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v

 One way to bring order into the vast body of knowledge chemists keep accumulat-
ing since centuries is to group it neatly by element. Boron, “the fi fth element”, is 
one where this approach makes much sense, because its chemistry is rather unique 
and set apart from that of its neighbours in the periodic table. Boron chemistry is not 
self-contained; however, there is much potential for cross-fertilisation with other 
areas, and occasional “spin-offs” can have tremendous impact, as for instance with 
hydroboration or cross-coupling reactions in synthetic organic chemistry. It is thus 
useful to have the progress in the fi eld reviewed regularly. The present monograph 
edited by Drahomír Hnyk and Michael McKee serves precisely this purpose, pro-
viding a snapshot of current research in the vibrant area that boron chemistry con-
tinues to be. 

 This chemistry is governed by the electron defi ciency of boron. Diborane and its 
family members, the polyhedral boranes, are the epitomes of multicenter bonding. 
This type of bonding in turn gives rise to characteristic structural features, exempli-
fi ed in the preference for clusters with shared polyhedra. In view of the rich and 
diverse structural chemistry that ensues, it is not surprising that structure and bond-
ing are recurring themes throughout this book. 

 Another recurring theme is the concert of theory and experiment, teaming up to 
elucidate the details of structure, bonding and reactivity. Chemistry of boron and the 
boranes is an ideal playground for quantum-chemical methods. In the absence of 
heavy elements, a non-relativistic treatment is usually appropriate, so that “off-the-
shelf”, black-box methods and user-friendly software can be applied rather rou-
tinely. It also allows description and interpretation of the results in the language of 
molecular orbital theory. Many of the basic building blocks in boron chemistry are 
small enough to be treated with the most sophisticated ab initio methods, which is 
to say virtually exactly. This in turn allows more approximate methods, such as 
those mushrooming from the fertile fi eld of density functional theory (DFT), to be 
reliably calibrated and to be applied to more complex systems such as large metal-
laboranes. If chosen properly, computational tools can provide answers at a confi -
dence level that rivals those of established experimental techniques. The usefulness 
and importance of theoretical modelling tends to grow with the ever-increasing 
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availability of computer power. In fact the largest part of this book is devoted to 
quantum-chemical applications and the new insights they have provided. 

 I have been fortunate to start my career in this fi eld, computational boron chem-
istry, under the guidance of Paul Schleyer. An organic chemist by training and repu-
tation, he did not care about the presence or absence of carbon in a compound as 
long as its chemistry was interesting. After very fruitful application of the emerging 
tools to calculate NMR parameters to carbocations in the 1980s, it was only logical 
for him to have the same methods applied to boron compounds. This has developed 
into one of the many areas in chemistry where Paul Schleyer has left a lasting mark. 
He had moved on since then, restlessly working on other topics, but has always kept 
an interest in boron chemistry. He had agreed to write the introduction to this mono-
graph, but his sudden death in November 2014 prevented him from doing so. I am 
grateful to the editors for their decision to dedicate this whole book in his memory. 

 The present monograph is a legacy in many ways. It brings together chapters by 
some of the towering pioneers in the fi eld, on whose shoulders the coming genera-
tions of boron chemists can stand, complemented by contributions from younger 
scientists eager to carry on the torch. As expected for a vibrant research area, the 
topics covered are numerous and diverse. 

 In Chap.   1    , Alexander Boldyrev takes us into the wonderful world of boron-
based chains, rings, sheets and spheres, where the continuum between localised and 
delocalised bonding leads to unusual and intriguing phenomena such as fl uxionality 
reminiscent of a “molecular Wankel motor”. The mature area of structure elucida-
tion by joint gas-phase electron diffraction and quantum-chemical modelling is 
reviewed by Drahomír Hnyk in Chap.   2    . The vast terrain of metallaborane chemis-
try is charted by Bruce R. King in Chap.   3     with the help of DFT. Josep Oliva goes 
beyond ground-state calculations in Chap.   4    , exploring absorption and fl uorescence 
properties of octadecaborane and their subtle dependence on confi guration (“Dr. 
Jekyll and Mr. Hyde”-versions of B 18 H 22 ) and on exoskeletal substituents. In Chap. 
  5    , Michael McKee recounts his attempts to elucidate the mechanism of a classical 
reaction, formation of the  closo -dodecaborane dianion, through mapping the won-
derfully complex potential energy hypersurface with DFT calculations. In Chap.   6    , 
John Kennedy embarks on a journey from the classic  nido  and  arachno  boranes via 
fused cluster compounds to ever more complex macropolyhedral boron species, all 
the way to “megaloboranes”, that is, big nano-sized globules that are presented as 
challenging, but potentially rewarding targets for future synthesis. In Chap.   7    , 
Pattath Pancharatna develops an understanding of the bonding in such macropoly-
hedral boranes based on their electronic structures, as summarised in a set of refi ned 
electron-counting rules. Chapter   8     by Narayan Hosmane illustrates how the useful-
ness of the “classic” hydroboration and Suzuki cross-coupling reactions can be fur-
ther improved by advances in nanocatalysis. In Chap.   9    , Martin Lepšík shares his 
insights on how seemingly weak intermolecular interactions can open up new ave-
nues in boron chemistry, notably in relation to materials science and biomolecular 
or medicinal chemistry. 

 Through this collection of representative snapshots, the monograph conveys a 
good idea of the recent progress that has been made in the fi eld of boron chemistry. 
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The book should be appealing and interesting for experimental and computational 
chemists alike. Providing highlights from the present state-of-the-art in boron 
chemistry, and an overview of the frontiers that are waiting to be pushed ever fur-
ther, I am sure it will be a valuable source of information, but also of inspiration for 
further work in the years to come.  

    St Andrews ,  UK      Michael     Bühl   
     May 2015 
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   Preface   

 Professor Paul von Ragué Schleyer, who passed away on November 21, 2014, was 
a giant among modern scientists. He may be considered as a pioneer of computa-
tional chemistry as a whole. His imprint will be felt for generations, undoubtedly 
also in boron chemistry. Indeed, he won the 1996 IMEBoron Prize for Computational 
Boron Chemistry. Through the years, his group has been at the forefront in develop-
ing tools and applying them to the study of unusual molecules. From the fi rst 
synthesis of adamantane in 1957, Paul has been on the hunt for usual molecules. His 
most recent quest has been for planar tetra-coordinate carbon and then later boron 
in a planar environment. One might argue that his extensive work on the “The 
Nonclassical Ion Problem” (i.e. the norbornadienyl cation) dovetailed smoothly into 
his studies of boranes and carbocations since they are isoelectronic. Paul obligingly 
agreed to write the introduction to this book. Unfortunately he passed away before 
he could complete the task. We think he would be very much pleased by the 
diversity and quality of the chapters herein. A fair number of the contributors 
have collaborated either directly or indirectly with his group. Therefore, we are 
proud to dedicate this book to his memory.  

    Husinec-Řež ,  Czech Republic      Drahomír     Hnyk   
    Auburn ,  AL ,  USA      Michael L.       McKee   
     May 2015 
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    Chapter 1   
 Classical and Multicenter Bonding in Boron: 
Two Faces of Boron       

       Ivan     A.     Popov      and     Alexander     I.     Boldyrev    

    Abstract     In this chapter we have shown that boron has two faces in chemistry: 
with classical and multicenter bonding. When neutral boron atoms are involved in 
bonding, we usually encounter domination of multicenter bonding. Such examples 
are planar, quasi-planar, and three dimensional pure and doped boron clusters, two- 
dimensional sheets as well as conventional deltahedral boranes. However, when a 
boron atom acquires an extra electron, it tends to form molecules similar to those of 
the neighboring carbon featuring classical 2c-2e σ-bonds instead of multicenter 
ones. Such examples are BH 4  − , analog of the CH 4  molecule; Li n B n H 2n+2  molecules 
containing B n H 2n+2  n−  kernels, which are isostructural to corresponding molecules in 
the C n H 2n+2  series; Li 6 B 6 H 6 , analog of benzene; linear chain of boron anions in LiB x , 
analog of carbine; and 2D layer of boron in MgB 2  mimicking the graphene struc-
ture. Chemistry of boron continues to expand conquering new territories and pro-
viding us with unprecedented structures, chemical bonding, internal rotations and 
other unusual properties. We believe we are at the beginning of new era of boron 
chemistry.  

1.1         Introduction 

 Boron and carbon are neighbors in the Periodic Table but are very different ele-
ments. Carbon is known to form strong classical two-center two-electron (2c-2e) 
C-C σ-bonds while π-bonding can be delocalized in aromatic organic compounds. 
Boron, on the other hand, is known to avoid the formation of 2c-2e B-B σ-bonds and 
prefers to form multicenter σ-bonds and π-bonds. It is well illustrated on the exam-
ples of two-dimensional materials: graphene [ 1 ,  2 ] and all-boron α-sheet [ 3 – 5 ]. 
Graphene forms a rigid network of 2c-2e C-C σ-bonds responsible for its honey-
comb structure. The α-sheet of boron has a strange derivative of the honeycomb 
structure with some of the hexagons being empty and some being fi lled with an 
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extra boron atom. Chemical bonding analysis revealed that there are no 2c-2e B-B 
σ-bonds in the boron α-sheet and that the σ-framework of this material is formed by 
either 3c-2e or 4c-2e σ-bonds [ 6 ,  7 ]. The π-bonding in both materials is similar and 
is due to delocalized 6c-2e or 7c-2e π-bonds. Having said that, we acknowledge that 
boron occasionally forms σ-bonds (four 2c-2e B-H in the BH 4  −  anion, for example), 
but that is exactly an example of “electronic transmutation” [ 8 ], where boron acquir-
ing an extra electron, becomes “carbon”. Indeed, BH 4  −  is a “copycat” of CH 4  since 
both species have similar chemical bonding and geometric structures. 

 In this chapter we would like to address the importance of both multicenter and 
classical (2c-2e) bonding, as well as the formation of classical 2c-2e σ-bonding in 
boron compounds when boron atom accepts an extra electron and electronically 
transmutes into “carbon”.  

1.2     Multicenter Bonding in Boron 

1.2.1     Bonding in Pure Boron Clusters 

 While 2c-2e classical bonds dominate organic chemistry and are also responsible 
for majority of bonding in inorganic chemistry, it is boron, which is responsible for 
the introduction of the fi rst multicenter 3c-2e bonds on the example of B 2 H 6 . The 
structure of B 2 H 6  with bridging H-atoms was proposed in 1921 by Dilthey [ 9 ]. 
However, it was not considered seriously until the 1940s, when infrared spectros-
copy data [ 10 – 12 ] supported the structure. Later, electron diffraction [ 13 ] and low- 
temperature X-ray diffraction [ 14 ] also confi rmed the bridged structure for the 
diborane. The chemical bonding in boranes was fi rst considered by Pitzer, who 
proposed the concept of a “protonated double bond” [ 15 ]. Further, Lipscomb and 
collaborators [ 16 ] put forward the concept of three-center two-electron (3c-2e) 
bonding, which, in the case of the B 2 H 6  diborane, consisted of two 3c-2e B-H-B 
bonds, involving the bridging H atoms. Lipscomb also explained the structure of all 
known boron hydrides, in which the bridging B-H-B bond appeared to be the key 
structural unit [ 14 ]. In the 3c-2e bonding three atoms supply three orbitals, one from 
each atom. These atomic orbitals interact to form one bonding and two antibonding 
orbitals. Thus, the two available electrons may fi ll the bonding orbital to form a 
3c-2e bond. In the  n -atomic species, there are  n  atomic orbitals, and only  n /3 bond-
ing molecular orbitals, which can be occupied by 2 n /3 electrons. Thus, the reason 
for certain boranes to exhibit special stability was elucidated. In principle, 
Lipscomb’s concept of the 3c-2e bonds, along with aromaticity, is one of the ways 
of describing electron defi cient bonding, even though aromaticity is more common 
in chemistry and, in a way, more clear. The work of Lipscomb on the chemical 
bonding of the boranes eventually led to his winning of the Nobel Prize and opened 
the gateway to understanding the chemistry of boron. 

 Boron in three-dimensional (3D) materials fl ourishes with a number of poly-
morphs [ 17 ,  18 ] consisting of B 12 -icosahedral building blocks, though only four 
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pure elemental phases have been synthesized [ 19 – 21 ]. However, while 3D struc-
tural motifs are prevalent in bulk boron, atomic boron clusters are found to have 
planar or quasi-planar structures [ 22 ], stabilized by localized 2c-2e σ bonds on the 
periphery and delocalized multi-center-two-electron (nc-2e) bonds in both σ and π 
frameworks on the internal fragments. Thus, when chemical bonding in negatively 
charged boron clusters [ 23 ,  24 ] was studied, the authors faced the necessity to go 
beyond the 3c-2e bonds. Let us consider chemical bonding in boron clusters using 
B 9  −  as an example. The anionic B 9  −  has the perfect planar D 8h  ( 1 A 1g , 
1a 1g  2 1e 1u  4 1e 2g  4 1e 3u  4 2a 1g  2 1b 2g  2 1a 2u  2 2e 1u  4 1e 1g  4 ) wheel-shaped structure as the global 
minimum (Fig.  1.1 ), which was established in a joint photoelectron and ab initio 
study by Zhai et al. [ 25 ].

   The perfect octagon structure of B 9  is unprecedented in chemistry and represents 
the fi rst example of octacoordinated atom in a planar environment. The remarkable 

  Fig. 1.1    ( a ) Global minimum structure and CMOs of B 9  −  D 8h  ( 1 A 1g ) cluster; ( b ) results of the 
AdNDP localization.  Sticks  drawn between atoms represent interatomic distances <2.0 Å; they do 
not necessarily represent single B–B σ-bonds here and elsewhere. ON stands for occupation num-
ber (Reproduced from [ 26 ] with permission from the PCCP Owner Societies)       
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planar octagon structure of B 9  −  can be easily rationalized on the basis of double (σ- 
and π-) aromaticity (Fig.  1.1 ). The eight MOs (Fig.  1.1a ): HOMO-3 (1b 2g ), HOMO- 
5, HOMO-5’ (1e 3u ), HOMO-6, HOMO-6’ (1e 2g ), HOMO-7, HOMO-7’ (1e 1u ), and 
HOMO-8 (1a 1g ) can be localized into eight 2c-2e B-B peripheral bonds (Fig.  1.1b ) 
using Adaptive Natural Density Partitioning (AdNDP) method [ 26 ]. In general, the 
AdNDP method analyzes the fi rst-order reduced density matrix in order to obtain its 
local block eigenfunctions with optimal convergence properties for an electron den-
sity description. The obtained local blocks correspond to sets of  n -atoms ( n  ranging 
from one to the total number of atoms in the molecule) that are tested for the pres-
ence of  n -electron objects [ n -center two-electron ( n c-2e) bonds]. The AdNDP 
method initially searches for core electron pairs and lone pairs (1c-2e), then 2c-2e, 
3c-2e, …, and fi nally up to  n c-2e bonds. At every step, the density matrix is depleted 
of the density corresponding to the appropriate bonding elements. The user-directed 
form of the AdNDP analysis can be applied to specifi ed molecular fragments and is 
analogous to the directed search option of the standard natural bond orbital (NBO) 
code [ 27 ,  28 ]. AdNDP accepts only those bonding elements whose occupation 
numbers (ONs) exceed a specifi ed threshold value, which is usually chosen to be 
close to 2.0 |e|. The other valence MOs are delocalized over the octagon and they are 
responsible for global bonding between the central boron atom and peripheral boron 
atoms. The three π-MOs: HOMO, HOMO’ (1e 1g ) and HOMO-2 (1a 2u ) are respon-
sible for π-aromaticity and the three σ-MOs: HOMO-1, HOMO-1’ (2e 1u ) and 
HOMO-4 (2a 1g ) are responsible for σ-aromaticity in B 9  − . The chemical bonding 
picture with double aromaticity can explain why B 9  −  has a high symmetry structure 
with bond equalization on the periphery of the cluster, the high HOMO-LUMO gap, 
high fi rst vertical electron detachment energy (VDE) for B 9  −  (3.46 eV, compared to 
the VDE of B −  of 0.227 eV [ 29 ]), and high ring current, comparable to aromatic 
organic hydrocarbons [ 30 ]. This chemical bonding model was successfully applied 
to explain chemical bonding in many other planar and quasi-planar negative boron 
clusters [ 22 – 24 ].  

1.2.2     Bonding in Doped Boron Clusters 

 Highly symmetric doubly aromatic boron wheels, B 8  2−  and B 9  −  [ 25 ], have inspired 
the discovery of a series of metal-centered monocyclic boron rings: M©B  n   −  [ 31 –
 34 ]. The electronic design principle capable of predicting which metals can replace 
the central B atom in either B 8  2−  or B 9  −  to render a similar doubly aromatic M©B  n   −  
species ( n  = 7, 8) was proposed by Romanescu et al [ 31 ]. Based on the design prin-
ciple, general geometric and electronic factors in the rational design of the novel 
borometallic molecular wheels were investigated [ 31 – 34 ]. Wang and collaborators 
observed and characterized the following octa- and nona-coordinated clusters: 
Co©B 8  −  and Ru©B 9  −  [ 31 ], Ru©B 9  −  and Ir©B 9  −  [ 32 ], Fe©B 8  −  and Fe©B 9  −  [ 33 ]. 
Tantalum and niobium were shown to possess the record-breaking coordination 
number in the planar metal-centered deca-coordinated Ta©B 10  −  (Fig.  1.2 ) and 
Nb©B 10  −  anions [ 34 ].
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   These unprecedented results have proven that boron clusters are promising mol-
ecules for coordination chemistry as potential new ligands, as well as for material 
science as new building blocks. The AdNDP analysis for Ta©B 10  −  revealed ten 
2c-2e peripheral σ-bonds, fi ve delocalized σ-bonds (satisfying the 4  N  + 2 rule for 
aromaticity with  N  = 2), and three delocalized π-bonds (satisfying the 4  N  + 2 rule for 
aromaticity with  N  = 1). A similar bonding pattern was found for Nb©B 10  − . Thus, 
both clusters are doubly σ- and π-aromatic. Detailed discussion of structure and 
chemical bonding in metal-centered monocyclic boron rings M©B  n   −  was recently 
reviewed [ 35 ]. Theoretical study on the transition-metal stabilized exo/endo closo- 
borane complex Sc[B 24 H 24 ] +  is reported elsewhere [ 36 ]. 

 Pure and metal-doped planar and quasi-planar boron clusters have a great poten-
tial to be new building blocks of solids and multi-decker sandwich complexes. In 
fact, two new solid-state materials: Ti 7 Rh 4 Ir 2 B 8  [ 37 ] and Nb 6 Fe 1−x Ir 6+z B 8  [ 38 ] con-
taining planar hexagonal boron rings as building blocks have been recently synthe-
sized by Fokwa and co-workers [ 37 ,  38 ]. These works show a great potential of 
boron chemistry extension in these two directions.  

1.2.3     Boron Molecular Wankel Motors 

 Delocalized bonding inside boron clusters leads to the unprecedented internal rota-
tion in planar or quasi-planar boron clusters [ 39 – 41 ]. This phenomenon was fi rst 
discovered for the doubly concentric spider-web-like structure of B 19  −  [ 42 ] and got 

  Fig. 1.2    Chemical bonding pattern of Ta©B 10  −  revealed by the AdNDP analysis (Reproduced 
from [ 34 ]. Copyright 2012 Wiley)       
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the name of molecular Wankel motor [ 39 ]. The stability of B 19  −  was attributed to 
doubly concentric π aromaticity in two concentric π systems, analogous to coronene 
[ 41 ]. Merino, Heine and co-workers were the fi rst to demonstrate that B 19  −  can 
undergo in-plane internal rotation of the inner centered pentagonal unit with respect 
to the peripheral boron ring [ 39 ]. B 13  +  was suggested to be highly fl uxional in 1998 
[ 43 ] though the possibility of the internal rotation in this doubly concentric pure 
boron cluster was demonstrated and explained using chemical bonding analysis 
only recently [ 40 ]. Briefl y, it was shown that the main change in chemical bonding 
upon rotation occurs in the delocalized σ-framework where the delocalized 3c–2e 
σ-bonds are symbolically presented as solid triangles (Fig.  1.3 ).

   The electron density migrates from one 3c–2e σ-bond to other 3c–2e σ-bond (see 
the direction of the arrows in Fig.  1.3 ), while the other pairs of delocalized 
σ-electrons occupying 3c–2e σ-bonds stay in their places. So, the σ-electron density 
migration does not violate the 4n + 2 rule for both concentric σ-systems. The 
σ-electrons number is constant over the inner triangle (two electrons) and in between 
the triangle and the peripheral ring (ten electrons) upon the internal rotation. The 
geometry of the inner triangle is rather rigid upon internal rotation. This can be 
explained by σ-aromaticity in this unit. The absence of localized 2c–2e σ-bonds 
between the inner B 3  and peripheral B 10  moieties is the main reason why almost free 
internal rotation is possible. The in-plane rotation was shown to be attainable even 
at room temperatures due to the following factors: similarity of chemical bonds 
between equilibrium and transition states of the molecular motors, and prevalence 
of delocalized bonding inside of boron clusters [ 39 – 41 ]. It was shown by 
Alexandrova and coworkers [ 41 ] that molecular Wankel motors rotate in both direc-
tions and only the application of the circularly polarized infrared laser was shown to 
achieve a desirable uni-directional rotation rendering a photo-driven molecular 

  Fig. 1.3    The schematic representation of the 3c-2e σ-bonds migration during the internal rotation 
of B 13  +  [ 40 ] (Reproduced from [ 40 ] with permission from The Royal Society of Chemistry)       
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Wankel motor running on the electronic ground state potential energy surface with 
a rotational period of a few pico-seconds (Fig.  1.4 ).

   Very recently, Merino, Heine and co-workers extended the family of the Wankel 
motors by a quasi-planar bowl cluster of B 18  2−  [ 44 ]. Clearly, the unprecedented 
internal rotations are much more common in boron chemistry than we know up 
today. We also think that other yet unknown intra-molecular rearrangements are 
possible in boron clusters due to multicenter bonding in such species.  

1.2.4     All-Boron Fullerenes 

 After the discovery of buckminsterfullerene (C 60 ) [ 45 ] researchers began their hunt 
for all-boron fullerene-like structures for boron clusters. Yakobson and co-workers 
[ 46 ] proposed that B 80 , which is isoelectronic to C 60  could be a candidate for the all- 
boron fullerene. This work sparked a new theoretical search for boron fullerenes 
[ 47 – 58 ]. The real challenge for theoreticians was to fi nd which boron cluster has a 
sphere-like structure, and that is due to the need to do exhaustive machine searches for 
an enormous number of potential structures. Therefore, it is very diffi cult to predict 
with certainty that the computationally predicted fullerene structure can be observed 
in molecular beam experiments, because it must be either a global minimum structure 
or a low-lying isomer. So, the best way to detect all-boron fullerene cluster is through 
a joint computational and photoelectron spectroscopy. Indeed, recently Wang and co-
workers in joint experimental and theoretical work [ 59 ] reported a ball-like structure, 
borospherene (Fig.  1.5 ) that is present in the molecular beam of B 40  −  clusters.

   Though, according to their results quasi-planar structure is a global minimum for 
B 40  − , it is the ball-like structure B 40  − , which is responsible for the low-energy part of 
the photoelectron spectra. Moreover, according to their theoretical calculations the 

  Fig. 1.4    Uni-directional rotation of a photo-driven molecular Wankel B 13 + (Reproduced from 
[ 41 ]. Copyright 2012 Wiley)       
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borospherene structure is a global minimum for the neutral B 40  cluster. The  chemical 
bonding analysis for the borospherene has shown a multicenter bonding character 
without any 1c-2e or 2c-2e bonds (Fig.  1.6 ).

   Important difference between chemical bonding in C 60  and B 40  is that there are no 
2c-2e neither σ- nor π-bonds in B 40 . This fi rst example of the all-boron fullerene is 
just a beginning of large all-boron fullerene chemistry, which will be very different 
from chemistry of carbon fullerenes. Indeed, very recently Wang and his group 
reported preparation of axially chiral borospherene B 39  −  in the molecular beam 
(Fig.  1.7 ) [ 60 ], which is optically active.

1.2.5        Two-Dimensional Boron Sheet 

 One can construct a honeycomb crystal lattice of neutral boron sheet assuming that 
every boron is sp 2 -hybridized and forms three 2c-2e σ-bonds. Such structure was 
shown to be less stable than the truly remarkable α-sheet structure (Fig.  1.8a ), com-
putationally predicted by Tang and Ismail-Beigi [ 3 ,  4 ] and Yang, Ding and Ni [ 5 ]. 
This structure is formed of two types of hexagons: empty hexagons and ones with 
an additional boron atom at the center.

  Fig. 1.5    Top and side views of the global minimum ( a ) and low-lying isomers ( b ) of B 40  −  and B 40  
at the PBE0/6-311 + G* level of theory (Reproduced from [ 59 ]. Copyright 2014, Nature Publishing 
Group)       

  Fig. 1.6    Results of the chemical bonding analyses for the B 40  borospherene. The analyses were done 
using the AdNDP method (Reproduced from [ 59 ]. Copyright 2014, Nature Publishing Group)       
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   The spotting 2D-lattice with hexagon holes and fi lled hexagon motifs in the 
α-sheet was rationalized using Solid State Adaptive Natural Density Partitioning 
method [ 6 ,  7 ]. The resulting chemical bonding pattern is presented in Fig.  1.8b . 
There are 8 boron atoms and 24 valence electrons per unit cell, thus one can antici-
pate 12 two-electron bonds. Six 3c-2e σ-type bonds with occupation number (ON) 
of 1.9 |e| were found on every boron triangle bordering a vacant hexagon. Three 
4c-2e σ bonds were revealed in the rhombi connecting two centered hexagons. Thus 
nine electron pairs were found via general search over three and four centers, leav-
ing three more to be accounted for. The next smallest tuple, which maintains the 
symmetry of the system, is a six-center fragment over the hexagonal hole. Using a 
directed search a π-bond with ON = 1.5 |e| was found over this hexagonal vacancy. 
Similarly, two 7c-2e π-bonds were found via directed search over each centered 
hexagon in the unit cell with ON = 1.6 |e|. With this chemical bonding for each B 7  
fragment we have six valence electrons coming from three 3c-2e σ-bonds, three 
electrons coming from three 4c-2e σ-bonds and two electrons coming from the 
7c-2e π-bond with the total number of eleven electrons. On the other hand, if we 

  Fig. 1.7    Axially chiral 
structure of B 39  −  
borospherene (Reproduced 
from [ 60 ]. Copyright 2015, 
American Chemical 
Society)       

  Fig. 1.8    ( a ) Structure and ( b ) SSAdNDP chemical bonding pattern of boron α-sheet. The unit cell 
is shown in  black  (Reproduced from [ 7 ] with permission from the PCCP Owners)       
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consider a fi lled hexagon as a part of the lattice we can calculate the total number of 
valence electrons as follows: each of the six peripheral boron atoms brings half of 
its valence electrons (9 electrons in total) and the central atom brings all its valence 
electrons (3 electrons) resulting in the total of 12 electrons per fi lled hexagon. Thus, 
there is one extra electron on each fi lled hexagon motif not involved in the bonding 
presented above. As one can see from the whole lattice picture the extra electron on 
a fi lled hexagon (an electronic donor) is shared by three hexagonal holes (three 
electronic acceptors) evenly distributed around it, while each hole is surrounded by 
six fi lled hexagons, resulting in two ‘extra’ electrons per hole. Those two electrons 
form the 6c-2e π-bond. It is interesting to notice that, unlike graphene, which con-
tains 2c-2e C-C σ-bonds, the all-boron graphene α-sheet possesses no localized 
2c-2e B-B σ-interactions. Despite the theoretical prediction of the 2D boron sheet 
was made in 2008, there is no experimental confi rmation of it. Thus, a new world of 
two-dimensional boron still awaits us ahead.  

1.2.6     Competition Between 2D and 3D Structures 
in the B n H n+2  Species 

 One may think that if boron was in sp 2  hybridization it could form boron chain 
structures with the B n H n+2  formula, which would be similar to saturated hydrocar-
bons C n H 2n+2 , where carbon chain is formed by the sp 3  hybridized carbon. Theoretical 
calculations on the B n H n+2  species (n = 2–5) have shown that chain structures start-
ing from n = 3 with classical 2c-2e bonding are signifi cantly less stable than non- 
classical structures with multicenter bonding [ 61 ]. Moreover, the 3D structures are 
favored starting from n = 4. The major reason why classical structures are signifi -
cantly less stable is the need to fi ll up all three p-AO orbitals on boron atom and 
avoid sp 2  hybridization. This result is similar to what is discussed above in 2D boron 
sheets where honeycomb structure formed by sp 2  hybridized boron is appreciably 
less stable than the α-sheet, where 30 % of sigma-electrons were transferred into the 
π-system. Thus, the multicenter bonding in boron systems discussed above is due to 
the electron defi ciency of boron with three electrons and four valence atomic 
orbitals.   

1.3     Electronic Transmutation of Boron into “Carbon” Upon 
Accepting an Extra Electron 

 When every boron atom in boron compound accepts one extra electron, it starts to 
behave like neighboring carbon atom and this phenomenon is called the electronic 
transmutation [ 8 ]. Indeed, theoretical calculations showed that the salt-like 
Li n B n H 2n+2  molecules contain the B n H 2n+2  n−  kernel, which is isostructural to 
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corresponding molecules in the C n H 2n+2  series [ 8 ]. Various salt-like polyhedral 
borane and carborane complexes stabilized by Li atoms are reported elsewhere [ 62 –
 64 ]. As shown in Fig.  1.9 , the Li 2 B 2 H 6  molecule, which was found to be the global 
minimum structure, has the ethane-like kernel (Fig.  1.9 ).

   Since this is an electronic transmutation, the nonclassical structure IV in which 
one electron migrated from B atoms to H forming Li 2 H +  fragment is only 17 kcal/
mol higher than the global minimum. Furthermore, it was found that Li 3 B 3 H 8  also 
has a global minimum structure with the propane-like kernel B 3 H 8  3− . However, it is 
important to note that the electronic transmutation concept should be used with 
 caution. Using the geometry of polyacetylene chains, Popov and Boldyrev showed 
that the structurally similar all-boron polyene chains with the general formula 
Li 2n B 2n H 2n+2  (n = 2–7) [ 65 ] are not global minima in the trans–cisoid-Li 2n B 2n H 2n+2 , 
even though the effective NBO charges on Li atoms are in the range of 0.7–0.8 |e| 
(Li gives off about one electron to B). Another example of electronic transmutation 
could be a series of aromatic polycyclic species, which are considered to be ana-
logues of aromatic polycyclic hydrocarbons [ 66 ]. Very recently, it was shown that 
aluminum atoms are also capable to form alkane-like species based on the concept 

  Fig. 1.9    Lowest isomers of the Li 2 B 2 H 6  molecule and their relative energies calculated at 
CCSD(T)/CBS//CCSD(T)/6-311++G** + ZPE (CCSD(T)/6-311++G**) (Reproduced from [ 8 ]. 
Copyright 2011, Elsevier B. V)       
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of electronic transmutation [ 67 ]. It is noteworthy that all these theoretically pre-
dicted molecules still await their experimental confi rmation. However, there are 
some experimental examples where it was shown that boron atom accepting extra 
electron becomes “carbon”. The fi rst example of such species is MgB 2  high tem-
perature superconductor [ 68 ]. The experimentally determined MgB 2  structure is 
comprised of 2D layers of honeycomb structures composed of boron atoms with 
magnesium atoms located above and below the boron hexagons (Fig.  1.10 ).

   In this case, Mg donates two electrons to B atoms enabling the electronic trans-
mutation of boron atoms [ 7 ]. The 2D-lattice of boron appears exactly as the 
2D-lattice of graphene. It is noteworthy that it is very different from the 2D-lattice 
formed by the neutral boron atoms in the α-sheet. If we assume that a complete 
charge transfer from Mg to B occurs, which is consistent with the stoichiometric 
formula of the compound, then we have the case of electronic transmutation here, 
too, since every boron atom acquires an extra electron and becomes a “carbon.” The 
σ-bonding in those 2D-sheets is found to be classical (composed out of 2c-2e B-B 
σ-bonds), similar to that of graphene [ 69 ]. This is a remarkable example of the elec-
tronic transmutation for the experimentally known compound. Another experimen-
tally known example is pure-phase LiB x  samples with the approximate range 
0.82 < × < 1.0, in which Wörle and Nesper, showed the structural analogy between 
borynide chains in LiB x  and isoelectronic polyyne and polycumulene chains [ 70 ]. 
They also proposed that each boron atom in lithium boride yields one negative 
charge and thus becomes isoelectronic to carbon. We believe that electronic trans-
mutation model can be used to design many new boron compounds.  

  Fig. 1.10    ( a ) Structure, ( b ) SSAdNDP chemical bonding pattern and ( c ) alternative 8c-2e π bond 
representation of the 6c-2e π bond in magnesium diboride. The unit cell is shown in   black  
(Reproduced from [ 7 ] with permission from the PCCP Owners)       
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1.4     Summary 

 In this chapter we have shown that boron continues to surprise us with unusual 
structures and unusual bonding because of its electron defi ciency. Small and 
medium-sized anionic boron clusters were found to be planar or quasi-planar spe-
cies though at around n = 40 the transition to 3D borospherenes occurred. In planar 
or quasi-planar boron clusters the multicenter bonding is dominant, though classical 
2c-2e σ-bonds are responsible for bonding between peripheral boron atoms. 
However, in borospherenes there are no 2c-2e bonds, unlike carbon fullerenes where 
the σ-bonding is classical. 

 When boron atom accepts an extra electron it starts to behave as “carbon” (elec-
tronic transmutation) forming compounds similar to carbon, such as Li n B n H 2n+2  spe-
cies, which are analogs of saturated hydrocarbons C n H 2n+2 ; Li 6 B 6 H 6 , analog of 
benzene; linear chain of boron anions in LiB x  being analogue of carbine; and 2D 
layer of boron in MgB 2  mimicking the graphene structure. 

 Chemistry of boron continues to expand conquering new territories and provid-
ing us with unprecedented structures, chemical bonding, internal rotations and other 
unusual properties. We believe we are at the beginning of new era of boron 
chemistry.     
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Chapter 2
Molecular Structures of Free Boron Clusters

Drahomír Hnyk and Derek A. Wann

Abstract  This chapter deals with gas-phase molecular structure determinations of 
neutral boranes and heteroboranes employing the techniques of gas-phase electron 
diffraction (GED) and/or modern quantum chemical calculations. Such calculations 
were useful for computing various observables in order to facilitate the analysis of 
the electron diffraction data. Additionally, microwave spectroscopy was utilized for 
the two thiaboranes (in conjunction with the University of Oslo). Unless otherwise 
stated, the samples used for the work described throughout this chapter originated 
from the Institute of Inorganic Chemistry of the Academy of Science of the Czech 
Republic, v.v.i., Řež while the GED studies were performed mainly in the School of 
Chemistry at the University of Edinburgh.

The structurally characterized boron clusters belong to the range of structural 
motifs, from closo to nido, which obey the so-called Wade’s rules. Examples of 
boranes that do not obey Wade’s rules were also studied, as were selected mac-
ropolyhedral clusters and metallaboranes. Finally, in order to gain an insight into 
electron density distribution, analyses of the experimental dipole moments were 
carried out for a few examples.

Whereas the earlier GED studies of boranes and carbaboranes ignored the calcu-
lated vibrational effects because of a lack of force fields for these clusters, the cur-
rent electron diffraction investigations of boranes and various types of heteroboranes 
used calculated force fields to good effect. They revealed an interesting feature: the 
amplitudes of vibration for bonded and non-bonded cage distances are very similar, 
which is at odds with various empirical rules suggesting that amplitudes of vibra-
tion should be roughly proportional to the corresponding internuclear distances.
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Atoms colors used in the figures

hydrogen – grey
boron – green
carbon – black
nitrogen – sky blue
sulfur – yellow
fluorine/chlorine – light green
bromine – dark orange
iodine – purple
silicon – light grey
phosphorus – violet
selenium – dark yellow
nickel – orange

2.1  �Introduction

Boron is one of only a few elements that is capable of forming extended binary 
hydrides. These so-called boranes do not occur in nature; rather they are exclusively 
products of man-made chemistry. Diborane (B2H6) can be considered as an arche-
type of boron hydrides; its structure was first reported in 1937 as being similar to 
that of ethane [1]. However, subsequent gas electron diffraction (GED) data were 
found to be incompatible with this ethane model, and the familiar D2h-symmetric 
molecular geometry, involving two bridging hydrogen atoms (depicted in Scheme 
2.1), was introduced [2]. The bridging hydrogen atom is an essential structural motif 
for boron hydrides and, together with BBB triangles, is observed for many boron 
hydrides and larger heteroboranes. The hydrogen bridge is an example of 3-center-
2-electron bonding, the discovery of which led W. N. Lipscomb to formulate the 
concept of multicenter bonding, resulting in the award of the Nobel Prize in 1976.

Borane architectures are based on three-dimensional structures composed of tri-
angular B–B–B units. The immense variety of borane structures (stable, for exam-
ple, as dianions BnHn

2−) stems from the number of boron vertices, n (in the basic 
series n = 5–12), and the electrons available. Thus, we recognize the closed-cage 

Scheme 2.1  The 
D2h-symmetric structure of 
diborane, B2H6
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closo- species (2n + 2 electrons) and several open-cage species, which are derived by 
notionally removing one (nido-, 2n + 4 electrons), two (arachno-, 2n + 6 electrons), 
or more (hypho-, 2n + 8 electrons) boron vertices (as depicted in Scheme 2.2). Due 
to the formal electron deficiency of boron atoms, their connectivity can be as high 
as six. The extreme stabilities of closo borane cages are due to the delocalization of 
two surplus electrons of the dianions along the σ bonds across the entire cage.

Syntheses and studies of the molecular structures of boranes and heteroboranes 
at the Institute of Inorganic Chemistry of the Academy of Sciences of the Czech 
Republic, v.v.i. date back to the 1960s [3]. Elucidation of molecular structures can 
involve the determination of molecular geometries, electron distributions, and even 
intramolecular motions. Such structure determination can be performed in the solid 
state using X-ray diffraction analysis and for isolated molecules using gas electron 
diffraction (GED) [4] as well as, more recently, using computational methods. 
Efforts are made to study isolated molecular structures because single crystals of 
many free heteroboranes are disordered; consequently, determinations of accurate 
structures in the solid state are impossible. It is these isolated-molecule geometries 
that are the subject of this chapter, which aims to expand the body of knowledge of 
experimental geometries for free boranes and heteroboranes. Finally, there is an 
emphasis on generalizing observed structural trends.

2.2  �Methodology

2.2.1  �Determination of Molecular Structures

Electron diffraction is the most important technique for the determination of struc-
tures of gaseous molecules. GED is based on the scattering of a beam of high-
energy electrons from a gaseous sample of randomly orientated vibrating molecules. 
Significant contributions to the field, specifically in relation to the study of boranes, 
were made in a number of laboratories across Europe. Almost every GED apparatus 

Scheme 2.2  The “closo-nido-arachno” relationship for deltahedral boranes

2  Molecular Structures of Free Boron Clusters



20

is unique in its design and it is common to quote the accelerating potential used, 
which was ca. 60 kV at the Hungarian Academy of Sciences in Budapest, and ca. 
42 kV at the Universities of Oslo and Edinburgh (though Edinburgh later moved to 
using 40 kV electrons). Data for the vast majority of examples discussed here were 
collected at the School of Chemistry at the University of Edinburgh; any exceptions 
will be specifically mentioned in the text. Samples were typically heated to give 
sufficient vapor pressure, before the gas jet was intersected by the high-energy elec-
tron beam to yield a series of one-dimensional diffraction patterns. After subtracting 
the scattering due to individual atoms, one is left with an experimental molecular 
scattering pattern from which the structure can be determined. The theoretical 
molecular intensity M(s) (see Eq. 2.1) is derived from basic scattering theory, and 
takes a geometrical model into account, which provides all interatomic distances, rij 
(Eq. 2.1). Structural analysis is performed using a least-squares refinement proce-
dure, fitting experimental and theoretical molecular intensities; the so-called R fac-
tor that is yielded is a mathematical measure of the fit of the model to the data [5]. 
It should be noted that the model describing the geometry of a molecule in terms of 
selected refinable geometrical parameters is an essential part of the analysis of 
electron-diffraction data, and that writing such a model using the minimum number 
of parameters possible is sometimes far from routine [6].
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(2.1)

The theoretical molecular intensity curve is a superposition of sinusoids for each 
atomic pair bounded by experimental limits of the scattering variable, s [= (4π/λ)
sin(θ/2)], which is often reported in Å−1. The meanings of other non-refinable vari-
ables used in Eq. 2.1 are as follows: λ is the electron wavelength, θ represents the 
scattering angle, and gij is assumed to be known in the structure analysis and is 
related to scattering factors and atomic phases. αij represents the weight of each 
distance and is related to conformational analysis since electron diffraction repre-
sents a particularly fast timescale (cf. 10−18 s compared to, for example, NMR for 
which the time scale amounts to 10−9 to 10−1 s). rij is the main result from the struc-
tural analysis and represents an effective internuclear distance; in other words, it 
defines the molecular geometry. As well as geometric parameters, the GED refine-
ments provide, in terms of vibrational amplitudes, lij, a good insight into relative 
vibrational displacements of the atomic nuclei with respect to their equilibrium 
positions. Initial values of vibrational amplitudes can either be calculated or esti-
mated on the basis of data accumulated for similar compounds. Hence, this method 
provides valuable pieces of information about intramolecular motion. Finally, κij is 
an anharmonicity constant that is significant for bonded atom pairs and far less so 
for non-bonded pairs.
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Sine Fourier transformation of this molecular scattering pattern gives rise to a 
radial distribution curve consisting of a peak for each interatomic distance in the 
molecule (Eq. 2.2):
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where exp(−bs2) is an artificial damping factor introduced because the range of 
experimental data is reduced from s = ‹ 0, ∞ › to s = ‹ smin, smax ›.

Analysis of electron-diffraction data is relatively easy for small, symmetrical 
clusters [5], where it can provide very accurate results indeed. Conversely, larger, 
less symmetric molecules (such as asymmetric boranes or heteroborane clusters) 
may be more demanding, and such investigations often necessitate the combination 
of electron-diffraction data with data obtained by other methods, both experimental 
and theoretical, in order to obtain reliable results.

The problems associated with refining the molecular structure of a borane or 
heteroborane using GED data alone stem from the fact that the molecules usually 
contain many atom pairs separated by B–B bond lengths of around 170–190 pm. In 
general this can preclude the resolution of individual B–B distances with high accu-
racy because they are usually strongly correlated to one another. This inadequacy of 
GED could be overcome by supplementing the refinement with data obtained from 
geometry optimizations carried out at various levels of theory, and then fixing the 
differences between similar distances at computed values, i.e. as rigid constraints. 
This was known as the MOCED approach [7]. A superior approach, however, also 
utilizing data from theoretical geometries, has been developed to allow the refine-
ment of all geometrical parameters [8], and is the natural extension of MOCED. In 
essence this approach known as the SARACEN method hinges upon (a) the use of 
calculated parameters as flexible restraints (rather than rigid constraints), and (b) the 
refinement of all geometrical parameters as a matter of principle. The restraints are 
entered into the GED refinements as extra observations, just as is commonly done 
with additional experimental data (e.g. rotational constants from microwave spec-
troscopy). More realistic estimated standard deviations are obtained as a 
consequence.

The architecture of a newly synthesized borane or heteroborane cluster is pro-
posed on the basis of experimental measurements of the 11B NMR spectrum (13C 
NMR is also frequently applied in the case of carbaboranes), utilising various 
approaches, including decoupling and two-dimensional NMR techniques, such as 
COrrelated SpectroscopY. Chemical knowledge of related compounds is also con-
sidered. The chemical shifts obtained from such spectroscopic measurements are 
then defined relative to the usual standard of 11B NMR spectroscopy, which is 
BF3 · OEt2.

Comparison of experimental and calculated 11B NMR chemical shifts may also 
serve as a validation of the refined geometry, as the calculated shielding tensors are 
quite sensitive to small changes in the geometry of a cluster, with the hydrogen 
positions being particularly crucial. (Cartesian coordinates serve as the input for 
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magnetic property calculations.) There may be several models that fit the GED data 
almost equally well, but not all of them provide calculated values of δ(11B) that are 
in good accordance with experimental values. A number of borane and heteroborane 
geometries have been refined employing this joint ab initio/GED method [9], the 
final structures having been validated by Individual Gauge Localised Orbital 
(IGLO) [10] or Gauge Invariant Atomic Orbital (GIAO) [11] chemical shift calcula-
tions. These efforts will be exemplified below.

The so-called ab initio/GIAO/NMR method, with DFT and IGLO variants, also 
provides the possibility of deriving internal coordinates for free boranes and het-
eroboranes, particularly for those that are negatively charged and/or possess no 
symmetry. The ab initio/GED method differs from this approach only in employing 
experimental geometries rather than theoretically derived ones. The dimensions of 
the proposed molecular shape are optimized by ab initio calculations, using Hartree-
Fock theory to provide starting geometries for final computations that include the 
effects of electron correlation using, for example, the MP2 (Møller-Plesset second-
order perturbation theory) method [12]. Density Functional Theory (DFT) methods 
also intrinsically involve correlation energy, but save both scratch disk space and 
memory as the corresponding orbitals are functions of just one variable, i.e. electron 
density, in contrast to the orbitals used for ab initio calculations which express the 
dependence on three variables, the x, y, and z coordinates for each atom of a cluster. 
The optimized geometry found in this way is then used as an input for the calcula-
tion of a shielding tensor, again employing IGLO- or GIAO-based methods. The 
so-called GIAO-MP2/II//MP2/6-31G*1 method for clusters containing just main-
group elements (the most common are C, N, S, and P, with terminal hydrogens 
replaced by methyl, phenyl, or t-Bu groups) proved to be a very successful tool. The 
shielding tensor is calculated using the GIAO method at the MP2 level employing 
a TZP Huzinaga basis set [13] (denoted as II), utilising the molecular geometry 
derived with a Pople-style basis set of 6-31G* [14] and with the addition of MP2-
type correlation energy. Larger systems demand more CPU and memory, but the 
GIAO-HF/II//MP2/6-31G* method gives spectral data that are quite sufficient for 
the purpose of confirming the correctness of a molecular structure. The latter 
approach differs from the former by not including the electron correlation for the 
magnetic property calculations, i.e. the SCF level is used.

The situation is more tricky for heteroboranes that contain a metal. The choice of 
basis set is important both for geometry optimizations (all-electron basis set vs. 
valence basis set with relativistic pseudopotentials) and for the evaluation of the 
shielding tensors, for which the computational method is also crucial. The most 
frequent approach, justified by some examples of successful applications, relies on 
the GIAO-DFT/basis set//DFT/basis set scheme, where the basis set is either all-
electron or valence + pseudopotentials, and the DFT method is usually represented 

1 The nomenclature used to describe these calculations gives the method and basis set for the geom-
etry optimisation after the //, while the method and basis set used to calculate the magnetic proper-
ties are stated before it.
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by the well-established functionals B3LYP [15] and BP86 [16]. The calculated 11B 
chemical shifts (with respect to BF3 · OEt2, diborane serving as a primary reference) 
are then compared with experimental ones. The level of agreement between com-
puted and experimental spectra provides the basis for accepting or refusing a par-
ticular geometry, with a difference of 2–3 ppm (depending on the level of 
calculations) being considered acceptable. In cases where both experimental (GED) 
and theoretical geometries are available, 11B chemical shift calculations allow the 
quality of the geometries to be assessed in terms of the agreement of the chemical 
shifts with the experimental values. Computed energies for such experimental 
structures may also be helpful; if one is much higher in energy (40 kJ mol−1 or more) 
than the optimized structure, then the experimental result is unlikely to be correct.

2.2.2  �Determination of Electron Distributions

Dipole moments were measured at 25 °C in benzene (usually five solutions, weight 
fraction 1.8 × 10−4 to 1.1 × 10−3) using the method published by Guggenheim and 
Smith [17]. Relative permittivities were measured at 6  MHz on a home-made 
DK-meter with direct frequency reading. Refractive indices were measured on an 
Aerograph refractive index detector (Varian).

2.3  �Structural Analyses

The success of the earlier systematic application of the ab initio/IGLO/NMR 
method and its GIAO variant for the structural studies of carbocations [18] has led 
to the application of the method to boranes and heteroboranes. Beaudet [19] has 
reviewed structures of small and medium-sized boranes and carbaboranes, deter-
mined by GED, X-ray diffraction, and microwave spectroscopy, and the validities 
of these structures were later checked using the ab initio/IGLO/NMR method [20]. 
Subsequently, Mastryukov reviewed gas-phase structures of parent and exo-
substituted boranes and carboranes of larger dimensions (n = 10, 12) [21], though he 
limited the review to molecular structures that were determined by GED alone. The 
gas-phase structures of two heterocarboranes, viz. closo-1,12-CHXB10H10 (X = P, 
As) also appeared in the latter review. To our knowledge, there were no gas-phase 
structures of heteroboranes apart from the carboranes and two heterocarboranes, as 
confirmed by refs. 19–21. Here we aim to report molecular structures of both older 
and more recently prepared neutral boranes and heteroboranes determined by using 
GED and/or modern computational protocols. Unless otherwise stated, all the com-
pounds presented were prepared at the Institute of Inorganic Chemistry of the 
ASCR, v.v.i.

2  Molecular Structures of Free Boron Clusters
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2.3.1  �Parent Boron Hydrides

Pentaborane(11), arachno-B5H11 (1a), was prepared at the University of Leeds and 
was the first small borane to which the ab initio/IGLO/NMR method was applied 
(Fig. 2.1) [22]. This study revealed that the structure in which the apical bridging 
hydrogen is involved in a rather ordinary three-center hydrogen-bridge bond, with 
the molecule having C1 symmetry, is superior to that in which this hydrogen atom 
bridges three boron atoms at the same time (Cs symmetry), as had been proposed in 
an earlier analysis of GED data [23]. There was a remarkably good fit between the 
calculated (DZ//MP2/6-31G*) and experimental 11B values for the C1 structure, 
with a maximum deviation of ca. 3 ppm, whereas large discrepancies, up to ca. 8 
ppm, were found for the original GED-based Cs structure [23]. In this preliminary 
GED study B5H11 was constrained to have overall Cs symmetry. However, when this 
was relaxed in the ab initio (MP2/6-31G*) optimization it was revealed that, for 
example, the B(2)–B(3) and B(4)–B(5) distances (assumed to be equal in the origi-
nal GED refinement) differed considerably, at 173.7 and 181.0 pm, respectively.

Although both the GED [24] and ab initio geometries [25] for another small 
borane (also prepared at Leeds), hexaborane(12), arachno-B6H12 (1b), demon-
strated C2 symmetry and the same pattern of bridging hydrogen atoms, the struc-
tural parameters that were determined differed even more noticeably than for B5H11 
(Fig. 2.1). For example, the assumption that the B(1)–B(6) nearest-neighbor separa-
tion is greater than B(1)–B(2) in the GED analysis was far from true in the results 
of the MP2/6-31G* calculations [25] [191.3 and 177.8 pm vs. 172.8 and 189.9 pm 
for the B(1)–B(6) and B(1)–B(2) separations, respectively]. It should also be noted 
that single-point energies calculated at the MP2/6-31G* level using the GED geom-
etries for both molecules were much higher than those optimized at the MP2/6-
31G* level [22, 25]. This was especially true for B6H12 where the difference in 
energy was 247 kJ mol−1.

Fig. 2.1  The molecular structures of arachno boranes B5H11 (1a) and B6H12 (1b)

D. Hnyk and D.A. Wann
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Given the NMR and energetic evidence that the original GED structures might 
not be correct, the electron-diffraction data for 1a and 1b were reanalyzed. The new 
models for both B5H11 and B6H12 considered the theoretical geometries, but inspec-
tion of the resulting parameters for the original GED geometries revealed that some 
vibrational amplitudes might not be correct. Such amplitudes might be expected to 
have similar values for all the nearest-neighbor separations, and similarly for all the 
next-nearest (and even next-next-nearest) neighbor separations. In the least-squares 
analyses these vibrational terms were refined in groups, with little variation between 
members of any one group, while C1 and C2 symmetries were chosen for 1a and 1b, 
respectively, with differences between related bond lengths fixed at values obtained 
in the MP2/6-31G* calculations. These refinements yielded new optimum geome-
tries with improved R factors for both molecules [26], and both energetic and NMR 
criteria indicated that the new structures were much more satisfactory. For hexabo-
rane(12) the excess energy of the experimental structure dropped from 247 to 47 kJ 
mol−1, and the maximum deviations between the DZ//new-GED calculated and 
experimental 11B chemical shifts were reduced to around 3 ppm. The agreement for 
1a was actually better than the agreement observed for the computed (DZ//MP2/6-
31G*) and the experimental values. The refined vibrational amplitudes in 1b were 
also much more realistic; for example, those for B(1)–B(2) and B(1)···B(5) now 
refined to 7.2(2) and 7.9(4) pm, respectively.

In addition to B5H11, there is also pentaborane(9), B5H9, investigated by GED 
alone in the same study as B5H11 [23]. The hydrogen atom bonded to the apical 
boron atom can be replaced by BX2 groups (X = F, Cl). The compounds 1-(F2B)B5H8 
(2a) and 1-(Cl2B)B5H8 (2b) were prepared at Oxford and investigated in the gas 
phase using the ab initio/GED/NMR method (Fig. 2.2) [27]. In both systems the 
dihalogenoboryl group was found to be essentially free to rotate about the adjacent 
B–B bond. The dihalogenoboryl groups cause slight expansion of the B5 cages with 
respect to B5H9.

Fig. 2.2  The molecular 
structures of nido-B5H9 
derivatives 1-(F2B)B5H8 
(2a) and 1-(Cl2B)B5H8 (2b)
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2.3.2  �Closo Heteroboranes

2.3.2.1  �Icosahedral Dodecaborane(12) Derivatives

The idea that amplitudes of vibration of both closely-spaced atomic pairs and those 
more widely separated might have similar values in arachno systems has been 
prompted by the determination of the molecular structure of a member of another 
family of boron clusters known as closo systems, i.e. 1-thia-closo-dodecaborane(11), 
closo-1-SB11H11 (3a) [28] for which the electron-diffraction data were recorded in 
Budapest. A model assuming C5v symmetry led to a distortion from a regular icosa-
hedral structure, consisting mainly of a substantial expansion of the pentagonal belt 
adjacent to sulfur (Fig. 2.3). The B–B distances in this pentagon refined to 190.5(4) 
pm, with the other B–B distances all falling in the narrow range from 177.7 to 178.3 
pm. The S–B bond is the longest in the molecule at 201.0(5) pm. Amplitudes of 
vibration are consistent with those found for 1 and 2, e.g. 5.1(4) and 6.8(3) pm for 
B(2)–B(3) and B(2) · · · B(9), respectively. The latter value is smaller than that for 
S–B(2), which yielded a value of 7.1(4) pm, even though the two atoms are on 
opposite (rather than adjacent sides) of the molecule. This strongly supports the idea 
that a closo structure is particularly rigid. Even the HF/3-21G* and HF/6-31G* 
parameters [29] agree quite well with the experimental findings [e.g. B(2)–B(3) at 
HF/6-31G* is, at 190.4 pm, just 0.1 pm from the experimental value]. This observa-
tion is also reflected in the very good agreement between the DZ//GED and DZ//
HF/(both basis sets) 11B chemical shifts; both computed sets of shifts also compared 
well with the corresponding experimental values.

Geometry optimizations for 3a have been performed at higher levels of theory in 
another context, where DFT calculations at the B3LYP/cc-pVTZ level were under-
taken to see the effect of this computational protocol on the molecular geometry. 
The results of the calculations yielded S–B and B(2)–B(3) distances of 202.0 and 
189.0 pm. This work also reported the results of an investigation of the structure of 
3a by microwave spectroscopy [30], but positions of hydrogen atoms were experi-
mentally located only by GED investigation [28]. This microwave study did give a 
precise substitution structure for the non-hydrogen atoms, yielding an S–B bond 
length of 201.3(2) pm and a B(2)–B(3) bond length of 188.9(1) pm. The geometry 
of 3a (calculated at the MP2/6-31G* level) is also known, along with geometries for 
some 12-X derivatives [31] [X = F (3b), Cl (3c), Br (3d), and I (3e), respectively, Fig. 
2.3]. For the structures with very heavy atoms, instead of the 6-31G* basis set used 
for X = H (3a), F (3b) and Cl (3c), quasi-relativistic energy-consistent pseudopoten-
tials [32] with DZP valence basis sets were employed for X = Br (3d) and I (3e).

The S–B and B(2)–B(3) separations in 3a at the MP2/6-31G* level converged to 
200.0 and 187.6 pm, respectively. It is apparent that the nearest-neighbor BB sepa-
rations computed at the HF level were overestimated in relation to those derived at 
the correlated MP2 level of theory (and DFT). As noted earlier, errors of 5–10 % are 
possible, depending on the theory used [20]. Halogen substitution does not have any 
significant influence on the overall geometry of the icosahedral cage. A change in 
the chemical shift of B(12), the so-called antipodal chemical shift [33], is 
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Fig. 2.3  The molecular structure of closo-1-SB11H11 (3a) and its 12-X halogen derivatives [X = F 
(3b), Cl (3c), Br (3d), and I (3e)]

2  Molecular Structures of Free Boron Clusters
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reproduced quite well at the GIAO/II//MP2/6-31G* level for 3a and 3c and also, 
when spin-orbit corrections [34] are included, for 3d and 3e. Dipole moments for 
3a, 3c, 3d and 3e that were measured and published in Ref. [30] showed without 
doubt that the sulfur atom is positively charged.

The structure of the selenium analogue of 3a, closo-1-SeB11H11, 4 (Fig. 2.4a), has 
also been determined using the SARACEN method [35], and this work provided an 
unambiguously determined Se–B bond length without using any restraint. This 
finding can be used to test the quality of various computational protocols. For 4, as 
was also the case for 1-SB11H11, ab initio geometries slightly underestimate the 
expansion of the pentagonal belt adjacent to the chalcogen, the center of positive 
charge of the cluster. For example, MP2/962(d) gives 190.9 pm for this B–B dis-
tance, compared to 192.2(2) pm as determined by GED alone.

There are other main-group elements that can replace (BH)2− vertices of the 
symmetric (closo-B12H12)2−. Just as S is isoelectronic with (BH)2− so, for example, is 
(CH)−, which plays the same role. Replacement of one (BH)2− vertex in closo-
B12H12

2– will thus lead to (closo-1-CB11H12)−. The MP2/6-31G* calculated structure 
has been reported as well as solid-state structures with various cations [36]. In con-
trast, if two (BH)2− groups in the parent dianion are replaced by two (CH)− moieties, 
three isomeric twelve-vertex neutral dicarbaboranes can be obtained, i.e. closo-1,2-
C2B10H12 or ortho-carbaborane (5a, C2v symmetry), closo-1,7-C2B10H12 or meta-
carbaborane (5b, C2v symmetry), and closo-1,12-C2B10H12 or para-carbaborane (5c, 
D5d symmetry). They were ideal targets for gas-phase electron diffraction [37].

Structures of molecules derived from all three parent icosahedral carbaboranes 
by substitution of terminal hydrogen atoms on carbon have also been determined by 
the combined use of GED and ab initio calculations. These include 1-Ph-1,2-
dicarba-closo-dodecaborane(12) [1-Ph-1,2-closo-C2B10H11 (5a1, prepared at the 
University of Edinburgh)] [38], 1,2-dicarba-closo-C2B10H10-9,12-dithiol [9,12-(SH)2-
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Fig. 2.4  (a) The molecular structure of closo-1-SeB11H11 (4). (b) The radial distribution curve 
from the GED refinement of 4
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closo-1,2-C2B10H10 (5a2)] [39], 1,7-dichloro-1,7-dicarba-closo-C2B10H10 [1,7-Cl2-1,7- 
closo-C2B10H10 (5b1)] [40], 1,12-dicarba-closo-C2B10H10-1,12-dithiol [1,12-(SH)2-
closo-1,12-C2B10H10 (5c1)] [41], 1-ethynyl-1,12-dicarba-closo-C2B10H11 [1-HC ≡  
C-closo-1,12-C2B10H11 (5c2)] [42], and 1-(1′-trimethyl-silyl)ethynyl-1,12-dicarba-
closo-C2B10H11 [1-Me3SiC ≡ C-closo-1,12-C2B10H11 (5c3)] [42], all of which are 
shown in Fig. 2.5. The effect of the phenyl substituent on the C–C bond length in 
5a1 is marginal with a value of 162.7(8) pm compared to 162.4(8) pm for its parent 
5a. This parameter in 5a1 can probably be considered to be determined accurately, 
because the SARACEN method was used, in this case for the first time in the deter-
mination of the molecular structure of a borane or heteroborane. This observation 
strongly indicates that there is practically no conjugation between the two-dimen-
sional and three-dimensional moieties comprising 5a1. Indeed, a dipole moment 
study of 5a indicated that it behaves as a slight electron acceptor [43]. Using a vector 
solution of a triangle within this study unambiguously revealed that the midpoint  
of the CC vector is the center of positive charge, with a dipole moment of 4.50 D. 
The molecule has overall C1 symmetry, in which the C6 hexagon eclipses the 
C(1)–B(4) bond. IGLO/II′//GED and IGLO/II′//HF/6-31G* calculations (II′ is the 
same TZP basis set as II but DZ is employed for hydrogens) support this finding. 
Similarly, the presence of two chlorine atoms does not cause any significant change 
to C–B and B–B nearest-neighbor separations in 5b1 with respect to 5b, with C5v 
symmetry for the CB5 pentagonal pyramids in 5b1 having been assumed. Again, 
IGLO/II′//GED and IGLO/II′//MP2/6-31G* values agree well with one another, as 
well as with the experimentally determined δ(11B) values. Thus the evidence strongly 
supports the accuracy of the experimentally and theoretically determined 
geometries.

Because the electron-scattering ability of sulfur is greater than that of each of 
hydrogen and carbon (the corresponding radial distribution curves are indeed richer 
in structural information), the cage geometries of 9,12-(SH)2-closo-1,2-C2B10H10 
(5a2) and 1,12-(SH)2-closo-1,12-C2B10H10 (5c1) should be determined more accu-
rately than the geometries of 5a and 5c, respectively, without the need for many 
constraints or restraints from theoretical calculations. The molecules have overall 
C1 and C2 symmetries, respectively, but local C2v and D5d symmetries for the carb-
aborane core were assumed, as this was shown to be a good approximation by cal-
culations at the MP2 levels. As for 5a1 and 5b1, the C–B and B–B distances in 5a2 
and 5c1 were found to be unaffected by the substitutions at the carbon atoms. Armed 
with the results for a series of p-disubstituted benzenes [44], the possible influences 
of various substituents on the body diagonal, C(1)···C(12), for 5c were tested. The 
structures of a series of 1,12-X2-closo-1,12-C2B10H10 molecules [41] [X = H, Li, 
BeH, BH2, Me, SiH3, NH2, OH and F, as well as SH (5c1)] were optimized. The 
C(1)···C(12) distance ranges from 303.1 pm for X = F, to 317.1 pm for X = Li, i.e. the 
influence of electronegativity is appreciable. It is also informative to look at the 
B(2)–C(1)···C(12) angles in these derivatives, where a value of twice that angle is 
analogous to the ipso angle in para-disubstituted benzene derivatives. The values 
for the derivatives studies here range from 122.0° for Li to 126.0° for F, also 
following the trend of electronegativity. A dipole moment study of 1,12-substituted 
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Fig. 2.5  The molecular structures of closo-C2B10H12 derivatives 1-Ph-1,2-closo-C2B10H11 (5a1), 
9,12-(SH)2-closo-1,2-C2B10H10 (5a2), 1,7-Cl2-1,7-closo-C2B10H10 (5b1), 1,12-(SH)2-closo-1,12-
C2B10H10 (5c1), 1-HC ≡ C-closo-1,12-C2B10H11 (5c2), and 1-Me3SiC ≡ C-closo-1,12-C2B10H11 
(5c3)

D. Hnyk and D.A. Wann



31

derivatives of 5c showed, as was the case for 5a, a slight electron-acceptor ability of 
5c [45]. When a p-carborane cage is substituted using a p-substituted phenyl group 
(4-X-C6H5), the cage acts as a very weak π-acceptor toward the phenyl if X repre-
sents an uncharged group [46].

The gas-phase electron diffraction data for these two C-monoethynyl- 
p-carboranes (5c2 and 5c3, prepared at Durham with data collected at Edinburgh) 
show the same trend: there are very subtle geometrical effects of the ethynyl group 
on the highly symmetrical cage geometry.

Continuing along the first row of the periodic table, NH is also isoelectronic with 
(BH)2−, and the structure of another compound formally related to (closo-B12H12)2−, 
1-aza-closo-dodecaborane(12) [closo-1-NB11H12 (6), Fig. 2.6], has been determined 
by a combination of computational methods and GED (computers provided by the 
University of Aachen and data recorded at the University of Oslo) [9].

Because the nitrogen atom is so much smaller than the sulfur atom in 3a, the BN 
and BB distances calculated ab initio lie within a relatively small range of ca. 10 
pm, which makes the structure determination from GED data much more difficult. 
In fact, four models with C5v symmetry fit the data almost equally well. The 11B 
NMR chemical shifts have been used to decide which of these possibilities is the 
most reasonable. The final experimental geometry was selected on the basis of the 
best agreement between the IGLO/DZ//GED and experimental 11B chemical shifts. 
This was the first time that this method had been employed as an additional refine-
ment condition in conjunction with GED structure determination. The single-point 
energy calculations at the MP2/6-31G* level supported this observation. The 
elongation of the B(2)–B(3) bonds in 6 [182.5(6) pm] is less pronounced than for 
3a, and the NB5 pentagonal pyramid is flattened as a consequence of the short B–N 
bond [171.6(9) pm]. All of these differences can be attributed to the smaller size of 
the nitrogen substituent relative to sulfur.

Fig. 2.6  The molecular 
structure of 
closo-1-NB11H12 (6)
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It is also possible for bare phosphorus atoms to replace (BH)2− vertices in (closo-
B12H12)2−. Substituted species that have been prepared include 1,2-diphospha-closo-
dodecaborane(10) [closo-1,2-P2B10H10 (7a)], a few of its monochloro and dichloro 
derivatives such as 3-Cl, 4-Cl, 3,6-Cl2 and 3,4-Cl2 compounds, and 1,7-diphospha-
closo-dodecaborane(10) [closo-1,7-P2B10H10 (7b) Fig. 2.7]. The hypothetical 
1,12-diphospha-closo-dodecaborane(10) (closo-1,12-P2B10H10) was also studied 
computationally.

The structures of all of these icosahedral cages have been determined by an ab 
initio/GIAO/NMR method, viz. GIAO-HF/II//MP2/6-31G* [47]. The presence of 
phosphorus at two vertices in 7a and 7b causes considerable distortion of the parent 
icosahedral skeleton (closo-1,12-P2B10H10 being distorted along its body diagonal). 
For example, the B(3)–P(2)–B(6) and B(8)–P(7)–B(11) angles are reduced from the 
ideal 108.0 to 93.0 and 93.5°, reflecting the large size of the phosphorus atoms, 
which, like sulfur, have long bonds to their neighboring boron atoms. As in the pre-
ceding cases, the very good agreement between the computed and experimental 11B 
NMR chemical shifts indicates that the geometries of 7a with its monochloro and 
dichloro derivatives and 7b, calculated at the MP2/6-31G* level, may be accepted 
as reliable representations of their solution-state structures.

2.3.2.2  �Ten- and Eleven-Vertex Closo Structures

Just as replacement of one or two (BH)2− vertices of (closo-B12H12)2− results in a 
number of twelve-vertex heteroboranes, the same is true for (closo-B11H11)2−, the 
eleven-vertex closo (C2v symmetric) system. The corresponding heteroboranes are 
represented by, for example, closo-2,3-C2B9H11 (8, Fig. 2.8, prepared at Durham). 
The structure of this Cs-symmetrical dicarbaborane has been successfully deter-
mined by using the SARACEN method, using restraints derived from the results of 
MP2/ 6-311+G* calculations [48]. It has been shown that increasing the size of the 
basis set from 6-31G* to 6-311G* to 6-311+G* at the MP2 level has little effect on 

Fig. 2.7  The molecular structures of closo-1,2-P2B10H10 (7a) and closo-1,7-P2B10H10 (7b)
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the structural parameters, and DFT calculations behave in the same way. As pointed 
out earlier, this is the level of theory that is necessary for reproducing experimental 
data adequately.

The bicapped-square antiprismatic arrangement is known to be the basic building 
block for ten-vertex closo systems. The parent compound is represented by (closo-
B10H10)2−, which adopts D4d symmetry. Again, by replacing (BH)2− vertices (although 
that is not as simple in the synthetic route), a number of ten-vertex closo species can 
be formed. As with 3a, incorporation of sulfur leads to a C4v-symmetric closo-thiab-
orane, 1-thia-closo-decaborane(9) [closo-1-SB9H9 (9)] as shown in Fig. 2.9.

There have been two studies dedicated to the molecular structure of 9. First, the 
microwave spectrum of 9 was investigated [49] and, as was the case for 3a, a pre-
cise substitution structure of the non-hydrogen atoms was determined. The most 

Fig. 2.8  The molecular 
structure of closo-2,3-
C2B9H11 (8)

Fig. 2.9  The molecular 
structure of closo-1-SB9H9 
(9)
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striking feature was a substantial expansion of the boron square adjoining sulfur, 
with r[B(2)–B(3)] = 193.7(1) pm, which is slightly longer than in 3a. Supplementary 
high-level ab initio (MP2/6-311G**) and DFT calculations (B3LYP/6-311G** and 
B3LYP/cc-pVTZ) have confirmed this result. GED data have also been collected, 
and the SARACEN method has been applied [50], with results consistent with those 
obtained by theory and by rotational spectroscopy. The theoretical and GED geom-
etries have been used for magnetic property calculations, but the MW geometry was 
not used, because the hydrogen-atom positions had not been determined. The three 
GIAO-HF and GIAO-MP2 sets of δ(11B) values are in good agreement with experi-
ment, but the latter approach is superior to the former in accounting for the chemical 
shift of B(10), which has the value 74.5 ppm (the difference from GIAO-MP2 is up 
to 1 ppm, depending on the geometry used). This is one of the most extreme 11B 
chemical shifts to high frequency, this atom being antipodally coupled with sulfur, 
in a similar manner to the B(12) · · · S pair in 3a, in which such a chemical shift is 
measured to be 18.4 ppm in CHCl3. Such a difference of almost 60 ppm is accounted 
for by the occurrence of paramagnetic contributions to the magnetic shielding con-
stants. These contributions arise from the coupling of suitable occupied and unoc-
cupied molecular orbitals with large coefficients on B(10) and B(12), respectively, 
the latter being more pronounced in the case of ten-vertex thiaborane.

As in the case of (B12H12)2−, one (BH)2− vertex can be formally replaced by an 
isoelectronic (CH)− unit, resulting in (closo-1-CB9H10)− [51], while substitution at 
two (BH)2− vertices provides three isomeric closo ten-vertex dicarbaboranes: closo-
1,2-C2B8H10, closo-1,6-C2B8H10, and closo-1,10-C2B8H10. Whereas the structure of 
the last molecule has been determined by GED alone [52], we have examined the 
first isomer, 1,2-dicarba-closo-decaborane(10) (10, Fig. 2.10) using the joint ab ini-
tio/IGLO/GED method [53].

Fig. 2.10  The molecular 
structure of closo-1,2-
C2B8H10 (10)
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In this case the electron-diffraction data were analyzed using the MOCED 
approach. This molecule has Cs symmetry only, and conversion of the molecular 
scattering intensity to the radial distribution curve indicated that the data were very 
poor in structural information. Using GED data alone would have not given a real-
istic chance of determining the structure, and so the differences between similar 
bond lengths were fixed at the values calculated at the MP2/6-31G* level. The C–C 
bond length refined to a typical “alkane” value of 153.8(8) pm and leads to distor-
tion from the regular bicapped-square antiprismatic shape. The displacement of the 
carbon atom towards the center of the cluster results in a substantial opening of the 
B(3)–C(2)–B(5) bond angle to 95° from the equivalent value in the parent com-
pound of 90°. IGLO/DZ calculations have confirmed the reliability of both the 
experimental and theoretical (MP2/6-31G*) geometries.

As in the twelve-vertex closo system, phosphorus can also occupy positions in 
the bicapped-square antiprismatic skeleton. Two isomeric ten-vertex closo phos-
phaboranes [2,1-closo-PCB8H9 (11a) and 6,1-closo-PCB8H9 (11b) both with Cs 
symmetry and shown in Fig. 2.11] have been prepared [54]. Similarly as for 10, the 
phosphorus atoms are pushed away from the center of the cluster relative to the 
positions that they would adopt in a regular bicapped-square antiprism, and so the 
B(3)–P(2)–B(5) and B(7)–P(6)–B(9) angles in 11a and 11b, respectively, are nar-
rowed by ca. 13° from the 90° expected in the regular polyhedron.

2.3.3  �Nido Heteroboranes

By removing one BH vertex from a closo system, a nido skeleton is formally 
derived. As with the closo family, (BH)2− vertices can be replaced by heteroatom-
based moieties such as (CH)−, S, NH, and P. We have been able to elucidate the 

Fig. 2.11  The molecular structures of the ten-vertex closo phosphaboranes 2,1-closo-PCB8H9 
(11a) and 6,1-closo-PCB8H9 (11b)
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structure of such a nido skeleton for the first time by using the joint ab initio/GED 
approach (data recorded in Oslo), using the MOCED method. The compound 
studied was the Cs-symmetric 7,8-dicarba-10-thia-nido-undecaborane(10) [7,8, 
10-C2SB8H10 (12) shown in Fig. 2.12] [55].

Distortion of the C(7)C(8)B(9)S(10)B(11) open pentagonal ring is quite pro-
nounced. For example, the B(9)–S(10)–B(11) angle is very narrow [GED: 93.1(6)°; 
MP2/6-31G*: 96.6°] compared to the 108.0° of a regular pentagonal ring. As a conse-
quence, the sulfur atom lies slightly out of the plane of the open pentagonal ring that 
exists in the hypothetical (nido-B11H11)4−. IGLO/DZ calculations performed with both 
the GED and MP2/6-31G* geometries confirm the high quality of both structures.

The experimental structure of another eleven-vertex nido skeleton, that of nido-
2,9-C2B9H13 (13, Fig. 2.13, prepared at Durham), was refined in Cs symmetry using 
the SARACEN method. No significant deviations of nearest-neighbor BB and CB 
separations, or of terminal and bridging B–H bond lengths, from those calculated at 
the MP2/6-311+G* level of theory were observed [48].

Fig. 2.13  The molecular 
structure of nido-C2B9H13 
(13)

Fig. 2.12  The molecular 
structure of 7,8,10-nido-
C2SB8H10 (12)
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There are also neutral compounds with substituents for boron at four vertices in 
the parent B5 open pentagon, with two carbon and two phosphorus atoms, i.e. nido-
P2C2B7H9 in the form of 7,8,9,11- (14a), 7,9,8,10- (14b) and 7,8,9,10- (14c) isomers 
(Fig. 2.14). The last possible isomer, 7,10,8,9-, has so far only been examined com-
putationally, because its energy is the highest of the four C2P2 isomers, and it has not 
yet been accessed experimentally [56]. As expected, the presence of two phospho-
rus atoms leads to significant distortion of the five-atom ring, and the bond angles 
within it are either around 115 or 96°. Some dihedral angles within these B5 rings 
are as high as 20–28°.

2.3.4  �Arachno Heteroboranes

Arachno compounds are formally derived from nido ones in the same manner as 
nido structures are from closo, that is by removing one BH vertex from the nido 
skeleton. For example, the hypothetical nido-B11H11

4− yields the hypothetical 
arachno-B10H10

6−. The latter should exhibit a hexagonal boat-like shape, which is 
present in arachno-6,9-C2B8H14 (15a) [57] and arachno-6,9-CSB8H12 (15b) [58], 
studied using the SARACEN method. Computational studies have also been per-
formed for some analogues of 15a and 15b, i.e. arachno-6,9-N2B8H12 (15c) [57], 
arachno-6,9-Se2B8H10 (15d) [57], and arachno-6,9-CNB8H13 (15e) [58] (all shown 
in Fig. 2.15). The presence of heavy atoms (i.e. S and Se) brings about a consider-
able narrowing of the B–S(Se)–B angles. On the other hand, short N–B distances 
are responsible for flattening 15c and part of 15e with respect to 
(arachno-B10H14)2−.

Apart from ten-vertex arachno molecules, there are structurally characterized 
arachno systems of smaller dimensions as exemplified by arachno-4,6-C2B7H13 
(16a) [59], arachno-4,6-S2B7H9 (16b) [59], and arachno-4,6,5-C2SB6H10 (16c) [60]. 
Their structures (which have Cs symmetry) have been elucidated by the SARACEN 
method (in the case of 16a and 16b) and using the ab initio/IGLO/NMR method 
(for 16c) (Fig. 2.16).

Fig. 2.14  Molecular structures of the tetrahetero analogues of 7,8,10-nido-C2SB8H10, namely 
7,8,9,11- (14a), 7,9,8,10- (14b) and 7,8,9,10-nido-P2C2B7H9 (14c)
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Fig. 2.16  Molecular structures of the nine-vertex arachno species arachno-4,6-C2B7H13 (16a), 
arachno-4,6-S2B7H9 (16b), and arachno-4,6,5-C2SB6H10 (16c)

Fig. 2.15  Molecular structures of the arachno boat-like structures arachno-6,9-C2B8H14 (15a), 
arachno-6,9-CSB8H12 (15b), arachno-6,9-N2B8H12 (15c), arachno-6,9-Se2B8H10 (15d), and 
arachno-6,9-CNB8H13 (15e)

The derivation of the GED model for 16a follows essentially the same route by 
which it was synthesized, involving the removal of three BH vertices from 5b. In 
essence, the molecular shapes of 16a-16c stem from the preceding family of arachno 
heteroboranes with one vertex missing.

2.3.5  �B4 Clusters

Tetraborane(10) or arachno-B4H10 was reacted at the University of Leeds with eth-
ene to produce the so-called 2,4-ethanotetraborane(10) [2,4-CH2CH2B4H8 (17a) 
shown in Fig. 2.17] [61], in which the “wing” boron atoms of the butterfly-shaped 
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B4H8 unit are attached to the C2H4 moiety. This structure, which has C2v symmetry, 
has been determined by the MOCED approach and both GED and MP2/6-31G* 
geometries have been verified by IGLO 11B chemical shifts. The C–C bond length 
is calculated at the MP2/6-31G* level to be 155.4 pm, and is 156.8 pm determined 
by the GED experiment, although this parameter was fixed in the final GED refine-
ment. The value is towards the long end of the range exhibited by alkanes. 
Tetraborane(10) not only reacts with ethene, but also with substituted ethenes such 

Fig. 2.17  Molecular structures of ethano tetraboranes 2,4-CH2CH2B4H8 (17a), 2,4-MeCHCH2B4H8 
(17b), 2,4-(trans-MeCHCHMe)B4H8 (17c), and [2,4-(t-BuCHCH2)B4H8 (17d)

2  Molecular Structures of Free Boron Clusters



40

as MeCHCH2 and trans-MeCHCHMe, to give 2,4-MeCHCH2B4H8 [62], (17b), and 
2,4-(trans-MeCHCHMe) B4H8 [62], (17c), respectively. Both systems have been 
studied in the same way as 17a, and their C2B4 cages are only slightly distorted from 
C2v local symmetry, with twist angles of 0.5° and 0.8°, respectively, for the C(5)–C(6) 
bonds about the pseudo-C2 axis. The SARACEN approach has also been applied to 
determine the structure of 2,4-(t-butylethano)tetraborane(10) [2,4-(t-BuCHCH2)
B4H8 (17d) as shown in Fig. 2.17 together with all GED structures of ethano tetrabo-
ranes; the sample was provided by the University of Leeds] [63]. The effect of the 
t-Bu group is quite marked, as the C–C bond of the C2B4 core is twisted by 6.6(14)°. 
As a consequence, the local symmetry of the C2B4 moiety is reduced from C2v to C2, 
the concomitant distortion of the B4H8 group from C2v local symmetry being 
negligible.

In addition to the clusters complying with the rule that n + 1 electron pairs are 
optimal for n-deltahedral framework bonding [64], there are boron clusters that 
represent exceptions to this rule; the compounds B4X4, X = Cl, R, are therefore of 
interest. Gas electron diffraction investigations (possible without using any com-
puted data to assist the refinements) of both tetrachloro tetrabora-tetrahedrane, 
B4Cl4 (18a) [65], and tetra-tert-butyltetrabora-tetrahedrane [B4(tBu)4, 18b] [66] 
have been carried out under the conditions of Td and T symmetry, respectively, and 
their structures are shown in Fig. 2.18. The high symmetries of these systems have 
ensured the quality of experimental geometry determined by GED alone. (The sam-
ples for these studies were provided by the University of Oxford and Aachen, 
respectively, and data were recorded in Edinburgh and Oslo, respectively.) In par-
ticular, torsional angles in 18b have been determined accurately, including τ(B–B–
C–C) which yielded a value of 30.3(3)°. Interestingly, the boron atoms in both 
molecules are extremely deshielded, with δ(11B) 85.5 and 135.4 ppm for 15a and 
15b, respectively. These values are satisfactorily reproduced computationally only 
by taking dynamic electron correlation into account; the calculations then yield 
chemical shifts of 81.4 and 139 ppm, respectively, using the GIAO-MP2/TZP′ 
method.

Fig. 2.18  The molecular structures of tetrachloro tetrabora-tetrahedrane, B4Cl4 (18a) and tetra-
tert-butyltetraboratetetrahedrane (18b)
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2.3.6  �Shared Icosahedra

As well as main-group elements that can be incorporated into boron frameworks, it 
is also possible to have metal atoms as parts of such clusters, known as metallahet-
eroboranes. There is a plethora of such deltahedral compounds, most prominent 
among them being the so-called commo-bis(icosahedral)metallacarbaboranes of the 
type [M(1,2-C2B9H11)2]n, in which two icosahedra are conjoined by a shared metal-
atom vertex with the resulting charge of n. The most investigated and best known is 
the anionic [3-Co-(1,2-C2B9H11)2]−, usually referred to as the cobalt bis(dicarbollide) 
ion. Two dicarbollide anions are complexed with Ni4+ to give a neutral sandwich 
system. A DFT study at the BP86/AE1 level [67] (shown in Fig. 2.19) has found that 
the mutual rotation of the two dicarbollide moieties is facile. Note that such a 
molecular shape is based on sharing two icosahedra through one vertex (Ni4+). 
Experimental 11B NMR chemical shifts are reproduced to better than 3 ppm at the 
GIAO-B3LYP/II′ level. The same DFT approach has been employed for other het-
eroboranes in this study but none of them is neutral. These metallaboranes have 
been found to be quite promising materials in medicine and molecular electronics, 
with 19 appearing to act as a molecular rotor [68].

Fig. 2.19  The molecular 
structure of the most stable 
rotamer of [3-Ni(1,2-
C2B9H11)2] (19)
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In a similar way to two benzene rings fusing to form naphthalene, the combina-
tion of two closo-B12H12

2− ions forms so-called macropolyhedral clusters (other par-
ent boron hydrides can also be shared), the molecular geometries of which depend 
on the mode of sharing. Apart from the aforementioned one-vertex sharing, there 
are other modes of two-icosahedra sharing. Icosahedra can be joined through a 
common edge, or where three or four vertices come together. The latter is exempli-
fied in the macropolyhedral B20H16, the first synthesized closo macropolyhedron 
[69]. Indeed, the latter has four joint vertices of two shared closo-B12H12

2− icosahe-
dra (see 20 as shown in Fig. 2.20). This unique cluster was obtained relatively 
recently in another way and was structurally characterized by applying the GIAO-
B3LYP/II//MP2/6-31G* computational protocol [70].

2.4  �Conclusions

This chapter has illustrated the use of structural information to better understand 
various series of neutral borane and heteroborane clusters, which were prepared in 
Řež and elsewhere, and structurally characterized in Edinburgh and/or Řež. Much 
of what is described involved the application of gas-phase electron diffraction and 
calculations of 11B NMR chemical shifts (used as an additional electron-diffraction 
refinement condition) to yield molecular geometries of various species that were 
validated against experimental NMR data. Such gas-phase (and computed) struc-
tures are of particular significance since the free molecules can be considered unper-
turbed and the resulting macro-structure is influenced exclusively by intramolecular 
forces. The systems that contain a heavy element (through hydrogen or vertex 

Fig. 2.20  Molecular 
structure of the 
macropolyhedral cluster, 
B20H16 (20)
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substitution) are suitable targets for structural studies employing GED alone, and 
the corresponding results may thus verify the reliability of theoretical approaches. 
The gas-phase structures under scrutiny turned out to be quite rigid as demonstrated 
by the vibrational amplitudes obtained; this observation is particularly true for closo 
clusters, which have electron density distributions that are counterintuitive to the 
concept of electronegativity as also revealed by the analyses of the experimental 
dipole moments. (Indeed, carbon is more electronegative than boron but its charge 
is positive, and the same applies to sulfur.) In addition to the structural studies that 
have been, and will be, performed for the series of boron clusters described, there is 
great potential for study of the macropolyhedral clusters (see Fig. 2.17). Some of 
these have been known for decades, but accurate structural studies of them are 
entirely lacking. They are therefore a challenging target for applications both of 
GED and computational protocols in this demanding but important area of boron 
cluster chemistry.

On the basis of electron distribution in 12-Ph-closo-1-SB11H10, a new type of 
non-classical σ-hole-based non-covalent interaction, the so-called chalcogen bond-
ing, has been very recently discovered, which offers a promising use for closo-
heteroboranes with V and VI group elements in crystal engineering and drug design 
[71]. There are other areas where the use of boron clusters in medicine and materials 
science also looks promising. Whereas some metallaboranes appear to be potent 
inhibitors of various enzymes, some thiolated carbaboranes act as modifiers of lay-
ers of various metals [72]. In this context, the synthetic efforts aimed at develop-
ment of further closo-, nido- arachno- and macropolyhedral clusters along with the 
subsequent molecular structure determinations is obvious.

Generally speaking, the joint endeavor of studying synthesis and structure in a 
concerted manner is worth striving for because “there is no more basic enterprise in 
chemistry than the determination of the geometrical structure of a molecule. Such a 
determination, when it is well done, ends all speculation as to the structure and 
provide us with a starting point for the understanding of every physical, chemical 
and biological property of the molecule”, Roald Hoffmann, Nobel Prize Winner in 
Chemistry (1981) [73].
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    Chapter 3   
 Computational Studies of Metallaboranes 
and Metallacarboranes       

       Alexandru     Lupan      and     R.     Bruce     King    

    Abstract     Computations based on quantum chemistry, particularly density func-
tional theory methods, have provided valuable insights into the structure, bonding, 
thermochemistry, and chemical reactivity of diverse polyhedral metallaboranes. 
Examples of such computations are provided for metallaboranes having central 
polyhedra with fi ve to 16 vertices.  

3.1         Introduction 

 The capacity of boron to form self-bonded complicated molecular networks is as 
extensive as any element except for carbon. However, the fundamental structures of 
boron networks are very different from those of the carbon networks familiar in 
organic chemistry. Thus carbon networks are typically a combination of acyclic 
carbon chains and carbon rings whereas boron networks are based on three- 
dimensional polyhedra. In this connection the most stable polyhedral boranes and 
isoelectronic carboranes have structures based on the so-called most spherical del-
tahedra, also known as  closo  deltahedra (Fig.  3.1 ) [ 1 ,  2 ]. Such polyhedra have all 
triangular faces and vertices as nearly similar as possible. This means that the 6- to 
12-vertex  closo  deltahedra have only degree 4 or 5 vertices except for the 11-vertex 
 closo  deltahedron, required by polyhedral topology [ 3 ] to have a single degree 6 
vertex in addition to its degree 4 and 5 vertices (Fig.  3.1 ). The numbers of skeletal 
electrons in such structures are generally determined by the Wade-Mingos rules 
[ 4 – 6 ], which state that  n -vertex  closo  deltahedral boranes are particularly stable if 
they contain 2 n  + 2 skeletal electrons. This special stability has been ascribed to 

        A.   Lupan      
  Department of Chemistry, Faculty of Chemistry and Chemical Engineering ,  Babeș-Bolyai 
University ,   Cluj-Napoca ,  Romania   
 e-mail: alupan@chem.ubbcluj.ro   

    R.  B.   King      (*) 
  Department of Chemistry ,  University of Georgia ,   Athens ,  GA   30602 ,  USA   
 e-mail: rbking@uga.edu  

mailto:alupan@chem.ubbcluj.ro
mailto:rbking@uga.edu


50

three-dimensional aromaticity [ 7 – 9 ]. In accord with the Wade-Mingos rules the so- 
called  closo  borane anions B  n  H  n   2−  (6≤  n  ≤ 12) as well as the isoelectronic  closo  car-
boranes CB  n −1 H  n   −  and C 2 B  n  − 2 H  n   exhibit special stability.

   Hawthorne and co-workers [ 10 ] fi rst showed that the vertices in the  closo  delta-
hedral boranes and related carboranes can be replaced by isolobal transition metal 
vertices, typically units of the type CpM or M(CO) 3  (Cp = η 5 -cyclopentadienyl; M 
= transition metal), to give very stable compounds. The initial syntheses of metal-
laboranes typically used decaborane, B 10 H 14  as the starting material and typically 
led to metallacarboranes containing a central icosahedral MC 2 B 9  unit. A few years 
after the fi rst metallacarborane syntheses Grimes and co-workers [ 11 ] showed that 
similar metallaboranes based on smaller polyhedra could be synthesized using 
pentaborane-9, B 5 H 9  as the boron hydride starting material. 

 Initially it was assumed that such substitution of a light atom vertex (boron or 
carbon) by a transition metal vertex did not affect the underlying  closo  deltahedral 

  Fig. 3.1    The most spherical deltahedra with 5–12 vertices       
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geometry since the initially discovered derivatives were metallaboranes based on 
MC 2 B 9  icosahedra, in which all vertices have the same degree, namely 5. However, 
as metallaborane chemistry was subsequently developed involving polyhedra other 
than the icosahedron, particularly by Kennedy and co-workers [ 12 – 15 ], a variety of 
deltahedral metallaborane structures were discovered based on deltahedra topologi-
cally distinct from the  closo  deltahedra. This led to the identifi cation of a new class 
of less spherical deltahedra for metallaboranes and metallacarboranes called either 
 isocloso  [ 16 ] or  hypercloso  [ 17 – 19 ] deltahedra. The deviation from sphericity in 
such  isocloso  metallaboranes results from the preference of transition metals for 
degree 6 vertices, which are not present in any of the most spherical deltahedra 
except for the 11-vertex deltahedron (Fig.  3.1 ). However, these  isocloso  metallabo-
rane deltahedra are derived from the  closo  metal-free borane deltahedra by a 
diamond- square-diamond process, typically generating a degree 6 vertex for the 
metal atom. Whereas metal-free boranes and carboranes are known for all of the 
 closo  deltahedra between the trigonal bipyramid and the icosahedron, namely those 
with 5–12 vertices, distinctive  isocloso  deltahedra are known only for a more lim-
ited vertex number range, namely 9–12 vertices (Fig.  3.2 ). The  isocloso  metallabo-
rane deltahedra with  n  vertices are found to have 2 n  skeletal electrons rather than 
the 2 n  + 2 skeletal electrons of the  closo  borane and carborane deltahedra predicted 
by the Wade-Mingos rules.

   The preference of metal atoms for degree 6 and sometimes even higher degree 
vertices leads to deltahedra for dimetallaboranes that are even less spherical than the 
 isocloso  metallaborane deltahedra (Fig.  3.2 ). A particularly noteworthy group of 
such species consists of the dirhenaboranes discovered by Fehlner, Ghosh, and their 
co-workers [ 20 – 23 ]. The preference of rhenium atoms for vertices of degree 6 and 
sometimes even degree 7 lead to highly oblate (fl attened) deltahedra (Fig.  3.3 ). 
These deltahedra are characterized by the rhenium atoms at approximately antipo-
dal (polar) degree 6 or 7 vertices at points on the deltahedral surface of lowest local 
curvature. Conversely, at least some of the boron atoms are located at degree 4 
vertices at points on the deltahedral surface of highest local curvature. The resulting 
deltahedra have oblate (fl attened) ellipsoidal structures rather than more nearly 

  Fig. 3.2     Isocloso  metallaborane deltahedra with 9, 10, and 11 vertices. The metal atoms in these 
structures are located at the unique degree 6 vertex       
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spherical structures. For this reason these polyhedra can conveniently be designated 
as  oblatocloso  deltahedra. The simplest example of an  oblatocloso  deltahedron is 
the hexagonal bipyramid (Fig.  3.3 ). The Wade-Mingos procedure for counting 
 skeletal electrons [ 4 – 6 ] in the  oblatocloso  deltahedra arrives at 2 n  – 4 skeletal 
 electrons, which is 6 skeletal electrons short of the 2 n  + 2 suggested to be optimal 
for deltahedral structures.

   Metal-free polyhedral borane chemistry includes not only the closed deltahedral 
borane structures B  n  H  n   2−  and the isoelectronic carboranes CB  n –1 H  n   −  and C 2 B  n −2 H  n   
but also the hydrogen-rich series of neutral boranes B  n  H  n +4  ( n  = 5, 6, 8, 10) and 
B  n  H  n +6  ( n  = 4, 5, 6, 7, 8, 9) called  nido  and  arachno  boranes, respectively. The boron 
frameworks of the  n -vertex  nido  boranes can be derived from the most spherical 
( n  + 1)-vertex  clos o borane deltahedra by removal of a high degree BH vertex. This 
leaves a “hole” in the polyhedral surface corresponding to an open face with four or 
more edges typically bridged by the “extra” hydrogen atoms. Figure  3.4  illustrates 
the  nido  polyhedra found in the structures of the known stable B  n  H  n +4  boranes ( n  = 5, 
6, 8, 10) indicating the deltahedra from which they are derived by vertex removal. 
In addition, the 11-vertex  nido  polyhedron derived from the icosahedron by removal 
of a vertex is depicted in Fig.  3.4 . This 11-vertex  nido  polyhedron is not found in a 
known B 11 H 15  borane. However, it is found in the so-called “dicarbollide” C 2 B 9 H 12  −  
anion used for the syntheses of the fi rst metalladicarbaboranes [ 10 ]. The  n -vertex 
 nido  polyhedra retain the 2( n  + 1) + 2 Wadean skeletal electrons of the ( n  + 1)-vertex 
deltahedra from which they are derived and thus are 2 n  + 4 skeletal electron  systems. 
The process of generating an  n -vertex open  nido -like polyhedron by removal of a 
boron vertex from an ( n  + 1)-vertex deltahedron can be applied not only to the most 

  Fig. 3.3    The oblate (fl attened)  n -vertex deltahedra found in the dirhenaboranes Cp* 2 Re 2 B  n  − 2 H  n  − 2  
(8 ≤  n  ≤ 12). The rhenium atoms are located at the degree 6 ( green ) and degree 7 ( pink ) vertices       
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spherical  closo  deltahedra but also to ( n  + 1)-vertex  isocloso  and  oblatocloso  
 deltahedra (Figs.  3.2  and  3.3 ).

   The variety of polyhedra found in metallaboranes and metallacarboranes 
(Figs.  3.1 ,  3.2 ,  3.3 , and  3.4 ) combined with the variety of metal vertices and ligands 
attached to the metal vertices suggests that metallaboranes provide a very rich area 
of chemistry. The three-dimensional nature of the polyhedral borane building blocks 
as compared with the two-dimensional nature of the benzene and other carbon rings 
in organic chemistry suggests even greater complexity of polyhedral borane chem-
istry relative to organic chemistry. The prevalence of carbon chemistry relative to 
boron chemistry is a consequence of the rarity of boron relative to carbon and the 
diffi culty of converting naturally occurring borate minerals to boron hydride deriva-
tives. Because of the complexity of polyhedral borane chemistry and specifi cally 
metallaborane and metallacarborane chemistry, modern computational methods, 
particularly those using density functional theory, have been very useful both in 
interpreting existing experimental results and in suggesting promising new areas for 
future development. This area has been the subject of recent reviews [ 24 ,  25 ].  

3.2     Computational Methods 

 Density functional theory (DFT) is the computational method most frequently used 
for modeling metallaborane clusters. Widely used functionals include the B3LYP 
functional composed of Becke’s three parameter functional [ 26 ] with the Lee, Yang 

  Fig. 3.4    Examples of  nido  polyhedra found in simple neutral boron hydrides. These are generated 
by removal of a high degree vertex from the indicated  closo  or  isocloso  deltahedron       
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and Parr correlation functional [ 27 ] as well as the BP86 [ 28 ,  29 ] and PBE function-
als [ 30 ]. Scalar relativistic effects have been considered by using the zero-order 
regular approximation (ZORA) [ 31 ] or specialized basis sets such as the SDD basis 
set containing the Stuttgart Dresden effective core potentials is often employed [ 32 ]. 
In rare cases post Hartree-Fock methods have been used such as the MP2 (Møller- 
Plesset) method [ 33 ]. This method is considered as the most suitable for computing 
fi rst hyperpolarizabilities. The nuclear magnetic shielding tensors can be calculated 
using the gauge-independent atomic orbital (GIAO) approach [ 34 ]. Aromaticity can 
be studied by computing the nucleus-independent chemical shift (NICS) [ 35 ,  36 ]. 
Analysis of the electron density distribution function can be performed by the 
QTAIM method [ 37 ]. The nature of bonding can be assessed by computing the 
electron localization function (ELF) [ 38 – 40 ]. Metallaboranes and metallacarbo-
ranes have been extensively studied by theoretical methods during the last decades 
as indicated by the 154 articles cited in this chapter.  

3.3     Summary of Some Representative Computational 
Studies on Metallaboranes and Metallacarboranes 

3.3.1     General Comments 

 Modern theoretical methods have been applied so extensively to metallaboranes and 
metallacarboranes that a comprehensive review in a book chapter of reasonable 
length is not feasible. Because of the large amount of such information, only the 
highlights of representative studies can be mentioned in this chapter. Figures from 
individual papers are not repeated here; the reader is referred to the cited papers for 
further details. However, Figs.  3.1 ,  3.2 ,  3.3 , and  3.4  in the Introduction provide 
views of the most prevalent polyhedra encountered in these metallaborane and 
metallacarborane structures. 

 Among the large amount of published work on computational metallaborane 
chemistry, papers focusing on systems with specifi c numbers of vertices are chosen 
to be cited and briefl y summarized in this chapter. This allows most of the material 
to be organized according to the number of vertices in the central polyhedra of the 
metallaboranes and metallacarboranes. In this connection, most of the reported 
studies involve 12-vertex systems based on a central icosahedron because of the 
particular stability of icosahedral boranes. Furthermore, most of these studies are 
parts of experimental papers and focus on the interpretation of specifi c experimental 
results. In addition, to the discussion of papers focusing on systems with specifi c 
numbers of vertices in the central polyhedra, a few particularly signifi cant general 
papers are discussed below. 

 The structures and electronic relationships of 9-, 10-, 11-, and 12-vertex  closo  
and  hypercloso  ( isocloso ) metallaboranes have been explored using DFT  calculations 
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[ 41 ]. The role of the transition metal in stabilizing the  isocloso  borane structures is 
explained using the concept of orbital compatibility. The  isocloso  (structures, (η 6 -
C 6 H 6 )MB  n −1 H  n −1  ( n  = 9–12; M = Fe, Ru, and Os) are taken as model complexes. 
Calculations on metal-free polyhedral boranes B  n  H  n   suggest that  n -vertex  isocloso  
structures need only  n  skeletal electron pairs (SEPs). However, such structures have 
one or more degree 6 vertices (Fig.  3.2 ), whereas the corresponding  closo  structures 
with  n  + 1 SEPs have only degree 4 and degree 5 vertices (except for the required 
degree 6 vertex in the 11-vertex  closo  deltahedron in Fig.  3.1 ). This high-degree 
vertex of the  isocloso  structures can be effectively occupied by transition metal 
fragments with their highly diffuse orbitals. Calculations further show that a sec-
ond- or third-row transition metal with more diffuse orbitals has a greater tendency 
than a fi rst-row transition metal to exhibit  isocloso  geometry. This is consistent with 
the observation that there are more experimentally characterized  isocloso  structures 
containing second- and third-row transition metals than those containing fi rst-row 
transition metals. 

 The size of the exopolyhedral ligands attached to the metal atom also affects the 
stability of  isocloso  structures. The interaction between the borane and the metal 
fragments in the  isocloso  geometry has been analyzed using the fragment molecular 
orbital approach. The interconversion of the  closo  and  isocloso  structures by the 
addition and removal of electrons is also discussed in terms of correlation diagrams. 
The  isocloso  geometry can be stabilized by substituting the degree 6 BH vertex, 
which caps the six-membered ring of the B 9 H 9  fragment, with a cap with more dif-
fuse orbitals. Thus a transition metal fragment with more diffuse orbitals can stabi-
lize the  isocloso  structure, which is refl ected in the experimental synthesis of many 
 isocloso  metallaboranes. A large number of  isocloso  metallaboranes are reported in 
literature with a range of metal atoms and exopolyhedral ligands. 

 Ruthenaborane clusters have been modeled by performing density functional 
theory calculations using the B3LYP functional in order to provide insights into the 
use of such clusters for hydrogen storage and H–H bond activation [ 42 ]. In this con-
nection structural optimizations were performed for different ruthenaborane clus-
ters. Transition state structures were determined for their hydrogenation addition/
elimination reactions. Such calculations of the reaction pathways yielded different 
transition-state structures involving molecular hydrogen bonded to the cluster or 
formation of metal hydrides. The H–H bond of H 2  appears to be activated by the 
ruthenaborane clusters with calculated activation energies of 24–42 kcal/mol and 
Gibbs free energies of 14–27 kcal/mol for H 2  addition. The calculated Gibbs free 
energy range for the H 2  addition reaction ranges from 14 to 27 kcal/mol. The calcu-
lated activation energies and molecular structures of the hydrogen-rich clusters 
Cp* 2 Ru 2 B 10 H 16 , Cp* 2 Ru 2 B 8 H 14 , and Cp* 2 Ru 2 B 8 H 12  (Cp* = η 5 -C 5 Me 5 ) with different 
degrees of hydrogenation are compared. The mechanisms of the H 2  addition and 
elimination reactions of the studied clusters suggest that they might be useful as 
hydrogen storage materials owing to their ability to activate the H-H bond.  
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3.3.2     Five-Vertex Systems 

 Density functional theory (DFT) calculations were used to probe the reaction of the 
tetragonal pyramidal diruthenaborane  nido -1,2-(Cp*RuH) 2 B 3 H 7  (Cp* = η 5 -C 5 Me 5 ), 
with the alkyne MeC ≡ CMe to form  nido -1,2-(Cp*Ru) 2 ( μ -H)( μ -BH 2 )-4,5-Me 2 -4,5- 
C 2 B 2 H 4    as the major product along with the minor product  nido -(Cp*Ru) 2 -4,5-Me 2 - 
4,5-C 2 B 2 H 6 . The structural features of the related diruthenacarboranes, 
 nido -(Cp*Ru) 2 -4,5-Me 2 -4,5-C 2 B 2 H 6  and  closo -1,2-(Cp*RuH) 2 -4,5-Me 2 -4,5-C 2 B 3 H 3  
were also studied [ 43 ]. The geometrical and electronic structures of the products 
 nido -1,2-(Cp*Ru) 2 ( μ -H)( μ -BH 2 )-4,5-Me 2 -4,5-E 2 B 2 H 4  (E = Si (Ge, Sn) are described 
and compared with the ruthenacarborane analog,  nido -1,2-(Cp*Ru) 2 ( μ -H)( μ -BH 2 )-
4,5-Me 2 -4,5-C 2 B 2 H 4 . The computed energetics and the geometries support the fea-
sibility of the reaction and the stability of the products. NBO analysis was performed 
to delve further into the nature of the bonding in this kind of clusters.  

3.3.3     Six-Vertex Systems 

 The reaction of CpCo(1,3-C 3 B 2 Me 5 H) with CpTl affords the thallium derivative 
CpCo(1,3-C 3 B 2 Me 5 )Tl. Both CpCo(1,3-C 3 B 2 Me 5 H) and CpCo(1,3-C 3 B 2 Me 5 )Tl 
have been structurally characterized by X-ray crystallography at 100 K [ 44 ]. 
According to DFT calculations, CpCo(1,3-C 3 B 2 Me 5 H) exists as a mixture of two 
enantiomers with an enantiomerization barrier of only 0.5 kcal/mol. The transition 
state has  C   s   symmetry with an  endo -CH hydrogen atom. The isomer with a Co–
H⋯B bridge is less stable by 10 kcal/mol. The activation energies of formation for 
each of these two CpCo(1,3-C 3 B 2 Me 5 H) isomers from C 3 B 2 Me 5 H and CpCo(C 2 H 4 ) 2  
are nearly equal. 

 Morokuma, Mebel, and collaborators [ 45 ] have performed an  ab initio  (RHF) 
and MP2 molecular orbital study of the structure, stability and rearrangements of 
six-vertex  nido -metallaboranes of the type MB 5 H 8  (M = Ir, Co, Fe). The optimized 
geometries as well as the NMR chemical shifts computed by the IGLO method 
agree well with the experimental data. Systematic calculations of all possible intra-
molecular mechanisms of B 6 H 10  reorganization were also performed. The fl uxional-
ity of B 6 H 10  arises from the bridging hydrogens. These studies also included the 
isomerization of the iridaborane (IrB 5 H 8 )(CO)(PH 3 ) 2  in which the Ir atom moves 
from a basal to the apical position by a mechanism similar to the apical-basal rear-
rangement of B 6 H 10 . The calculated barrier of 39 kcal/mol at the MP2//HF/ECP-DZ 
level is high enough to prevent isomerization at accessible temperatures. 

 The mixed “early-late” transition metal derivative (Cp 2 Zr)(Cp*Ir)B 4 H 10  is the 
fi rst structurally characterized dimetallaborane analogue of hexaborane(12) con-
taining zirconium [ 46 ]. Density functional theory (DFT) calculations have been car-
ried out on this compound as well as other hypothetical early-late transition metal 
combinations of hexaborane(12) analogues. The  11 B and  1 H chemical shifts of the 
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Cp analogue were calculated using the Gauge Including Atomic Orbital (GIAO) 
and the B3LYP functional and found to agree well with the experimental data. This 
provides a stringent test of the validity of the calculated electronic structures of the 
Cp model complex (maximum deviation of 3 ppm for  1 H NMR and 4 ppm for  11 B 
NMR at the B3LYP/def2-TZVP level). The optimized molecular structure  resembles 
closely the experimental structure determined by X-ray crystallography. Inspection 
of the electron density distribution of the frontier MOs shows that the HOMO is 
predominantly located on iridium whereas the LUMO is located on zirconium. In 
addition, natural bond orbital (NBO) analysis shows a strong Ir–Zr bonding interac-
tion with a Wiberg bond index of 0.49. 

 The complete series of hydrogen-rich six-vertex cyclopentadienyl dimetallabo-
ranes Cp 2 M 2 B 4 H 8  (Cp = η 5 -C 5 H 5 ; M = Ir, Ru/Os, Re, Mo/W, and Ta), including the 
experimentally known Ir, Ru, and Re derivatives, has been examined by DFT [ 47 ]. 
The nature of the central M 2 B 4  polyhedra in the lowest energy Cp 2 M 2 B 4 H 8  struc-
tures relates to the skeletal electron count as determined by the Wade-Mingos rules 
[ 4 – 6 ]. Thus the lowest energy Cp 2 Ir 2 B 4 H 8  structures with 16 Wadean skeletal elec-
trons have central pentagonal pyramidal Ir 2 B 4  units similar to the known pentagonal 
pyramidal B 6 H 10 . The lowest energy Cp 2 M 2 B 4 H 8  (M = Ru, Os) structures with 14 
Wadean skeletal electrons have central capped tetragonal pyramidal rather than 
octahedral M 2 B 4  units. However, isomeric Cp 2 M 2 B 4 H 8  (M = Ru, Os) structures with 
central M 2 B 4  octahedra are found at energies starting at ~15 kcal/mol (M = Ru) and 
~10 kcal/mol (M = Os) above the capped tetragonal pyramid global minima. The 
lowest energy electron poorer Cp 2 M 2 B 4 H 8  structures (M = Re, Mo, W, Ta) have 
central M 2 B 4  bicapped tetrahedra with the metal atoms at the degree 5 vertices. 
Higher energy Cp 2 Re 2 B 4 H 8  structures include capped tetragonal pyramidal 
 structures with surface Re = Re double bonds and a pentagonal pyramidal structure 
with a surface Re ≡ Re triple bond. The lowest energy Cp 2 M 2 B 4 H 8  (M = Mo, W) 
structures appear to have surface M = M double bonds and thus also the 12 skeletal 
electrons for their bicapped tetrahedral structures. However, the lowest energy 
 likewise bicapped tetrahedral Cp 2 Ta 2 B 4 H 8  structure is best interpreted in having 
CpTa units with 16-electron rather than 18-electron tantalum confi gurations and a 
surface Ta–Ta single bond.  

3.3.4     Seven-Vertex Systems 

 Hosmane and collaborators [ 48 ] have synthesized the complex 1-(C 12 H 8 N 2 )Sn-2,3-
[Si(CH 3 ) 3 ] 2 -2,3-C 2 B 4 H 4 . In order to understand this system MNDO-SCF molecular 
orbital calculations were carried out on the model compounds  1-(C 12 H 8 N 2 )Sn-2,3-
C 2 B 4 H 6 , 1-(C 10 H 8 N 2 )Sn-2,3-C 2 B 9 H 11 , and [(C 10 H 8 N 2 )SnC 5 (CH 3 ) 5 ] +  in order to deter-
mine what factors dictate the structures of these complexes. The results show that 
competing bonding interactions lead to a very broad energy minimum as a function 
of slippage and base orientation. Small energy variations, such as those produced by 
crystal packing forces, can produce large structural changes. Similar studies were 
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also performed on the terpyridine complexes 1-(C 15 H 11 N 3 )Sn-2,3-(SiMe 3 ) 2 -2,3-
C 2 B 4 H 4  and 1-(C 15 H 11 N 3 )Sn-2-(SiMe 3 )-3-(Me)-2,3-C 2 B 4 H 4  [ 49 ]. 

 Satpati found the sandwich metal dimers CB 5 H 6 M–MCB 5 H 6  (M = Si, Ge, Sn) to 
be minima on the potential energy surface with a characteristic M–M single bond 
[ 50 ]. The NBO analysis and the M–M distances (Å) indicate substantial M–M 
bonding. Formal generation of CB 5 H 6 M–MCB 5 H 6  has been studied theoretically. 
The slip-distorted geometry was found to be preferred for MCB 5 H 7  and its dehydro-
genated dimer CB 5 H 6 M–MCB 5 H 6 . 

 Barreto et al. [ 51 ] have examined the structural distortions from  closo  geometry 
in various metal carborane clusters using the Fenske-Hall technique [ 52 ,  53 ]. They 
chose (2,2′-bpy)SnB 4 H 4 C 2 Me 2  (bpy = bipyridine) and (CO) 3 FeB 4 H 4 C 2 Me 2  as model 
systems. An MO analysis suggested that the antibonding interactions of symmetric 
tin fragment orbitals with corresponding carborane orbitals lying on the B 3 C 2  face 
are responsible for the occurrence of the slipped structure. The Fenske-Hall 
quantum- chemical technique was used to examine structural distortions from an 
idealized  closo  geometry in main-group- and transition-metal carboranes. The ∆H 
values were calculated for the carbons-apart to carbons-adjacent interchange reac-
tions in these systems [ 54 ]. Both dianions were found to bond equally well with tin. 
However, the carbons-apart dianion was found to be considerably more stable than 
its carbons-adjacent isomer. The tin-bipyridine bonding arises from the interaction 
of the base nitrogen lone pairs with the two tangentially oriented tin p orbitals. 

 Ezhova et al. [ 55 ] have synthesized 1-M(THF)2-2,4-(SiMe 3 ) 2 -2,4-C 2 B 4 H 5  (M = 
Li, Na) and calculated their energies and geometries at the B3LYP/6-31G *  level. 
The  11 B and  13 C NMR spectra calculated by GIAO using the 6-311G **  basis set were 
in good agreement with experiment. 

 The reaction of the dichromaborane (Cp*Cr) 2 B 4 H 8  with BHCl 2 ·SMe 2  was found 
to result in cluster expansion to give (Cp*Cr) 2 B 5 H 9  [ 56 ]. Reactions of (Cp*Cr) 2 B 4 H 8  
with binuclear metal carbonyls such as Fe 2 (CO) 9  and Co 2 (CO) 8  led to mixed-metal 
metallaboranes. MO calculations have been carried out for (CpM) 2 B 4 H 8  and 
(CpM) 2 B 5 H 9  (M = Cr, Mo) as well as the mixed-metal clusters (CpCr) 2 B 4 H 8 Fe(CO) 3  
and (CpCr) 2 B 4 H 7 Co(CO) 3 . The cluster (Cp*Cr) 2 B 4 H 8  can be considered to be elec-
tronically unsaturated with too few skeletal electrons (fi ve SEPs) to support the 
observed bicapped tetrahedral geometry. This has been rationalized by small but 
signifi cant geometric changes causing the LUMO to move to higher energy and thus 
stabilize the electron-defi cient species. 

 Full geometry optimizations were done on Cp* 2 W 2 B 5 H  n  Cl  m   ( n  = 7,  m  = 2 and 
 n  = 8,  m  = 1) using DFT [ 57 ]. Subsequent Hessians were calculated by using the 
B3LYP hybrid exchange functional and the LANL2DZ basis set. In order to support 
the assignment of isomers the  11 B and  1 H NMR chemical shifts were calculated 
using the GIAO method at the B3LYP level of theory and the LANL2DZ basis set. 
The  1 H NMR shifts show a systematic deviation so that a suitably chosen scaling 
factor would give better results. 

 An extended Hückel study [ 58 ] of the double-decker CpCoC 2 B 4 H 6  and triple- 
decker CpCo(C 2 B 3 H 5 )CoCp sandwich model complexes shows signifi cant differ-
ences in the orbital contributions involved in the HOMO and LUMO of the former 
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versus the latter type. The calculations afford additional insight into the electronic 
structures and properties of these systems as elucidated by the experimental studies. 
Fragment analyses were performed for two model complexes. The B3LYP func-
tional was employed to calculate second-order nonlinear optical (NLO) responses 
of (C 5 H 5 )Co(C 2 B 4 H 6 ) derivatives containing -CH=CH-C 6 H 4 -NO 2  and -CH=CH-
C 6 H 4   - NH 2    substituents [ 59 ]. The geometries of isomers were optimized at the 
B3LYP/6-31G* level to give stable molecular confi gurations. Comparisons of the 
stabilities of molecules show that a -CH=CH–C 6 H 4 -NO 2  substituent improves the 
stability because of the electronic defi ciency of the boron atom. Time-dependent 
DFT (TD-DFT) calculations on the electronic spectra of molecules were performed 
to investigate the infl uence of electron transfer on inner orbitals. 

 The iron sandwich complex Fe(Et 6 -2,4-C 2 B 4 H) 2  contains two hydrido ligands, 
each bridging the iron and two boron atoms. The geometries of the carboranes, the 
boranes (all unsubstituted and permethyl-substituted), and the iron complexes (all 
unsubstituted) were optimized at the B3LYP/6-311+G(d,p) or B3LYP/6-31+G(d) 
levels [ 60 ]. The relevant NMR data (chemical shifts and coupling constants) were 
calculated at the same level of theory. 

 The linear optical properties and the static second-order nonlinear optical (NLO) 
properties were investigated systematically on a series of two-dimensional (2D) 
D-π-A-π-D/A-π-D-π-A sandwich metallacarborane-containing molecules using 
DFT [ 61 ]. The substituent effect was found to infl uence the electronic absorption 
and NLO responses of the 2D molecules. Time-dependent DFT calculations and the 
analysis of major molecular orbitals predict the sandwich metallacarboranes to act 
as better electron donors than electron acceptors. The observed spectral properties 
were rationalized by calculating the electronic absorption spectra of these systems 
at the TD-PBE1PBE/6-31G* and TD-PBE1PBE/6–31+G* levels with an SDD 
basis set for the metals. The atom population analyses of the frontier MOs were also 
reported. Because of the high computational cost, the electronic absorption spectra 
of most of the systems were calculated only at the TD-PBE1PBE/6–31G* level. The 
orbital transition properties associated with the bright excited states were also con-
sidered. The electron density is delocalized between the Cp and C 2 B 3  rings in 
HOMO-2 and HOMO-1. However, the electron density is located on both the C 2 B 3  
and Cp rings in the LUMOs. The second-order NLO properties of 2D Λ- and 
W-shaped sandwich metallocarborane-containing derivatives were investigated 
using a variety of functionals including BP86, B3LYP, PBE1PBE, BH and HLYP, 
LC-BP86, CAM-B3LYP, and LC-ωPBE. 

 The second-order nonlinear optical (NLO) properties of the   Cp*Co(C 2 H 5 ) 2  C  2  B  4  H  3  - 
expanded (metallo)porphyrins (Cp* = C 5 Me 5 ) were investigated using ab initio 
RHF and density functional theory (DFT) methods [ 62 ]. Molecules with expanded 
porphyrin units were found to possess remarkably large molecular hyperpolariz-
abilities and thus are promising second-order NLO materials. The nature of the 
charge transfer (CT) transition indicates that the −Cp*Co(C 2 H 5 ) 2 C 2 B 4 H 3  unit func-
tions as an electron donor. Furthermore, the time-dependent DFT calculation illus-
trates that reduced forms have signifi cantly different charge-transfer patterns than 
the neutral species. This investigation provides insight into the comparison with 
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DFT results on estimating fi rst hyperpolarizabilities and the NLO properties of this 
series of push–pull compounds. Meanwhile, the calculated values are functional-
dependent: the α zz  values decrease with the increasing percentage of HF as well as 
the α 0  value in hybrid DFT functionals (B3LYP > PBE1PBE > BH and HLYP). This 
illustrates that the polarizability is connected to the X term of the XC functional: 
that of  ab initio  HF is the smallest, and the deviation between DFT and HF arises 
from the local nature of the DFT exchange functionals. Using the LC and CAM 
functionals, the α 0  values are ordered as LC-BLYP < LC-ωPBE < CAM-
B3LYP. When compared with the hybrid DFT and RHF functionals, the calculated 
α 0  values from LC-BLYP and LC-ωPBE are lower than those from BH and HLYP 
but larger than those from RHF. However, the α 0  value of CAM-B3LYP lies between 
PBE1PBE and BH and HLYP. These numerical analyses suggest that the effect of 
HF exchange energy on the LC and CAM functionals is not equivalent to that of the 
hybrid DFTs. Importantly, the overestimation of the α 0  values using hybrid DFT 
methods may come from the lack of long-range exchange interaction in conven-
tional exchange functionals. 

 Density functional theory (DFT) has been used to probe the bonding and elec-
tronic properties of the dimolybdaborane (Cp*Mo) 2 B 5 H 9 , as well as several other 
heterodimolybdaborane clusters, such as (Cp*Mo) 2 B 5 (μ 3 -OEt)H 7 , (Cp*Mo) 2 B 5 (μ 3 - 
OEt)( n -BuO)H 6 , (η 5 -C 5 H 5 W) 2 B 4 H 4 S 2 , and (Cp*Mo) 2 B 4 H 4 E 2  (E = S, Se, Te) [ 63 ]. 
The DFT results were also used to address some key points such as the metal–metal 
bond lengths, the locations and numbers of bridging and terminal hydrogen atoms, 
the molecular orbital analyses, and the assignments of  11 B and  1 H NMR chemical 
shifts. 

 First principles calculations on the metallacarboranes C 2 B 4 H 6 M (M = Sc, Ti, V, 
Cr, Mn, Fe, Co, and Ni), predict high hydrogen storage capacities since the transi-
tion metal atoms in these systems can bind up to 5H 2 -molecules [ 64 ]. The average 
binding energies lie within the reversible adsorption range. Among the fi rst row 
transition metals, Sc and Ti are found to be the optimum for maximizing the H 2  stor-
age capacity (8 wt%) on the metallacarborane cluster. 

 Density functional theory (DFT) calculations on (Cp*TaX) 2 B 5 H 11 , (X = Cl; Br; 
and I) at the BP86/TZ2P ZORA level reveal geometries in agreement with structure 
determinations by X-ray crystallography [ 65 ]. The predicted large gaps between the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) are consistent with their stabilities. The B3LYP-computed  11 B 
chemical shifts are close to the experimentally measured shifts. 

 DFT calculations of the redox potentials have been performed on the experimen-
tally known triple-decker sandwiches CpCo(μ-1,3-C 3 B 2 Me 5 )M(ring) [M(ring) = 
RuCp, RuCp*, Co(C 4 Me 4 )] with a bridging diborolyl ligand [ 66 ]. The bonding 
properties of the anions [CpCo(1,3-C 3 B 2 R 5 )] −  and [C 5 R 5 ] −  (R = H, Me) toward 
[M(ring)] +  cations were shown to be similar both experimentally (synthesis, electro-
chemistry, and X-ray diffraction) and theoretically (energy decomposition and 
Mulliken population analysis).  
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3.3.5     Eight-Vertex Systems 

 DFT calculations were performed to study the possibility of H 2  uptake by the 
electron- defi cient metallaborane Cp 2 Re 2 B 6 H 6  having a hexagonal bipyramidal 
structure (Fig.  3.3 ) [ 67 ]. A possible H–H insertion was indicated leading to the for-
mation of Cp 2 Re 2 B 6 H 8  isomers accompanied by B–B bond breaking in the equato-
rial B 6 H 6  ring and breaking of Re–B bonds. A two-step pathway was calculated to 
be the lowest-energy route with the highest activation barrier at ca. 25 kcal/mol at 
the B3LYP/6-311G++(d,p) level of theory. 

 An unsaturated 24-valence-electron triple-decker sandwich structure is found for 
(Cp*Mo) 2 {μ-η 6 :η 6 -B 3 H 3 TeCo 2 (CO) 5 }, in which the middle deck is composed of B, 
Co, and a heavy group 16 element [ 68 ]. DFT calculations using the gauge- 
independent atomic orbital GIAO–DFT method at the B3LYP/SDD/6-31G* level 
reproduced the  1 H and  11 B NMR and IR data satisfactorily. DFT studies also estab-
lish that the cluster Cp* 2 Mo 2 B 5 H 9  used to synthesize the triple-decker sandwich 
exhibits enhanced reactivity if one of the boron vertices in the open face is replaced 
by S, Se, or Te. The electronegativity and/or size differences of the chalcogen atoms 
lead to different geometries. In addition, the more spatially extended and diffuse p 
and d orbitals of Te favor the formation of a fl atter geometry relative to S and Se. 

 The experimental Cp 4 M 4 B 4 H 4  structures (M = Co, Ni) are both bisdisphenoids 
(Fig.  3.1 ). However, in the cobalt compound, the metal atoms are located at the four 
degree 5 vertices, whereas in the nickel compound the metal atoms are located at the 
four degree 4 vertices. DFT has shown these structures to be the lowest-energy 
structures by the substantial margins of around 23 and 15 kcal/mol for M = Co and 
Ni, respectively [ 69 ]. The unknown analogous tetraferraborane Cp 4 Fe 4 B 4 H 4  was 
predicted to have a different type of structure, namely a tetracapped tetrahedron, 
with the iron atoms at the 4 degree six vertices, similar to the experimental structure 
of the valence isoelectronic Cp 4 Fe 4 (μ 3 -CO) 4 . The experimentally unknown 
Cp 4 M 4 B 2 H 2  and Cp 4 M 4  systems have also been optimized. Addition of BH units to 
either Cp 4 M 4 B 2 H 2  or Cp 4 M 4  to give the corresponding Cp 4 M 4 B 4 H 4  derivatives is 
predicted to be extremely exothermic.  

3.3.6     Nine-Vertex Systems 

 The monochlorinated iridaborane 1,1,1-(PMe 3 ) 2 H- isocloso -IrB 8 H 7 -8-Cl with a 
 central IrB 8   isocloso  deltahedron (Fig.  3.2 ) was found to be signifi cantly more sta-
ble than its non-chlorinated analogue 1,1,1-(PMe 3 ) 2 H- isocloso -IrB 8 H 8  [ 70 ]. DFT 
 calculations were carried out to help rationalize and extend the conclusions from the 
experimental observations. The calculations suggest that the  isocloso  cluster struc-
ture for the monochloro derivative may be both the kinetically and the thermody-
namically favored structure. However, for the unsubstituted derivative a tricapped 
trigonal prismatic structure is thermodynamically favored. In this case the observed 
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 isocloso  structure may well be the kinetically favored product. Defi nitive  assignment 
of the  11 B NMR spectra is obtained using the DFT geometry calculations and GIAO 
NMR predictions. In order to assess the viability of iridium-containing nine- vertex 
cluster systems, the reported closely related nine-vertex cluster compound 
(Ph 3 P) 2 (CO)IrCB 7 H 8  of conventional  closo  cluster geometry and conventional  closo  
electron-count was optimized. Using the B3LYP level of theory, with the 6-31G ∗  
basis sets for phosphorus, carbon, boron, oxygen, and hydrogen and the LANL2DZ 
basis sets for iridium, the calculated interatomic distances and the GIAO-calculated 
boron nuclear shieldings were found to approximate very reasonably the experi-
mentally observed values. 

 Extended Hückel molecular-orbital calculations have been reported for the trigo-
nal prismatic platinaboranes and carbaplatinaboranes (H 3 P) 2 PtB 8 H 8  2−  and 
(H 3 P) 2 PtC 2 B 6 H 8  [ 71 ]. The observed conformations of these molecules are rational-
ized by the nodal characteristics of the frontier orbitals of the constituent Pt(PH 3 ) 2  
and carborane fragments.  

3.3.7     Ten-Vertex Systems 

 The synergistic application of crystallography, multi-element NMR spectroscopy, and 
DFT calculations of structure and nuclear magnetic shielding has been used to delin-
eate and defi ne two basic variants in the quadrilaterally open-faced 10-vertex  isonido  
IrB 9  metallaborane system [ 72 ]. One variant, exemplifi ed by 7,7,7-(PPh 3 ) 2 H-µ - 3 ,7-H-
 isonido -7-IrB 9 H 8 -9-(PPh 3 ), has an Ir–H–B bridging hydrogen atom  involving a 
boron atom not on the open face, and a terminal Ir-H hydrogen. The second variant, 
exemplifi ed by 8-Cl-7-(PPh 3 )-μ-7 P ,10 C -(Ph 2 P-ortho-C 6 H 4 )- isonido  -7- IrB 9 H 6 -9-
(PPh 3 ), has no cluster-bridging hydrogen atoms and no terminal Ir–H unit. DFT 
structural and nuclear magnetic shielding calculations were used to establish and 
confi rm the precise nature of the differences. This removed previous uncertainties 
about the constitutions of such species and thereby defi ned better the characteristics 
of the two structural variants. DFT calculations at the B3LYP level of theory were 
employed, using the 6-31G* basis-sets for phosphorus, carbon, boron and hydro-
gen, and the LANL2DZ basis-set for iridium. 

 A reinvestigation of the 10-vertex cluster compounds L 2 RuC 2 B 7 H 9  (L = PPh 3,  
PEt 3 ) has been carried out [ 73 ]. The central RuC 2 B 7  cluster structure is shown to 
have  isocloso  geometry (Fig.  3.2 ), albeit with considerable distortion towards 
 isonido  geometry. Addition of excess PMe 3  leads to a (Me 3 P) 3 RuC 2 B 7 H 9  species of 
conventional 10-vertex  closo  geometry (Fig.  3.1 ). However, (Me 3 P) 3 RuC 2 B 7 H 9  
undergoes cluster rearrangement, resulting in a different isomer than that originally 
proposed. In order to test the hypothesis that (PPh 3 ) 2 RuC 2 B 7 H 9  might not have the 
presumed  hypercloso / isocloso  cluster geometry, DFT calculations were initially 
carried out on the simplifi ed PH 3  model (PH 3 ) 2 RuC 2 B 7 H 9  at the B3LYP level of 
theory using 6-31G ∗ /LANL2DZ basis sets. GIAO calculation of the nuclear 
 magnetic shielding of the cluster boron atoms was carried out for comparison with 
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measured  11 B NMR chemical shifts. Optimizations and GIAO nuclear-shielding 
calculations B3LYP/6-31G*/LANL2DZ were carried out on the three 10-vertex 
rhodathiaboranes, 2,2,2-(H)(PPh 3 ) 2 - closo -2,1-RhSB 8 H 8 ,6,6,9-(PPh 3 ) 3 - arachno -6,5- 
RhSB  8  H  9  , and 2,2,2-(Cl)(H)(PPh 3 )-6-(PPh 3 )- closo -2,1-RhSB 8 H 7  [ 74 ]. 

 The geometries and  11 B chemical shifts for  isocloso -(CpCo) 3 B 6 H 7 Co(CO) 2 , 
 closo -(CpCo) 2 B 2 H 5 Mo 2 (CO) 6 I, (CpCo) 4 B 6 H 6 , and (CpRh) 4 B 6 H 6  calculated by the 
gauge-including atomic orbital density functional theory GIAO-DFT method agree 
well with the experimental data [ 75 ]. The DFT frontier molecular orbitals demon-
strate a substantial bonding interaction between the cobalt and boron atoms in 
HOMO−1 and HOMO−3. The Wiberg Bond Index of 0.46 also supports the exis-
tence of Co–B bonding interactions. Furthermore, a considerable amount of overlap 
between the two cobalt atoms was observed in HOMO−2.  

3.3.8     11-Vertex Systems 

 The 11-vertex  nido  compounds 8,8-(PPh 3 ) 2 - nido -8,7-RhNB 9 H 11  and 9-(OMe)-8,8-
(PMe 2 Ph) 2 - nido -8,7-PtCB 9 H 10  have been characterized by single-crystal X-ray dif-
fraction analysis and NMR spectroscopy [ 76 ]. Their structures are based on 
11-vertex  nido  geometries (Fig.  3.4 ), with the metal center and the heteroatoms in 
adjacent positions on the pentagonal open face. The metal-to-heteroborane bonding 
sphere is fl uxional, with a Δ G  ‡  of 11.6 kcal/mol. DFT calculations on the model 
compounds 8,8-(PH 3 ) 2 - nido -8,7-RhNB 9 H 11  and 8,8-(PH 3 ) 2 - nido -8,7-RhSB 9 H 10  
have been carried out to defi ne the fl uxional process and the intermediates involved. 
As part of this work, DFT calculations on the models 8,8-(PH 3 ) 2 - nido -8,7-RhNB 9 H 11  
and 8,8-(PH 3 ) 2 - nido -8,7-RhSB 9 H 10  provide further insights regarding the relative 
stabilities of the  nido  versus the  closo  geometrical confi gurations in such 11-vertex 
systems as well as the nature of the intermediates that play a role in the fl uxional 
process. The calculations demonstrate that agostic interactions between the  exo- 
polyhedral   ligands and the rhodium atom are not required to attain the observed 
 nido  geometrical structures. The assignments of the resonances are reasonably 
based on their relative intensities, and by comparison with the NMR spectrum of the 
previously reported rhodathiaborane, 8,8-(PPh 3 ) 2 - nido -8,7-RhSB 9 H 10 . The assign-
ments were supported by DFT calculations on the model compound 
8,8-(PH 3 ) 2 - nido -8,7-RhNB 9 H 11 . 

 The species 8,8,8-(CO)(PMe 3 ) 2 - nido -8,7-IrSB 9 H 10  has a conventional cluster 
structure based on classical 11-vertex  nido  geometry (Fig.  3.4 ) with the iridium 
center and the sulfur atom in adjacent positions on the pentagonal open face [ 77 ]. 
The species 1,1,1-(H)(PMe 3 ) 2 - isonido -1,2-IrSB 9 H 9  exhibits an 11-vertex  isonido  
structure based on an 11-vertex  closo  deltahedron (Fig.  3.1 ) with the Ir(H)(PMe 3 ) 2  
moiety occupying the apical position of connectivity six, but with one long non- 
bonding Ir  …  B distance generating the quadrilateral  isonido  open-face. Selected 
interatomic distances and angles are determined, together with DFT-calculated dis-
tances for the corresponding model compound 8,8,8-(PH 3 ) 2 (CO)- nido -8,7-IrSB 9 H 10 , 
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which represents the higher occupancy conformer. The NMR data agree with the 
solid-state structure together with its calculated nuclear magnetic chemical shield-
ing values using the DFT B3LYP/6-31G*/LANL2DZ methodology. These calcula-
tions were carried out to determine if the static crystalline structure corresponded to 
the observed  11 B NMR spectrum and also to aid assignment of the NMR 
resonances. 

 The 11-vertex rhodathiaboranes 8,8-(Cl)(PPh 3 )-9-(Py)- nido -8,7-RhSB 9 H 9  and 
8,8,8-(Cl)(CO)(PPh 3 )-9-(Py)- nido -8,7-RhSB 9 H 8 , have recently demonstrated 
remarkable  nido -to- closo  redox fl exibility and bifunctional character [ 78 ]. DFT cal-
culations demonstrate that the  nido -isomers are more stable than the predicted  closo  
isomers. In addition, studies have been carried out on reactivity with Lewis bases. 
Assignments were made based on  1 H-{ 11 B(sel)} experiments and DFT calculations 
on the PH 3  model, 8,8-(Cl)(PH 3 )-9-(Py)- nido -8,7-RhSB 9 H 9 . Such DFT calculations 
demonstrate that the  nido  structure is more stable than the isomeric  closo  structure, 
without the need to invoke intramolecular Rh⋯CH agostic interactions. 

 DFT calculations on (PPh 3 ) 2 - nido -RhSB 9 H 10  do not support the proposition that 
there are agostic interactions between two  ortho -phenyl hydrogen atoms and the 
metal center. Thus, the claim that these interactions supply the “missing” electron 
pair from the formal Wadean electron-count of 13 skeletal electron pairs required 
for a  nido  11-vertex cluster is not supported [ 79 ]. 

 The H 3 N→Rh interaction in 8,8,8-(NH 3 )(PPh 3 ) 2 - nido -8,7-RhSB 9 H 10  induces the 
labilization of the PPh 3  ligands leading to the dissociation product, 8,8-(NH 3 )
(PPh 3 )- nido -8,7-RhSB 9 H 10 , which can then react with another molecule of NH 3  to 
give the diammine 8,8,8-(NH 3 ) 2 (PPh 3 )- nido -8,7-RhSB 9 H 10  [ 80 ]. These rhodathiab-
oranes exhibit reversible H 3 N-promoted ligand lability, which implies weak Rh−N 
interactions, leading to rare examples of metal complexes that circumvent “classi-
cal” Werner chemistry. Structures were initially optimized using standard methods 
with the STO-3G* basis-sets for carbon, boron, phosphorus, sulfur, and hydrogen 
and the LANL2DZ basis-set for the rhodium atom. The fi nal optimizations, includ-
ing frequency analyses to confi rm the true minima, together with GIAO nuclear- 
shielding calculations, were performed using the B3LYP functional, with the 
6-31G* and LANL2DZ basis-sets. The GIAO nuclear shielding calculations were 
performed on the fi nal optimized geometries. 

 Stone et al. [ 81 ] report the dianionic manganacarbaborane complex [1,1,1-
(CO) 3 -2-Ph- closo -1,2-MnCB 9 H 9 ] 2− . A DFT optimization of the radical anion gave 
structural parameters that agree well with those obtained by X-ray diffraction. The 
calculated SOMO reveals an antibonding interaction between the Mn center and the 
carbaborane cage, consistent with the closer approach between these two units upon 
oxidation. Moreover, the unpaired electron was found to be distributed over both the 
carbaborane cage and the {Mn(CO) 3 } moiety with Mulliken spin densities of 0.37 
for Mn, 0.55 for {PhCB 9 H 9 }, and 0.08 for (CO) 3 , in accord with the spectroscopic 
results. 

 The reduction of 1,1,1-(CO) 3 -2-Ph- closo -1,2,3,4-MnC 3 B 7 H 9 , to the hyperelec-
tronic dianion has been studied by electrochemistry, spectroscopy, X-ray crystal-
lography, and DFT calculations [ 82 ]. The monoanion was found to show ligand 
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slippage to η 4  coordination in which relevant distances and angles are roughly 
 intermediate. The SOMO of this monoanion is highly delocalized over the MnC 3 B 7  
framework. Although the tricarbadecaboranyl anion is a strongly electron-accepting 
ligand, the majority of the stabilization energy it imparts to nominally hyperelec-
tronic metals originates from its fl exibility for hapticity changes. 

 An innovative type of lithium decahydroborate (Li@B 10 H 14 ) complex has been 
designed using quantum mechanical methods. As the lithium atom binds in a handle 
fashion to the terminal electrophilic boron atoms of the decaborane basket (Fig. 
 3.4 ), its NBO charge q (Li) is found to be 0.876, which is close to +1 [ 83 ]. The 
structure resembles a basket, and the Li atom merely forms the handle of this 
basket.  

3.3.9     12-Vertex Systems: Metal Bis(dicarbollides) 

 The original metallacarboranes synthesized by Hawthorne and co-workers [ 10 ] 
were metal bis(dicarbollides) of the type [M(C 2 B 9 H 11 ) 2 ]  z –  in which a metal vertex is 
shared by two MC 2 B 9  icosahedra (Fig.  3.5 ). The cobalt bis(dicarbollide) monoanion 
[Co(C 2 B 9 H 11 ) 2 ] −  and its substitution products are particularly stable and have been 
studied extensively.

   The  E  1/2  values for the redox couple Co III /Co II  in the [3,3′-Co(C 2 B 9 H 11 ) 2 ] 0/−  sys-
tem have been correlated with their HOMO and LUMO energies in order to fi nd a 
theoretical basis for the redox tunability in such species [ 84 ]. The cluster total 
charge (CTC) was found to be a useful property to interpret the behavior of boron 
clusters, since it computes all charges on the cluster atoms, not only these at the 
periphery. In this work, the natural population analysis (NPA) method was used to 
compute CTC. 

 A series of monoansa [μ-1,1′-PR-3,3′-Co(1,2-C 2 B 9 H 10 ) 2 ] −  and diansa 
[8,8′-μ-(1″,2″-benzene)-μ-1,1′-PR-3,3′-Co(1,2-C 2 B 9 H 9 ) 2 ] −  (R = Ph, tBu) cobalt-
abisdicarbollidephanes have been synthesized, characterized and studied by NMR, 
MALDI-TOF-MS, UV-visible spectroscopy, cyclic voltammetry, and DFT calcula-
tions [ 85 ]. 
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 The cluster anion 3,3′-Co(1,2-C 2 B 9 H 11 ) 2  −  has been taken as a model compound 
to study chlorination in metallacarborane clusters [ 86 ]. In this connection, preferen-
tial chlorination sites in this cluster have been shown to have a kinetic rather than a 
thermodynamic origin. The substitution reaction rates have been rationalized by 
considering 2a-NPA on the parent compound, 3,3′-Co(1,2-C 2 B 9 H 11 ) 2  − , unperturbed 
by chlorine substituents. The 2a-NPA value is defi ned as the sum of the NPA charges 
of the two bonded atoms. The 2a-NPA charges have been chosen because they 
reproduce the chlorination order of attack much more accurately than simple NPA. 

 The reactions of the anionic monoiodo derivatives [8-I-3,3′-Co(1,2-C 2 B 9 H 10 )
(1′,2′-C 2 B 9 H 11 )] −  and [B 12 H 11 I] 2−  with alkyl and aryl reagents has been reported 
[ 87 ]. Kumada carbon-carbon coupling conditions that inspired B–C bond formation 
have been extended to monocarborane derivatives. For these qualitative studies, and 
to economize on computer time, studies were conducted using density functional 
theory (DFT), with propylene on the monoiodo derivative of cobaltabis(dicarbollide) 
and a [Pd(PH 3 )] catalyst. Such calculations have shown that the changes in the 
geometry of the cluster-Pd moiety caused by the substitution of PH 3  by PPh 3  are not 
signifi cant. 

 The silyl-substituted cobalt bis(dicarbollide) anions [1-SiMe 2 H-3,3′-Co(1,2- 
C 2 B 9 H 10 )(1′,2′-C 2 B 9 H 11 )] − , [1,1′-m-SiMe 2 -3,3′-Co(1,2-C 2 B 9 H 10 ) 2 ] − , [1,1′-m-SiMeH-
3,3′-Co(1,2-C 2 B 9 H 10 ) 2 ] − , [1-SiMe 3 -3,3′-Co(1,2-C 2 B 9 H 10 )-(1′,2′-C 2 B 9 H 11 )] − , [1,1′-
(SiMe 3 )2-3,3′-Co(1,2-C 2 B 9 H 10 ) 2 ] − , [8,8′-m-(1′,2′-C 6 H 4 )-1,1′-m-SiMe2- 3,3′-Co(1,2-
C 2 B 9 H 9 ) 2 ] − ; [8,8′-m-(1′,2′-C 6 H 4 )-1,1′-m-SiMeH-3,3′-o-(1,2-C 2 B 9 H 9 ) 2 ] − , and [8,8′-m-
(1′,2′-C 6 H 4 )-1-SiMe3-3,3′-Co(1,2-C 2 B 9 H 9 )(1′,2′-C 2 B 9 H 10 )] −  have been studied by 
DFT [ 88 ] for comparison with experimental results. In addition, DFT studies at the 
B3LYP/6-311G(d,p) level were used to optimize the geometries of these cobalt 
bis(dicarbollides) and calculate their relative energies. Racemic mixtures are found 
to be more stable than the corresponding  meso  isomers. Good agreement between 
theoretical studies and experimental results was achieved. 

 The recently reported crystal structure of [NMe 4 ][1-SiMe 2 H-3,3′-Co(1,2- 
C 2 B 9 H 10 )(1′,2′-C 2 B 9 H 11 )] shows short contacts between the Si–H proton acceptor 
group and the C c –H proton donor moiety in the dicarbollide ligand [ 89 ]. These short 
contacts were studied within the framework of the Quantum Theory of Atoms in 
Molecules (QTAIM) at different levels of DFT theory (B3LYP/6-311G(d,p) and 
BP86/TZ2P(+)) that show the existence of a bifurcated Si–H⋯H–C c  dihydrogen 
bond. This paper presents the study of an unusual function of an Si–H group as a 
proton acceptor in a dihydrogen bond in a role usually played by hydrides such as 
M–H (M = transition metal), B–H, or Al–H. Furthermore, this paper also provides 
a new simple method to estimate bonding energies for closed-shell intramolecular 
interactions using Voronoi charge population analysis and Coulomb′s Law. The 
Quantum Theory of Atoms in Molecules of Bader (QTAIM) at different levels of 
theory (B3LYP/6-311G(d,p) and BP86/TZ2P(+)) has been used to study the H⋯H 
interactions found in the crystal structure of [1-SiMe 2 H-3,3′-Co(1,2-C 2 B 9 H 10 )(1′,2′-
C 2 B 9 H 11 )] − . NPA and VDD are adequate basis set independent methods to compute 
atomic charges. 
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 A density functional study at the BP86/AE1 level is presented for the cobalt 
bis(dicarbollide) ion [3-Co(1,2-C 2 B 9 H 11 ) 2 ] −  and selected isomers and rotamers 
thereof [ 90 ]. Rotation of the two dicarbollide moieties with respect to each other is 
facile, as judged by the small energetic separation of the three rotamers located 
within 2.6 kcal/mol and by the low barriers for their interconversion (at most 9.8 
kcal/mol). Among the isomers containing two equivalent dicarbollide ligands but 
differing in carbon atom positions, the 1,7 (“carbons apart”) isomer [2-Co-(1,7- 
C 2 B 9 H 11 ) 2 ] −  is the most stable. The electronic structure of [3-Co(1,2-C 2 B 9 H 11 ) 2 ] −  is 
characterized in terms of molecular orbitals, population analysis, and excitation 
energies from time-dependent density functional theory (TDDFT), relevant to UV/
Vis spectroscopy. The salient features of the UV/Vis spectrum of [3-Co-(1,2- 
C 2 B 9 H 11 ) 2 ] −  are reproduced well by TDDFT at the B3LYP level. This allows for the 
theoretical interpretation of this spectrum and, presumably, the spectra of other 
members of the large family of metal dicarbollide complexes. Experimental  11 B 
NMR chemical shifts of [3-Co (1,2-C 2 B 9 H 11 ) 2 ] −  are reproduced to better than 5 ppm 
at the GIAO-B3LYP/II’ level, and the computed δ( 11 B) values are only slightly 
affected by rotational averaging or the presence of a polarizable continuum. The 
B3LYP functional was initially chosen because of its good performance for chemi-
cal shifts of transition-metal complexes, in particular for those of the metal nuclei 
themselves. The sensitivity of the computed NMR chemical shifts to the surround-
ing medium was evaluated using a popular polarizable continuum model (PCM) 
and employing the dielectric constant of the solvent used in the experiments, ace-
tone. Occasionally, such signifi cant “direct” solvation effects on chemical shifts 
(i.e., through the response of the electronic wave function) can be found. More 
often, however, such direct effects are small and can be superseded by “indirect” 
effects, that is, by changes in the molecular geometry upon solvation. These latter 
effects (which could be modeled by optimizing the geometry in the presence of a 
continuum) are expected to be small for [2-Co-(1,7-C 2 B 9 H 11 ) 2 ] − , given the slight 
sensitivity of the computed δ( 11 B) values toward the details of the geometrical 
parameters (see above). Thus, a single-point PCM calculation was performed for 
the gas-phase BP86/AE1 geometry. On going from the vacuum into the continuum, 
no qualitative and only minor quantitative changes in the  11 B NMR chemical shifts 
(up to ca. 1.5 ppm) occurred. Likewise, counterion effects should be small, so that 
the values computed for the pristine ion in the gas phase (as discussed in the preced-
ing part) should be comparable to experiments in solution. 

 Conformations of the cobalt biscarbollide [3,3′-Co(1,2-C 2 B 9 H 11 ) 2 ] −  have also 
been studied [ 91 ]. Three possible orientations of the carborane cages in the com-
plexes are possible:  transoid ,  cisoid , and  gauche . The limiting  cisoid  and  transoid  
orientations are the most commonly encountered, but it is not clear which one is the 
most preferred. An energy profi le as a function of the rotation angle was produced 
by semiempirical calculations to complement the experimental NMR data. These 
calculations have shown the existence of two major rotamers. 

 The self-interaction capability of the anion [3,3′-Co(1,2-C 2 B 9 H 11 ) 2 ] −  through 
 C luster–H · · · H–B ( Cc –H⋯H–B) dihydrogen bonds was investigated [ 92 ]. A set of 
theoretical (BP86/TZ2P(+)) and empirical data aiming to establish the main rules 
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that account for the binding mode between the negatively charged borane frame-
work made by [3,3′-Co(1,2-C 2 B 9 H 11 ) 2 ] −  and the [NMe 4 ] +  ions has been compiled. 
The cation-anion interaction is mainly electrostatic but the covalent contribution is 
also proven and quantifi ed. The existing intermolecular H⋯H short contacts have 
been studied and are compared with available experimental data. The results show 
that the electronic confi guration of the transition metal atom in the sandwich com-
plex is not suffi cient to defi ne the preferred rotamer owing to the infl uence of the 
anion environment and the H⋯H interactions present in the solid state. 

 A molecular dynamics study of chlorinated cobalt bis(dicarbollide) anions 
[(B 9 C 2 H 8 Cl 3 ) 2 Co] −  “CCD − ” in nitrobenzene and at the nitrobenzene–water interface 
has been reported by Chevrot, Wipff et al. [ 93 ] The main aim of this work is to 
understand the solution state of these hydrophobic species and why they act as 
strong synergists in assisted liquid–liquid extraction of metallic cations. Neat nitro-
benzene is found to solubilize Cs +  salts of CCD −  in the form of diluted pairs or 
oligomers, without displaying aggregation. In biphasic nitrobenzene–water sys-
tems, CCD −  anions mainly partition to the organic phase, thus attracting Cs +  or even 
more hydrophilic counterions like Eu 3+  into that phase. The remaining CCD −  anions 
adsorb at the interface, but are less surface-active than at the chloroform interface. 
The interfacial behaviors of Eu(BTP) 3  3+  in the absence and in the presence of CCD −  
anions and extractant molecules are compared. In the absence of CCDs, the com-
plex is found to be trapped at the interface, while at a suffi ciently high concentration 
of CCDs, the complex is extracted to the nitrobenzene phase. These results are 
compared with those obtained with chloroform or  n -octanol as the organic phase 
and discussed in the context of synergistic effect of CCDs in liquid-liquid extrac-
tion. This points to the importance of dual solvation properties of nitrobenzene or 
 n -octanol to solubilize the CCD −  salts as well as the extracted complex. 

 Coupez and Wipff [ 94 ] have performed a molecular dynamics study (OPLS 
forcefi eld) on the effect of CCD −  [chlorinated cobalt bis(dicarbollide)] anions on the 
Eu 3+  lanthanide cation extraction by a calix [4]arene-CMPO ligand focusing on the 
water–“oil” interface, where “oil” is modeled by chloroform. An initial important 
result is the high surface activity of the CCD −  anions, which contrasts with the inac-
tivity of their corresponding neutral fi ctitious CCD 0  analogues. The free ligand L 
and its EuL 3+  complex are also surface active. This strongly suggests that cation 
capture by L occurs at the interface, and that it can be promoted by CCD −  anions. In 
general, hard ions are instead “repelled” by the interface. However, the interfacial 
fi lm formed by CCD −  anions creates a negative potential, which attracts Eu 3+  cations 
and should therefore “catalyse” their capture by the ligands. The interfacial activity 
of the calix [4]arene ligand and its complexes is consistent with expectations based 
on their amphiphilic character and analogies with other extractant molecules. As far 
as CCD −  anions are concerned, this can be surprising, as these species are quite 
“spherical” and lack amphiphilic topology. Surface activity has been attributed to 
the fact that these hydrophobic ions still enjoy important attractive interactions with 
water at the interface, while avoiding payment for the cavitation energy in water. 

 Chevrot et al. [ 95 ] use molecular dynamics of the cobalt bis(dicarbollide) anions 
[(B 9 C 2 H 8 X 3 ) 2 Co] −  (XCD − ) commonly used for liquid-liquid extractions (X = H, Me, 
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Cl, or Br), to show that these anions, although lacking amphiphilic topology, behave 
as anionic surfactants. In pure water, they display “hydrophobic attractions”, lead-
ing to the formation of aggregates of different sizes and shapes depending on the 
counterions. When simulated at a water/“oil” interface, the different anions (HCD − , 
MeCD − , ClCD − , and BrCD − ) are found to be surface active. As a result, the simu-
lated M +  counterions (M +  = Na + , K + , Cs + , H 3 O + , UO 2  2+ , Eu 3+ ) concentrate on the 
aqueous side of the interface, forming a “double layer” whose characteristics are 
modulated by the hydrophobic character of the anion and by M + . The highly hydro-
philic Eu 3+  or UO 2  2+  cations that are generally “repelled” by aqueous interfaces are 
attracted by dicarbollides near the interface. This is crucial as far as the mechanism 
of assisted cation extraction to the oil phase is concerned. These cations interact 
with interfacial XCD −  in their fully hydrated Eu(H 2 O) 9  3+  and UO 2 (H 2 O) 5  2+  forms, 
whereas the less hydrophilic monocharged cations display intimate contacts through 
their X substituents. The results obtained with the TIP3P and OPLS models for the 
solvents are confi rmed with other water models (TIP5P or a polarizable 4P-Pol 
water) and with more polar “oil” models. The importance of interfacial phenomena 
is further demonstrated by simulations with a high oil-water ratio, leading to the 
formation of a micelle covered with CCD’s. The interfacial activity of 
bis(dicarbollides) and related hydrophobic anions is an important feature of syner-
gism in liquid-liquid extraction of hard cations (e.g., for nuclear waste 
partitioning). 

 HIV protease (HIV PR) is a primary target for anti-HIV drug design. In a 
structure- guided drug design effort, the two cobalt bis(dicarbollide) anions were 
connected with a linker to a substituted ammonium group to provide a set of com-
pounds exemplifi ed by [H 2 N-(8-(C 2 H 4 O) 2 -1,2-C 2 B 9 H 10 )(1′,2′-C 2 B 9 H 11 )-3,3′-Co) 2 ]
Na [ 96 ]. The inhibition properties of these compounds with various substituents 
were explored. The HIV PR: inhibitor crystal structure was determined and the 
conformational space of the linker was explored computationally. Our results prove 
the capacity of linker-substituted dual-cage cobalt bis(dicarbollides) as lead com-
pounds for design of more potent HIV PR inhibitors. A set of double (triple) cluster 
compounds of general formula [ 1 R 2 RN-(8-(C 2 H 4 O) 2 -1,2-C 2 B 9 H 10 )(1′,2′-C 2 B 9 H 11 )-
3,3′-Co) 2 ]  n −  ( 1 R = H, −C 2 H 5 , − n -C 4 H 9 , −C 2 H 4 OH, − t -C 4 H 9 , −C(CH 2 OH) 3 , −
C 3 H 6 COO − , −C 2 H 4 SO 3  − , −CH 2 C 6 H 5 , −SO 2 C 6 H 5 -3-CH 3 , −7-CB 10 H 11  − , −1-CB 11 H 11 , 
−[μ-8,8′ < (1,2-C 2 B 10 H 10 )-3,3′Co] − ,  2 R = none, H, −C 2 H 5 ,  n  = 1 and 2) or [ n -C 4 H 9 H 2 N-
(10-(C 2 H 4 O) 2 - nido -7,8-C 2 B 9 H 10 ) 2 ] −  has been synthesized and their HIV PR inhibi-
tion properties investigated. The crystal structure of the parent compound 
[H 2 N-(8-(C 2 H 4 O) 2 -1,2-C 2 B 9 H 10 )(1′,2′-C 2 B 9 H 11 )-3,3′-Co) 2 ]Na in a complex with 
wild-type HIV-1 PR has been determined. Since the lack of a continuous electron- 
density map in the crystal structure suggested numerous possible linker conforma-
tions, the conformational space of the linker was explored computationally. This 
study demonstrates the capacity of linker-substituted dual-cage cobalt 
bis(dicarbollides) as lead compounds for design of more potent HIV protease inhib-
itors. Conformations of the cobalt bis(dicarbollide) linker within the HIV PR active 
site accessible by molecular-dynamics based quenching techniques (MD/Q) were 
computationally sampled. Quantum mechanics/molecular mechanics (QM/MM) 
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optimizations for 20 snapshots from the MD/Q protocol resulted in a set of 
 conformers differing substantially in energy by up to 40 kcal/mol. On the basis of a 
criterion of copopulation/interchangeability in the enzyme-inhibitor complex, fi ve 
lowest-energy structures differing in the linker conformation with an energy span of 
at most 3 kcal/mol were selected. These fi ve conformers shared the common posi-
tion of the central nitrogen atom of the linker secondary amino group. Interestingly, 
in the crystal structure, a spherical electron density is noticeable in the vicinity of 
this predicted nitrogen atom position. Further refi nement of the models was there-
fore carried out using QM/MM calculations, in which the central nitrogen atom was 
constrained to the position of the spherical electron density map. This yielded the 
fi nal predicted linker conformations. Four resulting lowest-energy conformers fall 
within 3 kcal/mol and are thus predicted to be copopulated in the complex 
structure. 

 Spectral investigations of the new organic semiconductor of the formula 
(TMTSF) 2 [3,3′-Co(1,2-C 2 B 9 H 11 ) 2 ], were performed using Raman and quantum 
chemical simulation methods [ 97 ]. The possibility of two rotamers of the Co anion 
has been discussed considering the DFT calculations and the experimental spectra 
of the reference material. The ab initio calculations of optimal geometry and normal 
mode frequencies of two rotamers of the cobalt bis(dicarbollide) anion ( transoid  
and  cisoid  confi guration) were performed. DFT calculations were carried out on an 
isolated molecule with the B3LYP functional and the 6–311++G(d,p) basis set. The 
normal mode assignment was performed based on the experimental and theoretical 
data. 

 Molecular conductors based on the 8-hydroxy cobalt bis(dicarbollide) anion, 
(TMTTF)[8-HO-3,3′-Co(1,2-C 2 B 9 H 10 )(1′,2′-C 2 B 9 H 11 )], (BMDT-TTF)[8-HO-3,3′-
Co(1,2-C 2 B 9 H 10 ) (1′,2′-C 2 B 9 H 11 )], and (BEDT-TTF)[8-HO-3,3′-Co(1,2-C 2 B 9 H 10 )
(1′,2′-C 2 B 9 H 11 )] were synthesized, and their crystal structures and electrical con-
ductivities were determined [ 98 ]. All of the radical-cation salts prepared were found 
to be semiconductors. The relative stabilities of the rotamers of the [8-HO-3,3′-
Co(1,2- C  2  B  9  H  10 )(1′,2′-C 2 B 9 H 11 )] −  anion were estimated using DFT/BP86 quantum 
chemical calculations. These results demonstrate the high rotational fl exibility of 
the dicarbollide ligands in hydroxy and alkoxy derivatives of the cobalt 
bis(dicarbollide) anion. 

 On the basis of the energies and  11 B NMR chemical shifts computed at the BP86/
AE1(*) and GIAO-B3LYP/II’ levels of density functional theory, respectively, the 
structure of the long-known protonated iron(II) bis(dicarbollide) can be assigned as 
a staggered isomer with a  cisoid  conformation of the carborane ligands. However, 
in the unprotonated species, these ligands adopt the usual  trans  orientation. This 
suggests that suitable control of protonation/deprotonation equilibria can induce 
rotary motion at the molecular level [ 99 ]. According to DFT computations at the 
BP86/AE1* level, protonation of iron(II) bis(dicarbollide) can produce one of three 
distinct minima, which differ in the mutual orientation of the staggered dicarbollide 
ligands. Assignment of the experimentally known species to one of these three 
structures is effected by a combination of energetic and NMR criteria. One of the 
three isomers with a  transoid  arrangement of the two dicarbollide ligands, can be 
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excluded because it is quite high in energy, namely ~7 kcal/mol above the two other 
minima. Discrimination between the other two isomers, which are almost 
 isoenergetic at the DFT level employed, can be achieved by the computed  11 B 
 chemical shifts. 

 A combined fi rst-principles theoretical as well as experimental liquid-state  11 B 
NMR study of the paramagnetic anion [3-Fe III (1,2-C 2 B 9 H 11 ) 2 ] −  was reported [ 100 ]. 
This iron(III) bis(dicarbollide) is an electronically open-shell structure in which the 
iron center links two hemispherical boron–carbon cages. This combined theoretical 
and experimental analysis constitutes a fi rm basis for the assignment of experimen-
tal  11 B NMR chemical shifts in paramagnetic metallaboranes. The performance of 
different popular exchange–correlation DFT functionals and different basis sets was 
evaluated. A dynamic correction to the calculated shifts via fi rst-principles molecu-
lar dynamics simulations was found to be important. Solvent effects on the chemical 
shifts were computed and found to be of minor signifi cance. The bonding between 
the sandwiched metal atom and its  nido -carbaborane ligands resembles that in 
 ferrocene and other metallocenes, such as the paramagnetic cobaltocene. The para-
magnetic  13 C NMR spectra of such systems have been examined computationally. 
In paramagnetic metallocenes, the non-contact hyperfi ne contributions to the pNMR 
shielding have been found to be signifi cant, partly owing to delocalization of the 
spin density into the ligands. Thus, these contributions could also be important in 
metallaboranes. The calculated shifts and measured peak integrals have been used 
to assign the experimental shifts. Statistical error limits are shown as obtained from 
the dynamic correction to the results from a MD simulation. There is good overall 
agreement between the calculated and experimental shifts, as judged by the general 
sensitivity of pNMR shifts to the selection of computational methods. The results 
with the best functionals are of suffi cient quality to settle the assignment of the 
measured  11 B NMR spectral lines. 

 Electron delocalization in [3-Fe III (1,2-C 2 B 9 H 11 ) 2 ] −  is based on ligand-to-metal π 
bonding, with the  nido  1,2-C 2 B 9 H 11  2−  ligand containing six electrons and fi ve 
molecular orbitals. The calculated spin density in [3-Fe III (1,2-C 2 B 9 H 11 ) 2 ] −  is 
 presented. Positive spin density is concentrated around the iron nucleus. However, 
signifi cant spreading of spin density to the ligands of the molecule takes place, 
especially near the boron nuclei opposite to the carbon centers. The largest amount 
of negative spin density, on the other hand, occurs on the metal-facing side of the 
carbon nuclei. In order to illustrate the dependence on the structure used, the  11 B 
NMR chemical shifts as obtained from single-point calculations, i.e., without 
dynamic corrections, are given for different geometries. The absolute shielding val-
ues of the reference compound B 2 H 6  are also indicated. The results differ by 10–30 
ppm, depending on the boron site in question, between the structures optimized 
with hybrid (B3LYP) and GGA (BP86) functionals using the SVP basis. No clear 
preference between the two choices can be formed on the basis of comparison with 
experimental shifts. Depending on the NMR signal considered, either the BP86/
SVP or the B3LYP/SVP structure provides results that are closest to the experimen-
tal data. Because of the higher computational cost of hybrid functionals and larger 
basis sets, the BP86 functional was pragmatically chosen for further investigations 
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of the effect of basis set used in obtaining the structure. In the SVP, TZVP, TZVPP 
series of increasingly improving basis sets, only very modest changes in the calcu-
lated  11 B NMR chemical shifts of ~2 ppm or less are observed between the two 
larger basis sets. Consequently, the TZVP basis should be adequate for optimizing 
the structure of systems of the present kind. Introducing a scalar relativistic effective 
core potential (ECP) on the Fe center at the SVP basis-set level, is observed to cause 
a notable effect on the shifts of the boron centers close to the metal atom. Doing the 
same at the TZVP level produces far smaller changes. This indicates that instead of 
any important relativistic effects on the structure, the large effect at the SVP level is 
due to the quality difference of the all-electron and ECP/valence basis sets of Fe. 
The difference between the results obtained with the SVP(ECP) and TZVP(ECP) 
basis sets was minor, at most 1.2 ppm. The latter basis set was selected for the 
reported single-point calculations. The molecular dynamics simulation of dynamic 
shift corrections was carried out at the BP86/SVP(ECP) level. 

 The novel sandwich metallacarboranes  commo -3,3′-Ni(8-SMe 2 -1,2-C 2 B 9 H 10 ) 2 , 
 commo -[3,3′-Co(8-SMe 2 -1,2-C 2 B 9 H 10 ) 2 ] + ,  commo -3,3′-Ru(8-SMe 2 -1,2-C 2 B 9 H 10 ) 2 , 
and  commo -3,3′-Fe(8-SMe 2 -1,2-C 2 B 9 H 10 ) 2  have been prepared [ 101 ]. Theoretical 
calculations using the ZINDO/1 semiempirical method show three or four energy 
minima for these complexes corresponding to different rotamers. Rotamers evident 
from X-ray diffraction studies are in agreement with the global energy minimum 
calculated by the ZINDO/1 method. 

 Given the existence of biological motors, the interest of chemists in designing 
molecular motors arises from the challenge not only of making even smaller nano-
machines that perform controllable motion, but also of creating systems that can be 
powered with light or electrical energy, rather than depending on the ATP delivery 
used in biological motors. The basis of the molecular device reported in this study 
[ 102 ] has been known since the relatively early discovery of the d 7  Ni(III) and d 6  
Ni(IV)  commo -bis-7,8-dicarbollyl metallacarboranes and their palladium analogs. 
These complexes are produced by the coordination of two dicarbollide ions with a 
Ni(II) ion, followed by subsequent oxidation. The “sandwich” species may undergo 
rotary motion of the ligands with respect to each other thus providing the basis for 
a molecular machine. This is analogous to the well-known metallocenes, but they 
have rotational barriers of only ~2 kcal/mol. The present metallacarboranes have 
barriers about three times as large, leading to temperature invariance in their nuclear 
magnetic resonance (NMR) spectra. Photoexcitation induces geometrical changes 
similar to those caused by electrochemical reduction. Reduction places an electron 
in the lowest unoccupied molecular orbital (LUMO) whereas photoexcitation 
removes an electron from the highest occupied molecular orbital (HOMO) and 
places it in the LUMO. 

 The rotary motion of metallacarboranes around a molecular axis can be con-
trolled by simple electron transfer processes, thereby providing a basis for a struc-
ture–property relationship for nonlinear optical (NLO) switching. In this connection 
the nickelacarboranes [Ni III/IV (C 2 B 9 H 11 ) 2 ] –,0  and their C-,B-functionalized deriva-
tives have been investigated using DFT [ 103 ]. By calculating relative energies, the 
stable states were obtained before and after rotation controlled by simple electron 
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transfer. Then, the static and frequency-dependent second-order NLO properties 
were calculated using several DFT functionals. According to the TDDFT results, 
the large NLO responses of the studied compounds are mainly caused by substituent 
group-to-carborane cage charge transfer (L’LCT) and substituent group-to-metal 
charge transfer (L’MCT) processes. 

 A DFT study at the BP86 level is presented for the metal bis(dicarbollides), 
[3-M-(1,2-C 2 B 9 H 11 ) 2 ] n  (M/ n  = Fe,Ru/2–, Co,Rh/1–, Ni,Pd/0), as well as selected 
mixed- and half-sandwich complexes 3-M(L)-(1,2-C 2 B 9 H 11 ) [M(L) = Fe(C 6 H 3 Me 3 ), 
Ru(C 6 H 6 ), Ru(CO) 3 , Rh(C 5 Me 5 )] [ 104 ]. Available experimental  11 B NMR chemical 
shifts of these complexes with a  closo  structure of the metallacarborane moiety are 
reproduced reasonably well at the GIAO-B3LYP/II’ level, with mean absolute devi-
ations of ca. 3 ppm over a chemical-shift range of ca. 50 ppm.  

3.3.10     Other 12-Vertex Systems 

 Quantum-chemical calculations of the geometry and energies of nine possible iso-
mers of the 12-vertex cobaltacarborane CpCoC 2 B 9 H 11  were carried out by the DFT 
method PBEPBE/DGDZVP/DGA1 [ 105 ]. The thermodynamic stability of the iso-
mers was found to increase with increasing distance between the carbon atoms in 
the cage but to be essentially independent of the position of the CpCo vertex. This 
confi rms the close similarity between the isolobal CpCo and BH fragments. In 
accord with this similarity, a series of compounds, in which the CpCo fragments 
replace from one to four BH vertices, have been synthesized. Skeletal rearrange-
ments of most metallacarboranes generally occur at lower temperatures compared 
to the rearrangements of carboranes. The negative charge on the carbon atoms 
increases with increasing distance between these atoms, and the positive charge on 
the cobalt atom decreases with decreasing number of the carbon atoms bound to 
cobalt. A decrease in the calculated dipole moment correlates well with an increase 
in experimental R f . 

 The C-C bond lengths were found to vary continuously in a certain interval in 
mixed pyrrolyl/dicarbollide sandwich complexes as indicated by theoretical calcu-
lations on  closo -3-Co(η 5 -NC 4 H 4 )(1,2-C 2 B 9 H 11 ) and  closo -3-Co(η 5 -NC 4 H 4 )-1,2-
(SCH 3 ) 2 -1,2-C 2 B 9 H 9  [ 106 ]. Single-point calculations were performed at the 
ZINDO/1 level using crystallographic atomic coordinates. The same results were 
obtained at the HF/TZV level of theory. The LUMO exhibits antibonding character 
between the two carbon atoms of the CoC 2 B 9  icosahedron. When a hydrogen atom 
is replaced by a S-R group, the HOMO that is formally occupied by the lone pair 
combines with the former LUMO of compound to form two new molecular 
orbitals. 

 Computational studies have been performed on the neutral dicarbollide complex 
CpFeC 2 B 9 H 11  and its monoanion, the charge-compensated ferradicarbollides 
1-Cp-4-L-1,2,3-FeC 2 B 9 H 10  (L = SMe 2 , NMe 3 , py) and their methylated analogs 
1-Cp-2,3-Me 2 -4-SMe 2 -1,2,3-FeC 2 B 9 H 8  and 1-Cp*-4-SMe 2 -1,2,3-FeC 2 B 9 H 10 , the 
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isomeric ferratricarbollides CpFeC 3 B 8 H 11 , and the amino-substituted derivative 
1-Cp-12- t BuNH-1,2,4,12-FeC 3 B 8 H 10  [ 107 ]. Reduction of iron(II) to iron(I) becomes 
accessible as a consequence of the shift of the HOMO–LUMO frontier orbitals to 
higher energy levels. In order to arrive at a MO explanation for structural changes 
upon reducing CpFeC 2 B 9 H 11  to its monoanion, DFT calculations at the B3LYP/6- 
31G* level) were performed on the monoanion. The HOMO was found to be similar 
to the e 2g /d x  2  –y  2  orbital of ferrocene, with bonding for Fe⋯C 2 B 3  and Fe⋯Cp interac-
tions and antibonding for C Cp –C Cp  and C Carb –C Carb  interactions. Accordingly, removal 
of one electron from this orbital leads to the lengthening of Fe⋯C 2 B 3  and Fe⋯Cp 
distances and shortening of C Cp –C Cp  and C Carb –C Carb  distances. 

 The existence of a dihydrogen bond (S-H⋯H-B) and its combination with a 
C-H⋯S hydrogen bond in an unusual cooperative effect is demonstrated using a 
combination of experimental and theoretical methods [ 108 ]. This cooperative effect 
seems to be responsible for self-assembly of mercaptan-metallacarborane com-
plexes such as  closo -3-Ru(η 6 -C 6 H 6 )-8-HS-1,2-C 2 B 9 H 10  and  closo -3-Co(η 5 -C 5 H 5 )-8-
HS-1,2- C  2  B  9  H  10  (3), which present identical supramolecular two-dimensional 
polymeric networks. These represent the fi rst structural characterization and accu-
rate DFT calculations of a new type of dihydrogen bond (S-H⋯H-B) and its com-
bination with a C–H⋯S hydrogen bond interaction in a unprecedented cooperative 
effect. The existence of the S-H⋯H-B interactions has been further confi rmed by 
means of Bader’s atoms in molecules (AIM) theory. 

 The observed rearrangement sequence of (η 4 -Me 4 C 4 )CoPC 2 B 8 H 10  isomers cor-
relates well with the relative stabilities of their nonmethylated analogues as esti-
mated by DFT calculations [ 109 ]. In order to estimate the thermodynamic stability 
and  11 B NMR spectra of the cobaltaphosphadicarbollide isomers, DFT calculations 
were carried out at the B3LYP/6-31G* level for their nonmethylated analogues (η  4  - 
C  4  H  4    )CoPC 2 B 8 H 10 . The stability of metallaphosphadicarbollide isomers was ratio-
nalized by the relative electronegativities of the heteroatoms. Unfortunately, the 
calculated  11 B NMR spectra for the chlorine-substituted cobaltacarborane isomers 
(C 4 H 4 )CoPC 2 B 8 H 9 Cl differ signifi cantly from the experimental data, even for the 
structurally characterized isomer. The biggest deviation (5–8 ppm) was found for 
the signal of the boron atom connected directly to the chlorine atom. The deviations 
for the other boron atoms are 1–5 ppm. Increasing the theory level up to B3LYP/6- 
31+G* was found to provide no improvement. Similar large deviations were 
observed previously for calculations of 10-Cl-7,8,9-PC 2 B 8 H 10  at the HF/II//MP2/6- 
31G* level. 

 DFT solid-state calculations on the  closo  (18-electron) and  pseudocloso  
(16- electron) Rh(III) complexes, 3-(η 5 -C 5 Me 5 )-1,2-(PhCH 2 ) 2 - closo- 3,1,2- RhC  2  B  9  H  9  , 
and 3-{(1– 3-η 3 )-C 8 H 13 }-1,2-(4′-MeC 6 H 4 ) 2 - pseudocloso- 3,1,2- RhC  2  B  9  H  9   (C⋯C, 
2.420(2) Å), show that the transfer of electron density from the carborane moiety to 
the rhodium center is marginally greater for the  pseudocloso  derivative. This agrees 
with the idea that electronics rather than sterics play a crucial role in the stabilization 
of 16-electron  pseudocloso -metallacarborane species [ 110 ]. Solid-state DFT calcu-
lations were performed on the two Rh(III) complexes listed above, chosen as models 
of  closo  (18-electron) and  pseudocloso  (16-electron) metallacarboranes with closely 
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related bulky cage substituents. Bader’s Atoms in molecules” (AIM) method, which 
is based on the topological analysis of electron density distribution function ( ρ ( r )), 
has also been used for studies on these rhodadicarbaboranes. 

 The metallacarboranes 3-(η-C 5 R 5 )-3,1,2-MC 2 B 9 H 11  (M = Co, R = H; M = Co, R = 
Me; M = Rh, R = H; M = Rh, R = Me; M = Ir, R = H; M = Ir, R = Me) have been 
studied by a variety of theoretical methods [ 111 ]. Thus DFT calculations of the redox 
potentials and corresponding geometrical changes were performed. In addition 
metal–ligand bonding was analyzed by energy decomposition analysis. Computation 
satisfactorily predicts the potentials for the rhoda- and iridacarboranes with a maxi-
mum deviation from the experimental value of 0.23 V. However, the calculated  values 
for the cobalt complexes agree much more poorly with the experimental values 
 having deviations of 0.40–0.83 V. Interestingly, the behavior of the cobalt complexes 
proved to be signifi cantly different from that of the rhodium and iridium analogs. 

 Replacing the Cp ligand in the original model complex [CpIr III PH 3 CH 3 ] +  with the 
dicarbollide ligand η 5 -7,8-C 2 B 9 H 11  2−  (C 2 B 9 H 11 ) produced a neutral Ir(V) intermedi-
ate, (C 2 B 9 H 11 )Ir V PH 3 (CH 3 ) 2 H, lying 16.4 kcal/mol (ΔE, BS1) in energy above the 
Ir(III) complex and uncoordinated methane. This suggests that the Ir(V) complex is 
not viable [ 112 ]. 

 The bonding in [(Carb)Fe(μ-η:η- cyclo -P 5 )FeCp*] +  (Carb = 9-SMe 2 -7,8-C 2 B 9 H 10  
and 1-  t - BuNH-1,7,9-C 3 B 8 H 10 ) has been analyzed by energy decomposition analysis 
(BP86/TZ2P) [ 113 ]. 

 The benzene complexes [(η 5 -9-L-7,8-C 2 B 9 R 2 H 8 )Fe(η-C 6 H 6 )] +  (L = SMe 2 , R = H; 
L = SMe 2 , R = Me; L = NMe 3 , R = H) have been synthesized and converted to the 
tris(ligand) derivatives [(η 5 -9-SMe 2 -7,8-C 2 B 9 H 10 )FeL 3 ] +  (L =  t BuNC or P(OMe) 3 ) 
by photolysis with the ligand using visible light irradiation [ 114 ]. DFT calculations 
of the redox potentials and the respective geometrical changes were performed on 
these and related systems. The experimental and the calculated formal electrode 
potentials for these complexes and the related cyclopentadienyl derivatives [CpFe(η- 
C  6  H  6    )] + , CpFe(η 5 -C 6 H 7 ), and FeCp 2  have been determined. Independently from the 
solvation model (PCM or COSMO), computation satisfactorily predicts the poten-
tials with a maximum deviation from the experimental value of 0.26 V for PCM and 
0.22 V for COSMO. The calculations also allowed evaluation of structural changes 
accompanying redox processes. 

 DFT calculation of cluster shapes and their related boron-vertex  11 B nuclear 
shieldings for a range of substituted 12-vertex metalladicarbaborane cluster com-
pounds 3,1,2-R 2 -3-(η 6 -C 6 H 6 )-3,1,2-RuC 2 H 9 H 9  confi rms the experimentally observed 
C–C distances in the group of progressively more open  closo , “ semipseudocloso ” 
and “ pseudocloso ” clusters. This results from the inherent propensity of the 
 (η 6 - C  6  H  6  )RuC 2 H 9 H 9 R 2  cluster to occupy either  closo -structured  or  so-called 
 pseudocloso- structured   fundamental local minima on the overall potential energy 
surface in the absence of steric drivers [ 115 ]. In two reported cases, the cluster fl ex-
ibility is evident in solution. In these cases, GIAO calculation of the  11 B chemical 
shieldings explains the measured  11 B chemical shifts, which can be interpreted in 
terms of the dynamic interchange of the  closo  and “ pseudocloso ” species. 
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 Structural characterization of [HNMe 3 ][3,3-(CO) 2 -3,3-Cl 2 - closo -3,1,2- 
ReC  2  B  9  H  11  ] has identifi ed it as a four-legged piano stool half-sandwich complex 
anion resulting from oxidation of rhenium by both the aminium and hexachloroan-
timonate ions and CO displacement promoted by Me 3 NO in the presence of by- 
product chloride ions. Direct iodination of Cs[3,3,3-(CO) 3 - closo -3,1,2-ReC 2 B 9 H 11 ] 
has yielded 3,3,3-(CO) 3 -3-I- closo -3,1,2-ReC 2 B 9 H 11 , which undergoes iodide migra-
tion in donor solvents from the metal to the boron atom in the coordinating face of 
the cage [ 116 ]. The ground state highest occupied and lowest unoccupied molecular 
orbitals were calculated at the B3LYP/6-31G*level with an initial geometry based 
on the crystallographic structure of the [3,3,3-(CO) 3 - closo -3,1,2-ReC 2 B 9 ] core 
using a pseudopotential because of the presence of the heavy rhenium atom. No 
corrections were applied for solvation. The density functional theory calculation of 
the ground state highest unoccupied and lowest occupied molecular orbitals (HOMO 
and LUMO) reveals a wide frontier orbital energy gap of 5.27 eV. The HOMO is 
primarily metal-centered d in character, with signifi cant back-bonding into the cage 
likely responsible for an energy stabilizing effect. 

 Three sets of  n -legged piano stool shaped (−Re(CO) 3  or –Re(CO) 3 I) 12-vertex 
rhenacarborane half-sandwich complexes ( n  = 3 or 4) have been investigated by 
density functional theory (DFT) [ 117 ]. Natural bond orbital (NBO) analysis shows 
that introducing iodine substituents changes the bond formation between rhenium 
and carborane cages or 3/4-legged piano stools. Furthermore, time-dependent den-
sity functional theory (TDDFT) calculations were used to account for the redox- 
switchable NLO properties. Theoretical investigations on geometrical structures 
suggest that substituting hydrogen with iodine contracts the lower part of the rhena-
carborane cage. However, coordination of iodine to rhenium not only expands the 
upper part of the rigid rhenacarborane cage and contracts its lower part and longitu-
dinal length, but also leads to shorter C–O bonds and longer Re-C bonds. TDDFT 
calculations indicate that the intramolecular interactions between iodine, rhenium, 
and the carborane cage play important roles in the redox processes. 

 The cage-alkylated metallacarborane complex 4,4,4-(Me 2 N) 3 -3-Me-4,1,2-closo- 
TaC  2  B  9  H  10   is obtained as the only product from the reaction of Ta(NMe 2 ) 5  with 
 nido -11-Me-2,7-C 2 B 9 H 12  [ 118 ]. The geometry of the metallaborane skeleton is 
supported by boron NMR shift predictions based on observed shifts of the known 
non- methylated analogues 3,3,3-(Me 2 N) 3 - closo -3,1,2-TaC 2 B 9 H 10 , and 
3,3,3-(Me 2 N) 3 - closo -3,1,2-TaC 2 B 9 H 10  and calculated shifts (GIAO-B3LYP/6- 
311G*//MP2/6-31G*) of the B-methyl carboranes,  closo -3-Me-1,2-C 2 B 10 H 11 , 
4-Me-1,2-C 2 B 10 H 11 , and 2-Me-1,7-C 2 B 10 H 11 . Reliable results are obtained from  ab 
initio  calculations of the structures and  11 B NMR chemical shifts of boranes and 
carboranes. However, it was not possible to perform reliable calculations on 
 metallacarboranes. Instead the calculations were performed at the highest possible 
level of theory for the parent  closo -carboranes 3-Me-1,2-C 2 B 10 H 11 , 4-Me-1,2-
C 2 B 10 H 11  and 3 - Me-1,7-C 2 B 10 H 11 , obtained by replacing the (Me 2 N) 3 Ta vertex with 
a BH vertex. Then the chemical shift differences caused by methylating one boron 
atom, or by replacing a BH vertex with a (Me 2 N) 3 Ta vertex were determined. 
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 Metallaborane compounds containing two adjacent metal atoms, namely 
(PMe 2 Ph) 4 MM′B 10 H 10  (where MM′ = Pt 2 , 1; PtPd, 7; Pd 2 , 8), have been synthesized 
[ 119 ]. Their propensities to sequester O 2 , CO, and SO 2  and then to release them 
under pulsed and continuous irradiation are described. Only the diplatinum deriva-
tive (PMe 2 Ph) 4 Pt 2 B 10 H 10 , is found to undergo reversible binding of O 2  to form 
(PMe 2 Ph) 4 (O 2 )Pt 2 B 10 H 10 . However solutions of all three complexes ({PtPt}, {PtPd}, 
and {PdPd}) quantitatively take up CO across their metal–metal vectors to form 
(PMe 2 Ph) 4 (CO)MM′B 10 H 10  (MM′ = Pt 2 , PtPd, and Pd 2 ). Crystallographically deter-
mined interatomic M–M distances and infrared CO stretching frequencies show that 
the CO molecule is bound progressively more weakly in the sequence {PtPt} > 
{PtPd} > {PdPd}. Similarly, SO 2  forms (PMe 2 Ph) 4 (SO 2 )Pt 2 B 10 H 10 , (PMe 2 Ph) 4 (SO 2 )
PtPdB 10 H 10 , and (PMe 2 Ph) 4 (SO 2 )Pd 2 B 10 H 10  with progressively weaker binding of 
the SO 2  molecule. The uptake and release of gas molecules are accompanied by 
changes in their absorption spectra. These systems were initially assessed by DFT 
calculation of molecular geometry at the B3LYP/6-31G*/LANL2DZ level in order 
to construct a matrix of information as to how modifi cation of the metal would be 
expected to weaken or strengthen the binding of the small molecules. 

 DFT calculations at the B3LYP/6-31G* level on the isocyanide complexes 
{(EtNC)(PMe 2 Ph) 3 }(μ-EtNC)Pt 2 B 10 H 10  and [{(EtNC) 2 (PMe 2 Ph) 2 }Pd 2 B 10 H 10 ] agree 
well with the experimental values [ 120 ]. The ability to tune the [(PR 3 ) 4 M 2 B 10 H 10 ]-
based system to bind reversibly small molecules such as O 2 , CO, and SO 2  across the 
metal–metal vector, as indicated above, can be extended also to alkyl isocyanides as 
modeled here by EtNC. However, the reaction is also accompanied by displacement 
of the phosphine ligand by the incoming isocyanide. This enables the assessment of 
the effect of the RNC-for-PR 3  substitution on the binding ability, which is to weaken 
the binding of the small molecules. This weakening is in accord with DFT-based 
calculations, although the terminal ligand displacement was not so predicted. This 
illustrates retrospectively a limitation of DFT predictive work when possible alter-
native reaction coordinates are not considered. 

 Crystal structure analyses of the icosahedral metallacarborane complexes, 
L 2 MC  n  B 11− n   (L = R 3 P, RNC; M = Pd, Pt;  n  = 1, 2), have shown that the magnitude 
and direction of the slipped distortion depends upon the substituents on the open 
pentagonal face of the ligand. Extended Hückel calculations on model complexes 
have accounted for the observed geometries [ 121 ]. 

 Extended-Hückel molecular-orbital calculations have also been used to study the 
icosahedral platinaboranes and carbaboranes [B 11 H 11 Pt(PH 3 ) 2 ] 2− , [B 10 CH 11 Pt(PH 3 ) 2 ] −  
and B 9 C 2 H 11 Pt(PH 3 ) 2  but using the simplifi ed PH 3  ligand rather than the alkyl and/
or aryl phosphines found in the experimental systems [ 122 ]. The failure of the 
Wade-Mingos skeletal electron-counting rules [ 4 – 6 ] when applied to carbaplatina-
boranes is discussed, and attributed to the unequal bonding capabilities of the 
 platinum 5d  xz   and 5d  yz   orbitals in the Pt(PH 3 ) 2  fragment. The conformations of the 
icosahedral carbaplatinaboranes are rationalized on the basis of the symmetry char-
acteristics of the lowest-unoccupied orbital of the carbaborane and the highest- 
occupied orbital of the metal-phosphine moiety. 
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 Extended Hückel molecular orbital calculations on the  closo -platinaboranes 
[B 11 H 11 Pt(PH 3 ) 2 ] 2−  and [B 6 H 6 Pt(PH 3 ) 2 ] 2−  and the  closo -carbaplatinaboranes 
B 9 C 2 H 11 Pt(PH 3 ) 2  and B 4 C 2 H 6 Pt(PH 3 ) 2  have suggested that the larger “slip” distor-
tions in the pentagonal bipyramidal derivatives can be attributed mainly to the 
 different metal-ligand interactions that are induced by the different elevation angles 
of the substituents on the pentagonal faces of the ligands [ 123 ]. Differences in bond 
lengths associated with the two classes of platinacarbaboranes have been interpreted 
in terms of the different bonding capabilities of the two types of carbaborane 
ligands. 

 The geometry of the cage in 3,3-bis(triethylphosphine)-1,2-dicarba-3- 
platinadodecaborane(11) is that of a highly distorted icosahedron. Molecular-orbital 
calculations based on the extended-Hückel approximation have accounted for the 
slip and fold distortions observed in the related metallacarbaboranes [ 124 ]. 

 Tricarbollide anions such as  nido -C 3 B 8 H 11  −  are of interest since they have the 
same charge and similar bonding properties as the ubiquitous cyclopentadienide 
anion. The room-temperature photochemical reaction of the tricarbollide anion 
[ nido -7,8,9-C 3 B 8 H 11 ] −  with [CpFe(C 6 H 6 )] +  proceeds without cluster rearrangement 
to form the 12-vertex  closo -ferratricarbollide 1-Cp-1,2,3,4-FeC 3 B 8 H 11  [ 125 ]. 
However, heating this iron tricarbollide leads to rearrangement giving the isomeric 
complex 1-Cp-1,2,3,5-FeC 3 B 8 H 11  at 110 °C and then 1-Cp-1,2,4,10-FeC 3 B 8 H 11  at 
165 °C. In view of the similarities of the Cp and C 3 B 8 H 11  −  ions, these iron complexes 
can be considered to be direct analogues of ferrocene. The reaction of the tricarbol-
lide anion with [Cp*RuCl] 4  is accompanied by polyhedral rearrangement giving 
1-Cp*-1,2,3,5-RuC 3 B 8 H 11 . Further isomerization of this ruthenium complex occurs 
slowly at room temperature and rapidly at 65 °C to give 1-Cp*-1,2,4,10-RuC 3 B 8 H 11 . 
A diamond-square-diamond mechanism for the polyhedral rearrangement sequence 
is proposed. The relative stability of these three isomers was estimated by DFT 
calculations at the B3LYP/6-31G* level. The calculated structures agree well with 
experimental data, indicating reliability of the calculated results. The  11 B NMR 
chemical shifts of the three isomers, calculated using the GIAO method, agree well 
with the experimental values. This makes possible the assignment of NMR signals 
even in the absence of [ 11 B- 11 B]-COSY correlations. In order to estimate the strength 
of the Fe-tricarbollide bond, the enthalpies of reactions of the [CpFe] +  fragment 
with [ nido -7,8,9-C 3 B 8 H 11 ] −  and Cp −  anions were calculated. 

 DFT calculations of the hypothetical non-rearranged isomer 1-Cp-2-Bu t NH-
1,2,3,4-FeC 3 B 8 H 10  revealed strongly distorted geometry with the cage C–C distance 
(2.347 Å) being clearly non-bonding, thus explaining the mild conditions of the 
polyhedral rearrangement [ 126 ]. In order to provide an explanation for such a strong 
effect of the amino substituent, DFT calculations were carried out at the PBE/TZV 
level on the ferratricarbollide 1-Cp-4-Bu t NH-1,2,3,4-FeC 3 B 8 H 10 . The C–C bond 
breaking is caused by strong p donation from the nitrogen lone pair of the 
 amino- substituent substituent. The introduction of a short bridge between carbon 
atoms prevents their separation in the polyhedral rearrangement. 

 A room-temperature reaction between the [7- t BuNH- nido -7,8,9-C 3 B 8 H 10 ] −  anion 
and [Cp*RuCl] 4  leads to the ruthenatricarbollide 1-Cp*-12- t BuNH-1,2,4,12- 
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RuC  3  B  8  H  10   [ 127 ]. Analogously, the room-temperature photochemical reaction of 
[7- t BuNH- nido -7,8,9-C 3 B 8 H 10 ] −  with [CpFe(C 6 H 6 )]PF 6  gives the previously reported 
iron complex 1-Cp-12- t BuNH-1,2,4,12-FeC 3 B 8 H 10 . Both reactions are associated 
with extensive polyhedral rearrangement, which occurs under very mild conditions 
and brings the carbon atoms to positions of maximum separation within the frame-
work. Density functional theory calculations at the B3LYP/SDD level were used to 
estimate relative stabilities of these metallacarborane isomers. 

 A series of Schiff bases was prepared by the condensation of 9,9′-diaminobis-
(tricarbollide)Fe(II) with appropriate 4-alkoxybenzaldehydes. The photophysical 
properties were investigated for the butoxy derivative and modeled using ZINDO 
calculations [ 128 ]. These systems provide the fi rst liquid crystalline derivatives of a 
metallaborane. The extent of electronic interactions between the Schiff base sub-
stituents and the tricarbollide ligand was evaluated using electronic absorption spec-
troscopy augmented by ZINDO calculations. In order to assess the extent of 
electronic interactions between the bis(tricarbollide)Fe(II) and the Schiff base sub-
stituents the ultraviolet spectra were recorded and analyzed using quantum mechan-
ical methods. 

 The 1,2-, 1,7-, and 1,12-isomers of [CpMCB 10 H 11 ] 2−  (M = Fe, Ru, Os), 
[CpMCB 10 H 11 ] −  (M = Co, Rh, Ir), and CpMCB 10 H 11  (M = Ni, Pd, Pt) have been 
studied computationally [ 129 ]. The 1,12- (para) isomers were found to be the lowest 
energy isomers. A large number of 12-vertex  closo -ferracarborane structures from 
[CpFeCB 10 H 11 ] 2−  to CpFeC 3 B 8 H 11 , phosphaborane structures from [CpFePB 10 H 10 ] 2−  
to CpFeP 3 B 8 H 8 , and the phosphacarbaborane structures [CpFePCB 9 H 10 ] − , 
CpFeP 2 CB 8 H 9 , and CpFePC 2 B 8 H 10 , were computed in order to check the additive 
nature of the structural increments for 12-vertex  closo -metallaheteroboranes having 
CpM vertices. The results help to estimate quickly the relative thermodynamic sta-
bilities of various 12-vertex  closo -cyclopentadienylmetallacarboranes, where M 
may be Fe or any other group 8, 9, or 10 metal. 

 The experimental molecular structures of 1,2- closo -P 2 B 10 H 10  and 1,2-closo- 
As  2  B  10  H  10     determined by gas-phase electron diffraction have been compared with 
the computed structures at the MP2/6-31G** level of theory [ 130 ]. The level of 
agreement is good for the diarsaborane (rms misfi t for As and B atoms 0.0297 Å) 
and very good for the diphosphaborane (rms misfi t for P and B atoms 0.0082 Å). 
The metalladiheteroboranes 3-(η 5 -C 9 H 7 )-3,1,2- closo -CoAs 2 B 9 H 9 , 3-(η 6 -C 10 H 14 )-
3,1,2- closo -RuAs 2 B 9 H 9 , 3-(η 5 -C 5 H 5 )-3,1,2- closo -CoP 2 B 9 H 9 , 3-(η 5 -C 9 H 7 )-3,1,2-
closo- CoP 2 B 9 H  9    , and 3-(η 6 -C 10 H 14 )-3,1,2- closo -RuP 2 B 9 H 9  were studied using the 
Gaussian program to gauge the effect of functional (BP86 and B3LYP) and the MP2 
methodology and basis set (6-31G** for all atoms or 6-31G** for B and H and the 
Stuttgart relativistic ECP and associated basis sets, augmented with d-polarization, 
for As and P; BP86/SDD/6-31G**) on the structural parameters. 

 The molecular structure of 1-selena- closo -dodecaborane, 1-SeB 11 H 11 , has been 
determined by the concerted use of quantum chemical calculations and gas-phase 
electron diffraction [ 131 ]. This structure has  C  5v  symmetry and is distorted from a 
regular icosahedron mainly through expansion of the pentagon of boron atoms 
 adjacent to selenium. The accuracy of the experimental structure, as well as that 
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calculated with the MP2 method, has been gauged by comparison of the  11 B chemi-
cal shifts (calculated at two different gauge-including atomic orbitals (GIAO) lev-
els) with experimental NMR values. The inclusion of electron correlation in the 
magnetic property calculations (GIAO-MP2) gave superior results to those carried 
out using GIAO-Hartree–Fock methods. The MP2/6–311+G* calculations showed 
that the symmetrically unique distances differed by only 0.1 pm. The good agree-
ment between the experimental and calculated  11 B NMR chemical shifts, in particu-
lar at the GIAO-MP2 level, strongly suggests that the set of MP2/AE3 internal 
coordinates is a good representation of the molecular geometry of  closo -1-SeB 11 H 11 . 
This is corroborated by a single-point energy calculation for the experimental 
geometry of  closo -1-SeB 11 H 11  at the MP2/AE3 level, which fi nds this structure to lie 
only 0.5 kcal/mol in energy above the fully optimized geometry. According to natu-
ral bond orbital analysis, the bonding between the Se and B atoms in  closo -1-
SeB 11 H 11  has predominantly p character (86.4 %). No large spin–orbit corrections 
are therefore to be expected for calculations of the  11 B magnetic shieldings, since 
such effects are usually transmitted via a Fermi-contact-type relay mechanism, 
which is very effective when bonds with high s character are involved, as also found 
in  arachno - Se  2  B  8  H  10    . The explicit ZORA approach unambiguously confi rmed this 
expectation, including a comparison of the non-relativistic and relativistic BP86 
values. As with  arachno -Se 2 B 8 H 10 , scalar relativistic effects have additionally been 
assessed by comparing GIAO-HF/AE4 and GIAO-HF/ECP2 results, which differ at 
most by 0.6 ppm for any of the  11 B nuclei. Therefore relativistic effects can be con-
sidered as negligible. 

 Relativistic density functional theory (DFT) calculations were performed on 
model aluminaboranes such as (η 3 -Cp)CH 2  ( η 1 -NMe)]Al(Me), [{(η 5 -Cp)CH 2 (η 1 - 
NMe  2    )}Al(Me)] + , and (η 5 -C 2 B 9 )CH 2 (η 1 -NMe 2 )]Al(Me) using the Amsterdam den-
sity functional (ADF) code with the Becke and Perdew functional in order to 
understand the bonding interactions between the aluminum ion and dicarbollyl 
ligand [ 132 ]. A strong  π -type interaction between aluminum and the dicarbollyl unit 
was clearly demonstrated by the DFT calculation.  

3.3.11     13-vertex Systems 

 The 13-vertex most spherical deltahedron is the docosahedron with 22 triangular 
faces, 33 edges, 2 vertices of degree 6, 10 vertices of degree 5, and 1 vertex of 
degree 4 (Fig.  3.6 ). A 13-vertex deltahedron with 12 vertices of degree 5 and 1 ver-
tex of degree 6 is not topologically possible. Since degree 6 boron vertices are not 
favorable, many 13-vertex polyhedral boranes and related metallaboranes have 
henicosahedral structures with 1 quadrilateral face or ditrapezoidal icosahedral 
structures with 2 quadrilateral faces. In essentially all 13-vertex metallaboranes, the 
metal atoms are located at degree 6 vertices.

   The 13-vertex indenyl cobaltacarboranes with 4,1,6-, 4,1,10- and 4,1,2-CoC 2 B 10  
architectures have been synthesized [ 133 ]. The 4,1,6-, 4,1,8-, 4,1,10- and 4,1,12- 
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species have docosahedral cages while the 4,1,2-species is henicosahedral (Fig.  3.6 ). 
In cases where the orientation is not compromised by the presence of a non- hydrogen 
substituent on the face of the carborane, there is generally good agreement between 
the experimental orientation and that computed by DFT calculations for the related 
naphthalene ferracarboranes (η 6 -C 10 H 8 )FeC 2 B 10 H 12 . The presence of C-methyl sub-
stituents in the indenyl cobaltacarboranes tends to override this preference except 
for 1,6-Me 2 -4-(η 5 -C 9 H 7 )-4,1,6- closo -CoC 2 B 10 H 10  in which the indenyl ligand 
instead is forced to incline away from the cage methyl groups. The structural work 
has been supplemented with the results of DFT calculations on various isomers of 
the related naphthalene ferracarboranes (η-C 10 H 8 )FeC 2 B 10 H 12 . 

 DFT calculations indicate that the barriers to isomerization of both 4-Cp-4,1,2-
closo- CoC  2  B  10  H  12   and 4-(η 6 -C 6 H 6 )-4,1,2- closo -RuC 2 B 10 H 12  to their respective 
4,1,6-isomers are too high for this to be the origin of the unexpected formation of 
4,1,6-MC 2 B 10  products [ 134 ]. The DFT-calculated profi le for the isomerization of 
[7,8- nido -C 2 B 10 H 12 ] 2−  to [7,9- nido -C 2 B 10 H 12 ] 2−  suggests that the unexpected forma-
tion of 4,1,6-metallacarboranes is unlikely to result from isomerization of a reduced 
( nido ) carborane. 

 The ruthenacarborane 4-( p -cymene)-4,1,6- closo -RuC 2 B 10 H 12  has been charac-
terized both spectroscopically and crystallographically. Although asymmetric in the 
solid state with a docosahedral cage architecture with cage carbon atoms at vertices 
1 and 6, this species clearly has  C   s   symmetry on the NMR time scale at room tem-
perature. However, the fl uxional process in operation can be arrested at low tem-
perature, so that an activation energy of 10.3 kcal/mol is estimated [ 135 ]. A 
computational study of the related species 4-(η 6 -C 6 H 6 )-4,1,6- closo -RuC 2 B 10 H 12  
reveals that the fl uxionality arises from a double diamond–square–diamond  process, 
fi rst suggested by Dustin, Hawthorne et al. for the analogous CpCo species [ 136 ]. 
These calculations yield an activation energy of 9.7 kcal/mol, in excellent agree-
ment with that derived from experiment. 

 The ruthenium derivative 1-(1′,2′- closo -C 2 B 10 H 11 )-4-{C 10 H 14 Ru( p -cymene)}-
4,1,6- closo -RuC 2 B 10 H 11  consists of a 13-vertex docosahedral ruthenacarborane with 
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a 4,1,6-RuC 2 B 10  architecture, which is the isomer obtained upon reduction and 
metallation of  o -carborane [ 137 ]. The mechanism by which this compound is 
formed has been investigated using density functional theory calculations replacing 
the  p -cymene ligand by benzene for computational expedience. 

 The 12-vertex naphthalene ruthenacarborane 3-(η 6 -C 10 H 8 )-3,1,2-closo- RuC  2 

 B  9  H  11   and the analogous 13-vertex isomers 4-(η 6 -C 10 H 8 )-4,1,6-closo- RuC 2 B 10 H 12 , 
4-(η 6 -C 10 H 8 )-4,1,8- closo -RuC 2 B 10 H 12 , 4-(η 6 -C 10 H 8 )-4,1,10- closo -RuC 2 B 10 H 12 , and 
4-(η 6 -C 10 H 8 )-4,1,12- closo -RuC 2 B 10 H 12  have been prepared and characterized [ 138 ]. 
The conformations of the naphthalene ligands with respect to the carborane cages in 
the three 13-vertex derivatives are in good agreement with those previously calcu-
lated for the analogous ferracarboranes 4-(η 6 -C 10 H 8 )-4,1, x - closo -FeC 2 B 10 H 12 . 

 The docosahedral metallacarboranes 4,4-(PMe 2 Ph) 2 -4,1,6- closo -PtC 2 B 10 H 12 , 
4,4-(PMe 2 Ph) 2 -4,1,10- closo -PtC 2 B 10 H 12 , and [N(PPh 3 ) 2 ][4,4-(1,5-C 8 H 12 )-4,1,10-
closo- RhC  2  B  10  H  12  ] have been synthesized [ 139 ]. Comparison with conformations 
previously established for six other ML 2 C 2 B 10  species of varying heteroatom pat-
terns (4,1,2-MC 2 B 10 , 4,1,6-MC 2 B 10 , 4,1,10-MC 2 B 10 , and 4,1,12-MC 2 B 10 ) reveals 
clear preferences. In all cases a qualitative understanding was afforded by simple 
MO arguments applied to the model heteroarene complexes [(PH 3 ) 2 PtC 2 B 4 H 6 ] 2−  and 
[(PH 3 ) 2 PtCB 5 H 6 ] 3− . Moreover, DFT calculations on [(PH 3 ) 2 PtC 2 B 4 H 6 ] 2−  in its vari-
ous isomeric forms approximately reproduced the observed conformations in the 
4,1,2-, 4,1,6-, and 4,1,10-MC 2 B 10  species. However, analogous calculations on 
[(PH 3 ) 2 PtCB 5 H 6 ] 3−  did not reproduce the conformation observed in the 4,1,12- 
MC  2  B  10   metallacarborane. DFT calculations on (PH 3 ) 2 PtC 2 B 10 H 12  yielded good 
agreement with experimental conformations in all 4 structures. 

 Density functional theory employing the B3LYP functional with the 6-31G(d) 
basis set was used to optimize the structures of the 13-vertex metallacarboranes 
4,1,6-MC 2 B 10 H 12  (M = Mn, Fe, Co, Ni) [ 140 ]. The polarizability and second-order 
nonlinear optical (NLO) coeffi cients were calculated by means of the fi nite-fi eld 
(FF) method. In all metallacarboranes, smaller frontier molecular orbital energy 
gaps lead to larger second-order NLO coeffi cients. For the homogeneous metallac-
arboranes of different spin states, the dipole moments of high-spin state structures 
are larger than those of low-spin state structures. However, the polarizability and 
second-order NLO coeffi cients are not directly related to spin multiplicity. 
Therefore, the spin state has minor infl uence on the NLO properties. 

 Reactions of [ nido -(Me 2 NCH 2 CH 2 )(R)C 2 B 10 H 10 ] 2− Na 2  (R = H, MeOCH 2 CH 2 , 
Me 2 NCH 2 CH 2 ) with ZrCl 4 ·(THF) 2  or SmI 2 (THF)  x   gave metallacarboranes with 
unusual η 7 - arachno -carboranyl ligands [ 141 ]. In these complexes heteroatom- 
containing pendant sidearms are both electronically and entropically necessary for 
the formation of such complexes with the central metal ions in the highest oxidation 
state. In view of the strong reducing power of the  nido -R 2 C 2 B 10 H 10  2−  dianion, a 
mechanism involving fi rst the reaction of [(Me 2 NCH 2 CH 2 )(R′CH 2 CH 2 )-C 2 B 10 H 10 ]
Na 2 (THF)  x   with ZrCl 4 (THF) 2  to give the divalent zirconacarborane intermediate 
[η 1 :η 1 :η 6 -(Me 2 NCH 2 CH 2 )(R′CH 2 -CH 2 )C 2 B 10 H 10 ]Zr II  and the o-carborane 
1-Me 2 NCH 2 CH 2 -2-R′CH 2 CH 2 -1,2-C 2 B 10 H 10 , followed by intramolecular electron 
transfer from the Zr(II) center to the  nido -carborane. This proposal is supported by 
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theoretical studies with the aid of B3LYP density functional theory calculations. 
The activation energy is calculated to be only 16.6 kcal/mol, indicating that this 
process can occur readily. Such a conversion involves intramolecular electron trans-
fer in which the Zr(II) center formally loses two d electrons to the  nido -carborane 
ligand, leading to the formation of the  arachno -carborane ligand in the fi nal prod-
uct. The calculated reaction energy indicates that the intramolecular electron- 
transfer process is thermodynamically very favorable. The two pendant sidearms, 
which are classifi ed as hard ligands in inorganic chemistry, are expected to contrib-
ute signifi cantly to the driving force of this reaction because they stabilize a Zr(IV) 
instead of a Zr(II) metal center. The d 0  Zr(IV) center fulfi lls the bonding require-
ment with an η 7 - arachno -carboranyl ligand. 

 The 13-vertex metallacarboranes {[(C 6 H 5 CH 2 ) 2 C 2 B 10 H 10 ]M(THF)} 2 {Na
(THF) 3 } 2 ·2THF (M = Dy, Y, Er) and [{(C 6 H 5 CH 2 ) 2 C 2 B 10 H 10 }M(THF)] 2 }[Li(THF) 4 ] 2  
(M = Y, Er) have been synthesized [ 142 ]. DFT calculations at the B3LYP level were 
performed on the model complex [(η 7 -C 2 B 10 H 12 )Y(H 2 O)] 2  2−  on the basis of the 
experimentally determined geometry. In the model complex, the benzyl substituents 
were replaced by hydrogen atoms and the coordinated THF ligand was simplifi ed to 
H 2 O for theoretical simplicity. Molecular orbital calculations indicate that the 
metal-carborane bonding is well delocalized and can be described as the orbital 
interactions between the metal fi ve d orbitals and the cage fi ve symmetry-adapted 
frontier orbitals. Only a d 0 /f  n   transition metal ion with the proper size is expected to 
be capable of being η 7 -bound to an  arachno -carboranyl ligand. Examination of the 
molecular orbitals obtained from the B3LYP calculations indicates that the fi ve d 
orbitals of the yttrium atom are all signifi cantly involved in the metal-[η 7 -C 2 B 10 H 12 ] 
bonding interactions. The relevant molecular orbitals are mainly found in the 
HOMO-LUMO region. 

 The 13-vertex stannadicarbaboranes 4,1,6- closo -SnC 2 B 10 H 12  and 1,6-Me 2 -4,1,6-
 closo    - SnC 2 B 10 H  10   have been synthesized and their fl uxional processes studied using 
DFT [ 143 ]. In this connection the fl uxional nature of 4,1,6-MC 2 B 10  metallacarbo-
ranes has been discussed in terms of a  C   s   transition state related to the ground state 
molecule by a double diamond–square rearrangement. The optimized 4,1,6- closo -
SnC 2 B 10 H 12  structure corresponds very closely to that determined crystallographi-
cally for the dimethyl derivative 1,6-Me 2 -4,1,6- closo -SnC 2 B 10 H 10  (the more accurate 
structure) with average and maximum disagreements on cage bond lengths of only 
0.02 and 0.09 Å, respectively. Comparison with the transition state (optimized in  C   s   
symmetry, one imaginary frequency) gives an activation energy of 6.0 kcal/mol. 
However, in other 4,1,6-MC 2 B 10 H 12  species with transition metal vertices, higher 
activation energies between 10 and 12 kcal/mol were consistently found. For 
4-(C 6 H 6 )-4,1,6-RuC 2 B 10 H 12  fl uxionality was found to occur through a double 
diamond- square-diamond (dsd) process via the  C   s   symmetric transition state origi-
nally suggested by Hawthorne and coworkers. Excellent agreement was found 
between E act  calculated for the 4-(η 6 -C 6 H 6 )-4,1,6-RuC 2 B 10 H 12  and that estimated 
experimentally by  1 H NMR for the analogous p-cymene species [ 144 ]. 

 The stannacarborane 1,2-μ-(CH 2 ) 3 -4,1,2- closo -SnC 2 B 10 H 10  and its 2,2′-bipyridine 
(bipy), 1,10-phenanthroline ( o -phen), and 4,4′-diphenyl-2,2′-bipyridine (Ph 2 bipy) 
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adducts, 1,2-μ-(CH 2 ) 3 -4-(bipy)-4,1,2- closo -SnC 2 B 10 H 10 , 1,2-μ-(CH 2 ) 3 -4-( o -phen)-
4,1,2- closo -SnC 2 B 10 H 10 , and 1,2-μ-(CH 2 ) 3 -4-(Ph 2 bipy)-4,1,2-closo - SnC 2 B 10 H  10    , 
together with the analogous compound 1,2-μ-{C 6 H 4 (CH 2 ) 2 }-4-(bipy)-4,1,2- closo -
SnC 2 B 10 H 10  have been prepared and characterized [ 145 ]. Both docosahedral and 
henicosahedral structures (Fig.  3.6 ) were found for the central SnC 2 B 10  unit. A 
method of quantifying the “percentage docosahedral character” of a  closo -13-vertex 
cluster is described. Thus “carbons adjacent” compounds are all signifi cantly less 
slipped than analogous “carbons apart” 4,1,6-SnC 2 B 10  species. This is an apparently 
surprising result in the context of earlier work on “carbons adjacent” and “carbons 
apart” icosahedral platinacarboranes. However, a computational study of “carbons 
adjacent” and “carbons apart” 12- and 13-vertex platinacarboranes reveals that only 
in one case, namely that of the “carbons adjacent” 12-vertex metallacarborane, is 
the degree of slipping determined by orbital effects. For all of the other systems 
studied (12-vertex “carbons apart” and both “carbons apart” and “carbons adjacent” 
13-vertex species) orbital effects are less signifi cant and the degree of slipping 
refl ects the dominant role played by steric interactions.  

3.3.12     14-Vertex Systems 

 The structures of metallaboranes with 14, 15, and 16 vertices are based on the 
Frank-Kasper deltahedra (Fig.  3.7 ). These are the only topologically possible 
 deltahedra with only degree 5 and 6 vertices with no pair of degree 6 vertices  sharing 
an edge. The icosahedra with only degree 5 vertices also trivially meets the require-
ment of a Frank-Kasper deltahedron.

   A density functional theory B3LYP/6-31G(d) approach was employed to 
 optimize the structures of 14-vertex bis-substituted carboranes and metallaboranes 
[ 146 ]. All of these structures are based on the 14-vertex Frank-Kasper deltahedron, 
namely the bicapped hexagonal antiprism (Fig.  3.7 ). The polarizabilities and 

  Fig. 3.7    The Frank-Kasper deltahedra having 14, 15, and 16 vertices       
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second- order hyperpolarizabilities were calculated by means of a fi nite-fi eld (FF) 
method. The effective core potential basis set was used for the metal atoms in metal-
laboranes. However, the results were relatively insensitive to the basis set chosen 
and show that the bonding styles of carbon and metals are different in the 14-vertex 
disubstituted carboranes and metallaboranes. Introduction of metal atoms effec-
tively enhances the nonlinear optical (NLO) coeffi cients of molecules. The metal-
laboranes, which in comparison to metal-free carboranes have lower HOMO-LUMO 
gaps, may exhibit semiconducting or even conducting properties. 

 The synthesis and structures of several 14-vertex MC 2 B 11  germa-, stanna-, and 
plumba-carboranes have been reported [ 147 ]. Single-crystal X-ray analyses reveal 
that they adopt a distorted bicapped hexagonal antiprism geometry, in which the 
p-block metal atom slips away from the above center of the C 2 B 4  bonding face 
towards the boron side, leading to an η 4  bonding mode.  

3.3.13     15- and 16-Vertex Systems 

 The 16-vertex closo-[(Cp*Rh) 3 B 12 H 12 Rh{Cp*RhB 4 H 9 }, 15-vertex (Cp*Rh) 2 B 13 H 13 , 
12-vertex (Cp*Rh) 2 B 10 H  n  (OH)  m  , ( n  = 12,  m  = 0;  n  = 9,  m  = 1;  n  = 8,  m  = 2), and 
10- vertex (Cp*Rh) 3 B 7 H 7  and (Cp*Rh) 4 B 6 H 6 , have all been synthesized [ 148 ]. The 
15-vertex rhodaborane cluster (Cp*Rh) 2 B 13 H 13  exhibits icosihexahedron geometry 
(26 triangular faces) with three degree 6 vertices (Fig.  3.7 ). The 12-vertex rhodabo-
rane clusters exhibit  isocloso  geometry, different from icosahedral geometry with 
the rhodium atoms at degree 6 vertices. The 10-vertex clusters (Cp*Rh) 3 B 7 H 7  and 
(Cp*Rh) 4 B 6 H 6  clusters have  isocloso  geometries (Fig.  3.2 ). Quantum-chemical cal-
culations with DFT methods at the BP86 level of theory have been used to provide 
further insight into the electronic structure and stability of the optimized structures 
that are in satisfactory agreement with the experimental structure determinations by 
X-ray crystallography. The computed  11 B chemical shift values using gauge- 
including atomic orbital density functional theory [GIAO–DFT] method at the 
B3LYP/def2-TZVP level are consistent with the experimental values. 

 The identity of the fi rst example of a 16-vertex  closo  metallaborane 
[(Cp*Rh) 3 B 12 H 12 Rh{Cp*RhB 4 H 9 }] has been confi rmed by multinuclear NMR spec-
troscopy, elemental analysis, infrared spectroscopy, and X-ray structural analysis 
[ 149 ]. The 16-vertex polyhedron corresponds to the Frank-Kasper polyhedron (Fig. 
 3.7 ) with a degree 6 Rh vertex bound to a hexagonal B 6  belt (B1-B6), below which 
lies an antiprismatic Rh 3 B 3  belt and then a B 3  trigonal unit. Quantum-chemical cal-
culations with DFT methods at the B3LYP (SDD, 6-31G*) level of theory have 
been used to provide further insight into the electronic structure and stability of this 
cluster using the unsubstituted Cp analogue. Satisfactory agreement is found 
between the computed bond lengths and those of the crystallographically character-
ized cluster. The DFT studies show the enhancement of thermodynamic stability of 
this 16-vertex tetrarhodaborane cluster over the simple metal-free  closo  borane 
[B 16 H 16 ] 2−  as well as a still experimentally unknown (CpRh) 4 B 12 H 12  derivative of 
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[B 16 H 16 ] 2−  in which CpRh units are located at the four degree 4 vertices of the 
16-vertex Frank-Kasper deltahedron (Fig.  3.7 ). The three-dimensional aromatic 
character of this 16-vertex rhodaborane cluster is confi rmed by a NICS(0) value of 
−16.1 ppm, which relates to the stability of boron deltahedra.  

3.3.14      Oblatocloso  (Flattened) Polyhedral Metallaboranes 

 The unusual dirhenaboranes Cp 2 Re 2 B  n  H  n   ( n  = 6–10) [ 21 – 23 ] have been the subject 
of recent theoretical studies. The experimentally observed  oblatocloso  deltahedra 
(Fig.  3.3 ) have been shown to be the lowest energy structures for these dirhenabo-
ranes [ 150 ]. In some cases the energy differences between such oblate deltahedral 
structures and the next higher energy structures are quite considerable, that is, up to 
25 kcal/mol for the nine-vertex Cp 2 Re 2 B 7 H 7  structures. The higher energy 
Cp 2 Re 2 B  n −2 H  n −2  structures, not yet known experimentally, are of the two types: (1) 
Most spherical ( closo ) deltahedra having unusually short 2.28–2.39 Å Re–Re edges 
with unusually high Wiberg bond indices suggesting formal multiple bonds on the 
deltahedral surface; (2) Deltahedra having one or two degree 3 vertices and 2.6–2.9 
Å Re–Re edges. The latter deltahedra are derived from smaller deltahedra by cap-
ping Re 2 B faces with the degree 3 vertices. In another theoretical study on these 
 oblatocloso  dirhenaboranes, the DFT-optimized Re–Re, Re–B and B–B distances 
were found to compare rather well with the bond lengths measured for the X-ray 
structures [ 151 ]. The rather good agreement between computed and experimental 
bond lengths in species of this sort gives confi dence in the computed bond distances 
in other metallaboranes, including those containing hydrogen atoms which could 
not be properly located by X-ray techniques with certainty or in compounds exhibit-
ing different possible isomers. 

 The analogous ditechnetaboranes Cp 2 Tc 2 B n−2 H n−2  (n = 8, 9, 10, 11, 12) have also 
been studied by density functional theory [ 152 ]. As expected, their lowest energy 
structures are the fl attened  oblatocloso  deltahedral structures (Fig.  3.3 ) similar to 
their rhenium analogues. These ditechnetaboranes typically have Tc–Tc distances 
∼0.05 Å shorter and Tc–Tc Wiberg bond indices 0.05 smaller than those in the 
analogous dirhenaboranes. Higher energy ditechnetaboranes are found with short 
Tc–Tc distances and  closo  or  isocloso  structures analogous to higher energy dirhen-
aboranes. These include 8-, 9-, 10-, and 12-vertex most spherical  closo  structures 
with formal Tc-Tc polyhedral surface quadruple bonds as well as 10- and 11-vertex 
 isocloso  structures with formal Tc ≡Tc polyhedral surface triple bonds.  

3.3.15     Systems with Fused Metallaborane Polyhedra 

 The structure of the diruthenaborane Cp* 2 Ru 2 B 8 H 14  can be considered as two RuB 5  
pentagonal pyramids that are fused together by sharing a B–B edge. DFT calcula-
tions on Cp* 2 Ru 2 (B 8 H 14 ) suggests a strong link with the pentalene complex 
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Cp* 2 Fe 2 (C 8 H 6 ). Both compounds exhibit similar bonding modes and qualitatively 
related electronic structures [ 153 ]. There are however, differences that are related to 
the weaker B–B bonds in the B 8 H 14  ligand as compared to the C–C bonds in the 
pentalene ligand. Based on the calculations reported in this article, Cp* 2 Ru 2 (B 8 H 14 ) 
can be considered as being an isoelectronic metallaborane analogue of the pentalene 
complex Cp* 2 Fe 2 (C 8 H 6 ) and other related 34-electron species. However, there are 
differences between the electronic structures of Cp* 2 Ru 2 B 8 H 14  and Cp* 2 Fe 2 C 8 H 6  
which render Cp* 2 Ru 2 B 8 H 14  probably unique from the structural point of view. This 
contrasts with Cp* 2 Fe 2 C 8 H 6 , which belongs to a series of pentalene complexes of 
ideal  C   2h   symmetry having electron counts varying between 32 and 38 and differing 
only by their metal hapticities. These differences originate from the different elec-
tronegativities of B and C. 

 The molybdenum compound (η 5 -C 5 Me 5 Mo) 3 MoB 9 H 18 , which has been structur-
ally characterized by X-ray crystallography, represents a novel class of vertex-fused 
clusters in which a Mo atom has been fused in a perpendicular fashion between two 
molybdaborane clusters [ 154 ]. Electronic structure calculations employing density 
functional theory yield geometries in agreement with the structure determinations. 
One of the most interesting aspects of the structure is the range of Mo−Mo inter-
nuclear distances between bonding and nonbonding interactions. In an effort to 
understand the nature of various Mo−Mo interactions, studies using extended 
Huckel theory and DFT methods were carried out. The resulting model of the elec-
tronic structure rationalizes the factors behind the variations in Mo−Mo distances.      
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Chapter 4
Quantum Chemistry of Excited States 
in Polyhedral Boranes

Josep M. Oliva, Antonio Francés-Monerris, and Daniel Roca-Sanjuán

Abstract  In this Chapter we describe the electronic structure of ground states and 
excited states of the two isomers of octadecaborane (22), anti- and syn-B18H22, and 
the new derivative of anti-B18H22, the polyhedral substituted borane 4,4′-(HS)2-anti-
B18H20. A theoretical interpretation is given on the fluorescence of the anti-B18H22 
isomer, and the non-radiative decay of the syn-B18H22 isomer, an unsolved problem 
since 1962. For the new derivative of anti-B18H22, substitution of hydrogen atoms in 
positions 4 and 4′ by SH groups allows the tuning of the photophysical properties in 
4,4′-(HS)2-anti-B18H20, facilitating intersystem crossing from the excited singlet 
state to the triplet state.

4.1  �Introduction

One of the foundations in quantum mechanics is Schrödinger’s wave mechanics 
equation Ĥ Eψ ψ=  [1, 2]. Solving this complex integro-differential equation allows 
us to obtain, always within approximations, the electronic structure of stationary 
states in a many-electron system. Almost a century later, the main developments 
within quantum chemistry have been impressive and widespread: Modification of 
the wave function Ψ in the Schrödinger’s equation leads to the so-called wave-
function methods (WFM), starting off with the molecular-orbital (MO) Hartree-
Fock (HF) method (mean-field theory method) [3–13]. On the other hand, the 
application of the symmetric group SN to quantum chemistry, and taking into account 
the formation of molecules from the wave functions of the constituent atoms, leads 
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to the more complex but highly compact Valence-Bond (VB) methods [14–19]. 
Extensions of the HF method involve higher correlated wave functions, defined in a 
widespread spectrum of methods, such as Coupled-Cluster (CC) [20–25] and 
Configuration Interaction (CI) [26] and derived methods thereof. The full configura-
tion interaction method (full CI) provides numerically exact solutions (with a com-
plete basis set) to the non-relativistic Schrödinger equation; however, due to the 
exponential complexity, such method is not applicable using current digital comput-
ers, even for a system of more than, say, a few atoms heavier than hydrogen!

On the other hand, modification of the energy operator (Hamiltonian) in the 
Schrödinger equation leads to the so-called perturbative methods [27–31], which 
can also be combined with WFM. All these methods have been used with more or 
less success in quantum chemistry, as function of the size and type of the many-
electron problem to be solved.

The appearance of Density-Functional Theory (DFT) [32, 33], based on func-
tionals of the scalar electron density ρ(r), and its implementation to quantum chem-
istry packages1 [35, 36] by the end of the last century, have given an unprecedented 
push to the problem of correlation in many-electron systems. However, due to 
unpredictable behavior, we insist on being cautious when using DFT-based meth-
ods, depending on the many-electron problem to be solved.

The determination of higher-energy solutions of stationary states – the so-called 
excited states – in the Schrödinger equation is a very involved problem, and can be 
considered a sort of endeavor comparable to the quest for the holy grail – determi-
nation of all excited states at once. Spectroscopic accuracy in the determination of 
such states requires a tremendous intellectual and computational effort, with no 
clear-cut solution, at least in the short term and with the use of digital computers. In 
Sect. 4.3 we give a more detailed description of the electronic structure methods we 
use for the determination of excited states in polyhedral boranes.

Turning now to the world of the fifth element – boron – and more precisely, to 
the polyhedral borane clusters, a close look into the literature shows few references 
to studies of excited states in this type of compound, as compared to organic com-
pounds [37, 38]. Excited-state studies were carried out in the polyhedral (substi-
tuted) borane structures B4Cl4, B6H6

2−, B9H9
2−, B10H10

2−, B12H12
2−, B12Cl12

2− using CI 
computations with single and double excitations [39]. The main publications found 
thereafter in the literature deal mainly either with the polyhedral heteroborane act-
ing as anion in a salt with a transition-metal cation [40, 41] or with photolumines-
cence and photoinduced electron transfer (PET) processes [38] with the polyhedral 
heteroborane as a ligand in a coordination (metal) complex [42–49].

In this Chapter we are mainly concerned with electronic excited states derived 
directly from borane and substituted borane polyhedral cages, with the targeted 
phenomenon and property stemming directly from the boron compound. Our group 
has contributed to study the quantum chemistry of excited states in polyhedral het-
eroboranes and substituted boranes with some works in the last decade [50–58], 
and two sections of this Chap. 4 (Sects. 4.4 and 4.5, vide infra) are the outcome 

1 See, for instance, the computational package Gaussian-09 [34].
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of a collaboration between the group of the quantum chemistry of the excited state 
at the University of Valencia (Spain) and the group at the Institute of Inorganic 
Chemistry of the Academy of Sciences of the Czech Republic, v.v.i. [59–61]. The 
study of excited states in heteroborane and substituted borane polyhedral com-
pounds turns out to be an unexplored and promising research field with potential 
applications in biosciences and nanosciences [62–72].

4.2  �Photophysics and Photochemistry Processes

Photoinduced excited-state chemistry begins with the absorption (Abs) process in 
which the population is promoted from the ground to the excited states by means of 
radiation (see Fig. 4.1). If several wavelengths are used, the population is distributed 
among the states located at the range of energies of the light used to excite the sys-
tem. Nevertheless, not all the excited states are equality populated. Selection rules 
based on multiplicity and symmetry considerations have been developed for pre-
dicting the permitted and forbidden electronic transitions. Thus, only those transi-
tions that do not imply a change in the spin multiplicity are allowed, and only totally 
symmetric matrix elements yield nonzero probabilities at first order. For the allowed 
one-photon transitions, the probability can be estimated using Fermi’s Golden Rule, 

Fig. 4.1  Scheme of the main photophysical and photochemical molecular events discussed in the 
present Chapter
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which establishes that this probability is proportional to the square of the transition 
dipole moment (TDM) between the initial and final electronic states: 
TDM d=< >j j1 2| |



. Specifically, the transition probability is theoretically esti-
mated by means of the oscillator strength ( f ) associated to each excited state via 
the equation

	
f E TDMVA=

2

3
2 ,

	

where EVA  is the vertical energy difference between the excited and ground electronic 
states (at the equilibrium geometry of the ground state; see Fig. 4.1). The electronic 
f  can be compared with the experimental estimation based on the transition band 

height and width. In addition to the electronic properties, the vibrational modes also 
contribute to the strength of the transition (band intensity) through the so-called 
Franck-Condon factors, which are the vibrational overlap terms between the vibra-
tional states belonging to the two electronic states: v v1 2 . The highest overlap, and 
thus the most probable transition, commonly occurs at the ground-state equilibrium 
structure, which is called the Franck-Condon (FC) region. Hence, the EVA  is usually 
compared with the experimental absorption band maximum. Still, the absorption can 
also take place at lower energies up to the energy difference between the ground and 
excited electronic state minima, which is called the adiabatic energy, Te  (see Fig. 4.1). 
In many cases, the computed Te  provides enough information to assign the band ori-
gin. Nevertheless, for a direct comparison with the experimental data, the zero-point 
vibrational energy (ZPVE) must be computed in both electronic states and added to 
Te  to obtain the vibrational band origin, T0  (see Fig. 4.1).

Once the molecule is excited, distinct decay mechanisms can occur for deactivat-
ing the excess of energy provided to the molecule. We shall describe here only those 
processes not involving energy or charge transfer to other molecules. Radiative and 
non-radiative processes can be then distinguished. Within the radiative decay mech-
anisms, fluorescence (Fluo) or phosphorescence (Phos) may occur. Since the most 
probable states to be populated are the singlet excited states, Phos implies previous 
intersystem crossing (ISC) processes in which the population is transferred to the 
triplet manifold. Regarding the non-radiative decay mechanism to the ground state, 
internal conversions (IC) are usually involved (see Fig. 4.1). The dominant decay 
mechanism is the one without energy barriers along the corresponding deactivation 
paths and without non-efficient processes. A brief description of the theoretical 
characterization of these processes is given in the following. For further reading, we 
recommend the reviews from Refs. [73–79].

4.2.1  �Emission: Fluorescence

Many excited organic and inorganic molecular systems undergo a vibrational relax-
ation along the singlet excited state hypersurfaces until a stable structure is reached, 
from which light emission takes place. As for the absorption process, the vertical 
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transition, with an associated vertical emission energy of EVE  (see Fig.  4.1), 
accounts for the highest probability (band maximum). Thus, it may be compared 
with the band maximum, yet emission may take place at other energies until the 
energy difference T0 . From the computation of the TDM, the radiative lifetime (τ rad ) 
for this process (that is related to the probability of transition) can be estimated by 
using the Einstein coefficients for spontaneous emission ( A21 ) and the Strickler-
Berg approximation:

	
A E TDM

rad
VE21

10 3 21
2 142005 10= =

τ
. ×

	

where τ rad  is measured in s. Typical values of τ rad  are in the range 10−9 – 10−6 s.

4.2.2  �Non-radiative Decay

Certain molecules, however, do not show fluorescent bands in the experiments. And 
the time-resolved transient absorption technique gives rise to very short lifetime 
signals. In this case, the molecule relaxes the extra energy through IC processes that 
brings the system back to the ground-state potential energy hypersurface (PEH). 
From a theoretical standpoint, no stable structures (minima) are found on the 
excited-state surface along the decay paths and the molecule evolves from the FC 
region through a barrierless profile towards a crossing between the excited and 
ground state PEHs. This point of crossing is called a conical intersection (CI) and it 
enables the population transfer between surfaces. CIs are N-dimensional points (N 
is the total number of internal coordinates of the system) in which an energy degen-
eracy between the two states that crosses takes place among N-2 coordinates (inter-
secting space) [80–84]. The two dimensions that break the degeneracy form the 
branching space which is defined by the gradient differential vector and the non-
adiabatic coupling vector. Usually, an energy minimization is performed in the 
intersection space to locate the minimum energy crossing point (MECP), which is 
expected to be the CI point of interest for the photochemistry of the molecule. 
However, the accessibility of this structure (that funnels the energy to the ground 
state) from the FC region or the stable structures on the excited-state surfaces must 
be analysed. For this purpose, minimum energy path (MEP) computations must be 
performed from the bright state (the one with the highest probability of population 
after absorption of light) at the FC geometry in order to determine the most probable 
decay path of the system after excitation [37, 85, 86]. The evolution of this compu-
tation towards a CI point guarantees the non-radiative decay through this crossing 
point. An alternative strategy to verify the accessibility of a CI from the FC region 
or an excited-state minimum is by means of linear interpolations of the internal 
coordinates. Barrierless profiles obtained in such manner indicate a favorable decay 
process through the CI.
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4.2.3  �Emission: Phosphorescence

Excited molecules may also decay to the ground state through a mechanism involv-
ing states of different spin multiplicities (usually singlet and triplet states). In this 
case, the initially populated singlet excited state, or subsequent singlet states reached 
along the relaxation path, transfer the population to a triplet state through an ISC 
process. The ISC takes place via a crossing region between the surfaces of the 
excited singlet and triplet states (see Fig. 4.1). Taking into account that the spin 
multiplicity is different for both states, the ISC process is much less favorable than 
the IC process. For the sake of comparison, the lifetimes for these processes are in 
the range 10−8 − 10−2 and 10−12 − 10−6 s, respectively. In order to have an efficient 
singlet-triplet crossing (STC) process, the spin and angular momentum must cou-
ple. This coupling, called spin-orbit coupling (SOC) can be determined as:

	
SOC T S u x y zHlk

u
l u SO k= =∑ | 〈 〉

∧

, | , , ,| | 2

	

where H SO
∧

 is the spin-orbit Hamiltonian and T  and S  refer to the triplet and sin-
glet states, respectively.

After the ISC process, once on the triplet surface, the molecule usually reaches 
an equilibrium structure (minimum) from which it emits phosphorescent light (see 
Fig. 4.1). Emission from the triplet excited state to the singlet ground state is also 
much less favorable than fluorescence emission. Hence, the lifetime for this radia-
tive process is larger, in the range of 10−3 – 102 s.

4.3  �Computational Methods for Excited States

Excited-state chemistry is much more complex than that of the ground state, and 
more difficult to study with theoretical methods and computational strategies [87]. 
Among the reasons, three are specially relevant: (1) the abundance of near-
degeneracies between states, (2) the involvement of excited states of distinct nature, 
and (3) the need for higher solutions of the electronic Hamiltonian. As a conse-
quence of the first reason, the Born-Oppenheimer approach, which allows treating 
the nuclei and electrons separately, is not valid in many situations. In addition, mul-
ticonfigurational descriptions of the wave functions are required. Also, the PEHs 
possess a higher number of relevant singular points as compared to the ground state 
surfaces, for example, CIs and STCs. These new structures imply the computation 
of higher-order couplings, such as non-adiabatic, spin-orbit, or vibronic couplings. 
Regarding the nature of the excited states (reason 2), distinct types of orbitals may 
characterize the excitation process from the ground to the excited state (σ/σ*, π/π*, 
lone pairs). In addition, the radial extension of the orbitals involved in the excitation 
adds complexity to the study. Thus, excited states with different spatial extensions 
may appear: valence excited states (e.g. n → π* or π → π*) and Rydberg states. In the 
latter, electron promotions take place to atomic-like orbitals with higher principal 
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quantum numbers (e.g. n → 3s or π → 3p). The molecular charge distribution also 
determines the nature of the excited states. Thus, the movement of electron density 
from one part of the system to another generates charge-transfer states, which oth-
erwise are localized states. Finally, focusing on the technical aspects (reason 3), the 
ground-state techniques are difficult to implement in the excited state and, there-
fore, more complex algorithms for resolving the equations are needed.

In order to deal with the huge number of possibilities that arise in the chemistry of 
the excited states, the theoretical methods chosen for studying the photophysical and 
photochemical processes must be flexible enough to provide a balanced description, 
with similar precision, of the different types of states and PEH features. Among the 
quantum chemistry methods, the so-called multi-reference (MR) multiconfigurational 
(MC) methods are the most appropriate [37, 88, 89]. In these two-step methods, first, 
an optimal MC wavefunction is determined by building a CI linear expansion of deter-
minants or spin-adapted configuration state functions (CSFs) and then finding the opti-
mum CI expansion coefficients and the optimum form of the orbitals that minimize the 
energy according to the variational principle. Next, a MR approach is applied to com-
pute the dynamic correlation effects. Three basic MR approaches are possible: configu-
ration interactions (MRCI), coupled cluster (MRCC), and perturbation theory (MRPT). 
Since the MR-MC methods are based on a MC wavefunction, electronic-structure 
problems that are difficult to describe with single-reference methods, such as biradical 
structures, CIs or multiexcited states, are properly described with the MR-MC meth-
ods. In the second step, accurate energies and molecular properties are obtained by 
using one of the MR approaches. Hence, the two-step approach allows for a general 
and accurate characterization of the excited states. Finally, it is fair to mention here that 
many interesting developments in methodology have expanded the applicability of 
single-reference methods to the excited states (see, for example, Ref. [90]).

Among the MR-MC methods, CASPT2 [91–93] is probably one of the most use-
ful and practical for studying spectroscopy and photochemistry. It is based on a 
multiconfigurational CASSCF wavefunction, which account for static correlation, 
that is, the electron correlation related to the presence of near-degeneracies. In the 
CASSCF procedure, a full CI expansion is performed, taking into account only 
those molecular orbitals that are more relevant for the description of the electronic 
problem. In the MR step of the approach, second-order perturbation theory is 
employed to include a large amount of dynamic electron correlation (the one related 
to the electron cusp or the fact that the probability of finding two electrons close in 
distance is low). The most relevant advantages of the CASPT2 method are three. 
First, it can be applied to study systems of medium and relatively large size. Second, 
it can be used to describe all type of states and degeneracies. Finally, it provides an 
accuracy of around 0.2–0.3 eV. Nevertheless, the CASPT2 method is not free of 
problems. We briefly introduce below the main problems and also how they are usu-
ally solved:

–– The standard zeroth-order Hamiltonian overestimates the energy difference 
between closed and open-shell systems. In order to remove this overestimation, 
a modified zeroth-order Hamiltonian ( H0 ) has been introduced in which an ion-
ization potential electron affinity (IPEA) shift is considered [94]. The recom-
mended value is 0.25 au.
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–– Weakly perturbing states (intruder states) might cause problems. In this case, a 
penalty parameter (level shift) may be added in order to minimize their effects [95].

–– The CASPT2 wavefunctions of different states are not orthogonal and therefore 
the interaction between states is not considered. In order to account for the cou-
pling of several electronic states, a multistate treatment can be carried out by 
building an effective Hamiltonian matrix [96]. The diagonal and off-diagonal 
elements are the CASPT2 energies and the coupling up to second order of 
dynamical correlation energy, respectively. In order to obtain the so-called mul-
tistate (MS)-CASPT2 solutions, this matrix is made symmetric, assuming there-
fore that the off-diagonal terms are very similar and negligible. This assumption 
must be verified in any particular case since otherwise the MS may lead to non-
physical results for both energies and wavefunctions [97].

Finally, since the CASPT2 gradients are very time and CPU-demanding, a com-
mon strategy in theoretical studies, is to perform geometry optimizations at the 
CASSCF level and then obtain the CASPT2 energies on the optimized structures. 
This protocol is often known as CASPT2//CASSCF. Since the CASSCF wave func-
tion does not take into account dynamical correlation, it is also common to employ 
other methods such as DFT or MP2 in order to optimize the ground-state equilib-
rium geometry for obtaining the computed absorption spectra.

4.4  �Strange Case of Dr Jekyll (syn-B18H22) and Mr Hyde 
(anti-B18H22)2

The comparison of the syn- and anti- isomers of octadecaborane (Fig. 4.2) is a clear 
example of how the arrangement of the atoms in a molecule determines the photo-
physical and photochemical properties of the compound. Both isomers are formed 
by two {B10} units sharing a common B-B edge. In the syn-, the two units are point-
ing to the same side of the edge, whereas in the anti-, they point to opposite sides. 
Different photophysical behavior was observed by Londesborough et al. [59] for 
these isomers. The differences can be rationalized studying the absorption and 
emission processes and the associated geometrical changes in both species. Here, 
we will review the most important results and the corresponding interpretation.

4.4.1  �Absorption

The computed CASPT2 vertical electronic energies of the studied B18H22 molecules 
are shown in Table 4.1. The electronic states involved in the absorption spectrum of 
the systems in the UV–vis range are dominated by one-electron excitations within 

2 Using analogies with Robert Louis Stevenson’s novella, we associate the syn-B18H22 isomer with 
quiet (non-radiative) Dr Jekyll, and the anti-B18H22 isomer with evil (fluorescent) Mr Hyde.
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the four highest occupied and lowest unoccupied molecular orbitals (frontier 
orbitals): HOMO – 1, HOMO, LUMO, LUMO + 1 (see Ref. [59] for the contribu-
tion of the configurations in the electronic states). The syn-B18H22 isomer at the 
ground state equilibrium geometry belongs to point group C2, consequently the state 
is labelled as 11A. Three relevant electronic singlet states were determined theoreti-
cally in the 4.0–6.0 eV range. Transitions from the ground state to the 11B state and 
to the 31B state can be ascribed to the two medium-intensity experimental bands 
recorded experimentally at 4.03 and 5.41 eV, respectively. The 11A → 41A transition 
probably also contributes to the latter experimental band, according to its predicted 
energy (5.56 eV) and non-negligible oscillator strength (0.158). Two relevant triplet 
states were determined at the FC geometry, the 13A and the 13B states. Both lie 
below the low-lying singlet excited state. The energy difference between the 11B 
and the 13A states is 0.13 eV and they have a relatively strong SOC (1.2 cm−1). Thus, 
in principle the population of the 13A state in the FC region would be possible 
through an ISC process from the 11B state. However, the shape of the singlet mani-
fold leading to a barrierless CI with the ground state, a much faster and favorable 
process, will prevent population of the triplet state. The phenomenon will be 
reviewed in more detail in the next section.

The anti-B18H22 isomer also has three singlet excited states in the ~4.0–6.0 eV 
range, labelled as 11Au (3.93 eV), 21Au (4.99 eV) and 41Au (5.85 eV), according to 
the Ci point group symmetry of the molecule at the ground state (11Ag) minimum. 
In contrast to the previous system, three maximum bands at 3.77, 4.56 and 5.76 
were observed in the recorded UV–vis spectrum. They were mainly ascribed by 

Fig. 4.2  Atom numbering and structure of (a) syn-B18H22 and (b) anti-B18H22 molecules
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Londesborough et al. [59] to the predicted electronic transitions from the ground 
state to the 11Au, 21Au, and 41Au states, respectively. Computed oscillator strengths 
are also in good agreement with the experimental values (see Table 4.1). Energetics 
of the low-lying triplet states 13Au and 23Au are also shown in Table 4.1. Only the 
first one lies below the bright 11Au state, and although the SOC values between the 
two states is relatively high, the energy difference of ~0.5  eV makes population 
transfer from the singlet to the triplet state unlikely. As the calculated SOC terms 
between these singlet and the triplet states are in general high, a more efficient ISC 
can be expected in other regions of the PEH where the energy difference is lower.

4.4.2  �Emission

The characterization of the PEH of the bright excited state allows the prediction of 
emissive or non-emissive decay mechanisms of a molecule after the absorption of 
light. In general, the presence of a well-defined minimum before a relevant crossing 
with other electronic state in the excited-state hypersurface implies the emission of 
light by the compound, while a downward slope until a crossing with the ground 

Table 4.1  Computed CASPT2 vertical absorption energies (EVA), oscillator strengths (f), vertical 
emission energies (EVE), electronic band origin energies (Te) and natural radiative lifetimes (τrad) of 
the B18H22 isomers and derivatives [59]

State/Compound EVA/eV f EVE /eV Te/eV τrad/s

syn-B18H22

11B 4.26 (4.03) 0.338 (~0.6) – – –

41A 5.56 (5.41) 0.158 (~0.5) – – –

31B 5.76 (5.41) 0.251 (~0.5) – – –

13B 3.76 – 2.67 3.31 0.96
13A 4.13 – – – –

anti-B18H22

11Au 3.93 (3.77) 0.265 (~0.4) 2.91 (3.05) 3.63 (3.41) 5.6 ×  10−9 
(1.2 ×  10−8)

21Au 4.99 (4.56) 0.051 (~0.2) – – –

41Au 5.85 (5.76) 0.884 (~1.0) – – –

13Au 3.48 – 2.49 3.04 0.51
23Au 4.63 – – – –

4,4′-(SH)2-anti-B18H20

11Au 3.13 (3.25) 0.065 2.17 (2.31) 2.78 1.09 ×  10−7 
(0.94 ×  10−9)

21Ag 3.27 – – – –

21Au 4.04 (3.92) 0.196 – – –

13Au 3.02 – 1.97 (2.08) 2.61 1.69 ×  10−3 
(1.4 ×  10−5)

13Au → 23Ag
– 0.210 – – –

Experimental values in brackets
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electronic state implies a fast or ultrafast non-emissive relaxation (see Sect. 4.2). 
Such difference is exactly what occurs in the comparison syn-B18H22 vs. 
anti-B18H22.

The photochemistry of both B18H22 isomers was studied by means of the 
CASPT2//CASSCF protocol [59]. The relevant PEHs for the two species are shown 
in Fig. 4.3. In the low-energy region of the spectrum the syn-B18H22 molecule has a 
11B (S1) bright state at 4.26 eV (f = 0.338). The optimization of such excited state 
without symmetry requirements leads directly to a crossing structure with the 
ground state (S0/S1)CI. Further optimization of the crossing point imposing the 
energy degeneracy between the S0 and the S1 states yields the minimum energy 
crossing point (MECP) (S0/S1)CI, placed adiabatically at 3.88 eV. The absence of 
significant barriers between the S1 at the FC region and the CI optimized geometry 
was verified by performing a linear interpolation of internal coordinates between 
the two structures. The CI region is clearly below the excited-state energy at the FC 
geometry. Therefore, the system initially should have enough energy to reach the 
crossing area and decay to the ground state without emission of light, i.e., the excess 
of energy provided by the absorption of light is released through dissipation of heat 
and not by the emission of light. The failure to measure fluorescence or phosphores-
cence in the experiments is the consequence of the described scenario.

The barrierless energy profile towards the CI with the ground state is in general 
a favorable and thus fast process. Even though some triplet states were predicted at 
the studied energy ranges having significant SOC with the S1 state, the presence of 

Fig. 4.3  Photophysics, PEHs and structures of the ground (S0) and first excited (S1) states of the 
(a) syn-B18H22 (left) and (b) anti-B18H22 systems (Reprinted with permission from Londesborough 
et al. [59]. Copyright 2012 American Chemical Society)
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the fast non-emissive relaxation prevents an effective population of the triplets. This 
is supported by the fact that no experimental evidence of singlet oxygen generation 
or phosphorescence is observed in the syn-B18H22 complex [59].

The situation is different in the anti-B18H22 system. A minimum in the hypersur-
face of the bright 11Au (S1) state was predicted adiabatically at 3.63 eV. In addition, 
a (S0/S1)CI was calculated at 4.14 eV above the energy of the S1 state (3.93 eV) at the 
FC region. To reach this point from the S1 well, a barrier of 0.51 eV must be sur-
mounted. In contrast to the syn-B18H22 isomer, strong fluorescence was observed in 
this case. By using the Strickler-Berg approximation, the natural radiative lifetime 
of the S1 state (τrad) of 5.6 ×  10−9 s was obtained. The experimental estimation of the 
same parameter (τF/φF) gave a value of τrad = 1.2 ×  10−8 s, reasonably in agreement 
with the theoretical result. Hence, in contrast to the previous isomer, after the 
absorption of light and population of the S1 state the anti- system reaches the cor-
responding minimum, remaining there until the emission of a photon occurs, thus 
returning to the S0 state. This radiative decay mechanism was confirmed experimen-
tally as the most probable. In fact, an intense fluorescence of the compound was 
observed with a quantum yield (φF) of 0.97.

The population of the triplet states in the anti- isomer is hindered by the large 
energy difference (~0.50 eV) between the singlet and the triplet states at the studied 
FC and S1 minimum regions. However, as the system approaches the (S0/S1)CI area, 
the energy gap decreases and the triplet states may be populated as a consequence. 
This can be the reason for the very weak phosphorescence observed in the system.

4.4.3  �Geometrical Changes

The analysis of the geometry changes that take place after the excitation in a mole-
cule can be very important to establish relationships among electronic structure, 
chemical functionalities and photochemical properties, and then help in the design 
of new materials with different photochemical behavior.

An analysis of the B-B distances in the optimized structures of both syn-B18H22 
and anti-B18H22 molecules is thus useful to understand the different photochemistry 
of the isomers. To do that, Londesborough et al. [59] defined in their study the dis-
tance difference (Δd) of the B-B bonds as positive for elongations and negative for 
contractions. The two isomers show similar geometrical changes after excitation in 
the initial vibrational relaxation process along the S1/T1 surfaces, all of them within 
the ±0.15 Å range. On the contrary, the systems suffer important distortions in order 
to reach the CI points and, interestingly, clear differences between the syn- and anti- 
isomers can be found in this case (see Fig. 4.4). Large geometrical changes seem to 
be concentrated in a small number of bonds, in contrast to the minor changes dis-
tributed along the whole molecule in the initial relaxation. At the (S0/S1)CI, the syn-
B18H22 molecule has a largely elongated B6-B5′ bond of Δd ~ 1.2 Å, as compared to 
the S0 equilibrium structure. On the other hand, three bonds of the anti-B18H22 sys-
tem undergo large elongations: B1′-B10′ (Δd ~ 0.9 Å), B2-B5′ (Δd ~ 0.7 Å) and B7-B5′ 
(Δd ~ 0.55 Å).
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The shape of the MOs is also helpful in the analysis of the geometrical changes. 
The relevant CASSCF MOs for the syn-isomer at the (S0/S1)CI geometry are shown 
in Fig. 4.5. They are mainly localized in the B6-B5′ connectivity and in the B5′-B10′ 

Fig. 4.4  Relevant B-B distances (Å) of (a) syn-B18H22 and (b) anti-B18H22 at the (S0/S1)CI point. 
Significant elongations are shown in wavy lines, and relevant contractions are shown as heavy lines

Fig. 4.5  Relevant CASSCF natural orbitals of the syn-B18H22 system at the (S0/S1)CI point. 
Occupation number within parenthesis (Reprinted with permission from Saurí et al. [60]. Copyright 
2013 American Chemical Society)
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bond. The relevant loss of occupation in the 56a MO (occupation number of 1.47), 
with a strong σ bonding character of the B6-B5′ bond, is in clear agreement with the 
large elongation of the bond.

In summary, only one B-B bond is elongated (more than 1.0 Å) in the syn- com-
pound while three B-B bonds are stretched (less than 1.0 Å) in the anti- isomer. This 
fact allow Londesborough et al. [59] to explain the existence of a S1 minimum along 
the PEH in the anti-B18H22 case and the higher difficulty to reach the CI, as com-
pared to the syn-isomer.

4.5  �Excited States in the New Polyhedral Substituted Borane 
4,4′-(SH)2-anti-B18H20

In the present section we illustrate how the introduction of SH groups in the struc-
ture of a molecule lead to new photophysical properties of the system. As described 
above, the syn- and anti-B18H22 boron compounds do not have significant phospho-
rescence emission, whereas intense fluorescence is observed in the anti- complex 
(φF = 0.97). This situation changes substantially when the positions 4 and 4′ of the 
boron clusters are thiolated (see Figs. 4.2 and 4.6) [60]. The photophysics of this 
new system and the corresponding interpretation is described in the following.

4.5.1  �Absorption

Table 4.1 compiles the CASPT2 vertical absorption energies of the 4,4′-(SH)2-anti-
B18H20 compound. Four relevant transitions from the ground state (11Ag) to the fol-
lowing excited states are predicted in the UV–vis region of the spectrum: 11Au 
(3.13 eV), 21Au (4.04 eV), 31Au (4.83 eV, not shown in Table 4.1) and 41Au (5.17 eV, 
not shown in Table 4.1). The computed oscillator strengths are 0.065, 0.196, 0.044 
and 0.528, respectively. It is important to remark that the 11Au (S1) state is 

Fig. 4.6  DFT optimized 
structure of 
4,4′-(SH)2-anti-B18H20
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dominated (85 %) by the one-electron promotion from the lone pair MO of the sul-
fur atoms to an anti-bonding MO delocalized over the boron cluster (see Ref. [60] 
for more information about the nature of the states). This process is obviously not 
possible in the non-substituted boranes due to the absence of thiol groups. According 
to the calculated energies and oscillator strengths, the two first theoretical values 
can be ascribed to the two experimental maximum bands recorded at 3.25 and 
3.92 eV. The 41Au state was safely assigned by Saurí et al. [60] to the intense experi-
mental band centred at 5.02 eV. Nevertheless, a weak 31Au state contribution to this 
band cannot be fully discarded.

In Table 4.1, the absorption properties of the thiolated system are compared with 
those of the non-substituted B18H22 complexes. As expected, the introduction of the 
SH functional groups modifies the electronic properties of the molecule, especially 
due to the presence of the lone pairs of the thiol group. This allows electronic transi-
tions at lower absorption energies. Hence, the S1 first excited state is placed at 
4.26 eV in the syn- isomer, at 3.93 eV in the anti- isomer and at 3.13 eV in the case 
of the 4,4′-(SH)2-anti- isomer. A significant difference is also found in the bright 
states of the systems. In the non-substituted complexes the bright state is S1, while 
in the 4,4′-(SH)2-anti-B18H20 it is the S3 state.

Discrepancies were also found by Saurí et al. [60] in the triplet state population. 
The first triplet state 13Au was predicted at 3.02 eV. Taking into account the low 
energy difference of 0.11 eV with the 21Au (S1) state and the significant SOC of 
2.92 cm−1 between them, triplet population is then expected at the FC region of the 
system. This is clearly in contrast to the low triplet population probabilities of the 
syn-B18H22 and anti-B18H22 molecules.

4.5.2  �Emission

The relevant PEHs computed for the 4,4′-(SH)2-anti-B18H20 are shown in Fig. 4.7. 
In the following lines the most probable pathway (but not the only possible) deter-
mined by Saurí et al. [60] will be described. After absorption of light and population 
of the bright S3 state, the authors assumed that the system decays to the S1 state via 
vibrational relaxation and the corresponding IC processes. Then, as in the anti-
B18H22 case, the system evolves towards the minimum of the S1 predicted at 
2.78 eV. The trapping of the molecule in this region allows two different processes: 
the radiative relaxation to the S0 ground state, which explains the registered experi-
mental fluorescence emission (see Te values in brackets, Table 4.1), and the popula-
tion of the T1 triplet state. The latter was unlikely in the anti-B18H22 molecule due to 
the large energy difference between S1 and T1. However, in the present system the 
energy difference is significantly lower (0.14 eV) and the calculated SOC is higher 
(3.37 cm−1). Thus, ISC processes are likely in the S1 minimum in addition to the FC 
region discussed above. The competition between the fluorescence and the ISC pro-
cesses is in agreement with the short fluorescence lifetime (0.94  ns) measured 
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experimentally. The observed transient absorption of long-lived species confirms 
the population of the triplet states in the 4,4′-(SH)2-anti-B18H20 compound.

Once the triplet states are populated, phosphorescence emission becomes possi-
ble. Such emission was unambiguously confirmed experimentally, recording a 
phosphorescence band with a maximum at 596 nm (2.08 eV). The value is in clear 
agreement with the predicted 1.97 eV vertical emission energy for the 13Au (T1) 
state (see Table 4.1).

Regarding the efficiency of the non-radiative decay, it is worth noting that huge 
barriers between the S1 minimum structures and the (S0/S1)CI (1.54 eV) or the (S0/
T1)ISC (1.95 eV) were predicted at the CASPT2//CASSCF level. Hence, these points 
are not likely involved in the main photochemistry of the new 4,4′-(SH)2-anti-B18H20 
compound.

4.5.3  �Geometrical Changes

As we did above for the photochemistry of the syn-B18H22 and anti-B18H22 com-
pounds, we briefly review here the most important geometrical distortions that take 
place after the absorption of light. The changes in the atomic coordinates are 

Fig. 4.7  Photophysics of the 4,4′-(SH)2-anti-B18H20 system. The reaction coordinate is different 
for the S1 (solid line) and the T1 (dashed line) states (Reprinted with permission from Saurí et al. 
[60]. Copyright 2013 American Chemical Society)

J.M. Oliva et al.



113

analogous to the anti-B18H22 molecule, now also having the possibility of the SH 
groups rotations. In the singlet manifold, the greatest changes take place at the CI 
region, and they break the symmetry of the molecule. The B8-B9 bond suffers a 
strong elongation of Δd ~ 1.36 Å, the B7-B8 connectivity is shortened Δd ~ −0.26 Å 
and the B1-B4-SH dihedral angle varies from 9.8 to 90.0°. In the triplet manifold, the 
most important distortions were predicted at the STC region. The B2′-B5′ and the 
B1′-B10′ bonds are stretched Δd ~ 0.49 and Δd ~ 0.79 Å, respectively. On the con-
trary, the B5′-B10′ connectivity is contracted by Δd ~ −0.21 Å. Such strong geometri-
cal distortions are the responsible of the energy increase of the molecule, causing 
the barriers for the non-emissive deactivation and allowing, in consequence, the 
fluorescence and phosphorescence phenomena of the molecule. The rest of molecu-
lar parameters remain approximately the same.

4.6  �Conclusions

In the present Chapter, we review the absorption and emission properties of the 
syn-B18H22, anti-B18H22, and 4,4′-(SH)2-anti-B18H20 boron complexes recorded 
experimentally and determined theoretically by Londesborough et  al. [59] and 
Saurí et  al. [60]. These compounds exhibit completely different photophysical 
behavior, which was rationalized on the basis of findings obtained with appropriate 
computational strategies and accurate theoretical methods. Figure  4.8 shows a 
schematic representation of the photophysics of the studied complexes, which shall 
be summarized here. First, a non-radiative relaxation is predicted for the syn-B18H22 
complex according to the barrierless main decay path that characterizes the bright 
excited state of the molecule from the FC geometry towards the CI with the ground 
state. This crossing point funnels the population to the ground state. Ultrafast 

Fig. 4.8  Schematic representations of the photophysics of the reviewed compounds
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non-emissive deactivation of the excited states is therefore the main photochemical 
feature of this compound. The scenario is totally different in the second compound, 
the anti-B18H22 isomer. A well-defined minimum on the PEH of the lowest-lying 
excited state traps the system in this area, favouring the fluorescence radiative 
mechanism. A relatively large energy gap between the singlet and triplet states in 
this area significantly reduces the population of the triplet state. Consequently, 
strong fluorescence and negligible phosphorescence is predicted for the anti-B18H22 
system. The third compound is the new 4,4′-(SH)2-anti-B18H20 complex. The thiol 
groups substituted at the 4 and 4′ positions of the complex tune the photophysics 
of the system, allowing the triplet population and thus increasing the efficiency of 
the phosphorescence emission process. Low-energy differences between the 
singlet and triplet states as well as significant SOCs at the excited state surface 
minimum explain the observed phosphorescence in the 4,4′-(SH)2-anti-B18H20 
complex. Therefore, fluorescence and phosphorescence processes compete in the 
deactivation of the excited states.

The studies reviewed in the present Chapter provide clear evidence of the impor-
tant role of computational chemistry in the understanding of photophysical and pho-
tochemical phenomena. Even though direct comparisons with the experimental 
findings are still far from being possible due to the difficulties found to treat accu-
rately the solvent effects and the large demands of time and CPU to evaluate dynam-
ical aspects, the quantum chemistry of the excited state provides currently 
computational tools able to determine the main decay paths of excited molecules. 
As shown in the studies of this Chapter, differences in the absorption and emission 
spectra can be clearly interpreted. Thus, the analysis performed at the molecular 
level allows determining the structural and chemical origin of the different photoin-
duced behavior. Apart from the interpretation of experimental data, the quantum 
chemistry of the excited state is able to predict interesting properties in well-known 
molecules and also in new systems. Hence, the theoretical findings can motivate 
new ideas and encourage development of new experiments.
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Chapter 5
Deconvoluting the Reaction Path from B10H14 
Plus BH4

− to B12H12
2−. Can Theory Make 

a Contribution?

Michael L. McKee

Abstract  Reactions of boron hydrides can involve many competing pathways and 
intermediates. One example is the reaction of the borohydride anion BH4

− with 
decaborane(14) B10H14 to form the dodecaborohydride dianion (B12H12

2−). 
Presumably, the reaction involves the addition of two BH4

− anions and the elimina-
tion of five hydrogen molecules. Gas phase optimizations at the B3LYP/6-31G(d) 
level followed by implicit solvation modeling with CPCM (Conductor-like polar-
ized model) are used to provide insights into the reaction mechanism.

5.1  �Introduction

The field of boron chemistry is very broad [1–7]. In contrast to organic chemistry, 
reaction mechanisms can be very complex because there is often little energy differ-
ence between various intermediates and transition states [8–13]. Nevertheless, great 
progress has been made understating the reaction mechanisms of boron hydrides 
and related carboranes [14–21]. For example, the carboranes C2BnHn + 2, n = 5–10 are 
often formed with the carbon atoms adjacent to each other but can rearrange to more 
thermodynamically stable carboranes where the carbon atoms are further apart. The 
mechanism may involve different rearrangement steps such as the diamond-square-
diamond (DSD) step. In the DSD step two fused triangles go through a square tran-
sition state and continue to two fused triangles where the originally non-adjacent 
vertices become bonded in the product. One or more DSD steps can occur concur-
rently. When two DSD steps occur at the same time, the step can be view as “local 
bond rotation” [17]. Other mechanistic steps are terminal-bridge-terminal hydrogen 
migration as well as a hinge or flip step. Some rearrangements can be viewed as 
nonclassical-classical-nonclassical (or closo-nido-closo) steps where the bonding 

M.L. McKee (*) 
Department of Chemistry and Biochemistry, Auburn University, Auburn, AL 36949, USA
e-mail: mckeeml@auburn.edu

mailto:mckeeml@auburn.edu


122

environment around a boron center changes from three-center two-electron to two-
center two-electron with an empty orbital on one boron atom.

Decaborane(14) B10H14 is a stable boron hydride that serves as the starting mate-
rial for the synthesis of many boron-containing compounds [22–26]. An alkali 
metal borohydride can react with B10H14 to form the dodecaborohydride dianion 
plus five hydrogen molecules in refluxing diglyme (160 °C) [2]. There is some evi-
dence for the B11H14

− anion as an intermediate, but the mechanism is still a complete 
mystery. Other boron hydride dianions can possibly be formed, such as B11H11

2− or 
B10H10

2− (Eqs. 5.1, 5.2 and 5.3). It is interesting

	 B H BH B H H10 14 4 12 12
2

22 5+ → +− −
	 (5.1)

	 B H BH B H BH H10 14 4 11 11
2

3 22 4+ → + +− −
	 (5.2)

	 B H BH B H BH H10 14 4 10 10
2

3 22 2 3+ → + +− −
	 (5.3)

to note that Štíbr and co-workers have recently shown [27] that the 
C2B8H12 → C2H8H10 nido → closo transformation can take place. This process is iso-
electronic to a B10H14 → B10H10

2− transformation (see Eq. 5.3).
The reaction steps with the largest activation barriers involve the loss of molecu-

lar hydrogen. All other steps have much lower barriers. In mapping out the potential 
energy surface, a search was made for the lowest-energy barrier for H2 loss. From 
these transition states, the connected reactant and product structures were found. 
These intermediates were then connected together (via other transition states) in a 
time-consuming process that involved exploring many possibilities. In comparing 
different steps in the reaction mechanism, a comparison of free energy barriers in 
solution alone is not sufficient to decide on the preferred pathway. In many cases, 
there is competition between a unimolecular step and a bimolecular step. While it is 
likely that the H2-elimination steps are irreversible, the addition/elimination of BH4

− 
and or BH3 may be reversible. The concentration of BH4

− will depend on the initial 
reaction conditions. In contrast, any BH3 will be coordinated to the solvent and its 
concentration may be dependent on many different competing reactions. For five 
reaction steps, no enthalpic barrier could be located for the addition of BH3 to an 
intermediate (see steps with “No TS” label in Fig. 5.1). The most likely path through 
the reaction steps is shown by the outlined arrows in Fig. 5.1.

5.2  �Computational Details

Geometries were optimized at the B3LYP/6-31G(d) level using the Gaussian 09 
program system [28]. While the 6-31G(d) basis set is small by modern standards, 
the basis set allows extensive searching of the potential energy surface while at the 
same time providing reasonable geometries and relative energies of structures in a 
variety of different bonding environments. Vibrational frequencies are used to 
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compute zero-point and thermal corrections to 298 K. In order to estimate free ener-
gies in refluxing diglyme, the T∆S term was computed at 433 K (160 °C). Implicit 
solvation was modeled with the CPCM method with Pauling radii [29, 30]. The 
Pauling radii were found to give more accurate solution free energies for the boron 
hydride dianions at the B3LYP/6–311 + G(2d,p) level of theory [28]. Free energies 
at 160 °C in diethyl ether were computed using Eq. 5.4.

	 ∆ ∆ ∆G diglyme K G g K G solv DEE diethylether( , ) ( , ) ( , )433 433≈ + = 	 (5.4)

The experimental solvent was diglyme (2-methoxyethyl ether, 
RCH2CH2OCH2CH2R, R = OCH3) with a boiling point of 162 °C and a dielectric 
constant of 7.30. Because solvent parameters were lacking for diglyme, the CPCM 
method used parameters for diethyl ether (RCH2CH2OCH2CH2R, R = H) which has 
a dielectric constant of 4.24.

Most transition states were located in the gas phase; solvation effects were 
included via single-point energy calculations. However, locating three transition 
states required using explicit solvation in the geometry optimization. These transi-
tion states were the addition of BH4

− to a boron hydride anion. In the gas phase, the 
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9.5 43.0 -0.7 46.1 -8.8

35.7

-11.5 41.6 -17.3

13.0

-96.1

33.2 69.7 -7.5 44.3 -16.6

39.4 67.7 -7.8

B11H15
2- -H2

+BH4
-

29.029.1A1
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Fig. 5.1  Summary of all reaction steps in the reaction of B10H14 + 2 BH4
− to B12H12

2− + 5 H2. The 
numbers below each species are the free energy in solvent at 433 K relative to B10H14 + 2BH4

− in 
kcal/mol. The numbers beside arrows are free energies of transition states relative to the same 
reference. As the reaction proceeds, five successive hydrogen molecules are lost (H2#1 – H2#5)
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barrier is quite high due to the electrostatic repulsion of the two fragments. In 
solution, the repulsion is screened by the solvent. In addition, the solvation free 
energy of the dianion product is greater than the sum of the solvation free energies 
of the two reactants.

5.3  �Results and Discussions

The broad variations in the proposed mechanism will be presented first followed by 
a closer analysis of the various steps (Eqs. 5.5a, 5.5b, 5.5c, 5.6a, 5.6b, and 5.6c). In 
the scheme below (see Fig. 5.1), the various H2 molecules released are numbered 
from #1 to #5.

	 B H B H H10 14 10 12 2 1→ + (# ) 	 (5.5a)

	 B H BH B H B H H10 12 4 11 16 11 14 2 2+ → → +− − − (# ) 	 (5.5b)

	 B H BH B H B H H H10 14 4 11 18 11 14 2 21 2+ → → + +− − − (# ) (# ) 	 (5.5c)

	 B H BH B H B H H H H11 14 4 12 18
2

12 12
2

2 2 23 4 5− − − −+ → → + + +(# ) (# ) (# ) 	 (5.6a)

	 B H B H H11 14 11 12 2 3− −→ + (# ) 	 (5.6b)

	 B H BH B H B H H H11 12 4 12 16
2

12 12
2

2 24 5− − − −+ → → + +(# ) (# ) 	 (5.6c)

The reaction scheme is quite complex with a large number of variations. In the 
actual reaction, the B12H12

2− reaction product is likely formed via multiple path-
ways, where the amount of product depends on the bottlenecks along the various 
pathways. The intermediates which are considered in this study are listed in Table 
5.1. The various steps in the pathway will be differentiated by letters and numbers 
(see Scheme 5.1). Steps going from “1” to “2” to “3” will involve the elimination of 
H2. Steps from “A” to “B” to “C”, etc. will involve the addition of BH4

− or the loss 
of BH3. A small letter “a”, “b”, etc. designates isomers/conformers of the same spe-
cies. For example, the reaction A1 → A2 (through transition state TSA1/A2) is the 
loss of H2 from B10H14 to form B10H12. Likewise, the A1 → B1 step (through transi-
tion state TSA1/B1) is the addition of BH4

− to form B11H18
−. Some of the pathways 

involve rearrangements such as B3a/B3c/B3d/B3e/B3f which involves rearrange-
ments on the B11H14

− potential energy surface. Despite considerable effort, it cannot 
be guaranteed that the lowest-energy pathway has been found. The overall scheme 
is presented in Fig. 5.1, and thermodynamic properties are presented in Table 5.2. 
The suggested lower-energy pathways are shown by outlined arrows in Fig. 5.1. The 
species with enhanced thermodynamic stability are B10H14, B10H13

−, B11H14
−, 

B10H12
2−, B10H10

2−, B11H11
2−, and B12H12

2−. In the discussion below, various parts of 
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the reaction pathways are illustrated (see Scheme 5.2 for a guide to which reaction 
steps are illustrated in which figures). The reaction steps with the largest activation 
barriers all involve elimination of H2.

The initial step is either elimination of H2 from B10H14 (A1 → A2) or addition of 
BH4

− to B10H14 (A1 → B1). If the first step is elimination of H2, the product is B10H12 
which can be viewed as a doubly protonated closo B10H10

2− boron hydride dianion 
(Fig. 5.2). The symmetrical elimination of two bridging hydrogen atoms (A1 → A2b) 
is very similar to the loss of H2 from B4H10 where the lowest energy transition state 
has Cs symmetry [15]. However, in a slightly lower energy process, two nonadjacent 
bridging hydrogen atoms can be lost to form an intermediate (A1 → A2a) in a non-
spontaneous reaction (∆G(DEE, 433 K) = 29.1 kcal/mol). A transition state, which 
converts bridge and terminal hydrogen atoms, produces another intermediate 
(A2a → A2b). The indirect formation of A2b from A1 has a 56.2 kcal/mol free 
energy barrier, 2.1 kcal/mol lower than the direct pathway. From A2b, a lower bar-
rier (TSA2b/A2e) exists to A2e which corresponds to the lowest-energy form of 
doubly protonated B10H10

2−. The lowest-energy transition state for loss of H2 from 
B10H12 requires some rearrangement of B10H12; specifically, 
A2b → A2c → A2d → A3a + H2 where A2d is a B10H10/H2 complex.

Loss of H2 from B10H14 has a very high free energy barrier, which is consistent 
with the known stability of B10H14. The lowest-energy transition state (TSA1/B1, 
Fig. 5.3) for addition of BH4

− to B10H14 involves the approach of BH4
− to one of the 

Table 5.1  Notation (and Literature References) of various species with the number of isomers 
considered in parentheses

Ref. Ref. Ref. Ref.

A1 B10H14 A2(5) B10H12 [31] A3(2) B10H10 [32]
B1 B11H18

− B2(4) B10H16
− B3(6) B11H14

− [33–39] B4 B11H12
− [40]

C1 B10H15
− C2 B10H13

− [41–44] C3 B10H11
− [45, 46]

D1(2) B12H16
2− D2(4) B12H14

2− D3 B12H12
2− [23]

E1(3) B11H15
2− E2 B11H13

2− E3 B11H11
2− [24]

F1(2) B10H12
2− [47, 

48]
F2 B10H10

2−

(a) On going from A1 to A2, or B3 to B4, etc., a hydrogen molecule is eliminated
(b) Species with enhanced stability are B10H14, B10H13

−, B10H12
2−, B11H14

−, B10H10
2−, B11H11

2−, and 

B12H12
2−

A B C D E F+BH4
- -BH3

+BH4
-

-BH3

+BH4
-

-BH3

Scheme 5.1  Steps 
involving loss of BH4

2− or 
addition of BH3
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Table 5.2  Solvation Free Energies in Diethyl ether (DEE), Relative Energies, Relative Enthalpies 
(0 and 298 K), Relative Free Energies (g, 298 K), and Relative Free Energies (DEE, 433 K) in kcal/
mol Relative to B10H14 plus 2 BH4

−

∆G(sol) ∆E
∆H  
(0 K)

∆H  
(298 K)

∆G(g)  
(298 K)

∆G(DEE)  
(433 K)

H2 1.00
BH4

− −47.77
BH3 1.07
A1 B10H14 7.29 0.0 0.0 0.0 0.0 0.0
TSA1/A2b 7.52 67.0 60.3 61.3 58.1 58.3
A2b 7.78 50.3 40.7 43.3 27.8 29.3
TSA2b/A2c 7.93 54.1 43.9 46.1 31.8 33.5
A2c 9.66 53.8 45.5 47.7 33.3 36.7
TSA2c/B2a −22.38 36.6 29.9 31.7 29.9 49.0
TSA1/A2a 6.12 64.0 58.6 59.0 57.3 56.2
A2a B10H12 9.21 47.6 38.7 41.1 26.2 29.1
TSA2a/A2b 9.03 67.0 55.6 58.1 42.9 45.6
TSA2b/A2e 8.34 51.3 41.0 43.1 29.0 31.0
A2e 9.96 38.3 29.2 31.6 16.9 20.6
TSA2c/A2d 10.06 58.9 48.5 50.7 36.6 40.4
A2d 4.67 53.0 43.6 45.8 31.8 30.2
TSA2d/A3a 5.36 72.3 59.8 62.5 47.3 46.4
A3a B10H10 6.54 66.9 51.6 56.0 27.8 29.0
TSA3a/A3b 9.58 78.9 61.4 65.9 37.2 41.5
A3b 10.96 60.5 45.4 49.4 23.3 29.0
TSA1/B1 −27.89 3.5 2.6 2.7 11.8 24.4
B1 B11H18

− −12.02 −23.3 −21.7 −21.6 −11.4 17.1
C1 B10H15

− −16.45 −13.5 −14.4 −13.9 −15.6 9.5
TSC1/C2 −18.42 25.3 21.0 21.5 19.8 43.0
C2 B10H13

− −18.63 −6.3 −12.7 −10.7 −24.6 −0.7
TSC2/C3a −17.65 44.9 34.0 36.7 21.2 46.1
TSB1/B2a −14.38 14.3 12.5 12.6 23.3 49.4
B2a −13.97 −18.0 −21.7 −20.2 −21.1 6.4
TSB2a/B2b −14.39 −3.6 −9.2 −7.6 −8.6 18.5
B2b −14.42 −23.2 −26.5 −25.0 −25.5 1.6
TSB2b/B2c −13.48 −13.3 −17.4 −16.3 −15.7 12.3
B2c B11H16

− −15.54 −26.5 −28.9 −28.1 −25.7 0.2
TSB2c/B2d −15.91 −21.9 −25.0 −24.5 −21.4 4.2
B2d −14.48 −24.0 −26.1 −25.4 −22.8 4.2
TSB2d/B3a −15.99 20.2 14.3 15.3 17.2 42.7
B3a −16.26 −7.3 −16.6 −14.3 −24.0 2.3
TSB3a/B3b −16.88 −5.1 −15.7 −13.4 −22.8 2.8
B3b B10H14

− −17.2 −43.5 −51.1 −49.1 −58.0 −32.7
TSA3a/B3c −14.66 4.1 −10.2 −8.0 −17.7 10.1

(continued)
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Table 5.2  (continued)

∆G(sol) ∆E
∆H  
(0 K)

∆H  
(298 K)

∆G(g)  
(298 K)

∆G(DEE)  
(433 K)

B3c −12.98 −9.6 −20.8 −17.3 −31.9 −2.4
TSB3c/B3d −13.03 9.5 −3.6 −0.1 −14.3 15.2
B3d −12.81 1.8 −9.9 −6.3 −20.9 8.8
TSB3d/B3e −14.02 9.0 −4.1 −0.4 −16.1 12.4
B3e −13.03 −1.8 −13.3 −9.8 −24.1 5.3
TSB3e/B3f −14.10 26.5 14.7 17.9 5.3 33.7
B3f −16.27 −7.3 −16.6 −14.3 −23.9 2.3
TSB3f/B3b −16.88 −5.1 −15.7 −13.4 −22.8 2.8
TSB3b/B4 −17.06 13.6 1.8 4.2 −5.5 19.9
B4 B11H12

− −16.17 −27.6 −41.3 −37.5 −59.1 −31.8
TSB4/D1a −100.92 36.4 23.7 27.1 18.0 8.4
D1a −101.15 20.3 9.5 12.7 4.4 −5.5
TSD1a/D1b −101.78 24.9 12.7 15.9 7.9 −2.6
D1b B12H16

2− −101.72 15.5 4.7 8.0 −1.0 −11.5
TSD1b/D2a −100.81 73.0 57.0 60.7 51.1 41.6
D2a B12H14

2− −101.89 26.5 9.0 14.5 −7.7 −17.3
TSD2a/D2b −103.11 42.0 24.3 29.1 9.3 −1.6
D2b −104.52 40.4 23.8 28.6 9.1 −3.2
TSD2b/D2c −107.06 51.7 34.1 38.3 20.6 5.8
D2c −107.46 43.3 27.0 31.3 13.5 −1.7
TSD2c/D2d −107.36 44.2 27.0 31.0 13.9 −1.2
D2d −107.34 31.7 16.3 20.4 2.9 −12.2
TSD2d/D3 −110.51 63.1 44.9 49.2 31.2 13.0
D3 B12H12

2− −111.14 −36.0 −55.2 −49.9 −78.3 −96.1
C3a B10H11

− −18.17 10.8 −3.2 0.7 −26.1 −0.7
TSC3a/C3b −18.10 18.5 3.6 7.6 −19.3 6.2
C3b −18.41 3.7 −11.0 −7.0 −33.9 −8.8
TSC3b/E1a −103.21 70.6 58.3 61.8 47.5 35.7
E1a −101.74 66.4 54.7 58.4 43.6 33.2
TSE1a/E1b −101.85 71.3 58.0 61.8 46.5 35.9
E1b B11H15

2− −101.89 68.5 56.7 60.5 45.0 34.4
TSE1b/E1c −105.42 77.5 66.4 69.5 56.9 42.8
E1c −108.04 67.7 57.9 60.8 49.4 32.7
TSE1c/E2 −108.22 109.0 95.6 98.8 86.6 69.7
E2 B11H13

2− −113.68 45.1 31.4 35.1 13.9 −7.5
TSE2/E3 −112.48 102.3 82.8 87.1 64.5 44.3
E3 B11H11

2− −114.35 53.7 33.2 39.1 4.4 −16.6
F1a B10H12

2− −115.00 99.6 85.4 89.6 62.0 39.4
TSF1a/F1b −114.74 102.9 87.6 91.7 64.2 41.9
F1b −115.35 98.1 83.8 88.1 60.2 37.2
TSF1a/F1c −115.32 108.2 92.4 96.6 68.8 45.8

(continued)
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boron atoms. In the transition state, the H atom of BH4
− is 2.17 Å from a boron 

center; in the product (B1), the terminal hydrogen is converted into a bridging 
hydrogen (Fig. 5.3). B1 can either lose H2 to form B11H16

− (B2a) or lose BH3 to form 
B10H15

− (C1).
The neutral B10H10 is an example of a hypercloso boron hydride [49]. A3a and 

A3b have almost the same energy (Fig. 5.4). However, A3a is very interesting in 
that one boron atom does not have a terminal hydrogen. Thus, this species is well 
set up to add BH4

− (TSA3a/A3b) to form B11H14
−. In the reaction of B10H14 plus 

Table 5.2  (continued)

∆G(sol) ∆E
∆H  
(0 K)

∆H  
(298 K)

∆G(g)  
(298 K)

∆G(DEE)  
(433 K)

F1c −115.56 96.7 83.2 87.2 60.7 37.5
TSF1b/F2 −117.86 133.5 116.5 120.7 93.2 67.7
F2 B10H10

2− −119.00 68.5 49.7 55.2 17.8 −7.8

(a) Energy at the B3LYP/6-311 + G(2d,p)//B3LYP/6-31G(d) level
(b) Solvation at the CPCM with parameters for diethyl ether (DEE) as a substitute for diglyme with 
special keywords”cav, rep, disp” to compute solute-solvent dispersion interaction energy, solute-
solvent repulsion energy, and solute cavitation energy, respectively
(c) Zero-point energy and heat capacity (integrated to 298 K) and entropy at the B3LYP/6-31G(d) 
level
(d) Enthalpies in kcal/mol (relative to B10H14 + 2BH4

−) at 298 K computed with zero-point and 
thermal corrections
(e) Free energies in kcal/mol (relative to B10H14 + 2BH4

−) from ∆H(298 K) – T∆S where T = 433 K 

and solvation free energy computed at the CPCM(diethylether)/B3LPY/6-311 + G(2d,p) level

Reaction Sequence

A1 A2 Figure 2

A1 B1 B2 Figure 3

A2 A3 Figure 4

A2 B2 Figure 5

B2 B3 Figure 6

C1 C2 Figure 7

B3 B4 D1 Figure 8

D1 D2 D3 Figure 9

E2 E3 Figure 10

E1 F2 Figure 11

→

→ →

→

→

→

→

→ →

→

→

→

→

Scheme 5.2  Guide to 
which figure describes 
which reaction sequence
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Fig. 5.2  Reaction pathway from B10H14 to B10H12 + H2 (A1 → A2)

Fig. 5.3  Reaction pathway from B10H14 + BH4
− to B10H18

− + H2 and loss of H2 from B10H18
− to 

B10H16
− (A1 → B1 → B2)

5  Deconvoluting the Reaction Path from B10H14 Plus…
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BH4
−, this pathway is not visited due to the very high barrier for H2 loss from B10H14 

compared to the barrier for addition of BH4
− (TSA1/B1). B10H12 (A2b) can rear-

range to a species where one boron center lacks a terminal hydrogen (A2c, Fig. 5.5). 
This species can add BH4

− (TSA2c/B2a) where the adding H atom of BH4
− is 2.58 Å 

from the boron center. The free energy barrier for A2c → TSA2c/B2a is only 
12.3 kcal/mol but it must be added to the already high free energy of A2c to give a 
free energy relative to reactants (B10H14/2BH4

−) of 49.0 kcal/mol (Fig. 5.5).
In steps, the external BH3 of B2a can fuse into the molecular framework 

(B2a/B2b/B2c/B2d) with little change in stability (Fig. 5.6). B2d then loses H2 to 
form B3a and then B3b (Fig. 5.6). B11H14

− (B3b) is a well-studied species [33–39] 
which is known to be double bridged in the open five-membered ring. The preferred 
route to B11H14

− (B3b) is to add BH4
− to B10H14 and lose BH3 to form B10H15

− (C1). 
C1 can lose H2 to form C2 and lose another H2 to form B10H11

− (C3a) (Fig. 5.7). 
B11H14

− (B3b) can then be formed from C3b by the addition of BH3 which occurs 
with a very small activation barrier. The transition state free energy for this BH3-
addition step is estimated as the energy of B3c (not shown) which is a higher-energy 
isomer of B11H14

− with a BH3 coordinated to a hydrogen atom.

Fig. 5.4  Reaction pathway from B10H12 to B10H10 + H2 (A2 → A3)

M.L. McKee
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From B11H14
− (B3b) another H2 is lost (via TSB3b/B4) to form B4 (B11H12

−, Fig. 
5.8). The addition of BH4

− to B11H12
− (via TSB4/D1a) has a much larger free energy 

barrier than other BH4
− addition steps and the H atom of BH4

− approaches a boron 
center much more closely (1.87 Å) in the transition state (Fig. 5.8). D1b is formed 
from D1a (Fig. 5.8), which then eliminates the fourth H2 molecule to form D2a (via 
TSD1b/D2a, Fig. 5.9). D2a, in a series of steps, incorporates the exterior BH3 into 
the cage framework (D2a → D2b → D2c → D2d). The last H2 elimination step has a 
small free energy barrier (TSD2d/D3, 25.2 kcal/mol, Fig. 5.9). No doubt the loss 
of H2 is facilitated by the very large increase in stability of the B12H12

2− (D3) 
product.

Figure. 5.10 illustrates the elimination of H2 from B11H13
2− (E2) to form B11H11

2− 
(E3). This pathway may also be active in the B10H14 plus BH4

− reaction. Indeed E3 
can add BH3 without barrier to form D2a, which can then easily form B12H12

2− (D3). 

Fig. 5.5  Reaction pathway from B10H12 + BH4
− to B11H16

− (A2 → B2)

5  Deconvoluting the Reaction Path from B10H14 Plus…
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Fig. 5.6  Reaction pathway from B11H16
− to B11H14

− + H2 (B2 → B3)

Fig. 5.7  Reaction pathway from B10H15
− to B10H13

− + H2 (C1 → C2)

M.L. McKee



Fig. 5.8  Reaction pathway from B11H14
− + BH4

− to B12H16
2− + H2 (B3 → B4 → D1)

Fig. 5.9  Reaction pathway from B12H16
2− to B12H14

2− + H2 and loss of H2 to B12H12
2− (D1 → D2 → D3)
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Volkov reported [24] that the B11H11
2− dianion and an adduct of BH3 could be trans-

formed into B12H12
2− at 130 °C (Eq. 5.7).

	 B H BH NEt B H H11 11
2

3 3 12 12
2

2
− −+ → +( ) 	 (5.7)

Figure. 5.11 illustrates the formation of B10H12
2− (F1a) by elimination of BH3 

from B11H15
2− (E1a). The elimination of H2 from B10H12

2− takes place from F1b 
which is reached by TSF1a/F1b. The free energy of the H2-elimation transition 
state (TSF1b/F2) is very high (67.7 kcal/mol) which blocks formation of B10H10

2− 
(F2) in the reaction even though the species is a well-known stable boron hydride 
dianion. The experimentally known B10H12

2− structure [47, 48] is F1c which is 
reached from F1a via TSF1a/F1c. The solvation free energies of F1b and F1c are 
within 0.3 kcal/mol of each other (F1b (37.2), F1c (37.5 kcal/mol)).

Depending on the reaction conditions (temperature, counterion, etc.), different 
products of the reaction of B10H14 with BH4

− have been reported. For example, 
Volkov and Paetzold reported [38] formation of B11H14

− or B10H13
− based on NMR 

evidence (Eqs. 5.8 and 5.9). This suggests that the reaction to B12H12
2− may go 

through B10H13
− (C2) and B11H14

− (B3) as intermediates.

Fig. 5.10  Reaction pathway from B11H13
2− to B11H11

2− + H2 (E2 → E3)
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	 B H BH B H H10 14 4 11 14 22+ → +− −
	 (5.8)

	 B H BH B H H B H10 14 4 10 13 2 2 60 5+ → + +− − . 	 (5.9)

5.4  �Conclusions

The above calculations suggest a particular sequence of reactions that describe a 
plausible mechanism for the formation of B12H12

2− from B10H14 and BH4
−, subject to 

the limited sampling of chemical space. In fact, it is very likely that many compet-
ing paths are simultaneously active. The progress of the reaction is likely controlled 
by the H2 elimination steps since these reaction steps have very high activation bar-
riers and the reverse barriers are bimolecular reactions.

The investigation of the reaction mechanisms involving boron hydrides and car-
boranes present significant difficulties due to the large number of intermediates 
which are often not identified. Computational chemistry can contribute by mapping 
out pathways to the known intermediates and products that have greater stability. If 

Fig. 5.11  Reaction pathway from B11H15
2− to B10H10

2− + H2 (E1 → F2)

5  Deconvoluting the Reaction Path from B10H14 Plus…
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branching ratios are in agreement with known products, that provides support for 
the existence of the unknown intermediates. The reaction of B10H14 with BH4

− can 
form B12H12

2− in boiling diglyme and long reaction times. The pathways explored in 
the present study presents a reasonable mechanism for the formation of B12H12

2−. 
The mechanism goes through B10H13

− and B11H14
− intermediates which are known to 

be formed in the reaction under different conditions.

Acknowledgments  The Alabama Supercomputer Center is acknowledged for a generous alloca-
tion of computer time.
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    Chapter 6   
 Big Borane Assemblies, Macropolyhedral 
Species and Related Chemistry       

       John     D.     Kennedy    

    Abstract     Structural and behavioral chemistries based on carbon hydrides are 
extensive. It can be argued that chemistries based on boron hydrides are in principle 
similarly extensive. Molecular chemistry based on boron-hydrides is characterised 
by cluster formation, and has been dominated by work on single-cluster compounds. 
For an extensive ‘big molecule’ chemistry based on boron hydrides – one that rivals 
the extent of chemistry based on carbon hydrides – a chemistry that is based on the 
intimate fusion of single-cluster borane-based entities, to generate so-called ‘mac-
ropolyhedral’ species, has developed. In contrast to carbon-based chemistry, and 
thence with no natural feedstocks available, boron-containing cluster chemistry is 
entirely a human- made creation, and so the area necessarily progresses by explor-
atory experimental chemistry augmented more recently by computational 
approaches. This chapter attempts to offer a perspective on aspects of the fi eld of 
larger borane-based molecular compounds from the approach of preparative and 
pragmatic bench science, and, in accord with the general theme of this volume, 
points out areas in which calculational chemistry has played a role and in which 
useful future roles can be envisaged. Following from the initial elucidation – now 
more than about thirty years ago – of most of the basic binary boron-hydride macro-
polyhedrals, an emphasis is placed on subsequent work which has largely been 
concerned with metallaboranes, thiaboranes and metallathiaboranes, as well as very 
intimately fused globular ‘megaloborane’ entities.  

    It is often upheld that, of all the elements, only carbon uniquely has the ability to 
form extensive series of stable hydrides. The basic carbon hydride structural units – 
alkanes, alkenes and alkynes and aromatic rings – can and do join together to result 
in countless numbers and varieties of what are essentially extended stable networks 

 A perspective on aspects of larger-boranes chemistry from the point of view of preparative and 
pragmatic bench chemistry. 
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of atoms joined by two-electron two-center  sigma -bonds involving  sp  3 ,  sp  2  or  sp  
hybridized carbon atoms, generally augmented in the last two cases by  pi  - bonding. 
Electron-rich main-group elements of the nitrogen and oxygen groups also can and 
also do become involved, overall resulting in a vast and fascinating variety of car-
bon-based chemistry – organic chemistry. Utilizing this carbon-based chemistry, 
and basic inorganic units such as phosphates, and inorganic phenomena such as 
hydrogen-bonding and the fl exible oxidation states of metallic elements, life on 
Earth in all its varieties and complexities has evolved; one consequence of this is 
that Nature has revealed not only the variety of structuralities and functionalities 
available in carbon-hydride- based chemistry, but it also provides feedstocks for the 
examination of these phenomena, as well as suggesting ways in which intelligent 
humans can develop or exploit them. 

 Not so generally appreciated is that that boron, carbon’s preceding nearest- 
neighbor in the Periodic Table, can also form extensive series of stable hydrides – 
the boranes. As with the carbon hydrides, other main-group non-metallic elements 
can be involved, to yield heteroboranes, for example SB 11 H 11  and the very stable and 
very well-known trio of C 2 B 10 H 12  isomers, and transition-element and main-group 
metallic centers can also be incorporated to generate metallaboranes and metalla-
heteroboranes. The basic structural units that characterize the resulting boron- 
containing cluster compounds are based on open or closed triangulated deltahedral 
single clusters and cages, generally containing three or more boron atoms. The clus-
ter vertices are defi ned by the positions of the boron and the hetero atoms, with the 
hydrogen atoms generally bound around the cluster periphery. There is a tremen-
dous variety of boranes, heteroboranes, and metallaboranes known which have clus-
ter sizes of between 2 and 13 vertices. In contrast to the two-electron two-center 
sigma-bonding networks that characterize much of carbon hydride chemistry, the 
formation of the cluster compounds of the boron hydrides is governed and charac-
terized by multicenter bonding. 

 This last is well demonstrated by the simplest borane, B 2 H 6 . A simplistic repre-
sentation of the bonding (schematic  1 ) shows that the boron atoms are held together 
by two two-electron three-center BHB bonds. Addition of two electrons enables the 
resulting [B 2 H 6 ] 2−  dianion to adopt an ethane-like structure; now only one two- 
electron bond holds the boron atoms together (schematic  2 ); interestingly, therefore, 
addition of electrons reduces the bonding between the boron atoms by removing a 
bonding orbital from the cluster proper. This is a general polyhedral borane 
characteristic.

   1   2   
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    With higher boranes the multicenter bonding schemes become more complex. A 
‘localized’ bonding scheme, as pioneered by Lipscomb, often used for the  arachno  
decaborane dianion [B 10 H 14 ] 2− , is given in structure  3 . Here in the B(2,5,6,7) and 
B(4,8,9,10) regions ‘partial three-center bonding’ is invoked because individual 
localized structures  3 A  and  3 B  do not mimic the two-fold symmetry of the mole-
cule, and so a partial three-center bonding as in  3  is invoked to account for this, 
being regarded as the hybrid of the two canonical forms  3 A  and  3 B .

   3   

     3 A 3 B   

    With more symmetrical species the partial three center bonding approach is sub-
sumed by schemes that are necessarily more delocalized. For example, for nido - 
B  5  H  9   the localized two- and three-center bonding of structure  4 A  does not refl ect 
the molecular  C  4  v  square-pyramidal geometry; the average of four canonical forms 
is then better represented by  4 B  in which the hatched circle represents a symmetri-
cal six-electron quasi-aromatic system linking the BH(1) vertex to the four basal 
boron atoms.

   4 A 4 B   
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    There are increasing diffi culties in preparing boron-containing single cages with 
increasingly more than 12 vertices: beyond 15 vertices or so, syntheses become very 
diffi cult. For the potential extent of borane-based cluster chemistry to even approach 
a rivalling of the extent of carbon-based chemistry, a big borane chemistry needs to 
be developed. Such a development implies that means must be sought to link single 
boron-containing clusters together. This can be accomplished by simply linking 
individual cluster units together using simple two-center  sigma  bonds (schematic  5 ) 
or more elaborate  sigma -bonded linkages of types familiar from carbon-based 
chemistry ( e.g.  schematic  6 ), but this cannot signifi cantly change the known chem-
istry of the single clusters.

   5 6   

    More intellectually and synthetically challenging, and necessary to develop the 
chemistry into truly novel discovery areas with unprecedented and unpredicted 
properties and behavior, is to consider molecular assemblies in which individual 
single clusters may be regarded as being more intimately joined together,  i.e.  fused 
such that the covalent multicenter bonding characteristics typical of the boranes, as 
mentioned above for the  nido -B 5 H 9  and the [ arachno -B 10 H 14 ] 2−  anion, extend 
through and are part of the intercluster conjunction. Such fused cluster species have 
become known as ‘macropolyhedral’ species, a term fi rst coined in the early 1980s 
[ 1 ,  2 ]. The individual clusters are thence no longer separate entities; rather, they can 
be regarded as ‘fused’ with one, two, three, or more atoms held in common at the 
point of fusion. Unlike carbon-hydride chemistry, for which Nature has been most 
helpful not only in revealing what types of larger carbon-based structures may be 
available, but also in pointing the way to new targets, boron-containing cluster 
chemistry is a completely man-made creation, so that experimentation is required to 
reveal the types of intercluster fusion modes and macropolyhedral cluster assem-
blies that may be available. In this quest, theoretical calculations, both to  substantiate 
and augment experimental results, and to explore potential new avenues based on 
reasonable extrapolations from known structural and behavioral motifs, have a cur-
rently increasingly important role (see other chapters in this Volume). 

 An initial perception by Williams [ 3 ,  4 ] recognised that the structures of polyhe-
dral boron-containing species could be largely interpreted in terms of patterns set by 
 (a)  a set of  closo  compounds [B  n  H  n  ] 2−  that had skeletons that are closed deltahedral 
polyhedra of highest symmetry,  (b)  a set of  nido  compounds B  n  H  n  + 4  with skeletons 
derived from the  closo  polyhedra by the removal of one vertex of highest connectiv-
ity, and  (c)  a set of  arachno  compounds B  n  H  n  + 6  with skeletons derived by the removal 
of a further vertex from a  nido  skeleton. Wade [ 5 ,  6 ] thence perceived that the num-
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ber of skeletal electrons in these sets can be correlated with the structures as follows: 
the  n -vertex  closo  deltahedral boranes are particularly stable if they contain 2 n  + 2 
skeletal electrons, the  n -vertex  nido  boranes B  n  H  n  + 4  retain the 2( n  + 1) + 2 skeletal 
electrons of the ( n  + 1)-vertex deltahedra from which they are derived and thus are 
2 n  + 4 skeletal-electron systems, and the  n -vertex  arachno  boranes B  n  H  n  + 6  are cor-
respondingly 2 n  + 6 skeletal-electron systems. These considerations, together with 
considerations involving the incorporation of non-boron atoms within the clusters 
[ 6 – 9 ], are often called ‘Wade’s Rules’, and are dealt with from alternative perspec-
tives in  Chaps.   2    ,   4     and   7     of this volume. The elegant Williams/Wade geometrical-
structure/electron-counting paradigm that results is illustrated in Fig.  6.1 .

   It should be emphasised that this paradigm is a very useful structure-electron 
correlation, and not one of the Laws of Science [ 10 ]. This is not always appreciated. 
Even at the nascence of the recognition of these correlations between geometrical 
structures and their formal electron counts it was noted that many aspects of the 
correlations may well result from fortunate coincidence, and also that species can 
disobey the rules when constituent atoms other than boron do not mimic the behav-
ior of boron [ 8 ,  9 ]. Some boron hydride species themselves simply do not obey the 
‘Rules’, for example formally  nido  B 8 H 12  which has an  arachno -shaped skeleton 
[ 11 ,  12 ]. Others, such as the closed-cluster [ closo -B 8 H 8 ] 2−  and [ closo -B 11 H 11 ] 2−  
anions [ 13 – 17 ], are so readily fl uxional  via  open-faced intermediates that such 
intermediates are of very similar stabilities to the closed structure itself, and it is 
almost by chance that it is the closed structure we observe in the solid state. As the 
fi eld has developed, particularly into metallaborane chemistry, new sets of struc-
tures can be factored out to start to generate new sets of correlations, such as the 
so-called  isocloso  –  isonido  –  isoarachno  sequence (Fig.  6.2 ) [ 18 ,  19 ]. These ‘ iso ’ 
structures are subject to ongoing experimentation [ 20 ] and often useful, but not 
always, computational analysis (again see Chap.   2     for a more comprehensive 
survey).

   Perceptions have arisen that  isocloso  species may often have quite different elec-
tronic structures from their ostensibly related conventional  closo  equivalents, but 
that ‘intermediate’  isonido  species are often distortions of  closo , in which the origi-
nal  closo  electronic structure of the true  closo  skeleton is not very signifi cantly 
perturbed. This introduces the mutually related concepts of cluster fl exibility and 
cluster fragility, derived from experimental observations (se Fig.  6.3 ) [ 10 ,  21 ]. By 
‘fl exibility’ it is meant that a given cluster geometry, that might in the general case 
be associated with a particular structural type among Figs.  6.1  and  6.2 , may be 
 subject to geometrical distortions either by change of constituents or substituents, or 
by distortions induced by polar solvent effects or intermolecular solid-state 
hydrogen- bonding, dihydrogen-bonding, and ‘non-bonding’ interactions and Van 
der Waals packing effects. In terms of this concept of ‘fl exibility’, then such changes 
will not be associated with signifi cant changes in cluster MO structure, although the 
geometries may in some cases deviate considerably from the presumed ideal geom-
etry. By contrast, it may be that such distorting effects are such as to induce a fl ip 
into different electronic type and/or a different geometrical structural type: if so, 
then the cluster may be said to exhibit cluster ‘fragility’. These effects will some-
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  Fig. 6.1    Representation of the classical Williams/Wade structural patterns. The ( n  − 1)-vertex 
geometries are derived from the  n -vertex  closo  geometries by the removal of one vertex of high 
connectivity, and the ( n  − 2)-vertex  arachno  geometries by the removal of a second, adjacent, ver-
tex. Horizontal progressions  closo  →  nido  →  arachno  for the same number of vertices are achieved 
by the successive addition of pairs of electrons. In the ‘Wade’s Rules’ formalism, the  n -vertex 
 closo ,  nido  and  arachno  structures have respectively (2 n  + 2), (2 n  + 4) and (2 n  + 6) cluster-bonding 
electrons associated with them       
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  Fig. 6.2    A pattern of behaviour that can be devised for structural relationships among the emerg-
ing ‘ isocloso ’, ‘ isonido ’ and ‘ isoarachno ’ boron-containing cluster systems (see also Ref. [ 18 ]). 
Removal of a vertex of low connectivity from an  n -vertex  isocloso  geometry generates an 
( n  − 1)-vertex  isonido  geometry. Removal of two adjacent vertices generates a corresponding ‘ iso-
arachno ’ geometry. Numbers against the arrows indicate the cluster connectivities of the removed 
vertices. Question marks indicate current gaps in experimental evidence, and point the way to 
computational assessments of viability of isolation       
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times mean that observed molecular structures may differ signifi cantly from 
 calculated ‘gas- phase’ structures, which some workers occasionally fi nd 
 disconcerting, and sometimes puzzling.

   Computational work is a useful adjunct in this context to examine the progres-
sion among cluster types as their geometries are systematically distorted; here cal-
culated nuclear magnetic shieldings can be of great help [ 21 ,  22 ]. Because these 
shieldings depend intimately on the molecular orbital structure, then signifi cant 
changes in bonding within a cluster will be manifested in substantial nuclear shield-

  Fig. 6.3    The  upper diagram  illustrates the phenomenon of cluster fl exibility, in which a change in 
molecular circumstances induces changes in dimensions within an overall cluster type  7 . The 
 lower diagram  illustrates cluster fragility, in which a change in molecular circumstances of a 
cluster type  8  induces a catastrophic fl ip into an alternative cluster type  9 . A presumption here, not 
always valid, would be that  8  and  9  will be fundamentally different electronically. In both cases, if 
the energetic minima are shallow, then additional cluster fl exibility about the minima will be 
induced by perturbations such as crystal packing forces and solution effects ( hatched arrows ). 
This can lead to discrepancies between calculated ‘gas-phase’ geometries and those observed 
experimentally. With approximately equal energetics for  8  and  9 , and a low activation barrier  A , 
fl uxionality may result in solution, making the ‘fl exibility’ and ‘fragility’ categories of behaviour 
diffi cult to distinguish (See also Ref. [ 19 ])       
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ing changes – these can be related to experimental ‘checkpoints’ from the 
 experimental NMR behavior of sample compounds under consideration, even if the 
at-present-formidable task of elucidating which specifi c MO changes are associated 
with dominant contributions to the nuclear shielding changes [ 23 ] has not yet gener-
ally been addressed (the implicit challenge for computational chemistry here is in 
fact potentially very useful). NMR chemical shifts of course are an experimental 
measure of nuclear magnetic shielding. A general point is that computational work 
must be guided by reality, and in that regard experimental checkpoints, or reason-
able extrapolations from experimental results, are vital. 

 All the above factors can operate when clusters fuse to form macropolyhedral 
species and can complicate interpretations. In particular, the bonding requirements 
at the point of intercluster fusion may often perturb the electronic structure of the 
individual subcluster units so that they exhibit changes that would be ascribable to 
cluster fl exibility and cluster fragility if they were observed in single cluster species. 
This can be exacerbated by substituent effects. For example, 19-vertex 
[(PMe 2 Ph) 2 PdB 18 H 20 ] (schematic  10 ) features a  nido  10-vertex subcluster for which 
 nido -B 10 H 14  is the single-cluster borane model. The B(5)-B(10) ‘gunwale’ connec-
tivity in the B 10 H 14  single-cluster model itself is ‘long’ at  ca  1.97 Å, its length indi-
cating weaker bonding and thence susceptibility to fl exibility; however, in the 
solid-state molecular structure of the  nido  ten-vertex subcluster of the metalla borane 
species it is ‘stretched’ to 2.089 Å, outside reasonable interboron ‘bonding distance’ 
[ 24 ]. In the [B 22 H 21 (OEt)] 2−  dianion, which also has a  nido  ten-vertex subcluster, this 
‘gunwale’ distance is stretched to 2.23 Å (schematic  11 ) [ 25 ]. Any computational 
approach to this sort of phenomenon in macropolyhedral boron- containing cluster 
chemistry is not yet established.

   10 11   

    Nevertheless, at the basic level, an extension of the Wade-Williams type of 
approach to accommodate fused cluster species, devised by Jemmis as his ‘ mno  
rule’ [ 26 ], can be used to reconcile the electron counts of macropolyhedral species 
with the electron counts of the individual cluster types when taken together with 
specifi c electron-count adjustments that depend on how many atoms the two clus-
ters hold in common. Aspects of this approach are dealt with in more detail in Chap. 
  4     of this Volume. As generally applied, this  mno  rule is, however, a post- 
rationalization, because, for a given macropolyhedral species, an adjustment of the 
electron count can either engender changes of constituent subclusters among the 
formalisms of Figs.  6.1  or  6.2 , or engender changes in the intercluster fusion mode, 
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specifi cally by changing the number of vertices held in common, and so is of limited 
predictive use. Inconvenient transition-element behavior [ 10 ] may complicate 
 matters further. 

 Fused cluster compounds, or their modes of fusion, can be categorized in terms 
of the number of vertices held in common, one, two, three, and so on (see also Chap. 
  4     in this volume). The simplest is to have one atom in common. These are some-
times called ‘ commo ’ species. A common boron atom occurs in the pure borane 
species B 15 H 23 , (schematic  12 ) [ 27 ], but this is rare for a boron atom. More common 
is to have an atom of a metallic element in common, either main-group or a 
transition- element. Similar bonding principles to those of boron apply to other 
main-group elements,  e.g.  the cadmium dimer [(Et 2 O) 2 Cd(B 10 H 12 ) 2 Cd(OEt 2 ) 2 ] 
(schematic  13 ) [ 28 ], which starts to illustrate the interesting structural diversities 
that may occur in macropolyhedral boron chemistry. A more elaborate manifesta-
tion of this type of structural motif is in [(Et 2 C 2 B 4 H 4 )Co(Et 2 C 2 B 3 H 3 Bu)Ru] 4 , a tetra-
meric species [ 29 ]. Compounds worth mentioning here in the context of this volume 
are the species [B 5 H 10 BeB 5 H 10 ] (schematic  14 ) and [BH 4 BeB 5 H 10 ] [ 30 ,  31 ], in which 
the common atom of fusion is of beryllium. Beryllaborane chemistry is sparsely 
represented [ 30 – 33 ], principally because of the toxicity problems associated with 
working with the element. The propensity for cluster formation from both of the 
neighbors of beryllium, boron and lithium, is of course well recognized. In view of 
this, beryllaborane, and indeed beryllium cluster chemistry itself, are areas very 
suitable for predictive structural and behavioral calculational work [ 33 ].

   12 13   

     14 15   

    Examples with a commonly held transition-element atom are much more com-
mon, and long-recognized [ 34 – 36 ]. Well examined examples here are the 
‘bis(dicarbollide)’ complexes (schematic  15 ), such as the [Ni(C 2 B 9 H 11 ) 2 ] 2−  dianion, 
and the series of ‘cosane’ molecules based on the [Co(C 2 B 9 H 11 ) 2 ] −  monoanion. In 
most one-atom-in-common  commo  species, however, the commonly held atom, 
whether of boron, other main-group element, or transition element, displays normal 
 sp  3   dsp  2  or  d  2  sp  3  hybridization behavior, and so it can be argued that cluster multi-
center bonding characteristics are not carried through the point of conjunction, and 
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therefore do not concur with the macropolyhedral defi nition, although of course in 
most cases there will be bonding contributions from OMOs that extend through the 
conjoining atom into both subclusters.

   16 17   

     16 A 17 A   

    With two atoms held in common, then multicenter bonding aspects certainly can 
and do form part of the fusion bonding. For isolated compounds, such two-atom 
conjunctions are by far the most ubiquitous in the literature at the time of writing. 
The  anti  and  syn  isomers of B 18 H 22  (schematic skeletal structures  16  and  17 ) are the 
most readily accessible and are  nido:nido  species [ 37 ]. B 16 H 20  and B 14 H 18  are also in 
this  nido:nido  category [ 38 – 44 ], but the diffi culty of their preparation means that 
they are little examined to date [ 45 – 47 ]. The B 18 H 22  isomers are illustrative. They 
can be regarded in terms of two  nido -decaboranyl units fused with two boron atoms 
held in common (Schematics  16 A  and  17 A ). The bonding at the conjunction can be 
considered in terms of the bonding of the  nido  ten-vertex single-cluster model 
B 10 H 14 . Using a simplistic Lipscomb-type ‘semi-localized’ bonding scheme for 
B 10 H 14  results in electronic structures  18 A  and  18 B  that do not mimic the two-fold 
symmetry of the molecule, and so a partial three-center bonding as in  18 C  is invoked 
to account for this, being regarded as the hybrid of the two canonical forms  A  and  B ,

   18 A 18 B 18 C   
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     19 A 19 B  

    It can be seen from schematic  19 A  that the three-center bonding in B 10 H 14  to a 
bridging hydrogen atom (red), together with the two two-electron bonds to  exo  H 
atoms (also red), mimics the internal bonding to the boron atom in a nominal B(2) 
position (blue). Consequently, when two  nido -decaboranyl units nominally fuse 
together to give  anti -B 18 H 22  (and an equivalent fusion can be invoked for the  syn  
isomer), they do so with minor perturbation to the internal bonding and thence much 
of the  nido -decaboranyl character of the two resulting subclusters is retained (sche-
matic  19 B ). Although there is little perturbation, nevertheless it can be seen that the 
effective two-fold symmetry of the ‘partial’ three-center bonds near the point of 
conjunction is destroyed to give one three-center and one two-center bond. This and 
other factors do produce variations on the chemistry over that encountered for 
B 10 H 14 . One factor not apparent from these simplistic electronic considerations is 
that for the fused species there is an inhibition of a cluster rearrangement due to the 
fi xing of the two boron atoms involved in the conjunction. In this regard a number 
of reactions undergone by B 10 H 14  cannot be mimicked by the  nido -decaboranyl sub-
clusters of B 18 H 22  because they involve a cluster rearrangement and a concomitant 
interchanging and/or scrambling of the boron atom positons in the cluster. For 
example, the very ready reaction of B 10 H 14  with SMe 2 , to give  arachno -B 10 H 12 (SMe 2 ) 2  
and dihydrogen, which is believed to involve a cluster rearrangement [ 48 ], is not 
duplicated by  anti -B 18 H 22 ; reaction of SMe 2  with B 18 H 22  in fact requires an oxidizing 
agent, and the product B 18 H 20 (SMe 2 ) still retains the  nido  :  nido  characteristics of 
B 18 H 22  itself [ 49 ], with no  arachno  subcluster formation. Another aspect here is that 
the B 18 H 22  isomers are held to be highly acidic [ 50 ,  51 ], with a Brønsted acidity 
comparable to those of the strong mineral acids; by contrast, the p K  a  value 2.70 of 
the B 10 H 14  single-cluster model [ 52 ,  53 ] is comparable to that of CH 2 ClCOOH. It 
would be interesting to see a computationally backed rigorous theoretical 
 interpretation of this phenomenon. Conversely, of course, some reactions of 
 macropolyhedral species, for example those that involve more than one subcluster, 
are not available to their single-cluster analogues. 
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 As mentioned above, the two-borons-in-common, or, more generally, the two- 
atoms-in-common, mode of conjunction is by far the most common. Often, of 
known compounds, they are  nido - nido  conjunctions and can be rationalized, at least 
simplistically, in a similar way to that rehearsed for B 18 H 22  above. The method also 
readily applies to conjunctions between other cluster types, for example  nido  : 
 arachno  species [B 18 H 20 (NC 5 H 5 ) 2 ] (Schematics  20 A  and  20 B ) [ 54 – 56 ]. Here the 
 nido  subcluster will have similar perturbations to those discussed above for  anti - 
 B18H22   , but it can be seen that the bonding in the  arachno  subcluster appears to be 
little changed compared to its single-cluster analogue [B 10 H 12 (NC 5 H 5 ) 2 ]. Although 
little research has been carried out on [B 18 H 20 (NC 5 H 5 ) 2 ], it appears that that its 
 arachno  subcluster may indeed have very similar properties to [B 10 H 12 (NC 5 H 5 ) 2 ]; 
for example their very similar fl uorescence properties suggest very similar elec-
tronic structures, and the nuclear magnetic shielding properties of [B 10 H 12 (NC 5 H 5 ) 2 ] 
and the  arachno  subcluster of [B 18 H 20 (NC 5 H 5 ) 2 ] are also very similar [ 56 ].

   20 A 20 B   

    There are instances when this type of simple analysis does not hold, and indi-
vidual subcluster character is uncertain. This is illustrated by the eight-vertex : eight-
vertex two-borons-in-common species B 14 H 20  (schematic structure  21 ) [ 57 ,  58 ]. 
Overall, this has a relatively open  C  2  v  14-vertex structure of formal  arachno  B  n  H  n  + 6  
formulation, but, because of its very open aspect, to regard its architecture as based 
on a 16-vertex closed deltahedron by the removal of two vertices is far- fetched. In 
terms of a two-borons-in-common cluster fusion the formulation implies the fusion 
of  arachno  and  nido  eight-vertex cluster types. This in turn implies an asymmetric 
structure due to the two different eight-vertex subcluster types, in contrast to the 
observed hydrogen-atom disposition and overall two-fold symmetry with two iden-
tical subclusters. It seems therefore that the B 14 H 20  structure may be at present  sui 
generis  and thence a possible model for new  genera  of extended macropolyhedral 
structural classes, and it will be interesting to see the results of any calculational 
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work to investigate potential viability of symmetrically extending the structure to 
incorporate more vertices. A related problem occurs in attempts to ration alize the 
observed structure of B 12 H 16  and its conjugate anion [B 12 H 15 ] −  in terms of specifi c 
 nido  or  arachno  individual subclusters (schematic structure  22 ) [ 59 ].

   21 22   

    The ubiquity of the two-atoms-in-common mode is well illustrated by the variety 
of structures that have been found for the sulfur-containing macropolyhedral thia-
boranes. To date these include  (a)  the 18-vertex neutral  n -[S 2 B 16 H 16 ] (schematic  24 ) 
[ 60 ,  63 ] and  iso -[S 2 B 16 H 16 ] (schematic  25 ) [ 61 ] isomers, neutral [S 2 B 16 H 14 (PPh 3 )] 
(schematic  26 ) [ 62 ] and the  n -[S 2 B 16 H 15 ] −  (schematic  27 ) [ 61 ], [S 2 B 16 H 17 ] −   (schematic 
 28 ) [ 63 ] and [SB 17 H 19 ] −  (schematic  29 ) [ 64 ] anions,  (b)  19-vertex neutral 
[S 2 B 17 H 17 (SMe 2 )] (schematic  30 ) [ 65 ], neutral [S 2 B 17 H 17 ] (schematic  31 ) [ 66 ], and 
the [S 2 B 17 H 18 ] −  (schematic  32 ) [ 67 ] and [S 2 B 17 H 16 ] −  (schematic  33 ) [ 66 ] anions, and 
 (c)  20-vertex neutral [S 2 B 18 H 20 ] (schematic  34 ) [ 68 ] and the  n -[S 2 B 18 H 19 ] −  
( schematic  35 ) [ 69 ] and  iso -[S 2 B 18 H 19 ] −  (schematic  36 ) [ 68 ] anions. Some of these 
show an intercluster bridging  sigma  linkage in addition to the two-atoms-in-com-
mon mode, for example the  iso -S 2 B 16 H 16  species represented by  25  compared to its 
 n -S 2 B 16 H 16  isomer  24 . A similar bridging feature is also seen in some macropoly-
hedral metallaboranes and is consequently a potentially common motif. These 
thiaboranes generally seem much more fl exible and adaptable than pure binary 
boranes, and several of the structures revealed by their pursuance, and by the pursu-
ance of their metal derivatives (see below), have led, and can in future lead, to quite 
unexpected formulations.

   24 25 26   
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     27 28 29   

     30 31 32   

     33 34 35 36   

    Reactions that generate macropolyhedral compounds from single-cluster species 
are discussed below. There are no general transferable generic methods for cluster 
fusion, and so an alternative method of exploring what macropolyhedral chemistry 
has to offer is to conduct reactions on pre-formed macropolyhedral species. Many 
of the thiaboranes just mentioned derive from this approach,  viz.  reactions of ele-
mental sulfur with the macropolyhedral binary boranes  syn  and  anti -B 18 H 22  or their 
anions. Other predominant work leading to new structural types has been associated 
with reactions with various transition-element compounds to generate macropoly-
hedral metallaboranes. Reactions of B 18 H 22 , particularly the more accessible  anti  
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isomer, have fi gured predominantly here, and the smaller compounds B 14 H 18  and 
B 16 H 20  are not well-examined. Nevertheless, with [PtMe 2 (PMe 2 Ph) 2 ], B 14 H 18  has 
yielded [(PMe 2 Ph) 2 PtB 14 H 16 ] (schematic  37 A ) and B 16 H 20  has yielded 
[(PMe 2 Ph) 2 PtB 16 H 17 Me] (schematic  37 B ) [ 45 ]. B 16 H 20  with [RuCl 2 (PPh 3 ) 3 ] has yielded 
[(PPh 3 ) 2 RuB 16 H 20 ] (schematic  37 C ) with a novel ten-vertex ‘ neo-nido ’ subcluster 
[ 46 ] and with [RhCl 2 (C 5 Me 5 )] 2  the bimetallic compound [(C 5 Me 5 ) 2 Rh 2 B 16 H 19 Cl] 
(schematic  38 A ) is formed as well as the interesting [(C 5 Me 5 ) 2 Rh 2 B 11 H 15 ] species 
(schematic  38 B )  via  the loss of fi ve boron atoms from the macropolyhedral cluster 
assembly [ 47 ]. The last compound has an unprecedented 13-vertex macropolyhedral 
cluster core based on a  nido  10-vertex {MB 9 } subcluster and a  nido  5-vertex {MB 4 } 
subcluster fused with their open-face {B 2 } edges in common.

   37 A 37 B 37 C   

     38 A 38 B   

    Reactions of the B 18 H 22  isomers, pioneered by Sneath, Todd and co-workers over 
40 years ago [ 54 ], have exhibited the incorporation of one, two and three metal 
centers into the macropolyhedral matrix. Two common reactions are the mimicking 
of  nido -B 10 H 14 , which is known to give  nido -type 11-vertex MB 10 H 12  species and 
also  nido -type 10-vertex MB 9 H 13  species  via  boron vertex loss [ 70 ], and a number 
of compounds of general formulation M 18 H 20 , with an 11-vertex  nido -type {MB 10 } 
subcluster [ 71 ], and MB 17 H 19 , with a 10-vertex  nido -type {MB 9 } subcluster [ 72 ] 
(schematic skeletal structures  39  and  40 ) are known. Here and throughout M repre-
sents a transition-element center and its associated  exo -polyhedral ligands. A related 
structural type, as represented by an isomer of [(PMe 2 Ph) 2 PtB 18 H 20 ], has the metal 
center bridging between the two subclusters (schematic skeletal structure  41 ) [ 71 ]. 
The second  nido -decaboranyl subcluster within the MB 18 H 22  and MB 17 H 19  structural 
types can similarly add a metal center, so that overall two metal centers can add to 
the cluster, as exemplifi ed by [(PMe 2 Ph) 4 Pt 2 B 18 H 17 Cl] of schematic skeletal struc-
ture  42  [ 24 ].
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   39 40   

     41 42   

    With transition-element centers such {Ru(C 6 H 6 )}, {Rh(C 5 Me 5 )} and {Ir(C 5 Me 5 )}, 
the metal center can become bound to both subclusters, as in [(C 5 Me 5 )IrB 18 H 20 ] 
(schematic skeletal structure  43 ) [ 73 ]. Here the interaction with the second subclus-
ter is more intimate than that in the [(PMe 2 Ph) 2 PtB 18 H 20 ] isomer  39  above, so that 
the compound now exhibits a three-atoms-in-common mode of intercluster fusion. 
Factorization into the two subclusters (schematics  43 A  and  43 B ) reveals a 12- vertex 
 nido -type {MB 11 } unit  A  fused to a  nido -decaboranyl {B 10 } unit  B , with three boron 
atoms held in common .  In non-metallated compounds, at the time of writing, the 
three-atoms-in-common fusion mode is rare, and limited to the anions [B 20 H 18 ] 2−  
and [B 21 H 18 ] −  and their derivatives [ 74 ,  75 ], and the long-known bis(ligand) adducts 
of B 20 H 16  such as [(MeCN) 2 B 20 H 16 ] [ 76 ].

   43 43 A 43 B   

    A second such center inserted into the other subcluster, as in [{(C 6 Me 6 )
Ru} 2 B 18 H 18 ] [ 73 ] generates a matrix based on two 12-vertex  nido -type {MB 11 } 
units, now showing increased intercluster intimacy as they are fused with four boron 
atoms held in common (skeletal structures  44 A  and  44 B ).

   44 A                  44 B    
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    Triple addition of a metal center, as in [{(C 5 Me 5 )Ir 3 }B 16 H 15 (OH)] (skeletal struc-
ture  45 A ) [ 77 ], however, now gives a very condensed species that does not similarly 
factorize so readily into two recognisable subclusters: the individual subcluster 
architectures are essentially lost, and motifs for a more condensed general structural 
type start to emerge. In particular, there is now an incidence of a centrally positioned 
tetrahedral-based core structure to the cluster. Thus, an alternative factorization as 
in schematic  45 B  has been adopted, in which two 12-vertex clusters (one  closo  
{MB 11 } unit and one with a partially open-faced ‘ isonido ’ {M 2 B 10 } confi guration), 
both fuse  via  a 5-vertex {MB 4 } linking unit which includes a tetrahedral {MB 3 } 
core. It has thence been held that consideration of this very condensed structure 
introduces an interesting structural concept with potentially important general con-
notations. Specifi cally, it has been held that the central non-hydridic tetrahedral 
‘core’ leads to a ‘megaloborane’ concept for globular boron-containing structures 
that is based on central borons-only cores surrounded by units based on boron 
hydrides which themselves may or may not be mutually fused [ 78 – 82 ].

   45 A 45 B   

    This {Ir 3 B 18 } assembly is formed by multiple-atom  Aufbau  on the  syn -B 18 H 22  
isomer [ 77 ]. In view of the implications of the structure, it is of interest to seek 
other means of generation of such species. In a second approach to this type of 
condensed compound, therefore, [(PMe 3 ) 4 (CO)Ir 2 B 26 H 24 ] (schematic  46 ) has been 
found to result from fusion of [(PMe 3 ) 2 (CO)HIrB 8 H 12 ] with B 10 H 14 , using the 
Bould concept of  molten boranes as solvents  [ 83 ],  viz. , in this particular case, using 
molten B 10 H 14  itself as the solvent [ 83 ]. A third type of approach, the conjunction of 
two anionic [B 10 H 10 ] 2−  residues in a reaction with [PdCl 2 (PPh 3 ) 2 ], results in 
[(PPh 3 ) 3 (PPh 2 ) 2 Pd 4 B 20 H 16 ] (schematic  47 A ) [ 81 ]. These last two macropolyhedrals 
also have a globular boron-core cluster architecture ( e.g.   47 B ), and have several 
other interesting features other than the {IrB 18 H 14 } and {PdB 20 H 16 } globules them-
selves [ 81 ,  83 ,  84 ]. With increasing size of the globular species, the increasingly 
larger surface of the globule can start to exhibit topographical features that engender 
particular chemistries. For example, the {(PPh 3 )Pd(PPh 2 )Pd(PPh 2 )Pd(PPh 3 )} unit of 
the palladium compound snakes very freely back and forth over a topographically 
‘smoother’ extended cluster surface [ 81 ,  84 ], whereas, by contrast, the iridium com-
pound shows a unique very restricted rotation within its {Ir(PMe 3 ) 2 } unit because the 
unit is intimately held and constrained in a crevice on the macropolyhedral surface 
[ 82 ,  83 ]. These interesting fl uxional phenomena have not yet received theoretical 
attention, although recently, in single-cluster work, DFT techniques have been 
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successfully applied to clarify the rotationally fl uxional behaviour in the ‘slipped 
 closo ’ platinadicarbaborane series [(PR 3 ) 2 PtC 2 B 9 H 11 ] [ 22 ]; this set of compounds 
has long been a subject of theoretical examination [ 8 ,  85 ,  86 ].

   46            47 A 47 B   

    Use of the molten borane technique in another system, the fusion of 
[(PMe 2 Ph) 2 PtB 8 H 12 ] with B 10 H 14 , yields compounds that show an elegant progres-
sion of intimacy in intercluster fusion (schematics  48  →  50 ) [ 84 ]. and extension of 
the technique to the use of pre-formed macropolyhedrals themselves gives contigu-
ous triple-cluster [(PMe 2 Ph)PtB 26 H 24 (PMe 2 Ph)] (schematic  51 ) from  anti -B 18 H 22  
and [(PMe 2 Ph) 2 PtB 8 H 12 ] [ 87 ]. This is held to be the fi rst molecular boron cluster 
compound so intimately to fuse more than two clusters [ 82 – 84 ]. Also, its structure 
very nicely links the  48  →  49  →  50  progression of increasing intimacy of intercluster 
fusion to the culminating very condensed species such as  45 ,  46  and  47  [ 84 ]. An 
important future pointer here is that there is clearly high potential for the use of 
reactive boranes as solvents for the generation of new, unpredictable, macropolyhe-
dral types. This synthetic approach is limited by the lack of suitable boranes, which 
need to melt in order to give a reactive molten solvent before suitable reaction tem-
peratures are reached, but here the greater scope of known carbaboranes augurs well 
for macropolyhedral carbaborane and macropolyhedral metallacarbaborane discov-
ery synthesis. An interesting possibility for good temperature control in this type of 
process is the use of ionic liquids that contain potentially reactive borane species as 
one of the ionic components. In an initial approach to this usage, the ionic liquid 
[C 5 H 5 N- n -C 5 H 11 ][6-Ph- nido -6-CB 9 H 11 ] has been made, and reaction with 
[(PMe 2 Ph) 2 PtB 8 H 12 ] gives [(PMe 2 Ph) 2 PtB 8 H 11 CPh] and [4-( n -C 5 H 11 NC 5 H 4 )-6-Ph- 
nido   -6-CB 9 H 10 ] [ 88 ]; albeit not macropolyhedral species, the latter products never-
theless demonstrate appropriate and very interesting reactivity and thence show 
potential for macropolyhedral synthesis.

   48 49   
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     50 51   

    In contrast to large hollow-shell perceptions that are based on fullerene chemis-
try [ 89 ], or that are based on extrapolations of the classical  closo  [B  n  H  n  ] 2−  structures 
to high values of  n  [ 90 ], structures such as  45 ,  46  and  47  therefore suggest an emerg-
ing new borane-based structural principle based on fi lled big shells, rather than 
hollow ones. The implicit new chemistry here in principle extends beyond the sim-
ple four-atom core unit, and is an area in which predictive computational chemistry 
may be valuable (see also Chap.   4     in this Volume). A structural premise here is that 
many well-recognised cluster species can be related to fragments of solid-state 
extended matrices, with the peripheries of the fragments bounded by covalently 
bound terminators, for example metal carbonyl cluster compounds can thus be 
regarded as based on fragments of crystalline metal lattices, and polyoxometallates 
can be regarded as based on fragments of ceramic lattices. In accord with this con-
cept, models have been proposed for globular megaloborane species based on frag-
ments of crystalline elemental boron lattices with the peripheries bounded by 
hydrogen atoms. Here STO-3G  ab initio  calculations (held at the time to be at a 
reasonably high level for preliminary surveys of such big molecules) [ 82 ] on model 
systems that are based on domains of elemental boron matrices are found to stabi-
lise in particular regions,  e.g.  neutral B 27 H 21  and B 84 H 54  based on sections of the 
solid-state matrix of β-rhombohedral boron (Fig.  6.4 ) [ 83 ,  84 ]. Of these, B 84 H 54  as 
calculated has a surface mostly of  endo  and bridging hydrogen atoms, and, based on 
conventional small single-cluster behaviour, may be expected to be reactive, 
although of course it would be interesting to see how the properties of such  endo  
and bridging hydrogen atoms may be modifi ed when associated with such an 
extended cluster surface. In this regard B 27 H 21  and B 84 H 54  approach two extremes of 
surface character, because B 27 H 21  has a surface of predominantly  exo  hydrogen 
atoms, and may therefore prove to be somewhat less reactive. Overall it has been 
suggested that since species such as B 27 H 21  and B 84 H 54  are at energetic minima on a 
multidimensional structure-energy continuum, they may therefore be inherently 
isolatable [ 91 ]. The concept was subsequently assimilated [ 92 ] and the idea devel-
oped in terms of borons-only clusters such as {B 84 } [ 93 ], but this  introduces the very 
speculative theoretical area, involving, for example, swarm structure- searching 
calculations, as well as very esoteric experimental areas of borons-only cluster 
chemistry and chemical physics [ 94 ,  95 ], which are outside the scope of this chapter 
(But see Chap.   1     in this Volume). Certainly at present most such speculatively 
proposed and/or transiently identifi ed borons-only species  transcend Sir Ronald 
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Nyholm’s criterion of chemical realism – “But can you put it in a bottle?” – although 
they do attract publicity [ 96 ].

   The fi lled-ball architectural principles of such globular ‘megaloborane’ species 
will be quite different to those of the hollow fullerenes, and their novel properties 
will consequently complement those of the hollow carbon cages. The construction 
of such new large molecular nanoglobules, and their tailoring by substituent chem-
istry to modify and enhance interactions important for host-guest interlocking, for 
crevice and anchor generation for molecular recognition, and to tune domains of 
hydrophilic versus lipophilic character, and so on, is of high potential usage. Implicit 
in this is the development of clean  Aufbau  techniques from simple boron-containing 
starting substrates. However, generic routes for the required intimate cluster con-
densations are as yet lacking (for other aspects of macropolyhedral synthesis, see 
below, near schematic structures  58 ). Similar problems in principle arise in carbon 
hydride chemistry, but, in practice, syntheses of polycondensed aromatics from 
smaller hydrocarbons such as benzene are not required. This is because condensed 
hydrocarbon feedstock compounds are readily available, albeit, when their origins 
in primordial forests in the carboniferous era are considered, in very low yield and 
from very ineffi cient processes [ 91 ]. 

 A possible route for syntheses of the larger globular fi lled-ball megaloboranes is 
suggested by the structure of B 84 H 54  mentioned above (Fig.  6.4 , right). This globular 
structure can be regarded as constructed of a central  closo  [B 12 H 12 ] 2−  unit, of which 
the 12  exo -hydrogen atoms are replaced by 12 apically bound  nido  B 6 H 10 -type units, 
of which the pentagonal bases are themselves mutually fused  via  dihydrogen loss to 

  Fig. 6.4     Left : a representation of the STO-3G  ab initio  calculated structure of neutral [B 27 H 21 ], in 
which the {B 27 } unit has many similarities with the {B 27 } unit in the β-rhombohedral allotrope of 
elemental boron. There is a seven-atom ‘borons-only’ core, with a boron hydride skin consisting 
of 20 peripheral boron atoms with 20  exo -hydrogen atoms and one bridging hydrogen atom.  Right : 
a representation of the AM-1 semi-empirical energy-minimized structure of neutral [B 84 H 54 ], in 
which the {B 84 } unit mimics that in β-rhombohedral boron. There are 24 atoms in the borons-only 
core, and a {B 60 H 54 } boron hydride skin. Its architecture may be visualized as an icosahedral {B 12 } 
unit, like that in the [ closo -B 12 H 12 ] 2−  anion, fused to 12  nido -hexaboranyl units that are themselves 
fused together (see schematic  52 ) [ 81 ]       
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create the outer {B 60 H 54 } skin. This leads to the supposition that a synthetic route 
may be constructed similarly,  viz.  by the stepwise assembly of boron hydride units 
about a central cluster followed by their ultimate cross-linking ( e.g.  schematic  52 ) 
[ 91 ]. Purported initial feasibility steps along this pathway have been established by 
the isolation of  (a)  [6,9-(SMe 2 ) 2 - arachno -B 10 H 10 -1,5-(6′- nido -B 10 H 13 ) 2 ] (schematic 
cluster structure  53 ) [ 97 ], in which two  nido -decaboranyl units are assembled on 
adjacent sites around an  arachno -decaboranyl core (see also the platinaborane 
structure  48  mentioned above),  (b)  [ nido -B 10 H 12 -( nido -B 5 H 8 ) 2 ] (compound  54 ), with 
two smaller  nido  clusters (now based on  nido -B 5 H 9 ) around the central boron core, 
rather than larger {B 10 H 14 }-derived clusters, thus approximating more closely to the 
{ nido -B 6 H 10 }-based construction of B 84 H 54  [ 91 ], and  (c)  [(CH 2 CH 2 C 5 H 4 N)- arachno - 
B 10 H 10    (NC 5 H 4 - closo -C 2 B 10 H 10 )] (schematic skeletal structure  55 ) [ 91 ], which illus-
trates the principle of linking the peripheral encapsulating units, and also introduces 
the ultimate concept of the assembly of borane units to encapsulate carbon- based 
cores, rather than boron-based cores. For example, with a benzenoid core, a  discoidal 
aspect would result, and it would be interesting to see speculative calculational 
work in that direction.

   52 53   

     54 55   

    The preceding paragraph highlights the overall problem of macropolyhedral syn-
thesis. After the pioneering systematic work of Riley Schaeffer and co-workers, in 
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which B 13 H 19  [ 41 ,  98 ], B 14 H 20  [ 57 ,  58 ], B 14 H 22  [ 42 ], B 15 H 23  [ 27 ], and B 16 H 20  [ 42 ,  43 ], 
were made by appropriate elegant individual strategies, no transferable generic 
route for cluster fusion has emerged. Metal-induced and metal-catalyzed fusion has 
been used in isolated cases, but these approaches are not generally applicable. An 
interesting process is that of Grimes and co-workers which has been used to make 
12-vertex B 12 H 16  (discussed above, schematic structure  22 ) from the [ nido -B 6 H 9 ] −  
anion by treatment with FeCl 2  [ 59 ,  99 ], and a similar metal-induced route gives 
high-carbon-content 12-vertex R 4 C 4 B 8 H 8  carbaboranes from R 2 C 2 B 4 H 6  6-vertex 
cluster species [ 100 ]. There are hints in the literature that attempts have been made 
to apply the method to the {C 2 B 9 H 11 } ‘carbollide’ entity, but with no success, and so 
it would appear that this otherwise promising-looking approach is not generally 
applicable. The iridium and palladium species [(PMe 3 ) 4 (CO)Ir 2 B 26 H 24 ] (schematic 
skeleton  46 ) and [(PPh 3 ) 3 (PPh 2 ) 2 Pd 4 B 20 H 16 ] (schematic skeleton  47 A ) mentioned 
above clearly result from fusion about a metal-atom center, as does the 19-vertex 
molybdenum-containing [(CO) 2 MoB 16 H 15 C 2 Ph 2 ] −  anion [ 101 ], from a fusion of 
two nine-vertex [1-Ph- nido -1-CB 8 H 11 ]  nido -monocarbaborane units with 
[Mo(CH 3 CN) 3 (CO) 3 ], to give a rare example of a macropolyhedral metallacarba-
borane species. Here it can be noted  en passant  that, in spite of the tremendous 
variety of known single-cluster carbaborane chemistry [ 102 ], only two macropoly-
hedral monocarbaboranes,  viz.  18-vertex [(Me 3 CNH 2 )CB 17 H 19 (CN)] [ 103 ], and 
19-vertex [9-( ter BuNH 2 )-( anti )-{9-CB 18 H 20 }] [ 104 ] are known (schematic skeletons 
 56  and  57 ). One factor inhibiting their synthesis has been that protocols for carbon-
atom insertion that work well with single-cluster species have not so far been gener-
ally successful when applied to macropolyhedral boranes (the latter predominantly 
the B 18 H 22  isomers in reports so far, for reasons of availability).

   56 57   

    One route to the synthesis of the B 18 H 22  isomers involves auto-fusion from nine- 
vertex a rachno  species such as [B 9 H 13 (SMe 2 )] [ 40 ,  105 ,  106 ] and there is also a 
route starting from the  nido  nine-vertex binary borane [B 9 H 12 ] −  anion [ 107 ]. Certain 
other nine-vertex  arachno  species are susceptible to inter-cluster autofusion under 
conditions of mild heating. Thus SB 8 H 12  gives a mixture of two isomers of formula-
tion S 2 B 16 H 16  (schematic structures  25  and  26  above) [ 60 ,  61 ], and [SB 8 H 12 (SMe 2 )] 
gives [S 2 B 17 H 17 (SMe 2 )] (schematic structures  58 A  and  58 B ) which has a near- unique 
six-connected boron atom in a novel ten-vertex  arachno -type subcluster [ 65 ]; the 
only other experimentally isolated example that the author is aware of is also in a 
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macropolyhedral thiaborane, the  n -[S 2 B 18 H 19 ] −  anion (schematic  35  above, see also 
Fig.  6.5  below) [ 68 ,  69 ]. In view of the usefulness of these two  arachno  nine- vertex 
thiaboranes as entries into macropolyhedral chemistry, and also the usefulness of 
 arachno -type nine-vertex metallaboranes [ 1 ,  2 ,  108 ,  109 ] as exemplifi ed below, it is 
interesting but somewhat disappointing that cluster fusion has so far not been found 
to occur when corresponding  arachno  nine-vertex carbaborane compounds are 
treated similarly.

   58 A 58 B 59   

    Alternative routes to macropolyhedral thiaboranes involve direct incorporation 
of elemental sulfur into the B 18 H 22  isomers or their anions, as mentioned above, and 
the fi rst reported macropolyhedral thiaborane, the [S 2 B 17 H 18 ] −  anion (schematic  32  
above) [ 67 ] and the species S 2 B 17 H 17  (schematic  31  above) [ 66 ] are both formed in 
this manner. Mechanistically related to the fi rst stages of the sulphur incorporation 
reactions may be the reaction of the [ anti -B 18 H 19 ] −  anion with H 2 O to give the 
19-vertex [OB 18 H 21 ] −  oxaborane anion (schematic  59 ) [ 110 ] in which the hetero-
atom is not as intimately bound as in the two thiaboranes, and therefore may model 
an intermediate step. Boron-containing clusters that also contain oxygen as the 
heteroatom center are in fact rare, and, as far as we are aware, are limited to the 
 nido - type  12-vertex [OB 11 H 12 ] −  anion [ 111 – 115 ] and the ‘macropolyhedral’ 19-vertex 
[OB 18 H 21 ] −  anion just mentioned [ 111 – 115 ], together with fi ve neutral oxametal-
laboranes, 11-vertex  nido -type [(η 5 -C 5 Me 5 )RhOB 10 H 9 Cl(PMe 2 Ph)] [ 116 ] and [(η 5 - 
C 5 Me 5   )RhOB 10 H 10 (NEt 3 )] [ 117 ], both closely related to the [OB 11 H 12 ] −  anion [ 114 ], 
 nido  10-vertex [(η 6 -C 6 H 3 Me 3 )FeOB 8 H 10 ] [ 118 ],  arachno -type 10-vertex 
[(PMe 2 Ph) 2 PtOB 8 H 10 ] [ 119 ] and  arachno -type 11-vertex [(η 6 -C 6 Me 6 )RuOB 9 H 13 ]  7  
[ 120 ]. These have mostly been recognized serendipitously, and in this context it is 
perhaps surprising that stoichiometric use of potential oxygen-donor reagents for 
directed synthetic attempts seems not to have been carried out. There is certainly 
scope here for a calculational probe into the viability of isolating other stable oxa-
borane species, most particularly single-cluster species. Based initially on the many 
known stable heteroborane confi gurations that are known, in the fi rst instance cal-
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culational entries could be made by simple oxygen-for-heteroatom replacement 
[ 121 ]. As with the reactions of transition-element centers with the binary borane 
macropolyhedrals discussed above, similar reactions of metal centers with the 
 macropolyhedral thiaboranes yield a large variety of interesting macropolyhedral 
architectures. These are exemplifi ed by s yn  and  anti  [(C 5 Me 5 ) 2 Rh 2 S 2 B 15 H 14 (OH)] 
(schematics  60 A  and  60 B ) [ 122 ], [(PMe 2 Ph) 2 PtS 2 B 15 H 14 (NHCOMe)] (schematic 
 61 ) [ 123 ], [(PMe 2 Ph) 2 PtS 2 B 16 H 16 ] (schematic  62 ) [ 124 ], [(MeC 6 H 4  iso Pr)RuS 2 B 15 H 15 ] 
(schematic  63 A ) [ 125 ], [(MeC 6 H 4  iso Pr)RuS 2 B 16 H 16 ] (schematic  63 B ) [ 125 ] and 
[(PPh 3 )NiS 2 B 16 H 12 (PPh 3 )] (schematic  64 ) [ 62 ]. Syntheses may also be effected by 
the addition of elemental sulphur to macropolyhedral metallaboranes [ 126 ]. As well 
as the metal-center additions and the occasional boron-vertex loss seen with the 
binary borane reactions, these thiaborane systems that incorporate metal centers 
seem more prone to cluster rearrangements and also more prone to the loss of boron 
vertices during the course of the reactions.

   60 A 60 B 61 62   

     63 A 63 B 64   

    As mentioned above, thermolyses of nine-vertex  arachno  boranes and thiaboranes 
yield macropolyhedral boranes and thiaboranes. These cluster fusion processes sug-
gest that  arachno  nine-vertex metallaboranes may similarly be prone to autofusion to 
give macropolyhedral metallaboranes. In accord with this idea, it is found that simple 
thermolyses of the  arachno  nine-vertex metallaboranes of palladium and platinum of 
general formulation [(PR 3 ) 2 PdB 8 H 12 ] and [(PR 3 ) 2 PtB 8 H 12 ], and of closely related 
species such as [(CO)(PMe 3 ) 2 IrB 8 H 12 ], also yield a variety of macropolyhedral 
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metallaborane types. Many of the products are of individually unique constitution, 
and constitute a clear augury for a huge variety of macropolyhedral architectures and 
behaviour to be encountered as the area develops, which in turn will engender new 
challenging horizons for computational approaches. Examples include [(PMe 2 Ph)
PtB 16 H 18 (PMe 2 Ph)] (schematic  65 ) [ 108 ], [(PMe 2 Ph) 4 Pt 3 B 14 H 16 ] (schematic  66 ) 
[ 108 ], [(PMe 2 Ph) 2 Pt 2 B 16 H 15  (C 6 H 4 Me)(PMe 2 Ph)] (schematic  67 ) [ 109 ], [(PPh 3 ) 4 ClPd 4 
B 16 H 17 (PPh 3 ) 2 ] (schematic  68 ) [ 127 ], [(CO)(PMe 3 ) 2 IrB 16 H 14 Ir(CO)(PMe 3 ) 2 ] (sche-
matic  69 ) [ 128 ], [(PMe 2 Ph) 2 Pd 2 B 16 H 22 (PMe 2 Ph) 2 ] (schematic  70 ) [ 129 ], and 
[(PMe 2 Ph) 3 Pt 2 B 16 H 20 (PMe 2 Ph)] (schematic  71 ) [ 129 ]. Some of these, for example the 
last two species, of less-condensed architecture, clearly model intermediates on the 
way to the more condensed species [ 129 ,  130 ], and, as calculational techniques and 
the ability to exploit them evolve with more rapid processing, it will be interesting to 
see theoretical mechanistic insight into macropolyhedral borane assembly processes. 
In the formation of the two isomers of S 2 B 16 H 16  from relatively simple SB 8 H 12 , for 
example, reasonable intermediate steps have been proposed [ 61 ], and this reaction 
could therefore constitute a good initial prospect for elucidation in this regard.

   65 66 67   

     68 69 70 71   

    In accord with the general philosophy of this volume, computational calculations 
and potential opportunities for work in new directions have been pointed out as they 
arise above. In general, the bulk of the reported work in boron-containing cluster 
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chemistry has been concerned with DFT structure minimizations and GIAO-based 
nuclear magnetic shielding computations to confi rm suppositions, and to show con-
sistency with experimental NMR chemical shifts. This approach is especially useful 
when no direct molecular structure evidence is available,  e.g.  when results from 
single-crystal X-ray work are not available. Certainly such calculational work has 
been effectively applied with advantage in the development of macropolyhedral 
chemistry, with structural and nuclear shielding results that match experimentally 
obtained values, even with heavy transition elements in the matrix, as with the con-
fi rmation of 15-vertex [(PMe 2 Ph) 2 PtB 14 H 16 ] (schematic  37 A  above) [ 45 ]. 
Commonly, both in single-cluster and macropolyhedral work, this usage has become 
quite routine and pedestrian unless it is directed at truly novel work, although it is 
generally of course gratifying when calculated molecular structure and nuclear 
shieldings, experimentally determined molecular structure, and experimentally 
determined NMR shieldings all fi t nicely together. The necessity of experimental 
checkpoints is emphasised [ 131 ], and there are additional caveats in the use of this 
combined approach. 

 One such instance is bond rotamer effects on calculated structures, energies, 
nuclear magnetic shieldings and geometries. This is exemplifi ed by work on phenyl- 
group rotation in the 11-vertex  nido  compound [7-Ph- nido -7,8,10-PC 2 B 8 H 10 ], which 
resulted in two related conclusions [ 132 ]. Firstly, although many boron-containing 
clusters may appear ostensibly rigid, their inherent fl exibility (see discussion near 
Fig.  6.4  above) means that there can be a signifi cant differential effect on the cluster 
geometry and cluster nuclear shielding arising from different rotamers about bonds 
to  exo -polyhedral substituents. This is a general phenomenon, and likely to be most 
marked for  pi- interactive substituents, for example unsaturated groups or groups 
with lone pairs  alpha  to the cluster. It is important to consider contributions from all 
bond rotamers in predictions of nuclear shielding, particularly when the rotamers 
are of similar energy. Thus lower-level calculations may not reveal all rotamer min-
ima, and so, if used to pinpoint approximate minima, which are then subsequently 
refi ned at a higher calculational level, then other important rotational minima may 
be overlooked. Secondly, and implicit in the nuclear shielding and geometrical 
changes within the cluster, is that the differences between rotamers in their bonding 
 exo  to the cluster are manifested in changes in the cluster molecular orbitals. In the 
case of [7-Ph- nido -7,8,10-PC 2 B 8 H 10 ], the bonding involving the cluster atoms adja-
cent to a phenyl-substituted site is most affected. In the general case, however, there 
is the possibility that more extended cluster molecular orbitals may be involved, so 
that noticeable effects distal from the substituent,  e.g.  in antipodal positions, might 
be observable; a related possibility is that, in extreme cases, much more signifi cant 
distortions of cluster geometry may occur – a cluster fragility phenomenon (Fig.  6.3  
above). Again, these effects are likely to be most marked for  pi- interactive substitu-
ents [ 133 ,  134 ]. Related effects will obtain in transition-element/borane systems 
that exhibit rotational fl uxionality [ 22 ,  135 ]. 

 An additional danger is that focus on calculated gas-phase minima in isolation 
may not recognise an adjacent deep alternative energetic well on the structure- 
energy surface. Tunnel vision here also may obscure a strong thermodynamic 
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tendency to fragment into smaller very stable entities, which may preclude any 
prospect of realistic isolation of a calculated molecule if the barrier leading from the 
minimum along to the reaction coordinate of the fragmentation is low. In single 
cluster work this was recently emphasised in a DFT-based analysis, backed up by 
experimental checkpoints from single-crystal X-ray analyses and from NMR spec-
troscopy, of the keynote nine-vertex closed-cluster system based on [(PMe 3 ) 2 IrB 8 H 8 ] 
and [(PMe 3 ) 2 IrB 8 H 7 Cl] [ 20 ]. It was found that the effects of the chlorine substituent 
versus hydrogen subtly dictated whether  isocloso  or  closo  forms (Figs.  6.1  and  6.2  
above) were thermodynamically the more stable. It was determined that there was a 
difference in energy of only a few kJ mol −1  between the  isocloso  and  closo  structural 
forms, but that a high energetic barrier precluded isomerisation between the two 
forms. Ostensibly a nice rounded story, but the work strongly emphasised that these 
energetics are relative to each other – experimentally it was found that both com-
pounds, of which only the  isocloso  forms are in fact known, are very delicate, and 
unstable with respect to a general decomposition. This represents a general danger 
when calculational predictions and speculations slip beyond the bounds of the intel-
lectual control engineered by reference to experimental checkpoints and common 
sense: they perhaps (or perhaps not?) should never transgress the bounds of what 
may be considered chemically realistic. 

 Some applications, however, particularly when applied to chemical change, and 
involving transition-state determinations supported by frequency analyses, are help-
ful in distinguishing mechanism. This type of application is somewhat more pro-
gressive and challenging than simpler single-structure work, and has so far been of 
limited use in macropolyhedral chemistry. An example that illustrates the potential 
is the analysis of the remarkable sequence of behaviour exhibited by the 20-vertex 
[S 2 B 18 H 19 ] −  anion and its neutral conjugate acid [S 2 B 18 H 20 ] (schematic skeletal struc-
ture  34  above) [ 68 ]. The system is very unusual because it also involves a hexagonal 
pyramidal {B 7 } motif [ 65 ] within one of the subclusters [ 69 ]. Upon deprotonation 
of [S 2 B 18 H 20 ], a markedly different species is observed, implying instant cluster 
isomerism; upon re-protonating, the starting compound is not regenerated, but a 
fl uxional species is formed which does however slowly isomerise on standing to 
regenerate the starting [S 2 B 18 H 20 ] species. Defi nitive multinuclear NMR spectra 
having been obtained for each stage, along with NMR-determined estimations of 
activation energies, and along with a checkpoint molecular structure of the starting 
compound from single-crystal X-ray work, DFT B3LYP/6-31G* calculations of 
ground-state structures and transition states, and thence GIAO calculations of mag-
netic nuclear shieldings, readily defi ned the entire sequence of processes as sum-
marized in Fig.  6.5 .

   Another interesting rearrangement, albeit not yet tackled computationally, occurs 
upon the treatment of the 19-vertex anion [S 2 B 17 H 18 ] −  (schematic skeletal structure 
 32  above) with oxidising acids. This procedure quantitatively generates neutral 
[S 2 B 17 H 17 ] (schematic  31  above), characterised as its conjugate base, the [S 2 B 17 H 16 ] −  
anion (schematic  33  above) [ 66 ]. This is a dehydrogenative oxidation, and can be 
considered in simple mechanistic terms as the closing of a sulfur-to-boron and a 
boron-to-boron vector at the point of fusion of the two subclusters (arrows in 
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  Fig. 6.5    The [S 2 B 18 H 19 ] −  anion  A  has an unusual  arachno -type 11-vertex {SB 10 } subcluster that 
has an open hexagonal pyramidal {B 7 } structural feature. This is conjoined, with two boron atoms 
in common, to a second {SB 10 } subcluster of conventional  nido  11-vertex geometry. Protonation 
of [S 2 B 18 H 19 ] −  forms neutral [S 2 B 18 H 20 ]  C   via  a diamond-square-diamond process  B  that dismantles 
the {B 7 } pyramidal feature. Deprotonation of  C  yields the fl uxional [S 2 B 18 H 19 ] −  anion  D , which is 
isomeric with anion  A . Anion  D , as well as neutral  C , does not have the {B 7 } hexagonal pyramidal 
feature. Neutral  C  consists of conventional  nido  11-vertex {SB 10 } and  arachno  ten-vertex {SB 9 } 
subclusters conjoined with a single  spiro  boron atom in common. Anion  D  is closely related to  
neutral  C , but with an additional inter-boron intercluster link. Anion  D  spontaneously reverts to 
anion  A  over a few hours at room temperature, remarkable in that the open {B 7 } hexagonal 
pyramid is regenerated. The fl uxionality of  D  involves the inter-subcluster transfer of a {BH} unit. 
The reassembly of  A  from  D  involves two successive hydrogen-atom hops and a reverse of the 
initial  A  →  C  diamond-square-diamond rearrangement (After Ref. [ 68 ])       
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 schematic  72 ). This closure engenders a substantive geometric change of some 33° 
in the relative orientation of the two subclusters (compare hatched lines in schemat-
ics  72  and  73 ). This large nanomechanical change in mutual orientation induced by 
a facile two-electron oxidation is held to have interesting implications for molecular 
device development [ 66 ], for example if the switching subclusters can be associated 
with borane-based rod-like molecules. Here it can be noted that redox-fl exible 
transition- element centres can be positioned at points of intercluster conjunction, 
for example as in the structurally related platinaborane [(PMe 2 Ph)PtB 16 H 18 (PMe 2 Ph)] 
(structure  65  above) [ 108 ], and that related transition-element centres in borane 
clusters can be tailored to undergo reversible geometric changes associated with 
very small free-energy differences between metal oxidation states, for example as in 
the geometrically  closo -type {PtC 2 B 8 } system [ 135 ]. In this general context, the 
converse phenomenon of a reductive decrease in the intimacy of macropolyhedral 
intersubcluster bonding upon the conversion of [(C 5 Me 5 )Ir- syn -B 18 H 20 ] to give the 
anion [(C 5 Me 5 )IrB 18 H 19 S] −  is also noteworthy [ 126 ], as are the successive one- 
electron  closo  →  isonido  and  isonido → closo  switch-on/switch-off processes in the 
{MoC 2 B 9 }12-vertex system: 2[(SPh) 2 MoC 2 B 9 H 11 ] 2−  → [H 11 B 9 C 2 Mo(SPh) 4 MoC 2 B 9 
H 11 ] 2−  → [H 11 B 9 C 2 Mo(SPh) 4 MoC 2 B 9 H 11 ] −  [ 136 ].

   72                                                                                                73     

    Another important aspect of rearrangement chemistry in boron-containing clus-
ter chemistry is that of rearrangements within single clusters themselves, a general 
topic in which several cluster types have attracted theoretical analyses since the 
fascinating rearrangements among the C 2 B 10 H 12  isomers were fi rst examined some 
50 years ago by Lipscomb [ 137 ]. in a process that itself has continually attracted 
theoretical attention over the intervening years [ 138 ]. However, few if any theo-
retical rationalizations of intra-subcluster rearrangement behaviour in macropoly-
hedral chemistry have so far been reported, although it is a clear when comparing 
reaction products with starting materials – and there are many instances given in 
this chapter – that considerable intra-subcluster rearrangement can occur, and so 
there is good future potential for theoretical and calculational mechanistic elucida-
tion. More challenging is the examination of bimolecular reaction chemistry (see 
Chap.   9     in this Volume), and there is clear future scope here also for useful calcu-
lational approaches in the macropolyhedral area, particularly allied with any clus-
ter rearrangements which must often occur as a consequence of site of attack. If 
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megalo borane chemistry develops, and interactions of smaller molecules with 
crevices or extended surfaces becomes important, there will be clear scope for the 
theoretical examination of the interactions of the smaller molecules with the vari-
ous topographical features of the surfaces. Perhaps more subtle are calculational 
attempts to defi ne what factors may engender changes associated with the concepts 
of cluster fl exibility and fragility discussed above (near Fig.  6.3 ), but at the time of 
writing these have had limited application even in single-cluster chemistry [ 21 , 
 22 ], and such potential usage in big-borane chemistry is yet to be realised. 

 An important currently increasing use of the techniques of DFT in boron- 
containing cluster chemistry is in a predictive capacity, and in a capacity to analyse 
behavior, rather than in the simpler basic calculations of ground-state molecular 
structure. Calculation of viability of reaction chemistry, or of potential product sta-
bility, and thence calculations on structural and substituent variants to determine 
relative stabilities, can be a vast help in saving tedious experimental bench time in 
that a most likely outcome can then be specifi cally targeted in synthetic work with-
out wasting time on unsuitable or unviable syntheses. An example here, albeit in 
single-cluster work, deals with the sequestration of small molecules by the metal- 
metal vector of a 12-vertex {M 2 B 10 H 10 } matrix [ 139 ]. Here, the modifi cations 
required to engender reversible binding of SO 2  on the metal-metal vector after 
non- reversible binding was discovered [ 140 ] were assessed by DFT work, and a 
resulting suitable candidate [(PMe 2 Ph) 2 PtPd(phen)B 10 H 10 ] was duly synthesized 
and duly exhibited reversible SO 2  binding [ 141 ]. This type of approach is not yet 
applied to macropolyhedral work, though is of potential usage when, for example, 
the megaloborane area becomes suffi ciently advanced to build and exploit cluster 
topographical features such as crevices and extended surfaces which may usefully 
bind or otherwise interact with smaller reactive molecules or biologically signifi -
cant entities. 

 More sophisticated analytical and predictive applications to macropolyhedral 
boron-containing cluster chemistry are emerging at the time of writing. This is 
exemplifi ed by the analysis of the detailed ground- and excited-state characteristics 
of the  syn  and  anti  B 18 H 22  isomers [ 142 ], and thence the elucidation of the factors 
that dictate that the  anti  isomer exhibits fl uorescence whereas the  syn  does not. 
Calculational elucidation of the very rapid and therefore experimentally unmeasur-
able geometrical changes within the exceptionally short excited-state lifetimes 
thence give clues as to how future syntheses may be tailored, for example by sub-
stituent chemistry [ 143 ], to enhance or modify the photophysical properties in 
advantageous directions. This is of relevance to the fl uorescence properties of B 18 H 22  
which has elegantly been shown to have lasing ability in the blue region [ 144 ]. This 
work is dealt with more thoroughly in Chap.   3     of this Volume. Extension of the 
approach to the brick-red fl uorescence of B 18 H 20 (NC 5 H 5 ) 2  (schematics  20 A  and  20 
B  above) suggests appropriate advantageous modifi cations by the positing and tai-
loring of the substituents on the pyridine moieties, and also suggests a signifi cant 
infl uence of rotamer orientation about the B-N linkages [ 56 ]. The point about criti-
cality of rotamer behaviour [ 132 ] has been made above. 
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 Above near Fig.  6.4  the possibility of future structures based on extensions or 
adaptations of known structural features is discussed, specifi cally the postulation of 
stable fi lled globular boron hydrides based on fragments of elemental boron matri-
ces [ 81 ,  82 ,  84 ]. An alternative approach is to postulate structures based on the 
extension of known polyhedral borane cluster characteristics for the prediction of 
new architectural constructs. In this regard, examples of seven types of possible 
polymeric structures were discussed by Lipscomb some 35 years ago [ 145 ]. More 
recently, a consideration of the two-borons-in-common fusion mode of the two 
known B 18 H 22  isomers leads to the recognition that other isomers are in principle 
possible [ 146 ]; two of these are designated as  cisoid-anti  and  cisoid-syn  (schematics 
 74  and  75 ), as distinct from a  transoid-anti  and  transoid-syn  nomenclature for the 
two known isomers (schematics  16  and  17  above). Although calculated to be of 
some 200 or more kJ mol −1  to higher energy than the two known isomers, neverthe-
less it is held that they may well be kinetically stable and thence inherently isolat-
able. An extension of the two- nido -decaboranes two-atoms-in-common fusion 
mode would lead to more extended oligomers of general formulation B 10 + 8 n  H 14 + 8 n  , 
but as far as the author is aware these have not specifi cally been examined compu-
tationally. The next in the series would be B 28 H 30 ; the only compound experimen-
tally established that approximates to this type of triple-cluster fusion is the 
platinaborane [(PMe 2 Ph)PtB 26 H 24 (PMe 2 Ph)] mentioned above (schematic  51 ) [ 84 , 
 87 ]. On the other hand, an alternative factorisation of the B 18 H 22  skeletal structures, 
and indeed the basic B 10 H 14  structure, into fused pentagonal pyramids based on 
 nido -B 6 H 10  ultimately leads to the postulation of a macrocyclic B 40 H 40  species of  D  5 d   
symmetry (schematic  76 ) in which the axial apices of the pentagonal pyramids point 
alternately above and below the toroidal plane. Extension of this idea by capping the 
open faces leads to a B 50 H 30  unit of  D  10 h   symmetry, based on a ring of ten  closo - type  
pentagonal bipyramidal {B 7 H 7 } units [ 146 ].

   74 75 76   

    A related extension of the four-borons-in-common fusion mode exhibited by the 
globular borane B 20 H 16  (see Chap.   8     of this Volume) leads to the speculation of an 
extended series of oligomers of general formulation {B (8 n  + 4) H (4 n  +   8) } ( e.g.  diagrams 
 77 – 80 ) [ 147 ,  148 ]. The fi rst member of the series,  i.e.  for  n  = 0, would be of atomic 
constitution {B 12 H 12 }, but the known incidence and high stability of the [ closo - 
B 12 H 12    ] 2−  dianion together with the neutrality of known stable B 20 H 16  leads to the 
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idea that the most stable series would have a progressive change in charge,  i.e.  of 
general formulation [B (8 n  + 4) H (4 n  + 8) ] (2 n  − 2)+ . This series is subject to ongoing investiga-
tion [ 147 ]. Due to the diffi culty of acquisition, either by preparative routes [ 149 –
 151 ], or by isolation from its trace incidence [ 147 ] in crude B 10 H 14  [ 151 ,  152 ], little 
experimental chemistry has been carried out on four-borons-in-common B 20 H 16  [ 76 , 
 151 ,  153 ,  154 ]. Other aspects of this type of conjunction, and aspects of three-
borons- in-common fusion, are considered in Chap.   4     of this Volume. Three-borons- 
in-common fusion is manifested experimentally in some of the metallaboranes 
mentioned above in this chapter, in the long-recognized bis(ligand) adducts of 
B 20 H 16  [ 76 ,  151 ], and also in the pair of interesting [B 20 H 18 ] 2−  and [B 21 H 18 ]  −  anions; 
[ 74 ,  75 ] these latter represent and presage yet another extended  generis  of basic 
binary borane structure,  i.e.  the three-atoms-in-common fusion mode which is 
another potentially repeating motif for speculative calculation of oligomers and 
polymers.
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    Chapter 7   
 Electronic Requirements and Structural 
Preferences for Large Polyhedral Boranes       

       Musiri     M.     Balakrishnarajan      and     Pattath     D.     Pancharatna    

    Abstract     The structural and electronic preferences of boron-based polyhedral sys-
tems with 12 or fewer vertices is well understood by the combined use of localized 
and delocalized bonding paradigms. Current research in polyhedral boranes predom-
inantly involves scaling the size within the single polyhedron or by having multiple 
polyhedral units. Though large and multiple polyhedra are experimentally known for 
long in molecules as well as solids, the beginning of the current century witnessed 
comprehensive understanding of bonding in these extended systems. Here, we 
address the various bonding features exhibited by boron-based large polyhedral sys-
tems with the scaling of the system size, their electronic and structural preferences.  

7.1         Introduction 

 The intriguing position of boron in the periodic table makes its bonding unique, 
compared to any of its adjacent elements. Unlike its neighbors beryllium and alu-
minium, boron seldom exhibits purely ionic bonding. The irony is that despite being 
referred as a metalloid or semi-metal, the fi rst ionization energy of boron is less than 
that of beryllium due to its loosely bound 2p electron. However, removal of two or 
more electrons is much more diffi cult as they are more strongly bound in its 2s 
orbital. This is presumably due to the increased positive charge which makes the 
existence of B 3+  ion impossible whether free or solvated. Compared to aluminium 
with a similar valence electronic confi guration, boron valence orbitals have fewer 
radial nodes and also experience reduced screening from core electrons, which 
makes these orbitals less diffuse and their electrons tightly bound, hampering ionic 
bonding. This is clearly refl ected in the fi rst three ionization energies of boron which 
are ~50 % more than aluminium consistently. 

 Exclusive ionic bonding in isolation being ruled out, boron as a main group ele-
ment is forced to exhibit covalent bonding. However, with only three valence elec-
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trons, classical electron pair bonding leaves a reactive empty orbital and necessitates 
either a negative charge or a coordinate bond for attaining Lewis octet confi gura-
tion. When bonded to highly electronegative elements, boron indeed forms either 
Lewis acids or hosts a formal negative charge in its compounds. But while bonding 
with itself or with elements of comparable electronegativity such as carbon, boron 
radically changes this classical behavior. Usually covalent bonding between non- 
metals comprises of low lying σ-bonding MOs, with non-bonding and/or π-MOs in 
the frontier. These are successfully described classically by localized σ-bonds, 
π-bonds and lone pairs with some degree of resonance between them. However, the 
non-classical bonding of boron clearly steers away from this familiar pattern. This 
is mainly originating from the comparable diffuseness and energetic proximity of 2s 
and 2p orbitals of boron, which favors relatively strong sp mixing even compared to 
carbon. Hence, when boron interacts with p block elements of comparable electro-
negativity to form single bonds, the entailing ‘avoided-crossing’ keeps its σ-bonding 
levels close to the frontier, signifi cantly above its π-MOs. In the case of unsaturated 
boron compounds, the occupied π-bonding MOs are extremely reactive, in contrast 
to the moderately reactive C ≡ C bonds and extremely stable N ≡ N. The few com-
pounds that are known to have multiple bonding between boron atoms are stabilized 
by the presence of strong π-acceptors like nitrogen substituted heterocyclic car-
benes (NHC) which are adequately substituted with bulky groups to offer steric 
protection. [ 1 ] These compounds, though described by localized π-bonds between 
boron atoms in their representative Lewis structure, are stabilized by the substantial 
π-delocalization arising from back-bonding. The allene like near D 2d  geometry of 
the recently reported compound [ 2 ] with a formal B ≡ B bond serves as an ideal 
illustration. Though the bonding between boron atoms is claimed to be triple [ 3 ], its 
doubly degenerate HOMO clearly shows the two interpenetrating allyl like linear 
B-B-C units in orthogonal directions, each contributing only half π-bond order. 
Hence π-bonds between boron atoms are stable only when substituted with strong 
π-acceptor ligands. In the absence of such a special environment, boron, in an 
attempt to engage all its valence orbitals for stability, interacts with many neighbors, 
much more than what is classically expected based on Lewis theory. This leads to 
cluster motifs that are seen in much of the boron-rich compounds and solids in 
which even other elements are forced into non-classical bonding. 

 The dogma of electron pair bond arising from the Lewis concept – typically rep-
resented as a line connecting the two bonded atoms – is deeply entrenched in clas-
sical chemical structure theory. Hence understanding and appreciating the 
non-classical nature of bonding in boron required overcoming daunting mental 
blockades. The structure and the bonding description of even the simplest diborane 
molecule created much debate for several decades [ 4 ]. Due to the stoichiometric 
similarity and experimentally observed stronger B-B stretching force constants, the 
classical ethane-like structure was initially supported by Pauling. He justifi ed the 
electron defi ciency of diborane by means of resonance structures involving one- 
electron bonds. But when the position of bridging hydrogen atoms symmetrically 
above and below the B 2 H 4  plane was eventually proved, it was clear that the rules of 
classical valence theory need to be broken to account for its bonding. The typical 
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chemical penchant for associating an electron pair with a localized bond gave birth 
to the concept of the three-center two-electron (3c-2e) bond, a distinct bond that 
involves three atoms represented by two or more lines between different atoms. 
Thus the convention of a line representing an electron-pair bond was broken. 
However, violating the monovalence of hydrogen atoms by bridging gained much 
easier acceptance among chemists than depicting boron atom with more than four 
bonded neighbors. There is still a considerable resistance in drawing a line between 
the two boron atoms in B 2 H 6 . This is despite the fact that the distance between the 
two boron atoms (1.78 Å) lie well within the B-B multicentered bonding range and 
most chemical probes show bonding interaction between them. It is interesting to 
note that similar bridged structures among organic systems like vinyl cation [ 5 ], 
ethane dication [ 6 ] etc., the latter being isostructural/isoelectronic to diborane, are 
usually represented with a line connecting the two carbon atoms. In fact, the ethane 
dication is unstable against dissociation into two methyl cations unlike diborane. 
Longuet-Higgins seminal theoretical arguments [ 7 ] that fi rmly supported the hydro-
gen bridged structure without the direct B-B bond is presumably intended to delin-
eate its bonding from ethane, as advocated by Pauling, and this proposed structure 
is widely accepted even today. 

 Extending the molecular orbital study of diborane to polyhedral structures, 
Longuet-Higgins successfully predicted the dianionic requirement of octahedral [ 8 ] 
and icosahedral [ 9 ] borane clusters. This prediction is based on the observation that 
closed-shell molecules are more stable than those open-shell systems in which the 
highly degenerate highest occupied MOs are partially occupied, similar to Hückel’s 
derivation of 4n + 2 rule in annulenes. He also introduced the localized two-center 
two-electron (2c-2e) description for  exo  polyhedral bonds [ 8 ], conceptually separat-
ing them from the rest of the skeletal MOs that needed a delocalized description. 
Subsequently, attempts were made to employ Pauling resonance theory with the 
newly included 3c-2e bonds to explain the bonding in other known polyhedral 
boranes [ 10 ]. The ‘styx’ formalism classifi ed cluster bonding into varieties of local-
ized bonds, often in resonance [ 11 ]. The main aim was to retain the octet confi gura-
tion around boron by subtle classifi cation of bonds into 2c-2e and 3c-2e bond 
categories. Though this approach was successful in several open systems, for highly 
symmetric  closo  boranes these categorization led to uncertainties even in the assess-
ment of electronic requirements [ 12 ]. Notwithstanding the failure of localized 
bonding theory involving 3c-2e/2c-2e bonds, a general understanding of polyhedral 
bonding of boranes remained elusive despite the experimental characterization of 
several borane/carborane systems. With the increased availability of structural 
information for several open polyhedral boranes, William’s realization [ 13 ] that 
they are not always derived from icosahedral B 12 H 12  2−  led to the major breakthrough 
in polyhedral bonding. The experimental characterization of B 12 H 12  2−  and other 
 closo  borane B n H n  2−  dianions (n = 6–12) along with their carborane analogs fi nally 
allowed the formulation of a general rule for polyhedral bonding. Wade’s rule [ 14 ] 
came as a major breakthrough in polyhedral bonding, as it is derived prudently from 
several experimental facts and theoretical insights using statistical reasoning to fi t 
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the majority of experimentally known systems in a general rule, casting away the 
known exceptions. 

 Wade’s theory assumed the boron atoms in boranes to be sp hybridized, with the 
inward pointing sp hybrids and the two tangential p orbitals involved in skeletal 
bonding. The outward pointing sp hybrid was presumed to form a classical 2c-2e 
bond with the hydrogen atom. Further Wade asserted that the n inward pointing sp 
hybrids of the  closo  B n H n  system leads to just one bonding molecular orbital (MO) 
while the two tangential surface p orbitals of every boron atom together form n 
bonding and n antibonding MOs. This explains the requirement of n + 1 electron 
pairs for  closo  boranes. This explanation was also extended to partially open sys-
tems by further emphasizing that the required number of electron pairs increase by 
one with increase in cluster faults due to the removal of a vertex from the idealized 
 closo  system. This necessitates an increase in negative charge or bridging hydrogen 
atoms to provide the additional electrons. The simplicity of Wade’s formalism 
proved to be enormously helpful in rationalizing the intricate structures of open 
polyhedral boranes, allowing eloquent categorization. 

 It is to be noted that earlier MO theoretical studies that totally avoided the mixing 
of radial and tangential MOs led to erroneous electron count even for the icosahe-
dral cluster [ 15 ], hindering generalization. Hiding behind the simplicity of Wade’s 
rule is the chemical intuition that allowed its derivation despite the known lack of 
MO theoretical rigor. It is well known that not all known  closo  boranes have a clear 
demarcation between bonding and antibonding canonical MOs. Subsequent studies 
based on tensor harmonic theory [ 16 ] showed that highly symmetric  closo  boranes 
(B n H n  2− , where n = 5,6,7,10 and 12) in which the major symmetry axis passes 
through a pair of vertices capping one or more rings have degenerate MOs in the 
frontier that helps in unambiguously identifying predominantly bonding MOs. 
Fortuitously, these are the most stable frameworks, with rich chemistry. A detailed 
MO analysis on these systems indeed reveals that the magic behind the Wade’s n + 1 
rule is the appropriate mixing of radial and tangential MOs enforced by the underly-
ing symmetry [ 17 ]. Since boron typically have large number of neighbors in the 
cluster, the fact that the  closo  electron count remains unaltered by the removal of 
one or more vertices is quite justifi ed, as the resulting perturbation is not signifi cant 
enough to alter the total number of bonding MOs. Hence, Wade’s cluster bonding 
formulation that drew heavily from earlier results [ 14 ] is one of the seminal theory 
that successfully employs the abstract blending of conceptually separated localized 
bonds (B-H) and delocalized MOs (skeletal) in a single theory. This effectively 
fi lled the void left by resonance theory of localized bonds, and remains popular even 
today as a single unique theory to understand the non-classical bonding of simple 
polyhedral boranes. 

 The concept of separating the chemically passive regions with localized bonds 
and active regions with delocalized fragment MOs (that are subtly distinct from 
canonical MOs) proved to be enormously successful in understanding polyhedral 
bonding. This approach is effectively extended to transition metal clusters by using 
the isolobal analogy [ 18 ] and in explaining the stability and structural preferences 
of polyhedral boranes using the ring-cap matching principle [ 19 ]. The latter 
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approach also assisted in reaffi rming [ 13 ] the bonding connection between polyhe-
dral boranes and organic aromatic systems by the six interstitial electron rule [ 20 ] 
justifying the term three-dimensional aromaticity [ 21 ] for polyhedral boranes. 

 Though bonding in polyhedral systems with twelve or fewer vertices is under-
stood comprehensively by the abstract conceptual separation into localized and 
delocalized bonding, the structural and electronic preferences for larger polyhedral 
boranes remained unexplored till the beginning of this century despite being known 
for a long time. Here, we categorize the different possible ways by which boron 
typically extends its cluster bonding to grow in size, their preferred structural motifs 
and variations in their electronic requirements along with the mechanisms by which 
it attempts to reduce the building up of charges.  

7.2     Sharing of Edges Between Polyhedra 

 Shortly after the experimental characterization of icosahedral B 12 H 12  2−  ,  many large 
polyhedral boranes formed by sharing one or more edges between the individual 
open/ closo  cages are also reported. The  closo  B 20 H 16  was experimentally character-
ized [ 22 ,  23 ] shortly after the isolation of icosahedral [ 24 ] B 12 H 12  2− and serves as a 
unique example that has two icosahedral units sharing four edges spread across four 
vertices. In the same year, the  n -B 18 H 22  (C i ) that has two  nido  B 10  units sharing an 
edge was reported experimentally, which is probably the fi rst structurally character-
ized macropolyhedral borane with an open face. Subsequently, its topological iso-
mer  iso -B 18 H 22  as well as a  closo - nido  combination that shares a deltahedral face 
between a  closo  B 12  and  nido  B 11  units are reported. These are some of the earliest 
known examples (Fig.  7.1 ) for macropolyhedral boranes. There is renewed interest 
in the two B 18 H 22  isomers for their distinct photophysical properties [ 25 ]; the anti- 
B  18  H  22   is shown to exhibit fl orescence and capability for producing singlet oxygen 
which is also found to be a promising alternative laser material with remarkable 
photo-stability [ 26 ].

   The presence of multiple polyhedral cages is easy to perceive as the shared atoms 
have no axial hydrogen atoms, similar to naphthalene. The maximum number of 
edges that possibly can be shared between two deltahedra is limited to four, since 

  Fig. 7.1    Some of the earliest known macropolyhedral boranes with open cages       

 

7 Electronic Requirements and Structural Preferences for Large Polyhedral Boranes



186

fi ve-vertex sharing lacks the negative curvature that is required for individual cages 
even for the largest known monopolyhedral  closo  borane B 12 H 12  2− . Other than the 
unique B 20 H 16  molecule, the sharing of either one edge or three edges that simulta-
neously forms a triangular face are commonly observed in various experimentally 
reported systems [ 27 ]. Polyhedral sharing of two edges is precluded by the require-
ment of the deltahedral geometry to exhibit convex surfaces for the individual cages. 

 To assess the bonding in these systems, the fi rst and foremost information is the 
number of electron pairs required for its stable existence. It is interesting to note that 
polyhedral skeletal electron-pair theory that uses isolobal analogy to assess the elec-
tronic requirements of transition metal clusters was successfully extended to cover 
edge-shared metal clusters [ 28 ]. It was found that the required number of electron 
pairs is a function of the number of edges that are shared between the polyhedra. 
However, extrapolating these results to polyhedral boranes proved futile, as the 
isolobal analogy is not applicable for the shared vertices. 

 The systematic inquiry using extended Hückel (eH) calculations on idealized 
geometry of various edge-shared  closo  systems with two or three mono polyhedral 
boranes (Fig.  7.2 ) clearly revealed the total number of electrons required for bond-
ing [ 29 ]. This is assessed by examining the energy levels of these systems and look-
ing for an ideal electron count that results in a larger HOMO-LUMO gap. The 
optimized geometry of these systems with the charges obtained from eH calcula-
tions indeed were shown to be minima on their potential energy surface with the 
standard density functional calculations (B3LYP/6-31G*), confi rming the validity 
of eH predictions.

   These results show that sharing of a single edge retains the dianionic requirement 
of the monopolyhedral  closo  boranes, irrespective of the number of cages in the 
system. However, sharing of three edges (face-sharing) between polyhedra show 
that charge requirement changes with the number of cages. Contrary to the usual 
expectation of increased charges for these multicage systems, calculations show 

  Fig. 7.2    Idealized examples of macropolyhedral boranes formed by sharing one, three and four 
edges with their charges       
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that the dianionic charge of the monopolyhedral  closo  systems reduces by one 
 electron per sharing. As illustrated in Fig.  7.2 , face sharing of two icosahedral B 12  
units leads to the B 21 H 18  system that shows a large HOMO-LUMO gap for −1 
charge. For the model system with three B 12  units sharing a face between adjacent 
units, a neutral species has a large HOMO-LUMO gap. Extending further, it was 
clear that the charge of the system is reduced by one for every face-sharing junction, 
indicating the build-up of positive charge for further extensions. 

 Similar calculations on model systems sharing four edges as in B 20 H 16 , show that 
each junction reduces the charge requirement by two. B 20 H 16  has a large HOMO- 
LUMO gap for the neutral species as reported experimentally. Extending it to 
another cage leads to D 2h  symmetric B 28 H 20  borane that requires a 2+ charge for a 
large HOMO-LUMO gap. 

 Though the charges vary systematically with respect to the number of edges 
shared, the total number of electron pairs required for skeletal bonding remains 
independent of the shared edges. The overall requirement of skeletal electron pairs 
for a general macropolyhedral system that share one or more edges can be suc-
cinctly represented by a general formula n + m, where n and m represent the total 
number of vertices and number of mono polyhedral cages respectively [ 29 ]. The 
n + m formula holds good for all macropolyhedral systems that exhibit sharing of 
edges, irrespective of the number and nature of individual polyhedral units involved. 
Representation of the electron counting scheme in terms of electron pairs involved 
in polyhedral bonding as in Wade’s n + 1 rule formalism, instead of Mingo’s total 
electron pairs, has its benefi ts. It allows the slight modifi cation of Wade’s empirical 
MO explanation, i.e., the number of tangential bonding MOs remains n but the 
radial bonding MOs become m, so that the more generalized n + m rule reduces to 
n + 1 for monopolyhedral systems. 

 The n + m rule of condensed macropolyhedral boranes can also be extended to 
open systems with one or more missing vertices, similar to monopolyhedral cases. 
The number of bridging hydrogen atoms observed in a variety of experimentally 
reported open systems was successfully explained by the rule. It also helped in cor-
recting the erroneous assignment of the number of bridging hydrogens in the edge- 
shared 19-vertex macropolyhedral borane [ 30 ]. The validity of the n + m rule for 
condensed systems was extensively tested for a variety of model systems using ab- 
initio calculations and the vibrational calculations unambiguously showed the accu-
racy of assigned charges using the n + m rule by characterizing them as minima on 
the PES. Several isomeric frameworks that are possible with open edge-sharing 
architectures are also explored computationally using this rule [ 31 ]. 

 The geometry of all these condensed polyhedral systems in general show slight 
shortening of the shared B-B distances and elongation of bonds emanating from the 
shared boron to other boron atoms, presumably due to steric repulsion between the 
proximate B-H groups of the adjoining polyhedra. This factor also primarily deter-
mines the overall stability of the condensed polyhedral boranes and clearly explains 
the computed preference of the large polyhedra for a smaller polyhedra in face shar-
ing [ 32 ]. These steric factors are also responsible for the marked absence of  closo  
boranes that share a single edge but are characterized in open systems. Here one or 
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more vertices infl icting steric repulsion is absent, and host bridging hydrogen atoms 
for compensating the electron count. Expectedly, the edge-sharing  nido- 
macropolyhedral   systems B n H n + 4  in which these destabilizing steric repulsions are 
absent show remarkable additivity in their total energy and these macropolyhedral 
frameworks are preferred over single  nido  polyhedra for systems having more than 
twelve vertices (n > 12) [ 33 ]. In B 20 H 16 , this steric repulsion is relieved by the elon-
gation of the B-B bonds across the diagonal of the shared B 4  ring that result in a high 
D 2d  symmetry with substantially deformed deltahedral geometry of the icosahedral 
cage. The LUMO of the B 20 H 16  is found to be concentrated on these shared boron 
atoms and determines the reactivity of this molecule [ 34 ] as expected.  

7.3     Sharing of Single Vertex Between Polyhedra 

 According to the ring-cap matching principle, boron favors capping a pentagonal B 5  
ring and to some extent a square B 4  ring. When a single boron atom is shared 
between two polyhedra, the B-H groups around the shared atom come too close 
(Fig.  7.3a ), leading to substantial steric repulsion. Hence, sharing a single vertex 
between two polyhedra seldom occurs in pure polyhedral boranes. These destabiliz-
ing HB….BH interactions can be reduced if the shared vertex is occupied by a 
larger hetero atom. Several such systems are known [ 27 ] and Fig.  7.3b, c  illustrates 
some of the typical examples. In these cases, it is fairly understood that the two 

  Fig. 7.3    Single-vertex sharing of polyhedral boranes. The sterically hindered ( a ) B 23 H 22  5− is stabi-
lized by replacing the central B by ( b ) Al and ( c ) Co. Structure ( d ) shows slipping due to excess 
electrons       
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cages behave as if they are totally independent. In other words, the central atom 
shares its orbitals between the clusters but not its electronic contribution. Hence, 
unlike the various edge-sharing systems discussed above, the electron count for 
single vertex sharing polyhedra does not fi t in the n + m formula. It requires one 
more electron pair to allow both the polyhedra to fi ll their own unshared skeletal 
bonding MOs.

   There are numerous single-vertex-sharing polyhedra reported experimentally 
where the shared vertex is occupied by large elements from the second and third 
row, most of them consistently differing from n + m electron count by one additional 
electron pair, as expected. Instead of treating all these systems as an exception to the 
n + m rule, Jemmis proposed an additional parameter to include these systems within 
a single generalized electron counting formula. Hence, shortly after the framing of 
the n + m rule, it was amended to include one more parameter ‘o’, which counts the 
number of such single vertex sharing in the macropolyhedral system. Referred to as 
Jemmis’ mno rule [ 35 ], this electron-counting scheme is generalized enough to 
cover most of the known macropolyhedral boranes, including those with transition 
metals, by careful usage of the isolobal analogy. This can also be extended to cover 
hybrid systems containing both organic aromatic rings and polyhedral boranes. In 
fact, the compounds formed with late transition metals at the sharing site (Fig.  7.3d ) 
are found to exhibit the characteristic slipping [ 36 ] due to the presence of an extra 
electron pair than that is required by mno rule. This further establish the strength of 
the generalized mno rule in rationalizing the bonding in these systems. The mno 
rule also has exceptions, most notably in metallaboranes, especially when multiple 
metals present are directly connected. A detailed review [ 27 ] illustrating the appli-
cation of the mno rule to many of the known macropolyhedral boranes, including 
those that do not involve sharing, showed that the exceptions to the rule constitute 
only a small component. These can be identifi ed just by visual inspection of the 
skeletal geometry as they often involve multiple transition metals with metal-metal 
bond(s).  

7.4     Exo-linking of Polyhedra 

 Instead of sharing vertices, polyhedral boranes also prefer connecting through a 
formal 2c-2e bond to make larger boranes. This motive is omnipresent in all boron 
rich solids, but often appears under various disguise in molecular systems. The B 10  
dimers illustrate the various possibilities succinctly (Fig.  7.4 ) [ 27 ]. Unlike the 
HOMO of monopolyhedral boranes which are dominated by tangential MOs, the 
HOMO of 2c-2e linked systems is dominated by this exo-B-B σ-bonding. Hence 
these 2c-2e bonds often appear with bridging hydrogens that stabilize the HOMO 
thereby increasing the HOMO-LUMO gap. Irrespective of the presence of these 
bridging hydrogen atoms, the original formula of n tangential orbitals and m radial 
orbitals holds good, and the general mno rule can be applied effectively.
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   In addition to the directly linked 2c-2e bonds and hydrogen bridged 3c-2e bonds, 
polyhedra like B 10  also exhibit a rhombic linkage that involves four boron atoms – 
two adjacent boron atoms from each polyhedron. Since the four boron atoms of the 
rhombus lie in the same plane, it cannot be considered as a fragment of a  closo  
polyhedron, and this raises questions about the nature of bonding in the rhombus 
unit. This rhombic B 4  skeleton also is characterized in isolation, and shows enor-
mous fl exibility to accommodate varying number of exo-substituents [ 37 ,  38 ]. A 
detailed theoretical investigation on the bonding in these systems shows that the 
rhombic framework requires only two electron pairs and can be treated as having 
two 3c-2e bonds for simplicity [ 39 ]. For electron counting purposes, this rhombic 
skeleton can be conveniently ignored while counting the number of individual cages 
m, to fi t into the generalized mno rule. The rhombic structural motif is also found in 
sodium boride Na 3 B 20  in which two pentagonal bipyramidal B 7  units exhibit such 
linkage between two adjacent boron atoms of the fi ve-membered rings [ 40 ]. 

 Hence the central B-B σ-bond in exo-linked polyhedral boranes is often stabi-
lized by bridging hydrogen atoms, which also reduce the charge requirement. The 
rhombic mode of linking polyhedra further imparts stability and reduces the buildup 
of charges by two.  

7.5     Bonding in Supraicosahedral Systems 

 Another natural way of thinking about large polyhedral boranes is to increase the 
overall size of the cage beyond the icosahedral limits. Despite the intense efforts to 
characterize such systems, the mono cage  closo  boranes (B n H n  2−  where n > 12) 

  Fig. 7.4    Various types of exo-linkages known with B 10  dimer       
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remain elusive, though there are several computational studies predicting their 
 possible structures [ 41 ,  42 ]. The diffi culty is mainly attributed to the remarkable 
stability associated with the icosahedral cage, though there are also inherent geo-
metrical reasons that discourage boron from forming these supraicosahedral 
clusters. 

 The icosahedron being the largest possible regular convex deltahedron, any 
attempts to increase the cluster size beyond 12 has to compromise its regularity by 
having one or more vertices capping a hexagonal ring. In an ideal deltahedron with 
equal B-B bond lengths, a B-H group bonding to six adjacent neighbors brings the 
cap down into the middle of the hexagonal ring. This proves to be disastrous for 
polyhedral bonding, since the two tangential p orbitals of the B-H cap cease to inter-
act with the doubly degenerate π-frontier MOs of the ring, due to symmetry mis-
match. To retain the pyramidalization for capping so as to allow overlap between 
ring and cap, either the cap to ring distance has to elongate or the hexagonal ring has 
to compress. This brings in bond-alternation leading to instability. However, if the 
B-H cap is replaced by an isolobal fragment with more diffuse orbitals, such struc-
tures are readily formed and several of them are known experimentally [ 43 – 45 ]. 
The fact that polyhedral boranes with B-H capping a hexagonal ring are known 
experimentally in a few cases [ 46 ,  47 ] gives hope towards the experimental realiza-
tion of supraicosahedral boranes. 

 Assuming B-H caps on hexagonal rings as strain points, Lipscomb theoretically 
evaluated various geometrical possibilities for supraicosahedral boranes [ 41 ]. He 
also predicted the relative stabilities of their isomers based on uniformity of distri-
bution of hexagonal B-H caps on the cluster surface to reduce the overall strain. 
However, later computational studies [ 42 ] identifi ed a cluster, B 16 H 16  2−  (D 4d ) with 
square faces instead of the usual deltahedra to obey the  closo  electron count. Though 
all-boron supraicosahedral boranes are yet to be characterized, there are several 
carboranes synthesized recently with more than 12 vertices [ 47 ,  48 ]. Some of these 
systems also have open square faces, but still follow the  closo  electron count. The 
recent systematic study on various supraicosahedral boranes [ 49 ] showed that the 
hexagonal B-H caps prefer to be adjacent to each other but with a broken bond 
between these strained B-H groups. This results in the formation of nearly square 
faces and eliminates the unstable sixth coordination of boron. It also shows that 
these square faces prefer to be isolated from each other, much like the isolated pen-
tagons of fullerene molecules. The highest symmetry cluster with such isolated 
square faces is the snub cube with 24 boron atoms. The associated borane B 24 H 24  2−  is 
a minimum with the unique O symmetry (Fig.  7.5a ) and is markedly more stable 
than two other fully deltahedral isomers (Fig.  7.5b, c ). The large size of this snub 
borane cluster allows metal ions to be trapped inside. It is interesting to note that 
this snub cube geometry is indeed found in the structure of cubic YB 66  with endo-
hedral boron, though its bonding remains a puzzle due to the rampant partial occu-
pancies present in the structure. Extending similar logic to fi ve-membered open 
faces resulted in the snub dodecahedron B 60 H 60  2−  .  The molecule with its I symmetry 
is also a minimum (Fig.  7.5d ), and is probably the largest possible monocage borane 
that obeys Wade’s rule despite the presence of 12 isolated pentagonal faces much 
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like C 60 . It is clear that supraicosahedral boranes if characterized will break the del-
tahedral rule more readily than the electron counting rules.

7.6        Mechanisms for Charge Compensation 

 One of the major problems associated with large macropolyhedral boranes is the 
increase in their charge requirements with the size. While linking of polyhedral 
units through 2c-2e bonding accumulates negative charges, sharing of multiple 
edges accumulates positive charge. The only topologies that retain constant charge 
are sharing of a single edge or rhombic linkage between polyhedra. Unfortunately 
these are not suitable growth mechanisms for many  closo  polyhedra, including the 
most stable icosahedral borane. The straightforward mechanism for reducing the 
negative charge is to acquire bridging hydrogen atoms that is ubiquitous in open 
systems. In addition, there are defi nite strategies that periodic polyhedral networks 
adopt in boron rich solids to counter the excess charges which are also found in 
some discrete polyhedral boranes. Understanding these different mechanisms help 
in the assessment of electronic requirements and consequently the cluster bonding. 

 The most ubiquitous phenomenon for compensating the negative charge in boron 
rich borides is the presence of interstitial boron atoms. Often present as partially 
occupied sites, these boron atoms cap a deltahedral face or an edge of the polyhedra 
and donate all their available electrons without stabilizing any additional bonding 
MO [ 50 ]. In molecules, there are examples where the whole polyhedral cage caps an 
edge of another polyhedron through one of its boron atoms, which is not to be con-
fused with single-vertex sharing [ 51 ]. These capping boron atoms can also be pres-
ent inside the polyhedral cage if there is suffi cient space. Calculations done on 
stuffed polyhedral boranes [ 52 ] indeed show that these dopants do not change the 
electron count of the polyhedra, but merely donate all their valence electrons, reduc-
ing the overall negative charge. The most illustrative case is the elemental boron [ 53 ] 

  Fig. 7.5    Supraicosahedral boranes in nano dimension. Hydrogens are omitted for clarity. The 
vertices are colored differently to differentiate the caps and faces       
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itself as its β-rhombohedral polymorph [ 54 ] hosts several partially occupied intersti-
tial borons as well as a boron atom in the middle of the condensed polyhedral cluster, 
B 27  (Fig.  7.6a ) [ 50 ,  55 ]. Similar trapping of boron atoms is found in the structure of 
YB 66  in which the snub B 24  cluster has a boron atom inside the cage, partially occu-
pied and distributed in two symmetrically equivalent sites [ 56 ]. This indicates that 
stuffi ng may be an effective strategy for synthesizing large polyhedral systems.

   Another mechanism that is effectively used in extended structures is partial oxi-
dation. Often, the charge requirements of the polyhedral network are not completely 
satisfi ed in many boron rich solids. One ideal representative is boron carbide that 
shows large variation in carbon concentration [ 57 ] in different samples. Theoretical 
studies on exo-substituted boranes [ 58 ,  59 ] show that elements with higher electro-
negativity have a strong tendency for partially oxidizing the cluster. This imparts 
partial exo-polyhedral multiple bonding much like quinones in organic aromatic 
systems. There are several polyhedral boranes reported with highly electronegative 
substituents in their partially oxidized forms (Fig.  7.6b, c ) indicating this strategy is 
effective even for zero-dimensional molecules [ 60 ,  61 ]. Presence of these partial 
oxidations can be easily perceived as they undergo characteristic distortion of the 
polyhedral cage that depends on the nodal features of the MO that loses electrons. 

 As a last resort, polyhedral boranes are also capable of eliminating some of their 
exo-substituents, and remain stable with bare boron atom(s) (Fig.  7.6d ). Since the 
substituents may leave either as a radical, or anion or cation, electron counting may 
be a diffi cult task. Theoretical investigation on the effect of removing two hydro-
gens from the B 12  polyhedron [ 62 ] shows that the skeleton exhibits characteristic 
distortions that depends on whether the hydrogens are removed as protons, hydro-
gen atoms or hydride ions. Hence a closer look at the distorted geometry can clearly 
indicate the electron count associated with the structure. Irrespective of the electron 
count, the ground state of these even-electron systems are always found to be sin-
glets, albeit with some open-shell character if the frontier levels are too close. 
Polyhedral boranes having boron atoms without exo-substitutents are reported 
experimentally [ 63 ], with more such cases in heteropolyhedral boranes [ 64 ] and are 
also believed to exist in some boron rich borides such as YB 66 .  

  Fig. 7.6    Polyhedral frameworks illustrating the relieving of excess charge by ( a ) endohedral 
atoms, ( b ) and ( c ) exo-multiple bonding and ( d ) elimination of exo-substituents       

 

7 Electronic Requirements and Structural Preferences for Large Polyhedral Boranes



194

7.7     Conclusion 

 By the prudent combination of localized and delocalized bonding, the non-classical 
structures exhibited by the mysterious and mischievous boron in polyhedral boranes 
and the bulk of boron rich solids can be comprehended. After the initial break-
through in the understanding of monopolyhedral boranes aided by Wade’s cluster 
bonding formalism, the beginning of the century saw remarkable advances in large 
polyhedral boranes. The different possible modes of scaling the cluster size beyond 
12, quantitative assessment of its electronic requirements, understanding of their 
structural preferences and various possible mechanisms of charge compensation are 
explored. Wade’s cluster bonding model that uses localized exo-polyhedral bonds 
and delocalized skeletal bonds can be successfully used as the basis to interpret the 
nature of bonding in large polyhedral boranes; linking of polyhedra by various 
mechanisms are understood as perturbation of exo-polyhedral localized bonding, 
while sharing of vertices, capping, stuffi ng and hole formation in supraicosahedral 
boranes are understood as perturbations to the delocalized skeletal bonding. The 
phenomenon of exo-polyhedral multiple bonding with elements of high electro-
negativity, however, is viewed as a perturbation involving both skeletal and exo- 
bonds. With the impressive success in experimental characterization of several large 
polyhedral systems, it is expected that the quantitative electron-counting rules and 
qualitative understanding of bonding will help increase the size of these polyhedral 
clusters further to nano-scale that may reveal several novel applications hitherto 
unknown. It will also give insights into the structure and bonding of several boron 
rich solids that remain mysterious, thereby providing a handle to effectively engi-
neer these systems for several technologically important applications.     
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Chapter 8
Applications of Nanocatalysis in Boron 
Chemistry

Yinghuai Zhu, Amartya Chakrabarti, and Narayan S. Hosmane

Abstract  The rapid progress of nanoscience and nanotechnology opened up new 
vistas of application for nanomaterials. Nanocatalysis is a novel trend in the area of 
catalysis benefited by the advancements of nanotechnology. Developments in the 
field of boron chemistry have also been greatly influenced by nanocatalysis. In this 
chapter, we report recent updates on different boron compounds being either syn-
thesized or utilized with the help of nanocatalysis.

8.1  �Introduction

Nanomaterials are one of the modern-day marvels in the world of materials science 
with at least one of their dimensions on the order of less than 100 nm. The small size 
of nanomaterials makes their properties vary from those of their bulk counterparts 
in many respects. The unique improvements to the properties of nanomaterials 
make them useful for many applications [1]. The significant role of nanomaterials 
in different scientific and technological fields is being investigated all around the 
globe, and several major breakthroughs have been achieved over the past few 
decades. Nonetheless, a variety of nanomaterials have been discovered recently 
with different morphologies, ranging from nanoparticles to self-assembled complex 
nanostructures. Discoveries in the field of nanotechnology have rapidly increased 
mainly due to the scientific advancements in the division of characterization tools, 
specifically in the area of microscopy. For example, electron microscopes have 
undoubtedly impacted the development of nanotechnology over the years.
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Advancement of nanotechnology has rendered its application in a variety of 
fields an extremely promising area in the field of catalysis. Catalysts are defined as 
substances that enhance the rate of a chemical reaction without going through any 
chemical alteration. They are an important class of materials in modern-day indus-
tries as the availability of a huge amount of inexpensive chemicals and pharmaceuti-
cal products largely depends on industrial catalytic processes. Depending on their 
morphology in the reaction medium, catalysts are generally classified as homoge-
neous and heterogeneous. Homogeneous catalysts work in the same phase with the 
reagents, while heterogeneous catalysts reside in a different phase during catalysis. 
Although homogeneous catalysts are preferred in reactions due to their high activity 
and selectivity [2], heterogeneous catalysts are also widely used in industries 
because of their ease of separation from the reaction media, which is considered to 
be a major advantage for this kind of catalysts [3].

On the other hand, nanomaterials are emerging as attractive choices as catalysts 
in various chemical processes. A high surface-to-volume ratio of metal nanoparti-
cles with active surface atoms makes them superior catalysts in various reactions 
[4]. With the decrease of particle size, surface area per unit mass of material 
increases significantly. As the catalytic reaction takes place on the surface, nanoma-
terials with higher surface area compared to similar mass of bulk materials are 
expected to have high efficiency of activity. However, stabilization and separation of 
the nanoparticles from product mixtures remain big challenges in nanocatalysis.

Nanoparticles based on transition metals are subjects of great interest because of 
their efficient role as catalysts in several organic syntheses [5]. There are a variety 
of methods available to synthesize transition metal nanoparticles, including thermal 
decomposition, wet hydrogen and electrochemical reduction, sonochemical decom-
position, UV photolysis, ion implantation, microwave irradiation, biomineralization 
and different mechanochemical synthetic techniques [5]. Depending on the process 
of synthesis, the particle size and morphology of the produced nanocatalysts and, 
consequently, their performance differ. There are extensive reports on nanocatalysts 
for many organic transformations [6]. This chapter concentrates on the influence 
and improvements involving nanocatalysis in boron chemistry, such as formation of 
C-C bonds (Suzuki Miyaura Coupling reaction and homocoupling reactions), for-
mation and breaking of B-H bonds in borohydrides, as well as isotopic exchanges 
in a variety of molecules containing H-B, B-B and I-B bonds.

8.2  �Suzuki Miyaura Cross-coupling Reactions

The Suzuki-Miyaura cross-coupling reaction, popularly known as Suzuki coupling, 
is one of the most commonly used C-C bond formation reactions in organic synthe-
sis. The reaction involves palladium-catalyzed cross coupling between an aryl 
halide and an organoboronic acid. The well-characterized mechanism is shown in 
Scheme 8.1. Although it started with the palladium-catalyzed cross coupling 
between an organoboronic acid and aryl halides, over time different catalyst sys-
tems and methods were investigated, which have widened the applications [7]. The 
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scope of the reaction now covers a variety of compounds, including alkyls, alkenyls 
and alkynyls.

Among several catalyst systems, palladium-based homogeneous catalysis has 
been the most investigated and reviewed in the literature [7]. In Suzuki-Miyaura 
reactions (Scheme 8.1), as the active Pd0 species are involved in a proposed mecha-
nism, pre-prepared palladium nanoparticles (Pd-NPs) become an excellent choice 
for the homocatalytic systems. When the Pd-NPs-based catalysts are introduced 
into homogeneous catalysts as a reservoir of catalytically active species, the result-
ing catalytic system has proven to be highly active for such reactions [8–14].

Reetz and co-workers have been pioneers in utilizing Pd-NPs for Suzuki reac-
tions with their first reported synthesis involving Pd and Pd/Ni bimetallic clusters 
[8]. There have been several reports published since then with different morpholo-
gies of Pd-based nanomaterials, including spherical, cubic and polyhedral shapes. 
Many of those catalysts have been prepared and mounted on a variety of supports 
with different pore size and surface area, such as micro-, meso- and macro-porous 
carbon-based materials, metal oxides and polymers [8–14]. Although most of the 
Pd-NPs, either in supported or in colloidal composite morphology, are reported to 
be spherical or nearly spherical in shape, Pd-NPs of other shapes, such as nanorods 

Scheme 8.1  Mechanism of Suzuki coupling
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and branched star NPs (Fig. 8.1), have also been synthesized and successfully used 
in Suzuki-Miyaura coupling reactions [15, 16].

With technological advancements, different synthetic methodologies to prepare 
Pd-nanostructures with unique morphologies have surfaced. A very recent report 
‘showed’ or ‘demonstrated’ that the presence of hydrochloric acid has a strong influ-
ence over the formation of different shapes of Pd nanocrystals. When a higher con-
centration of HCl was used, formation of octahedral Pd nanocrystals bounded by 
[111] facets predominated over the generation of Pd nanocubes bounded by [100]
facets (Fig. 8.2) [17]. For the Pd- NPs-catalyzed Suzuki-Miyaura C−C cross-cou-
pling reactions, the cubic Pd nanocrystals were found to be the most effective in 
terms of catalysis over their cubooctahedral and octahedral counterparts. Under 
similar reaction conditions and size of the nanoparticles, higher activity was noted 
with the smaller-sized Pd-NPs [18].

The success and potential of Pd-NPs in Suzuki coupling reactions many times 
has been restricted by economic factors and environmental concerns, due to the high 
price of Pd metal and a certain level of toxicity, respectively. Synthesis of Pd-based 
bi- or multi-metallic nanocatalysts are now being investigated. Bi- and multi-metallo 

Fig. 8.2  (a) The shape evolution of the Pd NPs and (b) TEM image of Pd-nanocrystals (Reprinted 
with permission from Ref. [17]. Copyright (2014) American Chemical Society)

Fig. 8.1  TEM images of Pd-NPs with the shapes of nanorods and branched stars (Reprinted with 
permission from Ref. [15]. Copyright (2009) American Chemical Society)
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Pd-NPs were synthesized and examined for their activity in the cross-coupling reac-
tions in colloidal systems [19]. With the monometallic NPs, Pd was found most 
active followed by Cu and Ru, while Pt exhibited no activity. In the case of bimetallic 
NPs, Cu/Pd and Ru/Pd were almost equally active, and Pd/Pt followed them with 
slightly lesser activity. Cu/Ru was found to be less active, and Cu/Pt was not active 
at all. Among the multi-metallic NPs, the sequence of activity was in the following 
order: Cu/Pd/Ru >Cu/Pd/Pt >Ru/Pd/Pt >Cu/Ru/Pt/Pd, and it was the combination of 
copper with palladium that could obtain comparable activity compared to the activ-
ity of solely Pd-based catalysts. Under similar reaction conditions, a study revealed 
that carbon-supported Pd/Cu exhibited higher activity than Pd alone [20]. Carbon-
supported Pd/Ag system were less active, followed by Pd-Ni with the least activity 
in the same study. When ZnO nanopowder was used as support, the activity of the 
catalysts followed the sequence of Ag/Pd >Cu/Pd >Ni/Pd >Pd for Suzuki reactions, 
suggesting that the activity of catalysts is controlled not only by the metal center but 
also the support [21].

Other than Pd, metal nanoparticles including Fe- [22], Ni- [22–25], Rh- [26] and 
Au- [27, 28] have also been successfully utilized as catalysts in Suzuki coupling 
reactions. While the recyclability of Ni-based nanoparticles was uncertain because 
of the possibility of its oxidation during the reaction [25], Rh-based nanoparticles 
exhibited excellent stability, activity and recyclability for Suzuki coupling reactions 
[26]. Au-NPs also showed good catalytic performance in colloidal systems and bet-
ter recyclability [27]. Graphene-supported Au nanoparticles were synthesized and 
utilized for Suzuki coupling reactions (Scheme 8.2) by Li et al. [29]. The Au-graphene 
hybrid nanostructures demonstrated high catalytic activity for Suzuki reactions in 
water under aerobic conditions.

8.3  �Oxidative Homo-Coupling Reactions

Oxidative homo-coupling is a well-known methodology to produce symmetrical 
biaryls. With the availability of a variety of arylboronic acids, this method is becom-
ing more popular lately. A generic mechanism for the coupling reaction is depicted 

Scheme 8.2  Gold-graphene hybrid catalyzed Suzuki reaction
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in Scheme 8.3. Although Pd-based homogenous catalysts have been investigated for 
such reactions, the difficulties associated with catalyst recovery and many ligand-
derived side reactions encouraged the rapid development of heterogeneous catalytic 
systems.

Carbon and protein-supported Pd-NPs have been widely studied as heteroge-
neous catalysts for the oxidative coupling reactions of arylboronic acids [30–32]. 
Cravotto and coworkers reported a combination of high-intensity ultrasound and 
microwave operated Pd/C catalyzed ligand-free homo-coupling as well as cross-
coupling reactions, which have been conducted in a flow reactor [30]. Several biaryl 
compounds were successfully synthesized using the ligand-free catalyst system 
following the reactions exhibited in Scheme 8.4. The combined application of 
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microwave and ultrasound has improved the yield of Suzuki coupling reactions 
manifold. Another report by Chen et al. showed a very high efficiency and reason-
able tolerance of functional groups (except p-MeS) by Pd/C catalysts for homo-
coupling reactions in a ligand-free system where a 9:1 v/v ratio of water and 
2-propanol was used as solvent [31]. Protein-stabilized Pd-NPs, prepared from a 
highly thermostable Dps protein from the thermophilic bacterium Thermosynechoccus 
elongates, were reported as highly active catalysts for the homo-coupling reactions 
of arylboronic acids and potassium aryltrifluoroborates under aerobic phosphine-
free conditions in water [32].

Among other metals, apart from Pd, Au has exhibited good catalytic activities in 
C-C bond formation reactions. Poly(N-vinyl-2-pyrrolidone) or PVP-stabilized 
Au-NPs were synthesized by Tsunoyama and coworkers with a size distribution 
between 1.3 and 1.6  nm (Fig. 8.3) [33]. The PVP-stabilized Au-NPs were then 
tested for their catalytic activities for aerobic homocoupling of phenylboronic acids 
in aqueous media, and a high yield was reported from the reactions [33]. The molec-
ular oxygen dissolved in water was found to play a crucial role in the catalytic activ-
ity through its interaction with the Au-nanoparticles [33]. In a separate report, a high 
activity of Au-NPs for the homo-coupling reactions of the potassium aryltrifluo-
roborates (Ar−B, (B = BF3K)) in water was demonstrated [34]. Moreover, PVP-
stabilized bimetallic Au0.5/Pd0.5 NPs exhibited good activity for homo-coupling 
reactions in the presence of aryl chlorides in water at room temperature [35].

Willis et  al. investigated the catalytic activities of synthesized Au-NPs (size 
around 10 nm) and Pd-NPs (size around 15 nm) supported on different nanocrystal-
line metal oxides, MO2 (M = Ce, Ti, Zr, Si) [36]. Except for SiO2, the other oxide-
supported Au-NPs produced 100 % phenylboronic acid conversion, and the 
selectivity towards the biphenyl product was also 100 %. Wang et al. reported for-
mation of Au-NPs of small sizes between 1 and 4 nm on Mg-Al mixed oxides (Au/
MAO) (Fig. 8.4) that exhibited excellent catalytic properties in the homo-coupling 
reaction of phenylboronic acid in 1.5 MPa O2 at 100 °C [37]. The biphenyl product 

Fig. 8.3  TEM images of PVP-stabilized AuNPs (a) Au:PVP (K-15), (b) Au:PVP (K-30), and (c) 
Au:PVP (K-90). Three different PVPs were used for the preparation K-15, K-30 and K-90 with 
average molecular weight of 10, 40 and 630 kDa (Reprinted with permission from Ref. [33]. 
Copyright (2004) American Chemical Society)
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was obtained in about 90 % yield with 90 % selectivity, and the phenylboronic acid 
conversion was around 100 % when methanol was used as solvent [37]. On the 
contrary, Au nanoparticles formed over SiO2, Al2O3 and TiO2 yielded much lower 
conversions.

Polymer stabilizers are also effective supports for Au-NPs, which exhibited sat-
isfactory activities for Suzuki homo-coupling reactions. While poly(aniline-co-
m-ferrocenylaniline) [38] and polystyrene cored G3-polyamidoamine dendrimers 
[39] were proven to be effective polymers, chitosan-stabilized Au-NPs showed 
remarkable catalyst activity and recyclability under acidic conditions (pH 4.57) 
[40]. In addition, chitosan-supported bimetallic Au0.81/Pd0.19-NPs were found to be 
more active for the aerobic oxidative homo-coupling reactions under acidic condi-
tions than other chitosan-supported metal NPs including Au-, Au0.91/Pd0.09-, Au0.86/
Pd0.14-, Au0.77/Pd0.23- and Au0.72/Pd0.28-NPs [41]. The chitosan-supported Au0.81/Pd0.19-
NPs catalysts have successfully produced biaryl products in quantitative yields from 
different ArB(OH)2 substrates (Ar = C6H5, p-OMe-C6H4, p-Me-C6H4, p-F-C6H4, 
p-Cl-C6H4, p-CN-C6H4) [41]. However, another investigation has shown that the 
addition of aryl iodides prevents the homo-coupling reactions that are catalyzed by 
PVP-stabilized Au- and Au0.5/Pd0.5-NPs [42]. Chitosan-stabilized Au-NPs have also 
shown similar behavior in the presence of aryl iodides [42].

8.4  �Carbonylative Cross-Coupling

An alternative way of preparing aryl ketones involves carbonylative cross-coupling, 
in which an reactive Pd(0) complex inserts into the C-X bond of a halide. The fol-
lowing steps include migratory insertion of carbon monoxide into the 

Fig. 8.4  TEM images of (a) Au/MAO nanocatalyst, (b) enlarged image in the inset (Reprinted 
with permission from Ref. [37]. Copyright (2012) Royal Society of Chemistry)
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palladium-aryl bond and transmetallation with the nucleophile. Then the process of 
reductive elimination provides the aryl ketone and regenerates the catalyst (Scheme 
8.5). This process is advantageous over other methods like acylation, since it uses 
less toxic boronic acid as substrates and recyclable catalysts.

Khedkar and coworkers successfully utilized Pd/C heterogeneous recyclable 
catalyst for carbonylative cross-coupling reactions with a wide variety of aryl and 
heteroaryl iodides [43]. Very recently, graphene oxide (GO)-supported Pd-NPs 
were developed with a size averaging around 4.9 nm (Fig. 8.5). This unique catalyst 
system exhibited good activity for the carbonylative cross-coupling reaction, and 
was found recyclable at least three times without altering their activity [44].

8.5  �Hydroboration Reactions and Dehydrogenation  
of Boron Compounds

Organoboranes are synthesized by hydroboration of a C = C or C ≡ C bond; typically 
the reaction is uncatalyzed. However, some transition metal complexes, including 
Co-, Au-, and Cu-complexes, were reported to facilitate the reaction at ambient 
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temperature while affecting the chemo-, regio-, and stereoselectivity [45–51]. 
Selective diboronation of alkenes, e.g., styrene and vinylcyclohexene, was accom-
plished by utilizing ligand-stabilized Au-NPs that are around 7 nm in dimension 
[52]. Under similar conditions, Ag-NPs and Cu-NPs exhibited inferior activities. 
Grirrane et al. reported Pt-NPs/MgO, a mixed composite catalyst, to be efficient for 
diboronation of alkynes and superior over other comparable supported metal 
nanoparticles [53]. Zhu and coworkers have successfully demonstrated that Ir-NPs, 
with dimension around 4 nm and stabilized by a pyridinium salt of a carboranyl-
diphosphine ligand, are active and recyclable for hydroboration reactions (Scheme 
8.6) [54]. Production of the boronated ester by the hydroboration process is indica-
tive of the involvement of an isomerization step.

In the dehydrogenation of the boron compounds, an H-H bond is formed at the 
expense of a B-H bond, and the generation of hydrogen gas is extremely important 
due to the potential application in hydrogen storage. While hydrogen has been iden-
tified as a better alternative energy source in comparison to conventional fossil 

Scheme 8.6  Hydroboration catalyzed by Ir-Nps (Reprinted with permission from Ref. [54]. 
Copyright (2011) American Chemical Society)

Fig. 8.5  TEM images of GO-supported Pd-NPs (Reprinted with permission from Ref. [44]. 
Copyright (2013) Royal Society of Chemistry)
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fuels, storage and distribution of hydrogen gas remains a major challenge [55]. 
Different hydrogen-containing chemicals have attracted attention of the scientific 
community as a source material for hydrogen production, and of them, certain 
boron-containing compounds, including metal borohydrides (NaBH4, LiBH4 etc.), 
ammonia-borane (NH3BH3) and hydrazine borane (N2H4BH3), have proven to be 
extremely promising [56–61].

Metal borohydrides react with water to form hydrogen gas; this process can be 
catalytically favored. Hydrolysis of metal borohydrides is an exothermic process 
and many times not favored as a hydrogen generator since the formation of MBO2 
(Eq. 8.1) increases the basicity of the medium, lowering the rate of H2 formation 
[62, 63]. However, incorporation of a catalyst system has been proven to be helpful, 
and there are several reports suggesting such improvements [62, 63]. Among the 
catalysts, water-dispersible ruthenium nanoclusters [64], carbon-supported Pt cata-
lysts [65], a robust Co-W-B hybrid catalyst supported on Ni-foam [66] were reported 
to generate high rate of hydrogen gas (more than 8000 mL/min/g) via catalytic 
hydrolysis of NaBH4. On the contrary, LiBH4 is not as promising as NaBH4 in H2 
production through hydrolysis because of its thermodynamic and kinetic limita-
tions. Moreover, both the hydrogenation and dehydrogenation temperatures are too 
high for LiBH4 to be used for hydrogen storage. Au and coworkers have shown that 
modifying LiBH4 by doping with 25 % TiO2 has reduced the dehydrogenation tem-
perature to 100 °C [67]. A nanocomposite of LiBH4 and C60 with a 70/30 weight 
ratio demonstrated H2 absorption under mild conditions of 150 °C and 10 bar H2 
pressure [68]. Size reduction of hydride particles to the nanometer scale also played 
a significant role in lowering the dehydrogenation temperature of the materials. This 
observation can be attributed to high surface to volume ratio and the higher number 
of surface atoms. While a LiBH4@C microporous-macroporous type material  
has shown a decreased dehydrogenation temperature of 200 °C [69], a core-shell 
nanocomposite of nano-NaBH4 (<30 nm) @Ni exhibited hydrogen absorption/
desorption capacity at 350 °C and 4 MPa H2 [70].

	 MBH H O H MBO M Li Na K4 2 2 22 4+ → ↑ + =( , , ) 	 (8.1)

Ammonia-borane or aminoborane is a low molecular weight borane with a high 
hydrogen capacity (hydrogen gravimetric density of 19.6 wt%, 148 g H2 L−1), thus 
a promising hydrogen storage material [71, 72]. It is a very stable compound under 
inert and dry conditions and suffers dehydrogenation either via hydrolysis, metha-
nolysis or thermolysis (Eqs. 8.2, 8.3, and 8.4) [71]. Among several efficient nano-
catalysts, Ag@Co/Graphene [73], Pd@Co/Graphene [74, 75], Ru@Co/C [75], Ni@
Ru [76], Ru@SiO2 [77] and Ru/C [78], to name a few, show a very high turnover 
frequency (TOF) of more than 100 (molH2·mol catalyst−1·min−1). In comparison to 
noble metal-based nanocatalysts like Ru-, Pt- or Pd-NPs, non-noble metals failed to 
exceed performance in terms of activity when they are used. Methanolysis is a pro-
cess similar to hydrolysis that can be used to break the B-H bond of aminoborane to 
generate H2 gas. This process, however, has not been explored significantly, and 
there are not many nanocatalysts reported to be used. Dai et  al. investigated 
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montmorillonite-supported Ru-NPs for methanolysis of aminoborane and found the 
TOF (molH2·mol catalyst−1·min−1) to be as high as 90.9 [79]. Two other catalyst 
systems, zeolite-supported Rh-NPs [80] and carbon-supported Co48Pd52-NPs [81] 
have shown lower TOFs of 30 and 27.7, respectively. As shown in Eq. 8.4, it is evi-
dent that thermolysis of aminoborane generates H2 but it requires a very high tem-
perature for the complete conversion. Pd- [82], Rh- [83], and Ru-NPs [84] are found 
to be active catalysts for dehydrogenation of secondary amine borane, Me2NHBH3, 
with TOFs (h−1) of 75, 60 and 55 at room temperature, respectively.

	 NH BH H O NH BO H3 3 2 4 2 22 3⋅ + → + ↑ 	 (8.2)

	 NH BH MeOH NH B OMe H3 3 4 4 24 3⋅ + → + ↑( ) 	 (8.3)

	 NH BH H NH BH H NBC C
3 3

100 200
2

500
22⋅ ↑ +  → ↑ + → − >~ [ ] [ ]

ο ο

	 (8.4)

Chemical modification of aminoborane via replacing the NH3 moiety by hydrazine 
(N2H4) leads to the formation of hydrazine borane (N2H4BH3, 15.4 wt%, 149 g H2 
L−1). Hydrolysis of hydrazine borane to produce 5 equivalent of H2 per mole of 
compound can be achieved ideally following Eq. 8.5. However, at room temperature 
only 3 equivalent of H2 are released, as the dehydrogenation of N2H4 is a slower 
process and also requires elevated temperatures. Different catalyst systems were 
utilized by several research groups. It has been found that Rh- [85] and Ni-based 
[86] nanocatalysts provided relatively high TOFs.

	 N H BH H O B OH H N2 4 3 2 3 2 23 5⋅ + → + ↑ + ↑( ) 	 (8.5)

8.6  �Isotope Exchange Reactions

Boron neutron capture therapy (BNCT) is a binary treatment for cancer. BNCT is 
based on the nuclear reaction that occurs when 10B isotope is irradiated with low-
energy thermal neutrons to yield excited 11B atoms. The unstable 11B atoms then 
produce high linear energy transfer alpha particles and recoiling lithium-7 nuclei, 
which eventually destroy the tumor cells [87–89]. Thus, isotope-enriched boron 
compounds plays a crucial role in medicinal application. Now, different methodolo-
gies are available to prepare isotope-enriched boron compounds, and catalytic iso-
tope exchange reactions are more efficient than the conventional multistep synthetic 
procedures. The multistep synthetic methodologies not only use longer reaction 
times but also are typically of low yield. On the contrary, catalytic hydrogen-
deuterium (H-D) exchange in borane compounds with aluminum, ruthenium and 
iridium complexes demonstrated good activity [90–95]. Moreover, Pd-, Pt-, Rh- and 
Ni-based nanoparticles have been thoroughly investigated to catalyze the H-D 
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isotope exchanges in carbon-based compounds [96]. Zhu et al. reported for the first 
time a catalytic isotope exchange method to prepare 10B-enriched decaborane (14), 
one of the most useful precursors of boron hydrides useful in the syntheses of 
enriched boron-containing compounds [97]. The method involved Ru(0)-NPs dis-
persed and stabilized in an ionic liquid, trihexyltetradecylphosphonium dodecyl-
benzenesulfonate, as a catalyst. The isotope exchange reaction between 10B-enriched 
diborane and naturally abundant decaborane produced highly 10B-enriched (~90 %) 
decaborane (14) (Scheme 8.7). On the other hand, 125I-labeled borane compounds 
were recognized as potential biomarkers for pharmacokinetic studies in BNCT 
research [98]. Several 125I-labeled carboranes were reported to be synthesized in 
high yields by Herrmann’s catalyst, a Pd-based complex, via isotope exchange in 
2-I-p-, 3-I-o-, 9-I-o-, and 9-I-m-1,2-carboranes [99].

8.7  �Conclusions and Future Perspectives

Nanocatalysis is an emerging field greatly influenced by the rapid development of 
nanotechnology. Different areas of boron chemistry benefit by the application of 
nanocatalysts. Suzuki-Miyaura coupling reactions are one of the areas where the 
catalytic breakdown of C-B bonds in arylboronic acids is the key step. Although 
noble metal-based nanoparticles are largely under investigation, several multi metal 
nanoparticles and non-noble metal nanoparticles are also getting attention. 
Moreover, catalyst supports and stabilizers are also proven to be vital for the activity 
of such nanocatalysts. Nanocatalysis is also playing a pivotal role in hydrogen stor-
age by actively taking part in the dehydrogenation process of borohydrides. 
However, more understanding of the physical phenomena is required for further 
development of borohydrides-based hydrogen storage materials. Isotope exchange 
of H-B, B-B and I-B bonds, to produce isotope-enriched boron compounds medi-
ated by different metal-based nanoparticles is also being explored. Application of 
such compounds in medical science and/or cancer therapy is a major driving force 
for research in this direction. The high efficiency and recyclability of metal NPs 
warranties further utilization of these NPs-based catalysts for the isotope exchange 
reactions in the near future.

Scheme 8.7  Ru(0)-NPs catalyzed isotope exchange reaction (Reprinted with permission from 
Ref. [97]. Copyright (2007) American Chemical Society)
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We have reviewed several aspects of boron chemistry that are influenced and 
improved by the application of nanocatalysis. We have occupied our fullest poten-
tial to cover this huge area of research and application, but as both nanocatalysis and 
boron chemistry are developing at a tremendous growth rate, we may fail to cite 
some of the recent publications. In conclusion, a complete replacement of conven-
tional catalysts by their nanomaterials-based counterpart may not take place in the 
near future, but a rapid rate of investigative research to ensure such success is highly 
warranted.
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Chapter 9
Noncovalent Interactions of Heteroboranes

Robert Sedlak, Jindřich Fanfrlík, Adam Pecina, Drahomír Hnyk, 
Pavel Hobza, and Martin Lepšík

Abstract  This chapter deals with noncovalent interactions between heteroboranes 
and their various organic or biomolecular partners. At first, the physical essence of 
noncovalent interactions in general is discussed. Focusing then on boron clusters, 
their contacts are discussed based on the unusual electron distribution within the 
boron hydride cages and especially around the heteroatoms (i.e. non-boron atoms 
incorporated in the cluster framework) or the substituents replacing the terminal 
hydrogens. The bare (i.e. not linked to hydrogen) heteroatoms within the cage bear 
prevailingly a partial positive charge. This results in an opposite direction of the 
compound dipole moments (as proved experimentally), contrary to what would be 
expected from the electronegativity concept.

The anisotropic distribution of the electron density around the heteroatoms gives 
rise to the so-called σ-holes, regions of positive electrostatic potential (ESP). This 
can be viewed as a driving force for noncovalent interactions with, e.g. organic 
aromatics or Lewis bases. Examples of σ-hole bonding of heteroboranes incorpo-
rated in the cluster cages are chalcogen or pnictogen bonding. Heteroatoms as exo-
substituents can also be centers of σ-hole bonding, in this case halogen bonding. An 
important characteristics of the σ-hole bonding is that it can be tuned, e.g. by other 
exo-substituents or by the point of attachment to the cage – whether the exo-halogens 
are bonded to boron or carbon atoms within a particular cluster.
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Apart from the σ-hole bonding, the hydride character of the terminal hydrogens 
of the heteroboranes is responsible for forming unique dihydrogen H ⋯ H bonds, 
which provides the essence of heteroborane noncovalent interactions with various 
organic, inorganic and molecules of biological interest. The influence of various 
molecular shapes on the strength of these nonclassical contacts is discussed. 
Likewise, the choices of optimal mathematical models and computational protocols 
to study the crucial energy terms contributing to these interactions are reviewed.

9.1  �Introduction

The variability of boron cluster compounds with a broad range of unique properties 
has been asking for practical applications [1]. Three major areas of use on an indus-
trial scale have been radionuclide waste extraction [2], boron neutron capture ther-
apy [3] and potential use as rocket fuels, discontinued in the early 1960 [1]. In the 
new millennium, novel applications have emerged in materials science [4, 5] and 
medicinal chemistry [6–9 and references therein].

In materials sciences, the nonclassical noncovalent interactions underlying the 
crystal packing of heteroboranes has recently started to be understood. Thus, B–H 
⋯ H–C and B–H ⋯ H–S dihydrogen bonds were assigned as the stabilizing factor 
for self-assembly processes [10, 11]. Similarly, B–S ⋯ π interactions were found to 
have a dominant role in stabilizing the crystal of 12-Ph-1-SB11H10 [12].

Traditional medicinal chemistry uses organic compounds to bind to a biomolecu-
lar target and modulate its function. After many successful decades of producing 
drugs the number of new drug entities on the market have been declining. New 
approaches and molecular entities are thus urgently sought for. It was noticed that 
parent dicarbaboranes (closo-C2B10H12 having ortho- 1,2-; meta- 1,7- and para- 
1,12- isomers [13]) could be viewed as three-dimensional substitutes for planar 
organic moieties [6, 7, 14]. Examples can be found for all three isomers; asborin, 
o-carborane analogue of aspirin [15], m-carborane sulfamides as inhibitors of 
human carbonic anhydrase [16] or p-carborane analogues of nonsecosteroidal vita-
min D receptor ligands [17]. The replacement of cyclic aliphatic or two-dimensional 
aromatic moieties with three-dimensional aromatics [18] alters the properties of the 
compounds, such as transmission of electronic substituent effects [19] leading to 
distinct noncovalent interactions with the target [20] or even change of specificity 
[21]. The introduction of boron clusters into medicinal chemistry thus greatly 
expands the possibilities of the current drug design.
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9.2  �Physical Basis of Noncovalent Interactions

To understand the behavior of heteroboranes in the above mentioned applications, 
their noncovalent interactions including their physical basis need to be understood. 
Noncovalent interactions appear due to interactions of permanent, induced and 
time-dependent instantaneous electric multipoles between the partner molecules in 
a “reversible” manner, i.e. no covalent bonds are formed. They are thus relatively 
weak (interaction energies of up to a few tens of kcal·mol−1) but can be numerous. 
Within the framework of the intermolecular perturbation theory (IPT), the interac-
tion energy is defined as the sum of several components arising from specific physi-
cal phenomena: electrostatics (Coulomb), induction (polarization), dispersion and 
exchange (Pauli) repulsion. These components will be described in the following 
paragraphs.

9.2.1  �Electrostatics

Electrostatic interaction represents the energy of the Coulombic interaction between 
the charge distributions of the isolated monomers. A convenient way of depicting 
the electron distribution within a molecule is by plotting the electrostatic potential 
on the surface of the molecule. The molecular surface is usually defined as 0.001 
a.u. (e.Bohr−3) isodensity surface [22]. The electrostatic potential in space can be 
explicitly evaluated using Eq. 9.1
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(9.1)

where V(r) is the potential created at any point r by the nuclei and the electrons of 
the molecule, ZA is charge of nucleus A located at RA and ρ(r) is the molecule‘s 
electron density.

The electrostatic potential is a real physical property, an observable, and can be 
determined both experimentally (by diffraction techniques) and computationally 
(by quantum chemical computations) [23, 24]. Its sign at any point of space depends 
upon whether the effect of the nuclei (positive) or the electrons (negative) predomi-
nates. Nowadays, the mapping of the electrostatic potential on the isodensity sur-
face is widely used as a powerful tool in rational drug design.

Electrostatic potentials around heteroboranes are peculiar in several aspects. 
First, due to the electropositivity of boron, the boron-bound hydrogens are partially 
negatively charged. This allows dihydrogen bonding (see below) with the slightly 
positively charged carbon-bound hydrogens in organic compounds, biomolecules as 
well as carbons in carboranes [10, 25, 26]. Second, electron-rich heteroatoms from 
main groups 15 and 16 (pnictogens and chalcogens, respectively) will bear a partial 
positive charge and display anisotropy in the spatial electron arrangement. The 

9  Noncovalent Interactions of Heteroboranes



222

areas of positive electrostatic potential are called σ-holes (see below) [27]. In anal-
ogy to the halogen-containing molecules which are able to form halogen bonds 
(X-bonds) in biomolecular systems [28], neutral chalcogen- and pnictogen-
containing heteroboranes are capable of forming chalcogen or pnictogen bonds (see 
below) [12, 29].

Finally, it should also be noticed that a large number of borane molecules are 
anions. In such cases, the electrostatic interactions with their surroundings and spe-
cially with counterions have a major effect on the properties of charged boranes. 
These ion…ion interactions underlie their surfactant behavior [30] and may be also 
in part responsible for their aggregation [31, 32]. Also in biomolecular systems, 
specific interactions with ions can play a role, as exemplified by the effect of sodium 
counterions on the rotational profile of cobalt bis(dicarbollide) in complex with 
HIV protease [33].

9.2.2  �Dispersion

The origin of (London) dispersion energy can be interpreted as the energy among 
instantaneously induced electrostatic multipole moments of partner molecules. 
Dispersion energy represents dominant source of interaction mainly among neutral 
and non-polar molecules, as these molecules do not possess permanent multipole 
moments and therefore interact only through induced multipole moments. The dis-
persion energy decreases as R−6, where R is the interparticle center of mass distance. 
Dispersion energy, as well as the induction, is always an attractive component of the 
total interaction energy and generally exclusive source of stabilization in π ⋯ π, 
aliphatic C–H ⋯ π and aliphatic ⋯ aliphatic complexes [34]. Further, dispersion is 
an important stabilizing term in dihydrogen bonding [26] or σ-hole bonding [12, 
29]. This non-specific interaction becomes stronger with increasing polarizability of 
the partner molecules. Therefore neutral heteroboranes with large three-dimensional 
aromatic cages are perfect candidates of strong dispersion attraction.

9.2.3  �Induction (Polarization)

Induction energy can be understood as the interaction among permanent and induced 
electric multipole moments of interacting molecules. This term is usually not a 
major player in the stabilization of noncovalent complexes. In some cases, however, 
it can be quite significant as in the B12H12

2− ⋯ benzene complex (61 % of the total 
stabilization) [26]. The reason is that the permanent monopole of the borane induces 
electron redistribution in the polarizable benzene. This effect was apparent in 1H 
NMR chemical shifts as well as in the QM calculated electron densities [26].
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9.2.4  �Charge-Transfer

In some cases, charge is transferred between the partner molecules. The associated 
charge transfer (CT) energy represents, within the IPT, a short range (“overlap”) 
part of the induction (polarization) energy. The origin of the CT energy can be easily 
interpreted through the following scheme: D0 ⋯ A0 → Dδ+–Aδ−, which shows the 
transfer of an electron from the neutral donor molecule (D0) to the neutral acceptor 
molecule (A0) in the donor-acceptor (DA) complex. The DA complexes are CT 
complexes between a molecule with a low ionization potential (donor) and a mole-
cule with a high electron affinity (acceptor). The electron transfer causes that part-
ner molecules carry opposite partial charges (D positive and A negative) and 
consequently the attractive electrostatic interaction appears. The magnitude of the 
transferred charge and the strength of the interaction depends on the ionization 
potential of D, electron affinity of A as well as on the intermolecular distance and 
mutual orientation of the interacting molecules. CT complexes are not rare and play 
important roles in material [35, 36] and biological sciences [37, 38]. The character 
and strength of the CT complexes can be studied by computational methods.

The concept of the charge transfer is easy to understand intuitively, however hard 
to define rigorously. This is an intrinsic property of any CT analyses or CT decom-
position scheme which separate the wave function (or an electron density) of the 
complex into parts (i.e. interacting monomers/fragments). As the complex  is an 
inseparable entity, from the quantum mechanical point of view, any of these meth-
ods relies on an arbitrary partitioning scheme.

The CT concept within noncovalent interactions was developed by Mulliken 
more than 60 years ago [39]. Since then, many different methods for the quantifica-
tion of the CT and CT energy have been developed, e.g. Natural Bond Orbitals 
(NBO) [40], Morokuma scheme [41, 42] or Misquita decomposition [43]. The sym-
metry adapted perturbation theory (SAPT) of Jeziorski et al. can also be used for 
estimation of the charge-transfer energy [44]. As there is no exact solution for the 
charge separation in noncovalent complexes, the goal is to find physically meaning-
ful partitioning scheme. One of the latest promising approaches has been developed 
by Řezáč and de la Lande [45].

9.3  �A Plethora of Noncovalent Interactions

Characteristics of noncovalent interactions are predetermined by the electron struc-
ture of the interacting molecules. The classical concepts known from organic chem-
istry (such as covalent bonding, partial charges, aromaticity) take on a different 
meaning in the world of boron hydride chemistry. The low electronegativity of 
boron atoms results in the hydridic character of their bound exo-skeletal hydrogens 
[25]. Additionally, heteroboranes can form a wide variety of structures (closo-, 
nido-, etc.) with varying total charges. Their electronic structure is determined by 
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the three-center two-electron bonding within each B–B–B triangle (including those 
where the boron atom(s) are replaced by heteroatoms). Any BH group can be for-
mally replaced by an isoelectronic group with a different contribution to the total 
charge, such as CH+, NH2+ or S2+. Metal atoms in metallaboranes become acceptors 
of the delocalized surplus electrons and thus their formal positive charge is reduced 
close to neutrality [46].

9.3.1  �Classical Hydrogen Bonds

The best known example of noncovalent interaction in chemistry and biology is a 
classical hydrogen bond (H-bond). It can be schematically depicted as X–H ⋯ Y, 
where X–H represents the hydrogen bond donor and Y the hydrogen bond acceptor 
(Y). X is more electronegative atom than H and Y is typically an electronegative 
atom such as halogen, O, N or S possessing excess of electrons.

The forces responsible for stabilization of H-bonds mainly include those of elec-
trostatic origin. However, charge-transfer (CT) as well as dispersion forces also 
participate in the stabilization.

Classical H-bond is an example of strong, directional and specific noncovalent 
interaction, which plays an important role in structure determination of polymers 
and biomacromolecules. We mention it here as a “standard” interaction against 
which all other types of noncovalent interactions will be compared.

Heteroboranes have only limited possibilities to form classical H-bond. Boron 
clusters are inherently electron deficient and they are poor H-bond acceptors. The S, 
Se or P vertices have usually partial positive charge [29], even though the S, Se or P 
are electronegative elements.

It is also hard to find a boron cluster that would be a good H-bond donor. The 
classical H-bond can hypothetically be formed by closo-1-NB11H12 and μ-6,9-O-
5,10-arachno-C2B8H11 but has never been observed.

The strength of H-bonds varies significantly from a few kcal·mol−1 (e.g. N–H ⋯ 
O, O–H ⋯ O 5 – 7 kcal·mol−1) in the gas phase[47] up to several tens of kcal·mol−1 
(e.g. O–H ⋯ O−, F–H ⋯ F− 23–39 kcal·mol−1) [34]. The important factors which 
strongly influence the strength of the X–H ⋯ Y hydrogen bond are:

	1.	 The strength of the X–H · · · Y bond correlates positively with the increase of the 
proton donation ability of the atom X, i.e. electronegativity (e.g. proton donation 
ability of carbon atom depends on its hybridization state: C(sp3) <C(sp2) <C(sp)) 
[48].

	2.	 The arrangement of the X–H ⋯ Y atoms should ideally be linear (180°), i.e. the 
more linear it is, the stronger the H-bond. The formation of a hydrogen bond is 
usually connected with several characteristic features. The length of the X–H 
bond usually increases on hydrogen bond formation leading to a red shift in the 
infrared X–H stretching frequency and an increase in the infrared absorption 
cross-section for the X–H stretching vibration. The greater the lengthening of the 
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X–H bond in X– H ⋯ Y complex, the stronger the H-bond [49]. There are, how-
ever, certain hydrogen bonds in which the X–H bond length decreases, the so-
called blue-shifting or improper H-bond [50].

9.3.2  �Weak Hydrogen Bonds

In cases where one or two of the interaction partners is weak, as for example, when 
the H-bond donor is C–H and/or the H-bond acceptor is the π electron density of 
aromatic molecules, we talk about weak or non-conventional H-bonds [34]. The 
C–H ⋯ O, N, Cl [51] or N,O,C–H ⋯ π [52] interactions are reported in literature. 
The C–H ⋯ O, N, F interactions are important, especially in the absence of classical 
H-bonds, despite the fact they are considerably weaker than conventional (classical) 
H-bonds. This, at first glance surprising fact, can be understood as a consequence of 
a high abundance of this interaction in (bio)macromolecules. The importance of the 
C–H ⋯ O interaction in crystal engineering [53, 54] or biological systems [55, 56] 
is indisputable.

The N,O,C–H ⋯ π interactions represent another subset of weak H-bonds so 
called π H-bonds. The hydrogen atoms point toward the electron rich region and the 
relatively short distance (smaller than sum of van der Waals radii of H and C(sp2)) 
is typically observed. This type of H-bond, similarly to the previously discussed 
interactions (C–H ⋯ O, N, F), is also weaker than conventional H-bonds. 
Nevertheless, these also play crucial role in formation of molecular assemblies [57], 
stability of the peptides [58], proteins [59] and conformation of small organic mol-
ecules [60].

Comprehensive structural study done by Steiner and Koellner [61] revealed that 
about 1 out of 11 aromatic amino acids act as π acceptors for H bonding with the N, 
O, S–H donors. This relatively high frequency, although small compared to classical 
hydrogen bonds, supports the postulated role which these interactions play in stabi-
lizing the secondary structure of proteins [62]. The frequently observed contraction 
of the N, O, C–H bond is opposite to what is observed for classical H-bonds. This 
contraction leads to a shift of the bond stretching movement to higher frequencies 
in the infra-red spectrum, so called blue-shifting H-bonds [50].

The stabilization energy of weak H-bonds is of a few kcal·mol−1 (e.g. C–H ⋯ π 
has 1–1.5 kcal·mol−1) [34] and has a reduced electrostatic and an increased disper-
sion contribution with respect to conventional H-bonds. This is the reason why 
weak H-bonds occur in different conformations.

Weak H-bonds of icosahedral carboranes have been well known from solid state 
structures [63]. The first weak H-bond of carborane was reported in 1977 for 
1-Me2NC(S)-1,2-C2B10H11. Here, an intramolecular C–H ⋯ S H-bond with the dis-
tance of 2.53 Å was formed [64]. The first intermolecular carborane H-bonds were 
found for the dimethylsulfoxide adduct of decachloro-ortho-carborane in 1986 [63]. 
A C–H ⋯ π interaction was found with a carborane molecule located above an aro-
matic ring [65–67]. These interactions were studied computationally in model 
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complexes of monocarbaborane and benzene. The major stabilizing component was 
shown to be dispersion, followed by electrostatics [26].

9.3.3  �Dihydrogen Bonds

Dihydrogen bonds are noncovalent interactions known especially from organome-
tallic chemistry where proton donors Y–H (Y = F, O, N, C) of a (bio)organic mole-
cule interact with a σ-bonding electron pair of M–H bonds of main-group or 
transition metal (M = B, Al, Ga, Li, Be, Xe, Ir, Mo, Mn, Os, Re, Ru, W) hydrides 
(Fig. 9.1) [69]. Here, we list several properties of dihydrogen bonds:

	I.	 the H ⋯ H distance varies between 1.7 and 2.3 Å; it is significantly shorter than 
the sum of the van der Waals radii of two hydrogen atoms (2.4 Å) [70];

	II.	 the Y–HY ⋯ HB–B structure prefers strongly bent type of the conformation: the 
HY ⋯ HB–B angles is usually in the range of 90–150°; the Y–HY ⋯ HB angle 
amounts to 150–180° [69];

	III.	 the origin of the stabilization comes from both electrostatic and dispersion;
	IV.	 the stabilization energy increases proportionally with proton donor’s acidity 

[69]; it ranges from 1 to 7 kcal·mol−1.

Fig. 9.1  Dihydrogen bonding of heteroboranes. (a) A Schematic picture; partial negative charge 
on boron-bound hydrogen, partial positive charge on hydrogen of the partner (Y = C, O, N, S). (b). 
Dihydrogen bond in the crystal structure of human carbonic anhydrase (hCAII) complexed with a 
carborane-based inhibitor 7-methylenesulfamide-(7,8-nido-dicarbaundecaborate). Color coding: 
Inhibitor boron atoms are in magenta, hCAII in green. Hydrogen atoms are white. Figure was 
prepared by PyMol, version 1.5 [68] (Adapted from Ref. [20])
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Many studies have shown the importance of H ⋯ H interaction in crystal packing 
processes [71] or supramolecular chemistry [72]. Furthermore, boron hydrides 
combine the ability in solid state to self-assemble into extended dihydrogen-bonded 
networks together with specific reactivity in solutions [73–75]. This makes them 
potentially powerful tools for rational assembling of new crystalline covalent mate-
rials [76]. Moreover, nowadays the dihydrogen bonding is studied in connection 
with biomolecular chemistry and medicinal chemistry.

Heteroboranes were found to form B–H ⋯ H–X dihydrogen bonds with water 
[77], biomolecules [20, 25, 46, 78] or in materials [11]. Crystal structures of two 
novel carborane-sulfamide inhibitors in the complex with human carbonic anhy-
drase II (hCAII) have been published[16] and studied using QM/MM computations 
[20]. The inhibitors differed in the carborane part, one contained closo, while the 
other a nido cage. Although the studied inhibitors bind mainly via the sulfamide 
moiety to the zinc ion, the nature of binding of the carborane part of the inhibitors 
differed significantly. The closo-carborane cage, which is neutral, was bound mainly 
via dispersion interactions and formed only very weak dihydrogen bonds (the H ⋯ 
H distance greater than 2.2 Å) only with nonpolar C–H groups. The nido cage, 
which is negatively charged, interacted with the protein mainly via electrostatic 
interactions. It formed short and strong dihydrogen bonds (the H ⋯ H distances as 
short as 1.7 Å) with the polar hydrogen of NH2 groups.

9.3.4  �σ-Hole Bonding

The most common representative of this class in organic chemistry are halogen 
bonds of C–X ⋯ Y type, where X is a halogen atom (Cl, Br, I) and Y is an electron 
donor (O, N, S or Ph). In this case, X atoms are more electronegative than C atom. 
The X atom is thus negatively charged and the interaction with electron donor is 
counterintuitive. It is enabled by the region of positive (less negative) electrostatic 
potential (ESP), which is called a σ-hole [27]. The σ-hole is located along the exten-
sion of the covalent C–X in the outer region of the X atom (Fig. 9.2a). The short 
contacts between N/O and X atoms in inorganic crystals have been known from 
1960s [79]. However, the interpretation of binding via the quantum chemical con-
cept of σ-hole was introduced quite recently, in 2007 [27]. The σ-hole is character-
ized by its size and magnitude [80]. The magnitude is defined as the most positive 
value of the ESP, on the isodensity surface (usually 0.001 e∙Bohr−3). The size of the 
σ-hole is the spatial extent of the σ-hole.

The size and magnitude of the σ-hole and consequently the strength of X-bonds, 
can be increased by introducing heavier halogen and/or electron withdrawing 
group(s) in the vicinity of the X atom. This has already been shown not only for 
small model systems [81] but also for biomolecular complexes. Specifically, the 
modulation of the X-bond has been used to tune the activity of aldose reductase [82] 
and cathepsin inhibitors [83]. Binding via σ-holes is applicable not only to X atoms, 
but also for main group 15 and 16 elements. The respective σ-hole interactions are 
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called chalcogen and pnictogen bonds (Fig. 9.2a). In heteroborane chemistry, 
heavier halogens can be bound either to carbon or boron atoms. Recently, it has 
been demonstrated that the σ-hole on the Br atom is positive only if Br is bound to 
the C vertex [29]. In case the Br atom is bound to B vertex, however, the σ-hole of 
the Br atom is less negative than the belt surrounding it. Nevertheless, its magnitude 
is negative (Fig. 9.2b).

Novel types of σ-holes were found in heteroboranes incorporating main group 15 
chalcogen (E) and 16 pnictogen (Pn) elements. Recently, the E-bond has been found 
in the X-ray structure of phenyl-substituted thiaborane [12]. The quantum chemical 
analysis revealed that the E-bond in this structure was considerably stronger than in 
its organic counterparts as well as in known X-bonds. It was due to the highly posi-
tive σ-holes on the overall positively charged E atom. A theoretical study of het-
eroboranes showed that E and Pn atoms incorporated into the borane clusters 
systematically carry partial positive charge and consequently highly positive 

Fig. 9.2  (a). Schematic figure of halogen (X), chalcogen (E), and pnictogen (Pn) bonds. Y stands 
for an electron donor. (b) Electrostatic potentials (ESPs) on a 0.001 a.u. isodensity surface, com-
puted at the HF/cc-pVDZ level. The molecular surfaces of SB11H11 (left) and P2B10H10 (right) are 
shown. ESP values in kcal·mol−1
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σ-holes [29]. In contrast to X atoms, E and Pn atoms posses several σ-holes on their 
sides (Fig. 9.2b). This has an important consequence for the preferential geometri-
cal arrangement, as the E- and Pn-bonds are bent contrary to the X-bonds which are 
linear (Fig. 9.2a).

9.4  �Methods of Study

Experimental  The methods of study can be direct or indirect. The former group 
comprise structural methods, such as X-ray, NMR or gas-phase electron diffraction 
(GED). The indirect methods prove the existence of noncovalent interactions,  
by measuring a frequency shifts in IR spectroscopy of dihydrogen bonded  
complexes [84].

Theoretical  A principal tool to study noncovalent interactions are various quantum 
mechanical (QM) calculations [85]. The interaction energy represents the guidance 
to determine the strength of the noncovalent interaction. Thus, the accurate evalua-
tion of the interaction energy is of crucial importance. Precise quantification of the 
correlation part of the interaction energy represents the most challenging part of the 
calculation from the computational point of view. It is well known that the different 
types of noncovalent interactions require application of different computational 
approaches. For example, the quantitative description of X-bonds, weak H-bonds or 
π ⋯ π interactions is very demanding, as these interactions are mostly dominated by 
dispersion, which is a purely correlation effect, hence not covered at the Hartree-
Fock (HF) level of theory. Therefore, the use of more elaborate ab initio methods 
(post-HF methods) is required. The Møller-Plesset method (MP2) is the simplest 
method able to describe long-range correlation effects from the right reason. 
However, it is well known that MP2 overestimates the stacking interaction [86]. 
Further, the dispersion is weak effect and at van der Waals distances is significantly 
compensated by Pauli repulsion, what can lead to error amplification. Moreover, for 
small and middle size basis set superposition error can be as big as dispersion. 
Therefore, use of more elaborate ab initio methods in combination with sufficiently 
large basis set is needed in order to obtain directly the correct description of this 
type of interaction. The situation is not so complicated for H-bonded complexes, as 
it is known that MP2 provides accurate description of hydrogen-bonding. In the 
next sections, different methods, which are used for the accurate description of non-
covalent interactions, will be briefly described. Before that let us make small com-
ments on the convergence of the energy with respect to the size of the basis set. It is 
well known that this convergence is relatively slow and errors resulting from the use 
of incomplete basis set are typically the most significant ones. Therefore, different 
extrapolation schemes toward the complete basis set (CBS) limit are frequently 
utilized [87, 88].
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9.4.1  �Coupled Cluster Theory

Coupled Cluster theory with Single, Double and perturbative Triple excitations 
(CCSD(T)) is the most commonly used method for reference computations due to 
its outstanding accuracy/performance ratio [89]. Coupled Cluster (CC) methods are 
size-extensive and their convergence toward the full configuration interaction limit 
is faster compared to the methods with the same asymptotic scaling with respect to 
system size. Moreover, CC methods can be systematically improved upon inclusion 
of higher excitation operators. The scaling of the CCSD method is N6, where N 
reflects the system size. The inclusion of perturbative triple excitations into the 
computation increases the scaling to N7. Nowadays, systems of size approximately 
30 atoms can be routinely treated; however, systems with more than about 50 atoms 
are still significantly impractical. So far, the largest published systems for which 
regular CCSD(T) computations were performed have approximately 70 atoms: the 
coronene dimer [90] and the guanine-cytosine step from DNA [91]. The largest 
error in CCSD(T) computations is mostly attributed to the incompleteness of the 
basis sets; there are thus many approaches which deal with extrapolation of 
CCSD(T) from a finite basis set towards the complete basis set (CBS) limit [87, 88, 
92]. The overall accuracy of the CCSD(T)/CBS values goes beyond the “chemical 
accuracy” (1 kcal·mol−1) but usually hardly reaches the “subchemical accuracy” 
(0.1 kcal·mol−1) [93].

9.4.2  �Symmetry-Adapted Perturbation Theory (SAPT)

Contrary to CCSD(T) or DFT (see below) methods, which are variational and their 
interaction energy is defined as the difference between the energy of complex and 
subsystems, the interaction energy within SAPT [44] is defined as the sum of the 
physically meaningful terms (cf. Eq. 9.2)

	 E E E E E E E HFint El Ex I Ex I D Ex D= + + + + + +− −
1 1 2 2 2 2 δ 	 (9.2)

where E1
El is the first-order electrostatic (Coulomb) term, E1

Ex is the first-order 
exchange-repulsion term, E2

Ex-I and E2
Ex-D are respectively the second-order 

exchange induction and the dispersion terms, E2
I and E2

D are respectively the 
second-order induction and the dispersion terms and δHF is the Hartree-Fock higher 
order correction term. The Coulomb, induction, dispersion and exchange interac-
tion energy components, which arise from low orders of perturbation theory, pro-
vide insight into origin of the interaction and help interpreting the interaction based 
on the monomer properties.

In order to partially overcome one of the essential drawbacks of the many-body 
SAPT, which is the extremely high computational cost (SAPT scales as N7 with the 
system size), the Density Functional Theory SAPT (DFT-SAPT) method has been 
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developed [94]. The monomer correlation energy is treated within the DFT-SAPT 
method through a less expensive DFT method, contrary to regular many-body 
SAPT. The scaling of the DFT-SAPT method is N6 with respect to system size [95]. 
However, this enhanced scaling properties of the DFT-SAPT compared to the many-
body SAPT needs to be improved further, in order to develop a method which would 
be computationally feasible for an investigation of extended complexes (dozens of 
atoms). This can be achieved through density fitting (also called resolution of the 
identity) procedure. The resulting method is abbreviated as DF-DFT-SAPT and it 
scales as N5 [95].

The DFT-SAPT method works very well, as long as a balanced exchange-
correlation functional with an asymptotic correction is employed, e.g. PBE0AC [96, 
97] and LPBE0AC [98]. Several studies have confirmed that the DFT-SAPT method 
provides accurate estimates of interaction energies for various types of noncovalent 
interactions [99–102]. However, one should bear in mind that these functionals in 
combination with the aug-cc-pVDZ basis set provide accurate first-order terms as 
well as induction and respective exchange-repulsion terms [103, 104], while disper-
sion is underestimated approximately by 10–20 % [105].

Further progress in speeding up the DFT-SAPT computation was introduced by 
Hesselmann, who employed the empirical form for the dispersion terms of the inter-
action energy in a similar fashion as Grimme did for DFT [106]. The empirical 
correction was designed to mimic the effects of both the E2

D as well as the E2
Ex-D 

terms (cf. Eq. 9.2). The parameters of empirical correction were fitted toward the 
CCSD(T)/CBS interaction energies of complexes from the S22 data set [92]. By 
introducing the empirical correction, the method is feasible for complexes of over 
hundred atoms, as the evaluation of 2nd order dispersion terms, which have scaling 
of N5, is circumvented.

9.4.3  �Density Functional Theory Augmented with Empirical 
Dispersion (DFT-D)

It is well known that standard density functionals (LDA, GGA, meta-GGA, hybrids) 
are not able to account for long-range, van der Waals (dispersion) interactions, 
because of their local (semi-local) dependence on the electron density. There are 
several approaches able to tackle this drawback of DFT methods, e.g.: development 
of truly non local functionals [107], reparametrization of current functionals [108], 
double hybrid functionals [109] or long-range corrected functionals [110]. However, 
the most widely used approach for better incorporation of the dispersion into DFT, 
is its simple addition to the plain DFT result [111, 112]. The dispersion energy term 
can be, within this approach, expressed by the following empirical atom-atom pair-
wise functional form
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where i and j are atom labels, Cn
ij(ρ) are, in general, density-dependent dispersion 

coefficients of particular atomic pairs (ij), Rij is the interatomic separation and 
fdamp(Rij, ρ) is, in general, a density-dependent damping function. Nowadays, a vari-
ety of methods, which utilize the above mentioned form for dispersion energy (cf. 
Eq. 9.3), are commonly used. Forms of the empirical dispersion correction utilized 
by most methods differ mostly in following three aspects: (i) the number of terms 
included in eqn. 6.3 (i.e. n = 6,(8,10)), (ii) the type of damping function, and (iii) the 
degree of approximations used to derive the Cn

ij(ρ) coefficients.
It was shown that several versions of the DFT-D method, e.g. DFT-D3 [111], 

provide binding energies with respect to reference values for small- medium- and 
large-size complexes at van der Waals distances, with an error roughly around 10 % 
[113, 114]. The regular DFT computation employing nonhybrid functionals scales 
as N3 with respect to the size of the system, an order of magnitude faster than the 
regular HF method. Another advantage of DFT based methods, contrary to ab initio 
methods, is their faster convergence toward the CBS limit. These features and the 
above mentioned robustness of the DFT-D methods makes them often methods of 
choice, especially when the reasonably accurate interaction energies are required 
and post-MP2 methods are not feasible/applicable.

9.4.4  �Quantum Theory of Atoms in Molecules (QTAIM)

The “Quantum Theory of Atoms In Molecules” [115] is a method based on the 
splitting of the electron density around atoms using determined and classified criti-
cal points, following a separation of subsystems by “zero-flux” surfaces and inte-
gration of electron density within each region. This topological analysis provides 
quantitative/qualitative information about molecular structure. For example com-
plete description of chemical bonds such as bond orders and bond bending charac-
teristics of 8,9,10,12-tetra-fluoro-o-carborane [116] and H ⋯ H short contacts of 
metallabis(dicarbollide) systems [10].

9.4.5  �Partial Atomic Charges

The atomic charge is not a physical observable and, thus, there is not a unique way 
of assigning a charge to the atom in a given molecule. The intrinsic drawback of the 
atomic charge concept is the neglect of the anisotropy of the electron density around 
atoms in molecules, i.e. it automatically assumes spherically-symmetrical charge 
distribution around a given atom. Consequently, such phenomena as halogen bond-
ing can not be explained by the atomic charge approach since covalently bonded 
halogens carry mostly negative charge. Despite all these facts the concept of atomic 
charges is commonly used among chemists mainly due to its ease of 
interpretation.
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There are many approaches which can be used for determining the atomic 
charges: (i) methods based on the partitioning of the wave function [39], Natural 
Population Analysis (NPA) [40], (ii) methods based on the partitioning of the elec-
tron density – Bader [22], Hirshfeld [117], (iii) methods based on the reproduction 
of the electrostatic potential (RESP) [118]. The above-mentioned population analy-
ses differ in the computational cost, physical relevance, and basis set dependence; 
however none of them is unique and robust enough to provide atomic charges con-
sistent with experimental measurements for all spectrum of applications. For exam-
ple the RESP method was shown to correctly describe the hydridic character of the 
boron-bound hydrogens [8, 25]. In contrast, the NPA approach provides positively 
charged hydrogens [8], incompatible with the experimental observations of dihy-
drogen bonding [84].

9.5  �Conclusions and Outlook

In this book chapter, we have reviewed the current knowledge of the rapidly grow-
ing area of noncovalent interactions of heteroboranes. The expanding wealth of 
both, the heteroborane compounds and their nonclassical noncovalent interactions 
follows directly in innovative and original research lines within materials sciences 
and drug design.

Possible discoveries of other types of nonclassical bonding including heterobo-
ranes will strongly correlate with the synthetic availability of new types of these 
unique clusters; let us have in mind that not all main-group elements have so far 
been incorporated in boron cages. Since all deltahedral heteroboranes are man-
made and have never been found in Nature, one could expect that there are no 
enzymes able to modify or destroy such materials. This fact provides a tantalizing 
possibility of getting a new way of thinking about boron clusters in various applica-
tions, e.g. drug design. The recent investigation of amino acids with a carborane 
core [119] could serve as an example of such endeavour.
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