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ABSTRACT
M. A. Fox B.Sc.

This thesis describes some new derivative chemistry of the
icosahedral carboranes, 1,2- and 1,7-C,B;oH;,, related to the incorporation of
carborane polyhedra in Victrex-type polymers (polymers incorporating para-
disubstituted benzene rings linked through ether and ketone functional units).

It begins with a survey of relevant carborane literature, and reviews
the spectroscopic techniques by which carborane derivatives can be characterized.
The syntheses of a range of boron-iodo carboranes by reaction of iodine, nitric acid
and sulphuric acid with the parent carboranes are described, and the 1B and 1°C
n.m.r. spectra of the products are discussed.

Syntheses and model reactions of series of diarylcarboranes
R'R""CsBigH0 (in which the aryl substituents R” and R’* have functional groups
suitable for their incorporation in polymers) are described, including the previously
unknown 1,9- and 1,12-bi1s(4-carboxyphenyl)-ortho-carborane, 1,7-
bis(phenoxyphenyl)-meta-carborane and 1,7-bis(4-carboxyphenyl-meta-carborane -
4,4’-diphenoxybiphenyl polymer. A new and efficient method of 1,7-diaryl-meta-
carboranes from meta-carborane with butyllithium, copper (I) chlonide and
aryldiazonium tetrafluoroborate as reagents 1s described.

Several C-substituted hydroxy, mercapto and amino derivatives of
ortho- and meta-carborane have been prepared and deprotonated using triethylamine
of N,N,N’,N’-tetramethyl-1,8-diaminonaphthalene (proton sponge). The molecular
structure of the proton sponge salt of 1-phenyl-2-mercapto-ortho-carborane,
[PhCBlOHmCS]_[C10H6(NMe/2)2H]+, has been determined and found to contain
cage distortions which are rationalized by frontier molecular orbital considerations.
Structures of 1-phenyl-2-phenylethynyl-ortho-carborane, 1-phenyl-2-(4-
methylphenyl)azo-ortho-carborane, 1-phenyl-2-(4-methoxyphenyl)-ortho-carborane
and 2,2’-bis(1-phenyl-ortho-carboranyl) trisulphide, determined by X-ray
crystallography, are reported.
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CHAPTER 1

INTRODUCTION

This chapter describes the carboranes, their

potential applications and a summary of the aims of

this study.




Chapter 1: Introduction

INTRODUCTION

Carboranes are mixed hydrides of carbon and boron in which the
skeletal carbon and boron atoms are arranged on the vertices of a triangulated
polyhedron. This study concerns the icosahedral carboranes of molecular formula,
C2BjoH12, and their derivatives. There are three C,B;oH;, isomers, ortho, meta
and para which are shown below. These isomers are chemically very robust and

have extensive derivative chemistries!.

@
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o
[
e
O
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1. For comprehensive reviews;
a) Grimes R.N. "Carboranes” Academic Press New York 1970 p54-192

b) Ditter J.F. "Gmelin Handbuch der Anorganischen Chemie, Borverbindungen” Band 27 Teil 6 Springer-Verlag

Berlin-Heidelberg 1975 p69-127
¢) Wilucki I.v. "Gmelin Handbuch der Anorganischen Chemie, Borverbindungen, Carborane 3" Band 42 Teil 11

Springer-Verlag Berlin-Heidelberg 1977
d) Wilucki I.v. "Gmelin Handbuch der Anorganischen Chemie, Borverbindungen, Carborane 4" Band 43 Teil 12

Springer-Verlag Berlin-Heidelberg 1977
e) Onak T. "Gmelin Handbook of Inorganic Chemistry, Boron compounds” 1st Supplement Volume 3 Springer-

Verlag Berlin-Heidelberg 1980 p206-247
f) Onak T. "Gmelin Handbook of Inorganic Chemustry, Boron compounds” 2nd Supplement Volume 2 Springer-

Verlag Berlin-Heidelberg 1982 p277-324



Chapter 1: Introduction

POTENTIAL APPLICATIONS OF ICOSAHEDRAL CARBORANES

Icosahedral carboranes have good thermal stabilities so they have
been used to synthesize polymers with excellent resistance to degradation by heat
and air oxidation!2, The best known carborane polymers are marketed as ‘Dexsils’.
These are polycarboranylsiloxanes with outstanding thermal and chemical properties
as the carborane cage acts as a stabilizer by its inductive ettect on the silyl groups.
These polymers can be used as high temperature gaskets, O-rings, electrical

connector inserts, coatings, gas chromatography stationary phases, oils, greases,

adhesives, rigid foams and fire retardants.

Dexsil 300

Other high temperature carborane polymers are shown below as

examples.

Polymetallocarboranes e.g.*

= ortho
-CB1oH10C-

B

_CBiOHIOC-

7 Schroeder H.A. Inorg. Macromol. Rev. 1970 1 45-73
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Polyamides e.g.3-4-

Polyesters e.g.5.7.8

3. Korshak V.V. Bekasova N.I. Prigozhina M.P. Vysokomol. Soedin., Ser. B 1973 15 422-425 (Russ) CA79:115911
4. Korshak V.V. Valetskii P.M. Glivka L.A. Vinogradova S.V. Titova N.S. Stanko V.I. Vysokomol. Soedin., Ser. A

1972 14 1043-1047 (Russ) CA77:88880k
5. Vinogradova S.V. Korshak V.V. Valetskii PM. Glivka L.A. Stanko V.I. Polim., Simp. 1971(Pub.1972) 1 39-44

(Russ) CA82:17164x
6. Lebedev V.P. Babchinitser T.M. Bekasova N.I. Komarova L.G. Tsvankin D.Ya. Korshak V.V. Vysokomol. Soedin

Ser. A 1974 16 987-991 (Russ) CA81:106143m
7. Danilov V.G. Kalachev A.I. Vinogradova S.V. Valetskn P.M. Stanko V.I. Korshak V.V. Vysokomol. Soedin., Ser A

1971 13 2360-2364 (Russ) CA76:46645m
8. Valetskit P.M. Lyamenkova E.K. Vinogradova S.V. Stanko V.I. Korshak V.V. Vysokomol. Soedin., Ser. A 1974

16 305-311 (Russ) CA81:13917b
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Polyazomethines e.g.”

oL

The major impact of the carborane moiety on the thermal properties

Polyurethanes e.g.10

of carborane polymers, with respect to non-carborane polymers, is seen in the
behaviour of these polymers at temperatures above 450°C. For example aromatic
polyesters degrade extensively with weight loss of 60% at 500°C whereas the
carborane-containing analogues lose only 5-10% of their weight at 900°C!!,
Hydrogen elimination from B-H groups at temperatures above 500°C in carborane-
containing polymers generates non-volatile residues with B-B crosslinks!2-13, If the
polymer contains aromatic rings, B-C crosslinks may also be present in the
residue!4. In air the boron atoms also form B-O crosslinks from oxygen or water

and possibly a B,O5 protective film!5.16,17,

Carborane-containing polyesters and polyamides have better thermal

properties than their non-carborane analogues as the carborane moiety increases the

9. Rabilloud G. Sillion B. Eur. Polym. J. 1990 26 967-976
10. Gribkova P.N. Balykova T.N. Glivka L.A. Valetskii P.M. Vinogradova S.V. Korshak V.V. Vysokomol. Soedin.,

Ser. A 1973 15 2195-2199 (Russ) (CA80:48435
11. Strel’chenko L.S. Sidorenko V.I. Genin Ya.V. Kalachev A.l. Pshenichkin P.A. Valetskn P.M. Vinogradova S.V.

Korshak V.V. Vysokomol. Soedin., Ser. A 1981 23 1229-1237 (Russ) CA95:116170w
12. Stanko V.I. Valetskii P.M. Klimova A.I. Klimova T.P. J. Gen. Chem. U.S.5.R. 1977 47 369-372
13. Zakharkin L.I. Kalinin V.N. Balykova T.N. Gnbkova P.N. Korshak V.V. J. Gen. Chem. U.S.S.R. 1973 43

2249-2254
14. Kabachii Yu.A. Valetskii P.M. Intern. J. Polymeric Mater. 1990 14 9-19

15. Strel’chenko L.S. Valetskii P.M. Pshenichkin P.A. Tyan L.S. Abramova T.M. Golubenkova L.I. Vinogradova S.V.

Korshak V.V. Vysokomol. Soedin., Ser. B 1977 19 323-324 (Russ) CA87:53710;
16. Lyamenkova E.K. Zhuravleva .V. Ayupova R.S. Papkov V.S. Matochkin V.S. Valetskiit P.M. Vinogradova S.V.

Paviova S.A. Korshak V.V. Vysokomol. Soedin., Ser. A 1975 17 698-704 (Russ) (CA83:59704z
17. Rodionov Yu.M. Danilov S.I. Vysokomol. Soedin., Ser. B 1986 28 516-518 (Russ) CA105:192046a
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resistance of the ester and amide links to heat!®19. However the synthesis of a high
molecular weight carborane polymer has hardly ever been achieved®. Mera-

carborane polymers generally have lower viscosities than ortho-carborane analogues

as the latter are more dense and polar than the former20 Apart from being heat

resistant, carborane polymers can produce potential high activity, stable

"heterogenized" catalysts for hydrogenation of unsaturated hydrocarbons?2!.22,

Boron neutron capture therapy (BNCT) is of great interest at present

lgB + ln 5 1B ___ o TLi + ‘Z‘He + 2.28MeV

The 1°B 1sotopes need to be in high concentrations in malignant cells
though not in surrounding normal tissue for therapy to be effective. Icosahedral
carborane derivatives are potential compounds for BNCT due to their high boron
content. Carborane-containing biochemical compounds like fatty acids?6, peptides??,

nucleosides®-?8, porphyrins?429, macrocycles®?3! and monoclonal antibodies23:24

have been made and some could be used for BNCT.

18. Ayupova R.S. Zhuravleva I.V. [Izv. Akad. Nauk. Kaz. S.S.R., Ser. Khim. 1973 23 78-81 (Russ) CA79:19329s
19. Balykova T.N. Gribkova P.N. Glivka L.A. Valetskii P.M. Vinogradova S.V. Korshak V.V. Vysokomol. Soedin.,

Ser A 1973 15 2441-2445 (Russ) CA80:60379s
20. Dubrovina L.V. Ivanova N.F. Kalachev A.l. Valetskii P.M. Vinogradova S.V. Vysokomol. Soedin., Ser. B 1973

15 835-837 (Russ) CA80:71290g
21. Chandrasekaran E.S. Thompson D.A. Rudolph R.W. Inorg. Chem. 1978 17 760-761

22. Kalinin V.N. Mel’nik O.A. Sakharova A.A. Frunze T.M. Zakharkin L.I. Borunova N.V. Sharf V.Z. Bull. Acad.

Sci. U.S.S.R., Ser. Khim. 1985 2258-2263

23. Hawthorne M.F. Pure Appl. Chem. 1991 63 327-334
24. Soloway A.H. Alam F. Barth R.F. Mafune N. Bapat B. Adams D.M. "Boron Chemistry” Proceedings of the 6th

International Meeting on Boron Chemistry (Ed. Hermanek S.) World Scientific Singapore 1987 p495-509

25. Yamamoto Y. Pure Appl. Chem. 1991 63 423-426

26. Kahl S.B. Tetrahedron Letters 1990 31 1517-1520
27. Schwyzer R. Do K.Q. Eberle A.N. Fauchere J-L. Helv. Chim. Acta 1981 64 2078-2083

28. Soloway A.H. Anisuzzaman A.K.M. Alam F. Barth R.F. Liu L. Pure Appl. Chem. 1991 63 411-413

29. Haushalter R.C. Butler W.M. Rudolph R.W. J. Am. Chem. Soc. 1981 103 2620-2627
30. Teixidor F. Romerosa A.M. Rius J. Miravitlles C. Casabo J. Vinas C. Sanchez E. J. Chem. Soc. Dalion Trans.

1990 525-529
31. Teixidor F. Vinas C. Rius J. Miravitlles C. CasaboJ. Inorg. Chem. 1990 29 149-152
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SCOPE OF THIS STUDY

As polyaryletherketones (PEKs) are the most outstanding

thermoplastic materials commercially available at present32:33, carboranes
incorporated 1nto these polymers are expected to give even better thermal
properties. Four carborane-containing polyaryletherketones (CPEKs) have been
produced with better thermal properties, despite lower molecular weights, than the

non-carborane analogues’42. This study concentrates on producing other suitable

carborane monomers which could give CPEKs with better thermal and chemical

I‘*‘o 0

A polyaryletherketone®® (PEK)

properties.

Inherent viscosity,ninh = 1.43dLg'1; Softening temperature, Ty = 209°C;

Melting temperature, T, = 462°C; Weight loss at 800°C = 40%

A carborane-containing polyaryletherketone’* (CPEK)
Ninh = 0.24dLgl; Tg = 214°C; Ty = amorphous; Weight loss at 800°C = 5%

e

32. Colquhoun H.M. Polym. Prepr., Am. Chem. Soc., Div. Polym. Chem. 1984 25 17-18

33. Colquhoun H.M. Lewis D.F. Polymer 1988 29 1902-1908
34. Stephenson LR. "New Polymer and Derivative Chemistry of Icosahedral Carboranes”™ Ph.D. Thesis University of

Durham Durham a)pl113-114 b) p127-136
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Some carborane derivatives were synthesised in this study to explore
the structural effects of substituents, notably those capable of forming exo multiple
bonds, as in the ortho-carborane anion, CeHsCB1gH{oCO ™, below. The latter has
a bond length of 2.00 angstroms between the two cage carbons which is the longest

known C-C bond as opposed to 1.60-1.70A found in most carborane derivatives3s.

Hydrogen atoms are omitted for clarity

Chapter 2 1s a brief literature review of the nomenclature, formation,
bonding and chemical properties of icosahedral carboranes. Techniques used to

characterize the carborane derivatives are described in chapter 3.

Chapters 4, 5, 6 and 7 contain the syntheses of some carbon-

substituted, boron-iodo, boron-aryl and carbon-aryl carboranes respectively where

the aryl carboranes are potential monomers for CPEK formation and chapter 8

describes the carborane derivatives produced for structural study.

35. Brown D.A. Clegg W. Colquhoun H.M. Daniels J.A. Stephenson LR. Wade K. J. Chem. Soc., Chem. Commun.
1987 889-891



CHAPTER 2

CARBORANES :
A GENERAL SURVEY

Nomenclature, formation, 1somerization,
bonding and chemical properties of 1cosahedral

carboranes are brietly described in this chapter.



Chapter 2: Carboranes: A General Survey

NOMENCILATURE OF CARBORANES

The full names of the ortho, mera and para C,B{oHi, 1somers are
1,2-, 1,7- and 1,12-dicarba-closo-dodecaborane(12) respectively. In this thesis
ortho-, meta- and para-carboranes are the words used in the text for brevity. The

numbering systems and the schematic representations below are adopted.

Numbering systems

10F U

The terminal hydrogen atoms are omitted for clanty.

Schematic representations

&

Ortho Meta Para

10



+ 2H,

BioH 2Ly .
L = Lewis base e.g. MeCN RIR*C2B1oH 10

Decaborane is a neutral boron hydride of formula BioH14 with a nido

structure, an 1l1-vertex polyhedron with one vacant vertex. Each boron bears a

terminal hydrogen and four bridged hydrogens are present along the open face of
the molecule®.

O BH

11. | ;Ve

nidO“BloH 14

Decaborane reacts with bases like acetonitrile’, sulphides,
phosphines, dimethylformamide and amines to give an arachno diligand decaborane
complex, B;gH{»L», and h'ydrogen. The higands are bonded at the 6 and 9 positions
and two hydrogens bridge at the 5,10 and 7,8 positions in the complex. Strong

1. Heying T.L. Ager J.W.Jr. Clark S.L. Mangold D.J. Goldstein H.L. Hillman M. Polak R.J. Szymanski J.W. Inorg.
Chem. 1963 2 1089-1092

2. Zakharkin L.I. Stanko V.I. Brattsev V.A. Chapovskii Yu.A. Okhlobystin O.Yu. Bull. Acad. Sci. U.S.S.R., Chem.
Div. 1963 2074

3. Fein M.M. Bobinski J. Mayes N. Schwartz N. Cohen M.S. Inorg. Chem. 1963 2 1111-1115

4. Fein M.M. Grafstein D. Paustian J.E. Bobinski J. Lichstein B.M. Mayes N. Schwartz N. Cohen M.S. Inorg.
Chem. 1963 2 1115-1119

5. Zakharkin L.I. Ponomarenko A.A. Okhlobystin O.Yu. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1964 2107-2109

6. Lipscomb W.N. "Boron Hydrides" W.A.Benjamin, New York, 1963 p7

7. Schaeffer R. J. Am. Chem. Soc. 1957 79 1006-1007

11



Chapter 2: Carboranes: A General Survey

bases, like triethylamine, can give an ionic compound containing a closo-

decahydrodecaborate dianion, B;gH;o>", when the decaborane complex is

heated®>-1%. The ligands of the decaborane complex can be displaced by stronger

bases and the order of ligands based on increasing power to displace each other has

been determined; the most labile ligands for displacement are alkyl sulphides and
acetonitrile!!-12.13_ Decaborane complexes containing these ligands give the best

yields of carborane as the ligands are easily removed with suitable acetylenes!4,

L = Lewis base
L L
& + 2 —s T+ ow

Carborane formation was postulated to include a reactive

intermediate, a monoligand decaborane complex, BygH,L, which was indicated by

a study of the kinetics but has not been isolated!’-16. A compound of molecular

formula B;gH{>,Me,S was isolated!’ by heating B;oH;2(Me»S), but it is considered

to be an exo-substituted decaborane!?, 5-Me,S-B{gH 5, not the reactive isomer as it

reacts very slowly with acetylenes. Partially deuterated decaborane complex,

BoH»-D,L,, with a suitable acetylene gave deuterium gas indicating that all

hydrogen evolved in the synthesis of carboranes from the decaborane complex must

originate on the complex!.

8. Hawthorne M.F. Pilling R.L. Inorg. Syn. 1967 10 16-19
9. Hawthorne M.F. Pitochelli A.R. J. Am. Chem. Soc. 1959 81 5519
10. Hawthorne M.F. Pilling R.L. Grimes R.N. J. Am. Chem. Soc. 1967 89 1067-1074

11. Hawthorne M.F. Pilling R.L. Vasavada R.C. J. Am. Chem. Soc. 1967 89 1075-1078

12. Hawthorne M.F. Pitochelli A.R. J. Am. Chem. Soc. 1958 80 6685
13 Zakharkin L.I. Stanko V.I. Klimova A.I. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1964 857-858

14. Hughes R.L. Smith I.C. Lawless E.W. "Production of the Boranes and related research™ (Ed. Holzmann R.T.)

Academic Press New York 1967 pl66

15 Hill W.E. Johnson F.A. Novak R.W. Inorg. Chem. 1975 14 1244-1249
16. Korsunskii B.L. Kalinin V.N. Sitonina G.V. Dubovitskii F.I. Zakharkin L.1.  Bull. Acad. Sci. U.S.S.R. Chem. Div.

1971 1712-1713
17. Knoth W.H. Muetterties E.L. J. Inorg. Nucl. Chem. 1961 20 66-72

18. Thornton-Pett M. Beckett M.A. Kennedy J.D. J. Chem. Soc. Dalton Trans. 1986 303-308
12



Chapter 2: Carboranes: A General Survey

Acetylenes containing hydroxy (which degrades the decaborane!-4.19),
aldehyde, ketone (both are reduced to hydroxy groups during reaction), amino
(displaces the labile ligands in the decaborane complex), nitro and cyano (both are
reduced to amino) groups are unsuitable for carborane formation!3. Acetylenes with
functional groups attached directly to the C—C triple bond gave very low yields.

Electron-rich acetylenes hydroborate with B;oH;,L, much more
readily than those containing electron-withdrawing groups. For example, there are
low yelds of carborane from alkyl acetylenes? and no carborane from silyl
acetylenes®® as opposed to high yields from ester, aromatic and halogen-containing
acetylenes.

The probable mechanism of carborane formation includes two
reactive intermediates, the monoligand decaborane complex and an adduct of
monoligand decaborane complex and acetylene!®. The acetylene acts as a ligand
before the carborane i1s formed. A diagram of the probable mechanism 1s shown
overleaf.

Ortho-carborane and its derivatives can be obtained directly from
decaborane and a suitable acetylene in the presence of a Lewis base’?! but excess
Lewis base reduces the rate of reaction!3. Ortho-carborane 1s usually prepared in the
laboratory from 1,2-bis(hydroxymethyl)- or 1,2-bis(acetoxymethyl)-ortho-
carborane?2:23 in preference to acetylene and a diligand decaborane complex which

requires a rather elaborate apparatus?* to avoid handling the volatile dangerous

acetylene itself.

________._————-—_——___

19 Zakharkin L.I. Brattsev V.A. Stanko V.I. J. Gen. Chem. U.S.S.R. 1966 36 899-904
20. Ernest R.L. Quintana W. Rosen R. Carroll P.J. Sneddon L.G. Organometallics 1987 6 80-88

71. Stanko V.I. Kopylov V.V. Klimova A.I. J. Gen. Chem. U.S.S.R. 1965 35 1433-1436
792. Grafstein D. Bobinski J. Dvorak J. Smith H. Schwartz N. Cohen M.S. Fein MM. Inorg. Chem. 1963 2 1120-

1125
23. Kutal C.R. Owen D.A. Todd L.J. Inorg. Syn. 1968 11 19-24

24. Beall H. Inorg. Chem. 1972 11 637-638
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PROBABLE MECHANISM OF CARBORANE FORMATION!®

L = R,S, RCN, R3P or R3N L L
L L
R —e—®— R
-
No OH, CN, NH», NO»,
aldehyde and ketone

groups present in R

(not i1solated) (not 1solated)

+ L

R
L
R
R = electron-
donating group
e.g. SiR3, alkyl.

(not 1solated)

R,C,B0H 10

R = electron-withdrawing
group e.g. aryl, halogen-
and ester-containing alkyl;
alkyl groups give low yields.

Hydroborated products.

14



Chapter 2: Carboranes: A General Survey

ALTERNATIVE ROUTES TO CARBORANE FORMATION

Meta-carborane can be produced by a direct synthesis from

decaborane and acetylene at 700°C? or from the nido-carborane CBsHg at 250°C26,

250°C

2 nidO"CBng mela C2B10H12

Diphenyl-ortho-carborane has been made from decaborane and
diphenylacetylene in the presence of cobalt and cyclopentadiene?’. The formation?®
of 6,9-bis(diethylsulphide)-decaborane complex, BigH;p(SEtp),, from the
decahydrodecaborate dianion, B10H102 —, indicates that toxic decaborane can be

avoided in carborane syntheses from simple borohydrides®.

_ " 2 1 Z
2 L = Et)S 1 R—=—R R R
pradil
HCl
BioH 0%~ BoH12(Et25), RIR%C,B1oH g

75 Ditter J.F. Klusmann E.B. Oakes J.D. Williams R.E. Inorg. Chem. 1970 9 889-892

76. Rietz R.R. Hawthorne M.F. Inorg. Chem. 1974 13 755-756

77. Zimmerman G.J. Hall L.W. Sneddon L.G. Inorg. Chem. 1980 19 3642-3650
78 . Marshall M.D. Hunt R .M. Hefferan G.T. Adams R.M. Makhlouf JM. J. Am. Chem. Soc. 1967 89 3361-3362

29 Makhlouf J.M. Hough W.V. Hefferan G.T. Inorg. Chem. 1967 6 1196-1198
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ISOMERIZATION OF CARBORANES

Meta-carborane is obtained quantitatively by thermal rearrangement

from ortho-carborane at 460°C for 24 hours3°, in an autoclave at 700°C for one
hour’! or in a heated tube at atmospheric pressure and 600°C for 0.5 minutes32.
Para-carborane 1s produced from meta-carborane at 620°C for eight hours33, from
ortho-carborane in an autoclave at 700°C for 12 hours3!:34 or in a heated tube at
atmospheric pressure and 700°C for 0.3 minutes. The para-carborane product from
thermal rearrangement 1s accompanied by meta-carborane, bicarboranes3!:35:36 and
large amounts of decomposed products33. It has been shown that the isomerization
of meta to para isomer is reversible at 620-700°C with the equilibrium mixture

approximately 55 : 45 meta : parq3!:32.37.38,
460°C 620°C

1,2-C2ByoH 1,7-C,BoH 5 1,12-C,B,oH;

Thermal 1somerisation of carborane derivatives has shown that the
temperature required for conversion from ortho to meta 1s usually lower than for
parent carboranes. Bulky groups attached to the carbon atoms were shown to lower

the temperature probably due to steric, not electronic, effects’®. Replacing hydrogen
atoms attached to carboranyl boron by chlorine atoms also lowers the 1somerization

temperature to 300°C4. Isomerization of carboranes with a functional organic

substituent is generally unsatisfactory>°.

Meta-carborane and its phenyl-substituted derivatives also undergo

rearrangement via dianions, RyC,B1oH19? ", to their ortho derivatives at ambient

30. Grafstein D. Dvorak J. Inorg. Chem. 1963 2 1128-1133
31.Stanko V.I. Gol’ytapin Yu.V. Klimova A.I. Astakhova I.S. Struchkov Yu.T. Klimova T.P. J. Gen. Chem. U.S.5.R.

1969 39 833-836
32. Papetti S. Obenland C. Heying T.L. Ind. Eng. Chem. Prod. Res. Dev. 1966 5 334-337

33. Papetti S. Heying T.L. J. Am. Chem. Soc. 1964 86 2295
34. Stanko V.I. Anorova G.A. Klimova T.V. Klimova T.P. J. Gen. Chem. U.S.5.R. 1970 40 2418-2427

35 Stanko V.I. Valetskii P.M. Klimova A.l. Klimova T.P. J. Gen. Chem. U.S.S.R. 1977 47 399-403

36. Stanko V.I. Klimova A.I. J. Gen. Chem. U.S.S.R. 1966 36 2214
37. Zakharkin L.I. Kalinin V.N. Podvisotskaya L.S. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1970 1227-123]

38. Zakharkin L.I. Kalinin V.N. Balykova T.N. Gribkova P.N. Korshak V.V. J. Gen. Chem. U.S.S.R. 1973 43

2249-2254
39. Salinger R.M. Frye C.L. Inorg. Chem. 1965 4 1815-1816

40. Stanko V.I. Klimova A.I. J. Gen. Chem. U.S.S.R. 1966 36 450-453
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temperatures*!. The dianions are formed from neutral carboranes by an alkali metal
In tetrahydrofuran (THF) or liquid ammonia%2. The dianions themselves showed no
evidence of rearrangement so it was concluded that the isomerization Process occurs
during the oxidation of the dianion3:%4. Mera- and para-carborane derivatives
containing a methyl or halogen substituent gave parent ortho- or meta-carborane3?
via the redox isomerization indicating the carborane dianion to be fundamentally
different from neutral carborane*S. Addition of two electrons leads to a considerable
rearrangement of the geometrical structure and electronic shell of the molecule
resulting in a new system of bonding orbitals?244. Protonation of the dimethyi-
ortho-carborane dianion gave two isomers containing nido-carborane structures. An
X-ray study?® of the unstable isomer structure showed a CB; quadrilateral face,
Instead of two triangular faces, on the carborane cage. The structure of the fluxional

carborane dianion has not been determined.

Na 2= CuCl,
S -~
THF @ CH,CO,H
H,O
1,7-C2B1oH)2 C2B1oH12%~ 1,2-C2B10H12

The red cobalt complex produced from cyclopentadienyl anion,
ortho-carborane dianion and cobalt chloride in tetrahydrofuran was found to be
fluxional 1n solution at 20°C4’ and 1its structure by X-ray analysis#® contained a
nido-carborane ligand with two CBj3 quadrilateral faces. The carborane ligand in
this complex undergoes thermal rearrangement at 60°C and the product rearranges
again at 100°C to give two complexes with different carborane ligands*®. Iron (II),
nickel (II) and cobalt (III) complexes containing two carborane ligands also had

41. Zakharkin L.I. Kalinin V.N. Podvisotskaya L.S. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1967 2212-2217
42. Stanko V.I. Babushkina T.A. Brattsev V.A. Klimova T.P. Alymov A.M. Vassilyev A.M. Knyazev S.P. J.

Organometal. Chem. 1974 78 313-322
43. Stanko V.I. Brattsev V.A. Gol’tyapin Yu.V. Klimova T.V. J. Gen. Chem. U.S.S.R. 1970 40 2207-2213

44. Stanko V.I. Brattsev V.A. Gol’tyapin Yu.A. Khrapov V.V. Babushkina T.A. Klimova T.P. J. Gen. Chem.

U.S.S.R. 1974 44 319-323
45. Stanko V.I. Babushkina T.A Anorova G.A. Khrapov V.V. J. Gen. Chem. U.§.S.R. 1976 46 89-93

46. Getman T.D. Knobler C.B. Hawthorne M.F. Inorg. Chem. 1990 29 158-160
47. Dustin D.F Dunks G.B. Hawthorne M.F. J. Am. Chem. Soc. 1973 95 1109-1115

48  Churchill M.R. DeBoer B.G. [Inorg. Chem. 1974 13 1411-1418
49 Dunks G.B. McKown M.M. Hawthorne M.F. J. Am. Chem. Soc. 1971 93 2541-2543
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fluxional behaviour* and oxidation of these complexes gave a mixture of ortho-,

meta- and para-carboranes*. A mechanism different from the uncomplexed redox

1somerization 1s likely to occur in this carborane isomerization3’.

1. ~
O Co3+
21 6OOC
—_—>
A D E

Fluxional behaviour at 20°C (1) and thermal rearrangements (2) of (CsHs)Co(C2B10H12) complex.

Structure B was observed by X-ray studies.

There are many theories of the mechanism of icosahedral carborane

rearrangements which are described in detail in Appendix A.
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BONDING IN CARBORANES

Icosahedral carboranes are ‘electron-deficient’ in the sense that there

are more valence or atomic orbitals (60) than electrons (50) but three-centre two-

electron bonds make possible a simple description of them as molecules with filled

localized orbitals>®. However there is no unique arrangement of the thirteen skeletal

bonds (three 2c2e BB, BC or CC bonds and ten 3c2e BBB, BBC or BCC bonds)
that are required to involve each skeletal atom in three skeletal bonds. The bonding
orbitals of the C,BigH > 1cosahedral framework are best explained using molecular
orbital theory rather than the localized bond (szyx) theory as high symmetry 1s
present in the molecule*-’l. Each carbon and boron atom contributes one s and
three p atomic orbitals (A.O.s)’*2. An sp hybrid orbital is assumed to bond the
terminal hydrogen which leaves an sp hybrid orbital pointing radially inwards and
two p orbitals tangential to the pseudospherical surface of the cluster>°. In total there
are 12 radial sp hybrid and 24 tangential p A.O.s available for skeletal bonding.
From molecular orbital calculations there are 13 bonding and 23 antibonding
skeletal molecular orbitals’!. Each bonding orbital requires an electron pair so a
total of 26 electrons is required. These are provided by the C-H (3 electrons per
unit) and B-H (2 electrons) units®3. A different and simplified approach to cage
bonding is tensor surface harmonic theory which treats the cluster framework as a

perturbed spherical shell with 1its surface vector harmonics as molecular

orbitals’4-33-36:37,

-
50. Lipscomb W.N. Science 1977 196 1047-1055

51. Wade K. Adv. Inorg. Radiochem. 1976 18 1-66
52. Longuet-Higgins H.C. Roberts M.de V. Proc. Roy. Soc., Ser. A 1955 230 110-119

53. Wade K. J. Chem. Soc. Chem. Commun. 1971 792-793
s4. Stone A.J. Mol. Phys. 1980 41 1339-1354

55 Stone A.J. Inorg. Chem. 1981 20 563-571
56. Stone A.J. Alderton M.J. Inorg. Chem. 1982 21 2297-2302

57. Stone A.J. Polyhedron 1984 3 1299-1306
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Atomic orbitals of a boron or carbon atom involved in skeletal bonding.

The z-axis passes through the centre of the cage.

The surface bonding p-orbitals are best visualised using the icosahedron cage

as a perturbed sphere (A). Two types of surface p-orbital bonding in the icosahedral framework are
shown below (B and C).
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Predictions of molecular structures, reactivities, stabilities, charge
distributions, molecular structures, dipole moments, molecular energies and
lonization potentials on the icosahedral isomers have been made using molecular
orbital calculations particularly EHMOSS, NEMO>, CNDOQO®, MOBI¢!, INDO®2,
PRDDO® and MNDO%. He I photoelectron spectra®> and photoelectron mass
spectra®® of the parent carboranes, ortho and meta, gave 10nization potentials which
correspond well with molecular orbital energy calculations. The structures and
stabilities of C,BoH;, isomers have also been predicted using valence rulest?, the

six electron rule®® and the topological charge stabilization rule.

58. EHMO = extended Huckel molecular orbital: Hoffman R. Lipscomb W.N. J. Chem. Phys. 1962 36 3489-3493
59. NEMO = non-empirical molecular orbital: Koetzle T.F. Lipscomb W.N. Inorg. Chem. 1970 9 2743-2748
60. CNDO = complete neglect of differential overlap: Cheung C-C.S. Beaudet R.A. Segal G.A. J. Am. Chem. Soc.

1970 92 4158-4164
61. MOBI = molecular orbital bond index: Armstrong D.R. Perkins P.G. Stewart J.J.P. J. Chem. Soc. Dalton Trans.

1973 838-840; Stephenson I.LR. Ph.D. Thesis University of Durham Durham 1988 p220
62. INDO = intermediate neglect of differential overlap: Guest M.F. Hillier LH. Mol. Phys. 1973 26 435-452

63. PRDDO = partial retention of diatomic differential overlap: Dixon D.A. Kleter D.A. Halgren T.A. Hall J.H.

Lipscomb W.N. J. Am. Chem. Soc. 1977 99 6226-6237
64. MNDO = modified neglect of differential overlap: Dewar M.J.S. McKee M.L. [Inorg. Chem.

65. Vondrak T. Polyhedron 1987 6 1559-1562
66. Orlov V.M. Pustobaev V.N. Ol’shevskaya V.A. Zakharkin L.I. Gal’chenko G.L. Proc. Acad. Sci. U.S.S.R. 1988

19830 19 2662-2672

300 518-520
67. Williams R.E. Adv. Inorg. Radiochem. 1976 18 67-142

68. Jemmis E.D. J. Am. Chem. Soc. 1982 104 7017-7020
69. Ott J.J. Gimarc BM. J. Am. Chem. Soc. 1986 108 4303-4308
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36 skeletal

molecular orbitals

—— ———V, 24 tangential
— T T p atomic orbitals

12 radial sp hybrid S

atomic orbitals

Molecular orbital energy diagram of the icosahedral skeletons!.
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CHEMICAL PROPERTIES OF CARBORANES

C2B1oH 1, isomers have a nearly regular C,B¢ icosahedral cage with
B-B bond lengths of approximately 1.77A, B-C 170A and, for the ortho isomer, C-
C 164A7071, The skeletal bonding in these carboranes involves cage electron
delocalization with a "closed shell" of filled bonding orbitals giving them ‘pseudo-
aromatic’ properties. The carborane skeleton is thermally very stable, compared to
neutral nido and arachno boron hydrides, and can withstand temperatures up to
700°C?2, The thermal stability increases from ortho- then meta- to para-

carborane’3:74,

The cage is unaffected by oxidizing agents like chromic acid”! and
reducing agents like lithium aluminium hydride?. However it is degraded by strong
Lewis bases like alcoholic alkali’6-77 and amines?478.79.80, The rate of degradation
decreases from ortho to para®! and controlled degradation has been used to remove

the unwanted ortho isomer in a mixture of ortho- and meta-carborane derivatives

giving only the mera isomer32.

@ + MeO~ + 2MeOH ——> @ + (MeO);B + H,

1,2-C,BoH;5 nido 7,8-C,BoH {5, ™

70. Leites L.A. Vinogradova L.E. Kalinin V.N. Zakharkin L.I. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1968 970-977
71. Kirillova N.I. Antipin M.Yu. Gol’tyapin Yu.V. Struchkov Yu.T. Stanko V.A. Bull. Acad. Sci. U.S.S.R. Chem. Div.

1978 742-746
72. Fein M.M. Bobinski J. Mayes N. Schwartz N. Cohen M.S. Inorg. Chem. 1963 2 1111-1115

73. Gal’chenko G.L. Martynovskaya L.N. Stanko V.I. Gol’tyapin Yu.V. J. Gen. Chem. U.S.S.R. 1971 41 137-141
74. Pepekin V.I. Metyushin Yu.N. Kalinin V.N. Lebedev Yu.A. Zakharkin L.I. Apin A.Ya. Bull. Acad. Sci. U.S.S.R.

Chem. Div. 1971 212-216
75. Grafstein D. Bobinski J. Dvorak J. Smith H. Schwartz N. Cohen M.S. Fein M.\M. Inorg. Chem. 1963 2 1120-

1125
76. Pretzer W.R. Thompson D.A. Rudolph R.W. Inorg. Chem. 1975 14 2571-2572

77. Hawthorne M.F. Young D.C. Garrett P.M. Owen D.A. Schwerin S.G. Tebbe F.N. Wegner P.A. J. Am. Chem.

Soc. 1968 90 862-368
78. Brattsev V.A. Danilova G.N. Stanko V.I. J. Gen. Chem. U.S.S.R. 1972 42 1327-1332

79 Zakharkin L.I. Kalinin V.N. Tetrahedron Letters 1965 7 407-409
80. Zakharkin L.I. Kirillova V.S. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1975 2484-2486

81. Grafstein D. Dvorak J. Inorg. Chem. 1963 2 1128-1133
82. Stephenson I.LR. "New polymer and denvative chemustry of icosahedral carboranes™ Ph.D. Thesis University of

Durham Durham 1988 p26
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Dicarba-nido-undecaborate (-1) anion, CoBgH |57, is formed by base
degradation of carborane where the relatively positive boron atom (3 or 6 position
In ortho-carborane) is removed78.79.80,81 X-ray structural study?3 of the nido-7,8-
C2BgHp,™ anion showed two hydrogens bonded to B(10) not the hydrogen bridged
to B(10) and B(9) or B(11) assumed in earlier literature®4. The C,BgH{»™ anion can
be deprotonated by sodium hydride to form a nido-C,BgH %™ anion which is the
precursor for many metallocarboranes. Its open face is structurally and
electronically equivalent to the pentahaptocyclopentadienide anion, CsHs™, present

In many transition metal compounds.

1
10 3

/N

Structure of nido-C,BgH 5

Carboranyl carbon atoms in the icosahedral cage are positively

charged compared to boron atoms so the C-H group is weakly acidic?S. The acidity

decreases from ortho to meta then para as the magnitude of the positive charge on

the cage carbons decreases in the same order86.87.88,89

All carborane 1somers can be metallated at the acidic carboranyl C-H

group by alkali metal amides in liquid ammonia31.37.9091 or by

organolithium’4.86.92,93 and alkylmagnesium reagents®*. The metallated carboranes

83. Buchanan J. Hamilton E.JJM. Reed D. Welch A.J. J. Chem. Soc. Dalton Trans. 1990 677-680
84. Greenwood N.N. Earnshaw A.E. "Chemistry of the Elements” Pergamon Press Oxford 1986 p209-210
85. Stanko V.I. Bregadze V.I. Klimova A.I. Okhlobystin O.Yu. Kashin A.N. Butin K.P. Beletskaya I.P. Bull. Acad.

Sci. U.S.S.R. Chem. Div. 1968 414-416
86. Zakharkin L.I. Kalinin V.N. Podvisotskaya L.S. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1970 1227-1231

87. Zakharkin L.I. Kalinin V.N. Snyakin A.P. J. Gen. Chem. U.S.S.R. 1970 40 2411-2417

88 Zakharkin L.I. Kazantsev A.V. J. Gen. Chem. U.S.S.R. 1967 37 1149-1153
89. Zakharkin L.I. Kalinin V.N. Rhys E.G. Bull. Acad. Sci. U.5.S.R. Chem. Div. 1974 11 2543-2545

00. Zakharkin L.I. Kazantsev A.V. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1965 2153-2155

91. Zakharkin L.I. Kazantsev A.V. J. Gen. Chem. U.S.S.R. 1965 35 1128
92. Stanko V.I. Klimova A.l. Kashin A.N. J. Gen. Chem. U.S.S.R. 1969 39 1857
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can then form many carbon-substituted derivatives with appropriate organic halides
and metal halides. For monosubstituted carborane formation the type of solvent is

important as equilibrium exists between the mono- and di-metallated carboranes in

some solvents?3.95,96,97

RM or
@ —> M = Li or MgBr from RM
12-CBH, N2 Maa.cB o, M= LiNaorK from MNH;
2RM or
& —
2MNH»

1,2-C2B1oH12 1,2-M3-1,2-C2B10H12

C-metallation of ortho-carborane

Boron-substituted carboranes can be formed from parent carboranes
by electrophilic reagents, by radicals generated photochemically or via the dianion
of the parent carborane. The rates of reaction with electrophiles decrease in the
order ortho, meta and para as the charge at the most negatively charged boron atom
of these isomers decreases. Controlled chlorination has been used to separate the
para-carborane from mera-carborane in a mixture of these isomersl®®, Deuterium-
hydrogen exchange occurs at B-H bonds with deuterium gas and transition metal

catalysts”®.7%.190 The exchange was found to proceed regioselectively with some

catalysts e.g. at B(3) in preference to B(9).

93. Heying T.L. Ager J.W.Jr. Clark S.L. Mangold D.J. Goldstein H.L. Hillman M. Polak R.J. Szymanski J.W.

Inorg. Chem. 1963 2 1089-1092
04 Stanko V.I. Anorova G.A. Klimova T.V. J. Gen. Chem. U.S.S.R. 1968 38 1146
05. Zakharkin L.I. Grebenmkov A.V. Kazantsev A.V. Bull. Acad. Sci. U.S.S.R. Chem. Div. 1965 2153-2155§
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