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ABSTRACT

The new monosubstituted octahydrotriborate
anions [ByH,(NCO)]™, [{83H7(Ncﬁ2Ag]', [BoH, (NCBH,C1)]"
and disubstituted octahydrotriborate anions [B3H6(Cl)2]-,

[B5H, (CI(NCS)]™, [BH (CI(NCBH,)]™, [BsH (CIXNCBH,CL)] ",

llB and 1H

[{ 3 5(C1XNC)}2A9] were prepared and theilr
n.m.r. spectra were studied. Cyclic and a.c. volt-

ammetry and controlled potential electrolyses of
[BsH,(NCS)]™, [B3H,(NCO)]™, [B3H, (C1),] and

[B3H6(CIXNCS)]- in various solvents such as acetonitrile,
l1,3-dioxalane, dichloromethane and benzonitrile were
carried out and attempts to prepare metallaboranes at

Cu or Ni anodes ware described.

The 11B and 1H n.m.r. and electrochemistry

of [Bl0 13(PPh )] and [B10 13(SMe )] were investigated.

The llB and lH n.m.r. evidence confirmed that

[ 10 13(PPh )] 1s isostructural to [BIUHI&]Z- whereas
that of [510H13(5Me2)]' suggested that it is similar to
[E10H13]- anion. Cyclic and a.c. voltammetry of these
anions were studied in acetonitrile, l,3-dioxalane,
dichloromethane and tetramethylures. Exhaustive
electrolysis OFH[BlD 13(PPh )] at Pt in acetonitrile

led to (PPh)(CHSCN) ] whereas that of

[B10M12
[810H13(SM32)] gave rise to B,,H,, and ByH,;[CH,CN].

Anodic dissolution of Cu in acetonitrile solution of

[510H13(Pph3)]- yielded a product which showed a weak

interaction between Cu(Il) and the BH, group at the



111.

B(9) position of the starting anion. Similar dissol-
ution of Cu in a solution of [BloHl3(SMez)] led to
[BIUH13]‘ and possibly [B, H;s]7- Anodic dissolution
of Ni or Zn in acetonitrile solution of [BIDHIB(PPh3)]
led to [By,H,,(PPhg)(CHLCN)]. Chemical reaction of

1012

[BIUHIB(PPhB)]- with H92Cl2 or HCl in acetonitrile also
yielded [Blole(PPh3)(CH3CN)] whereas in dichloromethane,

BoH, 5 [PPh;] was obtained.
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INTRODUCTORY SURVEY



1.1 INTRODUCTION

In this chapter, the general chemistry of boron
hydrides is briefly mentioned. Specific areas of the
octahydrotriborate (-1) ion and its derivatives, and

closo-, nido-, and arachno- boron hydride derivatives

containing ten boron atoms are mentioned in this
introduction, but also discussed in more detail in later
chapters. The electrochemical and nuclear magnetic
resonance (n.m.r.) studies of these derivatives are also
reviewed. . An overview of electrochemical techniques,

. cyclic voltammetry and a.c. voltammetry, employed to

11

this work and a short discussion of B and 1H N.M.T.

spectral features are 'included for general background.

1.2 BORON HYDRIDE CHEMISTRY
l1.2.1 Historical Background

The existence of a hydride of boron was first
reported by Sir H. Davy in 1810. JF. Jones in 1879
iﬁvestigated the product of the action of dilute acids
on magnesium boride (Mng) and this reaction was also
examined by Ramsay and Hatfield in 1901. The system-
atic investigation of the hydrides of boron is due to
Alfred Stock and his co-workers, (1912 onwards).

Stock and his collaborators1 developed vacuum

line techniques to handle the volatile and air-sensitive

gaseous product of the reaction between magnesium boride



and dilute hydrochloric acid and were able to isolate

117 B¢Hip

and BlOHIA' Since there are now various improved

and 1dentify these boranes as BAHID’ BSH9’ BSH

methods for preparing boranes, Stock's original method

is now used only for 86H10' Most syntheses now involve
thermolysis of BZHé under a variety of conditions, and

often in the presence of H, or other reagentsl’?’3.

1.2.2 Bonding, Structure and Nomenclature in Boranes
(a) Bonding.

The boron hydrides belong to a general class of
compounds known as "electron deficient", that is, thepe
are not enough electrons to allow the formation of
conventional two-electron bonds (2c-2e bonds) between
all adjacent pairs of atoms. It was to rationalise the
structures of boranes that the various concepts of
multicenter bonding were first developed.
Longuet-Higgins4 employed the three-center bonds (3c-2e
bonds) which were formed by a combination of three
atomic orbitals from one hydrogen atom and two boron

atoms (BHB) for a rationalisation of the diborane (6)

structure. Then, Eberhardt, Crawford, and Lipscomb

presented a generalization of the localized three-center
concept for closed and open bonds involving three boraon
atoms and two boron atoms with one hydrogen atom. The
structure/bonding elements in boron hydride compounds

can be represented in the following way:



Terminal 2c-2e boron-hydrogen bond B-H
Jc-2e Hydrogen bridge bond B—H‘B
2c-2e Boron-boron bond B-B
‘Dpen Jc-2e Boron bridge bond E’B‘B
B
Closed Jc-2e boron bond B'L‘B

By using these five eleménts, Lipscomb and his
collaborators were able to develop the "topological™

treatment of boron hydrides6’7’8'

This topological
analysis was of empirical value for electron and
connectivity count in not only rationalizing structural
features of known boron hydrides but also in notable
predictions about possible new structures.
(b) Structure.

The structures of the boranes are unlike those

of other hydrides such as those of carbon and are

unique. They can be classified as follows:

(i) Closo-boranes

These are molecules which have a complete
closed polyhedron with trianqular faces, such as

closo-tetrahedron, closo-trigonalbipyramid,

closo-octahedron, etc. The best known closo-molecules

are the [Ban]Z- ions (n = 6-12), and the carbaboranes

3- .
such as Bn-ZCZHn (n = 5-12), [BlOCHll] , which are



called quasi-closo-boranes.

(ii) Nido-boranes

These are molecules which have nonclosed

structures and which encompass not just the Ban+a

hydrides but alsoc heteroboranes in which one or more
boron atoms are substituted by other atoms, most notably
carbon,[to give nido-carbaborane, C_B H (m = 1—4)]_ A

m N n+4 -

nido-boron hydride of n framework atoms can be

considered to arise by removing the highest connected

vertex in a (n+l) closo-borane.

(iii) Arachno-boranes
These are molecules of B H and the carba-
n n+6
borane analogs of the type CmBan+6' The arachno-

boron hydrides are formally derived from the (n+2) closo-

boranes by elision of two adjacent boron atoms of high
framework connectivity and their exopolyhedral substit-

uents.

In addition, the skeletal structures (closo,

nido, or arachno) of boranes or carbaboranes are related

to the number of skeletal bonding electron pairs. These
are summarized as follows:

n framework atoms of closo-boranes relate to n+l pairs

of skeletal e .

n framework atoms of nido-boranes relate to n+2 pairs

of skeletal e -

n framework atoms arachno-boranes relate to n+3 pairs

of skeletal e

Such relationships and the electron-counting method have
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. 9
been discussed by Wade . The idealized polyhedral boron

frameworks for closo-, nido-, and arachno-boranes and

heteroboranes have also been well presented by Rudolphlo.

(c) Nomenclature.

It 1is appropriate to outline briefly the nomen-
clature of the polyhedral boranes and related compounds.

This has previously been described by a stoichiometric
11

nomenclature which provided information on the number

and type of skeletal atoms and exopolyhedral hydrogen

atoms, substituents, or ligands, e.q.

2,4_0285H7 2,4-dicarba-closo-heptaborane (7)

2’3'C284H8 2,3-dicarba-nido-hexaborane (8)

The skeletons of the various polyhedra were designated

by the Greek terms closo (closed), nido (nestlike) and

arachno (weblike); the order indicates increasing open-
ness.

However, this method of nomenclature was found
to be insufficient in an increasing number of cases,
where structures could only be inferred by those with a
knowledge of boron hydride chemistry. With the rapid
advance of polyboron hydride chemistry, especially hetero-
polyboron hydride chemistry, there are polyboron hydride
ions having the same stoichiometry but different geo-
metry. Therefore a method for definitively describing

structures of polyhedral compounds has been reportedlz.
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1.2.3 OQOctahydrotriborate (-1), [B3H8r, and Derivatives

The octahydrotriborate (-1) ion has been found

to possess an intriquing chemistry. It 1s an important
intermediate in the synthesis of higher boranesl3, poly-

hedral borane anionsla, and transition-metal complexesls.

In this section, the preparations and the reactions of
[B3H8]_ and its derivatives are reviewed.
(a) Preparation of the [B3H8] anion.
There have been numerous reports of preparation
of several salts of the octahydrotriborate anion. A

few methods are summarized as follows:
(1) Na[BBHalwgs originally prepared by the

reaction between diborane and sodium amalgam in other

medialé.

Na(Hg) + 2 B,H, —— Na[B3HB] + NaBH, (1.2-1)

(2) The unsymmetrical cleavage of B,Hyg by

ammonial7 has led to the boronium salt.

B, H + 2NH3-————+ [(HBN)Z BHZ][B3HB] (1.2-2)

410

(3) [N(CHB)&][BBHBI was prepared from methan-
: 18
olysis of BlUHlZ [S(CZHS)Z]Z (1.2-3 to 1.2-5) or

B, oM 5 [s(csz)z]2 + 3 CHy0H ———>

BoH, [S(CZHS)Z] + B(OCHg) 5 + S(C,He), + H, (1.2-3)
\



B9H13[S(CZH5)2] + [n(cHy),] [oH] —— [N(CHB)Q][89H12]+

S(C,He), + H,0 (1.2-4)

[N(CHj)a][Bngz] + 1BCH,0H — [N(CHB)Q][BBHB] +
6B(0CH;)5 + L1H, (1.2-5)

B.H., + 6CH

sHg oH + [N(CH3),][oH] —— [N(CH3),][B5Hg])+

b

ZB(DCH3)3 + 3H2 + HZU (1.2-6)
(4) A convenient large-scale preparation of
.Na[B3H8] has been developed 20 from the following react-

ion in diglyme at about 100°C.

3NaBH, + I, — Na[B3H8] + 2H, + 2Nal = (1.2-7)

(5) The reaction of B.,H, with NaBHa in di-

2 6
21,22 (1.2-8) and the following sequence

25

glyme at 100°C
of reactions in diglymBZI’ (1.2-9 to 1.2-10) have also

been used for large-scale preparations.
NaBH, + B,H, —— Na[B Ho] + H, . (1.2-8)



2NaB,H, _100°C, NaBH, + Na[BsH,] + H,  (1.2-10)

(b) Preparation of octahydrotriborate (-1) derivatives.
There had' been relatively few reports of sub-
stituted octahydrotriborate anions in comparison to
those of triborane (7) adducts. The [B;H.(X)] anions
(X = C1, Br, I) were preparedza by the reactions between
[NBdan][BBHE] and the appropriate hydrogen halide in the

non-coordinating solvent, CH2C12.
[NBuan][B3H8] + HX ——— [NBuan][B3H7(X)] + H, (1.2-11)

The cyanide 1on was reported25 to cleave tetraborane (10)

symmetriéally to yield a substituted triborate anion.

8,Hyq + 2[CN]” ——> [B3H,(CN)] + [BH5(CN)]  (1.2-12)

410

The preparation of [B3H7(DH)]“ was also reported26 through

~the following reactions in methanol-water.
K[BsHg] + HCl + H)0 ——— B3H,OH, + H, + KC1 (1.2-13)

UH 0 (112.-].&)

B,H,0H, + NaOH —> Na[B,H (OH)] + H

7 2

Recently, the preparations of a series of monosubstituted

and disubstituted octahydrotriborate anions have been

reported”’28 which provide a systematic study of tri-

borate derivatives. The[B3H7(X)]- anions (X = F, Cl1, Br)



can also be preparedz7 by the reactions of [B HB]

with mercury (I) halide in CH,C1,.

2[B5Hg]™ + Hg,X, — 2[BgH, (X)]™ + H, + 2Hg

(1.2-15)

The disubstituted octahydrotriborate anion, [B3H6(Cl)2]_
was obtained as a byproduct in the preparation of
[BBH7(Cl)]- and was produced exclusively by the reaction
of [BBHB] with onwe equivalents of H92C12.
- 1
[B3H8] + $Hg,Cl, ——— [BH,(C1)]™ + }H, + Hg
(1.2-16)

[B,H,(C1)]™ + }Hg,Cl, — 8, H (CL), ] + 4H, + Hg

=

(1.2-17)

Furthermore, the chloride substituent of [83H7(Cl)]_
is labile and can be substituted by ions such as NCS ,

NCBH, , NC~, NCO  and NCSe to give a series of mono-

3 ’

substituted triborate derivatives,

[8,H,(NCS) ™27, [B5H, (NCBH, 174, [{B3H7(NC)}2A9]28’

[B3H7(NC0)]_28 and [B3H7(NCSB)]-29 respectively.
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(¢) Reactions of [B3H8] and i1ts derivatives.
(i) Reactions of [BBHB] with HC1 or Hg,Cl, or
HgClz.
It had previously been shown that [(HBN)ZBHZJ

[BjHB] reacted at -78°C with HCl or HBr in diethylether

]l7,30-

to give B3H7[0(C2 The reaction between

Hs )5
[N(CH3)a][B3H8] and HCl in acetonitrile yielded

B H, [CH;CN] and the reaction of [NPr,][BsHg]Jwith HC1 in
dimethylformamide gave B3H7[DMF]31. It was also found
that treatment of Na[B}HB] with HC1l rapidly yielded a

[83H7] intermediatel3a. The reactions between

[N(CH3)4][B3H3] and mercury (I) or mercury (II) chlorides
in tetrahydrofuran were reported32 to yield B3H7[THF].
: n :
However, the reactions between [NBua ][BBHB] with HCl
or Hg,Cl 27 in dichloromethane yielded [B H (Cl)]- anion.
272 57
Thus, these reactions had shown that the products were
solvent dependent. When the reactions were carried out
in coordinating solvents, the products were triborane (7)
adducts whereas in non-coordinating solvents, chlorinat-
ion reaction took place giving rise to the substituted
triborate anion.
(ii) Reactions of triborate derivatives.
It has been mentioned in sect. 1.2.3(b) that the

[B5H,(C1)]” anion underwent substitution reaction in the

presence of other ions such as NCS or NCBH3-, providing

a series of monosubstituted triborate derivatives. It

24

had also been shown that pyrolysis of [NBuan][BBH7(Br)]

at 95-100°C 1led to Bng'
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(iii) Synthesis of higher boranes from [B;HB]

It had been shown thatlja’b

the reaction of
tetramethylammonium triborohydride (8) with polyphos-

phoric acid 1n vacuo resulted in products which comprised

the higher boranes,'BaHlo, 86H12 and BBHIB' The react-
ion which was claimed to be the first synthesis of a
boron hydride molecule containing a boron 1isotopic label
in a specific position i1nvolved the reaction of the
labelled octahydrotriborate with diborane and hydrogen

chloride to give tetraborane (10). The reactions were

suggested to proceed by the pathway13C

Na[1°B3H8] + HCl —————3 NaCl + 1083H9 (1.2-18)
3 10 10 10
/2 B,H, &—— BsHg —> ~ BgH, + H, (1.2-19)
10 11 10, 11 11
| B3H7 + 82H6 —— By BH,, + BH3 (1.2-20)

(iv) Synthesis of polyhedral borane anions

from [B3HB]" _

Ellis, Gaines and Schaeffer had shown thatl&a

pyrolysis of [BBHB]_ at ~100-150°C in diethylene glycol

dimethyl ether yielded [512”12]2-' Treatment of

Na[B}HB] (or Na[BjHa] from B
l4a Nl&b

H,_ and NaBHa) with

26

also yielded [BIZHIZ]Z-'

. 14
The octahydrotriborate ion was reported “ to be an

(CHB)QNHCl or (C2H5)3

2 -
important intermediate in syntheses of [812H12] and

[B11H14]
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(v) Synthesis of metallaboranes from the
[B H ]- anion.

38
The preparationsls’33

of metal complexes con-
taining the octahydrotriborate (l-) ion were achieved by

simple displacement 6f coordinated ligands by [BBHB]-'

M(Co), + [BsHg] ——> [(CO),M B3Hg]™ + 2C0  (1.2-21)

M = Cr, Mo, Nle

(CHy) ,MCL + [B3H8]'-——~——9 [(CHy),M ByHG] + C1°

(1.2-22)

M = Al, 6833

[(CgHg)5Y ], CuCl + Cs[ByHg ] —— [(C Hg) ;Y] Cu[BsHg]

(1.2-23)

15a

For Y P (n =2), As (n = 2) and Sb (n = 3)

l.2.4 Closo-, Nido-, and Arachno-Derivatives Containing

Ten Boron Atoms

(a) Preparations of nido-decaborane (14), B4

Decaborane (l14) is an important starting material

in the study of reaction chemistry of BlDHla and 1ts

derivatives such as the large carbaboranes3a, metallo-

carboranes35, and boron hydridesjs. Several methods of

preparing decaborane (14) have been reported, and a few
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synthetic routes which were claimed to give good yields

of decaborane (14) are presented as follows:
(1) The pyrolysis of B,H, at 150°C for 10 min-
utes in the presence of a Lewis base gave a 50% yield of

BlDHIA' When BSH9 was present in a similar system,a 70%

vield of BlUHla’ based upon the amount of BZHé consumed,

was obtained}7. There is evidence that in the pyrolysis

of B.H ’8

oMy to form BlOHlA’ BSH9 is an intermediate product

(2) The pyrolysis of B,Hyg for 2.5 hours at 65°C

under nitrogen pressure of 1750 psiBg,and the copyrolysis

of a mixture of B&HlO and B5H9 at 65°C under nitrogen

.40
pressure of 1300 psi yielded BlUHlA'
(3) BlUHla from NaBH, via [BllHla] ion.
It had been shown that 4l oxidation of the

aqueous solution of [BllHla]- ion, which was prepared

from the reaction of NaBHa with acids including

BFB'U(CZHS)Z’ BCl SiCl, and alkyl halides, produced

37 4

810H14' The reactions were summarized as follows:

17NaBH, + 20BF .D(C2 + 15NaBF

4 3 e 2Na[

-

Hg )y 811M14] 4

20H, + ZUO(CZHS)Z (1.2-24)

2

17NaBH, + 5BCly; —— ZNa[B H ] + 15NaCl + 20H

11 14 2

(1.2-25)
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22NaBHa + 535iCl

—_— 2Na[BllHla] + 5SiH, +

4 4

20NaCl + 20H2 (1.2-25)
¢

11NaBH, + 1ORX —— Na[BllHla] + 10RH + 10NaX + 10H,

(1.2-27)

2[311”1a] + 36H,0 —— B, H,, + 128(0H)3 18H, +

-t —

14H + lé6e (1.2-28)

(4) BlDHla from BSH9 via [B9H14] ion.
It was shown that42 BlOH14 could be readily pre-
pared in yields up to 50% from [Bnga]_ through the

hydride ion abstraction reaction.
[M][BgH 4] *+ BXy ——— BygH;, + H,+[m][HBX ] +
[solid BH residue] (1.2-29)
+ nay+
M o= [N(CHg),]", [NBu,"]"; BX; = BFg, BCl;, BBry

This method is of no practical consequence without the

availability of a convenient high-yeild preparation of

the[B9H14]' anion. The traditional synthesis has in-

volved degradation of BlOHlaa3’ a route which 1is of no

use in this case. However, recently, the decomposition
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of [BSHB]' to [Bnga]' in yields up to 60% has been
44

recognized as a potential source of this anion ', the

[BBHBJ- ion being generated through the deprotonation of

BSH9'

(5) A potential source of BygHy, 8lso came from
the reaction of LiBSHB with an equimolar quantity of BZH6

in an ethereal mediumas. This reaction was used to pre-

-

pare 86H10 in 25% yields, and BIOHla was formed as a

side product. (0.5 moles of LiB Hg yielded 5 gm of

BigH1s’

(b) Reactions of nido-BlOH14

(i) Bridge proton abstraction.

A commonly recognized property of the nido- and

arachno~ boron hydrides is the apparent negative (hy-
dridic) character of their hydrogens. In contrast,

decaborane (14) functions as a monoprotic Brdonsted acid

in titration studiesas’47. The source of the proton

is the hydrogen Hridge system which has been shown to

rapidly exchange protons with deuterons under mildly

basic, ionizing conditionsaa’ag. Examples of proton

abstraction reactions are given belowa6’47’50’51:

B

H + H,0 (1.2-30)

+ NaQH —> Na[ 13] ?

10714 By

B,gH s + NaH — Na[BlUH13] + H, (1.2-31)

BygHyy + P(C Hg)5CH, — [P(C Hg)5CH ] [B

1oM14 ] (1.2-32)

10113
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1oty + [NCCHY)  J[OH] —— [NCeHy) ] [BygH 5] + H,0

(1.2-33)

ByoHy4 + CH3Mgl —— B, H,5Mgl + CH, (1.2-34)

Over extended periods of time, alkali metal hydrides

remove a second proton

where M = Li, Na.

(ii) Base adducts of decaborane (14).

The existence of molecular aaducts of decabor-
ane (14) has not been well-established. A monoligand
compound BlUHlaN(CHB)ZH has been claimed to be molecular
because it sublimes at relatively low temperature (33°C
in vacuum with continuous pumping)sj; however, a poss-
ible ionic product, [N(CH3)2H2][BIOH13], cannot be ruled
out. A second material which is thought to be molecular

is BlU 1QN(C )ZH' It was prepared by protonating

- : . 24
[ 10 13N(C )2H] but was not isolated from solution™ .

(iii) Base adducts of fragments derived from

nido-decaborane (14)

(1) Arachno-[BlOleLz], -[BlDHlé(CN)L]h

[B1gH1otL ]

While strong bases readily deprotoﬁate BlUH14
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[sect. l.2.4(b)(i)], certain weaker bases such as aceto-

25 26 >7

nitrile””, phosphines, diethylcyanamide” , amines”’,

sulphides, sulphoxides, phosphine oxides, amides and

thioamides58, react with BlOH14 according to the follow-

1Nng equation:

BIUHUl + 2l —_— BlDH12L2 + H2 (1.2-36)

Mixed ligand adducts have been prepared in the

. . . >8
following reaction with BlOH14 :

Bygtyy + NaCN + L ——— Na [By Hy,(CNIL] + H,  (1.2-37)

where L = S(CHB)Z’ S(CHZ)Q

Ligand exchange reactions involving BlOH12

(ligand)2 led to many more derivatives of this type.

BygHy 5 (ligand), + Z Ligand —8 B,gHy 5 (Ligand)2 +

2 ligand (1.2-38)
It was first shown that56 triphenylphosphine would dis-
place both acetonitrile and diethylcyanamide ligands and
that diethylcyanamide would displace acetonitrile ligand.
Later work59 expanded this displacement reaction series

to include a much larger array of ligands which included

dialkylsulphides, amides, amines, phosphite and
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phosphinate esters, thiophosphite esters, and arsines.

The general utility of the ligand-exchange reaction 1is
thus well established on a qualitative basis in which
dialkyl sulphides and alkyl nitriles act as weakly bound
and easlily displaced ligands, whereas amines, phosphines,
etc., behave as tightly bonded ligands capable of displac-
ing dialkyl sulphides and nitriles.

The neutral mixed ligand adducts, BlOHlZLL’, ~

could be prepared by the reaction of [810H13L]_ [sect.

l.2.4(b)(iii)(2)] with amine hydrochloridessa.

/

Na [Blo 13L] + UUHCl — BygH oLl + H, + NaCl  (1.2-39)

/
where L = N(CZHS)ZH’ L = pyridine, N(CH3)3,N(CZH5)H2

N(CZHS)ZH or L = pyridine, L = pyridine.
The following reaction has also been used to

prepare mixed ligand adductssa.

[B1gH sN(CoHs)pH]™ + HEL + L —— B, H 15 INCC H) H] LT+
H, + Cl° (1.2-40)

where L = CHBCN, S(CH3)2

(2) Arachno-[BlOHl3L]_, -[810H13L]2-
The [BlDHl3]— ion [sect. l.2.a(b)(i)] reacted

readily with a number of bases’ '’’°.



19.

Na[BIOHl3J + L —— Na[BlUHl3L] (1.2-41)

here L = N(C.H.)H,”%, N {7028
where L = oHe JH," ", N(C,Hc )2 , N(C,H

) o4
2 °5"3
Sa » - 5&,60 - " . 5&

P(C6H5)3 , pyridine , piperidine” ', S(CH 58.

302
An isothiocyanate derivative, [Blo 13(NCS)]

was reported61 to have been prepared from the reaction of

thiocyanate with [BlU 13] 1in anhydrous ethereal media.

On the other hand, these ions did not react with each

other in aqueous media to give borane species containing

the NCS group. Instead, [BIOHIBJ- and[Bnga]_ salts

were obtained.

In aqueous media [BlUH13(CN)]2- was prepared by

adding CN to [BIUHlB]- 61 and also through the follow-

: . 58
ing reaction :

2 NaCN + B,H;, —> Na,[B; H 5(CN)] + HCN (1.2-42)

The salt CSZ[BlU 13(0H)]had been isolated from

aqueous solution containing CS[BIOH13] and CsOHéz. Less

direct observations of [BlUHl3(0H)]2- in which the 1on

was not isolated had also been reporteda3’63. It was

shown that62 decaborane (14) reacted with aqueous

ammonia in a 1:2 molar ratio to yield [BIU 13(NH )]
which was isolated as the cesium salt. This anion was
termed "labile" because, unlike typical [BIOHIBL]_
species, 1t was easily hydrolyzed. However, upon re-

crystallization from a 50% KOH solution, a "stable"

form of [BlU 13(NH )] was isolated which was resistant
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to hydrolysis and believed to be of the same structural

class as the [BlUHIBL]— species.

2 -
(3) Arachno- (B, H,,]
This dianion was first prepared64 through the

reaction of sodium with decaborane (14) in liquid ammonia

and also iﬁ ethereal solvents.

2 Na + B, H,, —— Na, [BlUHla] (1.2-43)

A convenient high yield (90%) synthesis of

2

[BloHla]z_ had been acr}ieved6 from the reaction of BlOHla

with aqueous KBHA in a 1:4 molar ratio. The reactions

were summarized as follows:

- + (1.2-44)
BioHyg + H0 == [BygHy3]™ + Hs0

- - 5.
[810H13] + [BHq] p— [BloHla] + {BH3} (1.2-45)

fast
{BH ) + 3,0 ——— B(OH); + 3H, (1.2-46)

Note from (1.2-45) that [BlOHla]z' was believed to be

formed essentially by transfer of H from [BHA]- to

[B1gH13] -

(4) Closo-[BlDHlo]z-

It had previously been reported578 that dis-

placement of acetonitrile by triethylamine from
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BlUle[CH3CN]2 ylelded covalent and ionic displacement

products.

B1oH12 [CH3EN ], + N(CyHg) 3 —— BygH o [N(CoHg) 5], +

2 CHLCN (1.2-47)

B1oH12 [CH3ENT, + N(CyHg) 3 —— [N(C2H5)3H]2[P10H10]+

2 CH.CN (1.2-48)

It was also found66 that a nearly quantitative conver-

10
shown in (1.2-43).

: : 2-
sion of nido- B Hla to closo-[BlUHlU] took place as

(lnz-ag)

This is the only synthesis of a closo-boron hydride for

which some mechanistic information 1is availableé7. The

overall reaction (1.2-49) in refluxing toluene proceeded

with kinetic behaviour consistent with the scheme:

BigHyy + 2L —— BygH (L), + Hy (1.2-50)

— -
Hio[L], === Bgh (L) + L (1.2-51)

’
2 )
BygHyp[L] + N(CoHg)y —— [Byghyy] +

[N(CZH5)3H]+ + L (1.2-52)



22.

- very fast y
[B1oM11] *+ N(CpHg); —— [B1ot10]"

* +
[N(C,Hgy3H] (1.2-53)
Interfering - reactions were
BigH ol L ]+ N(CHg) 3 —— B o, [L][N(CHe) 5] (1.2-56)
B,gHy,[L] + L ——— unidentified products (1.2-55)

Eq. (1.2-55) applies if the ligand is a Lewis base other
than N(C,Hg). The proposed intermediate BlOHIZ[L] is
not the same as established compounds of the same formula
such as 510H12[S(CH3)2]’ since the latter is relatively

unreactive toward N(CZH5)3.

10715

The neutral species BlOHIBL has been prepared by
68,69

(5) Nido-[B H L]and arachno{?lUleL]-

the following reactions involving either BlUH13MgI

or Na[_BlOHH]70 as the starting material.
B,gH,3M9I + LC1 —— B, H,,L + MgICl (1.2-56)
where L = P(C6H5)2, As(C6H5)2, N(CH3)2

Na [BygHy3] + P(CgHg),Cl — By H 5 [P(C HG), ]+

NaCl (1.2-57)
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The most extensively studied BlOHISL neutral

species 1s BlOHIB[P(CéHB)Z 8’70. It shows little or no
tendency to form [BlUHla]z- type derivatives with neutral
or anionlc donors as in the case of BlDH1468. It is,

however, a strong monoprotic acid in aqueous media.

+ -—
120 + BygH 5 [P(CgHg ), ] ——> H30™ + [B1gH1oP (CeHs), ]
(1.2-58)

Amines readily deprotonate BlDHIB[P(CZHS)Z] to form

quaternary ammonium salts of the [BIUHlZ p(C6H5)2]'68,70

(6) BygH;otL

A neutral monoligand adduct was produced in the

following reactionsa:

110°C

— )
BlDHlZ[S(CHB)Z]Z mesitylene

B, oH 12[s(CH ),] + S(CH3), (1.2-59)

!

An improved synthesis of BlUHlZ[S(CHB)Z] was claimed by

71. Ligand addition

>8

heating B,gH,, in S(CH), at 120°C

and ligand displacement had been observed

BigHy2 [S(CH3),] + NaCN ——— Na[B, H;, S(CH5),(CN)]
(1.2-60)

B1oH12 [S(CH) ]+ 2P(C Hg )y —— B oH ,[P(CHo) 5], +

S(CH3)2 (1.2-61)



1.3 ELECTROCHEMISTRY OF BORON HYDRIDE COMPOUNDS

1.5.1 Overview of Electrochemical Techniques

In this section, a brief report on linear
potential sweep chronoamperometry, cyclic voltammetry,
a.c. voltammetry and cyclic a.c. voltammetry 1is intro-
duced to give an overview of the electrochemical tech-
niques employed in studies of the electrochemical behav-
iour of boron hydride compounds. The details of these

techniques can be found elsewhere in the literature72.

Controlled Potential Techniques - Potential
Sweep Methods

(i) Linear potential sweep chronoamperometry.
It is also called linear sweep voltammetry (LSV).
In this experiment, the potential is swept linearly at v
V/sec.as shown in Fig. 1.3.1(a). It is customary to
record the current as a function of potential, which 1is
obviously equivalent to recording current versus time.

A typical LSV respond curve is shown in Fig. 1.3.1(b).

Fig. 1.3.1 (a) Linear potential sweep or ramp starting
at E£..
i

(b) Resulting i-E curve.
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If the scan is begun at a potential well positive of E°

for the reduction, only nonfaradaic currents flow for a
while. When the electrode potential reaches the vicin-
ity of fb the reduction begins and current starts to
flow. As the potential continues to grow more negative,
the surface concentration of oxidant must drop; hence
the flux to the surface (and the current) increase. As
the potential moves past fb , the surface concentration
drops to near zero, mass transfer of the oxidant to the
surface reaches a maximum rate, and then 1t declines as
the depletion effect sets in. The observation 1s there-
fore a peak current-potential curve like that depicted.

(ii) Cyclic voltammetry.

In this experiment, the potential is swept

linearly at v V/sec and the direction of the scan is re-
versed at a certain time, t = AN (or at the switching

potential, Ex) as shown in Fig. 1.3.2(a).

; A+e— A
Ex
' »
| lpe 3
f | v
(=) | A E” |
E | E{=) —— e |
| Epe E,
|
0 Switching time, A
§ —> AT=e= A
(2) | (b)

Fig. 1.3.2 (a) Cyclic potential sweep.

(b) Resulting cyclic voltammogranm.



Consider the electrode reaction:

K¢

0 + he — R

k
r

where kr is the forward rate constant and kr i1s the re-
verse rate constant. If the electrode reaction 1s
reversible, which means both forward and backward rate

L

constants are fast enough [K° (the standard rate
constant > 0.3 V% cm/sec. v = scan rate in U/secl to
maintain [0] and [R] in equilibrium at the electrode
surface, then the current-voltage curve obtained is as
shown in Fig. 1.3.2(b). The curve obtained on forward
scan is as that described in LSV respond curve. The

shape of the curve on reversal depends on the switching

potential, E,, or how far beyond the cathodic peak the

scan is allowed to proceed before reversal. However,
if E)p 1s at least li-mv past the cathodic peak, the re-
N

versal peaks all have the same general shapes, basically
consisting of a curve shaped like that of the forward
current-potential plotted in the opposite direction on

the current axis, with the decaying current of the

cathodic wave used as a baseline and i = 1 The

pa pC
average of forward and reverse peak potential corres-

/
ponds to Eo. The difference between L and E (AE )
pa pc P

is a useful diagnostic test of a nernstian (reversible)
reaction. Although AEp is slightly a function of E,,
it is always close to 2.3 RT/nF (or 59/n mV at 25°C).

For an irreversible reaction, the charge transfer rate
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1
constant, k°, is { 2 x 10-° v2 cm/sec and AEp is259/n mV

at 25°C.

Techniques Based on Concepts of Impedance
(iii) A.C. voltammetry.

A.Cc. voltammetry is basically a faradaic imped-
ance technique in which the d.c. potential (Edc) is im-
posed potentiostatically at arbitrary values that usually
differ from the eéuilibrium value. Ordinarily. it 1s
varied systematically (e.g. linearly) on a long time
scale compared to that of the Superimposed AC potential
(Eacﬂf 10 mV peak to peak). The output is a plot of
the magnitude of the a.c. component of the current vs.

Edc' The phase angle between the alternating current

and Edc is also of interest. The typical a.c. voltammo-

gram is as shown in Fig. 1l.5.5.

150 100 50 0 -50 =100 =150
E-Eyyq,mV

Fig. 1.3.3 Shape of a reversible a.c. voltammetric peak

for n=1.
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One of the important properties of the reversible a.c.

voltammetry can be deduced from the peak width which is
90.4/n mV at 25°C (provided 4AE is  10/n mV peak to peak;
AE = peak to peak potential/2).

(iv) Cyclic a.c. voltammetry.

Cyclic a.c. voltammetry is a simple extension of
the linear sweep technique; one simply adds the reversal
scan 1n Edc' This technique is attractive because it
retains the best features of two powerful complementary
methodologies. Conventional cyclic voltammetry 1is
especially informative about the qualitative aspects of
an electrode process. However, the response waveforms
lend themselves poorly to quantitative evaluations of
parameters. Cyclic a.c. voltammetry retains the diag-
nostic utility of conventional cyclic measurements, but
it does so with an improved response function that per-
mits quanfitative evaluations as precise as those obtain-
able with the usual a.c. approaches.

" For a reversible system, the cyclic a.c. volt-
ammogram shows superimposed forward and reverse traces

of a.c. current amplitude vs. E Fig. 1.3.4 shows a

de’

comparison of response waveforms for cylic d.c. and

cyclic a.c. voltammetry for a reversible systenm.

Forward I
sCan

Faradaic
baseline
for reverse
scan

Superimposed
forward and
reverse scans

Reverse
SC an

L4

ac voltammetr
oc voltammetry at voit Y

Fig. 1.3.4 Comparison of response waveforms for cyclac

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

reversible system.



1.3.2 Electrochemical Studies of Boron Hydrides

Electrochemical methods are employed as tools
in the study of chemical systems, in just the way
spectroscopic methods are frequently applied. The
application of ~telectrochemical techniques to boron
chemistry has recently received more attention and have
proved to be quite encouraging. In this section,
electrochemical behaviour of some boron hydrides 1is

reviewed.
(1) [BHQ] .

Electrolysis of tetrahydroborate anion has
previously been used as amethod of preparing diborane.
The reaction can be carried out in molten tetrahydro-

73

borate °, because the mixed-alkali-metal tetrahydro-

borates have unusually low eutectic temperatures.
- anode -
2[BH,] ———— ByH, + H, + 2e (1.3-1)

The electrolysis of NaBHa in polyethylene glycol
dimethyl ethers with a mercury cathode gave diborane in
good yield. The formation of sodium heptahydrodiborate
is indicated by a time lag in the release of diborane7a.

2[BH,]” — [BZH7]" + 3H, + e (1.3-2)

- . _
[82H7] ———> B,H, + iH, + e (1.3-3)

Electrolysis of tetrahydroborate in DMF produces di-




borane75 whéreas such an electrolysis in dimethylamine

yvields dimethylamine borane76. A similar reaction has

been used to prepare ethylamineborane77.

The electrochemical studies of NaBH 76,

4
and KBH4 81,82 in aqueous solution have been

78,79,80
reported. This system 1is complicated by the presence
of a competitive chemical reaction (hydrolysis) that
gives products that are themselves oxidizable at
somewhat more negative potentials than the parent ion.

A further complication is introduced by the pH depend-
ence of the rate of formation of these hydrolysis
products (i.e. [BH;0H]™, [BH,(OH),]7, [BH(OH);]T).  As
a final complication, the composition of the electrode
surface, by virtue of its role as a heterogeneous
catalyst for the hydrolysis reaction, also influence the
overall composition of a tetrahydroborate analyte and
thus its voltammetry. These studies also clearly
demonstrate the need for extreme care in purifying
materials used in detailed electrochemical studies and

the need for equally extreme caution in interpreting

electrochemical data.
(ii) [BH3CN] :
The cyclic voltammetry of [BH3CN]- in

83,84,85

acetonitrile has been examined at various metal

electrodes. No obvious oxidation or reduction waves
were observed at an "inert" working electrode (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 [BH,CN]  at E,~ 0.9 V to give the ion

[BH;CNBH,CN]™ by the process

[BH,CN]™ —— BH,CN + H + e~ (1.3-4)

 BH,CN + [BH;CN]™ ~————— [BH,CNBH,CN] (1.3-5)
H ——— iH (1.3-6)

The anodic dissolution of iron in an aceto-
nitrile solution of Na[BH3CN] in the presence of
P(OMe)3 or P(UEt)3 led to cis-trans mixture of
[Fe{P(OR),}, (NCBH;),]°®.  Similarly, the anodic
dissolution of cobalt or nickel in acetonitrile
solutions of Na[BH3CN] yielded tetrahedral and
octahedral neutral or anionic metallacyanoborane
complexes, depending on the conditions85

(1ii) [BsHg] -

Flectrolysis of [BBHB]_ at a platinum or gold

anode in acetonitrile and dimethyl formamide resulted in

a one-electron oxidation to yield B3Hf{CH3CN]and

B3H7[DMF]respectively86

CHBCN

[B3H8]“ — B3H7-[CH3CN] + dH, + e (1.3-7)

The chronopotentiometric oxidation wave occurred near

0.4 V (Ag/AgCl/LiCl; 0.19 V vs. SCE).
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The cyclic voltammogram of [B3H8]- in CH}CN at

a stationary Pt electrode was complex and highly
irreversible, with an oxidation wave near 0.6 V
(Ag/AgN03; 0.34 V vs. SCE)B7. Anodic dissolution of
acetonitrile solutions of [BBHB]- in the presence of
PPh, at Cu or Ag anodes led to [(Ph P),CuB5H.] and
BPh3P)3AgB3H8], whereas such electrolysis at Zn or Cd

anodes, led to the 1isolation of [Ph3P]BH3 and [Ph3P]2-

BoHy 87, Electrolysis of [B;Hg]™ at a Pt electrode in

acetonitrile in the presence of PPh3 led to [Ph3P]B3H7

and its subsequent cleavage products [PhBP]BH3 and
[Ph3PJ2 BzHa. Platinum dissolution was not detected87.
Substitution of the [B3H8]" ion by NCS or NCBH3- led to

increased oxidative stability, with the first oxidation

potential occurring near 1.52 V in [83H7(NCS)]_ and 1.2

V in [83H7(NCBH3)]-. The first oxidation of
[B3H7(NCS)]_ involved four electronsBB.
(iv) BlOHlA'

The eletrochemical properties of decaborane

have been studied most intensively. Detailed electro-

89,90,91

chemical studies in acetonitrile and glyme have

shown that the apparently simple reduction of BlUH14 is

in fact mechanistically complex. Decaborane in glyme

N

solution (0.1 M NBuaCloa) exhibits two polarographic

reduction waves at £, = -1.54 V and -2.78 V (Ag/AgNO,
2

satd) and no oxidation wavesag. Under the

conditions studied, at the first wave, plots of

instantaneous limiting current vs. (mercury column
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1

height')? were linear with intercepts at or near the
origin, 1indicating a diffusion-controlled process. A
d—i)/i] VS-
potential with a slope of 0.06 V. These data strongly

linear plot was also observed forhlog[(i

suggested a primary reduction step involving a

one-electron reduction of BlUHla'

BlUHl_a + 8 —— [BlDHM]' (1.3-8)

The diffusion-controlled character of the limiting-
current first wave and total absence of kinetic
character precluded the possibility of a chemical

reaction preceding the charge-transfer step, such as

B,qH 4 —_— [BIUH'U]‘ + HY (1.3-9)
where the electroactive species is [BIOH13]- or H™.
Fig. 1.5.5 shows the cyclic voltammograms for BlUHla in
glyme after the application of several triangular wave
cycles (i.e. approximately steady state) in a multicycle
experiment in which the potential sweep did not
encompass the second reduction wave. Wave B
corresponded to the first reduction wave of B, .H

10°'14°

Wave A, C and D did not appear unless wave B was
included in the potential sweep, indicating that these
waves are assocliated with the products of the first
reduction step (wave B). The decreasing magnitude of

wave C wilth decreasing scan rate indicates that the
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species responsible for this oxidation wave is a

transient intermediate. This 1s further confirmed by
the fact that wave C decreases with increasing
temperature. Increasing decaborane concentration also
suppresses the magnitude of wave C, relative to the
other waves, suggesting that this species decomposed by

a second (or higher) order reaction. The magnitude and

other characteristics of wave C were not significantly
influenced by whether waves A and D were 1ncluded in the
sweep, showing that the electrode reaction associated
with the reversible couple A and D neither served as the
origin nor 1influenced the depletion of the species
produced at wave C. On the basis of the above
evidence, wave C was assigned to the oxidation of the
[BloHIA]T radical anion. However, the substantial
overvoltage separating the reduction step (wave B) and
the oxidation step(wave C) suggested that the species
producing wave C was not the product of the initial
electron-transfer step, [BlUthlf’ but was due to some
species which resulted 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 BlOHla

reduction that was stable in the time scale of the
cyclic voltammetric experiment. These waves were
assigned to the redox processes of [810H13]-. The
presence of [BloHIS]_ in the solution was deduced from

the overall stoichiometry of the electrode reaction.
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Constant-potential electrolysis at the first reduction

wave (B) gave a solution whose UV spectrum and
polarogram supported the presence of equimolar amounts

of [BIOH13]- and [BIUHISJ-' These overall mechanisms

89
proposed were

BygHys + & —= {[BIDHM]'} (1.3-10)

{[BIOHIQ]T} = [8)gH),]° (1.3-11)
2[B1gM14]7 == [Bio"13]” * [B1oM1s)” (1.3-12)
2B, gHy, + 287 —— [BlOHU]' + [BlOHIS]' (1.3-13)

The oxidation wave due to the postulatedi[BloHla]:} was
not observed up tothe limit of the instrumentation used,
but polarographic data support such a unimolecular
decomposition after the one-electron charge-transfer
step. If the second-order decomposition (1.3-13) were
directly coupled to a reversible one-electron
charge-transfer step (wave B), a linear plot of log
[ﬁkrdj/iz/jj vs. L would have resulted. However, this

was not the case.

The second reduction wave which has also been

studied in detai190 1s assigned to a one-electron

reduction of [BloHIB]-' The resulting radical dianion,
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[BlUH13]2-’ rapidly disproportionates to form [B H ]2_

10 14
2~ . . .
and [BlOHlZ] which react rapidly with bulk BlOHla to
regenerate more electroactive [BlUHIB] . The overall

reduction at the second reduction wave corresponds to:

4B1gHyy + 68— [Blole]z- + [810H14]2- + 2[BygHys ]

(1.3-14)

. - 2 - :
A reaction between [BlﬂHlS] and [BlDHlZ] , generating
[BIOHlB]-’ appears to contribute to the electrode react-

ion over the longer times of constant-potential electro-

lysis experiments (1-2 hr.), so the net reaction under

these conditions 1s

——————————— 2-
BigH1y + 28 =—= [BlUHla] (1.3-15)

When [BIOHIB]- is reduced in absence of bulk B,,H,,,
the reaction stops with the formation of [BlOth]Z_ and
[B1oHy2) -

The first reduction wave of BlOH14 has also

been studied in acetonitrile and dichloromethane

solutionsgl. Constant-potential coulometry at this

wave gave an n value of about one electron per BlOHl&

molecule, and llB n.ﬁ.r. showed that the electrolysis

product was an equimolar mixture of [BIUH13] and

[BIUHIS] : The reduction in these solvents, however,

has been postulated as a two-electron irreversible step,
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on the basis of detailed analysis of the cyclic volt-

ammograms, the formal reduction potential for the BlUHla/
2 -

BlOHla couple in acetonitrile being -0.78 ¥ 0.02 Vv

(vs. SCE)

8,0ty + 267 —> [BlOHla]z' (1.3-16)

7 - kl - -
B1oMs * [B1oMs]T == [Bio"13] * {[BlUHIS] }

2]
(1.3-17)
- kz -

{[BIUHIS] } —2— [BygHys] (1.3-18)

The kinetically important reaction following charge

transfer both in the reduction of BlUHla and in the

oxidation of [BIOHIQ]Z- was a proton transfer between

| B,gH;, and [BlUqul'. The rate of this reaction is

approximately 5 X 104 M”lS_1 at 24°C, Thus, an the

short time scale of the polarographic experiment there

is a considerable mechanistic difference in the redox

characteristics of BlOHla in glyme89 VS. acetonitrile91

and dichloromethanegl. However, in both cases, on the

time scale of a constant-potential electrolysis, the

reaction products were the same.

(v) BygHy, [cHseN],.

The cyclic voltammogram of BlDHIZ[CHBCN]Z in

acetonitrile at platinum comprised two irreversible

oxidation waves at Ep 0.75 V and 1.2 V (Ag/AgN03) with
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no well-defined corresponding reduction wave

However, a broad reduction wave at E_ -0.8 V, which
appeared only after a scan to anodic potentials, is
probably best interpreted as the reduction of HY
Exhaustive oxidation of By H,, [CHSCN], at 0.9 V showed
that the first oxidation involved two electrons. The
minor products were identified as BgH,;[CH;CN]and a

species thought to be the nido'BlOHlOICHBCN]Z' The

electrochemical oxidation was not simple, but at least
part of the overall reaction may have proceeded as

follows:

BygHy 9 [CHCN ], — B gH o [CHSCEN], + 2H + 2e”  (1.3-19)

The cyclic voltammograms of B [SMez]2 and

10 12

B [CH C(NEt )NH] were very similar to that of

10 12
BlUle[CH3CN]2, and thus imply similar electrochemical

behaviour.
. 2~ :
(vi) [Ban] anions.
There have been several reports of polaro-

graphic data for [Ban]Z" polyhedral anions93 and some

24

1o cages as a

halogenated derivatives of the B and B

10

criterion of thelir comparative oxidative stabilities.

< B <

The order of oxidative stability was B7 < B < B

6
Bll B10 < 512' The halogenation of the Bn cage

9 8

increased the oxidatiom stability, although the nature

of the various oxidateion products was not studied in

94

the original work Substitution with OH decreased
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the oxidative stability of the anions.

2 _
(a) [BloHIO] .

Various electrochemical techniques have been
employed to elucidate the mechanism and reaction pro-
ducts of the oxidation of[BlUHlD]z_ at a platinum

95

electrode in acetonitrile This work repreéented the

first application to boron hydride systems of nonaqueous
polarography utilizing operational amplifier circuitry
with three-electrode system along with the methods of

cyclic voltammetry and chronopotentiometry. The chemi-

3+

cal oxidation of [BIDH10]2_ (by Fe and Cea"') led to

2- 96-100 . )
[BZDHIB] and under milder conditions the

one-electron oxidation product, [BZOH19] , was
isolatedga_loo. The voltammogram of[BloHlO]z- at a
rotating platinum electrode exhibited two anodic waves.
A variety of electrochemical techniques have been used
to establish that the oxiedation proceeded by an initial
reversible one -electron transfer to form a free

radical, which then underwent a second-order chemical

reaction to form [BZUH19]3-’ which was further oxidised

2018

2- 95
B1oM10] '

to [B H ]2_ at a slightly greater potential than

The overall reaction scheme was
(1.3-20)
—— [B,ygH19]” + H (1.3-21)

[820H19]3-______9 [BZUHlB] + H + 2e (1.3-22)
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Both (BygH)9)

constant-potential electrolysis at a rotating platinum

and [BZUHlB]z_ have been isolated by

gauze electrode with 0.1 M LiClﬂa as the supporting
electrolyte. The [BloHlOJ * radical anion was depleted
too quickly by the bimolecular reaction (1.3-21) to be
iéolated, but fast-scan cyclic voltammetry has
established the reversible nature of the oxidation .
Cyclic voltammogram of [N(CH3)4]3 [BZUH19].§H20 showed
an anodic wave near 0.7 V and a cathodic wave at -0.1
which increased on each cycle and was assumed to be due
to the protons liberated by the oxidation of [B

3
20M19]
2 -
to [B20H18] . The former wave corresponded to the

second anodic wave of [BloHlﬂ]z-' There was no
evidence that the oxidation of [BZUH19]3- was reversible
within the scan rates and potential limits available.
At a DME, a solution of [N(CHB)A]Z [BZOHIB] displayed a
cathodic wave at 1.48 V (vs. SCLE).
) |
(b) [Blelzl :

Voltammetry of [NEta]2 [Blelz]at a rotating

platinum electrode in acetonitrile solution (0.1 M

EtaNClﬁa) showed an anodic one-electron wave at E% = 1.5

V (vs. SCE)lol’loz. Constant-potential electrolysis

under nitrogen at 1.45 V with a graphite-cloth anode
with no sﬁpporting electrolyte and precipitation of the
oxidation product with CsF gave a product identified as
Cs3[BzaH23].3H20 on the basis of elemental analysis, a
conductivity measurement and 11B n.m.r. spectroscopy.

A graphite anode was necessary because the oxidation

produced severe filming on a platinum electrode.
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1.4 NMR STUDIES OF BORON HYDRIDES

1.4.1 Introduction

Nuclear magnetic resonance has become one of
the major physical tools for chemists dealing with
molecules, since 1t provides much information concerning
the composition, structure, and dynamics of compounds
and systems in a fairly short time. The utility of
n.m.r. spectroscopy for the elucidation of molecular

structures of boron hydrides was recognized early in the

development of the technique103’loa. The basic work of

099103, for example, elegantly confirmed the hydrogen

bridge structure of diborane (6) as opposed to the
ethanelike model. While single crystal X-ray diffract-
ion is superior to n.m.r. spectroscopy for structure
determination 4, the speed and convenience of the n.m.r.
method significantly augments its usefulness. For com-
pounds which are difficult to crystallize or which show
dynamic behaviour 1in solution such as intramolecular
exchange, n.m.r. can be more informative than other
structural tools.

In early n.m.r. studies, difficulties were en-
countered in extracting structural information from
spectra of the more complex hydrides and their deriv-
atives owing to overlapping resonances. In recent
years, however, these difficulties have been greatly
reduced by advances 1in 1instrumentation which include
superconducting magnets for work at higher field

strengths, the use of pulsed and Fourier transform
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n.m.r. techniques. The situation will further improve
as data from high-field spectrometers become available.
These 1nstruments are now designed so that spectroscopic

techniques requiring sophisticated data manipulation

have become practical, examples of which are

two-dimensional correlated lH - llB n.m.r., multiple

resonance experiments, line narrowing, measurement of

Tl and T

additional development which contributes much to the

appreciation of llB n.m.r. data is the increasing

7 and specific frequency irradiation. An

availability of X-ray crystallographic data, which
establishes solid state structural details beyond cavil,

although it is not necessarily true that these details

will persist in solution.

1.4.2 Information from Boron NMR Data
(i) Chemical shifts.
Empirical correlations are of value in assign-
11

ing B and lH resonances on the basis of chemical

shifts, but such correlations must be used with caution

in view of the fact that no generally satisfactory theo-

retical treatment 1is availablelns. llB chemical

shifts are apparently dominated by paramagnetic shield-
ing effects, and terminal proton chemiéal shifts usually

parallel the 11B shifts of the boron atoms to which they

are bondedlos. Neither llB nor 1H shifts necessarily
reflect the electron density on the atom 1n question.

For example, bridge hydrogens usually resconate at higher
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field than do terminal hydrogens, yet it is now clear

that bridge hydrogens are in general chemically acidic,

this implying relatively low electron density at least

compared to terminal hydrogens.
(ii) Spin coupling and coupling constant.
A consideration of first-order’spin coupling
between 11B and hydrogen nuclei which are directly

bonded is almost always adequate to explain the major

features of the llB oT lH n.m.r. spectrum. Examples

are presented in sect. 1.4.3,

Many coupling constants between directly bonded

1.,11 11

nuclei “J(”""BX) can be obtained from B n.m.r. spectra.

The accuracy 1s somewhat limited because of the line

width of the resonance signals. In most cases it 1is

(ll

also possible to observe lJ BX) by recording the

n.m.r. spectra of X. Long-range couplings nJ(llBX)f
(n>1) have been observed so far only for cbmpounds in
which boron has a highly symmetric electronic environ-

ment.
The importance of coupling constants in

discussing bonding has been established for many other

nuclei. Coupling constants for terminal 11B-lH bonds

are in the range 80-190 Hz and correlate reasonably well

with the percent S character in the bondlos. Qut-

standing efforts have been made to develop inadeep theo-

retical understanding of llB chemical shifts and coupl-

ing constanﬂ907.
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(iii) Line width.,
It has long been recognized that only nuclei

with spin I 2 1 possess electric quadrupole moments

llB 3 10

(e.qg. , 80% natural abundance, 1 = 5 and B, 20%

natural abundance, I = 3). The nonspherical electric
charge distribution in the nuclei, which reflects the
presence of the electric quadrupole moment, can interact
with any electric field gradient present at the nuclei.
This leads to a very efficient relaxation mechanism and

thus results in broad resonances. The line width of

the llB n.m.r. signal (at half height, h,) depends on
2

quadrupolar relaxation time, Tq:

The quadrupole relaxation of boron is also observable

from the n.m.r. spectra of other nuclei X (preferably

with I = 32) in the same molecule. Spin-spin coupling

of 118 or lDB to X 1s then clearly visible, partially or

completely collapsed, or reduced to a single sharp

1ine'98, depending on the magnitude of T .

q
(iv) Exchange Processes.

NMR has proved a very valuable tool in studying

exchange processes of boron compoundslng. The

information can be obtained by observing at various

temperatures either the resonances of llB or those of

other nuclei showing coupling or partially relaxed

11

coupling to B (dynamic nuclear magnetic resonance,
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DNMR)109. When coupling constants are involved, the

1nvestigations are particularly interesting because the
magnitude of the coupling constant and the absence or
appearance of coupling leads to the elucidation of the

exchange mechanismlog. The utility of double resonance

experiments lH-{llB} 1n the case of partially or almost

completely relaxed couplings has been pointed outlUU.

(v) Conventions.
Spectra recorded in the field sweep mode are
conventionally displayed so that the magnetic field

strength increases from left to right. Frequency swept
spectra are displayed so that frequency decreases from
left to right. The two methods are equivalent for all
practical purposes. Chemical shifts are reported in
parts per million relative to a designated standard

3.OEt2 as.a reference standard for llB n.m.r. and

(CH3)451 as a reference standard for lH n.m.r.) with

(BF

values decreasing from left to right when the spectra

are displayed as indicated above.

1.4.3 NMR Spectra

(i) Diborane (6), B,H,.

2 6
The llB and lH n.m.r. spectra of diborane (6)

have been intensively studied at various temperatures,

with several frequencies, and using various 1isotope

ratios, early by Ogg103 and Shooleryloa and then with

considerable refinement by Gaines and Schaefferlll

The most highly resolved 118 and lH n.m.T. spectra are
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those presented by Farrarll2 and are shown 1in Figqg.

11

1.4.1. The B n.m.r. spectrum of diborane (6) reveals

a triplet of triplets. The major spin coupling 1s due

to the two terminal hydrogens on each boron (11

B) which
split the resonance into a 1:2:1 triplet. Each member
of this triplet is further split into a 1:2:1 triplet by
coupling of lesser magnitude to the two bridge

hydrogens. The fine structure underlying the llB-lH

resonances are due to the 10B-lH coupling. The lH

n.m.r. spectrum of diborane (6) further substantiates

the bridge structure. It comprises a quartet which 1s
attributed to the terminal hydrogens attached to llB
atoms and a multiplet at higher field which 1s due to

the bridging hydrogens. The complex fine structures

observed in the quartet and the multiplet are due to

long-range spin coupling [ZJ(Ht-Hb)] and consequent

second order eFFectsllz.

(ii) Octahydrotriborate (-1) and derivatives.
Phillips et alll3 published the 11B spectrum
of a diethyl ether solution of Na[B3H8], interpreting 1t

as a septet, and assigned a possible structure in which

each of three equivalent boron atoms is bonded to six

bridge hydrogen atoms. Lipscomb interpretedlla the
spectrum as the visible members of a nonet on the basis
of peak intensities, and suggested a more plausible bond
arrangement with equivalent coupling of all boron atoms

to all hydrogen atoms attributed to i1ntramolecular

exchange (by pseudorotation). An X-ray crystallo-



Fig.l1.4.1.

(o)

(b)

Terminal Bridge

(a) 11B (19.3 MHz) and 1H (100 MHz)

n.m.r. spectra of BzHé.

48.



49.

graphic study of [(H3N)28H2][B3H8] revealed the "free"

[BBHBJ- ion to have the geometry as shown below (I)lls.

(1)

Several later n.m.r. studies of various [BSHBJ-

salts revealed changes in the 1H n.m.Ir. spectrum at

low temperatures consistent with both quadrupole-induced

spin decoupling and variable rates of [BBHB]- internal

exchange depending on structure. The lH n.m.r.

spectrum of T1[B H.]in 50% CD,0D - 50% CD,COCD, (V/V) at
330C consisted of a ten-line multiplet (two outer peaks

lost in noise) revealing coupling to three-equivalent

3/2 116

B nuclei (I = - JH_llB = 33 Hz) with smaller

B coupling in the background and consistent with rapid

scrambling of [BBHB]- hydrogens. Upon lowering the

temperature, the spin-spin coupling pattern coalesced

and the lH n.m.r. spectrum sharpened into a singlet

resonance at about -127°C. Essentially identical

. . 116,117
behaviour is observed for [N(CH;),]|BsHg] . The

10,11 ]

loss of B - "H spin-spin coupling 1n Tl[B3HB] and

[N(CHB)A][B3H8] at lower temperatures 1is completely
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consistent with more efficient boron quadrupole relax-
ation effectively decoupling boron from hydrogen. In
addition, the observation of a sinqglet proton resonance
at -137°C 1is best rationalized on the basis of fast
[B3HB]- scrambling or "pseudorotation" (Fig. 1.4.2) at

this very low temperature.

H H H H H
N\ _/ \ 7 5 \ /H
~ H H
/7 \ d
| 7 | H H Ny
H H

In contrast to Tl[B3H8] and [N(CH3)Q][B3H8]:

1 118
the "H n.m.r. spectrum of [(C6H5)3P]ZCUB H

119 2 8
as shown in Fig. 1.4.3(a)] in 50% CDCl, -

[gtructure s

50% CDZCl2 at 20°C 1i1s a broad singlet with no fine
structure. Upon lowering the temperature, the BBHB
resonance sharpens to some extent (quadrupole-induced
decoupling),dthen broadens in an asymmetric fashion and
separates into several resonances at -90°C (Figqg.
1.4.3(b). This behaviour is best rationalized in terms
of slowing of the B3H8 moiety pseudorotation at low

temperatures [Fig. 1.&.3(0)] and a static BBHB system at

-97°C.
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(c)

Fig.1.4.3.
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The llB n.m.r. spectra of [(CD)QMB3H8]_ jont20

121
’

structure as shown below (II) M = Cr, Co, W

©
. C
C o - e (O
o (3
Gﬂgz‘llllknug
©®
: C

in CH3CN at room temperature consist of two broadened
signals at 23.0 and 61.3 ppm relative to[B(DCH3)3] of
relative intensity 1:2. These spectra are clearly
6onsistent with slow BBHB pseudorotation on the n.m.r.

time scale at room temperature and represent a more

static ByHy system than in the [(C Hc)4P],CuB H,, T1
[B3H8] or [N(CH3)4][BBH8]. However, it is clear that
complexation of [BBHB]* by a metal via hydrogen bridge
bonds slows the rate of BBHB pseudorotation as compared

with free [B3H8]-; i.e. the complexed metal acts as a

"lock™ on the pseudorotatory process.

(iii) Nido~decaborane (14), BlOHlﬁ'

Decaborane (14) and its derivatives have been

more extensively studied by n.m.r. than any other boron

hydrides. Following the initial study of the 12.3 MHz
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1lB and 50 MHz lH spectra by Schoolery122 there has
been a progression of n.m.r. studies interacting with
X-ray crystallographic studies and theoretical arguments

for interpretation and assignment of the spectra.

Fig. 1.4.4 shows the known molecular structure

and atom numbering for B, ,H 123. The llB n.m.r.

10 '14
spectrum of BlUHla consists of four sets of doublets of

relative area 2:2:4:2 which have been assignedlza’IZS,

(in order of increasing field strength) to B(1,3);
B(6,9); B(5,7,8,10) and B(2,4) respectively. It has
recently been shownlz6 that the llB n.m.r. spectrum of
BlUH14 exhibits substantial solvent effects as illus-
trated in Fig. 1.4.5. The most dramatic solvent
effects are associated with the B(1,3) and B(6,9)
resonances at the lowest field positions. The spectral
appearances can be grouped into three categories on the
basis of the solvent polarities. The largest chemical
shift differences, between the B(1,3) and B(6,9)
resonances, occur in the least polar solvents, such as
butane and n-pentane. Somewhat more polar solvents,
such as benzene and dichloromethane give rise to inter-
mediate shift differences, while in Lewis base solvents

such as acetone and acetonitrile the B(1,3) and B(6,9)

resonances are coincldent.

In low polarity, low molecular weight solvents

such as n-butane and n-pentane, the llB n.m.r. spectra

of BIOHla display evidence of substantial fine structure

in the B(6,9) resonance as shown in Fig. 1.4,.6. Upon



Fig.1.4.4.

The structure of B1OH14'

54,



55.

1,3 6,5

(d)

(c)

(b)

(a)

143,6,9 2,7,8,10 244

Fig.1.4.5. 86.6 MHz 11B n.m.r. spectra of B1OH1A in selected

solvents (a) CH.CN, (b) C,H,0, (c) CeHg and (d)

3 R

C5H12.
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Fig.1.4.6. (a) 86.6 MHz B n.m.r. spectra of B1OH1A in Pentane

(b) line-narrowed, and (c) 11B{1H} line-narrowved.
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Fig.1.4.7. The g1 correlation diagram (contour map)

: 1145 ¢
of B10H14 in C6D6. The B{'H} n.m.r. spectrum
is plotted along one axis.
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line narrowing, each half of the B(6,9) resonance

exhibits eight lines of approximate 1intensities
1:1:3:3:3:353:1:1. In the line-narrowed llB{lH] n.m,Tr.

spectrum, the B(6,9) resonance is a 1l:1:1:1 quartet with

_ + :
JB(2,4)8(6,9)' 18 X 2 Hz. The B(6,9) resonance is then

a doublet of triplets of quartets with coupling

constants of 160 * 2 (ll

(115 11

B-H,), 40 % 2 (llB-Hb), 18 + 2

B), respectively.

Recently, the C0OSY spectrum of BlOH14 which

provides a comprehensive study of llB/ll

has also been obtained127. The llB COSY plot for

B interactions

8,qH,4» together with a one dimensional ~'B-{'H}

10
spectrum, is shown in Fig. 1l.4-7. The diagonal from
bottom left to top right follows the one dimensional
spectrum. Coupled borons give rise to signals w%ich
occur off the diagonal at coordinates ( xa’Yb) and
(bea)' It can be seen that B(1,3) is coupled to
B(5,7,8,10) and B(2,4); B(5,7,8,10) is coupled to B(2,4)
and B(1,3). That the B(6,9) borons coupled to B(2,4)
only is in agreement with the evidence from the line-

narrowed 1184}H} spectrum [Fig. 1.4-6(0)] discussed

above. In both cases, there is no evidence for coupl-

ing between boron atoms linked by hydrogen bridges which
128

has also been reported by Grimes et al.
The lH n.m.Tr. spectrum of BlDHla was also shown
to be substantially solvent dependent126’129, although

the chemical shift effects in lH spectra are less pro-

nounced than those of the llB. The positions most
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Fig.1.4.8. (a) 220 MHz 1H n.n.r. spectrum of B1OH14
(b) 250 MHz 1H{HB} n.m.r. spectrum of

B1OH1A in C6D6.
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‘subject to solvent shifts were the bridge hydrogens

which may be related to their acidic nature. Only
minor changes were observed for all other positions,
with exception of the spectra run in benzene, where

chemical shifts of the B(6,9) and B(1,3) were noted.
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