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iI. 

ABSTRACT 

The new monosubstituted octahydrotriborate 

anions [B 
3H7 

(NCO)]-, [fB 
3H7 

(NC)j 2 Ag]-, [B 
3H7 

(NCBH 2 Cl)]- 

and disubstituted octahydrotriborate anions [B 
3H 6( Cl) 21-1 

[B 
3H6 (Cl)(NCS)J_t [B 

3H6 
(Cl)(NCBH 

3 
)]-, [B 

3H6 (Cl)(NCBH 2 CIT, 

[ IB 
3H6(C 1)(N C )12 Agj_ w'ere prepared and their 11 B and 

IH 

n. m. r. spectra were studied. Cyclic and a. c. volt- 

ammetry and controlled potential electrolyses of 

[B 
3H7 

(NCS)]-, [B 
3H7 

(NCO)1-9 [B 
3H6 

(Cl) 
2 

1- and 

1B 
3H6 (Cl)(NCS in various solvents such as acetonitrile 

1,3-dioxalane, dichloromethane and benzonitrile were 

carried out and attempts to prepare metallaboranes at 

Cu or Ni anodes e,, Atre described. 

The 11 B and 
1Hn. 

m. r. and electrochemistry 

of [BIOH 
13( PPh 3T and [B 

10 H 13 
(SMe 2 )]- were investigated. 

The 11 B and 
IHn. 

m. r. evidence confirmed' that 

[B 
10 H 13 

(PPh 3)] 
- is isostructural to [B 

10 H 141 
2- 

whereas 

that of [BIOH 
13 

(SMe 2T suggested that it is similar to 

[B 
10 H 131- anion. Cyclic and a. c. voltammetry of these 

anions were studied in acetonitrile, 1,3-dioxalane, 

dichloromethane and tetramethylurea. Exhaustive 

electrolysis of'[B 10 H 13 (PPh 3 )]- at Pt in acetonitrile 

led to IB 
10 H 12 

(PPh 3 
)(CH 3 CN)] whereas that of 

[BIOH 
13 (SMe 2T gave rise to B 10 H 14 and B9H 13 

[CH 
3 CN]. 

Anodic dissolution of Cu in acetonitrile solution of 

[B 
10 H 13 (PPh 

3 
)]- yielded a product which showed a weak 

interaction between Cu(I) and the BH 2 group at the 



iii. 

B(9) position of the starting anion. Similar diSSDI- 

ution of Cu in a solution of [B 
10 H 13 (SMe 

2)] 
- led to 

[B 
10 H 13]- and possibly [BlOH 

151-' Anodic dissolution 

of Ni or Zn in acetonitrile solution of [BlOH 
13 (PPh 3T 

led to [BlOH 
12 (PPh 

3) (CH 3 CN)]. Chemical reaction of 

[Bl 
OH13 (PPh 

3 )]- with H 92C12 or HCI in acetonitrile also 

yielded [B 
10 H 12 (PPh 

3 
XCH 3 CN)] whereas in dichloromethane, 

B9H 13 
[PPh 

31 was obtained. 
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1. 

1.1 INTRODUCTION 

In this chapter, the general chemistry of boron 

hydrides is briefly mentioned. Specific areas of the 

octahydrotriborate (-l) 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 

this work and a short discussion of B and H n. m. r. 

spectral features are'included for general background. 

1.2 BORON HYDRIDE CHEMISTRY 

1.2.1 Historical Backqround 

The existence of a hydride of boron-was first 

reported by Sir H. Davy in 1810. F. Jones in 1879 

investigated the product of the action of dilute acids 

on magnesium boride (MgB 2) 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 collaborators 
1 developed vacuum 

line techniques to handle the volatile and air-sensitive 

gaseous product of the reaction between magnesium boride 



2. 
3 

and dilute hydrochloric acid and were able to isolate 

and identify these boranes as B4 H10, B5 H99 B5 Hllý B6 H10 

and B 10 H 14' Since there are now various improved 

methods for preparing boranes, Stock's original method 

is now used only for B6H 10, Most syntheses now involve 

thermolysis of B2H6 under a variety of conditions, and 
1,2,3 

often in the presence of H2 or other reagents 

1.2.2 Bondinq, Structure and Nomenclature in Boranes 

(a) Bonding. 

The boron hydrides belong to a general class of 

compounds known as "electron deficient", that is, there 

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 rationali3e the 

structures of boranes that the various concepts of 

multicenter bonding were first developed. 

LDnguet-Higgins 4 
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 5 

presented a generalization of the localized three-center 

concept for closed and open bonds involving three boron 

atoms and two boron atoms with one hydrogen atom. The 

structure/bonding elements in boron hydride compounds 

can be represented in the following way: 



3. 

Terminal 2c-2e boron-hydrogen bond B-H 

3c-2e Hydrogen bridge bond BB 

2c-2e Boron-boron bond B-B 

ýB- Open 3c-2e Boron bridge bond BB 

Closed 3c-2e boron bond 

B 
ý'Jý 

By using these five elements, Lipscomb and his 

collaborators were able to develop the "topological" 

treatment of boron hydrides 6,7,8. 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: 

Closo-boranes 

These are molecules which have a complete 

closed polyhedron with triangular faces, such as 

closo-tetrahedron, closo-trigonalbipyramid, 

closo-octahedrong etc. The best known closo-molecules 

are the IB 
nHn 

12- ions (n = 6-12), and the carbaboranes 

such as Bn-2C2Hn (n = 5-12), 1B 
10 CH 1 

X-, 
which are 
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called quasi-closo-boranes. 

(ii) Nido-boranes 

These are molecules which have nonclosed' 

structures and which encompass not just the BnH 
n+4 

hydrides but also heteroboranes in which one or more 

boron atoms are substituted by other atoms, most notably 

carbon, [to give nido-carbaborane, CmBnH 
n+4 

(m A 

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 BnH 
n+6 and the carba- 

borane analogs of the type CmBnH 
n+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 h2ve 
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9 been discussed by Wade The idealized polyhedral boron 

frameworks for closo-, nido-, and arachno-boranes and 
10 heteroboranes have also been well presented by Rudolph 

(c) Nomenclature. 

It is appropriate to outline briefly the nomen- 

clature of the polyhedral boranes and related compounds. 

This has previously been described by a stoichiometric 

nomenclature 
11 

which provided information on the number 

and type of skeletal atoms and exopolyhedral hydrogen 

atoms, substituentst or ligands, e. g. 

2,4-C 2B5H72,4-dicarba-closo-heptaborane (7) 

2,3-C 2B4H82,3-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 

12 
structures of polyhedral compounds has been reported 
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1.2.3 Octahydrotriborate (-I), [B 
3H, and Derivatives 

The octahydrotriborate (-I) ion has been found 

to possess an intriguing chemistry. It is an important 

intermediate in the synthesis of higher boranes 13 
9 poly- 

hedral borane anions 
14 

, and transition-metal complexes 
15 

In this section, the preparations and the reactions of 

[B 
3H 8]- and its derivatives are reviewed. 

(a) Preparation of the BH anion. [3 
81 

There have been numerous reports of preparation 

of several salts of the octahydrotriborate anion. A 

few methods are summarized as follows: 

(1) Na[B 3 H, jw. as originally prepared by the 

reaction between diborane and sodium amalgam in other 
16 

media 

Na(Hg) +2B2H6 Na[B 3 HB] + NaBH 4 
(1.2-1) 

(2) The unsymmetrical cleavage of B4H 10 by 

ammonia 
17 has led to the boronium salt. 

B4H 10 + 2NH 3 
[(H 

3 N) 2 BH 2HB3 HB] (1.2-2) 

(3) [N(CH 
3)41 

[B 
3 H. ] was prepared from methan- 

olysis of B 10 H 12 
[S(C2 H 5)212 

1 13 (1.2-3 to 1.2-5) or 

B5H9 (1.2-6). 

B,. H,. [S(C, H, ). I, +3 CHAH 
IU IL LL? I- j /- ? 

B9H 13 
IS(C2 H 5)21 + B(OCH 3)3+ S(C 2H 5)2 +H2 (1.2-3) 
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B9H lAS(C2 H 5)21 + [N(CH 
3)41 

[OH] e 
[N(CH 

3)41 
[B9H 

12)+ 

S(C 2H 5)2 +H20 (1.2-4) 

[N(CH 
3)41 

[B9H 
121 + 18CH 3 OH ý [N(CH 

3)41 
[B 

3 H8] 

6B(OCH 3)3 + 11H 2 
(1.2-5) 

B5H9+ 6CH 3 OH + [N(CH 
3)41 

[OH] ýý 
[N(CH Alf B3H 8) 

2B(OCH 3)3 + 3H 2+H20 (1.2-6) 

(4) A convenient large-scale preparation of 

Na[B 3H8] has been developed 20 from the following react- 

ion in diglyme at about 1000C. 

MaBH 4+12 :> Na[B 3 H8] + 2H 2+ 2NaI (1-2-7) 

(5) The reaction of B2H6 with NaBH 4 in di- 

glyme at IOOOC 21,22 (1.2-8) and the following sequence 

of reactions in diglyme 21923 (1.2-9 to 1.2-10) have also 

been used for large-scale preparations. 

NaBH 4+B2H6 ------ 9, Na[B 3 HB) +H2 (1.2-8) 

7NaBH 4+ 4BF 3) 3NaBF 4+ 4NaB 2H7 



B. 

2NaB 2H7 1000Cý NaBH 4+ Na[B 3H 81 +H2 (1.2-10) 

(b) Preparation of octahydrotriborate (-I) derivatives- 

There had'been relatively few reports of sub- 

stituted octahydrotriborate anions in comparison to 

those of triborane (7) adducts. The [B 
3H7 (X)]- anions 

(X Cl, Br, I) were prepared 
24 by the reactions between 

[NBU 
4 

n] [B 
3H8) and the appropriate hydrogen halide in the 

non-coordinating solvent, CH 2 Cl 2* 

[NBu 
4 

n] [B 
3 H8] + HX e 

[NB 
u4 n][B3 H7 (X)] +H2 (1.2-11) 

The cyanide ion was reported 
25 to cleave tetraborýne (10) 

symmetrically to yield a substituted triborate anion. 

B4H 10 + 2[CN)- IB3H7 (CN))-+ [BH 
3 (CN)I- (1.2-12) 

The preparation of [B 
3H7 

(OH)]- was also reported 
26 through 

the following reactions in methanol-water. 

K[B 3 H8J + Hcl +H20)B3H7 OH 2+H2+ KC1 (1.2-13) 

BH OH ý NaOH -+ Na[B H (OH)] +H0 (1.2114) 
372372 

Recently, the preparations of a series of monosubstituted 

and disubstituted octahydrotriborate anions have been 

27 28 - reported I which pr. ovide a systematic study of tri- 

borate derivatives. The[B 3H 7(X'))- anions (X = F, Cl, Br) 
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can also be prepared 
27 by 

I 
the reactions of IB3H 

BY 

with mercury (1) halide in CH 2 Cl 2' 

2 [B3 H8f +H g2X2 ) 2[[3 3H7 (X»- +H2+ 2Hg 

(1.2-15) 

The disubstituted octahydrotriborate anion, IB3H6 (CI) 21- 

was obtained as a byproduct in the preparation of 

[B 
3H 7(Cl)]- and was produced exclusively by the reaction 

of IB3H, ]- with one equivalents of HgiCI 2* 

[B H -1 H) [13 H (Cl)]- + 'H Hg 3 81 +2 g2C'2 37"2+ 
(1.2-16) 

[B H (CI) 2 37+ -j'H 92C12 [B 
3H6 (Cl) 21 + JH 2+ Hg 

(1.2-17) 

Furthermo 

- 

re, the chloride substituent of IB3H7 (CIT- 

is labile and can be substituted by ions such as NCS 

NCBH 3-I NC-, NCO- and NCSe- to give a series of mono- 

substituted triborate derivatives, 

IB3H7 (NCS) ]-27,1133 H7 (NCBH 3) 
]-27, [JB 

3H7 (NC )ý2 A 9f 
28 

IB 
3H7(NCO)l -28 and [B 

3H 7(NCSe )]-2 9 
respectively. 



10. 

(c) Reactions of 
(B3 H B) and its derivatives. 

(i) Reactions of (B 
3 H, ]- with HC1 or H 92C12 or 

HgCl 2* 

It had previou'sly been shown that [(H 
3 N) 2 BH 21 

B3H. ] reacted at -781C with HC1 or HBr in diethylether 

to give B3H 7113(C2 H 5)21 
17,3 0. The reaction between 

[N(CH 
3)41 

[B 
3 H, 3] and HC1 in, acetonitrile yielded 

B3H7 [CH 
3 CNJ and the reaction of [NPr 

41 
(B 

3H 81 with HCI in 

31 
dimethy1formamide gave B3H7 [DMF] It was also found 

that treatment of Na[B 3 H. ] with HC1 rapidly yielded a 
13a 

B3H 71 intermediate The reactions between 

[N(CH 
3)41 

[B 
3 H, ] and mercury (1) or mercury (II) chlorides 

in tetrahydrofuran were reported 
32 

to yield B3H7 [THF]. 

However, the reactions between [NBu 
4 

n] [B 
3 H. ] with HC1 

27 in dichloromethane yielded [B H (ClT or H 92C12 37 anion. 

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 

[B 
3H7 (Cl))- anion underwent substitution reaction in the 

presence of other ions such as NCS or NCBH 3-1 providing 

a series of monosubstituted triborate derivatives. it 

had also been shown that 
24 

pyrolysis of I NBu 4 
n] [B 

3H7 
(Br)] 

at 95-1000C led to B5H 9' 
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(iii) Synthesis of higher boranes from [B3 H8]- 

It had been shown that 
13a, b the reaction of 

tetramethylammonium triborohydride (8) with polyphos- 

phoric acid in vacuo resulted in products which comprised 

the higher boranes, 'B 
4 H10, B6H 12 and B8 HIS. The react- 

ion which was claimed to be the first synthesis of a 

boron hydride molecule containing a boron isotopic label 

in a specific position involved the reaction of the 

labelled octahydrotriborate with diborane and hydrogen 

chloride to give tetraborane (10). The reactions were 

suggested to proceed by the pathway 
13c 

Na 1 10 B3 H8] + Hcl e NaC1 +10 B3 Hg (1.2-18) 

3 /2 10 BH 4E 
10 BH) 10 BHH (1.2-19) 

10 B3H7+ 11 B2H6 10 B3 
11 

BH 10 + 
11 BH 3 

(1.2-20) 

(iv) Synthesis of polyhedral borane anions 

from IB3H 
81- 

Ellis, Gaines and Schaeffer had shown that 14a 

pyrolysis of [B 
3 HB]- at -100-1300C in diethylene glycol 

2- dimethyl ether yielded IB 
12 H 12) Treatment of 

Na[B 3 H. ] (or Na IB3 Hj from B2H6 and NaBH 4 with 

(CH 3)4 NHC1 14a 
or (C 2H 5)3 N14b also yielded B 12 H 121 

2- 

The octahydrotriborate ion was reported 
14c to be an 

important intermediate in syntheses of [B 
12 H 12 

]2- and 

1H 14] 
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(v) Synthesis of metallaboranes from the 

IB3H, ]- anion. 

The preparations 
15,33 

of metal complexes con- 

taining the octahydrotriborate (I-) ion were achieved by 

simple displacement of coordinated ligands by IB3H 
BY. 

M(CO) 6+IB3H 81- > I(CO)4 MB3H 8] + 2CO (1.2-21) 

M= Cr, Mo, W 15b 

(CH 3)2 mcl +IB3H8f0 [(CH 
3)2 MB3 HB] + Cl- 

(1.2-22) 

M= Al, Ga 33 

1(06 H 5)3y]m cucl + Cs 1B 
3H 81 

[(C6 H 5)3y1n Cu[ B3H 81 
(1.2-23) 

For Y=P (n = 2), As (n = 2) and Sb (n = 3) 15a 
. 

1.2.4 Closo-, Nido-, and Arachno-Derivatives Containing 

Ten Boron Atoms 

(a) Preparations of nido-decaborane (14), B 10 H 14* 

Decaborane (14) is an important starting material 

in the study of reaction chemistry of BIOH 4 and its 

derivatives such as the large carbaboranes 
34 

, metallo- 
35 36 

carboranes , and boron hydrides 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 B2H6 at 1501C for 10 min- 

utes in the presence of a Lewis base gave a 50% yield of 

B 10 H 14* When B5H9 was present in a similar system,, a 70% 

yield of B 10 H 14 , based upon the am6unt of B2H6 consumed, 
37 

was obtained There is evidence that in the pyrolysis 
38 

of B2H6 to form B 10 H 14 ,B5 H9 is an, intermediate product 

(2) The pyrolysis of B4H 10 for 2.5 hours at 650C 

under nitrogen pressure of 1750 psi 
39 

and the copyrolysis 

of a mixture of B4H 10 and B5H9 at 650C under nitrogen 

pressure of 1300 psi 
40 

yielded B 10 H 14* 
(3) BH from NaBH via BH ion. 10 14 4[ 11 14] ' 

It had been shown that 41 
oxidation of the 

aqueous solution of IB 
11 H 14] ion, which was prepared 

from the reaction of NaBH 4 with acids including 

BF 3' O(C 2H 5)2 ,B C131 S'C'4 and alkyl halides, produced 

B 10 H 14' The reactions were summarized as follows: 

17NaBH 4+ 20BF 3' O(C 2H 5)2 2Na IB 
11 H 141 + 15NaBF 4 

20H 2+ 200(C 2H 5)2 (1.2-24) 

17NaBH 4+ 5BCI 3 2Na IB 
11 H 141 + 15NaCl + 20H 2 

(1.2-25) 
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22NaBH 4+ 55iCl 4t 2Na IB 
11 H 141 + 5SiH 4 

20NaCl + 20H 2 
(1.2-26) 

llNaBH 4+ lORX ý Na[B 11 H 141 + lORH + 10NaX + 10H 2 
(1.2-27) 

2[B, IH 141- + 36H 20)B 10 H 14 + 12B(OH) 3 I8H 2 

14H ++ 16e- (1.2-28) 

(4) B 10 H 14 from B5H9 via IB9H 
14]_ ion. 

It was shown that 42 B 10 H 14 could be readily pre- 

pared in yields up to 50% from [B 
9H 14]- through the 

hydride ion abstraction reaction. 

[M][B 
9H 14J +B X3 ýý BjOH 14 +H2 +[M][HBX 33 

[solid BH residue] (1.2-29) 

M= [N(CH 
3)41+' 

[NB u4 nj+; BX 3= BF 3' BCI 3' BBr 3 

This method is of no practical consequence without the 

availability of a convenient high-yeild preparation of 

he BH anion. The traditional synthesis has in- t[9 141- 

volved degradation of B 10 H 14 
43 

,a route which is of no 

use in this case. However, recently, the decomposition 
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of [B5 H 81- to IB9H 
14]- in yields up to 60% has been 

recognized as a potential source of this anion 
44 

, the 

IB5H 
81- ion being generated through the deprotonation of 

B5H9. 

(5) A potential source of BlOH 14 also came from 

the reaction of LiB 5H8 with an equimolar quantity of B2H6 

in an ethereal medium 
45. This reaction was used to pre- 

pare B6H 10 in 2551o yields, and B 10 H 14 was formed as a 

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

B 10 H 14)' 

(b) Reactions of nido-B 10 H 14 
(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 Br*Onsted acid 
46,47 in titration studies The source of the proton 

is the hydrogen bridge system which has been shown to 

rapidly exchange protons with deuterons under mildly 
48,49 

basic, ionizing conditions Examples of proton 

abstraction reactions are given below 46,47t5O, 51 

B 10 H 14 + NaOH ) Na[B 10 H 131 +H 20 (1.2-30) 

B 10 H 14 + NaH > Na[B 10 H 131 +H2 (1.2-31) 

B 10 H 14 + P(C 6H 5)3 CH2 ) IP(C6 H 5)3 CH 3] 
[B 

10 H 131 
(1.2-32) 
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Bio H 14 + [N(CH 
3)41 

[OH] 
. 
>%, 

[N(CH 
3)41 

[B, 
OH 13) +H 2() 

(1.2-33) 

B 10 H 14 + CH 3 MY ýý B 10 H 13 MgI + CH 4 
(1.2-34) 

Over extended periods of time, alkali metal hydrides 

remove a second proton 
52 

M[BIOH 131 + MH M2 [BIOH 
121 +H2 (1.2-35) 

where M= Li, Na. 

(ii) Base adducts of decaborane (14). 

The existence of molecular adducts of decabor- 

ane (14) has not been well-established. A monoligand 

compound B 10 H 14 N(CH 3)2 H has been claimed to be molecular 

because it sublimes at relatively low temperature (330C 

in vacuum with continuous pumping) 
53 

; however, a poss- 

ible ionic product, [N(CH 
3)2 H 2] 

[BIOH 
13]1 cannot be ruled 

out. A second material which is thought to be molecular 

is B 10 H 14 N(C 2H 5)2 H. It was prepared by protonating 
54 B 10 H 13 N(C 2H 5)2 H]- but was not isolated from solution 

(iii) Base adducts of fragments derived from 

nido-decaborane (14) 

Arachno-[B 10 H 12 L 211 -[BIOHI 2 
(CN)L]-, 

IB 
10 H 12 LC) 

While strong bases readily deprotonate B 10 H 14 
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I sect. 1.2.4(b)(i)], certain weaker bases such as aceto- 

nitrile 
55 

, phosphines, diethylcyanamide 56 
, amines 

57 
9 

sulphides, sulphoxides, phosphine oxides, amides and 

thioamides 5B 
, react with B 10 H 14 according to the follow- 

ing equation: 

B 10 H 14 + 2L B 10 H 12 L2+H2 (1.2-36) 

Mixed ligand adducts have been prepared in the 
I 

following reaction with B 10 H 14 
58 

B 10 H 14 + NaCN +L> Na[B 10 H 12 (CN)L] +H2 (1.2-37) 

where L= S(CH 3)2' S(CH 2)4 

Ligand exchange reactions involving B 10 H 12 
(ligand) 2 led to many more derivatives of this type. 

B 10 H 12 (ligand) 2+2 Ligand B 10 H 12 (Ligand) 2 

2 ligand 

It was first shown that 56 triphenylphosphine would dis- 

place both acetonitrile and diethylcyanamide ligands and 

that diethylcyanamide would displace acetonitrile ligand. 

Later work 
59 

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 is 

thus well established on a qualitative basis in which 

dialkyl sulphides and alkyl nitriles act as weakly bound 

and easily displaced ligands, whereas amines, phosphines, 

etc., behave as tightly bonded ligandscapable of displac- 

ing dialkyl sulphides and nitriles. 

The neutral mixed ligand adducts, B 10 H 12 LL 

could be prepared by the reaction of IB 
10 H 13 L]- [sect. 

1.2.4(b)(iii)(2)) with amine hydrochlorides 
54 

. 

Na[B 10 H 13 L] +L/ HC1 >B 10 H 12 LL /+H2+ NaCl (1.2-39) 

where L= N(C 2H 5)2 H, L pyridine, N(CH 3)3 N (C2 H5 )H 2' 

N(C 2H 5)2 H or L= pyridine, 
ý= 

pyridine. 

The following reaction has also been used to 

54 
prepare mixed ligand adducts 

1B 
10 H 13 N(C 2H 5)2H]- + HC1 +L> BIOH 12 

[N(C 
2H 5)2 H][Ll+ 

H2+ cl- 

where L= CH 3 CN9 S(CH 3)2 

(2) Arachno-[B 10 H 13 L]-, -[BIOH 13L] 
2- 

The IB 
10 H 13]- ion [sect. 1.2.4(b)(i)] reacted 

54,58 
readily with a number of bases 
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Na 1B 
10 H 13 

]+L) Na 1B 
10 H 13 L] 

where L= N(C 2H5 
)H 

2 
54 

, N(C 2H 5)2 
H 47,54 

N(C 2H 5)3 
54 

54 54 60 54 P(C H), pyridine 9 (CH ) 5B 
653, piperidine S32 

An isothiocyanate derivative, B 10 H 13 (NCS) 1 2- 

was reported 
61 to have been prepared from the reaction of 

thiocyanate with IB 
10 H 131 in 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, IB 
10 H 131- and 1B 

9H 141- salts 

were obtained. 

In aqueous media 
IB 

10 H 13 (CN)] 2- 
was prepared by 

adding CN_ to [B 
10 H 131- 

61 
and also through the follow- 

ing reaction 
58 

: 

2 NaCN +B 10 H14 > Na 2 
[B, 

OH 13( CN)] + HCN (1.2-42) 

The salt Cs 2[BlO H 13 (OH)]had been isolated from 

62 
aqueous solution containing Cs[BlOH 131 and CsOH Less 

direct observations of IB 
10 H 13 (OH) 1 2- in which the ion 

43,63 
was not isolated had also been reported It was 

shown that 62 decaborane (14) reacted with aqueous 

ammonia in a 1: 2 molar ratio to yield IB 
10 H 13 (NH 3T 

which was isolated as the cesium salt. This anion was 

termed "labile" because, unlike typical [BlOH13 Lj- 

species, it was easily hydrolyzed. However, Upon re- 

crystallization from a 56% KOH solution, a "stable" 

form of Ia 
10 H 13 (NH 3T was isolated which was resistant 
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to hydrolysis and believed to be of the same structural 

class as the IB 
10 H 13 L]- species. 

(3) Arachno- IB 
10 H 141 

2- 

This dianion was first prepared 
64 through the 

reaction of sodium with decaborane (14) in liquid ammonia 

and also in ethereal solvents. 

2 Na +B 10 H 14 ýý Na 2[B 10 H 143 (1.2-43) 

A convenient high yield (90%) synthesis of 

[B 
10 H 141 

2- had been achieved 
65 from the reaction of B 10 H 14 

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

were summarized as follows: 

BH+H0B 10 H 131- +H30+ 
(1.2-44) 

10 14 2 

2- [BjOH 
131- + [BH 

41- 
[BjOH 

141 + JBH 
31 

(1.2-45) 

JBH 
3ý + 3H 20 

fast 
ý B(OH) 3+ 3H 2 (1.2-46) 

Note from (1.2-45) that IB 
10 H 14] 

2- 
was believed to be 

formed essentially by transfer of H- from [BH 
4]- to 

[B 
10 H 131-- 

(4) Closo-rB, H 2- 
L 10 10 

It had previously been reported 
57a that dis- 

placement of acetonitrile by ttiethylamine from 
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B 10 H 12 
[CH 

3 CN 12 yielded covalent and i. onic displacement 

products. 

B 10 H 12 
[CH 

3 CN 32 + NO 2HA ýý BjOH 12 
[N (C2 H 5)312 

2 CH 3 CN (1.2-47) 

B 10 H 12 
[CH 

3 CN 12 + N(C 2H 5)3 ) 
[N (C2 H 5)3 H12 [B, 

OHIO]+ 

2 CH 3 CN (1.2-48) 

It was also found 66 that a nearly quantitative conver- 

sion of nido- B 10 H 14 to closo- IB 
10 H 101 

2- took place as 

shown in (1.2-4.1). 

2(C 2H 5)3 N+B 10 H 14 
[(C2 H 5)3 NHJ2 [B, 

OH, 01+ H2 

(1.2-49) 

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

which some mechanistic information is available 
67 

. The 

overall reaction (1.2-45[) in refluxing toluene proceeded 

wi, th kinetic behaviour consistent with the scheme: 

BH+ 2L BH (L) + Hz (1.2-50) 
10 14 10 12 2 

B 10 H 12 
[L 12 

"k_ B 10 H 12 (L) +L (1.2-51) 

B 10 H 12 
[L) + N(C 2H 

03 2B 
10 Hi I] 

[N(C 
2H 5)3 H]+ +L (1.2-52) 
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[BlOH 
111- + N(C 2H 5)3 

very fas 
-tý 

[B 
10 H lol 

2- 

[N(C 
2H 5)3H]* 

(1.2-53) 

Interfering-reactions were 

B 10 H 12 
[L] + N( C2 H 5)3 ;pB 10 H 12 

[L][N( C2 H 5)31 ( 1.2-54) 

B 10 H 12 
[L] +L) unidentified products (1.2-55) 

Eq. (1.2-55) applies if the ligand is a Lewis base other 

than N(C 2H 5)3' The proposed intermediate B 10 H 12 
[L) is 

not the same as established compounds of the same formula 

such as B 10 H 12 
[S(CH 

3)211 since the latter is relatively 

unreactive toward N(C 2H 5)3* 

(5) Nido-[B 10 H 13 Lland arachnofB, OH 12 L]- 

The neutral species B 10 H 13 L has been prepared by 

the following reactions involving either B 10 H 13 MgI 68p69 

or Na[B 10 H 131 
70 

as the starting material. 

B 10 H 13 MgI + LCI )B 10 H 13 L+ MgICI (1.2-56) 

where L= P(C 6H 5)2' As(C 6H 5)2 , N(CH 3)2 

Na[B 10 H 131 + P(C 6H 5)z ci eB 10 H 13[P(C6 H 5)21+ 

NaCl (1.2-57) 
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The most extensively studied B 
10 H 13 L neutral 

species is BH [P(C6H 70 It shows little or no 10 13 , 5)2f8 

tendency to form [B 
10 H 141 

2- type derivatives with neutral 
68 

or anionic donors as in the case of B 10 H 14 It is, 

however, a strong monoprotic acid in aqueous media. 

k 

H20+B 10 H 131p( 06H 5)21 H 30-ý' + [BjOH 12P(06 H 5)21- 

(1.2-58) 

Amines readily deprotonate B 10 H 131P(C2 H 5)21 to form 

quaternary ammonium salts of the [B 
10 H 12 P(C 6H 5)21 

-68,70 

B 10 H 12 L 

A neutral monoligand adduct was produced in the 

following reaction 
58 

: 

BH [S(CH 1 lonc 
10 12 3)212 mesitylene' 

B 10 H 12 
[S(CH 

3)21 + S(CH 3)2 (1.2-59) 

I 
An improved synthesis of B 10 H 12 

[S(CH 
3)21 was claimed by 

71 heating 8 10 H 14 in S(CH 3)2 at 1200C Ligand addition 
5B 

and ligand displacement had been observed 

B1-0H12 [S(CH 
3)21 + NaCN ) Na[B 10 H 12 S(CH 3)2 

(CN)] 

B 10 H 12 
[S(CH 

3)21'+ 2P(C 6H 5)3 )B 10 H 121P(C6 H 5)312 

S(CH 3)2 
(1.2-61) 
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1.3 ELECTROCHEMISTRY OF BORON HYDRIDE COMPOUNDS 

Overview of Electrochemical Techniques 

In this section, a brief report on linear 

potential sweeý chronoamperometry, cyclic voltammetry, 

a. c. voltammetry and cyclic a. c. voltammetry is 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 literature 72 
. 

Controlled Potential Techniques - Potential 

Sweep Methods 

(i) Linear pDtential sweep chrDnDamperDmetry. 

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 is 

obviously equivalent to recording current versus time. 

A typical LSV respond curve is shown in Fig. 1.3,1(b). 

i 

Ei 

I 
0 

Ei Eo' -1., 
t) 

(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-0 

for the reduction, only nonfaradaic currents flow for a 

while. When the electrode potential reaches the vicin- 

ity of 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 , the surface concentration 

drops to near zero, mass transfer of the oxidant to the 

surface reaches a maximum rate, and then it declines as 

the depletion effect sets in. The observation is there- 

fare 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=X (or at the switching 

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

(-) 
F 

Switching time, A 

t 
(a) 

Fig. 1.3.2 (a) Cyclic potential sweep. 

(b) Resulting cyclic voltammogram. 
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Consider the electrode reaction: 

kf 
0 + ne 

where kf is the forward rate constant and kr is the re- 

verse rate constant. If the electrode reaction is 

reversible, which means both forward and backward rate 

constants are fast enough [KO (the standard rate 

constant > 0.3 v' cm/sec. v= scan rate in V/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, Ex, or how far beyond the cathodic peak the 

scan is allowed to proceed before reversal. However, 

Tr 

verse rate constant. If the electrode reaction is 

reversible, which means both forward and backward rate 

constants are fast enough [KO (the standard rate 

constant > 0.3 v' cm/sec. v= scan rate in V/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 

if E, \ is at least 15 
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 axist with the decaying current of the 

cathodic wave used as a baseline and ii The 
pa PC 

average of forward and reverse peak potential corres- 

ponds to E ýo 
. The difference between E 

pa 
and E 

PC 
(4E 

P 
is a useful diagnostic test of a nernstian (reversible) 

reaction. Although AE 
P 

is slightly a function of E^, 

it is always close to 2.3 RT/nF (or 59/n mV at 2500. 

For an irreversible reaction, the charge transfer rate 
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i 
constant, kO, is 42x 10-5 V2 cm/sec and AEp is)59/n mV 

at 250C. 

Techniques Based on Concepts of Impedance 

(iii) A. C. voltammetry. 

A. c. voltammetry is basically a faradaic imped- 

ance technique in which the d. c. potential (E 
dc 

) is im- 

posed 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 AC potential 

(E 
ac 

z 10 mV peak to peak). The output is a plot of 

the magnitude of the a. c. component of the current vs. 

E dc The phase angle between the alternating current 

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

gram is as shown in Fig. 1.3-3. 

I L--E, - EI, 2 

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

for n=l. 

150 100 50 0 -50 -100 -150 
E-E,, 2. mV 
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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, 4E 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 in E 
dc* 

This technique is attractive because it 

retains the best features of two powerful complementary 

methodologies. Conventional cyclic voltammetry is 

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 quantitative 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 dc* Fig. 1.3.4 shows a 

comparison of response waveforms for cylic d. c. and 

cyclic a. c. voltammetry for a reversible system. 

Forward 
Faraciaic scan 
baseline Superimposed 
for reverse forward and 
scan reverse scans 

E 

Reverse 
sc an 

ac voliammetry 
ac voliarvimetry 

Fd, 

Fig. 1.3.4 Comparison of response waveforms for cyclic 

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

reversible system. 
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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 --! electrochemical 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 is 

reviewed. 

(i) [BH 
41 

-* 

Electrolysis of tetrahydroborate anion has 

previously been used as amethod of preparing diborane. 

The ýeaction can be carried out in molten tetrahydro- 

borate 73 
, because the mixed-alkali-metal tetrahydro- 

borates have unusually low eutectic temperatures. 

2[BH 43- 
anode 

)B2H6+H2+ 2e- (1.3-1) 

The electrolysis of NaBH 4 in polyethylene glycol 

dimethyl ethers with a mercury cathode gave diborane in 

good yield. The formation of sodium heptahydrodiborate 

74 is indicated by a time lag in the release of diborane 

2[BH 41- ýý 
LB2H7 ]- + IH 

2 

H>BH+I B2 71- 26 2H 2 

Electrolysis of tetrahydroborate in DMF produces di- 
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borane75 whereas such an electrolysis in dimethylamine 

yields dimethylamine borane 76 A similar reaction has 

77 
been used to prepare ethylamineborane 

The electrochemical studies of NaBH 4 
769 

78979,80 
and KBH 4 

81,82 
in aqueous solution have be'en 

reported. This system is 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 
3 OH]_, I BH 2 

(OH) 
2)-' 

[BH(OH) 
31-) 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) I BH 3 CN) 

The cyclic voltammetry of [BH 
3 CN)- in 

acetonitrile has been examined 
83,84,85 

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 
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derivatives. However, Mo or V electrodes resulted in 

oxidation of the [BH 
3 CN)- at Ep-0.9 V to give the ion 

[BH 
3 CNBH 2 CN)- by the process 

[BH 
3 CNJ- ) BH 2 CN + H* + e- (1.3-4) 

ýBH 2 CN + [BH 
3 CN]- ý[BH 3 CNBH 2 CNI-(1.3-5) 

H> 'H (1.3-6) 22 

The anodic dissolution of iron in an aceto- 

nitrile solution of Na[BH 3 CN) in the presence of 

P(OMe) 3 or P(OEt) 3 led to cis-trans mixture of 
84 [FeýP(OR) 

334 (NCBH 3)21 * Similarly, the anodic 

dissolution of cobalt or nickel in acetonitrile 

solutions of Na[BH 3 CNI yielded tetrahedral and 

octahedral neutral or anionic metallacyanoborane 
85 

complexes, depending on the conditions 

(iii) IB3H 
BY. 

Electrolysis of IB3H 
81- at a platinum or gold 

anode in acetonitrile and dimethyl formamide resulted in 

a one-electron oxidation to yield B3H 7' 
(CH 

3 CN)and 

86 B3H7 [DMFIrespectively 

BH3BH [CH + lH + e- (1.3 3 BY 3 7' 3 CN] 22 -7) 

The chronopotentiometric oxidation wave occurred near 

0.4 V (Ag/AgCI/LiCl; 0.19 V vs. SCE). 



32. 

The cyclic voltammogram of IB3H 
81- in CH 3 CN at 

a stati6nary Pt electrode was complex and highly 

irreversible, with an oxidation wave near 0.6 V 

87 (Ag/AgNO 35 0.34 V vs. SCE) Anodic dissolution of 

acetonitrile solutions of [B 
3 H, ]- in the presence of 

PPh 3 at Cu or Ag anodes led to [(Ph 
3 P) 2 CuB 3 H, ] and 

[(Ph 
3 P) 3 AgB 3 H. ), whereas such electrolysis at Zn or Cd 

anodes, led to the isolation of [Ph 
3 P)BH 3 and [Ph 

3 P]2. - 

BH 87 24 Electrolysis of [B 
3 H. ] at a Pt electrode in 

acetonitrile in the presence of PPh 3 led to [Ph 
3 PJB 3H7 

and its subsequent cleavage products [Ph 
3 PJBH 3 and 

87 [Ph 
3PI2 B2H 4' Platinum dissolution was not detected 

Substitution of the JB 
3 H,, )- ion by NCS- or NCBH 3- led to 

increased oxidative stabilityg with the first oxidation 

potential occurring near 1.32 V in IB3H7 (NCS) Y and 1.2 

V in [B 
3H7 (NCBH 3 )]-. The first oxidation of 

[B 
3H7 

(NCS)]- involved four electrons 
8B 

(iv) B 10 H 14' 

The eletrochemical properties of decaborane 

have been studied most. intensively. Detailed electro- 
89,90tgl 

chemical studies in acetonitrile and glyme have 

shown that the apparently simple reduction of B 10 H 14 is 

in fact mechanistically complex. Decaborane in glyme 
n 

solution (0.1 M NBu 4 C10 4) exhibits two polarographic 

reduction waves at E, = -1.54 V and -2.78 V (Ag/AgNO 
i3 

satd) and no oxidation waves 
89 

. Under the 

conditions studied, at the first wave, plots of 

instantaneous limiting cur'rent vs. (mercury column 
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I 
height', )' were linear with intercepts at or near the 

origin, indicating a diffusion-controlled process. A 

linear plot was also observed for'log[(i 
d- i)/ij vs. 

potential with a slope of 0.06 V. These data strongly 

suggested a primary reduction step involving a 

one-electron reduction of B 10 H 14' 

B 10 H 14 +CIB 10 H 141 
-; 

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 

BHkf 10 14 --k 
r 

IB 
10 H 13]- +H 

where the electroactive species is IB 
10 H 13]- or H+. 

Fig. 1.3.5 shows the cyclic voltammograms for BIOH 14 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 10 H 14' 

Wave A, C and D did not appear unless wave B was 

included in the potential sweep, indicating that these 

waves are associated with the products of the first 

reduction step (wave B). The decreasing magnitude of 

wave C with decreasing scan rate indicates that the 
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,a -a. - A 
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(L) 
cr. L- 

=3 C 
0 

-IA -2A Voltage 
D 

0 

(b) 
B 

A 

m 
cr- 
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-2.4 Voltage-*-- 
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)PIC 0 D 

c 
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.2 A 

c 

0.4 2A Voltage =3 

.2 c 
0 

C 

xIr -*- D 
0 

Fig. 1-3-5. Cyclic voltammograms of BjOH 14 
(0.99 x 10-3 M; 

0.1 M Bu 4 NC10 4 in 1,2-dimethoxyethane) with 

scan rates (a) 0.88 VS- (b) 1.9 VS- 1, 
and 

(c) 5.5 VS- 
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species responsible for this oxidation wave is a 

transient intermediate. This is 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 included in the 

sweep, showing that the electrode reaction associated 

with the reversible couple A and D neither served as the 

origin nor influenced 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 

B 10 H 14 
]-* 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, IB 
10 H 14]7 , 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 B 10 H 14 

reduction that was stable in the time scale of the 

cyclic voltammetric experiment. These waves were 

assigned to the redox processes of IB 
10 H 13]-* The 

presence of IB 
10 H 15] 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 IB 
10 H 131- and [BlOH 

151- These overall mechanisms 

proposed were 
89 

B 10 H 14 + e- B 10 H 14) (1.3-10) 

ý[ B 10 H l4l'; 
j 

-IB 10 H 14 
] (1.3-11) 

2 [BjOH 
141'; %- 

[B, 
()H 131- + [B 

1OH151- (1.3-12) 

2B 10 H 14 + 2e- )IB 10 H 13]- + [BIOH 
151- 

The oxidatiDnýwave due to the postulated t[ B 10 H 14]-; 
j 

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 

f(i 
d- i)ji2/3 j vs. E would have resulted. However, this 

was not the case. 

The second reduction wave which has also been 

studied in detail 90 is assigned to a one-electron 

reduction of IB 
10 H 13 The resulting radical dianion, 
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[BIOH 
13] 

2- 
, rapidly disproportionates to form IB 

10 H 141 
2- 

and IB 
10 H 121 

2- 
which react rapidly with bulk B 10 H 14 to 

regenerate more electroactive IB 
10 H 13) The overall 

reduction at the second reduction wave corresponds to: 

4B 10 H 14 + 6e- -., - 
IB 

10 H 12] 
2- 

+ [BjOH 
14) 

2- 
+21B 10 H 151- 

(1.3-14) 

A reaction between IB 
10 H 151- and I BlOH 12 

]2-, generating 

B 10 H 13] appears to contribute to the electrode react- 

ion over the longer times of constant-potential electro- 

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

these conditions is 

B 10 H 14 + 2e IIB 10 H 14 
)2- (1.3-15) 

When IB 
10 H 131- is reduced in absence of bulk B 10 H 141 

the reaction stops with the formation of IB 
10 H 14) 

2- 
and 

2- B 10 H 121 

The first reduction wave of B 10 H 14 has also 

been studied in acetonitrile and dichloromethane 

solutions 
91 Constant-potential coulometry at this 

wave gave an n value of about one electron per B 10 H 14 

molecule, an*d 
11 B n. m'. r. showed that the electrolysis 

product was an equimolar mixture of IB 
10 H 31- and 

IB 10 H 151-* 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 B 10 H 14/ 

B 10 H 14 
2- 

couple in acetonitrile being -0.78 1 0.02 V 

(vs. SCE) 

B 10 H 14 + 2e- ý [BjOH 
14 

]2- (1.3-16) 

k 
B 10 H14 + [BIOH 

141 
2- 

cI BjOH 13]- + ý[ B 10 H 151 

(1.3-17) 

tIB 
10 H 15 

] -1 
11B 10 H 15 

] (1.3-18) 

The kinetically important reaction following charge 

transfer both in the reduction of B 10 H 14 and in the 

oxidation of IB 
10 H 14 

]2- was a proton transfer b'etween 

B 10 H 14 and IB 
10 H 141 - The rate of this reaction is 

approximately 5x 10 4 M- 1 S- 1 
at 240C. Thus, on the 

short time scale of the polarographic experiment there 

is a considerable mechanistic difference in the redox 

characteristics of B 10 H 14 in glyme 
89 

vs. acetonitrile 
91 

91 
and dichloromethane However, in both cases, on the 

time scale of a constant-potential electrolysis, the 

reaction products were the same. 

(v) B 10 H 12 
[CH 

3 CN 12* 

The cyclic voltammogram of B 10 H 12 
[CH 

3 C. N 12 in 

acetonitrile at platinum comprised two irreversible 

oxidation waves at Ep0.75 V and 1.2 V (Ag/AgNO 3) with 
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no well-defined corresponding reduction wave 
92 

. 

I However, a broad reduction wave at Ep -0.8 V, which 

appeared only after a scan to anodic potentials, is 

prdbably best interpreted as the reduction of H. 

Exhaustive oxidation of B 10 H 12 
[CH 

3 CN 12 at 0.9 V showed 

that the first oxidation involved two electrons. The 

minor products were identified as B9H 13 
[CH 

3 CNIand a 

species thought to be the nido-B 10 H 10 
fCH 

3 CN 12 The 

electrochemical oxidation was not simple, but at least 

part of the overall reaction may have proceeded as 

follows: 

B 10 H 12 
[CH 

3 CN 12 B,, H,, [CH 
3 CN] 2+ 2H 

++ 
2e- (1.3-19) 

The cyclic voltammograms of B 10 H 12 
[SMe 

212 and 

B 10 H 12 
[CH3C(NE t2 )NH 12 were very, similar to that of 

B 10 H 12 
[CH 

3 CN 121 and thus imply similar electrochemical 

behaviour. 

(vi) [B H ]2- anions. 

There have been several reports of polaro- 

graphic data for [B 
nHn 

]2- polyhedral anion s93 and some 

halogenated derivatives of the B 10 and B 12 cages 
94 

as a 

criterion of their comparative oxidative stabilities. 

The order of oxidative stability was B7<B6<B9<B8< 

B 11 B 10 <B 12* The halogenation of the Bn cage 

increased the oxidati6m stability, although the nature 

of the various oxidateion products was not studied in 

the original work 
94. 

. Substitution with OH- decreased 
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the oxidative stability of the anions. 

(a) tB 
10 H 1012-. 

Various electrochemical techniques have been 

employed to elucidate the mechanism and reaction pro- 

ducts of the oxidation of[B 10 H 101 
2- 

at a platinum 

electrode in acetonitrile 
95. This work represented 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 chronop9tentiometry. The chemi- 

cal oxidation of IB 
10 H 101 

2- (by Fe 3+ 
and Ce 4+) led to 

[B 
20 H 181 

2- 96-100 
a, nd under milder conditions the 

one-electron oxidation product, IB 
20 H 191 

3- 
, was 

98-100 2- isolated The voltammogram of[B 10 H 101 at a 

rotating platinum electrode exhibited two anodic waves. 

A variety of electrochemical techniques have been used 

to establish that the oxisdation proceeded by an initial 

reversible one -electron transfer to form a free 

radical, which then underwent a second-order chemical 

reaction to form IB 
20 H 191 

3- 
, which was further oxidised 

to tB 
20 H 181 

2- 
at a slightly greater potential than 

2- 95 (B 
10 H 101 The overall reaction scheme was 

B 10 H 101, B 10 H 101,; (1.3-20) 

2[B, OHIO 
17 [B 

20 H 1913- + H+ (1.3-21) 

IB 
20 H 191 

3- 
ý [B 

20 H18] 2- 
+ H+ + 2e - (1.3-22) 
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Both (B 
20 H 191 

3- 
and [B 

20 H 181 
2- have been isolated by 

constant-potential electrolysis at a rotating platinum 

gauze electrode with 0.1 M LiClO 4 as the supporting 

electrolyte. The IB 
10 H 103 

, radical anion was depleted 

too quickly by the bimolecular reaction (1.3-21) to be 

isolated, but fast-scan cyclic voltammetry has 

established the reversible nature of the oxidation. 

Cyclic voltammogram of [N(CH 
3)413 

IB2 
OH, 9). 

JH 
20 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 
20 H 191 

3- 

2- 
to [B 

2 OH IBI The former wave corresponded to the 

2- 
second anodic wave of [B 

10 H 101 There was no 

evidence that the oxidation of IB2 
OH19) 

3- 
was reversible 

within the scan rates and potential limits available. 

At a DME, a solution of [N(CH 
3)412 

[B 
2 OH18] displayed a 

cathodic wave at 1.48 V (vs. SCE). 

2- (b) B 12 H 12) 

Voltammetry of [NEt 
412 

[B 
12 H 12) at a rotating 

platinum electrode in acetonitrile solution (0.1 M 

Et 
4 NC10 4) showed an anodic one-electron wave at Ej = 1.5 

101,102 
V (vs. SCE) Constant-potential electrolysis 

under nitrogen at 1.45 V with a graphite-cloth anode 

with no supporting electrolyte and precipitation of the 

oxidation product with CsF gave a product identified as 

C's311324 H 23 
J. 3H 20 on the basis of elemental analysis, a 

conductivity measurement and 
11 B 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 

Introduction 

Nuclear magnetic resonance has become one of 

the major physical tools for chemists dealing with 

molecules, since it 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 

103,104 development of the technique The basic work of 

Ogg 
103 

, 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 y 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 in 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 in instrumentation 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 instruments are now designed so that spectroscopic 

techniques requiring sophisticated data manipulation 

have become practical, examples of which are 

two-dimensional correlated 
1H- 11 B n. m. r., multiple 

resonance experiments, line narrowing, measurement of 

TI and T2, and specific frequency irradiation. An 

additional development which contributes much to the 

appreciation of 
11 B n. m. r. data is the increasing 

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- 

ing 11 B and 
IH 

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- 

105 11 
retical treatment is available B chemical 

shifts are apparently dominated by paramagnetic shield- 

ing effectsq and terminal proton chemical shifts usually 

parallel the B shifts of the boron atoms to which they 

105 11 1 
are bonded Neither B nor H shifts necessarily 

reflect the electron density on the atom in question. 

For example, bridge hydrogens usually resonate 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 B and hydrogen nuclei which are directly 

bonded is almost always adequate to explain the major 

features of the 11 B or 
IHn. 

m. r. spectrum. Examples 

are presented in sect. 1.4.3. 

Many coupling constants between directly bonded 

nuclbi 
I 

J( 11 BX) can be obtained from 
11 B n. m. r. spectra. 

The accuracy is somewhat limited because of the line 

width of the resonance signals. In most cases it is 

also possible to observe 
1 

J( 11 BA)by recording the 

n. m. r. spectra of X. Long-range couplings n J(11BX)- 

Wl) have been observed so far only for compounds 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 
11 B- 1H bonds 

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

106 
with the percent S character in the bond Out- 

standing efforts have been made to develop inadeep theo- 

retical understanding of 
11 B chemical shifts and coupl- 

ing constant5 
107 
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(iii) Line width. 

It has long been recognized that only nuclei 

with spin I >, 1 possess electric quadrupole moments 

(e. g. 
11 

B, 80,00 natural abundance, I=1; and 
10 B, 20O, o 2 

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 
11 B n. m. r. signal (at half height, h, ) depends on 

quadrupolar relaxation time, Tq 

1 h1 
i. - - 

I 
q 

The quadrupole relaxation of boron is also observable 

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

with I in the same molecule. Spin-spin coupling 

of 
11 B or 

10 B to X is then clearly visible, partially or 

completely collapsed, or reduced to a single sharp 

line 108 
, depending on the magnitude of Tq 

(iv) Exchange Processes. 

NMR has proved a very valuable tool in studying 
109 

exchange processes of boron compounds The 

information can be obtained by observing at various 

temperatures either the resonances of 
11 B or those of 

other nuclei showing coupling or partially relaxed 

coupling to 11 B (dynamic nuclear magnetic resonance, 
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DNMR)109. When coupling constants are involved, the 

investigations are particularly interesting because the 

magnitude of the coupling constant and the absence or 

appearance of coupling leads to the elucidation of the 

exchange mechanism 
109 

. The utility oF, doubl, e resonance 

experiments 
1 

H-( 
11 BI in the case of partially or almost 

100 
completely relaxed couplings has been pointed out 

(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 

(BF 3* OEt2 as, a reference standard for 11 B n. m. r. and 

(CH 3)4 Si as a reference standard for 1Hn. 
m. r. ) with 

values decreasing from left to right when the spectra 

are displayed as indicated above. 

1.4.3 NMR Spectra 

Diborane (6), B2H 6* 

The 11 B and 
1Hn. 

m. r. spectra of diborane (6) 

have been intensively studied at various temperatures, 

with several frequencies, and using various isotope 

ratios, early by Ogg 103 
and Shoolery 104 

and then with 
ill 

considerable refinement by Gaines and Schaeffer 

The most highly resolved 
11 B and 

IHn. 
m. r. spectra are 
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those presented by Farrar 112 
and are shown in Fig. 

1.4-1. The B n. m. r. spectrum of diborane (6) reveals 

a triplet of triplets. The major spin coupling is 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 11 B-lH 

resonances are due to the 10 B- 1H 
coupling. The IH 

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

the bridge structure. It comprises a quartet which is 

11 
attributed to the terminal hydrogens attached to B 

atoms and a multiplet at higher field which is due to 

the bridging hydrogens. The complex fine structures 

observed in the quartet and the multiplet are due to 

long-range spin coupling 
[2 J(H CH b) 

) and consequent 
112 

second order effects 

(ii) Octahydrotriborate (-I) and derivatives. 

Phillips et al 
113 

published the 11 B spectrum 

of a diethyl ether solution of Na[B 3 H. ], interpreting it 

as a septet, and assigned a possible structure in which 

each of three equivalent boron atoms is bonded to six 

bridge hydrogen atoms. Lipscomb interpreted 114 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 intramolecular 

exchange (by pseudorotation). An X-ray crystallo- 
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(0) 

-ý)Coý 

(b) 

Fig-1-4-1- (a) 11B (19.3 MHz) and 
1H (100 MHz) 

n. m. r. spectra of B2H 

Terminal Bridge 
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graphic study of [(H 
3 N) 2 BH 21 

[B 
3H81 revealed the "free" 

115 
B3H 81- ion to have the geometry as shown below (I) 

(1) 

Several later n. m. r. studies of various IB 
3 H8)- 

salts revealed changes in the 1Hn. 
m. r. spectrum at 

low temperatures consistent with both quadrupole-induced 

spin decoupling and variable rates of [B 
3H BF internal 

exchange depending on structure. The 1Hn. 
m. r. 

spectrum of Tl[B 3 Hdin 50.10 CD 3 OD - 50% CD 3 COCD 3 
(V/V) at 

330C consisted of a ten-line multiplet (two outer peaks 

lost in noise) revealing coupling to three-equivalent 

11 B nuclei 0= 3/ 2; J H-11B = 33 Hz) 116 
with smaller 

10 B coupling in the background and consistent with rapid 

scrambling of [B 
3 H, ]- hydrogens. Upon lowering the 

temperature, the spin-spin coupling pattern coalesced 

and the 1Hn. 
m. r. spectrum sharpened into a singlet 

resonance at about -1270C. Essentially identical 

16,117 
behaviour is observed for [N(CH 

3)41 
[B 

3 HB]l The 

loss of 
10,11 B-1H spin-spin coupling in TI[B 3H 131 and 

[N(CH 
3)41 

[B 
3 H81 at lower temperatures is completely 
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consistent with more efficient boron quadrupole relax- 

ation effectively decoupling boron from hydrogen. In 

addition, the observation of a singlet proton resonance 

at -1370C is best rationalized on the basis of fast 

[B 
3 H. 1- scrambling or "pseudorotation" (Fig. 1.4.2) at 

this very low temperature. 

HH 

H 

H-B-B-H 
I 
_,; 

t- I 
HH 

HH 
Q\ 

El/ H 
I 

13 
H\H 

H\ 
eH 

H HýB 

18\B 
HH "' "s. 

H 

Fig. 1.4.2 Pseudorotation of [B' 
3H aj-, 

In contrast to Tl[B 3 H. ] and [N(CH 
3)41 

[B 
3 H13], 

the 1Hn. 
m. r. spectrum of [(C 

6H 5)3p]2Cu'33 H8 118 

[structure 119 
as shown in Fig. 1.4.3(a)) in 50,10 CDC1 3 

50', 'D CD 2 Cl 2 at 200C is a broad singlet with no fine 

structure. Upon lowering the temperature, the B3H8 

resonance sharpens to some extent (quadrupole-induced 

decoupling), then broadens. in an asymmetric fashion and 

separates into several resonances at -900C (Fig. 

1.4.3(b). This behaviour is best rationalized in terms 

of slowing of the B3H8 moiety pseudorotation at low 

temperatures [Fig. 1.4.3(c)] and a static B3H8 system at 

-970C. 
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H\ /14 
Boe 

H/\H 

Fig. 1-4-3. (a) Structure, (b) 1Hn. 
m. r. spectra, and 

(c) pseudorotation of [PPh 
332 CuB 3H8. 
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The 11B 
n. m. r. spectra of [(CO) 

4 MB 3H 81- ionl20 

structure as shown below (11) 121 
,M= Cr, Co, W 

(11) 

in CH 3 CN at room temperature consist of two broadened 

signals at 23.0 and 61.3 ppm relative to[B(OCH 3)31 of 

relative intensity 1: 2. These spectra are clearly 

consistent with slow B3 H8 pseudorotation on the n. m. r. 

time scale at room temperature and represent a more 

static B3H8 system than in the [(C 
6H 5)3PJ2 CuB 3 H8, TI 

(B 
3 H,, ] or [N(CH 

3)4 
][B 

3H 81- However, it is clear that 

complexation of [B 
3 H8]- by a metal via hydrogen bridge 

bonds slows the rate of B3H8 pseudorotation as compared 

with free [B 
3 H, ]-; i. e. the complexed metal acts as a 

"lock" on the pseudorotatory process. 

(iii) Nido-decaborane (14), B 10 H 14' 

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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11 B and 30 MHz 
1H 

spectra by Schoolery 122 
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 
123 11 

and atom numbering for B 10 H 14 The B n. m. r. 

spectrum of B 10 H 14 consists of four sets of doublets of 

relative area 2: 2: 4: 2 which have been assigned 
124,125 

(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 shown 
126 that the 11 B n. m. r. spectrum of 

B 10 H 14 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 coincident. 

In low polarity, low molecular weight solvents 

such as n-butane and n-pentane, the 11 B n. m. r. spectra 

of 8 10 H 14 display evidence of substantial fine structure 

in the B(6,9) resonance as shown in Fig. 1.4.6. Upon 
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Fig. 1-4-4. The structure of B 10 H 14* 
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1,3 6,9 

(d) 

(c) 

(b) 

(a) 

1,3,6,9 5,7,8,10 2,4 

Fig. 1.4.5- 86.6 MHz 11 B n. m. r. spectra of B 10 H 14 in selected 

solvents (a) CH 3 CN, (b) C4H 80' 
(c) C6 H6 , aný (d) 

c5H 12 * 
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(C) 

b) 

(a) 

B(1,3) , 
B(6,9) 

Fig. 1-4.6. (a) 86.6 MHz 11 B n. m. r. spectra of BjOH 14 in Pentane 

(b) line-narrowed, and (c) 11 Bt'Hý line-narrowed. 
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Fig. 1-4-7. The 11 B- 11 B correlation diagram (contour map) 

of B 10 H 14 in 06 D6. The 11 BOH3 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 intensities 

1: 1: 3: 3: 3: 3: 1: 1. In the line-narrowed 11 Bt1Hj n. m. r. 

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

B(2,4)B(6,9)= IB +2 Hz. The B(6,9) resonance is then 

a doublet of triplets of quartets with coupling 

constants of 160 ±2( 11 B-H t 
), 40 ±2 B-H b 

), 18 ±2 

( 11 B- 11 B), respectively. 

Recently, the COSY spectrum of B 10 H 14 which 

provides a comprehensive study of 
11 B/11B interactions 

127 11 has also been obtained The B COSY plot for 

B 10 H 141 together with a one dimensional 11 B-tlHj 

spectrum, is shown in Fig. 1.4-7. The diagonal from 

bottom left to top right follows the one dimensional 

spectrum. Coupled borons give rise to signals w'hich 

occur off the diagonal at coordinates (Xa IY b) and 

(X 
bya). 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 
11 B-ýHj spectrum [Fig. 1.4-6(c)] discussed 

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

ing between boron atoms linked by hydrogen bridges which 

has also been reported 
128 by Grimes et al. 

The 1Hn. 
m. r. spectrum of B 10 H 14 was also shown 

to be substantially solvent dependent 126,129 
, although 

the chemical shift effects in 1H 
spectra. are less pro- 

nounced than those of the 11 B. The positions most 
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1,3 1,4 

(a) 

b) 

Fig-1-4.8. (a) 220 MHz 1Hn. 
m. r. spectrum of BjOH 14 

(b) 250 MHz 1 Hl"BI n. m. r. spectrum of 

B 10 H 14 in C6D 6* 

1A 
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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. 

The 1H 129 
and 

1H1 11 B1 126 
n. m. r. spectra of B 10 H 14 are 

presented in Fig. 1.4-13. The 1Hn. 
m. r. spectrum of 

B 10 H 14 in CS 2 is composed of four overlapping quartets 

of intensity 2: 2: 4: 2 and a broad upfield singlet of 
129 129 intensity four The spectrum has been assigned 

as labelled in Fig. 1.4-8(a) where the order of chemical 

shifts in the 1Hn. 
m. r. parallels that of the 11 B 

n. m. r., with the exception of a small inversion of the 

1,3 and 6,9 positions, and is in agreement with the 

130 
order postulated by Williams, et al The assign- 

ments from the 
1HI B) data 

126 
agree, with the-exception 

of the 1,3 and 6,9 positions. 

(iv) Arachno- I B- 10 H 14 
]2-. 

The 19.2 MHz 
11 

B n. m. r. spectrum of Rb 2 
[BlOH 

141 

in H20 assigned by Muetterties 
131 

remained an 

uncertainty about the assignment of the B(1,3) and 
11 

B(2,4). The subsequent study of the B n. m. r. 

spectrum of Rb 2 
[2-B 

10 H 13 Br 1132 indicated that the 

low-field doublet was associated with the B(2,4). The 

structure of IB 
10 H 14 

12- has been assumed 
133 

to be 

similar to that of B 
10 H 12 

(CH 
3 CN) 2' with which it is 

isoelectronic in the sense that the ligand CH 3 CN is 

replaced by H rather than to be isostructural to 



61. 

BIOH 14* In such case, there are two BH 2 groups at B(6) 

and B(9) [Fig. 1.4-9(a)] - The 80.5 MHz 11 B n. m. r. 

spectrum of Rb 2 
[BIOH 

141 
134 

in H20 shown in Fig. 

1.4- 9(b) confirmed the existence of BH 2 group. This 

was further confirmed by the X-ray diffraction study of 
135 [N(CH 

3)4 
][BIOH 

141 The structure is as shown in Fig. 

1.4- 9 (a) . 
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Fig-1-4.9(a) The structure of [BlO H 141 
2- ion. 

640 64L 

0 

Fig-1-4.9(b) 80-5 MHz 11 B n. m. r. spectrum Of [Bl 
OH14 

]2- 

in 

2,4 5, T, b it' -. - 



CHAPTER TWO 

PREPARATION AND CHARACTERIZATION OF 

MONO-SUBSTITUTED AND DI-SUBSTITUTED 

OCTAHYDROTRIBORATE ANIONS 
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2.1 INTRODUCTION 

Monosubstituted derivatives of*, Loctahydro- 

triborate (-l ) ion [B 
3H7 

(X)]-(X-= halogen, pseudohalogen) 

have been previously studied 
24,27 but only some initial 

work on their stability and chemical behaviour has been 

described. A ciisubstituted derivative of octahydro- 

triborate (-l) ion, [B 
3H6 (Cl) 211 was known only as a 

byproduct in the preparation of monosubstituted 

species 
27 

and no systematic study of these derivatives 

had been reported. In this chapter, the preparation 

and chemical reactions of some compounds of these two 

types are further examined. 

2.2 RESULTS AND DISCUSSION 

2.2.1 Preparation and Reactions 

(a) Preparation of monosubstituted triborate ions. 

It has previously been shown 
27 that the 

chloride substituent of 1133 H 7( Cl)]- is very labile and 

is readily substituted by ions such as NCS- and NCBH 3- 

offering more interesting species. The preparation of 

a series of derivatives of this type was undertaken in 

order to investigate the effects of substituents on the 

chemical and electrochemical propereties, and to study 

the n-m. r. spectroscopy of the triborate ions. 

Treatment of [B 
3H 7(Cl)]- with [NCOI- in di- 

chloromethane yielded the desired product, [B 
3H7 

(NCO)]- 

by the simple substitution reaction, (2-1) 
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CH2 cl 2 IB3 H7 (Cl)]- + [NCOI- ) [B 
3H7 (NCO)]- + [Cll- 

In comparison with [NCS]- and [NC13H 
31-1 

[NCOJ- was found 

to be a weaker ligand in that the substitutions 

reaction took place much more slowly, and in the 

presence of acetonitrile in a dichloromethane solution 

of [B 
3H7 

(NCO)]-, [NCO]- was replaced by CH 3 CN to give 

B3H7 [CH 
3 CN] while [B 

3H7 (NCS)]- and [B 
3H7 

(NCBH 
3 

)]-as 

[N(PPh 
3)21+ salts in dichloromethane or acetonitrile 

decomposed slowly (several hours) depositing insoluble 

materials. However, msolution of IB3H7 (NCO)F in 

dichloromethane appeared to be stable for several days. 

The reaction of [B 
3H 7(ClT with AgCN, which 

originally had been thought to produce [B 
3H7 (CN)]- 27 

has recently been shown, by X-ray diffraction 136 
, to 

yield the substituted silver anion[jB 3H7 (NC) )2 AgI. 

The reaction is summarized in (2.2) 

2[B 3H 7(C')]- + 3AgCN 
CH 2 Cl [ýB 

3H7 (NC) J2 Ag 

[CNJ- + 2AgCl (2.2) 

The reactions of IB3H7 (Cl)]- with Hg (C =- CMe)2 

or (Me 2 N) 2C=N Li did not give the desired products 

IB3 H 7(C =- CMe)]- or [B 
3H7 CN(NMe 2 since [B 

3H7 
(Cl)1- 

remained unreacted but Hg(C =- CMe) 2 and (Me 2 N) 2 CNLi 

decomposed. 

(b) Deuteration. 

It was known 137 that when NaBH 3 CN was treat, ed 
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with CH 3 COD-DCl in D20, NaBD 3 CN was obtained. It was 

found that when similar deuteration experiments were 

carried out in D2 O/CH 3 CN media 

from Na + to NBu n+ 
or [N(PPh 14j3 

[BH 
3 CN]- were also successful. 

reagent mixture was introduced 

very little exchange of D for 

and the cations changed 

)21+, deuterations of 

However, when this 

to [N(PPh 
3)21 

[B 
3H7 (NCBH 3)] 

H occurred at the 

NCBH 3 moiety and no exchange at all at the B3 moiety 

occurred within 4-5 hr; a long time of reaction (15 hr) 

led to decomposition of [B 
3H7 (NCBH 

3 
T. 

Further investigation in chemical behaviour of 
[B 

3H 7(X)I- helped to understand why this did not take 

place while deuteration of triborane (7) adducts 
138 

was 

possible. In later experiments, reactions of 

[B 
3H7 

(NCBH 3 )]- with HC1 [discussed in sect. 2.2.1(c)] led 

to chlorination initially at the NCBH 3 moiety, and then 

later at the B3 moiety when a greater molar ratio of HC1 

was used, to give [B 
3H7 (NCBH 2 Cl)]-, [B 

3H6 (Cl)(NCBH 3T 

and IB3H 
6(Cl) 

(NCBH 2 cl)j-. It should also be noted that - 

Nelson and Kodama 139 
prepared Na[B 3 D. J., Na[B 3D7 H] and 

Na[B 3H7 DI via B3 D7 [THF] and NaD. 

(c)' Chlorination. 
n 24 [NB u 41[ B3H 81 was shown to react with hydro- 

gen halides in the non-coordinating solvent, dichloro- 

methane, to give the monosubstituted anions [B 
3H 7(X)I- 

(X = Cl, Br, 1), and these compounds could also be 

prepared 
27 by treating [NB unj + or [N(PPh + salts 4 3)2] 

of IB3H 
81- with mercurous halides (X = F, Cl, Br). 
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[B 
3H6 (Cl) T was present as a small impurity in the pro- 

ducts of the reaction between IB3H 
BF and H (32C12 , but 

in the IB3 HBY and HC1 reactions, an appreciable amount 

(about 25%) was obtained; furthermore this ion was 

produced exclusively by the reaction between 

f un3 -s of-H NB 4 
[B 

3 H. ] and two equivalent 92C'2* 

In this work, IB3H6 (Cl) 21- was prepared as its 

[N(PPh 
3)2 

+ salt by treating the corresponding salt of 

[B 
3 H, ]- with HC1, according to reaction (2.3) 

IB3H 
8]- + 2HCI pIB3H6 (Cl) 2]- + 2H 2 (2.3) 

IB3H6 (Cl)(NCS) F was similarly obtained from IB3H7 (NCS) F 

and HCl as in reaction (2.4), and each of these reactions 

gave 

BH (NCS) + HCI BH (Cl)(NCS) +H 3736Y2 
(2.4) 

the desired product cleanly. In contrast, although 

IB3H7 (NCBH 3T also reacted with HC1 to produce the di- 

substituted derivative IB3H6 (Cl)(NCBH 
3 )j-, the reaction 

was less clean and other products were also obtained. 

A series of reactions of [B 
3H7 (NCBH 

3 )]- with 

HCI at different molar ratios yielded these products in 

proportions which were dependent on the experimental 

conditions; from comparison of these reaction mixtures 

with others obtained from substitution reactions involv- 
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ing IB3H 
6(CI)21- and [BH 

3 CNJ- in which similar species 

were obtained, the products were id-entified as 
[B3 H7 (NCBH 2 Cl)]- and traces of [B 

3H6 (Cl)(NCSH 2 Cl)]-. The 

products characterized from each reaction are presented 

in Table 2.1. 

When [B 
3H7 (NCO)]- was treated with HC1, the 

reaction gave a mixture of products, the major component 
11 

of which was a disubstituted triborate from its B n. m. r. 

spectra. Although it has not been isolated in the pure 

state, it is likely that a similar chlorination reaction 

took place to give IB3H6 (Cl)(NCO)]-. 

Attempts to synthesize (B 
3H 6(Cl)(CN)I- from 

[tB3 H 7( NC )12 Ag]- and HCI did not lead to the expected 

product, but instead a more complex reaction took place, 

the products of which have not yet been fully identified. 

When IB3 H7 (NCS)]- and [B 
3H7 (NCBH 3T were treated 

with H 92C12 in several solvents, they failed to yield di- 

substituted derivatives and remained unreacted, although 

[B 
3H7 

(NCO)]-reacted to give a similar product mixture 

to that obtained from reactions with HC1. 

(d) Substitution reaction. 

As mentioned in sect. 2.2.1(a), the chloride 

substituent of[B 3H 7(Cl)]- is very labile and is readily 

substituted by ions such as [NCS]- and [NCBH 
31-* It was 

thought that similarly, substitution of the two chlorine 

atoms in IB3H 
6(C')21- for other pseudohalogens would 

easily take place and thus provides another preparative 

route for disubstituted derivatives of octahydrotriborate 
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Table 2.1. Reaction Products from [B3 H7 (NCBH 3 

and HCI 

I B3H7(NCBH3)]-: HC1 

1: I 

1: 

1: 

I: 

I: 

IP 

Products (in order of decreasing 
quantity) 

JB 
3H7 

(NCBH 3T 
[B 

3H7 
(NCBH 3T 

[B 
3H7 (NCBH 2 CiT 

[B 
3H7 

(NCBH 3T 
IB3 H7 (NCBH 2 CiT 

[B 
3H 6(Cl)(NCBH 3T 

[B 
3H7 

(NCBH 2 Cl)]- 
[B H (NCBH, )]- 

373 
IB3 H 6( Cl)(NCBH 3 
[B 

3H6 (Cl)(NCBH 2 ci)]- 

[B H (NCBH Cl)]- 372T 
[B H (Cl)(NCBH 3 
[B 

3H6 (Cl)(NCBH 2 ci)]- 

4 
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(-l) ion. However, only one of the chloride substit- 

uents in [B 
3H6 (Cl) 21- was replaced by a pseudohalide 

substituent and the rate of substitution was slow com- 

pared with that of [B 
3H 7(C')]-' Thus, when 183 H 6(C')21- 

was treated with AgNCS, the product was [B 
3H6 (Cl)(NCS)]- 

as shown in reaction (2.5), 

B3H6(c l') 21- + AgNCS 
C-H 2C'2ý [B 

3H6 
(Cl)(NCS)J- + AgCl 

(2.5) 

but the reaction was less satisfactory as a preparative 

route than that of LB 
3H7 

(NCS)]- with HC1. 

The reaction of IB3H6 (CI) 
21- with [N(PPh 

3)21+ 
[BH 

3 CNI also gave [B 
3H6 (Cl)(NCBH 3 )]- but the product was 

contaminated with [B 
3H7 

(NCBH 3 )]-. As such, it is 

another example of the dual chemical character of [BH 
3 CN]- 

in which the ion can act either as a donor ligand or as 
140 

a hydride transfer reagent 

The reaction of IB3H6 (Cl) 21- with AgCN also 

yielded a cyanide-substituted triborane derivative, which 

had properties similar to RB 
3H7 

(NC 12 Ag]- and it is 

believed to be the anion 
rfB, H, (Cl)(NC)j. Aqj_. and the 

proposed reaction is summarized in reaction (2.6) 

2 JB 
3H6(c1)2]-+ 3AgCN 

CH2 cl 2ý [IB 
3H 6(Cl) (NC )ý 2 Ag]- 

CN -+ 2AgCl (2.6) 
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Solutions of 
[1133 H7 (NC )12 Ag]- and 

[IB 
3H6 (Cl)(NC) J2 Ag F 

decomposed on standing at room temperature, depositing 

ver. 

Attempts to substitute [B 
3H6 (Cl) 21- with 

[N(PPh 
3)21 

[NCO] were unsuccessful although [B 
3H7 (NCO)]- 

has been prepared from [13 
3H7 (Cl)]-. 

Attempts were made to substitute the second 

chlorine by treating [B 
3H6 (Cl)(NCS)]- with AgNCS, however, 

the only species identified were unreacted starting 

materials along with some decomposition products. 

2.2.2 Characterization 

(a) Nuclear nagnetic resonance (n. m. r. ). 

Characterization of the monosubstituted and 

disubstituted derivatives of octahydrotriborate anions 

was achieved principally on 
11 B n. m. r. spectral evidence. 

It has been well substantiated that the 11 B n. m. r. 

spectra of monosubstituted triborate ions, [B 
3H7 x]- 27,141 

(X = Cl, Br, NCS, NCBH 3 
)and triborane (7) adducts, 

B3H7L 142,143,144,141 (L = THF, OEt 2, NR 37 PR 3 (R 3=H 31 

H2 (CH 3 ), H(CH 3)2' 
(CH 3Y consist of a downfield reson- 

ance of area two due to the two unsubstituted boron atoms 

B(2) and*B (3), structure IIII, and a resonance at higher 

field of area one due to the unique substituted boron 

atom B(I). The n. m. r. spectra are consistent with these 

expected structures(I and II). Since the seven hydro- 

gens in the molecule were fluxional on the n. m. r. time 
I 
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scale, 1,11 represent only two possible structures; 

others can be derived by placing X or L at other borons. 

The X-ray crystallographic studies have revealed the 

solid state structures of some of these compounds which 

are discussed in 2.2.2(c). 

H\2 

H 1110, 
B 

H, 
___\ 

I 

B 
3 

L 
HI 

Hc/_\H 

H 2NH73 NH 

I II 

The 
11 B n. m. r. spectrum of [B 

3H7 (NCO)j- shown 

in Fig. 2.1 was slightly different to those of [B 
3H7 XT 

derivatives previously reported. It comprised an 

apparent multiplet of seven lines, the relative intensi- 

ties of which suggested that the resonance of B(l) which 

appeared to be a "sextet" (however the intensities 

correspond to the six most intense lines of an "octet", 

i. e. intensities 7 21 35 35 21 7, the two outermost 

lines being lost in the noise) superimposed on the reson- 

ance of B(2) and BM which also appeared to be a 

"sextet"("Octet" that lost the two outermost lines in 

the noise), with the chemical shift difference between 

the two resonances of similar magnitude to the B-H 
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-20 -21 -22 PPM 

Fig. 2.1.115.5 MHz 11B 
and 

11 BjlHj n. m. r. spectra 

of [B 
3H7 

(NCO)J- in CDC1' 3 
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coupling constant. The 
11 

B 
t1 

Hj n. m. r. spectrum shovýed 

only a single peak. This i s discussed again in 

Chapter 4. 

The 
11 

B n. m. r. spectrum of IB3H6 (CI) 21- shown 

in Fig. 2.2 consisted of resonance of area one at lower 

field and resonance of area two at higher field. -The 

high field resonance exhibitedamultiplet of seven lines, 

(intensities 17 21 35 35 21 7 1, two outermost lines 

being just lost in noise) indicating the fluxional behav- 

iour of hydrogens with respect to borons. The' 11 B n. m. r. 

evidence suggested two possible structure : (a) with 

chloride substituents attached to the 

H\iH 

H 
__, o, BH 

H,,, \ L--cl 
B-B 

H2 cl 

(a) 

HH 

HH 
cI "", \ / 

B-B 
H23 

(b) 

same boron; thus the low field resonance is B(3) that 

carried both chlorine atoms, or (b), substitutions occurr- 

ed at different borons, thus the low field resonance is 

B(I) that carried both hydrogen atoms. 

The 11 B n. m. r. spectrum of the reaction pro- 

duct of [B 
3H7 (NCS)]- with HC1 (Fig. 2.3) showed three 
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0 -10 -20 -30 PPM 

Fig. 2.3.115.5 MHz 11 B n. m. r. spectrum of 
[B 

3H6 
(Cl)(NCS)]- in CDC1 3* 
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unique borons with relative area of 1: 1: 1 which suggested 

chlorination took place at different borons. Substitut- 

ion reaction of [B 
3H6 (CI) 21- with AgNCS gave the same 

product, [B 
3H6 (Cl)(NCS)]-, (by its 

11 B n. m. r. spectral 

evidence). 

The 11 B n. m. r. spectra of [B 
3H6 (Cl)(NCBH 3T 

and [IB 
3H6 (Cl)(NC) 32 Ag]- prepared by substitution react- 

ions of [B 
3H6 (Cl) 21- with [N(PPh 

3) 21 
[BH 

3 CN] or AgCN also 

showed three unique peaks with relative area of 1: 1: 1 as 

shown in Fig. 2.4 and Fig. 2.5. Thus it can be deduced 

that the structures of [B 
3H 6(X)21- and [B 

3H 6(X)(X")]- 

(X = Cl; X" = NC59 NCBH 3 CN(a) ) are as structure (b). 

The 11 B n. m. r. spectra of reaction products of 

[B 
3H7 (NCBH 3 )]- with HCl at different molar ratio of HCI 

(from 1: 1 to 1: 5) showed that as the ratio of HC1 was 

increased, the recovered [B 
3H7 (NCBH 3)]- was decreased 

while the yields of the products [B 
3H7 (NCBH 2 C1)j-' 

[B 
3H6 

(Cl)(NCBH3)1- and [B 
3H6 (Cl)(NCBH 

2Cl)]- built up. The 

n. m. r. spectra of these products at ratios 1: 3 and 1: 5' 

are shown in Fig. 2.6 and Fig,. 2.7. 

The assignments of the 11 B chemical shift to 

specific boron atoms in Table 2.2 and Table 2.3 are 

based on a comparison of the downfield shifts caused by 

the substituents in the monosubstituted derivatives with 

those in the unambiguous disubstituted derivatives. 

Additional support for the assignments came from the 

Footnote (a) in the complex 
[fB 

3H 6(Cl )(NC )J2 Agj- 
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Table 2.2.11B n. m. r. Data for Substituted Anions 

[B 
3H 6( X)(X')]- at 115.5 MHz CDCI 3 

Substituents Boron Chemical Shift (ppm) 

Weighted 
xxB B(X) B(X/) Other average 

shift 

(a) Cl Cl 

(b) Cl Cl 

(c) Cl CN 

Cl NCS 

Cl NCO 

Cl NCBH 3 

H NCBH 3 

-4.3 

-4.8 

-0.09 -3.41 

-8.3 -4.2 

-8.0 -6.9 

-2.09 -3.64 

-10.35 

-11.9(s) -9.4 

-11.8(s) -9.5 

- 31.45 -11.65 

-25.1 -12.5 

-13.1 -9.3 

-30.5 -42.9(q) -12.1 

-34.94 -42.9(q) 

Footnotes: 
(a) 303K; (b) 323K; (q) quartet: (S) septet 

(c) In the complex ItB 
3H6 

(Cl)(NC) J2 Ag]- 
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Table 2.3 11 B n. m. r. Data for Substituted Anions 

[B 
3H6 

(X)(X"')]- at 80 MHz in CDC1 3 

Substituents I Boron Chemical Shift (ppm) 

x x B (BX) B(Xe) 
Weighted 

Other average 
shift 

Cl NCS -8.85 -5.14 -25.9 -13.3 

Cl NCO -8.8 -7.4 -14.0 -10.1 

Cl NCBH 3 -2.54 -4.27 -31.34 -43.6(q) -12.7 

Cl NCBH 2 cl -0.53 -31.34 -22.54(t) -10.8 

H NCBH 3 -10.86 -35.48 -43.69(q ) 

H NCBH 2 cl -9.60 -35.66 -22.54(t) 



83. 

Table 2.4 B Chemical 5hift Data for Ions [B 
3H 7(X)I- 

at 80 MHz in CDC1 Y 

I 

Substituents Chemical Shift 

Weighted 
X B2 B(X) Other average 

H -29. B -29.8 

NCO -21.3 -21.0 -21.2 

NCS -14.6 -33.9 -21.0 

(b) NCSe -10.0 -33.1 -17.7 

NCBH 3 -10.8 -35.5 -43.7(q) -19.3 

NCBH 2 C1 -9.6 -35.6 -22.5(t) -18.3 

(b) NCBPh 3 -9.2 -34.7 -17.7 

(a) CN -10.2 -36.8 -19.1 

Cl -16.9 -21.8 -18.5 

Br -12.2 -28.4 -17.8 

F -17.6 -15.4 -16.9 

Footnote: (a) in the complex [tB 
3H7 (NC )12 Ag Y 

(b) data from D. G. Meina 
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observation that the weighted average chemical shift 

of the boron atoms in the B3 unit is shifted downfield 

from -29.8 ppm in unsubstituted(B 3 Hj- to values in the 

range -17 to -21 ppm in monosubstituted compounds 

[B 
3H7 

(X)]-, Table 2.4., and to values in the range -9 to 

-14 ppm for the disubstituted derivatives [B 
3H 7(X)(X")]-' 

(b) Infrared spectra. 

The relevant i. r. absorption frequencies of 

substituted octahydrotriborate ions are listed in Table 

2.5. The B-H stretching modes shifted to higher and 

higher frequencies in going from the unsubstituted IB3H 
81- 

to mono- and disubstituted derivatives. The frequencies 

of the B-H stretching modes increased in the order 

(a) [B 
3H 81- < [B 

3H 7(C: l 
)I- < [B 

3H6 (Cl) 21- which is in 

agreement with the results previously reported 
2; 

(b) [B 
3H7 

(NCS)]- < (B 
3H6 

(Cl)(NCS)]-; [JB 
3H7 (NC )12 Agj- 

< [IB 
3H6 (Cl)(NC) )2 Ag]-. 

Comparisons of the i. r. spectra of [B 
3H7 (Cl)j- 

with [B 
3H 6(C')21- and [B 

3H7 
(NCS)]- with [B 

3H6 
(Cl)(NCS)I- 

are presented in Fig. 2.8. Also shown are the i. r. 

spectra of [B 
3H7 

(NCOT and RB 
3H7 (NC) 12 Agj-: 

The i. r. spectra of [B 
3H7 

(NCS)]- and 

JB 
3H6 (Cl)(NCS)]- [Fig. 2.8(c), (d)] showed, along with 

B-H stretching modes, strong bands at 2150 and 2155 cm- 

respectively which had been assigned to the NCS asymmetric 

stretch of nitrogen coordinated isothiocyanates as 
145,146,28 

shown by X-ray studies 
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(a) 

(c) 

Fig. 2.8. Infrared spectra of (a) [B 
3H7 

(Cl)]-, (b) [B 
3H6 

(Cl) 
(c) [B 

3H7 
(NCS)]- 

, (d) [BH 
6 (Cl) (' x CS)l I (e) [B 

3H7 
(NCO)] 

and (f) [JB 
3H7 

(NC )J2 Ag]--. 
' 
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The i. r. spectrum of [B 
3H7 

(NCO)J- [Fig. 2.8(e)] 

showed, along with*13-H stretching mode, a strong band at 

2300 cm- 
1 

assigned to the asymmetric stretch of NCO 

(isocyanate). 

The i. r. spectra of[tB 3H7 
(NC)j 2 Agj- [Fig. 2.8(f)] 

and 
[IB 

3H6 (Cl)(NC )12 Ag]-'showed, along with B-H stretching 

modes, strong bands at 2200 and 2180 cm- 
1 

respectively 

assigned to be the asymmetric stretch of isocyanide. 

(c) X-ray crystallography. 

X-ray crystallographic studies of triborane (7) 

adducts and triborate ions have revealed interesting 

structural variations which are shown below: 

L 
I, H 
B 

H,,, 
_, BB",, OH 

HIH 

Ha', 
/_B 

H 

H 

(a) 

L 
\BH 

H N H%\ 7H 

H" \H"H 

(c) 

(b) 

L\ 

H, -, B 

H, 
-, ý. 

ý/zH 
B 'ý'ýHZ \H 

(d) 

In B3H7 CO 147 
and the low temperature forms of 

B3H7 PR 3 
11 (R 

3=H 3' MeH 2 Me 2 H), structure (a) is found, 

I 
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whereas in[B 3H 8]-115 structure (d) is known. Recently, 

structure (c) was found at room temperature in 

[B 
3H7 (NCS)]- 145 

in wh ich a bridging hydrogen is located 

above the triboron face; however, in low temperature 

studies 
146 

, it was found to exist as structure (b) where 

one of the hydrogen atoms of the BH 2L fragment semi- 

bridges between B(l) and B(2) leading to intermediate 

structure between structure (a) and structure (d). 

Studies of [B 
3H7 (NCSe)]- 146 

at RT and LT give similar 

results to those of [B 
3H7 

(NCS)]-. Structure (b) is also 

found in B3H7 NH 3 
148 

Crystal structures of [B 
3H6 (Cl) 

21- and 

[B 
3H6 

(Cl)(NCS )]- 28 
shown in Fig. 2.9 and Fig. 2.10 relate 

to that of IB3 H, ]-[structure (d)1with trans substituents 

and is consistent with the n. m. r. evidence that the 

substituents are at different boron atoms. 

2.3 EXPERIMENTAL 

2.3.1 General 

INMe 
411B3 H. ] was purchased from Callery 

Chemical Company and recrystallized from acetonitrile- 

diethylether before use. [N(PPh3)21 [B 
3 H. ] was prepared 

by a metathetical 'reaction from [N(PPh 
3)21[Cll in 

ethanol and [NMe 
41 

[B 
3 H, 3] in water and recrystallized 

from dichloromethane-diethylether. Na[BH 3CN] was a gift 

from Dr. R. Wade, Ventron Corporation, and was recrystall- 

ized from acetonitrile before use. [N(PPh 
3)21 

[BH 
3 CNI 

was prepared from [N(PPh 
3)21[C'3 in ethanol and Na[BH 3 CN] 
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Fig. 2.9. The structure of the [B 
3H 6(C')21- ion. 
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in water and recrystallized from dichloromethane- 

diethylether. AgNCS and AgCN were prepared from AgN03 

and KNCS or NaCN in water. [N(PPh 
3)21 

[B 
3H7 

(NCS)j and 

[N(PPh 
3) 21 

[B 
3H7 

(NCBH 
3 

)] were prepared as previously 

27 described All other reagents were used as received. 

2.3.2 Preparation of [N(PPh 
3)23 

[B 
3H7 (NCO)]. 

Dry CH 2 Cl 2 (20 cm 
3) 

was condensed onto the 

solid reagents [N(PPh 
3)21 

[B 
3 HB] (2.32g, 4.0 mmol) and 

H 92C12 (0.94g, 2.0 mmol). The mixture was warmed to 

ca. 200C and stirred for about I hr. until hydrogen ev olu- 

ti, on ceased. The solution of [B 
3H7 Clj- was filtered 

onto [N(PPh 
3)21 

[OCNJ (2.32gp 4.0 mmol), stirred for 4 hr., 

and solvent removed under vacuum. The white product 

was purified by chromatography over silica gel (200g) 

which had been treated with hexamethyldisilazane (16 cm 
3 

in h*exane). The eluting solvent was CH 2 Cl 2' Fract ions 

collected (very weak in concentration) were monitored by 

thin layer chromatography (t. l. c. ). The yield of 

colourless crystals was 0.23g, 10%. (Found: C, 71.7; 

H, 6.0; N, 4.4,10 C 37 H 37 B3N2 OP 2 requires C, 71.7; H, 6.0; 

N9 4.5%). 

2.3.3 Preparation of 
[N(PPh 

3)21 
[[B 

3H7 (NC, )32 Ag]. 

By a method similar to 2.3.2, [N( I PPh 3)21 
[B 

3 H131 

(2.32g, 4.0 mmol) was treated with H 92C12 (0.94g, 2.0 

mmol) and the resulting solution was filtered onto AgCN 

(0.54g, 4.0 mmol). The mixture was stirred for ca. 3 hr. 
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and filtered. The brown filtrate was evaporated to dry- 

ness and the residue was purified by chromatography on 

silica gel using CH 2 C1 2 : CH 3 CN (25: 1) as eluting solvent. 

After evaporating the solvent, the product was recrystall- 

ized from CH 2 Cl 2- hexane. The colourless crystals de- 

posited silver on prolonged standing, and decomposed 

more rapidly in solution. (Found : C, 58.8; H, 5.7; 

N, 5.1% C 38 H 44 AgB 6N3P2 requires C, 58.7; H, 5.7; N, 5.4%). 

n 
2.3.4 Deuteration of [Na]+, [NBu4 J+p [N(PPh 

3)21+ salts 

of [BH 
3 CN]- and [N(PPh 

3)21IB3 H7 (NCBH 
3)1' 

These were carried out by a method 
6 

similar to 

that of preparing NaBD 3 CN from NaBH 3 CN and CH 3 COD-DCl 

except that in the deuteration of NaBH 3 CN, CH 3 CN (5 cm 
3 

n 
was added; in the deuteration of [NBun ][BH CN]q [NB u ][BH CN] 4343 

(0.4 g) was dissolved in a mixture of CH 3 CN (5 cm 
3) 

and D20 (3 cm 
3 ); in the deuteration of LN(PPh 

3)2 
][BH 

3 CN]q 

[N(PPh 
3)21 

[BH 
3 CNI(l. llg) was dissolved in a mixture of 

CH 3 CN (10 cm 
3) 

and D20 (6 cm 
3 ); and in the deuteration 

of [N(PPh 
3)21 

[B 
3H7 (NCBH 3 )], 

[N(PPh 
3)21[E'3 H7 (NCBH 3)] 

(0.14g) was treated with CH 3 CN (9 cm 
3) 

and D20 (2 cm 
3 

11 
The products were monitored by B n. m. r. spectroscopy. 

2.3.5 Preparation of [N(PPh 
3)21183 H 6(01)21' 

In a 250 cm 
3 flask fitted with a stopcock 

adaptor was placed [N(PPh 
3)21 

[B 
3 H8] (1.4g, 2.5 mmol), 

and 20 cm 
3 

of dried, degassed CH 2 Cl 2 was condensed in 

under vacuum. ' Gaseous HCl (5 mmol) was introduced. 
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The mixture was warmed to ca. 200C and stirred for 30 

min until hydrogen evolution ceased. Solvent was re- 

moved under vacuum and the dry solid was recrystallized 

from CH 2 Cl 2- hexane to give colourless crystals, identi- 

24 
cal to those prepared earlier 

2.3.6 Preparation of [N(PPh 
3)21 

[B 
3H6 (Cl)(NCS)J. 

In a similar manner as sect. 2.3.5, [N(PPh 
3)21 

[B 
3H7 NCS] (0.318g, o. 5 mmol) was placed in a 100 cm 

3 

f lask , and treated with two successive aliquots (0 .5 mmol ) 

of HCI. The product, recrystallized from CH 2 Cl 2- hexane, 

gave colourless crystals. (Found: C, 65.2; H, 5.2; 

Cl, 5.2; N, 3.9; S, 4.8'1'0 C 37 H 36 B3 CIN 2p2S requires C, 66.3; 

H, 5.4; Cl, 5.3; N, 4.2; S, 4.80, o). The analytical data 

were obtained after the crystals had been pumped under 

high vacuum to remove dichloromethane from the solvate. 

Crystals for X-ray diffraction contained 1 mol of CH 2 Cl 2 

per mole of compound. 

2.3.7 Preparation of [N(PPh 
3)21 

[13 
3H6 

(Cl)(NCBH 
3)] 

[N(PPh 
3)21 

[B 
3 HBJ(1.4,2.5 mmol) was placed in 

a 250 cm 
3 flask fitted with a stopcock adaptor and 20 cm 

3 

of dried, degassed CH 2 Cl 2 was condensed in under vacuum. 

After the compound had dissolved, gaseous HCI (5 mmol) 

was condensed in, and the mixture was stirred for ca-30 

min until hydrogen evolution ceased. Solvent was 

removed under vacuum. 
[N(PPh 

3)21 
[BH 

3 CNJ (2.44g, 2.5 

3 
mmol) was added and CH 2 Cl 2 (20 cm ) was condensed in. 
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The mixture was warmed to room temperature (ca. 200C) and 

stirred for 4-5 hr and solvent was removed. The white 

product was purified by chromatography on treated silica 

gel asin sect. 2.3.2 using CH 2 Cl 2 as eluting solvent. 

However, the product was still contaminated with 

[N(PPh 
3)23 

[B 
3H7 (NCBH 3 )] since the Rf values of these two 

compounds were similar. 

1 

2.3.8. Preparation of 
[N(PPh 

3)21 
[tB 

3H6 
(Cl(NC )32 Ag] 

[N(PPh 
3)21IB3 H 6(C')21 

(2.5 mmol) was freshly 

prepared as in sect. 2.3.7 and AgCN (0.34g, 2.5 mmol) 

was addedv CH 2 C1 2 (20 cm 
3) 

was condensed in and the mix- 

ture was stirred for 4-5 hr. After filtering, the fil- 

trate was evaporated under vacuum to dryness yielding a 

brown solid. This was purified by chromatography on 

treated silica gel as in sect. 2.3.2 using CH 2 C1 2 as the 

eluting solvent. Evaporation of the solvent from the 

first product eluted yielded a colourless solid which 

turned brown on prolonged standing. The yield of pro- 

duct was small, although just enough for n. m. r. studies. 

2.3.9 Reaction of 

A series 

(0.309g, 0.5 mmol) 

mmol) were carried 

placed in a 100 cm 

were introduced as 

[N(PPh 
3)21 

[B 
3H7 (NCBH 3)] with HCI. 

of reactions of [N(PPh 
3)21 

[B 
3H7, (NCBH 3)] 

with HC1 (0.5*9 1.0,1.5,2.0 and 2.5 

out. [N(PPh 
3)21 

[B 
3H7 

(NCBH 3 )] was 
3 flask and CH 2 Cl 2 (15 cm 

3) 
and HCl 

described in sect. 2.3.5. - The mix- 

ture was stirred for ca. I hr. and solvent was removed. 

The products were monitored by 11 B n. m. r. spectroscopy. 
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2.3.10. Reaction of [N(PPh 
3)21 

[B 
3H7 (NCO)] with HCI. 

[N(PPh 
3)23 

[B 
3H7 (NCOJ (0.186g, 0.3 mmol) was 

treated with HCI (0.3 mmol) in the similar manner as 

described in sect. 2.3.5. The products were monitored 

by t. l. c. and 
11 B n. m. r. spectroscopy. The chromato- 

grams indicated at least three compounds. 

2.3.11. Reaction of [N(PPh 
3)2IRB3 H7 (NC)12Ag] with HCI. 

Reactions of [N(PPh 
3)21 

[tB 
3H7 (NC )12 Ag3 (0.388g, 

0.5 mmol) with HC1 (0.5 mmol) were carried out as des- 

cribed in sect. 2.3.5. The products were monitored by 

11 B n. m. r. spectroscopy. 

2.3.12. Reaction of [N(PPh 
3)21 

[B 
3H 6(C'2) 

]with HCI. 

Reactions of [N(PPh 
3)21 

[B 
3H6 (Cl) 21 (0.1944g, 

0.3 mmol) with HC1 (0.3ý 0.6,0.9,1.21 1.5 mmol) were 

carried out as described in sect. 2.3.9. No hydrogen 

evolutions were observed but the solutions deposited out 

more and more precipitate as HC1 was increased. The 

filtrates were identified as [B 
3H6 (CI) 2 

]- by their n. m. r. 

spectra. 

2.2.13. Reaction of [N(PPh 
3)2 

][B 
3H 6(C')21 with AgNCS. 

[N(PPh 
3)21 

[B 
3H6 (Cl) 21 (2.5 mmol) was freshly 

prepared from [N(PPh 
3)21183 H. ] and HCI as in sect. 2.3.7 

and AgNCS (0.41g, 2.5 mmol) 'was added. CH 2 Cl 2 
(20 cm 

3) 

was condensed in and-the mixture was stirred for 4-5 hr. 

After filtering, solvent was removed under vacuum. 
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+ktý v, 
The products identified by i-Ls n. m. r. spectrtom' were 
[B 

3H6 
(Cl) 

21- and IB3 H6 (Cl)(NCS)]- ( 50% substitution). 

2.3.14 Reaction of [N(PPh 
3)23IB3 H 6(Cl )(NCS)]with AgNCS. 

About 15 cm 
3 

of dried, degassed CH 2 C1 2 was 

condensed onto the solid reagents [N(PPh 
3)21183 H6 (Cl)(NCS)] 

(0.33g, 0.5 mmol) and AgNCS (0.09g, 0.5 mmol). The mix- 

ture was stirred at room temperature (ca-201C)for 2 hr. 

and filtered. After removing the solvent, the products 

were monitored by 11 B n. m. r. spectroscopy. 

2.3.15 Reaction of [N(PPh 
3)21 

[B 
3H7 (NCS)] with H 92C'2* 

A series of reactions of [N(PPh 
3)21 

[B 
3H7 

(NCS)j 

(0.159g, 0.25 mmol) with H 92C'ý (0.059gv 0.125 mmol) 

were carried out in 10 cm 
3 

of different solvents: CH2 Cl 2 

THF, CH 3 CN. The mixture was refluxed for 2 hr. under 

vacuum. After filtering, the filtrate was examined by 

the 11 B n. m. r. spectroscopy which indicated unreacted 

[B 
3H7 (NCS)I-. 

2.3.16 Reaction of [N(PPh 
3)2 

][B 
3H7 (NCBH 3)]with H 92C'2* 

Two sets of [N(PPh 
3)21 

[B 
3H7 (NCBH 3 )] (0.154g, 

0.25 mmol) and H 92C12 (0.059g, 0.125 mmol) were refluxed 

in two different solvents, CH 2 Cl 2 and C2H4 C1 2 under N2 

for 3.5 hr. The products wqýre monitored by 11 B n. m. r. 

spectroscopy which indicated unreacted starting material. 
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2.3.17 Reaction o 

About 10 

condensed onto the 

(0.124g, 0.2 mmol) 

mixture was warmed 

f [N(PPh 
3)21 

[B 
3H7 (NCO)] with H g2C'2* 

cm 
3 

of dried, degassed CH 2 Cl 2 was 

solid reagents [N(PPh 
3)21 

[B 
3H7 (NCO)] 

and Hg 2 C1 2 (0.047g, 0.1 mmol). The 

up to ca. 201C and stirred for ca. 6 

hr. After filtering the droplets of mercury from the 

solution, solvent was removed under vacuum leaving behind 

white solid which was monitored by 11 B n. m. r. spectro- 

scopy. 

2.2.18 Hydrolysis of [N(PPh 
3)21 

[B 
3H7 (NCS)]. 

A series of solutions of [N(PPh 
3)23 

[B 
3H7 (NCS)] 

(0.06g) in 5 cm 
3 

of CH 3 CN: H 20 (4: 1) were prepared at 

pH 5ý 41 3. the solutions were stirred at 500C for 2 

hr. and solvent was removed. The i. r. spectra of the 

products indicated that [B 
3H7 

(NCS)]- started to decom- 

pose slightly at pH 4 and more at pH 3 producing free 

NCS-, which was monitored by the appearance of an ab- 

sorption at 2040 cm 
I 

2.3.19 Hydrolysis of [N(PPh 
3)21 

[B 
3H7 (NCBH 

3 )]. 

A seri 

(0.03g) in 5 cm 
3 

5,4,3t 29 1. 

temperature (ca. 

removed. Their 

es of solutions of [N(PPh 
3)21 

[B 
3H7 

(NCBH 3)] 

of CH 3 CN: H 20 (4: 1) were prepared at pH 

The solutions were stirred at room 

200C) for 1.5 hr. and solvent was 

i., r. spectra indicated starting 

material . 



CHAPTER THREE 

ELECTROCHEMICAL STUDIES OF MONO-SUBSTITUTED 

AND DI-SUBSTITUTED OCTAHYDROTRIBORATE ANIONS 
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3.1 INTRODUCTION 

Cyclic voltammetry, a. c. voltammetry and con- 

trolled potential electrolysis of salts of the anions 

[B 
3H 81- and [B 

3H7 (X)]--(X = Cl, NCS, NCBH 3) had been 

studied. Anodic dissolutions of copper in acetonitrile 

solution of [B 
3 H81_ 87 

or [B 
3H7 (NCBH 3T 

88 in the pre- 

sence of PPh 3 gave rise to f[PPh 
312 Cu[B 3 H, 311 or 

J[PPh 
312 CU 1(13"3CN) B3ý471 ý whereas those of [B 

3H7 (Cl)]- and 

[B 
3H7 

(NCS)]- 88 led to removal of substituents ultimately 

leading to B3 H 7'1 CH 3 CNI. It had also been shown 
86 that 

electrochemical oxidation of IB3H 
81- at platinum or gold 

anodes in acetonitrile or dimethy1formamide yielded 

B3H7 [CH 
3 CN] or B3H7 [DMF]. 

In this work, the electrochemical properties of 

disubstituted octahydrotriborate derivatives, [B 
3H 6 (CI) 21- 

and [B 
3H6 

(Cl)(NCS)]- were studied in similar ways in 

acetonitrile and in other solvents such as 1,3-dioxalane, 

benzonitrile and dichloromethane for comparison in order 

to study the solvent effects, ' and to find a better sol- 

vent for this work. Attempts were also made to prepare 

metallaboranes by anodic dissolution of copper or nickel 

anodes in solutions of these anions. 
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3.2 RESULTS AND DISCUSSION I 
3.2.1 Cyclic and A. C. Voltammetry 

(a) [B 
3H6 

(Cl) 
21- 

(i) In acetonitrile. 

Cyclic and a. c. voltammograms of [B 
3H6 (Cl A- 

at Pt in acetonitrile containing [NBu 
4 

n][ BF 41(0*1 mol dm- 3 

as supporting electrolyte are-shown in Fig. 3.1. Irre- 

versible oxidation waves were observed at +0.86 V and 

+1.1 V or +0.72 V and +1.2 V, and a reduction wave near 

-0.45 V or -1.0 V respectively. These indicate that 

the anion is more stable to oxidation than the MDnosub- 

stituted derivative, [B 
3H 7(Cl)]-, where an irreversible 

oxidation wave at +0.6 V was observed. 

The first oxidation wave at +0.86 V in the 

cyclic voltammogram of [B H (Cl) - at a scan rate of 36 21 

0.5 VS- 1 
was not well defined and the current was re- 

duced as the scan rate was increased (0.5--->1.999 VS- 1) 

and the cathodic potential limit was decreased. Fig. 
, 

3.2 shows the cyclic voltammograms of LB 
3H6 

(CI) 
21 

- run 

at different cathodic potential limits. It can be seen 

that the first oxidation wave was not observed when the 

cathodic potential limit was set at a potential more 

positive than the first reduction potential. This oxi- 

dation wave also decreased when the scan rate was in- 

creased and a discrete wave was not observed at scan 

rates faster than 1.5 VS -1 as shown in Fig. 3.3. It is 

likely that the electrochemical mechanism involved chemi- 

cal processes following the electrochemical electron 
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500, oA A 

(a) 

250 Hz a. c. 

20 mV pi) 

(b) 

-1 . 7V 0 +1.0 +1 . 7V 

Fig. 3.1. (a) Cyclic voltammogram (scan rate 0.5 VS- and 

(b) A. c I. voltammogram (scan rate 0.05 VS- of 
[B 

3H6 
(Cl) 

2 
]- at Pt in 0.1 M Bu 4 NBF 4 

/CH 
3 CN 
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-1 . 1v 

-0-5V 

0-3V 

-1.0 0 +1.0 +1 . 7V 

Fig. 3.2. Cyclic voltammograms (scan rate 0.5 VS- 1) 
of 

[B 
3H 6(C')2 

]- at Pt in 0.1 M Bu 4 NBF 
4 

/CH 
3 CN 



102. 

500,. tt A 

0 

-1.7V -1.0 0 +1.0 +1.7V 

Fig-3-3. Cyclic voltammog ram (scan rate 1.999 VS-1) of 

[B 
3H 6(C; 1)2 ]- at Pt in 0.1 M Bu4 NBF 41 CH 3 CN 
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transfer steps; thus as the scan rate was increased, 

there probably was not enough time for a relatively slow 

chemical reaction to take place and therefore the oxi- 

dation wave of this chemical reaction product was not 

observed. When the potential was not scanned down to 

the reduction potential, there might not be the reduced 

species to undergo chemical reaction and therefore no 

chemical product to be oxidised. Possible processes 

can be written as follows, 

[B 
3H6 

(CI) 21- ý [B 
3H 6(C')21* 

[B 
3H6 

(Cl) 21' 0 [B 
3H6 

(cl)] + [cil* (3.2) 

CH3CN + [Clj' ý [CH 
2 CN]* + HCl 

1 
(3.3) 

[CH 
2 CN]* + e- ý [CH 

2 CNJ- (3.4) 

[B 
3H 6(C')J + [CH 

2 CN]- ) [B 
3H6 (Cl)(CH 2 CN)j- (3.5) 

[B 
3H6 

(Cl)(CH 2 CN)]- ) [B 
3H6 (Cl)(CH 

2 CN)j* + e- (3.6) 

The processes are divided into: (a) the first 

electrochemical oxidation step (eq. 3.1) which occurred 

at potential of 1.1 V followed by its subsequent chemi- 

cal processes (eq. 3.2 and 3.3). It was found that 149 

under the influence of strong bases (e. g. NaNH 2 ), aceto- 

nitrile is reduced to CH 2 CN, therefore eq. (3.3) and 
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eq. (3.4) are possible; and (b), the first reduction 

step (eq. 3.4) which took place near -0.45 V followed by 

a chemical process (eq. 3.5) yielding a disubstituted 

triborate which was oxidatively less stable than 

[B 
3H6 (Cl) 21- and was oxidised at O. B6 V (eq. 3.6). 

Exhaustive electrolysis of acetonitrile solut- 

ion of [B 
3H6 (CI) 21- at Pt at +1.2 V [sect. 3.2.3(a)(i)] 

involved only one electron oxidation. The 11 B n. m. r. 
ý 

spectrum of the products indicated a minor component of 

disubstituted triborate which could possibly be 

[B 
3H6 (Cl)(CH 2 CN)]- and a major boron-containing compon- 

ent (J = +21.4 ppm) which was probably resulted from 

further oxidation of [B 
3H6 

(Cl)(CH 2 CN)]- following chemi- 

cal processes. The 1Hn. 
m. r. spectrum, however, showed 

mixtures of products which probably arose from [CH 
2 CN]*, 

[CH 
2 CN]-, CH 3 CN, [B 

3H6 (Cl)(CH 2 CN)]' , etc. undergoing 

further chemical reactions. 

(ii) In 1,3-dioxalane. 

The cyclic voltammogram of [13 
3H 6(Cl)2J76t Pt 

in 1,3-dioxalane containing [NBu 
4 

n] [BF 
41 (0.1 mol dm- 3) 

as supporting electrolyte showed an oxidation wave near 

+1.3 V. The voltammogram is similar to those of- 

[B 
3H6 (CI)LNCS)]- and [B 

3H7 (NCS)j- in 1,3-dioxalane shown 

in Fig. 3.7 and is discussed in sect. 3.2.1(c). 

(iii) In dichloromethane. 

The cyclic voltammogram of [B 
3H6 (Cl) 21- at Pt 

in dichloromethane containing [NBu 
4 

n] [BF 
41(0*1 mol dm- 3 

as supporting electrolyte is shown in Fig. 3.4. This 
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shows only small oxidation waves near +0.3 V and +1.5 V 

and a relatively large oxidation current with trace 

crossing on the subsequent reduction scan. Reduction 

waves were observed near +0.2 V and -0.4 V and a further 

wave below - 1.4 V might be associated with the reduct- 

ion of the solvent. 

As the cathodic potential limits were adjusted 

to less negative potentials, the 

oxidation waves were reduced; w 

ial limit was more positive than 

waves became featureless. When 

limit was decreased from +1.73 V 

oxidation wave at +0.3 V was not 

peak currents of both 

hen the cathodic potent- 

-1.0 V, the oxidation 

the anodic potential 

to +1.3 V, the first 

observed. This 

suggested that the [B 
3H6 (Cl) 2 

J- anion itself was not 

oxidised at Pt in dichloromethane. The controlled 

potential electrolysis of [B 
3H6 (Cl) 21- in dichloromethane 

at +1.4 V confirmed this. Little current passed through 

the cell and the product was [B 
3H6 (CI) 2]-* 

In Benzonitrile. 

The cyclic voltammogram of [B 
3H6 (Cl) 21 

- at Pt 

in benzonitrile containing [NBu 
4 

n] [BF 
41 

(0.1 mol dm- 3) 

as supporting electrolyte is shown in Fig. 3.5(a). This 

is similar to that in dichloromethane in that the oxi- 

dation waves near +0.3 V and +1.4 V and relatively large 

trace crossing were observed. However, as the cathod- 

ic potential limits were adjusted to less negative 

values, the oxidation waves were not affected. This 

indicated that different electrochemical processes 
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occurred in benzonitrile compared with dichloromethane. 

Furthermore, the extent of trace crossing was dependent 

on the anodic potential limit. Fig. 3.5(b) showed that 

as the anodic potential limit was decreased, trace 

crossing was reduced until at the limit of +1.0 Vq it 

was not observed. This indicated that trace crossing 

was related to oxidation of species produced at the 

second oxidation wave. 

(b) [B 
3H6 (Cl)(NCS)]- 

(i) In acetonitrile. 

Cyclic and a. c. voltammograms of [B 
3H6 

(Cl)(NCS)]- 

at Pt in acetonitrile containing [NBu 
4 

nj [BF 
41(0*1 mol 

dm- 3) 
as supporting electrolyte are shown in Fig. 3.6. 

Irreversible oxidation waves near +0.4 V and +1.1 V and 

a reduction wave near -0.5 V were observed in the cyclic 

voltammogram. The a. c. voltammogram showed a better 

resolution of the electrochemical processes than the 

cyclic voltammogram and three oxidation waves at +0.3 Vý 

+0.68 V and + 1.16 V and a reduction wave near -0.4 V 

were observed. These voltammograms are similar to those 

of [13 
3H6 

(CI) 2r in acetonitrile and the oxidation potent- 

ials are similar (+I. l V). However, the electrode pro- 

cesses are different. Changes in scan rates (0.5 

1.999 VS_ 1) did not affect the oxidation waves, which 

indicated that the subsequent chemical steps were prob- 

ably very fast. When the cathodic potential limit was 

reduced to -0.5 V (before the reduction wave occurred), 

the first oxidation wave at +0.4 V (which resolved at 
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400AA. A 

-0 
(a) 

. ........ "I'lýýý'll"ýýý'll"ý'll, ýý, ýýýýýýý, ýý, ýý,, ýýýýýýýýýýý ........... 

250 Hz a. c. 

30 mV 1D-p 

(b) 

I-I --- I -- 
-1 -5V -1.0 0 +1.0 +1 -5V 

Fig-3.6. (a) Cyclic voltammogram (scan rate 0.5 VS-1) and 
(b) A. c. voltammogram (scan rate 0.05 VS- 1) 

of 

[B 
3 H6(Cl) (NCS)]- at Pt in 0.1 M Bu 4 NBF 4 

/CH 
3 CN 
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+0.3 V and +0.68 V in a. c. voltammogram) was not observed; 

this probably resulted from the fact that no reduced 

species was produced to undergo chemical steps and there- 

fore there were no products to be oxidised. Possible 

processes can be written as follows, 

IB3H6 (Cl)(NCS)]- ý [B 
3H6 (Cl)(NCS)I* + e- (3.7) 

[B 
3H 6(Cl) (NCS)] .ý [B 

3H6 (Cl)] + [NCS]* (3.8) 

[NCS] + e- [NCSI- (3.9) 

[B 
3H6 

(Cl)] and [NCS]- lead to unidentified decomposition 

products. 

The processes can be divided into: (a) electro- 

chemical oxidation of the [B 
3H 6(Cl)(NCS)]- anion (eq. 

3.7ý followed by a chemical step (eq. 3.8), (b) electro- 

chemical reduction of the product, [NCS]', resulted from 

(a) yielding [NCSI- ion (eq. 3.9), (c) further chemical 

steps which led to unidentified decomposition products 

which were subsequently oxidised at +0.3 V and +0.68 V. 

Exhaustive controlled-potential electrolyses 

of (B 
3H6 

(Cl)(NCS)]- in acetonitrile at Pt [sect. 3.2.3(b) 

(i)] which involved oxidation of about six electrons con- 

firmed this. The 11 B n. m. r. spectrum indicated only a 

very small amount of boron-containing species which was 

not characterized. 
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(ii) In, 1,3-dioxalane. 

Cyclic and a. c. voltammograms of [B 
3H6 

(Cl)(NCS)]- 

at Pt in-1,3-dioxalane containing [NBu 
4n 

J[BF 
4](0.1 mol 

dm- 
3) 

as supporting electrolyte are shown in Fig. 3.7. 

The cyclic voltammogram showed an irreversible oxidation 

wave near +1.2 V and reduction waves near -0.3 V, -0.6 V 

and -0.9 V whereas the a. c. voltammogram showed an oxi- 

dation wave at +1.0 V and a reduction wave at -0.88 V. 

Changes in cathodic and anodic potential limits and scan 

rates (0.5---41.999 VS_ did not affect the shape of the 

voltammogram. 

(c) [B 
3H7 

(NCS)]- 

The cyclic and a. c. voltammograms of [B 
3H7NCS 

88 
at Pt in acetonitrile had been studied previously The 

voltammograms showed an irreversible oxidation wave near 

+1.3 V and a reduction wave near -0.85 V. 

In this work, cyclic and a. c. voltammograms of 

this anion were studied in 1,3-dioxalane for comp6rison 

with those of [B 
3H6 (CI) 21- and [B 

3H6 (Cl)(NCS)]- in 1,3- 

dioxalane. Since the voltammograms of IB 
3H6 (Cl) 21- 

and [B 
3H6 

(Cl)(NCS)J- in 1,3-dioxalane are very similar 

and exhaustive electrolyses of both anions yielded 

similar products in 1,3-dioxalane, it was suspected that 

this was due to either a solvent effect or that the two 

disubstituted triborate anions happened to undergo 

similar electrochemical and chemical processes. Thus a 

monosubstituted derivative, [B 
3H7 (NCS)]-, was chosen to 

study for comparison. 
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25/(AA 

0 

(a) 

100 Hz a. c. 

20 mV p-p 

(b) 

-1 -5V -1.0 0 +1.0 +1 . 5V 

Fig-3-7. (a) Cyclic voltammogram (scan rate 0.5 VS-1) and 

(b) A. c. voltammogram (scan rate 0.05 VS- 1) 
of 

[B 
3H6 

(Cl)(NCS)]- at Pt in 0.1 M Bu 4 NBF 4 
/1,3-dioxalane 



114. 

The cyclic voltammogram of [B 
3H7 (NCS)]- at Pt 

in 1,3-dioxalane containing [NBu 
4n3 

[BF 
4](O*l mol dm- 3 )as 

supporting electrolyte was again similar to that of 
[B 

3H6 
(Cl)(NCS)]- Shown'in Fig. 3.7. The irreversible 

oxidation wave near +1.3 V and reduction waves near -0.4 
V, -0.8 V and -1.2 V were observed. The a. c. voltammo- 

gram of [B 
3H7 

(NCST in 1,3-dioxalane was less well 

resolved than that of [B 
3H6 (Cl)(NCS)]- in 1,3-dioxalane, 

and it showed a very weak oxidation wave at +1 .3V and a 

large broad reduction wave at -0.7 V. 

Exhaustive controlled-potential (+1.3 V) 

electrolysis of [B 
3H7 (NCS)]- at Pt in 1,3-dioxalane 

which involved one-electron oxidation again yielded 

similar products as those obtained from [B 
3H 6(C')21- and 

[B 
3H6 

(Cl)(NCS)]-. Thus it is likely that the solvent 

reacts with the Compounds and undergoes further electro- 

chemical and chemical steps in similar ways. 

[B 
3H7 (NCO)]-. 

The cyclic voltammogram of [B 
3H7 (NCO)]- at Pt 

in dichloromethane containing [NBu 
4 

n] [BF 
41 (0.1 mol dm- 3 

as supporting electrolyte is shown in Fig. 3.8(a). it 

consisted of an irreversible oxidation wave near +1.2 V 

and reduction waves near +0.2 V, -0.4 V and -0.9 V. 

Fig. 3.8(b), (c), (d) and (e) showed that as the cathodic 

potential limit was reduced to less negative values, the 

shape of the oxidation wave changed. It can be seen 

that the species being reduced near +0.2 V was related 

to the oxidation wave near it. 0 V and contributed to the 
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................ 

-1.0v -0.5 0 +0.5 +1.0 +1.5 

Fig-3.8. (b)(c)(d)(e) Cyclic voltammograms (scan rate 

0.5 VS- 1) 
of [B 

3H7 
(NCO)]- at Pt in 0.1 M 

Bu 4 NBF 4 
/CH 

2 Cl 2 
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oxidation processes which gave rise to a complex wave 

near +1.2 V. Thus the observed oxidation wave at +1.2 V 

in Fig. 3-B(a) did not arise from a simple oxidation of 

[B 
3H7 (NCO)I- but rather it was complicated by oxidation 

of other species. 

3.2.2 Anodic Behaviour of Transition Metals 

It has previously been shown that transition 

metals exhibited three different types of behaviour in 

83 
acetonitrile solution of [BH 

3 CN]- and [BF 
41- It is 

found that this behaviour also applies to solutions of 

[B 
3H6 

(Cl) 21- and [B 
3H6 (Cl)(NCS)]- in acetonitrile but 

there were differences in 1,3-dioxalane, dichloromethane 

or benzonitrile. In the latter solvents, some transit- 

ion metals still exhibited behaviour which could be cate- 

gorised in the three types described previously, whereas 

others showed no clear-cut type of behaviour. Neverthe- 

less, the main purpose was to determine the stabilities 

toward oxidation of these anions and to find out which 

metals are suitable as anodes in each solvent for electro- 

chemical preparation of metallaborane complexes. 

The anodic behaviour of transition metals in 

solutions of [13 
3H6 (Cl) 21 

- and [B 
3H 6(Cl) 

(NCS)] - in 
, 

differ- 

ent solvents are presented in Tables 3.1 and 3.2. Type 

(a) represents metals that are themselves inert but allow 

anodic oxidation of the anions I Fig. 3.9(a)] . Type (b) 

represents metals that are inert, yielding no products 

from either anodic dissolution or anodic oxidation of 



118. 

Table 3.1. Anodic Properties of Metals in 

Solution of [B 
3H6 (CI) 21 

- Anion 

Metals CH 3 CN 

(1) (2) 

Ti a) (0.80) 

Zr a) (0.35) 

v a) (0.40) 

Nb (b) (1.0) 

Ta (a) (0.5) 

Mo (a) (0.85 

w (a) (1.15) 

Co (C) (-0.30) 

Ni (C) (-0.40) 

Pd 

pt (a) (0.85) 

Cu (c) (-0.30) 

Cd (c) C-0.50) 

Solvents 

1,3-dioxalane CH 2 cl 2 PhCN 

(1) (2) 

d (-0.60) 

b (0.5) 

(d) (-0.40) 

(d) (-0.40) 

(b) (1.20) 

(d) (-0.3) 

(d) (-0.4) 

(C) (-0.3) 

(C) (-0.4) 

(d) (0.0 ) 

(a) (i. 05) 

(C) (-0.3) 

(1) (2) (1) (2) 

(d) (-0.5) (b) (-0.3) 

(b) (-0.5) (b) (0.6) 

(d) (-0.5) (d) (-0.2) 

(d) (-0.6) (b) (-0.3) 

(b) (-0.7) (b) (0.8) 

(d) (-0.4) (d) (-0.2) 

(d) (-0.5) (b) (-0.4) 

(C) (-0.3) (C) (0-0) 

(e) (-0.4) (C) (-0.4) 

(d) (-0.2) (d) (-0.2) 

(a) (0.4,1.0) (a) (1.3) 

(c) (-0.3) (C) (-0.3) 

(1) Type of Behaviour (see discussion) 

(2) Potential at which oxidation commenced [Type (a)]; 

potential at which oxidation apparently commenced 

[Type (b) and (d)]; dissolution potential [Type (c)j; 

[V vs Ag-AgNO 3 (0.1 mol dm- 3 )]. 
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Table 3.2 Anodic Properties of Metals in Solution of 

(B 
3H6 (Cl)(NCS)]-Anion. 

Solvents 

Metals CH 3 CN 1,3-dioxalane 

Ti 

Zr 

v 

Nb 

Ta 

(I) (2) 

(b) (0.80) 

(b) (0.70) 

(1) 

(b) 

(b) 

(d) 

(d) 

(b) 

(d) 

(d) 

(c) 

(c) 

(d) 

(a) 

(c) 

(2) 

(-0.60) 

(0.20) 

(-0.60) 

(-0.70) 

0.60) 

(-0.50) 

(-0.60) 

(-0.30) 

(-0.50) 

(-0.20) 

(0.80) 

(-0.40) 

Mo 

w 

Co 

Ni 

Pd 

(C) (-0.40) 

(C) (-0.40) 

pt (a) (0.30) 

Cu (C) (-0.60) 

Cd (C) (-0.60) 
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the anions [(Fig. 3.9(b)]. Type (c) represents metals 

that undergo anodic dissolution [(Fig. 3.9(c)]. Type 

(d) represents metals that have no clear-cut behaviour 

of any type mentioned above [Fig. 3.9(d)). 

It is found that Pt exhibits type (a) behaviour 

and Cu, Ni, Co exhibit type (c) behaviour in all the sol- 

vents investigated. Thus electrochemical oxidation of 

[B 
3H6 

(Cl 2 )]-and [B 
3H6 (C*NCS)J_ anions in each solvent 

were carried out at Pt electrodes and Cu or Ni were used 

as anodes for anodic dissolution in solutions of these 

anions. 

3.2.3 Controlled Potential Electrolysis 

Using the results obtained from cyclic volta- 

mmetry the anions were oxidised at Pt electrodes at 

suitable potentials in different solvents to investigate 

the electrochemical oxidation products. Attempts were 

also made to prepare metallaboranes from the anions 

studied using Cu or Ni as sacrificial anodes in the 

range of solvents investigated. 

(a) [B 
3H6 

(Cl) 21-* 

(i) In acetonitrile. 

Controlled potential electrolysis at platinum 

of an acetonitrile solution of 1133 H6 (Cl) 21- was carried 

out at potentials +0.80 --ý+1.28 V and overall one elect- 

ron oxidation was involved. Gas evolution was observed 

in the anodic compartment. The 115.5 MHz 11 B n. m. r. 

spectrum of the product in CD 3 CN indicated a major 
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component (90', 0) showing a singlet with a chemical shift 

of 6= +21.4 ppm (line width at half peak height 137 

Hz), a minor component showing chemical shifts at = 

+4.0, -2.8, -30.0 ppm with relative area 1: 1: 1, and a 

very small amount of starting material. A similar 

experiment was carried out with the addition of two 

equivalentsofPPh 3 to the anodic compartment. The 

products obtained were the same with an additional small 

amount of [PPh 
31 BH 3 (1: 3: 3: 1 quartet of doublets, 

150 
-36.2 ppmt JBH = 93 Hz) 

The electrolysis of an acetonitrile solution of 
[B 

3H6 
(CI) 21- at a copper anode proceeded at potentials 

-0.3 -4+0.3 V. Copper entered the solution as Cu(I). 

The products were identical to those obtained at Pt 

electrode except that no starting material was observed. 

The proton decoupled 11 B n. m. r. spectrum showed line 

sharpening at resonances +4.0, -2.81 -30.0 ppm whereas 

the boron resonance at 6= +21.4 ppm showed no 

significant line sharpening, this indicated that the 

former boron-containing product had hydrogens bonded to 

boron atoms. 

The products obtained from electrolysis at the 

Cu anode were examined by IH 
n-m. r. spectroscopy. The 

1Hn. 
m. r. spectrum revealed that the products consisted 

of several organic compounds. It showed resonances 

near +7.5 ppm which indicated the [N(PPh 
3)21 

+ cation, a 

broad peak at 6= +2.3 ppm which was probably assigned 

to protons in a disubstituted triborate and corresponded 
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to a minor component of the boron-containing products 

4,. 0, -2.8, -30.0 ppm in 11 B n. m. r. spectrum), broad 

peaks at 6 =+5.89 and +4.76 ppm which were possibly 

associated with the boron resonance at +21.4 ppm. 

Further peaks which appeared to be organic compounds 

were the resonances at +0.9 ppm (a triplet of 

relative area three), +1.35 ppm (a sextet of 

relative area two), and = +1.57 ppm (a poorly resolved 

quintet of relative area two), which looked to be 

related to each other and was probably an n-propyl group 

with the CH 2 group at the end of the chain additionally 

coupling to other nuclei. Other peaks appeared at 

3.14 ppm (quartet of ab pattern) and 4.05 ppm 

quartet). 

(ii) In 1,3-dioxalane. 

The controlled potential electrolysis at 

platinum of [B 
3H6 

(Cl) 21- in 1,3-dioxalane proceeded at a 

potential of +1.2 V and involved overall one electron 

oxidation. Gas evolution was observed in the anodic 

compartment and the anolyte became acidic (pHl). The 

11 B n. m. r spectrum showed several intense resonances; 

at +24.0 ppm, a sharp 

height = 104 Hz) with 

ppm, a broader peak ( 

500. Hz) with relative 

containing products; 

were observed at -0.1 

through the membrane) 

peak (line width at half peak 

relative area one, and at +20.0 

line width at half peak height 

area two were major boron 

in addition very weak resonances 

ppm (thought to be [BF 
41- passing 

and at +31.7 ppm (a trace 'of an 
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unidentified boron-containing impurity). 

The electrolysis at a copper anode of 

[B 
3H6 (Cl) 21- in 1,3-dioxalane proceeded at a potential of 

+0.3 V. Copper entered the solution as Cu(I). The 

boron-containing products were similar to those obtained 

at the Pt electrode in 1,3-dioxalane. The 11 B n. m. r. 

spectrum showed resonances with chemical shifts at S= 

+23.8 ppm with relative area one, S= +19.5 ppm with 

relative area two as major products, and at ý= 
-0.3 ppm 

([BF 
41- 

) and 6= +31.5 ppm as trace impurities. 

The proton-decoupled 
11 B n. m. r. spectra of both 

products were very similar to those of the coupled 
11 B 

n. m. r.; this indicated that the boron-containing 

products had no direct bond to hydrogens. 

The 360 MH7- IHn. 
m. r. spectrum in CDCl 3 of the 

products obtained from the Cu anode was complex. it 

comprised many peaks in the chemical shift range 3.2 - 

4.8 ppm. Two intense peaks at S= +3.65 ppm and +4.68 

ppm with relative area 2: 1 could be associated with 

coordinated 1,3-dioxalane (chemical shift of 

1,3-dioxalane 6=3.9 and 4.9 ppm with relative area 

2: 1), and other small peaks at 3.79,4.19 4.459 4.75t 

4.80,4.83 ppm could be associated with products which 

resulted from ring opening of lt3-dioxalane and further 

chemical reaction. The ring opening of 1,3ýdioxalane 

may be due to hydrolysis, hydrogenation or chlorination 

yielding species such as HOCH 2 CH 2 OH, RCH 2- OR., R-CH 2 Cl whose 

chenical shifts lie in this region. The resonances near 

+7.5 ppm which resulted from the [N(PPh 
3)21+ cation were 
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weak and this implied that the boron-containing products 

could be neutral compounds. Broad peaks at 6=3.97 

ppm and 4.25 ppm with some structure were also observed. 

(iii) Dichloromethane. 

The controlled potential electrolysis at 

platinum of [B 
3H6 

(Cl) 
21- in dichloromethane was carried 

out at potentials +1.2-ý+I. 4 V'but only a very small 

current passed through the cell. Thus dichloromethane 

is not a suitable solvent for this anion due to the low 

dielectric constant of the solvent. 

(iv) In benzonitrile. 

The controlled potential electrolysis at 

platinum of [B 
3H6 

(Cl) 
23- in benzonitrile proceeded at a 

potential of +1.2 V and involved overall one electron 

oxidation. The 11 B and 
11 BtlHj n. m. r. spectra in 

PhCN/CD 3 CN of the product were similar and each showed a 

broad peak (line width at half peak height - 230 Hz) atS 

= +22 ppm and in addition a little starting material was 

left. The resonance with chemical shift of +22 ppm may 

be expected to occur at +23 ppm in CD 3 CN with reference 

to starting material. Thus this boron-containing 

product is different to that obtained from electrolysis 

in acetonitrile. The 11 B n. m. r. spectrum in CDCl 3 of 

this product showed peaks at +20.5 ppm and +21.5 ppm 

(s: -ioulder). This could be due to the solvent effect on 

resolution as shown in n. m. r. spectra of [B 
3H6 (Cl)(NCS)l 

in CD 3 CN and CDC1 3' The 1Hn. 
m. r. spectrum showed 

weak resonances which indicated the [N(PPh 
3)21 

+ cation 
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near ý=7.5 ppm, a singlet at 6=1.26 ppip and a weak 

quartet at 6=0.86 ppm. 

The electrolysis of benzonitrile solution of 
IB3 H6(C')21- at a copper anode proceeded at potentials 

0.0--*+0.22 V. Copper entered the solution as Cu(I). 

The yellowish product changed to a green solution during 

the course of monitoring it by n. m. r. spectroscopy. 

The 11 B n. m. r. spectrum showed only a single peak (line 

width at half peak height = 58 Hz) at 6= +0.7 ppm as 

the only boron-containing product. 

(b) (B 
3H6 

(Cl)(NCS)]-. 

(i) In acetonitrile. 

Controlled potential electrolysis in aceto- 

nitrile at platinum of (B 
3H6 (Cl)(NCS)I- proceeded at 

potential +1.0 V and involved about six electrons 

oxidation. The 11 B n. m. r. spectrum of the products 

indicated only, a small amount of boron-containing 

species present in the solution. The electrochemical 

oxidation might lead to an unstable intermediate which 

then degradcAA to insoluble precipitate or some 

volatile species. 

The electrolysis of an acetonitrile solution of 

[B 
3H 6(Cl)(NCS)]- at a copper anode proceeded at 

potentials -0.4---)-0.2 V. Copper entered the solution 

as Cu(I). The 11 B n. m. r. spectrum in CH 3 CN/CD 3 CN of 

the product indicated unchanged starting material as the 

major component (601ta), and a product at S= +20.0 ppm. 

The 11 B n. m. r. spectrum in CDC1 3 also indicated starting 
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material as the major component, and traces of 

unidentified decomposition products (S = -14.75, -23.25, 

-32.5 ppm). The electrolysis at a copper anode of an 

acetonitrile solution of [B 
3H6 

(Cl)(NCS)]- with two 

equivalents of PPh 3 added was carried out in the same 

way. 'The products, identified by their 11 B n. m. r. 

spectram in CDCI 3' were [PPh 
31 BH 3 (1: 3: 3: 1 quartet of 

doublets 6= 38.2 ppm, J BP =53Hz, 
*J 

BH = 92 Hz) 150 
as a 

major component and other decomposition products (S = 

-23.8, -22.8, +20.0 ppm). There was no starting 

material left. 

The electrolysis at a nickel anode of an 

acetonitrile solution of [B 
3H6 

(Cl)(NCS)]- containing two 

equivalents of PPh 3 proceeded at potentials -0.35 

-0.27 V. Nickel entered the solution as Ni(II), and 

therefore the electrolysis was stopped when only half 

equivalent of Ni(II) had dissolved. The products, 

identified by their 80 MHz 11 B n-m. r. spectrai,;, 
- 

were 

identified as starting material as the major component 

(50/00), [PPh 
31 BH 3 

(6 = -36.8 ppm, J BP = 53 Hz, J BH = 92 Hz) 

and other unidentified products (S = +20.5, +22.0 ppm). 

(ii) In 1,3-. dioxalane. 

Controlled potential electrolysis at platinum 

of [B 
3H6 (Cl)(NCS)]- in 1,3-dioxalane proceeded at 

potentials +1.2--ý+1.3 V and only one electron oxidat- 

ion was involved. The 115.5 MHz 11 B and 
11 BjlHj n. m. r. 

spectra in CDCl 3 of the products were similar to those 

from electrolysis of [B 
3H6 (Cl) 21- in 1,3-dioxalane where 
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only peaks at 6= +23.7 ppm (relative area one) and at 

6= +19.0 ppm (relative area two) were observed. 

The electrolysis of 1,3-dioxalane solution of 

[B 
3H6 

(Cl)(NCS)]- at a copper anode proceeded. at potentials 

0.0---ý+1.0. There was no significant weight loss of 

the Cu electrode. The products were identical to those 

obtained at a Pt electrode. 

(iii) In dichloromethane. 

Controlled potential electrolysis at platinum 

of[B 3H6 
(Cl)(NCS)]- in dichloromethane proceeded at poten- 

tials between +1.2--ý+1.3 V but only a very low current 

passed through the cell. The products were starting 

material (90%) and traces of decomposition products 

(J = -14, -15.2, -22.4 ppm). 

3.2.4 Electrochemical Synthesis 

The IB 
3H7 (NCBH 3T anion was prepared electro- 

chemically by electrolysis in acetonitrile at Pt elec- 

trodes of [N(PPh 
3)21 

[B 
3 H. ] in the presence of 

[N(PPh 
3)21 

[BH 
3 CNI. A potential of -0.3 V, which was 

high enough to oxidise [B 
3H 81 

- but not [BH 
3 CN]-, was 

applied to the working electrode. The products con- 

sisted of [B 
3H7 

(NCBH 3 
)]- and 83H7 [CH 

3 CNjand were purified 

by chromatography. 

Attempts to synthesize [B 
3H7 (NC)]- in a similar 

method by electrolysis in dichloromethane at Pt elect- 

rodes of [N(PPh 
3)21 

[B 
3 H. ] in the presence of [PPh4]CN 

were unsuccessful. [B 
3 H, ]- remained unoxidised at 
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potentials between -0.3 V -ý+0.10V whereas [PPh43 CN was 

oxidised to give a black-brown precipitate. 

3.2.5 Conclusion. 

The results showed that in acetonitrile, the 

oxidation potentials of [B 
3H6 (Cl) 

21- and [B 
3H6 (Cl)(NCSJ, - 

were near +1.1 V and their cyclic anda. c. voltammograms 

were similar; however their electrochemical processes 

were different. These were shown in cyclic volta- 

mmetry that the electrode mechanisms were different and 

electrolyses of the anions led to different products. 

Electrolyses of [B 
3H6 (Cl)(NCS)]- in acetonitrile in most 

cases led to decomposition products, while electrolyses 

of (B 
3H6 

(Cl) 
21- in acetonitrile yielded some interesting 

minor products - including a disubstituted triborate, 

which was unstable and decomposed to other products. It 

was thought that acetonitrile might be a solvent which 

was too polar for the oxidation products or metallaborane 

complexes to survive; therefore cyclic voltammetry and 

electrolysis in other solvents were investigated. 

It was found that 1,3-dioxalane is not a better 

solvent than acetonitrile for this work. It is likely 

that it reacted with the anions or intermediate species 

which underwent similar electrochemical or chemical pro- 

cesses yielding similar products. This was confirmed 

by electrolysis in 1,3-dioxalane at Pt electrodes of 

[B 
3H7 

(NCS)]-, in which the 11 B and 
1Hn. 

m. r. spectra of 

the products showed resonances of similar chemical shift 
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and appearance as those observed in the corresponding 

spectra of [B 
3H6 (CI) 2]-' 

Benzonitrile is not very convenient to use for 

electrolysis due to its high boiling point and is not 

suitable for this work because decomposition products of 

the anions precipitated on electrolysis. 

Dichloromethane could not be used as a solvent 

for this work as its dielectric constant is too low to 

conduct the current through the electrolysis cell unless 

a suitable supporting electrolyte was introduced. In 

this work, addition of supporting electrolyte would lead 

to difficulties in separation since the disubstituted. 

octahydrotriborate anions are readily hydrolyzed on the 

silica gel used in column chromatography. 

3.3 EXPERIMENTAL 

[N(PPh 
3)21 

[B 
3H 6(C')21' 

[N(PPh 
3)21 

[B 
3H6 

(Cl)(NCS)]2 

[N(PPh 
3)21 

[B 
3H7 

(NCS)] and [N(PPh 
3)21 

[B 
3 H, ] were prepared 

as described in Chapter 2. 

The details of general reagents and solvents 

for electrochemistry, cell designs and other electro- 

chemical equipment are presented in Chapter 6. 

3.3.1 Electiochemical Oxidation of [N(PPh [B H ")2 3)21 3 6((' 

3.3.1(a) In acetonitrile. 

(i) Without PPh 3 
[N(PPh 

3)21 
[13 

3H6 (Cl) 21 
(0.162g, 0.25 mmol) was 

dissolved in CH 3 CN (15 cm 
3) 

and placed in the anodic 
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compartment of the cell. The cathodic compartment 

contained a solution of [NBu 
4 

n] [BF 
41 (0*1 mol dm- 3) in 

acetonitrile (15 cm 
3 ). Both working and secondary 

electrodes were Pt foil, the reference electrode was 

Ag/AgNO 3 (0.1 mol dm- 3) in acetonitrile. A potential 

of +0.80----)+1.28 V was applied to the working electrode. 

The current rose to a maximum of 5 mA and decayed ex- 

ponentially to 0.6 mA (ca. 3 hr. ) after the passage of 

24.98 C (this corresponded to 1.03 times that calculated 

for 1 e- oxidation). Gas evolution was observed in 

both compartments. The clear, colourless anolyte was 

evaporated under vacuum to dryness and examined by 115.5 

MHz n. m. r. spectroscopy. 

(ii) With PPh 3. 

The set-up was the same as that described 

above except that PPh 3 
(0.131g, 0.50 mmol) was added. 

The product was examined by 
_80 

MHz 11 B n. m. r. spectro- 

scopy. 

3.3.1(b) In 1,3-dioxalane. 

The conditions were similar to those described 

in sect. 3.3.1(a) except that the solvent, 1,3-dioxalane 

was used and the reference electrode was Ag/[N(PPh 3)21 Cl 

(0.1 mol dm- 3) in 1,3-dioxalane. A potential of +1.2 V 

was applied to t. he working electrode. The current was 

3 mA and fell exponentially to 0.1 mA after the passage 

of 28.9 C (corresponding to 1.2 times that calculated 

for 1 e-). Gas evolution was observed in both compart- 

ments and the anolyte was found to be acidic (pH 1). 
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dryness and was examined by 11B 
and 

IHn. 
m. r. 

spectroscopy. 

3.3.2 Electrochemical Oxidation of 

[N(PPh 
3)23 

[B 
3H6 

(Cl)(NCS)I. 

3.3.2(a) In acetonitrile. 

The set-up was the same as that described in 

sect. 3.3.1(a) except that [N(PPh 
3)21 

[B 
3H 6(Cl) (NCS)] 

(0.213g, 0.31B mmol) was used. A potential of +1.0 V 

was applied to the working electrode. The current rose 

to a maximum of 20 mA and decayed exponentially to 0.5 

mA after the passage of 175.9 C (compared with 184.1 C 

theoretically calculated for 6 e- oxidation). The 

anolyte was evaporated under vacuum to dryness yielding 

a yellowish oil which was monitored by 80 MHz 11 B n. m. r. 

spectroscopy. 

3.3.2(b) In 1,3-dioxalane. 

fN(PPh 
3)21 

[B 
3H6 (Cl)(NCS)1(0.134g, 0.2 mmol) was 

dissolved in lt3-dioxalane (10 cm 
3) in anodic 

compartment. The cathodic compartment contained 

solution of [NBu J[BF 0 dm- 3) in 1,3-dioxalane 4 41(0: 1 m1 

(10 cm 
3 Both working and seconary electrodes were Pt 

foil, the reference electrode was Ag/[N(PPh 3)2]Cl 
(0*1 

mol dm -3 ) in 1,3-dioxalane. A potential of +1.2--. *+1.3 

V was applied to the working electrode. The current 

was 2.5 mA and dropped exponentially to 0.3 mA after the 

passage of 19.3 C which is equivalent to 1 e- oxidation. 
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The clear CDIDurless anolyte was evaporated under vacuum 

to dryness and was examined by the 115.5 MHz 
11 

B n. m. r. 

spectroscopy. 

3.3.2(c) In dichloromethane. 

The set-up was the same as that described in 

sect. 3.3.2(b) except that the solvent dichloromethane 

was used. The current was very low and the total 

current corresponded to less than one-half electron 

oxidation. The 80 MHz n. m. r. spectrum indicated 

starting material (90,10) as a major component and traces 

of decomposition products. 

3.3.3 Electrochemical Oxidation of 

[N(PPh 
3)2 

][B 
3H7 

(NCS)]in 1,3-dioxalane. 

The set-up was the same as that described in 

sect. 3.3.2(b) except that [N(PPh 
3)21 

[B 
3H7 (NCS)1(0.127gg 

0.2 mmol) was used. A potential of +1.3 V was applied 

to the working electrode. The current rose to a 

maximum of 3 mA and fell to 0.3 mA after the passage of 

17.5 C (corresponding to 0.9 e- of that theoretically 

calculated for I e-). The colourless anolyte was 

evaporated under vacuum to dryness and examined by 115.5 

MHz 
11 B and 360 MHz 

1Hn. 
m. r. spectroscopy. 
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3.3.4 Anodic Dissolution of Copper in Solutions of 
[N(PPh 

3)21 
[13 

-3 
H6 (CI) 2]* 

3.3.4(a) In acetonitrile. 

[N(PPh 
3)21[ B3H 6(C')21 

(0.162g, 0.25 mmol) was 

dissolved in acetonitrile (15 cm 
3) in the anodic com- 

partment of the cell. The cathodic compartment 
n 

contained a solution of NBu 4 
](BF 

41 
(0.1 mol dm -3 ) in 

acetonitrile (15 cm 
3 ). The working electrode was Cu 

foil and the secondary electrode was Pt foil. The 

reference electrode was Ag/AgN03 (0.1 mol dm 3) in aceto- 

nitrile. A potential of -0.3---->+0.3 V was applied to 

working electrode and stopped after 1 e- electrolysis. 

The weight loss of Cu electrode was 0.0155g [c. f. 

theoretically 0.0159g for Cu---). Cu(I)]. The colourless 

anolyte changed to pale yellow rapidly on being evapor- 

ated under vacuum to dryness. The pale yellow solid 

changed to brown on standing. The product was examined 

by 115.5 MHz 11 B and 360 MHz IH 
n-m. r. spectroscopy. 

3.3.4(b) In 1,3-dioxalane. 

The conditions were the same as those described 

in sect. 3.3.4(a) except that the solvent lt3-dioxalane 

was used and the reference electrode was Ag/[N(PPh 3)21 Ci 

(0.1 mol dm- 3) in 1,3-dioxalane. A potential of +0.3 V 

was applied to the working electrode and the maximum 

current was 9 mA and fell to 3 mA after the passage 24.3 

C. The weight loss of Cu electrode was 0.0165g [c. f. 

theoretically 0.0159g for Cu--#Cu(I)]. Gas evolution 
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was observed in both compartments and a dark brown 

precipitate formed in the anodic compartment during 

electrolysis. The anolyte was evaporated under vacuum 

to dryness yielding a dark brown solid which was 

monitored by 115.5 MHz 11 B n-m. r. spectroscopy. 

3.3.4(c) In benzonitrile. 

The conditions were the same as those described 

in sect. 3.3.4(a) except that the solvent benzonitrile 

was used and the reference electrode was Ag/[N(PPh 3)21C1 
(0.1 mol dm- 

3) 
in benzonitrile. A potential of 0.0 

+0.22 V was applied to the working electrode to maintain 

current at ca. 10 mA. A white precipitate formed in 

the colourless solution during electrolysis. After the 

passage of 24.7 C, the weight loss of Cu electrode was 

0.0167g [c. f. theoretically 0.0159g for Cu--4Cu(I)]- 

The anolyte was evaporated under vacuum to dryness 

yielding a yellowish precipitate which changed to a 

green solution on monitoring by 115.5 MHz 11 B n. m. r. 

spectroscopy. 

3.3.5 Anodic Dissolution of Copper in Solutions of 

[N(PPh 
3)2 

][B 
3H 6(Cl) (NCS)]. 

3.3.5(a) In acetonitrile. 

(i) Without PPh 3* 

The set-up was the same as that described in 

sect. 3.3.4(a) except that [N(PPh 
3)21[B3 H 6(Cl) 

(NCS)] 

(O'. 167g, 0.25 mmol) was used. A potential of -0.4--: ý 
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-O. IB V was applied to the working electrode and the 

current was 2-3 mA. After the passage of 24.22 C, the 

weight loss of Cu electrode was 0.0178g I c. f. theoretic- 

ally 0.0159g for Cu---ýCu(I)J. A small amount of black 

precpitate formed in the colourless anolyte. The 

electrolyte in the cathodic compartment changed to a 

green solution. The anolyte was evaporated to dryness 

under vacuum and was monitored by 80.2 MHz 11 B n. m. r. 

spectroscopy. 

(ii) With PPh 

This was carried out in a similar manner, 

except that two equivalent of PPh 3 was added. The 

white product was monitored by 80.2 MHz 11 B n. m. r. 

spectroscopy. 

3.3.5(b) In 1,3-dioxalane. 

The set-up was the same as that described in 

3.3.4(b) except that [N(PPh 
3)21 

[B 
3H 6(Cl)(NCS)] (0.134g, 

0.2 mmol) was used. A potential of 0-0--ý +1.0 V was 

applied to the working electrode and the ma; imum current 

was 3 mA. After the passage of 19.3 C (ca. 5.5 hr. ), 

the current fell to 0.8 mA. 

weight loss of Cu electrode. 

There was no significant 

A small amount of white 

precipitate formed in the yellowish anolyte which was 

taken to dryness under vacuum and was examined by 115.5 

MHz 11 B n. m. r. spectroscopy. 
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3.3.6 Anodic Dissolution of Nickel in Acetonitrile 

Solution of [N(PPh 
3)211 B3H6 (Cl)(NCS)]. 

[N(PPh fB H (Cl)(NCS)](0.268g, 0.4 mmol) and 3)21 36 

PPh 3 (0.2099g, 0.8 mmol) were dissolved in acetonitrile 

(15 cm 
3) 

and placed in the anodic compartment of the 

cell. The cathodic compartment contained a solution of 

[NBu )(BF -3 3 
4 43 

(O'l mol dm ) in acetonitrile (15 cm ). 

The working electrode was a coil of nickel wire and the 

secondary electrode was Pt foil. The reference 

elctrode was Ag/AgNO 3 (0.1 mol dm- 3) in acetonitrile. 

A potential of -0-35-1-0.27 V was applied to the 

working electrode and the current was 8 mA. After the 

passage of 38.9 C, the weight loss of Ni electrode was 

0.0117g [c. f. theoretically 0.0117g (0.2 mmol) for Ni---. ), 

Ni(II)]. The anolyte was taken to dryness under vacu'um 

and was examined by 80.2 MHz 11 B n. m. r. spectroscopy. 

3.3.7 Electrochemical Synthesis of 

[N(PPh 
3)21 

[B 
3H7 (NCBH 3 )]. 

[N(PPh 
3)21 

[B 
3 HB] (0.869g, 1.5 mmol) and 

[N(PPh 
3)21 

[BH 
3 CNI (0.8679 1.5 mmol) were dissolved in 

3 
acetonitrile (15 cm ) and placed in the anodic compart- 

ment of the cell. The cathodic compartment contained 

solution of [NB un ](BF -3 
4 4)(0.1 mol dm ) in acetonitrile 

(15 cm 
3 Both working and secondary electrodes were Pt 

foil, the reference electrode was Ag/AgNO 3 (0.1 mol 

dm- 3) in acetonitrile. A potential of -0.3 V was 

applied to the working electrode. Th. e current rose to 
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a maximum of 20 mA and fell to 4 mA after the passage of 

144.8 C (1 e- oxidation). The anolyte was evaporated 

to dryness yielding a white solid which was purified by 

chromatography over silica gel using dichloromethane as 

eluting solvent. The product was identified as 

[N(PPh 
3)211 B3H7 (NCBH 3 

)] by its 11 B n. m. r. spectroscopy. 



CHAPTER 4 

HIGH FIELD 11 B AND IHN. M. R. STUDIES OF THE 

OCTAHYDROTRIBORATE ANION, AND ITS MONOSUBSTITUTED 

AND DISUBSTITUTED DERIVATIVES. 
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4.1 INTRODUCTION 

The 11 B n. m. r. spectra of monosubstituted octa- 

hydrotriborate derivatives [B 
3H7 

(X)]- have been 
141 

reported These spectra were essentially similar to 

those previously reported for fluxional, neutral 
142,143 triborane (7) base adducts In general, the 

spectra comprised a low field (high frequency) resonance 

of relative area two, attributed to the unsubstituted 

borons, and a high field (low frequency) resonance of 

relative area one attributed to the substituted boron 

atom. Each resonance exhibited multiplet structure 

which resulted from coupling of-the boron atoms to seven 

fluxional hydrogens and further coupling between B 

atoms in each environment. The spectra were further 

complicated by partial quadrupolar relaxation. The 

substituents and solvents were found to affect the 

chemical shift of the resonances, and also the line 

shapes of the multiplets as a result of changes in the 

rate of quadrupolar relaxation. 

This work has comprised studies of the 11 B 

n. m. r. spectra of disubstituted octahydrotriborate 

derivatives [B 
3H 6(X)(X")I- and [B 

3H7 
(NCO)I- 

, and the 1H 

n. m. r. spectra of [B 
3 Hj_ and its monosubstituted and 

disubstituted derivatives by applying line-narrowing and 

specific frequency irradiation techniques. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 
11 B N. m. r. 

(a) Disubstutited octahydrotriborate anions. 

The 11 
B n. m. r. spectra of IB3H6 (Cl) 

21- in CDC1 3 

and CD 3 CN shown in Fig. 2.2 (Chapter 2) and Fig. 4.1 are 

different. In CDC1 3, each of the two boron environ- 

ments in the ratio of 2: 1 shows multiplet structure com- 

prising seven lines of relative intensities 1: 6: 15: 20: 15: 

6: 1 which is interpreted as coupling to six equivalent 

fluxional hydrogens, although the low field (high 

frequency) resonance of area one is less well resolved. 

A spectrum simulated using a computer programme is shown 

in Fig. 4.2(a). The parameters which gave the best fit 

with the experimental spectra were: - 

1 
B JBIB2 =j BIB3 = JB2B3 < 3.0 Hz 

BB I'll 
Cl 

jil 
B- ,H= 34.5 Hz as measured 

Cl" 23 
from the experimental spectrum. 

These parameters suggest that the 11 B- 11 B coupling con- 

stant is small. In CDC1 31 
11 B- 11 B coupling was not 

observed and this was attributed to the small coupling 

constant and line broadening resulting from quadrupolar 

relaxation effects. Fig. 4.2(b) shows the 11 B n. m. r. 

spectrum of IB3H6(C'321 in CDC1 3 at 3230K where the 

11 B- 11 B coupling is just observed. Therefore as the 

temperature is increased, the quadrupolar relaxation 

effect is reduced. However, the compound is not stable 



Fig. 4.1.80.2 MHz 11 B n. m. r. spectrum of [B 
3H 6( Cl) 21- in CD 3 CN (line-narrowed) 

4.. 

-10 PPM 
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enough to operate at a higher temperature. In CD3CN, 

the line-narrowed spectrum shows resolved 
11 B- 1H 

and 
11 B- 11 B spin coupling which is complicated by the quadru- 

polar effect. 

The proton decoupled 11 B n. m. r. spectra of 

[B 
3H6 (Cl) 21- in CDCI 3 and CD 3 CN are shown in Fig. 4.3. 

The line-narrowed spectra failed to show well-defined 

B- 11 B coupling in CDC1 31 whereas. in CD 3 CNv some B- 11 B 

coupling was observed, although the spectra showed lines 

typical of partial quadrupolar relaxation. It has been 

shown previously that the observed line shape resulting 

from partial quadrupolar relaxation depend on the para- 

meter, cc, which for 11 B, has the relationship 
141,151 

De, 5 
Tr T 

The separation of 16 Hz of the apparent doub- 

let from the substituted boron atoms in the 11 BI 1 Hj 

spectrum of [B 
3H 6(C')21- in CD 3 CN must represent the 

maximum value for J 11 11 Since the observed line 

shape corresponded to an P4-value near 5, the calculated 

relaxation time had a maximum value near 0.02 see. 

Since more extensive collapse of the multiplet occurred 

in CDCl 3 with a line shape corresponding to anx. -value 

closer to 20, the relaxation time in this solvent was 

calculated to be nearer to 0.005 sec. The observed 

coupling, and the more extensive multiplet collapse 



. 1-1 

0 

cd 

CD 

110 

C*4 
0 

El 
0 
SL4 

(D 
P4 
m 

E 

1" 

z 

Cd 

cY 

-4 

147. 

0 

0 

tLo 
. ri 
rx, 



10 CD 
: 39 
0 

cli 

z 
u 

cn 

CV 
. -I 

CQ 

C4-4 
0 

02 

E 

1 
-J 

z 
I'. ' 

1 

bD 
. rj 
PM4 

11I. S. 



149. 

in the lower polarity solvent are similar to effects 

observed earlier for [B 
3H7 

(Cl)]-. In the earlier work, 

this was explained in terms of ion pairing and presum- 

ably a similar explanation applies also to the disubsti- 

tuted derivatives. 

The 11 B n. m. r. spectra in CDC1 3 of 
[B 

3H6 (Cl) 

(NCS)]-, [JB 
3H6 (Cl)(NC )32 Ag]- and [B 

3H6 (Cl)(NCBH 3T 

each showed three unique boron chemical shifts. At 

ambient temperature, none of the compounds exhibited 

spectra in which either 
11 B- 11 B or 

11 B-lH couplings were 

resolved even with line narrowing. These are presented 

in Fig. 2.3 to Fig. 2.5 (Chapter 2). The 11 BJ'Hý n. m. r. 

spectrum of [B 
3H6 (Cl)(NCS)]- in CD 3CN is shown in Fig. 

4.4. The chemical shift difference between the two 

unique boron resonances became less in CD 3 CN than in 

CDC1 3 and the line-narrowed spectrum revealed some fine 

structureý3 due to 11 B- 11 B coupling. 

(b) Monosubstituted octahydrotriborate anions. 

The- 11 B and 
11 BjlHj n. m. r. spectra of 

[B 
3H7 

(NCO)j- in CDCI 3 at 3030K are shown in Fig. 2.1 

(Chapter 2). The 11B n. m. r. spectrum exhibited a multi- 

plet of one boron environment. The 11 BVHj n. m. r. 

spectrum shows only a single peak, whose width at half- 

height was 54 Hzv which did not resolve even with line- 

narrowing indicating that the difference in chemical 

shift of the two boron environmentsis very small and the 

11 B- 11 B coupling is also very small. The multiplet 

structure of the line-narrowed 11 B n. m. r. spectrum shown 
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in Fig. 4.5(a) indicates coupling to hydrogens with 

fluxional behaviour, and in which the three borons are 

not equivalent. 

This can be better described by using a com- 

puter programme to simulate the line shapes as shown in 

Fig. 4.5(b). The parameters which gave the best fit 

with the experimental spectrum were: - 

11=j=j 
,<3Hz B B12 B13 B23 

B-""J"" B-NCO 

j 11 B- 
1H= 35.0 Hz by measuring 

23 from the experimental spectrum. 

The chemical shift difference between B(3) and B(I), B(2) 

is 35.0 Hz and B(3) is at lower field than B(l), B(2). 

When the 11 BI'H, ) 
spectrum of [B 

3H7 (NCO)]- was 

recorded at 323 OK (Fig. 4.6), it showed fine structure 

consistent with two boron environments, and corresponded 

with the simulated spectrum in which the substituted 

boron was at lower field. The structure of the line- 

narrowed spectrum indicated 11 B- 11 B coupling with exten- 

sive quadrupolar relaxation. 

The 11 B chemical shift data for the octahydro- 

triborate derivatives are presented in Table 4.1. 

4.2.2 1HN. 
m. r. 

Although the 11 B n. m. r. spectrum of 1B 
3H 81- 

has been thoroughly reported 
113,114,117 

, the correspond- 
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Table 4.1 11 B N. m. r. Data fDr Octahydrotriborate 

Derivatives at 115.5 MHz 

Substituents 
xx/ 

Boron 
B 

Chemical Shift(ppm) 
B(X) B(X Solvent 

(a) Cl Cl -4.3 -11.9 CDCI 3 

(b) C1 C1 -4.8 -11.8 CDCI 3 

Cl Cl -4.0 -11.3 CD 3 CN 

Cl NCS -8.3 -4.2 -25.1 CDCI 3 

Cl NCS -5.0 -4.6 -25.4 CD 3 CN 

(c) Cl NC -0.09 -3.41 -31.45 CDCI 3 

Cl NCBH 3-2.09 

(b) H NCO 

-3.64 

-21.3 

-30.5 

-19.8 

(a) 303OK; (b) 323 OK; 

(c) In the complex 
[JB 

3H 6(Cl) 
(NC)j 2 Ag 

CDC1 3 

CDC1 3 

4 
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(a) 

-20 -21 -22 -23 PPM 

Fig-4.5. (a) Experimental (115.5 MHz) and (b) Simulated 11 B 
n. m. r. spectra of [B 

3H 7(NCO)]- in CDC1 3 at 303 K 
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(line-narrowed) 

Fig-4.6.115.5 MHz 11 BNJ n. m. r. spectra of [B 
3H7 (NCO)]- 

in CDC1 3 at 323 K 

II--1 

-20 -21 -22 PPM 
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ing 1Hn. 
m. r. spectrwn have been reported only as a 

broad resonance having some discernible fine structure 
1 11 116,117 

arising from H- B coupling It was of inter- 

est to study these to see if the factors which were pro- 

posed to influence the 11 B spectra also applied to the 

IH 
spectraq and also to study the IH 

and 
1 HI 11 BI spectra 

of the monosubstituted and disubstituted derivatives. 

(a) Octahydrotriborate (-l), [B 
3H 131-* 

The 1Hn. 
m. r. sp, ectrumin CD 3 CN of [B 

3H 81- 

with line-narrowing is presented in Fig. 4.7. It can be 

seen that the spectrum consists of a complex multiplet 

at S 0.175 ppm which may be interpreted as arising 

from H- 11 B and 
I H- 10 B couplings from various isotopic 

species. By considering the relative abundances of 
11 B 

and 
10 B and the probabilities of each occuring in aB3 

unit, the relative abundances of the isotopic species 
11 B 3' 

11 B2 10 B, 11 B 10 B2 and 
10 B3 are 64,489 12 and 1 

respectively. In view of the small contributions from 

11 B 10 B2 and 
10 B 31 only 

11 B3 and 
11 B2 10 B need to be con- 

sidered for the analysis of the line shape of the multi- 

plet. 

The eight equivalent hydrogens coupling to 

3 
three equivalent boron nuclei of spin quantum number /2 

clearly shows a multiplet of ten lines with relative 

intensities close to 1: 3: 6: 10: 12: 12: 10: 6: 3: 1. The 

measured value-of J1 11 is 32.7 Hz. Further structure, 

observed between these lines, correlates with eight 

equivalent hydrogens coupling to two equivalent boron 

t 



Fig-4-7.360 MHz lH 
n. m. r. spectrum of [B 

3H 81- 

156. 

(line-narrowed). 
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nuclei of spin quantum number 
3 /2 and further coupling 

with a boron nucleus of spin quantum number 3 giving 

rise to a multiplet of twenty five lines of relative 

intensities 1: 1: 1: 3: 3: 3: 6: 5: 5: 9: 7: 7: 10: 7: 7: 9: 5: 5: 6: 3: 3: 3: 

1: 1: 1. These lines are not all observed as some lines 

are obscured by the more intense lines resulting from 

H and 
11 B3 coupling. The observed ratio of the coup- 

J(10BH) 
ling constants, j', is in agreement with the ratio 

("BH) 
of gyromagnetic ratios, Ir, of the boron isotopes: 

('OBH) 
Z' 

( 10 B) 4.575 0.335 
( 11 BH) 

Ir 
( 11 B) 13.660 

(b) Monosubstituted octahydrotriborate. 

The I Ht"BI n. m. r. spectra of [B 
3H7 (Cl)]- in 

CD 3CN and CDCI 3 obtained with broad band irradiation or 

continuous wave specific frequency irradiation of the 
11 B resonances are presented in Fig. 4.8 and Fig. 4.9. 

In CD 3 CN, the 1H tl'B, broad bandj spectrum 

showed a proton resonance of seven hydrogens at S=1.46 

PPM. The spectrum resulting from irradiation of the 

unsubstituted bDrDns B(I) and B(2) [Fig. 4.8(b)] 

H 

H 
/2 

showed a coupling pattern 

comprising a partly relaxed 

1: 1: 1: 1 quartet which re- 

sulted from the remaining 

coupling of the seven 

equivalent hydrogens to boron atom, BM with a coupling 
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a 

PPM 

Fig-4.8 360 MHz 1 H111B) n. m. r. spectra of'[B 3H7 
(Cl)]- 

in CD 3 CN (a) broad band, (b) irradiation of two 

unsubstituted borons and (c) irradiation of the 

substituted bor'on. 
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(b) 

(a) 

aa 
PPM 

Fig-4.9.360 MHz 1Ht 11 B) n. m. r. spectra of [B 
3H7 

(Cl)j- 

in CDC1 3 
(a) broad band, (b) irradiation of two 

unsubstituted borons and (c) irradiation of the 

substituted boron. 
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constant Jl 
H- 11 B(3) 0f 18.0 Hz. The coupling pattern 

observed on irradiating substituted boron atom B(3) com- 

prises an apparent seven line multiplet of the expected 

relative intensities 1: 2: 3: 4: 3: 2: 1 with additional fine 

structure probably resulting from other isotopic species 

of the B3 system, together with a trace of impurity. 

The JI 
H- 11 B(1,2) 

measured was 25 Hz. 

There are apparent discrepancies: first, 

between 31 
H- 11 B(3) 

of 18.0 Hz and J1 
H- 11 B(1,2) 

0f 25 Hz 

and second, these couplings observed in the IH 
spectra 

and those derived from the 11 B spectra where J 11 1 

is 39.0 Hz. These are discussed in sect. 4.2.3. 

It should be noted that the 1ess well resolved. 

of 
I H- 10 B coupling in [B H 7(Cl)j- than in [B 

3H BY 

is probably due to a decrease in relative abundance of 
11 B2 10 B unit. The relative abundance of 

11 B2 10 8 

reduced from 48 in [B 
3 H. 1- to 32 and 16 in E53 H 7(C')]- 

due to the substituent as shown below. 

10B 

11 B1 B-Cl 

11 B 

B -"ý'OB-cl 

relative abundance 32 

relative abundance 16 

In CDCl 3' the 1 Hi 11 Bjn. m. r. spectra showed 

more extensive quadrupolar relaxation. This observat- 
5 

ion is consistent with earlier work 
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The lHjllBj 
n. m. r. spectra of [B 

3H7 (NCS)]- 

a'nd [B 
3H7 

(NCO)I_ each showed resonance of seven hydro- 

gens (with respect to proton resonances of [N(PPh 
3)21+ 

counter ion at A=7.5 ppm) at chemical shift 6=1.4 

ppm and S=1.2 ppm respectively. The 1H ý'Bjn. 
m. r. 

spectra with specific frequency irradiations of the 

boron resonances did not show any resolvable fine struc- 

ture due to 1 H- 11 B coupling. 

The 1 H[11B, noisel n. m. r. spectrum of 

[B 
3H7 

(NCBH 3 )1- in CD 3 CN showed two resonances, that at 

S= +1.5 ppm corresponded to seven hydrogens and the 

resonance of 6=0.4 ppm corresponded to three hydrogens 

with respect to proton resonance at S=7.5 ppm of 

[N(PPh 
3)21+ containing thirty hydrogens. The 1H ill BI 

n. m. r. spectra with continuous wave specific frequency 

irradiation of the 11 B resonances presented in Fig. 4.10 

are similar to those of [B 
3H 7(Cl)]- but sh6w a greater 

degree of quadrupolar relaxation. On irradiating the 

two unsubstituted boron atoms 

H 
\11 1/H 

H 
zB *-ý 

H 

li,, 
ý / 

---oil B B' 

H 
Z2 3\ 

NCBH 
4 

B(l) and B(2), the spectrum 

contained a resonance at 0.4 

ppm which comprised a 

1: 1: 1: 1 quartet of area 

three, and which arose as 

a result of the three hydro- 

gens in the H3 BCN moiety 

coupling with B(4). 
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(c) 

(b) 

(a) 

PPM 

Fig. 4-10.360 MHz 1 HjllBj n. m. r. spectra of [B 
3H7 

(NCBH 3)1- 
in CD 3 CN (a) irradiation of two unsubstituted borons, 
(b) irradiation of the substituted boron and 
(c) irradiation of boron in BH, CN 



163. 

The coupling constant, JI 
H- 11 B(4)' 

is 90 Hz. The reson- 

ance at 1.5 ppm of relative intensity seven which had 

the appearance of a partly relaxed 1: 1: 1: 1 quartet, was 

assigned to seven fluxional hydrogens coupling to B(3) 

with J1 
H- 11 B(3) 

0f 25.2 Hz.. The spectrum resulting 

from irradiation of the substituted boron, B(3), showed 

a multiplet of the intensity ratio 1: 2: 3: 4: 3: 2: 1 expected 

for seven equivalent hydrogens coupling with boron atom 

B(l) and B(2) and with JI 
H- 11 B(lv2) 

of 36 Hz together 

with fine structure as discussed in [B 
3H7 (Cl)]-. A spike 

between the apparent seven lines of the multiplet was 

more likely resulted from impurities because it also 

appeared in spectrum shown in Fig. 4.10(c). On irradi- 

ating the boron in the BH 3 CN moiety, the spectrum showed 

a sharp peak corresponding to three hydrogens in H3 BCN 

moiety and a broad peak of intensity corresponding to 

seven hydrogens without any structure due to 1 H- 11 B 

coupling. A spike of impurities was also observed in 

the broad peak. 

(c) Disubstituted octahydrotriborate ions. 

The 1 H{"Bj n. m. r. spectra of [B H (CI) - in 36 21 * 

CDCI 3 obtained with off-resonance or continuous wave 

specific frequency irradiation of the 11 B resonances are 

given in Fig. 4.11. The IH ý'B, 
off resonance 

I 
spectrum 

showed a broad band (S = 2.57 ppm) corresponding to six 

hydrogens with respect to the thirty hydrogens in the 

[N(PPh 
3)21+ counter-ion (S =, 7.5 ppm). The proton 
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spectrum resulting from irradiation of the unique unsub- 

stituted boron atom, B(I) [Fig. 4.11(b)] shows a 

HH 
\1 

"I-- 
B 

HH 
cl / 

"'ýB 
-B 

23 
H cl 

resonance of relative 

intensity of six equiv- 

alent hydrogens with fine 

structure corresponding 

to coupling to the re- 

maining two boron atoms, 

B(2) and BM. The 

coupling pattern was dis- 

torted from the theoreti- 

cal 1: 2: 3: 4: 3: 2: 1, prob- 

ably as a result of a quadrupolar relaxation effect. 

On irradiating the substituted boron atoms, B(2) and 

B(3), the remaining coupling of the six equivalent 

hydrogens with boron atom B(l) would be expected to be a 

1: 1: 1: 1 quartet. However, it is shown in Fig. 3.11(c) 

that the quartet has collapsed to a broad doublet with 

an apparent coupling constant of 65 Hz. 

The IH ý'B, broad band] n. m. r. spectra of 

IB3 H 6( Cl)(NCS)]- in CDC1 3 at 3030K and 2200K each showed 

a single resonance of six hydrogens at 6=2.30 ppm. 

The specific frequency irradiation at each unique boron 

did not reveal any structure resulting from I H- 11 B 

coupling. 

The lH elB, broad bandj n. m. r. spectrum of 

[N(PPh 
3)2 

][IB 
3H6(0l) 

(NO )12 Ag] in CDC 13 showed proton 

resonances at 6=7.5 ppm with relative area thirty and. 
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Aa 

32 ppm 

Fig. 4.11.360 MHz 1H 01B) 
n. m. r. spectra of [B 

3 H6(01)21- 

in CDC1 3 (a) off-resonance, (b) irradiation of the 

unsubstituted boron and (c) irradiation of two 

substituted borons. 
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at 4=2.24 ppm with relative area twelve which 

corresponded to the hydrogens in [N(PPh 
3)21+ and those 

in the [IB 
3H6 

(Cl)(NC )32 Ag]- anion. The specific fre- 

quency irradiation at each unique boron did not show any 

fine structure attributable to coupling between hydrogen 

and boron. 

The relevant 
IHn. 

m. r. parameters for the octa- 

hydrotriborate derivatives are presented in Table 4.2. 

4.2.3 Discussion 

(a) Quadrupolar relaxation. 

Observation ofý 
11 B n. m. r. spectra of di- 

substituted octahydrotribDrate (-l) ions and 
IHn. 

m. r. 

spectra of the octahydrotriborate (-l) ioný and its 

monD- and disubstituted derivatives reveals that 

previously reported effects of substituents and solvent 

polarity on quadrupolar relaxation 
141 

also apply to 

these studies. The effect of substituents, shown in 

the 1Hn. 
m. r. spect. ra of [B 

3H7 
(Cl)]- and [B 

3H7 
(NCBH 

3 
T, 

is that greater quadrupolar relaxation was observed in 

[B 
3H7 

(NCBH 3 
)]- than in [B 

3H7 
(Cl)]-. This is in 

agreement with previous studies of the 11 B n. m. r. 

spectra of these compounds. The effects of solvent 

polarity are demonstrated in the 11 B n-m. r. 6pectra of 

IB3 H6 (CI) 2 
]- and the 1Hn. 

m. r. spectra of IB3 H7 (CIT in 

different solvents such as CD 3 CN or CDC1 Y The results 

support previous observation that greater quadrupolar 

relaxation was found in the less polar solvent, CDC1 3* 
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I 
Table 4.2. H N. m. r. Data for Octahydrotriborate 

Derivatives at 115.5 MHz. 

Compound H)/ppm J1 11 
/Hz Solvent 

H- B 

[B 
3H 131- +0.175 

1 H- 11 B= 32.7 CD 3 CN 

1 H- 10 B= 10.96 

[B 
3H7 

(CIT +1.46 H-B(3) = 18.0 

H-B(1,2) =25.0 

CD 3 CN 

[B 
3H7 

(cl)]- 

[B 
3H7 (NCS)]- (a) 

[B 
3H7 

(NCO)]- 

[B 
3H7 

(NCBH 3T 

+1.63 

+1.4 

+1.22 

+1.5 H-B(3) = 25.2 

H-B(1,2) =36 

H-B(4) =90 

CDCI 

CD 3 CN 

CDC1 3 

CD 3 CN 

[B 
3H6 

(Cl) 21- +2.57 H-B(I) = 65 CDC1 3 

[B 
3H6 

(Cl)(NCS)]-, +2.30 CDC1 3 

[IB 
3H 6(Cl) 

(NC )J2 Ag]- +2.24 CDCI 3 

(a) at 303 and 220 OK. 



168. 

In general, a comparison of the 11 B or 
IH 

n. m. r. spectra of [B 
3H7 (Cl)]- with those of [B 

3H 6((: 1 )21- 

and the spectra of [B 
3H7 (NCS)]- with those of 

IB3 H6(Cl )(NCS)]- showed that the quadrupolar relaxation 

effect is greater in disubstituted derivatives than in 

monosubstituted derivatives. Obviously this was due to 

the additional substituentg Cl-. The chlorine atom (I 

= -1) possesses an electric quadrupole moment which 
,2 
causes fluctuating electric-field gradients and 

therefore possibly increases the rate of relaxation of 

boron or proton nuclei. Furthermore, an addition of 

chlorine atom to the molecule increases the size of the 

molecule such that the tumbling motion of the molecule 

in solution is reduced and the electric-field gradients 

around boron or proton nuclei become more effective and 

thus intensify quadrupolar effects. 

(b) Coupling constants. 

The 11 B- 1H 
coupling constants observed in the 

11 B n. m. r. spectra of [B 
3H 7(X)]- 

(X = Cl-, NCS-, NCBH 31 

NC- 
(a) ) were reported 

141 to be in the range of 38.0-40.0 

Hz. However, in this work, the coupling constants 

measured from the 
1Hn. 

m. r. spectra appeared to be 

different from one anion to anotherg and even in an 

individual anion the coupling constants resulting from 

protons coupling with different borons were different 

(Table 4.2). It can be seen that in 
1Hn. 

m. r. spectra 

of [B 
3H7 

(Cl)]- and [B 
3H7 

(NCBH 
3 

)]-, the 
1 

H- 
11 B coupling 

constants observed are smaller than those observed in 

Footnote (a) in [JB3 H7 (NC 12 Ag]- complex. 
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11 B n. m. r. spectra whereas in the IHn. 
m. r. spectra of 

[B 
3H6 (Cl) 21-1 the 1 H- 11 B'coupling cons tant observed is 

larger than that'observed in 11 P n. m. r. spectrum. The 

discrepancies possibly could arise as a result of 

several factors. (a) The data were obtained from IH 

1 B, C-W-j spectra, in which one of the two boron 

resonances was irradiated with sufficient power to cause 

decoupling of the proton_s attached to that specific 

boron atom. It may not be possible experimentally to 

decouple one boron resonance without, simultaneously 

affecting the other, and as a result, any 
'H- 11 B 

coupling constants may be unreliable. It can be seen 

that the chemical shift difference between the boron 

resonances in [B3H7(NCBH3)]- is greater than those in 

either [B 
3 H7(Cl)]- or [B 

3H6 
(Cl) 

21-; as a result, the 

discrepancies in coupling constants obtained from the 

11 B and 
1 H[ 1 'BI 

n. m. r. spectra are found to be greater 

in [B 
3H7 

(Cl)]- and [B 
3H6 

(Cl) 21- than in (B 
3H7 

(NCBH 3 
)]-. 

Furthermore, the discrepancies are also found to be 

greater when resonance containing two equivalent boron 

atoms was irradiated than on irradiating that of the 

unique boron atom. (b) A further factor may involve 

the fluxional nature of the compounds. All the 

hydrogens are fluxional, and hence spin couple equally 

to all three boron atoms. The observed coupling 

constant must result from contribution to coupling 

involving all three atoms. If one or two of these are 

subsequently decoupled by double irradiation, then it is 



170. 

likely that the observed coupling constant to the 

remaining (unirradiated) boron atom will be affected. 

(c) Chemical shifts. 

Chemical shifts are affected by several factors 

such as diamagneticq paramagneticq anisotropic and 

solvent effects. Many approaches have been made to 

account for magnitude and direction of 
11 B chemical 

shifts. Good and Ritter 152 
considered 611B of tri- 

coordinated boron compounds as the sum of d- and Ir- 

bonding effects. The concept of Good and Ritter was 

extended by N6th and Vahrenkamp 153 
who included aniso- 

tropic effects for the various substituents, calculated 

from a correlation between the electronegativity of X in 

BX- and 
11 B chemical shifts. Thompson and Davis 154 

4 

tried to explain 
11 B chemical shifts in terms of ligand 

electronegativities and anisotropic effects. Lipscomb 

and coworkers 
155 tried to correlate and establish a 

theoretical basis for the 11 B shifts in the carba- 

boranes. So far there is no generally satisfactory 

theoretical treatment available. 

The assignments for the 11 B n. m. r. spectra of 

the disubstituted octahydrotriborate anions (Table 4.1) 

are based on the correlation of the chemical shifts of 

the parent anions - monosubstituted derivatives. Fig. 

4.12 presents a correlation diagram of the B chemical 

shifts of octahydrotriborate (-I) ion and its mono- and 

disubstituted derivatives. The substituent X in 

[B 
3H 7(X)I- splits the boron resonance in IB3H 

81- into two 



x x 

H H 

H F 

H cl 

H Br 

H NCO 

H NC 

H NCBH3 

H NCS 

Cl NC 

Cl NCBH3 

Cl NCS 

0 -10 -20 -30 PPM 

Fig-4-12. Correlation diagram of 
11 B chemical shift of [B 

3H6 xx 01 ]- anions. 
The length of the line is proportional to the number of boron atoms in the resonance. 
The thick lines represent resonances which carry substitutents. The thin lines 

represent resonances which carry hydrogens. 
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boron resonances. In general, the high field resonance 

is designated to boron that carries the substituent and 

the low field resonance is designated to the two unsub- 

stituted boron at, oms except For the cases of [B 
3H7 

(F)]- 

and [B 
3H7 (NCO)]-. The chemical shifts of the sub- 

stituted boron atom resonances in [B 
3H7 

(X)]- when X 

F Cl Br agree with the order of the electro- 

negativity F- > Cl- > Br-. However the electro- 

negativity effect does not account for the fact that 

resonances of the unsubstituted boron atoms occur at 

lower field than that of the substituted boron atom 

(except for the case of [B 
3H7 (F)]- ). The 11 B chemical 

shifts are apparently dominated by paramagnetic shield- 

ing and anisotropic effects. In disubstituted derivat- 

ives, the effects are even more complicated to analyse 

qualitatively due to effects from two substituents. 

4.3 EXPERIMENTAL 

[N(PPh 
3)21+ salts of [B 

3 H131-1 [B 
3H 7(C')]-' 

[B 
3H7 

(NCý)J- and [B 
3H7 (NCBH 3T were prepared as 

reported 
27 

and [N(PPh 
3)21+ salts of [B 

3H6 (Cl) 23-1 
[B 

3H6 
(Cl)(NCS)]- and [tB 

3H 6( Cl)(NC )32 Ag]-were prepared as 

described in Chapter 2. CD 3 CN and CDC1 3 for n. m. r. 

spectroscopy were used as received. 

The n. m. r. techniques and the computer 

programme for the simulation of n. m. r. line shapes are 

described in Chapter 6. 



CHAPTER 5 

N. M. R. AND ELECTROCHEMICAL STUDIES 

OF [B 
10 H 13 

(L)]- ANIONS 
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5-. 1 INTRODUCTION 

There have been a number of studies on the 

n. m. r. spectroscopic properties, and on the electro- 

chemistry of closo-I nido-, and arachno-derivatives 

containing ten boron atoms. The 11 B n. m. r. spectra of 

closo-[B 10 H 10 
] 2-P 

nido-B 10 H 141 n'do-[BIO H 13]-' arachno- 

[BIOH141 2- 
and arachno-B 10 H 12 L2 are well estab- 

lished 1561124ý125,1269157,134ý132 but the spectra of 
158 

arachno-[B 10 H 13 Lj_ ions have been poorly described 

Similarly, the electrochemistry of [BlOHlO] 2- 
,B 10 H 141 

B 10 H 12 L2 had been studied 
95989990,91,92 

f but no data has 

been reported on JB 
10 H 13 L]-. In this work, the high 

field 11 B and 
1Hn. 

m. r. spectra of tetramethylammonium 

salts of [B,, 
OH13 

Q- anions have been investigated in 

detail and their electrochemical properties obtained 

from cyclic voltammetry, a. c. voltammetry and controlled 

potential electrolysis of [B 
10 H 13 (PPh 3 )1- and 

[B 
10 H 13 

(SMe 2T in different solvents. 

5.2 RESULTS AND DISCUSSION 

5.2.1 Preparations and NMR studies of IB 
10 H 13 L]-. 

(a) [B 
10 H 13 (PPh 3T 

[N(CH 
3)41 

[BlOH 
13(PPh 3)] was prepared as has 

been reported 
54 

with slight modification. B 10 H 14 was 

treated with NaH in ether to give NaB 10 H 13 which was then 

treated with PPh3 to give Na[BIOH 13 (PPh 3)] - The 

product was converted from the Na+ salt to one 
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containing the [N(CH 
3)41+ cation. -It was then 

recrystallized from acetonitrile-ether. 

The 11 B n. m. r. spectrum of [B 
10 H 13 (PPh 311 in 

CD 3 CN and its I Htl 1 BI n. m. r. spectra with broad band and 

specific frequency irradiation of boron resonances are 

presented in Fig. 5.1 and Fig. 5.2. The 11 B n. m. r. 

spectrum consisted of six boron resonances with relative 

area 1: 1: 2: 2: 1: 3 (see Table 5.1). The resonance at 

1 -27.1 ppm was a triplet of relative area one and the 

rest of boron resonances were doublets, indicating that 

there are nine BH groups and one BH 2 group in 

[B 
10 H 13 (PPh 3 

)]-. The 1 Ht 11 B9 broad band n. m. r. 

spectrum showed a resonance (J = -4.21 ppm) attributable 

to two bridge hydrogens (with respect to the resonance 

of twelve hydrogens in [N(CH 
3)41+1 

6=3. OB ppm). The 

1 HI 11 Bj n. m. r. spectra with specific frequency 

irradiation at each of the boron resonances appear to be 

useful in structural information. Irradiation of boron 

resonances at S= 
-17; 05 and -19.63 ppm resulted inline 

sharpening of the bridge hydrogens, and this indicates 

that these four boron atoms are related to these bridge 

hydrogens. They therefore must be B(5,71 81 10) 

(structure in Fig. 5.3). Information obtained therefore 

suggests that [BlOH 
13 

(PPh 
3T is isostructural to 

[B 
10 H 14 

]2-* Since the assignment of the low field 

doublet of relative area two in the 11 B n. m. r. spectrum 

of [BjOH 
141 

2- 134 
and the doublets of relative area 1: 1 

in the 
11 

B n. m. r. spectra of B 
10 H 12 

L2 132 
were B(2) and 
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Fig-5.2- 360 MHz 1H V1Bj 
n-m. r. spectra of [BlOH13 (PPh 3 )]- in CD 3 CN 

(a) 'Hý 'B3 
, (b) - (g) 'HI"Bj at boron resonances from low field to high field. 

(f) 
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PPh3 

Fig-5-3. The structure of the [B 
10 H 13 

(PPh 3T ion. 
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by treating [NBu n ][B H with [NB un3 [NCS] in 4 10 131 4 

dichloromethane. However, the reaction product was 

[B 
9H 141-* 

(c) [B 
10 H 131-* 

The 70.6 MHz 11 B 

[B 
10 H 131 in CH 3 CN had been 

11 B and 
1Hn. 

m. r. spectra 

re-examined for several p 

.Y 

n. m. r. spectra of [N(C 
2H 5)3 H] 

IY7 
assigned . In this work, the 

of [N(CH 
3)41 

[1310H 
13) were 

urposes: firstly to ensure 

that the starting material, [N(CH 
3) 41 

[BIOH 
1311 for the 

preparation of [B 
10 H 13 (NCS) ]2- was pure; secondly, for 

comparison with the 11 B and 
IHn. 

m. r. spectra of 

[BjOH 
13 

(SMe 2 
)]- which is discussed in sect. 5.2.1(d); 

thirdlyp it was not known why the 70.6 MHz n. m. r. 

spectrum of [BjOH 
131- in CH 3 CN showed that B(l) and BM 

were nonequivalent while B(2,4) and B(5,79 89 10) were 

magnetically equivalent if the structure was proposed as 

in Fig. 5.4(a), and it was thought that the 11 B n. m. r. 

spectrum obtained at higher field strength (115.5 MHz) 

might improve the resolution. Furthermore the 11 BI 1 HI 

n. m. r. spectra with specific frequency irradiation of 

boron resonances are quite informative for structural 

analysisý and it was hoped that the data would lead to 

the positions of bridge hydrogens in the structure. 

Howeverp it was a disappointment to find that the 

improved resolution in the 11 B'spectrum was not 

observed, and that the IH data was inconclusive. The 

115.5 MHz 11 B n. m. r. spectrum of [N(CH 
3)41 

[BlOH 131 in 

CD 3 CN was similar to that reported earlier. in that it 

I 
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Fig. 5.4(a) The proposed structure for the [BjOH 
13 

]-ion 

in solution. 

Fig-4.5(b) The possible structure for the [BjOH 
13 (SMe 

2 
ion In solution. 
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consisted of four doublets of relative area 2: 1: 5: 2. 

The 360 MHz 1Hn. 
m. r. spectrum showed two distinct 

bridge hydrogen resonances at -3.0 and -3.7 ppm with 

relative area 1: 2, the Hj llBj 
n. m. r. spectra with 

specific frequency irradiation were not structurally 

informative as no line-sharpening of bridge hydrogen 

resonances were observed to indicate the relationship 

between bridge hydrogens and boron atoms. The relevant 
11 B and 

IHn. 
m. r. data of [B 

10 H 131- are listed in Table 

5.3 and Table 5.4 respectively. 

(d) [B 
10 H 13 

(SMe 
2 

T. 

The reaction of B 10 H 14 with NaH in SMe 2 

resulted Na[BjOH 13( SMe 2)? 
B* This was then treated 

with [N(CH 
3)43C' in water to give[N(CH 3)41 

[B 
10 H 13 (SMe 2 

The 11 B n. m. r. spectrum of [N(CH 
3)41[B, ()H 3(SMe2)] 

in 

CD 3 CN is identical to that of Na [B 
10 H 13 

(SMe 
2 

)] in D20 

and is presented in Fig. 5.5. It comprised six doublets 

of relative intensities 1: 4: 2: 1: 2. The 1 Hi 11 B, off- 

resonance3n. m. r. spectrum exhibited a bridge hydrogen 

resonance at -6 = -3.9 ppm of relative area three with 

respect to the resonance of methyl groups. The 

1 Hi 11 BI n. m. r. spectra with specific frequency 

irradiation did not give information about the posit- 

ion of bridge hydrogens and although it provided 

the chemical shifts of hydrogen atoms, attached to 

baron atoms, the hydrogen of B(3 or 1) was not 

observed, or obscured by other signals. These IH 
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CD 

115.5 MHZ 11 B n. m. r. spectrum of [BjOH 
13 

(SMe2 

-20 -30 PPM 
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Table 5.3 115.5 MHz 11 B N. m. r. Spectral Data for 

(A) = [B and B= [B H (SMe )]- in CD CN 10 b3 10 13 23 

S(l, B)/ppm i (B-4 Hz Assignment 

(A) (B) (A) (B) 

+ 8.75 -21.45 142 151 6,9 

+ 1.11 + 0.89 12B 123 1 or 3 

- 3.53 -24.8 134 147 3 or I 

- 3.53 -10.34 134 132 59798,10 

-33.72 -29.74 141 123 2,4 
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chemical shift data are listed in Table 5.4. 

The 11 B and 
1Hn. 

m. r. spectra of [B 
10 H 13 

(SMe 
2T 

are different from'those of (B 
10 H 13 (Py)]-, [B 

10 H 13 
(NEt 

3T 

and [B 
10 H 13 

(PPh 
3 )]- in that there is no triplet in 

the B n. m. r. spectrum to show the existence of the 

BH 2 group, and the I HI 11 B)n. m. r. spectrum on irradiating 

B(5,79 8,10) did not exhibit line sharpening of the 

bridge hydrogen resonance. Therefore the structure of 

[BIOH 
13( SMe 2T must be different from that shown in Fig. 

5.3. A comparison of the n. m. r. spectra of 

[BlOH 
13 

(SMe 2 )]- with those, of [B 
10 H 131-9 shows them to be 

quite similar. The 11 B n. m. r. spectra showed simi- 

larities in chemical shift range and resonance patterns. 

The 1Hn. 
m. r. spectra suggested that there are three 

bridge hydrogens in both anions but unfortunately no 

information concerning the hydrogen bridge positions 

could be obtained. The assignment of the 11 B n. m. r. 

spectrum of [B 
10 H 13 (SMe 2 

)]_ is therefore based on the 

157 
established assignment for [B 

10 H 131- The possible 

structure of [B 
10 H 13 

(SMe 
2 

)1- which agreed with the 

n. m. r. data isshown in Fig. 5.4(b). Addition of the 

SMe 2 group to the [B 
10 H 131- cage by the sulphur atom 

bridging the B(6) and B(9) positionst maintained the 

symmetry of the Bl. cage. Therefore the resonance 

pattern of the 11 B n. m. r. spectrum of [B 
10 H 13 (SMe 2T is 

similar to that of [B 
10 H 13]- although the chemical 

shifts of B(6,9) and B(5,7,8,10) changed greatly. 

The resonances due to B(I) or BM in [B 
10 H 131- and 
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[B 
10 H 13 (SMe 2 )]- showed unusual behaviour: firstly, as 

mentioned earlier, the borons are non-equivalent while 

B(2) and B(4) are equivalent, as are B(5,7,8,10); 

secondly, the chemical shift of one resonance (either 

B(I) or B(3) changed greatly from IB 
10 H 131- to 

B 10 H 13 (SMe 2T while the chemical shift of the other was 

not significantly changed; and thirdly, the chemical 

shift of the proton attached to the boron which had the I 

larger change in chemical shift failed to be detected in 

both anions. 

5.2.2 Electrochemical Studies of [B 
10 H 13 (PPh 3 )]-. 

The electrochemical properties of [BlOH 
13 (PPh 3T 

in acetonitrile were studied using the techniques of 

cyclic voltammetry, a. c. voltammetry and controlled 

potential electrolysis. Attempts were made to prepare 

metallaboranes by the anodic dissolution of some re- 

active metals in acetonitrile solutions of[BlOH 13 
(PPh 

3 

The cyclic and a. c. voltammograms of[B 10 H 13 
(PPh 

3T in 

other solvents for example, 1,3-dioxalane, dichloro- 

methane and tetramethylurea were also obtained. 

(a) Cyclic and a. c. voltammetry. 

In acetonitrile. 

I Cyclic d. c. and a. c. voltammograms of 

IBIO H 13 (PPh 3 )]- at a Pt electrode in acetonitrile con- 

taining [NBu 
4 

n] [BF 
41 (0*1 mol dm_ 3) 

as supporting 

electrolyte are given in Fig. 5.6. The cyclic d. c. 

voltammogram showed oxidation waves at -0.4 and +0.74 V 
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0 

4 

400, v-A 

0 
(a) 

200 Hz a. c. 

30 mV pp 

(b) 

-1.0 0 +1.0 v 

Fig-5-6. (a) Cyclic voltammogram (scan rate 0.5 VS-1) and 

(b) A. c. voltammogram (scan rate 0.05 VS- of 
[B, 

OH, 3 
(PPh 3 )]- in 0.1 M, Bu 4 NBF 4 

/CH 
3 CN 
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and less well defined waves at higher potentials. The 

cyclic a. c. voltammogram exhibited a better resolution 

of the electrochemical processes than the cyclic d. c. 

voltammogramp and revealed that the electrochemical pro- 

cesses were approximately reversible. The oxidation 

waves at -0.12, +0.72, +0.96 and +1.34 V observed on the 

forward scan were considered to approach electrochemical 

reversibility since the width at half-height of the 

peaks was ca. 180 mV. (expected < 90 mV for a fully 

72 
reversible reaction) The potentials of the waves 

were only slightly shifted (., <20 mV) on the reverse scan 

which also is in agreement with reversibility as in, 

for example, the previous studies of the cyclic a. c. 

voltammogram of cis-[Mo(CO) 2 (DPE) 21 in which a separat- 

ion in peak potential of approximately 15 mV in the for- 

159 
ward and reverse scans was observed In the cyclic 

a. c. voltammogram an the reverse scan, the waves at -0.11p 

+0.70ý +0.98 and +1.34 V showed decreases in peak heights 

which probably resulted from the slow scan rate allowing 

oxidised species at the electrode surface to diffuse 

away; however, the first oxidation wave (-O. ll V) showed 

a greater decrease in peak height on the reverse scan, 

and this must be due to chemical steps following the 

electrochemical step which resulted in the concentration 

of the oxidised species being greatly reduced at the 

electrode surface. In addition, there was evidence for 

a chemical step preceding the first electrochemical pro- 

cess in that the first oxidation was not present in 
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other solvents. Although the [B 
10 H 151- species was 

found to be electroinactive at mercury in acetonitrile 
9.1 

there is evidence to suggest that the [BjOH 
13( PPh 3T 

anion reacted with the coordinating solvent, CH3CN' to 

give [BIOH 
13 (PPh 3) (CH 3 CN)]- before the electrochemical 

step occurred. 

Firstly, the cyclic voltammograms of 

[B, 
()H 13 

(PPh A -at Pt in less polar solvents such as 

1,3-dioxalaneg dichloromethane or tetramethylurea 

[sect. 5.2.2(a) (ii)(iii) and (iv)] showed the first - 

oxidation wave at 0.68,0.70 and 0.80 V respectively. 

These were possibly the oxidation potentials of the 

[B 
10 H 13 (PPh 3 )]- anion in each solventq whereas the volt- 

ammograms of [B 
10 H 13 (PPh 3T in acetonitrile exhibited a 

lower oxidation potential at -0.4 V which probably re- 

sulted from oxidation of a less stable species, e. g. 

[B 
10 H 13 

(PPh 3 
XCH 3 CN)]-. The second oxidation wave at 

0.74 V probably resulted from further oxidation of the 

oxidation productq [BlOH 
12 (PPh 3) (CH 3 CN)]. This product 

was isolated from the controlled potential electrolysis 

[sect. 5.2.2(c)] at a Pt electrode of [BlOH 
13 (PPh 3)1- 

in acetonitrile at potentials between -0.4 V to 0.0 V. 

This involved overall a one-electron oxidation. 

Secondly, the [BIOH 
13 (PPh 3 )Y anion was slowly 

oxidised to give 1BlOH 
12(PPh 3)(CH 3 CN)Ion , 

prolonged stand- 

ing in air for several months, and the oxidation could 

possibly take place via [B 
10 H 13 

(PPh 3 
XCH 3 CN)]-' which 

arose from recrystallisation of [N(CH 
3)41 

[B 
10 H 13 (PPh 3)] 
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from acetonitrile-ether. The analysis of 

[N(CH 
3)41 

[BlOH13( PPh 3)] after recrystallisation from 

acetonitrile-ether corresponds best to 

[N(CH 
3)41 

[B 
10 H 13 (PPh 3 )]. ICH 

3 CN although the data for C 

were significantly low. These processes can be summar- 

ised as follows: 

B 10 H 13 (PPh 3+ CH 3 CN B 10 H 13 
(PPh 3) (CH 3 CN) I- 

(5.1) 

B 10 H 13 ( PPh 3) (CH 3 CN)l [B 
10 H 13 (PPh3 ) (CH 3 CN) 

(5.2) 

[B 
10 H 13 

(PPh 3 MCH 3 CN)]o [BjOH 
12 (PPh 3) (CH 3 CN)] + H* 

(5.3) 

B 10 H 12 
(PPh 3) 

(CH 3 CN) I T- 
[B 

10 H 12 (PPh 3 XCH 3 CN)I* +e 

(5.4) 

Equations (5.1) to (5.3) described first oxi- 

dation step, the product of which underwent the second 

oxidation step described in equation (5.4). 

(ii) In 1,3-dioxalane. 

The cyclic d. c. voltammogram of [Bl, Hl3(PPh3)] 

at platinum in 1,3-dioxalane containing [NBu 
4 

n] [BF41 (13*1 

mol dm- 3) 
as supporting electrolyte between the cathodic 

and anodic limits of -1.5 V and +1.5 V is shown in Fig. 

5.7. Oxidation waves near +0.68 V and +0.84 V and 
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reduction waves near 0.0 V and -0.7 V were observed. 

When the anodic potential limit was decreased, the, re- 

duction wave near 0.0 V was smaller until at the limit 

of +1.0 V, the decreased current of the reduction wave 

gave rise to a better resolution in the electrochemical 

process of the second oxidation wave (at 0.84 V). The 

second oxidation wave was then found to be reversible 

(Fig. 5.8). When the cathodic potential limit was 

adjusted to more positive than the reduction wave at -0.7 

V, the second oxidation wave (0.84 V) was less pronounced 

indicating that the electrochemical oxidation process at 

this potential was associated with the reductant pro- 

duced at -0.7 V. The electrode processes of 

IB 
10 H 13 (PPh 3 )]- in 1,3-dioxalane are complex; further- 

more, controlled potential electrolysis had not been 

studied due to the poor solubility of [N(CH 
3)41- 

1B 
10 H 13 

(PPh 3)] in 1,3-dioxalane. As a result, detailed 

electrochemical mechanisms are not proposed. However, 

the electrode processes in 1,3-dioxalane must be differ- 

ent from those in acetonitrile since the voltammograms 

are different. 

(iii) In dichloromethane. 

Cyclic voltammograms of IB 
10 H 13 (PPh 3T at a 

Pt electrode in dichloromethane containing [NBu 
4n 

][BF 
41 

(0.1 mol dm- 3) 
as supporting electrolyte are shown in 

Fig. 5.9. Fig. 5.9(a) and Fig. 5.9(b) showed the trace 

of the first scan and traces of three cycles after the 

first scan respectively. The oxidation wave near +0.9 V 
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-1 OV 0 +1 OV 

Fig. 5.8. Cyclic voltammograms (scan rate 0.5 VS- 1) 
of 

[B 
10 H 13 

(PPh 
3 

)]- in 0.1 M Bu 4 NBF 4 
/1,3-dioxalane. 
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20, "A 

-0 

-1 OV 0 +1 OV 

Fig-5-9. Cyclic voltammograms (scan rate 0.5 VS-1) of 

[B 
10 H 13 

(PPh 3 
)]- in 0.1 M Bu 4 NBF 4 

/CH 
2C12 

(a) First trace and (b) Second, third and fourth 

traces. 
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shown in Fig. 5.9(b) was not observed on the first scan 

indicating that the species being'oxidised must have 

resulted from the oxidation of a slow chemical reaction 

product arising from the first oxidation at the potential 

0.7 V. Changes of either anodic or cathodic potential 

limits did not alter the oxidation or reduction waves. 

The voltammograms showed that the electrode processes of 

[B 
10 H 13 (PPh 3 )]- in dichloromethane are again different 

from those in acetonitrile or 1,3-dioxalane. 

In tetramethylurea. 

Cyclic and a. c. voltammograms of [BIOH 
13 (PPh 3T 

at a Pt electrode in tetramethylurea containi, ng [NBu 
4 

J[BF 
41 

(0.1 mol dm -3 as supporting electrolyte are given in 

Fig. 5.10. Oxidation waves at 0.80 V and 1.24 V and 

reduction waves at 0.2 V and -0.32 V in the cyclic volt- 

ammograms corresponded to oxidation waves at 0.84 V and 

1.28 V and a reduction wave at 0.2 V in the a. c. volt- 

ammogram. When the cathodic potential limit was adjust- 

ed to a less negative potential, the oxidation waves 

were not affected. Howeverv when the anodic potential 

limit was -lowered from 1.5 V to 1.0 V, 'the reduction 

waves were less pronounced. These indicated that the 

first oxidation wave at 0.80 V must have resulted from 

oxidation of [BlOH 13 (PPh 3)1-; The unstable oxidised 

species formed probably then underwent a chemical step 

to produce a more stable species, which, in turn, was 

oxidised at 1.24 V. The oxidation product at 1.24 V 

probably underwent further chemical steps to produce 
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100/4AA 

0 (a) 

200 Hz a. c. 

20 mV pp 

(b) 

-1 OV 0 +1 OV 

Fig-5.10. (a) Cyclic voltammogram (scan rate 0.5 VS- and 

A. c. voltammogram (scan rate 0.05 VS- 1) 
of 

[B 
10 H 13 

(PPh 
3 

))- in 0.1 M Bu 4 NBF 4 /TMU. 
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products which were reduced at 0.2 V and -0.32 V. 

Apparently, the electrochemical processes taking place 

in tetramethylurea are again different from those in 

acetonitrile, 1,3-dioxalane or dichloromethane. 

(b) Anodic behaviour of transition metal. 

The anodic behaviour of transition metals in 

acetonitrile solution of IB 
10 H 13 

(PPh 
3T was evaluated 

in order to find out which metals were suitable as 

anodes for the electrochemical preparation of metalla- 

borane complexes. The behaviour could be categorised 

in three types as described in Chapter 3, sect. 3.2.2. 

Type (a) are metals which are themselves inert 

but allow anodic oxidation of the anion. These are Pt 

(-0.16 V), Pd (-0.2 V) and V (+0.1). 

Type (b) are metals which are inert, yielding 

no products from either anodic dissolution or anodic 

oxidation of the anions. These are Ti, Nb, Zr, W, Ta, 

Au. 

Type (c) are metals which undergo anodic dis- 

solution. These are Cu (-0.6 V), Co (-0.3 V)q Ni 

(-0.2 V), Fe (-0.4 V), Zn (-0.5 V), Cd (-0.4 V). 

(c) Controlled potential electrolysis. 

Exhaustive electrolysis at platinum of an 

'acetonitrile solution of IB 
10 H 13 (PPh 3 )]- was carried out 

at potentials between -0.24--+O. D V and overall one- 

electron oxidation was involved. The product,, character- 

ized by analysis of its 11 B and 
1Hn. 

m. r. spectra, was 

IB 
10 H 12 

(PPh 3 
MCH 3 CN)J. The 11 B n. m. r. spectrum of 
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[1310H 
12 (PPh 3 MCH 3CN)] shown in Fig. 5.11 consisted of 

five doublets of relative intensities 1: 1: 4: 1: 2 and a 

triplet of intensity one which resulted from B-H and 

B-P couplings. The 11 BJ'Hln. m. r. spectrum confirmed 

the existence of the B-P coupling (J 
B-Pm 120 Hz). The 

assignment of the 11 B n-m-r- spectrum of [B 
10 H 12 (PPh 3) 

(CH 3 CN)) is listed in Table 5.1 and is similar to that 

of [B 
10 H 13 (PPh 3 

T. Therefore it is isostructural with 
2- [B 

10 H 141 The triplet due to the BH 2 group at B(9) 

of [BlOH 
13 

(PPh 3T 
(Fig. 5.3) was replaced by a doublet 

due to substitution of CH 3 CN at the B(9) position to 

give [B 
10 H 12 

(PPh 3 
)(CH 

3 CN)] - The B(5,7) and B(8,10) 

positions became magnetically equivalent, the B(6) and 

B(l, 3) positions were resolved, and therefore coupling 

of B(6) to phosphorous of nuclear spin j was observed in 

[B 
10 H 12 

(PPh 3 XCH 3 CN)]. This confirmed the assignment 

of the 11B 
n. m. r. data of [B 

10 H 13 (PPh 3 )]- where the 

doublet of B(1,3) was superimposed on the triplet of 

B(6) and therefore B-P coupling was not observed. The 

IH ý'Bj 
n. m. r. spectra with specific frequency irradi- 

ation of the boron resonances of rB,, H,, (PPh, )(CH, CN)l is 

presented in Fig. 5.12. They appeared to be similar to 

those of [B 
10 H 13 

(PPh 3)]- in that irradiation of the 

B(59 7v 8v 10) resonances resulted in line sharpening of 

the two bridge hydrogen resonances, and on irradiating 

B(2) resonance, long range H(2)-P coupling of J H-P = 24 Hz 

was observed. The large peak at S=2.25 ppm was thought 

to be due to water; when it was removed by subtracting 
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Fig-5-12.360 MHz 1H 01Bý 
n. m. r. spectra of [B 

10 H 12 
(PPh 

3 )(CH 3 CN)] 

in CD 3 ON. (e) lln' ý'Bj 
, (b) - (g) lH 01B3 

at boron 

resonances from low field to high field. 

1.0 0 -1.0 
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the off-resonant signal, the proton resonance of B(4) 

was revealed at S= 2.16 ppm rather than at 6=2.25 
ppm. 

Peaks at 
6=1.98 

ppm and 7.5 ppm were due to CD 2 HCN and 

PPh 3 respectively. A peak at 6= 4.73 ppm was probably 

associated with the boron resonance at 
6= 20 ppm. - 

The electrolysis of an acetonitrile solution 

of [B 
10 H 13 (PPh 3T at a copper anode proceeded at potent- 

ials between -0.6 V-i-0.2 V. The weight loss of the 

copper anode was consistent with copper entering the 

solution as Cu(I). The 80.24 MHz 11 B n. m. r. spectrum 

of the product was similar to that of [B 
10 H 13 

(PPh 
3T 

except that the triplet due to BH 2 group of the B(9) 

position had shifted from -28.6 ppm to -30.7 ppm. This 

could possibly have resulted from a weak interaction 

between hydrogens of BH 2 and Cu(I). However the inter- 

action was not strong enough to form the 
ýfB, 

H, RPh, )l 

Cu (CH 3 CN) 2ý complex. A similar experiment was carried 

out with the addition of two equivalents of PPh 3 to the 

anode compartment. The product obtained appeared to 

have a similar n-m. r. spectrum. 

The eletrolysis of an acetonitrile solution of 

[B 
10 H 13 

(PPh 3T at a nickel anode proceeded, at a potent- 

ial of -0.4 V. The weight loss of the nickel anode was 

less than that required for Ni---> Ni(II). - Therefore 

either Ni(III) formed or else oxidation of the anion 

occurred. It had been shown2o that Ni(III) and Ni(IV) 

species could be formed by-anodic oxidation of nickel 

metal in hydrogen fluoride solutions at high potentials 
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(10-35 V). T. herefore, it is likely that nickel entered 

the Solution as Ni(II) and the anion was oxidised at the 

Ni anode as well as by Ni(II). The product identiýied 

by its 11 B n. m. r. spectrum was [B 
10 H 12 

(PPh 
3 (CH 

3 CN)]. 

The electrolysis of an acetonitrile solution of 

B 10 H 13 (PPh 3 )1- at a zinc anode proceeded at potentials 

between -0.3 V---., *-0.17 V. The weight loss of the zinc 

anode was consistent with zinc entering the solution as 

Zn(II). The product identified by its 11 B n. m. r. 

spectrum was [B 
10 H 12 (PPh 3 )(CH 3 CN)]. The[B 10 H 13 (PPh 

3T 

anion was probably oxidised by Zn(II). A similar ex- 

periment was carried out with the addition of two equiv- 

alents of PPh 31 the products characterized by their 11 B 

n. m. r. spectrum were [B 
10 H 12 (PPh 3 XCH 3 CN)] and a little 

of[B 10 H 13 
(PPh 3)1-* 

5.2.3 Chemical Oxidation of IB 
10 H 13 (PPh 

3 
T. 

Electrochemical studies of [B 
10 H 13 (PPh 3T 

have shown that the BH 2 group at the B(9) position was 

readily oxidised. Anodic dissolution of Cu, Ni or Zn in 

acetonitrile solutions of [BlOH 
13 (PPh 3)j- did not give 

the desired metallaborane complexes, but instead, the 

anion was oxidised at the Ni anode and by Ni(II) and 

Zn(II) generated electrochemically to give 

[B 
10 H 12 (PPh 3)(CH 3CN)], or showed a weak interaction 

between BH 2 group and the electrochemically generated 

CU(I). The chemical oxidation of [BlOH 
13 (PPh 3T was 

therefore studied for comparisoný 
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(a) The reaction of [BlOH 
13 (PPh 3)1- with CuCI. H 2 0. 

The reaction of IB 
10 H 13 (PPh 3 )]- with CuCI. H 20 

with the addition of PPh 3 in acetonitrile yielded a mix- 

ture of [B 
10 H 13 

(PPh A_ and [B 
10 H 12 (PPh 3 XCH 

3 CN)](ca. l: l 

ratio in 7 hr. of stirring). Therefore Cu(I) slowly 

oxidised [B 
10 H 13 (PPh 3)]_ 

(b) The reaction of IB 
10 H 13 (PPh 3 )]- with NiSO V 6H 2 0. 

The reaction of [B 
10 H 13 (PPh 3 )]- with NiSO 4* 6H 20 

in acetonitrile showed that [B 
10 H 13 (PPh 3 )]- was not oxi- 

dised by Ni(II) within 20 hr. This could possibly be 

due to the solvent effect in that Ni(II) was coordinated 

with H20. 

(c) The reaction of [B,, 
)H 13 (PPh 

3T with H 92C'2* 

Reactions of H 92X2 with [B 
3H 81- or[B 9H 121- had 

previously given rise to (B 
3H7 

(X)]- or (B 
9H ll(X)3-V 

279160 [B 
9 HIO(X)21- , and B 18 H 22 respectively It was 

therefore anticipated that [B 
10 H 13 (PPh 3 )Y with H 92C12 

might lead to [B 
10 H 12 (Cl)(PPh 3 )1- or substituted higher 

boranes. This did not occur, and instead, [B 
10 H 12 

(PPh 
3) 

(CH 3 CN)]or B9H 13 
[PPh 

31 were obtained when these reactions 

were carried out in acetonitrile or dichloromethane 

respectively. The 115.5 MHz 11 B n. m. r. spectrum of 

B9H 13 
[PPh 

31 in CDC 13 is shown in Fig. 5.13. It com- 

prised two broad doublets with relative intensities of 

1: 2 which assigned to B(7) and B(6, B), three doublets of 

relative intensities 1: 2: 2 which assigned to B(l), 

B(5j 9) and B(2,3) and a triplet resulted from B-H and 

B-P coupling of relative intensity one which assigned to 
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PPh3 

Tig-5-14. The structure of B9H 13,1 PPh 31, 
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B(4) attached to PPh 3* These assignments are based on 

the well established results for B9H 13 L 140,161 [L = CO, 

CH 3 CN, SMe 2' SE t2 * The structure of B9H 13 
[PPh 

33 shown 

in Fig. 5.14 is derived from the crystal structure of 

B9H 13 
[CH 

3 CNI 162 
. The lH 

n. m. r. spectrum of B9H 13 
[PPh 

33 

supported the 11 B n. m. r. data and is consistent with 

the 1Hn. 
m. r. data for B9H 13 L. It contained a resonance 

attributable to two bridge hydrogens at a chemical shift 

of -3.09 ppm and the resonance of the bridge hydrogens 

was sharpened on irradiating B(5,9), and to a lesser 

extent on irradiating B(6, B). This implied that these 

borons were associated with the bridge hydrogens. The 

11 B and 
1Hn. 

m. r. spectral data for B9H 13 
[PPh 

31 are 

listed in Table 5.5. 

(d) The reaction of [B 
1OH13 (PPh A with HC1. 

Reactions of [B 
10 H 13 (PPh 3 )]- with HC1 in di- 

chloromethane led to B9H 13 
[PPh 

31 in lower yield than that 

obtained with H 92C'2* It had previously been shown 

that 
54 

reaction of [B 
10 H 13 

(X)]- with HCl in acetonitrile 

or diethyl sulfide yielded [B 
10 H 12 (X)(CH 3 CN)j or 

[B 
10 H 12 

(X)(SEt 2 )] respectively whereas treatment of 

[B 
10 H 13 

(X)]- with aqueous acid solutions resulted in 

B9H 13 X. The reaction products are therefore dependent 

on solvent. 
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Table 5.5 11 B and 
IHN. 

m. r. Spectral Data for BgH13[PPh 33 

6 11 B/Ppm i B-H /Hz 61H Terminal/ppm 61H Bridge/ppm Assignment 

+19.8 b - 4.17 -3.09(2) 7 

+ 4.8 d 145 2.76 1 

-13.7 d 139 1.91 5,9 

-20.8 b - 2.04tO. 23 6,8 

-35.1 t JB-P = 120 0.03 4 

-37.6 d 147 0.47 2,3 

b= broad; d= doublet; t= triplet 
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5.2.4 Electrochemical Studies of [BlOH 
13(SMe 2 

(a) Cyclic and a. c. voltammetry. 

(i) In acetonitrile. 

Cyclic and a. c. voltammogr 
. 
ams of [BIOH 

13( SMe 2T 

at a Pt electrode in acetanitrile containing [NBu 
4n 

][BF 
41 

(0.1 mol dm- 3) 
as supporting electrolyte are shown in 

Fig. 5.15. The cyclic voltammogram showed oxidation 

waves near 0.2B V, 0.44 Vv 0.62 V, O. B6 V and 1.2 V and 

reduction waves near -0.6 V and -1.1 V. The a. c. 

voltammogram showed oxidation waves at 0.28 V, 0.59 V, 

0.9 V and 1.3 V but reduction waves were not well defin- 

ed. When the anodic potential limit was decreased 

(Fig. 5.16)9 the reduction waves were less pronounced; 

however, the remaining oxidation waves were not affected 

which indicated that the reduction waves resulted from 

the oxidised species which were produced at higher 

potentials. When the cathodic potential limit was 

adjusted from -1.7 V to -1.1 V, the oxidation wave at 

0.44 V was not observed which indicated that the species 

being oxidised at 0.44 V resulted from the species re- 

duced near -1.3 V. When the cathodic p9tential limit 

was adjusted to 0.0 V, the oxidation wave near 0.28 V 

was not observed which implied that, the, s'pecies oxidised 

at 0.28 V was associated with species reduced near -0.6 V. 

These voltammograms are shown in Fig. 5.17. It is now 

quite certain that the first 
- 
oxidation potential of 

[BjOH 
13 (SMe 2 )]- is near 0.62 V,. The controlled potential 

electrolysis of [BjOH 
13 (SMe 

2T, pr oceeded at 0., 6 V 
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100 /"A 

(a) 
0 

100 Hz a. c. 

20 mV pp 

(b) 

-1 -7V -1.0 0 +1.7 

Fig-5-15. (a) Cyclic voltammogram (scan rate 0.5 VS- 1 
and 

(b) A. c. voltammogram (scan rate 0.05 VS- 1 
of 

[BjOH 
13 (SMe 2T in 0.1 M B'14 NBF 41 CH 3 CN. 
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0.6v 
, 

0-7V 

0. qv 

1.1v 

1 -3V 

-1.0v 0 +1. OV, 

Fig-5.16. Cyclic voltamm'ograms ('s6'a'n"'rate O. 
ý"5'VS- 

1) 
Of 

[B 
10 H 13(SMe2)1- in 0.1 M Bu 4 NBF 4 /CH 

3 CN. 
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0. ov 

-0.7V 

-1 . 1v 

-1 OV +1 . OV 

Fig-5.17. Cyclic voltammograms (scan ra. te_,. ý-. 5 VIS-1) of 

IB 
10 H 13 (SMe2 )- in 0.1 M Bu 4 NBF4/CH 3 CN. 
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[sect. 5.2.3(c)]. It was not complicated by the oxi- 

dation steps which had been observed near 0.28 V and 

0.44 V since the small waves at 0.28 and 0.44 V resulted 

from oxidation of species produced by the reduction wave 

at -1.3 V. This, in turn, was related to oxidations 

occuring at potentials above 1.0 V. The oxidation wave 

near 0.44 V was possibly due to unstable reduced species, 

since it was not observed in the a. c. voltammogram as a 

result of the slow scan rate. 

(ii) In 1,3-dioxalane. 

Cyclic and a. c. voltammograms of IB 
10 H 13 (SMe 2T 

at a Pt electrode in 1,3-dioxalane containing [NBu 
4 

n] [BF 
41 

(0.1 mol dm- 3) 
as supporting electrolyte are given in 

Fig. 5.18. The cyclic voltammogram showed an oxidation 

wave near 1.2 V-and a reduction wave near -0.7 V. The 

a. c. voltammogram was better resolved and showed three 

oxidation waves at 0.72 V, 1.1 V and 1.4 V, and a reduct- 

ion wave near -0.6 V. The voltammograms of 1B 
10 H 13 (SMe 2)] 

in 1,3-dioxalane are different from those in acetonitrile. 

and therefore the electrode processes would be expected 

to be different. 

(b) Anodic behaviour of transition, metals. 

I The anodic behaviour of transition metals in an 

acetonitrile solution of [B,, H 13 (SMe2)1- was character- 

ized in three types as desc'r'itýed i'n Chapter - 3, -.,. sect. 

3.2.2 and in this Chapter, sect. 5.2.2(b). 

Type (a) are those metals which gave rise to 

anion oxidation, e. g. Pt (0.4 V), Pd (0.10 0.6 and 1.0 V)q 

v (0. ov) . 
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Type (b) are those metals which were essentially 

inert, e. g. ' Ta, Ti, W, Zr, Mo, Nb. 

Type (c) are those metals which underwent 

anodic dissolution, e. g. Cu (-0.5 V), Co (-0.3 V), Ni 
I 

(-O. l V)q Cd (-0.8 V), Zn (-0.4 V). 

(c) Controlled potential electrolysis. 

Exhaustive electrolysis at platinum of an 

acetonitrile solution of [BlOH 
13 (SMe 2 

)]- proceeded at 

potentials between 0.3--*0.6 V and involved overall one- 

electron oxidation. The products identified by their 

11 B and 
11 BNJ n. m. r. spectra shown in Fig. 5.19 con- 

sisted of B9H 13 
[CH 

3 CNI (doublets of chemical shifts 17.6, 

5.59 -14.0 -20.10 -26.89 -38.3 ppm with relative intensi- 

ties 1: 1: 2: 2: 1: 2) 140 
as a minor component, a major com- 

ponent whose 115.5 MHz 11 B n. m. r. spectrum consisted of 

three doublets of relative intensities 2: 2: 1 at S= 12.6t 

1.1, -33.9 ppm which is similar to that of B 10 H 14 in 

CD CN 126 
whose 86.6 MHz 11 B n. m. r. spectrum consisted of 3 

three doublets of relative intensities 4: 4: 2 at cr = 11.2, 

-0.90, -35.3 ppm and borane or borate (4 = 20.6,20.9 ppm). 

The controlled potential electrolysis of an 

acetonitrile solution of [B 
10 H 13 (SMe 

2T at a copper 

anode proceeded at a potential of -0.4 V. The anode 

weight loss corresponding to copper entering the solution 

as CuM. The 11 B and 
11 BjlHj n. m. r. spectra of the 

crude products are given in Fig. 5.20. The products 

identified by their 11 B and 
11 BV6 n. m. r. spectra con- 

tained [B 
9H 141- (doublets of chemical shifts -6.8, -19.2, 
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-10 -20 PPM 

Fig-5.20.115.5 MHz 11 B and 
11 BjlHj n. m. r. spectra of 

electrolysis product of CB, 
0H 13 

(Sme 
2 at Cu 

in acetonýitrile. 



219. 

-22.4 ppm with relative intensities 3: 3: 3) 140 
and poss- 

ibly [1310H 
151- (doublets of chemical shifts -13.01, 

-18.5, -19.2, -22.3 ppm with relative intensities 

4: 2: 2: 2) which was identified by comparison with the 
11 B and 

11 BjlH3 n. m. r. spectra of Na IB 
10 H 151 in mono- 

glyme and by the comparison of the correlation diagram 

of the 70.6 MHz 11 B n. m. r. spectra of B 10 H 14' 
[B 

10 H 131-1 
1B 

10 H 15]- and IB 
10 H 14 

]2- (BF 
3* OEt 2) 

163 
with the 115.5 

MHz 11 B n. m. r. spectral data of B 10 H 14' 
[B 

10 H 131-' 
1B 

10 H 13 L] -, and IB 
10 H 151- obtained in CD 3 CN. 

5.2.5 Conclusion. 

X-ray diffraction studies of B9H 13 
[CH 

3 CN) 162 

[13 
9H 141- 

164 
and 

11 B and 
IHn. 

m. r. studies of [B9Hl4]- 

164(b), 165 [B 
9H 13 L] n 140 (n = 0, -1) had shown that the 

formal replacement of a ligand, L, by H need not always 

yield the analogous structure, whereas the structures of 
EB 

10 H 14 
]2- and B 10 H 12 L2 had been shown to be isostruct- 

134 11 1 
ural The 8 and H n. m. r. studies of [B 

10 H 13 L] 

derivatives revealed that IB 
10 H 13 (PPh3)] [BlOH 

13(PYT 

and [B 
10 H 13 

(NEt 
3 )]- are also isostructural to IB 

10 H 141 
2- 

and B 10 H 12 L 21 whereas IB 
10 H 13 (SMe 

2 )]- appeared to be 

structurally similar to [B 
10 H 131-* 

The cyclic and a. c. voltammetric studies of 
IB 

10 H 13 (PPh 3)j- and [B 
10 H 13 (SMe 2 )]- revealed that these 

anions underwent different electrode processes. The 

electrode processes of IB 
10 H 13 

(PPh 
3 

)]- were simpler than 

those of [B 
10 H 13 (SMe 

2T and were confirmed by the 
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controlled potential electrolysis at platinum in aceton- 

itrilep where one electron oxidation was involved in 

both anions. The electrochemical oxidation of 

[BIOH 
13 (PPh 3)1- led to [BlOH 

12 (PPh 3) (CH 3 CN)] whereas that 

of [B 
l'O H 13 (SMe 2 

)]- yielded B9H 13 
[CH 

3 CN] and a major 

component which possibly was B 10 H 14' 

The cyclic and a. c. voltammograms of 

B 10 H 13 (PPh 3 
)]- at a Pt electrode in various solvents 

such as acetonitrile, 1,3-dioxalane, dichloromethane and 

tetramethylurea were different, which implied th*at the 

electrode processes were different for each solvent. 

The controlled potential electrolysis of [1310H 
13 

(PPh 3T 

was carried out in acetonitrile but not in other sol- 

vents due to poor solubilities of [N(CH 
3)4 

][BlOH 
13 

(PPh 
3)1* 

Since the reaction products of the reactions between 

IB 
10 H 13 

(PPh 3 )]- and HC1 or H 92C12 were solvent depend- 

ent, it is likely that the electrochemical oxidation of 

IB 
10 H 13 

(PPh 3)] 
- in different solvents also yielded , 

different products. The limitation of the solubilities 

may be overcome by changing the cations of the salts 

from [N(CH 
3)41+ to [NB u4 nj+ or [N(PPh 

3)21+* 

5.3 EXPERIMENTAL 

5.3.1 General. 

B 10 H 14 was purchased from Callery Chemical 

Company and was purified by sublimation before use. 

[N(CH 
3)41 

[BlOH 
13 

(PPh 
3)] was prepared as reported 

54 

except that it was recrystallized from acetonitrile-ether. 
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[N(CH 
3)41 

[BjOH 
13 (SMe 

2)] and [N(CH 
3)41[ B 10 H 131 were pre- 

58,47 
pared as published All other reagents and CD 3 CN, 

CDC13' or D 2() for n. m. r. spectroscopy were used as 

received. 

The details of all electrochemical equipment, 

cell design and reagents and solvents for electro- 

chemistry are described in Chapter 6. 

5.3.2 Electrochemical Oxidation of JN(CH 
3)41 

[BIOH 
13 (PPh 

3)] 
[N(CH 

3)4 
][BIOH 

13 (PPh 3)] (0.0918 gt 0.2 mmol) 

was dissolved in CH 3 CN (15 ml) and placed in the anodic 

compar, tment of the cell. The cathodic compartment con- 

tained a solution of [NBu 
4 

n] [BF 
4](O'l mol dm- 3) in aceto- 

nitrile (15 cm 
3 Both working and secondary electrodes 

were Pt foil, and the reference electrode was Ag/AgN03 

(0.1 mol dm- 3) in acetonitrile. A potential of -0.24--+ 

0.0 V was applied to the working electrode. The curr- 

ent was 6 mA and fell to 0.1 mA after the passage of 

15.8 C (corresponding to 0.82 times that calculated for 

I e-). The colourless anolyte was evaporated under 

vacuum to dryness and the solid products were monitored 

by 11 B and 
1Hn. 

m. r. spectroscopy. 

5.3.3 Electrochemical Oxidation of [N(CH 
3)4] 

[1310H 
13 (SMe 

The conditions were similar to those described 

in sect. 5.3.2 except that [N(CH 
3)41 

[BlOH 
13 (SMe 

2)] 

(0.0388 g, 0.15 mmol,, ) was used. A potential of 0.3 

0.6 V was applied to the working electrode. The current 
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rose to a maximum of 16 mA and fell to 0.2 mA after the 

passage of 14.76 C (corresponding to 1.02 times that cal- 

culated for Ie oxidation). The anolyte was evapor- 

ated under vacuum to dryness and examined by 11 B n. m. r. 

spectroscopy. 

5.3.4 Anodic Dissolution of Copper in acetonitrile 

solutio 
.n 

of [N(CH 
3)41 

[BlOH 
13 (PPh 3)1* 

(a) Without PPh 3 added. 

[N(CH 
3)4] 

[BIOH 
13 (PPh 3 )] (0.1148 g, 0.25 mmol) 

was dissolved in acetonitrile (20 cm 
3) 

and placed in the 

anodic compartment of the cell. The cathodic compart- 

ment contained solution of [NBu 
4 

n] [BF 
41 (0.1 mol dm- 3) 

in acetonitrile (20 cm 
3 ). The working electrode was Ou 

foil and the secondary electrode was Pt foil. The 

reference electrode was Ag/AgNO 3 (0.1 mol dm- 3) in aceto- 

nitrile. A potential of -0.6--ý. -O. 2 V was applied to 

the working electrode and stopped after the passage of 

24.125 C (corresponding to 1 e-). The weight loss of 

Cu electrode was 0.0161 g [c. f. theoretically 0.0159 g 

for Cu___ýCu(l)].. The clear brown-yellow anolyte was 

evaporated to dryness and examined by 11 B n. m. r. spectro- 

scopy. 

(b) With PPh 3 added. 

The conditions were similar to those described 

in sect. 5.3.4(a) except that PPh 3 (0.1312 gý 0.5 mmol) 

was added. The weight loss of Cu electrode was 0.0159 g 

[c. f. theoretically 0.0159 g for Cu--t Cu (I)]. The 
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yellow anolyte with some white precipi! tate was evapor- 

ated under vacuum to dryness and examined by 11 B n. m. r. 

spectroscopy. 

5.3.5 Anodic Dissolution of Copper in Acetonitrile 

Solution of[N(CH 3)41 
[BIOH 

13 
(SMe 2)1* 

The conditions were similar to those described 

in sect. 5.3.4(a) except that [N(CH 
3)41 

[BlOH 
13 (SMe 2)] 

(0.0388 g, 0.15 mmol) was used. A potential of -0.4 V 

was applied to the working electrode and stopped after 

the passage of 24.13 C. The weight loss of Cu elect- 

rode was 0.110 g Ic. f. theoretically 0.0095 g for Cu---) 

CU(I)J. The anolyte was evaporated under vacuum to 

dryness and examined by 
11 B n. m. r. spectroscopy. 

5.3.6 Anodic Dissolution of Nickel in acetonitrile 

solution of [N(CH 
3)41 

[BjOH 
13 

(PPh 
3)1* 

The set-up was the same as that described in 

sect. 5.3.4(a) except that the working electrode was a 

coilof nickel wire. A potential of -0.4 V was applied 

to the working electrode and stopped after the passage 

of 24.24 C. The weight loss of Ni electrode was 

0.0046 g (0.078 mmol). The anolyte initially turned 

green but changed to brown during the electrolysis 

(ca. I hr. ). The anolyte was evaporated under vacuum 

to dryness and examined by 11 B n. m. r. spectroscopy. 
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5.3.7 Anodic Dissolution of Zinc in Acetonitrile 

Solution of [N(CH 
3)41 

[BlOH 
13 (PPh 3)1* 

(a) Without PPh 3 added. 
[N(CH 

3)41 
[BjOH 

13 (PPh 3 )](0.0689 g, 0.15 mmol) 

was dissolved in acetonitrile (15 cm 
3) 

and placed in the 

anodic compartment of the cell. The cathodic cýompart- 

ment contained solution of JNBu 
4 

n] [BF 
41(0*1 mol dm- 3) in 

acetonitrile (15 cm 
3 ). The working electrode was a 

piece of Zn wire and the secondary electrode was Pt foil. 

The reference electrode was Ag/AgNO 3 (0.1 mol dm- 3) in 

acetonitrile. A potential of -0.3--->-0.17 V was applied 

to the working electrode and was stopped after the pass- 

age of 14.47 C (ca. 6.5 hr). The weight loss of Zn 

electrode was 0.0049 g [c. f. theoretically 0.0049 g for 

Zn-->Zn(Il)]. The anolyte was evaporated under vacuum 

to dryness and examined by 11 B n-m-r. spectroscopy. 

(b) With PPh 3 added. 

The set-up was the same as that described in 

5.3.7(a) except that PPh 3 
(0.0787 g, 0.30 mmol) was 

added. A potential of -0.6--j -0.5 V was applied to the 

working electrode and stopped after the passage of 14.47 C. 

The weight loss of Zn electrode was 0.0051 g Lc-f- theo- 

retically 0.0049 g for Zn--, t Zn(II)j. The anolyte was 

evaporated under vacuum to dryness and examined by 11 B 

n. m. r. spectroscopy. 

5.3.8 Reaction of [N(CH 
3)4 

] [Bl-OH 
13 (PPh A with CuCl .H20. 

About 15 cm 
3 

of dried, degassed CH 3 CN was 
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condensed onto the solid reagents [N(CH 
3)41 

[B, 
I)H 13 (PPh 3)] 

(0.0689 g, 0.15 mmol), PPh 3 (0.0787 g, 0.3 mmol) and 

CuCl. H 20 
(0.0287 g, 0.15 mmol). The mixture was stirred 

for 7 hr. and the solvent removed under vacuum. The 

product was examined by 11 B n. m. r. spectroscopy. 

5.3.9 Reaction of [N(CH 
3)41 

[BlOH 
13 (PPh 3)] with NiSO V 6H 2 0. 

About 15 cm 
3 

of dried, degassed CH 3 CN was con- 

densed onto the solid reagents [N(CH 
3)41 

[BjOH 
13 (PPh 3)] 

(0.0689 g, 0.15 mmol) and NiSO 4' 6H 20 (0.021 g, 0.05 mmol). 

The mixture was stirred for 19 hr. and then the solvent 

was removed. The product was examined by 11 B n. m. r. 

spectroscopy. 

5.3.10 Reaction of [N(CH 
3)4 

j[BlOH 
13 (PPh 31 with H 92C'2* 

(a) In dichloromethane. 

About 20 CM3 of driedy degassed CH 2 Cl 2 was con- 

densed onto the solid reagents [N(CH 
3)4][B, C)H 13(PPh 3)] 

(0.30 gp 0.66 mmol) and H 92C12 (0.156 g, 0.33 mmol). 

The mixture was stirred for ca 3 hr. After filtering, 

the filtrate was evaporated under vacuum to dryness. 

This was purified by chromatography on silica gel using 

CH 2 C1 2 as eluting solvent. The product identified by 

its 11 B and 
IHn. 

m. r. spectra was B9H 13 
[PPh 

3J 

(Found C, 55.36; H, 7.19; P, 7.21% B9C 18 H 28 P requires 

C, 57.99; H, 7.57; P, 8.3%). 

(b) In acetonitrile. 

The experiment conditions were similar to 
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that described in 5.3.10(a) except that acetonitrile was . 

used as a solvent. The crude product was monitored by 

11 B n. m. r. and was identified as [B 
10 H 12 (PPh 3 XCH 3 CN)],, 

5.3.11 Reaction of [N(CH 
3)41 

[BlOH 
13 (PPh 3)] with HC1. 

In a 100 cm 
3 flask fitted with a stopcock 

adaptor was placed [N(CH 
3)41[13, OH 13 (PPh 3)] 

(0.1377 g, 

0.3 mmol) and 15 cm 
3 

of dried, degassed CH 2 C1 2 was con- 

densed in under vacuum. Gaseous HCI (0.3 mmol) was 

introduced. The mixture was warmed to ca. 200C and 

stirred for 15 min. Solvent was removed under vacuum 

and the product was examined by 11 B n. m. r. spectroscopy. 



CHAPTER 6 

EXPERIMENTAL TECHNIQUES 
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6.1 EXPERIMENTAL TECHNIQUES 

6.1.1 General 

All the reactions were carried out under vacuum 

or in a nitrogen atmosphere. No rigorous attention was 

paid to maintain anaerobic or anhydrous conditions 

during the subsequent handling of the products which 

were reasonable air-stable in the solid state. Less 

stable products were either stored in the mother liquid 

on recrystallization or freshly prepared as required. 

6.1.2 Vacuum Line and Glove Box, 

Standard vacuum line, inert atmosphere and 

glove-box techniques were employed and these have been 
166 

described elsewhere 

6.1.3 Solvents 

Most solvents were dried and purified before 

use. 

Dichloromethane and 

lp2-dichloroethane 

Diethylether 

Glyme or 1,2-dimethoxyethane 

n-hexane 

Stared over CaH 2 and 

distilled from CaH 2 

before use. 

Bulk dried over Na and 

was distilled from Na/- 

benzophenone before use. 

Bulk dried over CaH 2 and 

was distilled from 

CaH 2 before use. 

Bulk dried over Na and 
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distilled before use. 

Tetrahydrofuran Bulk dried over CaH 2 and 

distilled before use. 

Acetonitrile For non-electrochemical 

use Wisons S. L. R. Grade) 

stored over CaH 2 and 

distilled before use. 

6.1.4 Chromatoqraphic Techniques 

Column chromatography was carried out by using 

silica gel [M. F. C. 100-200 mesh (Hopkin and Williams)]- 

The size of the column depended on the quantity of the 

compounds required to be separated and the Rf values of, 

the components. In general, for 3 g. of compound to be 

separated, 150-200 g. of silica gel in a column of 

dimensions ca. 25 cm x 20 cm 
2 

were used. The eluent 

from the columns was collected in fractions which were 

monitored by thin layer chromatography (t. l. c. ). The 

t. l. c. plates'were made in the laboratory as required 

from silica gel [Kieselgel 60 G (Merck)]. Solvents for 

chromatography were reagent grade and were used without 

further purification. Separations were carried out on 

the open bench. 

6.2 SPECTROSCOPIC TECHNIQUES 

6.2.1 Infrared Spectroscopy 

The infrared spectra of the various compounds 

were obtained as mulls in nujol or hexachloro-1,3- 
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butadiene between KBr plates on a Perkin-Elmer 457 

Grating Infrared Spectrometer. 

6.2.2 Nuclear Maqnetic Resonance Spectroscopy 

The n. m. r. spectra were recorded on BriUker 

WH250 and WH360 spectrometers H, 250 MHz and 360 MHz; 

11 B, 80.2 MHz. and 115.5 MHz. ). Lock was achieved, by the 

use of a deuterated solvent. Chemical shifts are 

quoted as being negative to high field of the reference 

standards which were tetramethylsilane for 1Hn. 
m. r. and 

BF 3* OEt 2 for 11 B n. m. r. A few spectra of the earlier 

work were obtained on a Jeol-PS-100-PET-100 spectrometer 

generally operating on external lock. All spectra were 

recorded at ambient temperature (25-300C) unless 

otherwise stated. 

6.2.3 Computer Proqram for the Simulation of N. M. R. 

Line Shapes 

N. m. r. spectral line shapes were simulated 

using the U. E. A. - N. M. R. BASIC program. 

6.3 ELECTROCHEMICAL TECHNIQUES 

6.3.1 Equipment 

Cyclic and A. C. voltammetry were carried out 

using a Model 363p E. G. and G. Princeton Applied 

Research potentiostatý a Hi-Tek Instruments Ltd. 

waveform generator model PPRI, and home constructed A. C. 

generator, phase sensitive detector, and amplifier 
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system. Voltammograms were recorded on a Bryans 25000 

X-Y recorder. 

Controlled-potential electrolysis experiments 

were carried out using a Hi-Tek Instruments Ltd. DT2101 

potentiostat, and a Gated Digital Integrator and D. V. M. 

recorded the total currentpassed. The current was 

also monitored on a Servoscribe Chart Recorder measuring 

the voltage drop across. a Decade resistance box in 

series with the cell. 

6.3.2 Cell Desiqn 

(a) Cyclic voltammetry and a. c. voltammetry. 

Undivided cells were used for voltammetry. 

The working electrode was the metal wire under examin- 

ation and it was mounted in glass tubing or coated in 

Teflon so as to expose only the cross section area to 

the solution. The secondary electrode was a piece of 

platinum wire mounted in glass tubing. The reference 

-3 electrodes were Ag/AgNO 3 (0.1 mol dm ) in acetonitrile 

but Ag/[N(PPh 3)2 
]Cl (0.1 mol dm-3 ) in 1,3-dioxalane, 

benzonitrile, dichloromethane and tetramethylurea. The 

reference solution was contained in a capillary tube and 

was separated from the solution under examination by a 

porous ceramic sinter. The reference electrode was 

mounted close to the working electrode and its potential 

was found to be +0.366 :t0.005 V from the S. C. E. (for 

acetonitrile solution). A stream of nitrogen was 

usually blown over the solution under examination. 
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Controlled potential Electrolysis. 

Two-compartment cells separated by Nafion 427 

cation exchange membrane were used for electrolysis. 

The membrane was usually exchanged to the cation form 

appropriate for the cation of the compound studied by. 

soaking in a solution of a salt containing that cation. 

The working electrode was the metal under examination 

and the reference electrode was as described in sect. 

6.3.2(a). Both electrodes were mounted close to each 

other in the anode compartment. The secondary 

electrode was platinum foil and was placed in the 

cathodic compartment. The anolyte was stirred 

magnetically and a stream of nitrogen was flushed over 

both compartments. 'The current flow in the cell was 

improved by large surface area of electrodes, proper 

position of electrodes and the stirring speed. 

6.3.3 Metals, Solvents and Reagents 

The metal wires were the purest grade obtained 

from Koch-Light: Co, Cu, Zn, Ni (better than 99.997,00), 

Pd (99.9904), Ta, Ti, W (99.90oo)q Nb) Zr (99.5/00), and 

goodfellow metals: V (99.8%) and Fisons : Pt (99.9%). 

Acetonitrile for electrochemistry, Fisons 

H. P. L. C. (Far U. V. Grade) was used without further puri- 

fication. Dichloromethane, 1,3-dioxalaneg benzonitrile 

and tetramethylurea were stored over CaH 2 and distilled 

before use. 

The supporting electrolyte used was [NB un, [BF 
4 41 
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throughout the work. Solutions were prepared in 

solvent under study (0.1 mol dm- 3) 
and their puri'ties 

were monitored by cyclic voltammetry at a Pt electrode 

prior to each experiment. 
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