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          6.1   Introduction 

 Boron is a peculiar and intriguing element, and, mainly because of its particular 
electronic con fi guration, can give rise to an eclectic and complex chemistry. In view 
of the context of the book in which this chapter is included, we will limit our discus-
sion to some basic elements of boron chemistry, both from inorganic and organic 
chemistry viewpoints. During the past, and also in the present, its unique properties 
have stimulated not only the development of preparative and theoretical chemistry, 
but also industrial and technological applications  [  1  ] . 

 Looking at the periodic table (Fig.  6.1 ), boron is located at the top of group 13, 
being the only non-metal in this group. Moreover, its chemical behavior has many 
similarities with the following element, carbon, and its diagonal neighbor, silicon. 
Then, like them, it has a strong tendency to form covalent bonds, but it differs 
clearly from them as it has four bonding orbitals, but only three external electrons, 
so it can be de fi ned as electron de fi cient. This feature has a dramatic effect on its 
chemistry and is the main reason for the choice of boron in medicinal chemistry, 
together with its large cross-section for neutron capture, as it is possible to easily 
incorporate boron atoms in organic compounds.  

 Historically, boron has long been used for the production of borosilicate glasses. 
Boron was  fi rst isolated, although in impure form, by Davy, Gay-Lussac, and 
Thénard in 1808. Only in 1892 was a quite pure form obtained by Moissan, who 
prepared elemental boron by the reduction of B 

2
 O 

3
  with Mg, while high-purity 

boron was obtained only in the past century. Among the methods available for ele-
mental boron production, the most effective for obtaining high-purity material is the 
reduction of boron compounds (e.g., halides) with H 

2
  at high temperature on a 

heated tantalum  fi lament; the crystallinity improves by increasing the temperatures, 
and the crystal structure is also temperature dependent. The name, introduced by 
Davy, derives from its main source ( bor ax) and from its behavior, similar to that of 
carb on . 

 Boron is relatively scarce in the earth’s crust (about 10 ppm), being found as 
borate minerals or borosilicates, with the main deposits being found in California 
and Turkey. Other isolated deposits have also been found in Argentina, Chile, 
Russia, China, and Peru. 

 Only silicates have more complex structures than boron compounds, and various 
allotropic forms of boron itself are known.  

    6.2   Elemental Boron 

    6.2.1   Structure 

 The many-sided properties of boron are re fl ected in the unique complexity of its 
allotropic modi fi cations. The origin of such complexity is the tactics used by boron 
to try to solve the problem of having more atomic orbitals than electrons. Metal 
compounds, which have a similar situation, usually solve the problem by metallic 
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bonds, but boron’s small size and high ionization energy lead to a much more pro-
nounced tendency to form covalent bonds. The  fi nal result is that the most repre-
sented structural unit in various boron allotropes is the B-12 icosahedron, which 
also occurs in metal borides, boron hydrides, and boron-carbon hydrides. 

 As the B-12 icosahedral packing is not very ef fi cient, leaving empty spaces even 
in the closely packed  a -rhombohedral form, other allotropic modi fi cations can 
accommodate extra atoms (boron or others) such as in  a -tetragonal boron in which 
2C or 2N atoms, each 50 B atoms, seem to be required to form this phase. 

 The crystal structures of more polymorphs have been elucidated, such as  b -rhom-
bohedral, while others, e.g., the  b -tetragonal phase, are even more complex and 
elusive  [  2  ] . 

 It is important to emphasize that the structural representation of boron and boron 
compounds (such as in Fig.  6.2 ) simply represents the geometry of the cluster of 
boron atoms, but does not describe the compounds in terms of localized bonds con-
taining couples of electrons between pairs of atoms. Later, we will brie fl y describe 
the electronic behavior of the boron atoms involved in bond formation.   

    6.2.2   Physical Properties 

 Natural boron has two stable isotopes, namely  10 B and  11 B, with a natural abundance 
of about 20 and 80 %, respectively. Small variations in their concentration are 
observed. For instance, borates from California are more abundant in  11 B, whereas 
those from Turkey are more abundant in  10 B, thus preventing a precise determina-
tion of the atomic weight (Table  6.1 ). Both isotopes show a nuclear spin, allowing 
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  Fig. 6.1    Schematic representation of the periodic table       
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the use of NMR spectroscopy for the structural characterization of boron-containing 
compounds, with the  11 B isotope being generally preferred  [  3  ] .  

 A relevant nuclear property of the  10 B isotope is the high cross section for neu-
tron capture, which has opened the possibility of the therapeutic use of boron com-
pounds for boron neutron capture therapy (BNCT) (Table  6.2 ).  

  Fig. 6.2    Representation of the structure of the basal plane of  a -rhombohedral boron in a quite 
densely packed arrangement of boron icosahedra       

   Table 6.1    Physical information    Atomic number  5 
 Relative atomic mass ( 12 C = 12.000)  10.811(7) 

 Melting point ( b -rhombohedral)/K  2,352 

 Boiling/point/K  4,000 
 Density/kg m 3   2,340 (293 K) 
 Ground state electron con fi guration  [He]2s 2 2p 1  
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 The ionization energies are 800.6, 2,427.1, and 3,659.7 kJ/mol, much larger than 
those of the other elements of the same group. The electronegativity is 2.0, close to 
that of H (2.1), but lower than that of C (2.5), which means that the polarity of the 
B–H bond is reversed with respect to that of the C–H bond, a factor that plays a role 
in the hydroboration reaction. The physical properties are dif fi cult to determine 
precisely because of the polymorphisms and dif fi culty obtaining high purity. 
Elemental boron has low density, extreme hardness (close to that of diamonds), and 
very low conductivity, and appears as a dark powder.  

    6.2.3   Chemical Properties 

 The chemistry of boron is probably the most complex and varied of all the elements 
in the periodic table. The last 50 years have seen tremendous developments in boron 
chemistry, with many different structures being elucidated and the nature of bond-
ing better understood. 

 The main features that in fl uence the chemical behavior of boron are its small 
size, high ionization energy, and electronegativity that is close to that of C and H 
(and Si), leading to an unusual ability to form covalent bonds. 

 Similar to C and Si, it shows a marked propensity to form covalent molecular 
compounds, but it differs sharply from them in having one less valence electron 
with respect to the number of valence orbitals, being therefore electron de fi cient. 
Therefore, although the presence of three external electrons accounts for its propen-
sity to form tervalent compounds, much of its chemistry derives from the tendency 
to act as an electron-pair acceptor and to give multicenter bonds. Finally, it has a 
high af fi nity for oxygen, which is the basis of the vast chemistry of oxygen 
derivatives. 

 Different classes of boron compounds can thus be recognized; we have tenta-
tively divided boron compounds in the following classes:
    1.    Boron–oxygen compounds  
    2.    Other boron-heteroatom compounds (we will focus on halides and B–N 

derivatives)  
    3.    Metal borides  
    4.    Boron hydrides (including boron clusters, carbaboranes, and metal derivatives 

thereof)  
    5.    Organoboron compounds (molecular species containing localized B–C bonds)       

   Table 6.2    Boron isotopes    Nuclide   10 B   11 B 
 Relative mass  10.01294  11.00931 
 Natural abundance (%)  19.055–20.316  80.945–79.684 
 Half-life  Stable  Stable 
 Nuclear spin parity  3  3/2 
 Cross section for neutron 
capture (barns)1 barn 10 −28  m 2  

 3,835  0.005 
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    6.3   Classes of Boron Compounds 

    6.3.1   Boron-Oxygen Compounds 

 Boron always occurs in nature as oxygen compounds, and it has never been found 
as an element or bound to other elements  [  4  ] . As for elemental boron, borides and 
boranes, boron–oxygen compounds show an enormous structural complexity and 
variety. Moreover, a large number of organic boron compound containing B–O 
bonds are known (namely BPA) and have found many application in synthesis. 

 The main oxide derivative of boron is boric oxide, B 
2
 O 

3
 , which can be prepared 

by cautious dehydration of boric acid. Its structure consists of a network of trigonal 
BO 

3
  units in which boron atoms are linked through oxygen atoms. 

 It is largely employed for the preparation of borosilicate glasses. 
 Hydrolysis of most inorganic boron compounds gives boric acid, B(OH) 

3
 , which 

is mainly obtained by acid treatment of aqueous solutions of borax (Na 
2
 B 

4
 O 

7
 ·H 

2
 O). 

It forms white crystals in which the molecules are connected by a network of hydro-
gen bonds. Partial dehydration of B(OH) 

3
  above 100° yields metaboric acid HBO 

2
 , 

whose structure is shown in Fig.  6.3 .  
 Boric acid is a very weak acid having a p K  

a
  of 9.25. Its acid behavior is not due 

to a proton donation, but to its reaction with water as a Lewis acid accepting an OH 
and releasing a proton, as shown in Fig  6.4 :  

 Boric acid is highly reactive towards alcohols and easily forms esters. Moreover 
boric acid, as well as other boron–oxygen compounds (e.g., boronic acids), is able 
to form acetal-like derivatives with diols  [  5  ] . This elevated af fi nity for diols strongly 
in fl uences the p K  

a
  of boric acid; for example, the complexation with mannitol leads 

to a p K  
a
  of 5.15 according to Fig.  6.5 .  

 Also in borate salts a complex structural variability is observed, and they have 
been intensively studied for their industrial relevance, as they are found in many 
minerals. Some common features are recognized. Boron can link three or four oxy-
gen atoms, forming trigonal or tetrahedric structures, polynuclear anions are formed 
by sharing a single vertex oxygen, and they can be hydrated, can contain boric acid 
units and form polymeric    structures  [  6  ]  (Fig.  6.6 ).  

 Examples of frequent units containing tri- or tetracoordinated boron are shown 
in the previous  fi gure.  

    6.3.2   Other Boron–Heteroatom Compounds 

    6.3.2.1   Boron Halides 
 Boron halides can be found either as monomeric boron trihalides, which have been 
extensively studied, or polynuclear derivatives, including halogenated polyhedral 
compounds. We will limit our discussion to trihalides, which are the most impor-
tant for industrial application. Indeed, this class of boron derivatives is involved in 
the preparation of elemental boron and used as catalysts for a variety of organic 
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reactions, such as the Friedel-Crafts reaction  [  7  ] , ole fi n polymerization  [  8  ] , crack-
ing of hydrocarbons  [  9  ] , and nitration and sulfonation of aromatic compounds. 

 Boron trihalides are very volatile and highly reactive compounds. Structurally 
they are planar trigonal molecules like organoboranes; they are very strong Lewis 
acids because of the combined effects of the empty p orbital and of the electronega-
tivity of the bound halogens. The B–X bond energies are very high, and the bond 
distances are shorter than those expected for a single bond. This can be attributed to 
an overlap between the empty orbital on boron with halogen lone-pair containing 
orbitals  [  10  ] . 

 When mixed, different boron trihalides give rise to a rapid halogen exchange, 
forming mixtures of mixed halides:     3 3 3 3 2 2BX BY BX BY BX Y BXY .+ ® + + +    

 Boron tri fl uoride can be obtained by  fl uorination of borates with CaF 
2
  or HF in 

the presence of concentrated sulfuric acid. Boron trichloride and tribromide are 
obtained by treating boron oxide with elemental bromine or chlorine, respectively, 
in the presence of carbon, while boron triiodide is prepared by reacting elemental 
iodine with sodium or lithium borohydride. 

 Like the other Lewis acids, boron trihalides form stable complexes with Lewis 
bases such as ethers or amines (Fig.  6.7 ). The stability of the adducts follows the 
order BF 

3
  < BCl 

3
  < BBr 

3
  < BI 

3
 , most likely because of the previously mentioned 
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orbital interaction, geometry reorganization from trigonal to tetrahedral, and the 
electronegativity effect, with a complex interplay between these factors  [  11  ] .   

    6.3.2.2   Boron–Nitrogen Compounds 
 Boron–nitrogen compounds have raised considerable interest for three main rea-
sons: the electronegativities of the three elements, including carbon, are quite simi-
lar, with that of carbon being intermediate between nitrogen and boron; they have 
similar sizes, and, very importantly, the B–N unit is isoelectronic with a C–C bond 
(Table  6.3 ). The features of the B–N bond in amine–borane complexes have been 
discussed to a large extent. Usually such bonds are represented as follows: 
R 

3
 N → BX 

3
  or R 

3
 N +  =  − BX 

3
 , which suggests that the origin of the bond is a donation 

of a pair of electrons from nitrogen to boron. However, it does not mean that nitro-
gen becomes positively charged and boron negatively, as the electron density distri-
bution depends on the atoms’ characteristics, mainly electronegativity.  

 Calculation indicates that there is a decrease of positive charge on boron and a 
decrease of electron density on nitrogen, but without reversal of charge. 

 A similar situation is found in compounds of the type shown in Fig.  6.8 , from 
which the isoelectronic analogy with alkenes is evident.  

 From the electronic point of view, however, the previous consideration can be 
applied also to this type of compounds. The possibility of replacing a single or 
double carbon-carbon bond with a B–N or B═N unit has opened the possibility 

  Fig. 6.7    BCl 
3
 -

trimethylamine complex       

   Table 6.3    Properties of B, C and N    Element  B  C  N 
 Valence electrons  3  4  5 
 Electronegativity  2.0  2.5  3.0 
 Radius (Å)  0.88  0.77  0.70 
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obtaining a large number of new classes of compounds, but the discussion is beyond 
the scope of this chapter. 

 However, a particular example deserves to be mentioned, namely borazine, 
shown in the following  fi gure (Fig.  6.9 ):  

 Borazine is prepared by the reaction of diborane with ammonia or, more 
ef fi ciently, by the reaction of BCl 

3
  and NH 

4
 Cl, followed by reduction with NaBH 

4
 . 

 Borazine can be considered as an analog of benzene and, actually looking at their 
physical properties, they appear quite similar. Moreover, borazine has a structural 
similarity to benzene, being a planar, regular hexagonal ring, and discussions on its 
aromaticity are still ongoing  [  12  ] . However, the analogies do not go further as bora-
zine’s chemical behavior shows few aromatic properties. In fact, borazine can easily 
yield addition reactions, usually initiated by nucleophiles reacting with boron atoms. 

 Apart from discrete molecules, boron–nitrogen compounds can also be found in 
boron nitrides, which are isoelectronic with graphite and have a similar hexagonal 
layer structure; other structures are known, but obtaining them requires harsh condi-
tions. Differently from graphite, however, boron nitride has the layers superposed, 
having B on one layer located on N on the adjacent layer; moreover, boron nitrides 
have good electric conductibility and high chemical resistance. For these reasons, 
boron nitrides are mainly applied in ceramic materials and composites  [  13  ] .   

    6.3.3   Metal Borides 

    6.3.3.1   Properties and Preparation 
 Boron is able to form metal-rich binary compounds showing, a surprising variabil-
ity in stoichiometry and structural motifs, as well as some non-stoichiometric deriv-
atives or ternary and more complex combinations. The boron-metal ratio can vary 
from rich metal compounds, e.g., M 

5
 B, to very rich boron derivatives, such as MB 

66
 ; 

X-ray diffraction has been a powerful technique for their structural elucidation. 
Beyond academic attention, these compounds also stimulate a signi fi cant industrial 
interest because of their relevant physical and chemical properties. 

 Metal borides are, in fact, exceptionally hard, non-volatile, chemically inert, 
and refractory (ceramic) materials with melting points often exceeding 3,000 °C. 

R2C=CR2  R2B NR2  Fig. 6.8    Analogy between C ═ C and B ═ N bonds       
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  Fig. 6.9    Borazine synthesis and properties       
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They are usually obtained as powders, but can be made up into the desired shape 
by standard metallurgical and ceramic techniques, and can be applied in  heavy-duty 
apparatuses, such as turbine blades, rocket nozzles, and combustion chambers, as 
well as having nuclear applications because of the very high neutron capture cross 
section even with high-energy neutrons. Metal borides can be obtained with a vari-
ety of methods either for laboratory or industrial preparation. The main method for 
small-scale preparation is the direct combination of the elements at high tempera-
ture; all the other methods are based on the reduction of boron and/or metal oxides 
or halides exploiting boron or metal itself, or external reductants (e.g., C, other 
metals, and H 

2
 ), or by electrolysis of molten salts.  

    6.3.3.2   Structure of Borides 
 As already found for other classes of boron compounds, also in this case a structural 
variability is observed. Metal-rich borides can contain isolated boron atoms, or, 
alternatively, boron can form pairs, linear or branched chains, as well as planar net-
works. Increasing the percentage of boron results in a predominant occurrence of 
B–B bonds in which boron is present as icosahedral units, and the metal atoms are 
located in speci fi c cavities or vacant sites. A compound that is strictly structurally 
related to rhombohedral elemental boron is boron carbide, for which the formula 
B 

4
 C was originally proposed, but is not better written as B 

13
 C 

2
 , although the stoichi-

ometry can slightly differ from that. It is interesting to remember that boron carbide 
was  fi rst prepared in 1899, and it is produced in large amounts, but still waits for a 
conclusive structural characterization  [  14  ] . 

 Figure  6.10  shows a pictorial representation of boron carbide in which icosahe-
dron units are clearly visible, joined by C–B–C units, besides B–B bonds.  

= boron = carbon

  Fig. 6.10    Structure of boron carbide       
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 Other metal borides with large electropositive metals such as lantanides have 
simpler structures. For example, MB 

12
  has a structure similar to that of NaCl in 

which the 12 boron atoms form a cubic octahedral cluster that behaves like the Cl −  
ion in NaCl crystals, and MB 

6
  compounds form CsCl-type structures in which Cl −  is 

replaced by an octahedral B 
6
 . From the structural complexity and properties of 

borides, it is apparent that boron bonding (and more generally, in inorganic com-
pounds) is inadequately described as ionic, covalent, or metallic. A more appropri-
ate description requires the use of a molecular orbital approach. We will brie fl y 
discuss such problems in the borane section.    

    6.4   Boranes 

    6.4.1   General Features 

 Borane chemistry was initially explored at the beginning of the twentieth century 
thanks to investigations of Stock. Later, the inorganic chemistry of boranes and 
related carbaboranes attracted tremendous research interest for different reasons: 
the new principles involved in borane structures, the intriguing properties of bonds 
in boranes, which constituted a serious problem for Lewis electronic theory and 
forced the development of molecular orbital theory, and,  fi nally, an extensive reac-
tivity peculiar to this class of compounds. This part of the story ended with the 1976 
Nobel Prize to Lipscomb for his “studies on boranes, which have illuminated prob-
lems of chemical bonding.” Besides these investigations of the theoretical and inor-
ganic aspects, Brown, a young chemist who joined the Schlesinger group as a Ph.D. 
student, started up the study of the reactivity of boranes with organic compounds. 
This was the beginning of a rapid development of new reagents and new reactions 
in organic chemistry, which culminated with a second Nobel Prize awarded to 
Brown in 1979 (shared with Wittig) for “their development of the use of boron- and 
phosphorus-containing compounds, respectively, into important reagents in organic 
synthesis.” 

 Boron is the only element other than carbon that can make a complex and 
extended series of hydrides. Comparing the structures of boron hydrides with those 
of carbon hydrides (or, better hydrocarbons) shows that while carbon hydrides have 
a tendency to form chains and rings, boranes prefer to give rise to three-dimensional 
clusters (Fig.  6.11 ).   

    6.4.2   Chemical Bonding in Boranes 

 The understanding of the structure of boranes started with the determination of the 
structure of decaborane  [  15  ]  by Harker, who showed the existence of an icosahedral 
structure together with four hydrogen atoms bridging couples of boron atoms. Later 
on, the structure of diborane was demonstrated, showing the presence of bridging H 
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atoms. To explain such structures, the concept of a tricentric bond, namely three 
centers and two electrons, was initially introduced in 1949 by Longuett-Higgins  [  16  ] . 
The concept was then applied to higher boranes and developed by the Lipscomb 
group  [  17  ] . In bonding theory, atomic orbitals can be linearly combined to give 
molecular orbitals; in localized bonds, a pair of atomic orbitals is combined to give 
two molecular orbitals, one bonding and one antibonding. The pair of electrons 
occupies the lower energy bonding orbital. In a more general situation, linear com-
bination of n atomic orbitals gives rise to n molecular orbitals, which can be bond-
ing, antibonding, and non-bonding. As a consequence, not only two center, but also 
three or multicenter orbitals can be obtained by calculation. 

 When applied to the B–H–B bond in diborane, the molecular orbital theory 
gives rise to the orbitals shown in Fig.  6.12  in which only the bonding orbital is 
occupied, essentially meaning that the two electrons are used to keep three atoms 
together.  

 In a similar way, for more complex boron clusters, also three-center bonds can be 
described for boron atoms; in Fig.  6.12b , a pictorial representation of the three-
center boron orbital overlap is shown. 

 More complex structures with clusters of boron atoms can also be obtained, for 
which this concept of multicenter bonds explains the stability of such polyhedral 
boranes. 

 Structure and bonding descriptions were attained through a topological theory by 
Lipscomb  [  17  ] , and the relation between electron counting and cluster geometry 
resulted in Wade’s rules in 1971  [  18  ] . These aspects will not be described in detail 
as they are beyond the scope of this chapter.  

  Fig. 6.11    Comparison between carbon and boron hydride structures       
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    6.4.3   Structure of Boranes 

 Three main structures of boranes can be envisaged together with two other minor 
classes:

    • Closo -boranes with a polyhedral closed structure of the general formula B 
 n 
 H 

 n 
  2−   

   • Nido -boranes having a non-closed structure and the formula B 
 n 
 H 

 n  + 4
  or     

3
B Hn n -+

    
   • Arachno -boranes with an even more open structure and the formula B 

 n 
 H 

 n  + 6
     

 Besides these, two supplementary groups have been classi fi ed:  hypno -boranes, for 
which adducts are known, and  conjuncto -boranes, which are derived by linking together 
the above-mentioned structures (at least  fi ve different structures have been identi fi ed). 

 Boranes are usually named by indicating the number of B atoms with a Latin 
pre fi x with the number of H atoms in parentheses, e.g., B 

5
 H 

9
  pentaborane(9); anion 

names end in “ate” and contain both the number of B and H atoms and the charge, 
e.g., B 

3
 H  

8
  −   is octahydrotriborate(1-). Additional information on the structure ( closo -, 

 nido -, etc.) can be included (in italics). 
 Figure  6.13  shows few examples of the possible borane structures.   

    6.4.4   Preparation and Reactivity of Boranes 

 Low terms can be obtained thanks to the availability of anionic monoborane, e.g., 
BH  

4
  –   or B 

3
 H  

8
  –  , which allows easy access to diborane or B 

3
 H 

7
 , respectively.

BX 
3 
 + BH 

4 
–  →  HBX 

3 
– + ½ B 

2 
H6

BX 
3
  + B 

3
 H 

8
 –  →  HBX 

3 
– + B 

3
 H 

7
  

antibonding

non-bonding

a b 

c

bonding

  Fig. 6.12    Three-center bond in boranes: ( a ) B–H–B orbitals; ( b ) B 
3
  orbitals overlap; ( c ) 

diborane       
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 Diborane can be obtained on a small scale by the reaction of NaBH 
4
  and Et 

2
 OBF 

3
  

in diglyme and used directly without isolation:

     4 2 3 4 2 6 23NaBH 4Et OBF 3NaBF 2B H 4Et O+ ® + +     

 Higher terms are typically obtained by thermolysis of smaller boranes. The elu-
cidation of the thermal behavior of boranes took a long time from its  fi rst observa-
tion by Stock because of the complexity of the system and the instability of 
intermediates, requiring reliable tools for product analysis and detailed mechanistic 
studies. Precise optimization of the reaction conditions can allow obtaining an 
acceptable yield of intermediate boranes. 

 Boranes are extremely reactive compounds, and many of them are pyrophoric 
and ignite spontaneously in air. This tendency and, more generally, the reactivity are 
very high in  arachno -boranes and decrease in  nido -derivatives; in general, reactivity 
decreases with increasing molecular weight.  Closo -boranes are surprisingly stable, 
suggesting the concept of three-dimension aromaticity  [  19  ] . 

 The chemistry of the lower terms of boranes, namely BH  
4
  –   and B 

2
 H 

6
 , will be 

discussed, together with few information on boron clusters in the context of BNCT 
compounds. 

B6H10(nido)

B10H14 (nido)

B4H10 (arachno)

B12H12
2- (closo)

  Fig. 6.13    Some borane structures       
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 Boron hydrides have been widely used in both the laboratory and industrial 
applications. One of the most commonly used hydrides is sodium borohydride, 
which is cheap, easy to handle, and can be used in protic solvents. Sodium borohy-
dride allows for the reduction of electrophilic compounds including aldehydes, 
ketones, imines and related derivatives, and, to some extent, esters  [  20  ] . 

 In carbonyl reduction, the hydrogen atom, together with the pair of electrons 
from the B–H bond, will be transferred to the carbon atom of the C═O group 
(Fig.  6.14 ).  

 Though no hydride ion, H – , is actually involved in the reaction, the transfer of a 
hydrogen atom with an attached pair of electrons can be regarded as a ‘hydride 
transfer. The oxyanion produced in the  fi rst step can help stabilize the electron-
de fi cient BH 

3
  molecule by adding to its empty  p  orbital. Now a tetravalent boron 

anion is formed again and could transfer a second hydrogen atom (with its pair of 
electrons) to another molecule of carbonyl compound. 

 The alkoxyborane intermediate then reduces a second molecule of the carbonyl 
compound, and the reaction can continue until all hydrides are consumed, so that BH  

4
  –   

is able to reduce four molecules of carbonyl derivative. From the above mechanism, the 
interplay between tri- and tetracoordination on the boron atom can be easily noticed. 

 An alternative to BH  
4
  –  , B 

2
 H 

6
  is also able to reduce carbonyl compounds. As such, 

it is a gaseous substance, but it can be tamed by complexation with Et 
2
 O or Me 

2
 S. 

Although at  fi rst glance borane appears similar to borohydride, it is not an ion, which 
is the basis of the difference in its reactivity. Whereas borohydride prefers to react 
with the most electrophilic carbonyl groups, the reactivity of borane is dominated by 
its tendency to accept an electron pair into its empty p orbital, thus showing its soft 
Lewis acid properties. In the context of carbonyl group reductions, this means that it 
reduces electron-rich carbonyl groups fastest. As a consequence, apart from alde-
hydes and ketones, it is able to reduce amides to the corresponding amines ef fi ciently, 
whereas the reduction of esters is very slow. On the other hand, borane is able to 
reduce carboxylic acids very ef fi ciently as it initially forms a borate anhydride with 
the carboxylic group, making the carbonyl group much more electrophilic. In fact, in 
carboxylic derivatives, the carbonyl group is usually less electrophilic than in other 
carbonyl compounds, e.g., ketones, because of conjugation between the carbonyl 
group and the lone pair of the  sp  3  hybridized oxygen atom, but, in these boron esters, 

H H

HH

O

O O

H

H

H H

H

H

H

H H

HR

O

H R

R R

OH

H R

B
B

B

B
OH

H

H H

H

R

+

+

  Fig. 6.14    Mechanism of NaBH 
4
  reduction of carbonyl compounds       
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the oxygen next to the boron has to share its lone pair between the carbony l group 
and the boron’s empty  p  orbital, so they are considerably more reactive than normal 
esters (Fig.  6.15a ). In this way, it is even possible to reduce a carboxylic acid in the 
presence of a ketone (Fig.  6.15b ).  

 The most relevant reaction of borane, however, is the hydroboration of alkenes 
and alkynes, which was discovered and developed by Brown, who was awarded the 
1979 Nobel Prize, as previously mentioned  [  21  ] . Hydroboration is an electrophilic 
addition reaction of borane to multiple bonds. It is a regioselective reaction as the 
boron shows a tendency to attack preferentially the less substituted carbon atom of 
the multiple bond in a so-called anti-Markovnikov approach. This behavior has an 
electronic justi fi cation, as the more electrophylic boron preferentially attacks the 
carbon atom, which leads to the formation of a better stabilized positive charge on 
the more substituted carbon atom in the transition state. Besides electronic reasons, 
steric factors also play a major role in the regioselectivity. Looking at the transition 
state, it is also apparent that the reaction is stereospeci fi c, with the boron and the 
hydrogen atoms approaching the same face of the double bond (Fig.  6.16 ). The 
reaction can go further by adding two other alkene molecules.  

 Alkyl boranes are easily converted in other derivatives. Their oxidation with 
hydrogen peroxide in basic conditions leads to the corresponding alcohol; the 
hydroxyl group replaces boron with retention of the con fi guration. The mechanism, 
shown in Fig.  6.17 , once more illustrates the ability of boron to go back and forth 
between planar neutral structures and anionic tetrahedral structures.  

 Superior boron clusters have also been explored  [  22  ] , but the discussion will be 
limited here to some information on  nido -decaborane B 

10
 H 

14
  and to just an example 

of  closo -dodecaborane B 
12

 H  
12

  2–   in the context of BNCT. 

R RROH

O O

O O

O

O

OH

OH
O

BH3

BH3

BH3B(O2CR)2  B(O2CH2R)2  

reactive
fast

COOH

R

a

b

⊕

−

  Fig. 6.15    Reduction of carboxylic acids with borane: ( a ) schematic mechanism; ( b ) example of 
selectivity          

R

R

R R

B

2BH2
BH2

BH3

H
H

RRR

δ

δ+

‡

  Fig. 6.16    Addition of borane to alkenes       
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  Nido -B 
10

 H 
14

  is probably the most studied among polyhedral boranes and has 
been produced in the past in large amounts for potential application in high-power 
fuels. It can be obtained on a small scale by pyrolysis of diborane at 100–200°C in 
the presence of weak Lewis bases. Decaborane is insoluble in water, but freely sol-
uble in many organic solvents; however, its reactivity strongly limits the range of 
solvents that can be used. Decaborane behaves as a relatively strong protic acid and 
can be titrated in hydroalcoholic solutions showing a p K  

a
  of 2.70. Deprotonation 

can also be observed using other strong bases such as MeO – , NH  
2
  –  , etc. 

 Treatment of decaborane with donor ligands gives rise to replacement of two 
hydrogen atoms:

     10 14 10 12 2 2B H 2L B H L H+ ® +     

 The ligand can be either inorganic or organic, neutral or anionic. Ligands can 
activate decaborane for several types of reactions, including degradation reactions 
in the presence of protic compounds, e.g., alcohols:

     ( )10 12 2 9 13 23
B H L 3ROH B H L B OR L H+ ® + + +

    

 Another example of reactions of activated decaborane will be considered later. 
 Decaborane can undergo reactions in which boron or other atoms are incorporated 

to give an expanded cluster. In this way, metallaboranes can be generated easily. 
  Closo -boranes, obtained by pyrolysis, are very stable. They are relatively reac-

tive towards electrophiles, but much less so with nucleophiles. An important substi-
tuted derivative of this class is BSH, (sodium mercaptoundecahydrododecaborate, 
Na 

2
 B 

12
 H 

11
 SH), which is currently being used for clinical trials in BNCT. It can be 

obtained from B 
12

 H  
12

  2–   by a reaction with  N -methylthiopyrrolidone  [  23  ] , as shown 
in Fig.  6.18 :    

    6.5   Carboranes 

 Carboranes  [  24  ]  (or, better, carbaboranes) can be structurally seen as boron clusters 
in which one or more of the BH groups in boranes are substituted by a CH. The dif-
ferent number of external electrons introduced in the cluster by a formal B to C 

RR
R

R

R

R

OO
O

BR′2BR′2
BR′2BR′2

BR′2

OH

OH

OH

OH−

OH
B(OH)3

OHOH

+

O OH

+

H2O2

  Fig. 6.17    Oxidation of organoboranes       
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substitution is compensated by the elimination of an H atom involved in a three-
center bond. The most represented carboranes have the stable  closo  structure and 
can be obtained by pyrolytic reaction between a borane and an alkyne. As for 
boranes, many substitution derivatives, including metallacarboranes, have been 
extensively studied and even today are still of great interest. Only the icosahedral 
carborane C 

2
 B 

10
 H 

12
  will be brie fl y considered in this context. The three isomeric 

C 
2
 B 

10
 H 

12
  ( ortho -,  meta - and  para - according to the relative position of the carbon 

atoms) are by far the most studied because of their easy preparation and great 
stability. 

 Two main strategies for the preparation of substituted carboranes are usually 
exploited (Fig.  6.19 ): 

   The addition of ligand-activated decaborane to alkynes  • 
  The addition of deprotonated carboranes to electrophiles as carbon atoms in • 
decaborane are quite acidic (p K  

a
  around 23).    

2− 2−
2−

S

S
N

N

Hydrolysis

SH

+

  Fig. 6.18    A preparation of BSH       
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R
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R H

OH

R C

B
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  Fig. 6.19    Preparation of substituted carboranes       
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 Although carboranes are usually stable, they are sensitive to bases such as HO – , 
MeO – , R 

2
 NH, giving rise to the  nido -derivative by extraction of a boron atom  [  25  ] . 

A large number of structures containing carboranes have been synthesized with the 
above and other strategies  [  26  ] .  

    6.6   Organoboron Compounds 

 Besides reactivity concerns, boron chemistry has been extensively studied in a num-
ber of other aspects. The ability of boron to form stable bonds with carbon allows 
its easy incorporation in organic molecules. Many carbon-carbon bond-forming 
reactions exploiting organoborane are known  [  27  ] . Of particular interest are aryl 
and vinylboronic acids, which can be applied for carbon-carbon bond-forming reac-
tions, such as Suzuki coupling  [  28  ] . 

 Boronic acids can be obtained in a variety of ways, with the reaction of vinyl or 
aryl lithium or Grignard reagents with triethylborate followed by hydrolysis being 
the most common methods. Such a reaction has also been applied for the synthesis 
of 4-borono- l -phenylalanine, BPA, a compound approved for clinical use in BNCT 
together with BSH  [  29  ] . 

 A large number of compounds have been synthesized exploiting Suzuki cross-
coupling. The synthesis of vitamin A reported in Fig.  6.20  is just one example  [  30  ] .  

 Boronic acids can also be obtained from palladium-catalyzed cross coupling, 
and this approach has been used for the synthesis of BPA. One example is reported 
in Fig.  6.21  starting from partially protected 4-iodophenylalanine and bis-pinacolato 
diboronate in the presence of a Pd catalyst  [  31  ] .   

OH
pd(PPh3)4

TIOH, THFOH(HO)2B+

vitamin A

  Fig. 6.20    Suzuki vitamin A synthesis       

COOHCOOHCOOH

NH2

HO
B

OH

BBr3

NHBocNHBoc

OOO

O O

O
BBB

pd complex

  Fig. 6.21    Palladium-catalyzed synthesis of BPA       
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 Finally, boronic acid also has other applications apart from synthesis. As previ-
ously mentioned, it can provide stable boron acetals with diols and has been used as 
a protecting group to give better solubility in water, as in the case of the complex 
between BPA and fructose, or as an analytical tool for selective sugar recognition 
based on  fl uorescence variations (Fig.  6.22 )  [  32  ] .      
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