CH3)4] [OH] —

+ 3H., + H,O (1-8)

[N(CH , + H,

3)4] [B3H8] ¥ ZB(OCH3)3

(d) Various Salts by Mefathesis

The tetramethylammonium salt, [N(CH_‘;)QJ [BBHSJ’ has been prepared

by the metathesis of Na[B3H3] and [N(CH [OH].5 Similarly salts

;]
of the large cations tetra-n-butylammonium and u -nitrido-bis(triphenyl-
phosphorus] have been prepared.5 The cesium  salt, Cs[BBHg], has

also been obtained from the reaction.

CsBr + Na[B3H8] '3(C4H802) -+ NaBr + CS[B ] ¥ ZCQHSO2 (1-9)

1.2.3  Structure and Dynamics

(b) X-ray Structure

An X-ray crystallographic study carried out by Peters and Nordmannlj

on [(HBN)ZBHZ] [BBHS] has shown the [B3H8]' ion to have a 2013 styx16

structure as in (l).




(b) Nuclear Magnetic Resonance Studies

Nuclear magnetic resonance studies” have shown that in solution

a species of higher symmetry than (]) exists on the n.m.r. time scale
All eight hydrogen atoms are rapidly undergoing intramolecular hydrogen

exchange so that they spin couple equally to all three boron atoms;
this results in a nonet being observed in the !'B n.m.r. spectrum

and a complex decet in the ! H n.m.r. spectrum..

Studies of various [B,Ho]' salts revealed changes in the 'H n.mur.

spectrum consistent with both quadrupole-induced spin decoupling and
variable rates of [BBHS]' internal exchange depending on structure.
Upon lowering the temperature of Tl[BBHg] in a 50% CDBOD - 0%

CD3COCD3 (V/V) to -127°C the ten line multiplet (J'H-”B = 33H2)

coalesced and the !'H n.m.r. spectrum sharpened into a singlet reso-

17(e),(f) 10

nance, The loss of "“B, /!B —~.IH * spin-spin coupling at lower

temperatures is consistent with more efficient boron quadrupolar re-
laxation effectively decoupling boron from hydrogen. The singlet

proton resonance which appears at low temperatures is best rationalized

on the basis of fast [BBHS]' scrambling or "pseudorotation'.




1.2.6 Chemical Properties

(a) Stability
The relative stability of salts of the [B3H8]" ion are dependent on

the nature of the cation and the degree of solvation. In contrast

to Na [B3H3] the tetramethylammonium salt, [N(CH3)4] [B3H3] is not

>

strongly solvated by glycol ethers. The sodium salt is stable to

at least 200°Cq(a) when freed of solvent while the tetramethyl-

I3

ammonium salt is stable to at least 275°C '~ in an inert atmosphere.

(b) Preparation of Base Adducts of Triborane (7)
(i) Cleavage of Tetraborane (10)

A large number of neutral substituted derivatives of the [BBH8]- ion
of the type 53H7L are known. The [53H7] moiety can be considered

to be a relatively strong Lewis acid and therefore many adducts are
formed with Lewis bases. Many molecular fragments of the type

BBH7L have been prepared by the symmetrical bridge hydrogen cleavage

of B4HIO

N, O, P and S.

with a Lewis base., Common Lewis base donor atoms are
18

Bqu + 2L -+BBH7L + BH3L (1-10)

| ) 18(c),(d),(e) 18(c)d)e) 19,20
where L = N(CH3)3 , Py , PFZN(CH3)2

Since the [B3H7] moiety is a stronger Lewis acid than the [BH3]

18(3),21

moiety Lewis bases which contain oxygen or sulphur as the

donor atom form such weak adducts with [BH3] that B,H/ can be

pumped from the system leaving behind BBH7L.]3’22



B,Hg + L = BsH,

18

L + 1/252H6

22(b) 13

where L = (CH3)2022(3), T.H.F.,, = diglyme , Me,S

2

(ii) Ligand Substitution

Base displacement reactions where a more basic substituent is used to

displace a weaker base have proved useful for the preparation of

certain adducts of [BBH7]13’19’23:24-

53H7[THF] + P(C6H5)3-+ B3H7[P(C6H5)3] + T.H.F. (1-12)
BBH7[THP_] + NH3 -»BBH?[NHB] + THP (1-13)
where THP = tetrahydropyran.
24(a)

Ammonia triborane has been prepared in 75% vyield in this way.

Attempts to cleave BQHIO symmetrically with CO and PF‘3 to produce

BBH7CO and 531-1713'1:’3 have failed. The products obtained from these
25

. 26 o
reactions were B H,CO®™” and B,H,[PF,].,. However, using "acid

assisted base displacement reactions" the triborane adducts have been

prepared.27
BBH7[O(CH3)2] + CO + BF3 ~ B3H7[CO] + BFBO(CH3)2 (1-14)

B‘SH7[O(CH ] + PF.X + BF. = B3H7[PF2X] + BF3O(CH3)2 (1-15)

3)2 2 3
where X = F, Cl, Br

The relative basicity of PF_X ligands with respect to [BjH,] as a

reference acid has been determined.

(i) [B,H,T + [LHI'IXT



The [BBHS]- ion is sufficiently hydridic in character to react with

weak acids to evolve hydrogenzu(a)

[N(CH,),HICL + Na[B3H8']->53H7[N(CH3)3]+H2+NaCl (1-16)

3)3

This is a potentially useful reaction which obviates the use of the

hazardous BaHlO and which can be extended to other amines.].

(c) Structure and Dynamics of B3_l:1_7_]._._Adducts

(i) X-ray Studies

An X-ray crystallographic study has shown that triborane (7)-carbonyl,

27(b)

BBH7[CO], adopts a 1104 styx* structure with the geometry shown

below (V)

3
8 8

,
/

H H

* treating CO as H™ in the styx notation.



In contrast the crystal structure of ammonia triborane (7), 53H7[NH3]39

has shown that triborane framework is asymmetricand that the struc-
ture 1S an intermediate between the 1104 and the 2013 structures

described by the styx notation

(ii) N.m.r. Studies

The !B n.m.r. spectra show that 53H7L adducts can be divided into

two general groups. The !B n.m.r. spectrum of B3H7[CO]27 displays
a downfield triplet of relative area two and a second triplet of rela-
tive area one at higher f{ield indicating that this adduct is static on

the n.m.r. time scale. The n.m.r. spectrum is consistent with the

determined crystal structure. Other adducts of weak bases such as

PFZX (X Cl, Br)27 display B n.m.r. spectra similar to B3H7[CO]

indicating that they too are static and have a rigid structure similar

to BBH7[CO], i.e. 1104 in the styx notation.

In contrast the reported !'B n.m.r. spectra of B3H7[F’F2H]19 and BBH7
[szN(CHB)Z]Ig seem consistent with a rigid structure in the 2013

mode. (VI).




The second group of neutral BBH7L adducts are distinguished from
the first in that the !''B n.m.r. spectra indicated that intramolecular
hydrogen migration takes place on boron on the n.m.r.time scale,

as in the parent [53H8]- ion. Fluxional behaviour has been observed

In amine 'criboranes,?8 phosphine triboranes29 and ether triboranes.

Variable temperature 'H and !'B n.m.r. studies of phosphine and
methylphosphine  adducts of triborane (7) show that on lowering the
temperature the tautomeric motion of the hydrogen on boron is "frozen

out" relative to the n.m.r.time scale. @ The spectra now reflected

a structure analogous to that of triborane (7) - carbony! in the 1104

styx mode. It was found that the static structure became recognisable
at relatively high temperatures (-50°C) for phosphine triborane, B3H7

[PHB], and decreased on increasing the number of methyl substituents
in the phosphine ligand.  The adducts B3H7[PH2(CH3)] and B3H7
[PH(CH3)2] became static at -70°C and -85°C respectively. Trimethyl-
phosphine  triborane (7), 83H7[P(CH3)3] remained fluxional even at
-90°C.,  These results show that the ease of hydrogen tautomerism
for the triborane (7) adducts discussed is directly related to the base

strength of the phosphine ligands. The observed trend is in accord
with the theoretical predictions of Brown and Lipscomb.  Slowing
of intramolecular hydrogen exchange has also been observed in the

| H
low temperature H n.m.r. spectrum ot 53H7[N(CH2C6H5)2C 3] .

(iii) Theoretical Studies

A detailed theoretical studyBl of the Lewis base adducts of triborane

(7) indicated that adducts of strong bases (amines and ethers) tended



10

to show fluxional character on the n.m.r.time scale, whereas adducts
of weak bases (CO and PFB) tended to show non-fluxional behaviour.
It was proposed that, in general, with the exception of B:',‘H7[PF2X]

(X=H or N(CH,),), that the preferred geometry was that of triborane
(7) carbonyl, i.e., 1104 in the styx mode, rather than the 2013 mode
of the parent [BBHST anion, the preference being stronger with weaker

bases.

(d} Mono and Disubstituted Anionic Derivatives of [B3H ]

In comparison with the neutral adducts of triborane (7), 53H7L, there
have been relatively few reports of substituted octahydrotriborate

(1-) anions. @ The monosubstituted arachno-octahydrotriborate anions,
[BBH7(X)]' (X=Cl,Br,I) have been prepared by treating [Bng]' with
the appropriate hydrogen halide in a non-coordinating solvent, the
relative stability of the anions decreases going from the CI to the
I substituted derivatives. The structures of the chloro- and the bromo-
substituted anions have been determined by infra-red spectroscopy

and have structures consistent with a 2013 styx structure. The anion,

[B3H7(Br)T has been used in a convenient synthesis of pentaborane
(9)_32,33

34

It has been reported that cyanide, [CNJ], cleaves tetraborane (1)

symmetrically to yield the triborane anion.

B,H,, + 2[CNI" =+ [B,H,(CN)T + [BH,(CN)T (1.17)

10

The hydroxyheptahydrotriborate. [BBH7(OH)]-; ion has been prepared
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3% Above -65°C the

by treating B3H7(OH)2 with hydroxide at -78°C.
[BBH7(OH)T lon undergoes quantitative base-catalysed disproportionation

to borate, [B(OH)Q]', and borohydride,[BHQT.

It has recently been reported that a series of halogenated octahydro-
triborate (1-) derivatives was prepared by treating [B3H8]' with the

respective menrcurous ha’l=ide;36

- | - ‘o
[ByHgl + 1/2 Hg X, = [BjH,(X) + 1/2 H, + Hg (1.18)

where X = F, CIl,. Br.

The disubstituted octahydrotriborate (1-) derivative, [BBH6(C1 )2]', was

produced by reaction of [BBHST ion and one equivalent of HgZClz.

[B,HgI + Hg,Cl, = [B,H(CD,T + H, + 2Hg (1-19)

It was found that the chloride substituent of [B3H7( Cl)] was labile

and could be replaced by more nucleophilic bases.

[B3H7(c1)]" + [XTT = [B3H7(X)]" + [CIT (1.20)

where X = NCS,,36 NCBH .36 NCB7 and NCO.37

3

The crystal structure determination of [N(PPhB)z] [B'3H7(NCS)] at

room temperature appeared to exhibit asymmetric hydrogen bridging

38

of the triborane face,”” whereas at low temperatures only one edge

bridging hydrogen atom was observed as in the structure of 53H7

39
[NH3].
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By treating the monosubstituted octahydrotriborate (1-) derivatives,

[B,H,(X)]" (X=Cl, NCs, NCBH, and NCBH,CI), with gaseous HCl

3

In a non-coordinating solvent it was possible to prepare37 disubstituted
derivatives of the octahydrotriborate (1-) ion,[B3H6(Cl)(X)]- (X=Cl,

NCS, NCBH, and NCBHZCI). X-ray diffraction studies have shown

3
the [BBH6(C1)2T ion to have two u-H atoms in a structure resembling

that of the [B3H8T ion.15 The two chloride substituents were found to

be in a trans-configuration to each other and the two substituted boron

atoms were connected via a B-B single bond. It was originally postu-

lated that the reaction of AgCN with [53H7(Cl)]' resulted in cyanide

displacement of the facile chloride to give [B:‘LH7(C1\I)].'.'."36 However,

X-ray diffraction studies have shown that the product obtained 1is
[Ag{BBH7(NC)}'2}-36 in which two triborane (7) cages are linked via
an eﬁsentially linear NC-Ag-CN bridge. A disubstituted derivative

of this anion -could also be produced by reaction of AgCN: - with

[B,H(C,T" to give [Ag{B,H (CICN) L1~/

1.2.5 Metallaborane Derivatives of the [53H 1" Ion

(a) Preparation

Metal complexes of the octahydrotriborate (1-) ion have usually been

prepared by displacement of co-ordinated ligands by [BBHg]."'3 40

M(CO)6 + [53H3]‘—> [(CO)QM (BBHS)] + 2CO (1-21)
M = Cr, Mo, W.Bb

(CH3)2MC1 + [B3H8]"——> [(C H3)2M53H3] + Cl (1-22)
M = Al Ga.qo

[(CHg)3Y) CuCl + Cs[ByHg]— [(C H(),Y] CulB,H,] (1-23)
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When Y=P' (n=2),As (n=2) and Sb (n=3).

(b) Structures and Dynamics

The bidentate metal derivatives of B HS]' have been likened to BQH]

3 0
in which the metal centre has formally replaced a '"wing tip" BHE

41

in the borane butterfly, The bidentate co-ordination between the

metal fragment and the borane ligand was f{first shown to be via

42,43

two M-H-B hydrogen bridge bonds by Guggenberger in the crystal

structure determination of [(CO)QCr BBHS]'. This complex, and the
molybdenum and tungsten analogues, have pseudococtahedral co-ordination
about the metal centre. In derivatives of main group elements and
in certain transition metal derijvatives the exo-endo geometry of the
BH2+ fragment that has been replaced by the metal centre is retained.
This 1s reflected in the crystal structure determination of [Cu(Pl:°h3)2
| BBHS]Q,.At (VII) the exo-endo geometry of the phosphine ligands is similar

to that of the hydrogen atoms in the BHE unit  (VID.

H VII

i\ A

Cu B

/ .
(Ph)3P H/B;;/

H
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The majority of metal complexes of [BBHST have been shown to be
fluxional by extensive n.m.r. studies.w’% In contrast to TI[B3H8]

and - {(CH

N][BBHS']}‘7.(C)’(d)’(e)’(f) the 'H n.m.r. spectrum of

3)4
3)253H8] in 50% CDCl3 - 50% CD2C12 was a broad featureless

singlet. However, it was found that upon lowering the temperature

[Cu(PPh

the bridge hydrogen resonance of the [B,H,] moiety sharpe‘ned due

3718
to quadrupole induced spin decoupling, reducing the temperature further
to -90°C caused the resonance to broaden in an asymmetric fashion
and -separate into several resonances. This behaviour is consistent

with a. slowing of [53H8] pseudorotation at low temperatures; a static

system is observed at -97°C.

A study of the Tp spectra indii:ated‘a rapid exchange of axial and

. : . 45 .
equatorial phosphine--environments = at room temperature which were

distinguishable a'f -80°C in [Cu{(pCH3C6H5)3P }ZBBHB]. Addition of an



1

excess of tri-p-tolylphosphine ligand below -20°C to [Cu{ ( pCH
31

3CgHs)3

P} 2B:’Hg] resulted in two ~ P n.m.r. resonances due to the free and
complexed ligand being observed. However, above -20°C the free
and complexed ligand resonances coalesced to a single resonance indi-

cating that above -20°C intermolecular ligand exchange may take

place.

The !B n.m.r. spectra of [(CO)QMBBHg]' (where M=Cr,Mo,W) in CH,CN
at room temperature showed two broad resonances at ¢ 23.0p.p.m.

and 861.3p.p.m. (relative to B(OCH,),) of relative intensity 1:2,consist-

3)3

ent with slow pseudorotation of [BBH8] on the n.m.r. time scale at
room temperature. These complexes represent a more static [BBHS]

ligand than the [(triarylphosphine)ZCuB3H8] complexes.

It is evident that complexation of the [B3H3T ion by a metal via
hydrogen bridge bonds results in a slowing of the pseudorotatory process

of the [B3H8] ligand compared with that of the free ion.

In addition to the fluxional complexes several static complexes have
been reported,,q7 [(CC5)4MB3H8] where (M--:Mn,Re),[(nj;CsHs)(CO)zMB3H8],
(where M=Mo,W), [(n>-C_H)CO)FeB,H,] and [H(CO),FeB,H], in which
the metal centre completely "locks" the pseudorotary mechanism of the
[B3H3] ligand. This results in the resolution of five distinct hydrogen
environments in the ' H n.m.r. spectrum for the [BBHS] hydrogen atoms
in these static bidentate complexes. The ferraborane [H(CO)BFeB3H3]
is formulated as the mer isomer since all nine hydrogen atoms have

different chemical shifts in the 270 MH, 'H n.m.r. spectrum.
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The preparation of [Be(BBHS)z] has been reportedqlg and is the first
example of a metal centre co-ordinated to two [B,Hc] ligands. An
X-ray crystal structure dt::'cermina'cionqL9 showed that the central beryl-
lium atom is attached to each [BBHS] ligand via two Be-H-B hydrogen
bridge bonds. Three basic solution structures were shown to exist
by n.m.r. spectroscopy, one which was static at low temperatures

(-10°C) and two which were fluxional at higher temperatures.

(c) Chemical Properties of Metallaboranes Derived from[B3_fjgl“

The derivative [(CO)QMnB3H3] has been shown to display unusual
reactivity in that it undergoes reversible decarl::m::nyla'cit::anqL7 on U.V,
irradiation or heating to produce the tridentate [(CO)3MnB3H8]. This

species is wunusual in that the manganese is bonded to the borane

fragment via three Mn-H-B hydrogen bridge bonds (XI)*..50
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The tridentate [(CO)BMnB3H8] is partially fluxional on the n.m.r.
time scale down to -80°C. The !H n.m.r. spectrum indicates that
the hydrogen atoms of the Mn-H-B bridge bonds are static, whereas
the hydrogen atoms not involved in hydrogen bridge bonds are equiva-

lent due to rapid intramolecular exchange on the n.m.r time scale

around the periphery of the borane triangle. This results in all three

boron atoms being equivalent in the ' B n.m.r. spectrum. A higher

homologue of this tridentate complex is [(CO)3MntH]3]5] in which
the [BSH13] fragment acts as a tridentate ligand, this compound
has been described as a polyhedral borane with a face bridging Mn(CO)3
fragment. As such, the metal fragment is an exo-polyhedral substituent.
or NH

[(CO)BM‘nB3H8] reacted quantitatively with PF to produce

3 3
[(L)(CO)BMnBBHg] (where L=PF, or NH,). In both cases the octahedral
co-ordination of the metal atom is retained by conversion of the
[B3H8] fragment from a tridentate ligand to a bidentate ligand on

addition of PF., or NH..

3 3

Halogenation of [(CO)anBBHg] with Cl2 or Brz affords the substituted

derivatives [(CO), MnB,H,X] (X=Cl or Br), halogen substitution was

31
shown to be at the boron atom not hydrogen bridge bonded to the
. metal centre.w At low temperatures the !'B n.m.r. spectra suggest
a static structure in which the halogen occupies a terminal site on
the unbridged atom. At higher temperatures the M-H-B hydrogen

atoms are static, whereas, the protons of the triborane fragment

are fluxional. Therefore, this complex exhibits partial fluxionality



138

similar to the [(CO)BMnB3H3] complex.

The reaction of halogens with [(CO)BMnBBHg] in the presence of
aluminium chloride yields [(1-X)XCO) Mn,B,He] (X=Cl or Br) in which
the [BBHS] fragment acts as a bridge between the two manganese

atoms by supplying two Mn-H-B bridge hydrogen bonds to each manga-

nese atom.”’  These complexes appear to be static on the n.m.r.

time scale. The dimanganoborane complexes can be considered as

]53

being analogous to [(CO)IOHmnBBZHé by formally replacing BH,

with Mn(CO)a.

[t has been shown that treating bis(triphenylphosphine) copper (1)

triborane with [BZH 6] results in ligand abstraction by formation of

L

H

[P(C6H5)35H3] and formation. of the complex [CuB3

[Cu(PPh.).B.H_] + BZH6-> [CuB3H3] + 2[PPh

3)2 3Hg BH3] (1-24)

3
The [CuBBHg] complex is assumed to be polymeric in the solid state

with each copper atom being bound to more than one [BBHS]fragment

by Cu-H-B bridge bonds.

(d) ’1'[ - Borallyl Complexes

A unique series of complexes of general formula [(R,P), MB,H,]

23,56

(M=Ni,Pd,Pt) have been reported. Proton n.m.r. studies of these

complexes indicated a metal-boron interaction analagous to a Il-allyl

system, which was confirmed by X-ray crystallography.
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1.3 The Tetradecahydrononaborate (1-) Ion, [B9_H_w]; and Related
Compounds.

1.3.1 Preparation

’/ by the aqueous base degradation

The [B9H14]— ion was first prepared
of decaborane(14). Reaction of two molar equivalents of hydroxide
lon with one of decaborane(14) produced a colourless intermediate

which slowly hydrolysed to [B9H]4T‘ On acidification [B9Hm]' was

obtained in high yield.

BIOHM + [OH] =+ [BIOH]3]' + HZO (1-25)
2-
[BlOHU]' + [OHT = [B] OH]3(OH)] (1-26)
2= + - .
[BIOHIB(OH)] | +H30 +H20 - [B9Hm] +B(OH)3+H2 (1-27)

Base degradation of decaborane(i4) in methanol also produces

[BgHw]....j8 The reaction of B_H 60

sHq with [BH&]_59 or NaH

also pro-

duced [B9H ; 4]':

1.3.2 Structure and Dynamics

(a) The structure of Cs[B9H]4] has been determined crystallo-

61,62

graphically and has been shown to be an arachno- fragment with

the overall arrangement of boron atoms similar to that found in iso-
B9H151.63’6£'t Although the boron atom arrangement of ['B9H|4]- 1S
the same as that of its isoelectronic substituted analogue, B9H13

[NCCH3] the two structures clearly differ in the position of the

hydrogen bridge bonds, (Figure 1.1).
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(b) N.m.r. Studies

62,63 62

In solution, !IB and 'H°® n.m.r. spectra are consistent with a
structure of higher symmetry (CBV) than that observed in the solid
state (CS ). These observations indicate that [BgHm]— ion is fluxional
in solution on- the n.m.r.time scale with rapid intramolecular hydrogen
exchange involving two bridge hydrogen atoms and one hydrogen atom

from each BH2 unit.

1.3.3 Substituted Derivatives of the [B9§_I!T Ion

(a) Preparation
(i) Acidolysis and Alcoholysis Reactions

Two general methods have been employed in degrading a B, . framework

10
to B9H13L. These involve either :;1cidv:>ly:~:is66 or alcc:aho::'lysis]3’66(b)"67
reactions.
+
[BIOH]BL]+H30 +2H20 - [39H13L+B(OH)3+2H2 (1-28)
B]OH12L2+3ROH -+ B9H13L-|-B(OR)3+L+H2 (1-29)
BIOH14+L+ROH -+ B9H13L+B(OR)3+2H2 (1-30)

The alcoholysis of BIOHM in the presence of a ligand has been studied
| 67

in some detail " with respect to the effect of base strength of the
ligand and the mechanism of the degradation reaction. In aqueous
dioxan solution K[B9H]3(NCS)] has been prepared from BIOHILL with

KSCN. 68
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(ii) Base Displacement Reactions

Base displacement reactions have been widely used in the preparation

of the base adducts of [59H13].66(b)

This method is particularly useful for the preparation of B9H]3[NCCH3]
from B H13[SEt2] since alcoholic degradation of B]OH]Z[NCCH_.;]2

9
. ) - 66(b)
yields BgH, 3[NH-C(OC2H 5)CH,].

(iii) Other Reactions

C 69 /0
The bromo derivatives BrB9H12[P(C6H5)ZH] and BrB9H]2[SMe2]
have been prepared through bromination of B9H]3[P(C6H 5)2H] and
71

B9H]3[5Me2] respectively. It has been shown that ethanolysis’ of

2-BrB, H [SMez] yields l-BrB9H]2[SMe2] and methanolysis72 yields

10 11
7-CH 3OB9H ] 2[5Me2].
Pyrolysis of 59H|3[5M32] gave n-B]8H2273 and in much smaller yields
. 64
B, H,. Pyrolysis of BgH,,[0(n-C Hg),] also gave n-B,cH,,

B9H13[CO] has been prepared75 by the decomposition of iso-Bng 5

in pentane under 25atm. of carbon monoxide.

(b)  Structure and Dynamics
(i) Xray Studies

The structure of B HIBECH CN] is illustrated in Fig.I....l.(b).65 The

9 3
nonaborane framework is clearly similar to that of [B9HM]' but differs

in position of bridge hydrogen atoms.



Figure 1.1 (a) The structure of [B9HMT and (b) the structure of

_ B9H] 3[NCCH3]

22
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(ii) N.m.r. Studies

/1 of B,H,,L compounds indicate six individual boron

9 13
resonances consistent with the Cs symmetry of B9H13[NCCH3]. The

"B n.m.r. studies

"B and 'H n.m.r. spectra of B9H13[CO]75 showed evidence of two
bridge hydrogen atoms in the molecule. It was suggested that, in

this case, there were BH2 groups comparable to the unusual BH2

group found In B5Hl 176 present.

1.3.4 Metallaboranes Derived from the [Bg_l-_l_H] lon
Metallaboranes of general formula L nMB9Hl 4 have been pre-
paredB(b)"qL5 where L is a triarylphosphine or triarylarsine ligand,

n=2,3 or 4 and M=Cuy,Ag,Au. Reactions of simple salts of copper
(11), silver (I) - and gold (III) with Cs[B9HM] in aqueous ethanol with

excess triphenylphosphine yields complexes of general stoichiometry

]?(b) When tri-p-tolylphosphine is used as a ligand

45 31

[(PhBP)BMB9Hw

only ionic [LQM]*' salts of [B9H]Lg'are isolated. P n.m.r.

The

of the [LQCU159H| a] salt below -100°C showed resonances attributable

45

to L,Cu-borane and L,Cu-borane species. The equilibrium that

4 3
exists between these species at low temperature could be completely

shifted to the L, Cu-borane species by addition of excess ligand.

Y
Above -95°C, ligand exchange between the LQCu-borane and the L3

Cu-borane was sufficiently fast on the n.m.r.time scale to give only

45 3]

a single ’1p n.mr. resonance. The “ P n.m.r. spectra of LqA“BgH]q

and LquBgHiq indicated that at high temperatures (above -50°C)

there was rapid intermolecular ligand exchange on the n.m.r time scale.
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Metallaboranes which have the basic heavy atom structure of de-
caborane(14) including bridge hydrogen positions, have been prepared

(Fig.1.2). Metallaboranes of the type nido-[6—(CO)3-6-MB9 13]

(M=Mn,Re) have been prepared from [BgHM]' and BrM(CO)j. A

Q)-6-(CO) -6-MnB9H]2 was isolated from a

] and BrMn(CO), in refluxing tetrahydrofuran.

neutral complex, 5- (Cu

reaction between K[B9 1
Oxidation of [61--1»(CO)3-6-MnB9 ]3] in the presence of THF produces
the isomeric 2-THF-6-(CO) -6-MnB,H.,. In these complexes a Mn(CO)+

913
HH unit at the six position in BIOH1 X

unit formally replaces a B
The borane ligands can be regarded as [B9H13] in the anionic complex
and [BgH,,L]" in the neutral complex. The manganese is bonded
to the borane cages via two Mn-H-B hydrogen bridge bonds and a
direct Mn-B single bond. | Low yields of the arachno-complex, [(CO)3

MnBSHIB] have also been obtained, in this case the borane ligand

is bound to the metal fragment via three M-H-B bridge bonds.jl

Line-narrowed 70:..,6MHz B n.m.r. spectra of these THF derivatives
show fine structure due to coupling of boron with the Mn-H-B bridge
hydrogen atoms.77 The proposed assignments of individual resonances

are based on the similarity between the metallaborane and BIOHM’
and the belief that when the BIOHM cage is modified by replacing

the BHZ" unit at the six position in decaborane(14) by the Mn(CO);'

moiety, the boron nuclei nearest the metal centre will suffer the

greatest change in chemical shift.

9H]2 with triethylamine results
78

iIn the novel rearrangement product?- [Et3N-THF]-ﬁ-(CO)3'6'M“B9H12

Reaction of 2-THF-6-(CO)3-6-MnB

whose structure has been determined crystallographically.



Figure 1.2 The structure of [6-(CO),-6MnB

9

H

13l
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Condensation of Na[Bng], Na[C5H5] and cobalt chloride vyields a

variety of cobaltaboranes one of which, nid::a--5-|:C5H5:|CoB9H]3 is

obtained In low vyield. This compound is isoelectronic and isostruc-
tural with BIOHIM’ with a Co[C5H5]2+ moiety formally replacing a

BHZ" unit at the five position in BIOHM' The B-B bond lengths in

the complex differ from those of BIOHM

The !B n.m.r. spectra of the cobaltaborane and decaborane are similar

by only 0.019 A on average.

considering the gross electronic changes involved when replacing the

boron atom at the five position by cobalt.

1.4 The Tri- u-hydro-nonahydro-nido-nonaborate (1-)Anion, [BgH,,].

1.4.1 Preparation

In the presence of strong bases B9Hl3[SEt2] is deprotonated with

loss of ligand to yield nido -[591-112]""I 13,66(b)

BH, 3[SEt2]+[N(CH3)qIOH] > [N(CH3)4

plm

IB,H, 1+SEt, + H,0 (1-32)

1.4.2 Structure and Dynamics

(a) X-ray Structure

X-ray diffraction s‘cudies80 of [N[\/lv:—:-q]+ and [NMezEt2]+ salts of

[B9H12]- were inconclusive because of disorder problems but did suggest

that the anion was monomeric.

(b) N.m.r. Spectra

Todd, et al®!8?

have suggested from the ''B n.m.r. spectrum of

[B9H]2]- that the gross arrangement of boron atoms is similar to
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that found in arachno- 59H13[NCCH3],65

(c) Chemical Reactions

Previously [B9H12T has been shown to react with HC!| in ethereal me-
. : 64 . .. : . 32
dia to yield B9H13[OR2] or in diethylsulphide to give B9Hl3[SEt 2].

The [B9H‘2]' anion has recently been shown to react with mercury

-83

halides to give B, oH,,, [B9H]0C12], [B9H ]Cl], and [B9H Br.,].

I 10

1.5 Electrochemistrz of Boron Hydrides
1.5.1 Electrochemical Technigues

In this section, a brief summary of the electrochemical techniques
employed in studies of boron hydrides are described. The techniques
described. are based on potential sweep methods; linear potential

sweep chronoamperometry and cyclic voltammetry, and impedance

methods; a.c. voltammetry and cyclic a.c. voltammetry. Detailed

descriptions of these techniques can be found in the literature«.‘gl'l

(a) Controlled Potential Techniques - Potential SweeE Methods
(i) Linear Potential Sweep Chroncamperometry

Linear potential sweep chronoamperometry or linear sweep voltam-

metry (L.S.V.), is an experiment in which the potential is swept line-

arly at vV sec"I as shown in Figure 1.3.

Generally current is recorded as a function of potential which is

equivalent to recording current against time. A typical L.S.V. curve

Is shown in Figure 1.4.
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0 t

Figure 1.3  Linear potential sweep or ramp starting at E.

E. E E (or t)
|
Figure 1.4  Resulting i-E curve

This curve represents a scan began at a positive potential well before

the formal potential for the reduction E 0/, where only {aradaic

. 0/ )
currents flow. When the electrode potential approaches E™' the re

duction begins and a current starts to flow. As the reduction continues,
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l.e. as the potential becomes more negative, the surface concentration

of the oxidant drops, this concentration gradient results in a flux
to the electrode surface and a current increase. As the potential
Increases beyond EO/ the surface ‘concentration of oxidant drops almost
to zero, mass transfer of the oxidant to the surface reaches a maximum

and 1s rate limiting, then declines as the depletion effect becomes

dominant resulting in the current falling.

(ii)  Cyclic Voltammetry (C.V.)

In cyclic voltammetry the potential is swept linearly atv \/s::ec“1 and

the direction of the scan is reversed at the switching time,\, (or the

switching potential EA) as shown in Figure 1.5.

l
l
|
|
|
|
!
|

0 switching time,\ t -

Figure 1.5 Cyclic potential sweep

Consider the electrode reaction:

Ox + ne —_— Red
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If the electrode reaction is reversible, that is, if kf and kr are fast

enough to maintain [Ox] and [Red] in equilibrium at the electrode
surface then the current vs: voltage curve obtained is as shown in

Figure 1.6.

Are —A’

Jr—— O

A-esA

Figure 1.6 Cyclic voltammogram

If the electrochemical reaction. is reversible then a concentration
of product will be bujlt up at the electrode surface, if the scan is
fast enough this 1s essentially equal to the original concentration
of reactant. Reversing the direction of the scan then reconverts

product to reactant with an equal current.

The shape of the curve on reversal depends on the switching potential,

EA’ or how far beyond the cathodic peak the scan is allowed to proceed

37

before reversal. If E, is at least - mV beyond the cathodic peak,

A
the reversal peaks all have the same general shape, basically consisting

of a curve shaped like the forward i-E curve plotted in the opposite
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direction on the current axis, with the decaying current of the cathodic

wave used as a baseline and i 4 7 1 oc’ The measured parameters

of interest in cyclic voltammograms are , the ratio of peak
, the separation of peak potentials. For a

'pa’ 'pc

currents, and Ep q— Ep -

nernstlan wave with a stable product the ratio ipa/ip c - | regardless
35

of scan rate, E \ (for E)u > == mV past E . c) and diffusion coefficients.

The separation of peak potentials A Ep Is a useful diagnostic test

of a nernstian (reversible) reaction. Although A Ep is a function of

it is always close to 2.3RT/nF. For an irreversible reaction the

A
o - -
charge transfer rate constant, k, 1s < 2x10 ’ |

E

and A E_ is

i
b3
V4 cms 5

> 2.3RT/nF.

(b) Technigues Based' on Concepts of ImEedance
(i) A.C. Voltammetry

A.c. voltammetry is basically a faradaic impedance technique in which
the mean d.c. potential (E dc) is imposed potentiostatically at arbitrary
values that usually differ from the equilibrium value. Ordinarily it
is varied systematically (e.g. linearly) on a long time scale compared
to that of the superimposed a.c. variation (E_ = 10mV peak to peak).
The output is a plot of the magnitude of the a.c. component of the
curret vs E de’ The phase angle between the alternating current and

E is also of Interest. A typical voltammogram is shown In

dc
Figure 1.7,
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Figure 1.7 Shape of a reversible a.c. voltammetric peak when n=I.

L] Jeineeiepill e el e e — el S el .

150 0 =150
£~ MY
The bell shape reflects the potential dependence of the impedance

Zf. The current maximum occurs when E, . = E‘/Z which Is near

C
EO[ 7 , either positively or negatively, the

0/

impedance rises sharply and the current falls off. At E

. Moving away from EO

the mass
transfer Impedance is small and both electroreactants are present

in comparable concentrations, i.e. [Ox]/[Red] = 1, large and small
ratios of [Ox])/[Red] imply that one of the concentrations is small,

hence the mass transfer impedance is large and the current is small.

The width of the peak at half height depends on AE if large values
are used. If. it is kept below 10/n mV there is a constant width

of 90.4/n mV at 25°C. At larger values of A E the peaks are broader.

(ii)  Cyclic A.C. Voltammetry

Cyclic a.c. voltammetry is a simple extension of the linear sweep
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technique; one simply adds the reversal scan in E dot  Cyclic a.c.

voltammetry 1s a more attractive technique than cyclic voltammetry
in that it retains the diagnostic information about the qualitative
aspects of an electrode process, but does so with an improved response

function that permits quantitative evaluations as precise as those

obtained by usual a.c. methods.

For a completely nernstian system (i.e. reversible) the cyclic a.c.
voltammogram. shows superimposed forward and reverse traces of

a.c. current amplitude vs E , .. (Figure 1.8).

Forward ¢
scan

| Faradaic
baseline

for reverse ™\
sCan

Superimposed
forward and
reverse scans

“~ Reverse
sCan

dc voitammaetry a¢ voitammetry

Figure 1.8 Comparison of the response waveforms for cyclic

d.c. and cyclic a.c. voltammetry for a reversible system.

Figure 1.8 contrasts the response from a.c. and d.c. cyclic voltammetry
for a purely nernstian case. Kinetic reversibility is shown in the
d.c. experiment by a peak separation approximately 60/n mV regardless

of scan rate. In the a.c. experiment kinetic reversibility s shown

by identical forward and reverse peak potentials and by peak widths
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of 90/n mV, also regardless of scan rate. The advantage in the a.c.
experiment is that the reversal response has an obvious baseline for
quantitative measurements, whereas the baseline for reversal currents

in the d.c. response is more difficult to fix.

1.5.2 Electrochemistry of Boron Hydrides

The electrochemical behaviour of boron hydrides has received relatively

little attention, therefore several boron hydride systems are reviewed

in some detail in this section.

1.5.3  [BH, T

The reported electrochemical studies of [BHQ]' have principally been

. . . >
carried out in the melt or aqueous phase to produce d1borane...8

2(BH, T _anode, BH, + H, + 2e (1-33)
The electrolysis of Na[BHq] in polyethylene glycol dimethyl ethers
with a mercury cathode gave diborane in good yield. The formation

of sodium heptahydrotriborate is indicated by a time lapse in the

release of diborane«.86

2(BH,T - [B,H,I + e + 1/2H, (1-34)

[BZH7] — Bsz + ‘e + 1/2H2 (1-35)

Diborane has also been produced by electrolysis of [BHu]' in DMF87

whereas in dimethylamine the product obtained is dimethylamine

83

borane. Ethylamine borane has been obtained from a similar reac-

tion89 at an inert electrode such as platinum.
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The cyclic voltammetry of [BHs(CN)]' has been examined at various

90,91,92

metal electrodes in acetonitrile. No oxidation was observed

at inert electrodes (e.g. Pt), whereas several 'reactive" electrodes
(e.g. Fe, Cu, Co, Ni) led to the formation of metallacyanoborane

derivatives. However, Mo or V electrodes resulted in oxidation of
the [BHB(CN)]_ ion at Ep ca. + 0.9V (Ag/AgNOB)* to give the anion

[BHB(CN)BHZ(CN)]' by the process:
[BH,(CN)T =~ [BH,(CN)] + & + H (1-36)

[BHZ(CN)] + [BH3(CN)]" - [BHB(CN)BHZ(CN)T (1-37)

H - 1/2H (1-38)

2

The [BHB(CN)BHZ(CN)]— ion has also been prepared by chemical oxida-

tion with Hg"2C129-3 or HCI% ~in THF. Dissolution of Fe with

P or (CH

Na[BH,(CN)] in the presence of (CH CH,0),P ligand gave

3)3 3
cis-trans mixtures of {l-"e[(RO)3I-":|4[BH3(CN)]}91 Similarly anodic disso-

lution of Co or Ni in acetonitrile solutions of Na[BH3(CN)] yielded

octahedral and tetrahedral metallacyanoborane complexes.

1.5.5 [53H ]

Chronopotentiometry and exhaustive controlled potential electrolysis
experiments have shown that [BBHST undergoes a one electron oxidation

in acetonitrile and dimethylformamide at a platinum or gold anode
to yield BBH7[CH3CN] or BBH7[DMF].

- CH.CN | )
[BBHSJ 3 .BBH7[CH3CN] + |/2H2 + e (1-39)

¥

+ 0,34V vs S.C.E.
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The chronopotentiometric oxidation wave occurred near +0.4V (Ag/Ag

ci/Licn.”

Anodic dissolution of Cu or Ag in an acetonitrile solution of [BBHST

with added triphenylphosphine ligand produced the metallaboranes

3),B3Hg] and [Ag(PPh,),B,H.17° However, at Zn or Cd anodes

electrolysis of [B3H8]' led to metal dissolution but the only products

[Cu(PPh

isolated were B_H [PhBP], [PhBP]BH

3H and [Ph3P]BZH

3 4*

It has been shown that substitution of [B3H8]' ion with [NCS]  and
[NCBHB]' results in an increased oxidative stability.97 It has also
been shown that copper dissolution in an acetonitrile solution of [BBH7
(NCBHB)]' with two equivalents of added triphenylphosphine ligand
yields the metallaborane [Cu{PPh

3)2 37
iIn a tetrahedral environment and is bonded via two Cu-H-B bridge

B_H NCBH3] in which the Cu is

bonds to the BH3 molety of the cyano substituent.

1.5.6 _ [BoH, T
Oxidation of Cs[B9H] 4] in acetonitrile (0.1M LiBFq) at a platinum
electrode at low current density was shown to yield crystals identified

as BgH ,[NCCH,] by x-ray crystallography.”®

913
electron oxidations at +0.99V and +1.42V respectively '(AgIO.IMAgNO3;

The derivatives [B9H13(NCS)]_ and B.H [SMez] both showed two

+0.34V vs S,C.E.) although the products from \potential electrolysis

were not characterised.

%*

+0.19V vs S.C.E.
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The electrochemical behaviour of decaborane (14) has been studied

In great detail. The chemical reduction of BIOHI# was shown to

103,104 Detailed electrochemical

studies In acetonitrile and glyme have sht:awnloo“"lo2 that the reduction

be both solvent and time dependent.

of BIO*HM Is mechanistically complex. In glyme solution (0']MBU4-

NCIOQ) decaborane gave two polarographic reduction waves at El/

2
= -1.54 V and -2.75V (Ag/AgNO, satd.) and no apparent oxidation
waves.loo Under the conditions studied, at the first wave, plots

y1/2

of instantaneous limiting current vs. (mercury  column height

were linear with intercepts at or near the origin indicating a diffusion
controlled process. A plot of log [(id-i)/i] vs potential was also linear
with a slope of 0.06V. These data are indicative of a primary " reduc-

tion step of BlOHM involving one electron.

- - _
BIOHM + e = BIOHM (1-40)
The total absence of kinetic character and the diffusion controlled

character of the limiting current {first wave indicates that there Is

no preceding chemical reaction such as:

K

f + -
_-4 -

ke
where the electroactive species 1Is H™ or BIOHI-B' The cyclic voltam-
mograms for B10H14' In glymeloo after the application of several

triangular wave cycles in a multicycle experiment (ie. approximately

steady state) in which the potential sweep did not encompass the

second reduction wave are shown in Figure 1.9.
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Wave B corresponded to the first reduction wave of BIOHM' Waves
A, C and D were not observed unless wave B was included in the
potential sweep, indicating that these waves were related to, and

subsequent to the initial reduction step (wave B). The magnitude

of wave C decreased as scan rate decreased and temperature increased

indicating that wave C represents the oxidation of a transient inter-

mediate. The magnitude of wave C decreased relative to other waves

as the concentration. of BIOHM was increased, suggesting that this
species decomposed by a second order (or higher) reaction. The

characteristics of wave C were not significantly influenced by whether
or not waves A and D were included in the potential sweep. This
shows that the electrode reaction associated with the reversible couple
A and D neither served as the origin nor influenced the depletion
of the transient species produced at C. From this evidence the wave
at C has been assigned to the oxidation of the radical anion [BIOHM].’
However, the substantial overvoltage separating the reduction step (B)
and the oxidation step (C) suggested that the species which produced
wave C was not the product of the initial electron transier step,
[B]OHM]‘; but was due to a species resulting from a unimolecular

transformation of the primary electrolysis product. Unlike wave C,
the sweep-rate dependence of waves A and D suggested that they

arose from a product of BIOHM reduction that was stable during
the cyclic voltammetric experiment. These waves were assigned to
the redox processes of [BIOHI3]: The presence of [BIOHI 5]' in the
solution was deduced from the overall stoichiometry of the electrode
reéction. - Constant potential electrolysis at the first reduction wave

(B) gave a solution whose U.V. spectrum and polarogram supported



40

the presence of equimolar quantities of [B, H ] and (B, oH, 5

The overall proposed mechanism was:loo
B H,, +e — {[BH,,T! (1-42)
L} .
{[B,H,J} — [BH,T (1.43)
- (1-44)
AByoHy I == [BygH5l + (B gH 4]

(1-45)

2B. H,. + 2e - [BIOH]B] +[B|OH]5]

10" 14
The oxidation wave due to the postulated [B]OHMJ' was not observed
up to the limit of the instrumentation used, however, polarographic
data supports such a unimolecular decompositlon after the one electron
charge transfer step. A plot of log [(i -1)/] /3 vs. potential was
not linear with a slope of 0.06V indicating that the second order
decomposition (e.g. 1-45) was not directly coupled to a reversible

one electron charge transfer step (wave B).

The second reduction step has also been studied in detail with glyme

101

solutions. [t was assigned to the one electron reduction of

[B,,H 4] forming the dianion (B, ,H 13] which rapidly disproportion-
ates forming [BIOHMJ'Z- The [B]0 14] in turn reacts rapidly with
bulk B, ,H

10 14
reaction at the second reduction wave corresponded to:

to generate more electroactive [B]OHIB].' The overall

- y B y UL -
4B, H,, + 6e = [BIOH12] +[B'0H +2[BIOHI5] (1-46)

10 14 {1,

. = 2- ’ N
A reaction between [B,,H,;] and [B, H,.]I" generating (B oH3)

appeared to contribute to the electrode reaction over the longer times
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of constant potential electrolysis experiments (i1-2hr.), so that the

net reaction under these conditions was:

- ?-
BIOHM +y 2 = [BIOHMJ (1-47)

Constant potentiél coulometry at the first reduction wave ot BIOHILL

102

In acetonitrile and dichloromethane solutions gave an n value of

about one electron per B, H,, ~molecule. I'B n.m.r. showed that the
electrolysis product was an equimolar mixture of [B]OH]3]' and
[BIOHl 5]: The reduction in these solvents has however been postulated
as a two electron irreversible step on the basis of detailed analysis

of the cyclic voltammograms. The formal reduction potential ifor
the BIOHM/[BIOHM]Z- couple in' acetonitrile being -0.78z 0.02V
(vs. S.C.E.).

ByoHyy + 26— [BIIOHM]Z'“ (1-48)
2. K )
Biotyy + [BigH )" = [BygH, 5T + {[BoH, 5"} (1-49)
K.
. K -
{[BIOHI5]} —_— [BIOHI5] (1-50)

The kinetically important step after charge transfer in both the reduc-

L 2.
1oHy, and the oxidation of [BIOHM] was a proton transfer

between B, .H and [B,.H ]?' The rate constant for this reaction
10 14 10 14
‘ |

In acetonitrile was ca. 5x104M-ls"

tion of B, .H

at 24°C. Therefore, on the short

time scale of the polarographic experiment there is a considerable

mechanistic difference in the redox characteristics of BIOHI L in

100 102

glyme VS, ac:e'tc:’ni‘crilel02 and dichloromethane. However, on

a constant potential electrolysis time scale the final reaction products

are the same.
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.5.8 B, H,,[CH,CN],

and B

The cyclic voltammograms of B H‘Z[SMe HIZ[CH3C(NEt2)2

10 2]2 10
NH2]2 were very similar to that of B]Ole[CHBCN]2 implying similar

electrochemical behaviour. The cyclic voltammogram of BIOH12

[CH3CN]2 in acetonitrile at platinum consisted of two irreversible

oxidation waves at Ep + 0.75V and Ep + 1.2V (Ag/AgNO3) with no

105

well " defined corresponding reduction waves. A broad reduction

wave at Ep - 0.8V which appeared after scanning to anodic potentials
was interpreted as H' reduction. Exhaustive controlled potential

electrolysis of B HIZECHBCNJZ at +0.9V indicated that the first

10

oxidation involved two electrons. Two minor components of the

reaction mixture were identified as B9H]3[CH3CN] and nido - BIOHIO

[CH3CN]2. Part of the overall electrochemical oxidation was thought

to be:

[CH CN] —B, \H, [CH,CN], 2H 42"  (1-51)

10 12-7 '3 IO 3

2- , .
1.5.9  [B_H J°" Anions

Polarographic data for several [Ban]z' polyhedral anitonsl%”'IO9 and

halogenated derivatives of the B]O and B12 cages,' 10 have been re-

ported as a criterion of their comparative oxidative stabilities. The
order of oxidative stability was B7 <56< Bg< BS< Bl g B]0< 512’ the
oxidation potentials being listed in Table 1.1. All of these anions
were studied in aqueous solution. The halogenation of the Bn cage
increased the oxidative stability, although the nature of the various

oxidation products was not studied. Substitution with [OH] decreased

the oxidative stability of the ::mitonsi..I a



Electrochemical Data on Boranes and Borane Anions.

Comgound
[B3H3]

[B4H

ot 4]

B. H. . J*
10M10

[2-B 'H91]2'

10

[1-B, 0H91]2"
(2-B, jHgNH,T
[1-B, gHgNH,T

IOH9N Me

[1-5101-19

[2--5I 0H9

IOH95Me2]

BioH iy

[2-B 3’]"
NMeB]'
SMez]"

[1-B

BI oH l 2(NCMe)

2
5.
(B ,H,,]

(B, ,H,,]

E1/, (V)

+0.40

-0.33

-0.04
-0.15

+0.40
+0.03
+0.53

+0.78
+0.75
+0.90
+0.88
+0.92
+0.92
-1.54
-2.75
+0.75
+1.20

+0.05

+1.60

TABLE 1.1

Comments

chronopentiometric ;
+Ag/AgCl/LiCl

0.0M aq. K

Ep/, ; CH

glyme ; Ag/AgNO

CH:3

SO

29V

3CN s Pt ; SCE

"
"
It
"
"t
"
1

3

CN ;3 SCE

irreversible, CHBCN, Pt,

Ag/AgNO

3

Ep/2 at stationary Pt ;

SCE, CH

3

CN

Ep/2 at stationary Pt ;

SCE, CH

3

CN

Pt ; SCE

43

Ref.

.95

106

106
106
106

98

178,112
178

173
178
178
178
178
178
178
100,101
102
105

179

179



9.
[BogH g
3-
[B,,Hy,]

3.
[B,,Hy L]

3_
[BzuBr ]

716
. 3-
(B, BryoH, 5]

[B,,BryH 2

/-
(B,,Br,Hl

o
[B,,Br qH,]

U
[BZQCI qu

18

TABLE 1.1 (Cont.)

-0.45

-0.45

+1.43
+1.20
+1.88

+2.00
+2.20
+2.20
+0.70
-0.10
-1.48
+1.74

+1.19

- +0.78

+0.98

+1.14
+1.30
+1.30

+1.76

Ep/2 at stationary Pt ;

SCE, CHBCN

Ep/z; Pt ; SCE

RPE 3 CH,CN ; SCE

3
Ep/2 s Pt ; SCE

Ep anodic ; Pt ; SCE
Ep cathodic ; H+-+%H2
DME ; SCE

Pt § CH,CN ; SCE

3

"
"
"
"

"

n

"

179

179

44

118, 119

119
119

119

119
119

112

112
119
119
119
119
119

119
119

119
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H, .J*

.5.10 (B, H,,1

Various electrochemical techniques have been used to elucidate the

=

mechanism and reaction products of [BIO IO] at a platinum electrode

112

In acetonitrile. This work represented the first application of

non-aqueous polarography utilising operational amplifier circuitry with
a three electrode system along with the methods of cyclic voltammetry

and chronopotentiometry to boron hydrides. The chemical oxidation

3+ 2- 113-117

of [BIOHIOJZ- (by Fe”" and ce) gave [BZOHIS] and under

]3,' was

milder conditions the one electron oxidation product, [BZOH

115-117 ]2_

Isolated. at a rotating platinum

Voltammetry of [E:.'OI-I]0
electrode (R.P.E) produced two anodic waves. Several electrochemical

techniques have been used to. establish that the oxidation proceeds

via an initial reversible one electron transfer to form a free radical

that undergoes a second order chemical reaction to form [520H19]’3 i

at a slightly greater potential
112

which was further oxidised to [520 18]

than that at Wthh [B]0 10] was oxidised. The second order

rate constant for the chemical coupling reaction, as determined Dy

3 -1 -1

chronopotentiometry - with current reversal, was k=2.8x10"mol 's .

The overall reaction scheme was:

2-
3 3- H+
[BZOng] —n [BZOH] 8] + 2 + H (1-54)

The products [BZ Hl9]3' and [BZOH " have been isolated by constant

0 13]
potential electrolysis at a rotating platinum gauze electrode with

0.1M FLiClOu as supporting electrolyte. The initial one electron oxida-

tion product was consumed too quickly by the bimolecular reaction,
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(1-53), to be isolated, but fast scan cyclic voltammetry has established

the reversible nature of the oxidation. Cyclic voltammetry of a solu-

]9],. I/ZHZO showed an anodic wave at ca.

+0.7V  (vs. S.C.E.) and a cathodic wave at ca. -0.1V that increased

tion of [N(CH3)4]3[BZOH

on each cycle and was assumed to be due to the protons liberated

H, I

by the oxidation of [B to [B 18]?- The former wave corres-

20 19

ponded to the second anodic wave of [BIOH ]2.'

There was no evidence

P-

that the oxidation of [B was reversible within the scan rates

20"
and potential limits available. At a dropping mercury electrode (D.M.E.)

a solution of [N(CH HIS] displayed a cathodic wave at 1.43V

3)439LB g
(vs. S.C.E.)

2.
1282

1.0.11 [B
Voltammetry of [N(C,Hg), 1I[B ,H,,] at a rotating platinum electrode
(R.P.E.) in acetonitrile with O.IM[N(CZHS)Q] [ClOa] as supporting electro-
lyte gave a one electron anodic wave at E. 19 = +1.5V  (vs.

117,118

S.C.E.). Constant potential electrolysis at +1.45V with a graphite

cloth anode, in the presence of supporting electrolyte, and precipitation
of the oxidation product with CsF yielded Cs: [Bza 23] 3H O. The

structure of the dimeric oxidation product has been postulated as con-

sisting of two B]2 polyhedra joined by a bridge hydrogen, analogous

3-
to [BZOH | 9] .

Although [B H..J°~ has been reported to be resistant to further oxi-

24 23
dation without degradation, its partially halogenated derivative [524 91

(1)2]3_“9 can undergo a two electron oxidation in acetonitrile at +1.3V
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(vs.S.C.E.) to vyield [B (1)2],,2"'120 which is a derivative of the

24H20

hypothetical parent oxidation production [BZQHZZ]'Z-

Spectroscopic evi-

dence120 has supported a structure for [BZQHZO(I)Z]Z- analogous to

: 2~
that of the photo-isomer of [BZOH18] .

1.6 2-Dimensional N.M.R. Spectroscopy

1.6.1 Introduction

The power of n.m.r. as a tool for the study of molecular structure

has grown steadily with the introduction of stronger magnetic fields,

heteronuclear and multiple-frequency experiments, spin decr.)uplingIZI

_r'122

and recently two-dimensional (2.D.) n.m In boron cluster

chemistry n.m.r. utilising the !'B nucleus has been important in the

characterisation of polyhedral cage struc‘curc-:'s.]23 However, using

1B n.m.r. as a structural probe for polyhedral structures has serious
limitations that become increasingly conspicuous as more complex
borane and heteroborane species are synthesised. The primary difficul-

ties encountered in !IB n.m.r. are broad signals (50-150HZ), partly

124

due to unresolved !1B—!B coupling, and the absence of a generally

applicable theory of 1!/B chemical shifts. The first of these problems
is partly overcome by high-field (>4T) instruments; coupling information

is normally restricted to first-order boron-terminal hydrogen inter-

actions as !IB—!IB coupling is seldom observable even using line-

125

narrowing techniques, The presence of the I_OB isotope (I=3, 20%

abundance) introduces a further complication via coupling with the

lIB nucleus.
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The second problem is intrinsic to boron cages. Unlike the chemical

13

shifts exhibited by '“C and 'H nuclei, IB(1=>/2, 80% abundance)

exhibits few general, reliable correlations with molecular structure.
The !B chemical shifts are largely determined by the paramagnetic

126

term % iIn Ramsey's equation and can vary considerably with minor

variations in structure.

Frequently it is the case that the !!B n.m.r. spectrum of a boron
cluster of unknown geometry conveys little more than symmetry infor-

mation and unambiguous assignment of !B n.m.r. spectra may require
laborious studies involving isotopic labelling or single frequency de-

coupling experiments. 123(a)

The first 2-Dimensional n.m.r. experiments involving the !B nucleus

utilised the heteronuclear | H—!IB interaction and revealed correla-

. _ 238
tions between boron resonances and directly bound [:n'otcms.I

Recently however, the Jeener 2-D procédure has been successfully

127

applied to homonuclear ''B=!B quadrupolar systems. This technique,

based on J-correlated 2-Dimensional spectroscopy, has been developed

for the direct determination of boron-boron atom connectivities in

all types of boron clusters.

1.6.2 __ Description of the Technique

(a) Fourier Transform N.M.R.

Recalling the basic principles of the Fourier transform n.m.r.experiment
the resonance signals of different Larmor frequency, of the nucleus of

Interest in the chosen spectral window form the macroscopic
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magﬁéiisation;M of magnitude Mo, parallel to the applied external field

LY

B (Figure 1.10(a)). |
L Z Z 7
M ) o
\\ _Y
1B 0 R R
'y - o ! <
X T X Y X Y X' Vg O
Figure 1.10 ‘ The F.T. NMR experiment.

A strong radio frequency (R.F.) field Bl (i.e. a radio frequency pulse)
produced by a radio frequency coil on the x-axis carries M away
from the z.-axis. . The duration and power of the R.F. pulse determines
the direction of M after the pulse. If a 90;,or H/Z, pulse is applied,

M points along the positive y-axis (Figure 1.10(b)). The longitudinal
or z-magnetisation is thus transformed Into a transverse magnetisation.

This process requires 5-20us. with the power of the R.F. sources

used In modern spectrometers.

The Larmor Frequencies of the various nuclear magnetic moments
vary and, as a consequence, the vector M now splits into its compo-

nents (Figure 1.10 (c)), The magnetic vectors rotating in the Xx,y-
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plane produce a Qoltage in the receiver coil that is detected as the
n.m.r. signal. Plotting, for an individual vector, the time dependence
of the intensity of its y-component (i.e. the voltage, U,) induced in
the receiver coll, and if transverse relaxation is taken into account,

l.e. the loss of transverse magnetisation as a consequence of relaxation
processes, a damped oscillation of frequency V) results that is known

as the free induction decay (F.LD.) (Figure 1.11),

U
ﬁ i ‘ ‘ AWAYY
| ' ' ' / Y t

Figure 1.11  Free induction decay of an NMR line.

Fourier transformation of this time signal yields the n.m.r. signal

or spectrum., The frequency measured is the difference between the
transmitter or carrier frequency, Vs and the Larmor frequency,vl,

of the particular spin.

For the description of n.m.r. experiments the concept of the rotating

. : 130 :
frame of reference is convenient. [t uses a co-ordinate system
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K'  that rotates in the same sense and with the same frequency,
v,y as the rotating field vector of the R.F. field, Within the rotating
frame, vectors that correspond to signals with frequencies uo> Y

rotate clockwise, whereas those corresponding to signals with a V<V

rotate anti-clockwise, a signal with v, v, 1s static in the rotating

frame of reference (Figure 1.10(d)).

(b) 2D N.M.R.

In the 2D experiment the data are collected as a it matrix. The

matrix is then double Fourier transformed to yield a frequency spectrum

that reveals the presence of connectivity patterns between various

nuclei.' %171

The 2D spectra contain two types of peak, those
lying along the diagonal (Figure 1.12), and the off-diagonal or cross
peaks.  The plots are symmetrical about the diagonal so that the
Cross 'peaks*' are found at 61,523 and at d&,,8 ] The off-diagonal
cross peaks arise from spin-spin !IB-!IB  coupling, which for boron

containing clusters is only significant for adjacent nuclei. Therefore,

the atom connectivities in the polyhedral framework are disclosed.

These coupling patterns are normally observable even when, as is

usually the case, no ! B-'B coupling is observed in the 1-D spectrum.

The COSY (correlated spectroscopy) pulse sequence involves 16 cycles

and may be written as:

T - (n/2)<b] > t, > (n/2)¢2 -+ 1 (acquisition)

W 2

l Y

Where Tw is a time sufficient for the system to reach thermal
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Figure 1.12 The 2-D /B COSY spectrum (contour plot) of BIOHM in

GD,. The HB {!H} n.m.r. spectrum is plotted along

one axis. -
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equilibrium., The f{irst 90° or 192, pulse creates transverse magnetisa-
tion as in the routine 1-Dimensional experiment, the spins are allowed

to process for a time ty so that they become frequency labelled.

A t.,t, data array. is built up by incrementing t, by the inverse of

1’72
the sweep width for the f{irst frequency domain FI' At the end of

t., a second 90° pulse is applied that transfers the magnetisation

l

between coupled spins so that the observed spin reflects a modulation
based in the chemical shift difference (c;\ - GB) of the two scalar

coupled spins. = After the second pulse the transverse magnetisation

1s acquired for t, as in any 1-D spectrum.

The phase shifts <I>2 and ¢ suppress axial peaks and allow quadrature
detection in both dimt;a-nsions..‘l:)'2 The time domain data matrix S(t],tz)
collected is double Fourier transformed to give a frequency domain
spectrum S(F1’F2)' The resulting spectra are presented either as a
"stacked" plot, from which relative intensities of cross peaks and
diagonal peaks can be determined, or as absolute value contour plots

on which the x and y axes represent B chemical shifts and resonance

intensities are represented in the z direction as contours.

It has been reported that for boron containing clusters a general
observation is that coupling between hydrogen bridged boron nuclei

127(a)

Is usually absent, which is in agreement with earlier theoretical

predictions which stated that the electron density in B-H-B bridge
bonds is negligible on the B-B vector. For BiOHlu Figure 1.12 shows
no cross peak between B(5,7,8,10), identified by the unique signal of

area 4, and’ the resonance at ¢ 9.0p.p.m. indicating that these sets
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of resonances are hydrogen bridged. Therefore, the resonance at
¢ 9.0p.p.m. represents the apical B(6,9) positions. The resonance at
§ -36.0p.p.m. shows a correlation with all other resonances and can

therefore be assigned to B(2,4). The final resonance at low field

(high frequency) must therefore be due to the remaining B(1,3) nuclei.

127(a)

Only two cases have been reported in which a correlation 1Is

observed between hydrogen bridge boron nuclei. One is for nido -

{1,2,3-[C6(CH3)G]Fe(CzHS)ZCZBBH5 }.-.134 The correlation observed here

may be explained by assuming that the delocalisation of electron
density about the basal C253 ring is greater in the iron complex

(resembling the isoelectronic [C5H5] ), than in [(C2H5)2C254H 6] and

other B-X-B bridge compounds. In the ferracarbaborane the B-H-B

bridge bonds are assumed to approach "protonated double bond" charac-

127(a)

ter. The only other reported example where a correlation is

observed between hydrogen bridged boron nuclei is in the cobaltaborane

135
o

[2-(C5H CquH which is an analogue of B5H9. An explanation

5)
of the observed correlation in this cluster is not readily apparent,

however one theoretical description]36 suggests that replacing BH

in 55H9 by [Co(Csz)] leads to enhanced boron-boron bonding in the

cluster, however aspects of this theoretical study have recently been

questioned. 157
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PREPARATION AND CHARACTERISATION OF SUBSTITUTED

OCTAHYDROTRIBORATE ANIONS
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2.1 Introduction

It has been shown that the octahydrotriborate (1-) anion can be substi-
tuted to form a series of halogenated octahydrotriborate anions,

[B,H,(X)]" (X=F,Cl,Br) by stoichiometric reaction with the respective

36

mercurous halide. It has further been shown that the chloride sub-

stituent of [BéH7(Cl)]' was labile and could be replaced by more nucle-

36 36 37)
3’ '

In addition it was found that by treating the monosubstituted octahydrotri-

NCBH l\lC37 and NCO

ophilic anions to give [BBH7(X)]-(X.—.NCS,
borate (1-) ion with gaseous HCl, in a non-coordinating solvent, the
disubstituted derivatives,37[53H6(X)(X/*)]'I, (X=Cl and X' = CI,NCS,NCBH3
and NCBHZ,'Cl) could be produced.. In this chapter the preparation and

reactions of some novel mono- and disubstituted derivatives of the

octahydrotriborate (1-) ion are discussed.

2.2 Results and Discussion

2.2.1 PEeEarations and Reactions

It has previously been shown that treatment of tetrahydrofuran (T.H.F)

solutions of [B3H8]' with mercurous or mercuric chloride gave the

adduct 53H7[THF] as the major produc‘c,..138 Similarly the reaction
between M[BBHg]' and HC! in dimethylformamide (DMF) gave B,H,

(DMF1.%°

In contrast to these reactions, the reaction of the [NBUZ:F- or [N
(PPh3)2]+ salts of [B3H8]' with ngxz ()(:F,Cl,Br)36 resulted In oxida-
tion and halogenation of the borane anion to give the product
[B3H7(X)]f In the chlorination reaction small amounts of the dichlori-

nated anion [BBH6(C1)2]— were formed.  This dichlorinated species
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was formed exclusively by the reaction of [BBHST with two equivalents

of Hg,Cl, (reactions (1-18) and (1-19) in Chapter ).

The reaction between HC! and [NBUZ IB3H8] in CHZCI2 was re- -

ported33to yleld the anion _[ijj7(ﬂCl)]-e>‘cc1usively, but it was found

that appreciable amounts (10-30%) of [53H6(Cl)2]' were also formed.99

This testified to the greater reactivity and hence diminished selectivity

of HCI over HgZCl2 with respect to chlorination.

In addition It was reported36 that the chloride substituent of [B3H7
(CDI” was labile and was readily substituted by ions such as [NCS]
and [NCBH,] offering a preparative route to potentially more interest-

ing species(reaction (1.20)).It was initially thought that the reaction be- -

tween AgCN and [BéH7(Cl)T in CH,CIL, resulted in [CNI™ displacing the
chloride - substituent to give the product [83H7(NC)].'36 However,
it was shown by x-ray diffraction37 that the anion obtained was

[Ag{ B;H,(NC) },] in which two triborane cages are connected via

a linear NC-Ag-CN bridge.

In this work several new substituted octahydrotriborate anions are
reported and discussed. The reaction of the [N(PPh3)2]+ salts
of [NCSeLINCBPh,]" and [NCBH,NCBH,T with [N(PPh,),](B;H,(CL)]

in  dichloromethane resulted in displacement of the labile chloride

substituent by the more negatively charged donors to yield the products

NCBH

1B3H,(X)I  (X=NCSe,NCBPh NCBH,).  In addition, using the

3’ 2

novel ion, [BHZ(CN)Z],- it was possible to substitute one cage to form



o7

[BBH7(NCBH2CN)]°, or two cages to give [B3H7(NCBH2CN)BBH7]'; in

which the ligand is effectively bridging the .cages.

Furthermore, it was found that by treating [N(PPh 3)2] [BBHS] with the

pseudo-halogens, cyanogen bromide (CNBr) or cyanogen iodide (CNI), in

dichloromethane the anion [B3H7NCB3H7]' was obtained thus:

[ N('PPhB)zIBBHg] + CNBr - [N(PPhB)ZIBBH7NCBBH7]

+ HBr + 1/2H (2-1)

2

The actual mechanism of this reaction is not known but is thought

to proceed via the generation of radicals. The [BBH7NCBBH7]' ion

is the first example in which two cages are linked via a cyanide
bridge. The only other reported example in which borane cages are
centrally linked is for the beryllaborane [Be(B.‘,’HS)z]Q,8 but in this

case the metal centre is co-ordinated to each [B Hg] ligand via two

3
Be-H-B bridge bonds.

2.2.2 Characterisation
(a) N.m.r. spectra

The "B n.m.r. spectra of the derivatives [BBH7(X)]’(XﬁNCSe,NCBPhB,
NCBHZNCBHB,NCBHZCN and NCBHZCNBBH7), were similar to the
spectrum of [BBH7(C1)]: At high frequency (low field) a resonance

of relative area two was observed th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>