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Short Summary in English

Density functional studies were carried out onlibeon hydride clusters in order to explore thesule
governing their structures and relative stabiliti€sructural increments assigned to the disfavoring
structural features in the 11-vertemido- and the 12-vertexcloso-carboranes, heteroboranes,
heterocarbaboranes and the 12-vertiso-cyclopentadienyl metallaheterocarbaboranes ard tse
accurately reproduce the relative stabilities asmated by density functional theory methods. Redati
energies of a large number of isomeric structuias loe determined by a small number of highly
additive structural increments through a simple matmon procedure. The structural increments
obtained as the energy difference of two isomeffertig with respect to one disfavoring structural
feature or by a statistical fitting based on a darmumber of structures exhibit periodic trends,, i.e
increase along the period and decrease down tlip gfthey depend primarily on the number of skeletal
electrons localized by a given heteroatom and sHgan its electronegativity. Structural increments
can be transformed into connection incrementsye the relative stabilities of 11-verteido- and 12-
vertex closo-clusters with a unique set of increments. Usuattpre electronegative (smaller)
heteroatoms tend to occupy non-adjacent, wheresss diectronegative (larger) heteroatoms tend to
occupy adjacent vertices in the thermodynamicallystrstablecloso-diheterododecaborane isomers.
Cyclopentadienyl transition metal fragments havecsd ortho, meta and para directing effects to a
carbon atom in the thermodynamically most stablemers of 12-vertexcloso-cyclopentadienyl
metallaheteroboranes.

Furthermore, density functional theory studies weaieried out on macropolyhedra in which two
cluster fragments have one edge in common, i.aestweo vertices. The turning point from single
cluster borane to macropolyhedral borane preferemsedetermined: Alhido-single cluster boranes are
thermodynamically more stable than correspondingrapolyhedral boranes for less than twelve
vertexes. Macropolyhedral boranes enjoy thermodymatability only for clusters with larger cluster
size (n> 12). For anionic species, a clear cut turning pfwn macropolyhedral preference is shifted to
not less than seventeen vertexes. Extra hydrogensaat the open face have a significant influente o
the relative stabilities of the single cluster s vs. macropolyhedral boranes. Bhachno-9-vertex
and nido-10-vertex cluster fragments are the preferreddingl blocks and are usually present in the
thermodynamically most stable macropolyhedral bersomers. The structural relationships between
various macropolyhedral borane classes were @drifihermodynamically most stable isomers of two-
vertex sharing macropolyhedral boranes are relaiedach other by the removal of one open face
vertex. Cluster increments were devised for various-vertex sharing macropolyhedral boranes with
different cluster sizes. The relative stabilities the macropolyhedral boranes can be easily etz
using increments specific to each cluster fragment.






Kurzfassung auf Deutsch

An Borhydrid-Clustern wurden Dichtefunktional-Recmgen durchgefiihrt um Regeln zu finden,
die ihren Strukturen und relativen Stabilitaten reagle liegen. Dazu wurden Strukturinkremente flr
unvorteilhafte Strukturmerkmale ermittelt, und zwer 11-Vertex nido- und 12-Vertex closo-
Carboranen, -Heteroboranen und -Carbaheteroboranesowie 12-Vertex  closo-
Cyclopentadienylmetallacarboranen. Sie reproduzieie relativen Stabilititen wie sie aus
Dichtefunktional-Rechnungen resultieren sehr gerBemerkenswerterweise konnen die relativen
Energien einer sehr groRen Anzahl von isomerenktiren durch eine recht kleine Anzahl von
Strukturinkremente mittels einfacher Summation #etii werden, da sich letztere hdchst additiv
verhalten. Strukturinkremente kénnen als Enerdiedihz zweier Isomere erhalten werden, wenn diese
sich in nur in dem einen relevanten Strukturmerkmaterscheiden, oder durch eine statistische
Fittprozedur basierend auf einer grofReren Anzahi verschiedenartigen Strukturen. Sie zeigen
periodische Trends, wie zum Beispiel dass sie egtkiner Periode zunehmen und innerhalb einer
Gruppe mit steigender Ordnungszahl abnehmen. Smgehdin erster Linie von der Zahl der
Geristelektronen ab, die eine bestimmte Heterograpp Clusterbindung beitragt, und in zweiter Linie
von der Elektronegativitait des Heteroatoms. Stmikkwemente kénnen auch als
Konnektivitatsinkremente ausgedrickt werden. Diessitzen den Vorzug als einheitlicher Satz von
Inkrementen gleichermalRen zur Bestimmung der velatStabilitaten von 11-Vertemido- wie auch
12-Vertex closo-Clustern herangezogen werden zu konnen. Ublicliseweeigen elektronegativere
(kleinere) Heteroatome dazu, in den thermodynamstabilstencloso-Diheterododecaboranisomeren
nicht-benachbarte Clusterplatze einzunehmen, welgiery weniger elektronegative (grol3ere)
Heteroatome benachbarte Vertices besetzen. Cydhgienyl-Ubergangsmetallfragmente besitzen in
Bezug auf die thermodynamisch stabilsten 12-Vertboso-Cyclopentadienylmetallaheteroboran-
Isomere einen spezifischen ortho-, meta- und paigietenden Effekt auf ein Kohlenstoffatom.

Des weiteren wurden Dichtefunktional-RechnungerMakropolyedern durchgefihrt, und zwar an
Strukturen in denen zwei reguléare Clusterfragmemesiner gemeinsamen Kante verschmolzen sind,
sich also zwei Vertices teilen. Es wurde der Wend&p ermittelt, an dem die Praferenz bei den
Boranen von Einfachcluster- zu Makropolyeder-Sumdh wechselt:  Alle nido-Cluster sind
thermodynamisch stabiler als entsprechende makregiasche Borane, solange die Zahl der Vertices
kleiner als zwolf ist. Makropolyedrischen Boranesnimt erst bei groReren Molekilen ¥n12) eine
groRere thermodynamische Stabilitat zu. Bei deroAem findet man eine deutliche Bevorzugung der
Makropolyeder allerdings erst ab 17 Vertices. Qis&zlichen Wasserstoffatome auf der offenen Flache
der Borane haben einen entscheidenden Einflusdiauklativen Stabilitdten von Einfach- gegeniber
makropolyederischen Clustern. Diarachno-9-Vertex und nido-10-Vertex Clusterfragmente sind
bevorzugte Bausteine fur Makropolyeder und sind stneén den thermodynamisch stabilsten
makropolyedrischen Boranisomeren vertreten. Aufardvurden die strukturellen Beziehungen
zwischen den verschiedenen Klassen von Makropotgedeklart: Die thermodynamisch stabilsten
Isomere von Makropolyedern leiten sich voneinandi@rch die Entfernung eines Vertexes von der
offenen Flache eines Clusterbausteins ab. Cluktenmente wurden flr verschieden grolRe
makropolyederische Borane mit zwei gemeinsamenidésrtermittelt. Sie erlauben es, die relativen
Stabilitdéten von Makropolyedern leicht abzuschétzen
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1. Introduction

Boron and carbon are the only two elements inPiodic Table that H
can form complex and extensive series of hydridé®re are, however, B B
profound differences between the hydrides of baod those of carbon. W "y
H

The skeletons of the carbon hydrides and theitivels are typified by

chains and rings e.g., propangHg, benzene; s, and so on. The boronFigure 1.1: B,Hg structure
hydrides also called boranes, and their derivathage quite different structures from those of arga
compounds. Instead of rings and chains, they fages and clusters. This is because the valende shel
of boron atom contains only three electrons. Onesequence of this is that there are not enough
electrons to allow formation of four two-center-tetectron covalent bonds, only three. Hence, arboro
compound with only three covalent bonds is electieficient The simplest example of this is BH
with three filled sp-orbitals and one empty p-orbital. The empty p-@ikis extremely keen to accept an
electron pair from any electron-donating speciasfakt, the BH does not exist as a monomer and
dimerises to BHg. The molecular structure of;Be defied contemporary chemical valency concepts in
the third and fourth decades of the™2@entury and constitutes two boron atoms bridgedviny
hydrogen atoms and four terminal hydrogens, twoeach boron atom (Figure 1.1). Eight of the 12
valence electrons are involved in the four termBdll bonds. Only four electrons are left over todi
the bridging hydrogen atoms. The bonds betweenwioeboron atoms which include the “bridging”
hydrogen atoms are referred to as a three-centeelectron (3c-2e) bond. The electronic structsre i
similar to that of ethylene, the only differencengethe two protons embedded into the bridging Isond
The chemical bonding inBls is much different from the classical concepts.eEhcenter, two-electron
bonds in boron compounds can also be formed bylayv@f three orbitals from three corners of an
equilateral triangle of boron atorh&he bonding MO enjoys orbital overlap in the cendf this boron
triangle and contains one pair of electrons. Thisws for the existence of boron-cage compounds.
Three-dimensional structures that consist of BBBntygles and involve resonance between 2c-2e BB
bonds and 3c-2e BBB bonds, in addition to termB¥& bonds on the outside of the structure are dalle
polyhedral boron hydrides. Boron hydride cages elndters can be quite small, as in the case of

diborane; BHg, or tetraborane; Bi10, but can also get much bigger1§B1» ]* is one typical example,

! Huheey, J. E.; Keither, E. A.; Keither, R. Lnorganic Chemistry. Principles of Sructure and
Reactivity, 4th ed.; Harper Collins: New York, 1993.



1. INTRODUCTION

with a twelve-boron symmetrical skeleton that tatkesform of a regular single icosahedral cluskég.(
1.2a)! Alternatively, binary boron hydride clusters cotel made by joint fusion of two or more single
clusters exhibiting varying degrees of intimacygiag from a single covalent bond linkage to the
sharing of an entire deltahedral face or wedge. il example is BHis in which two icosahedral
units share a wedge or four vertexes (Figure £ Zlmpounds with fused cages have also been termed
macropolyhedral boranes.

Single clusters as well as macropolyhedr=!

boranes can get very complicated when heteroato a /l@\\ b ¢ /gé;\
SN i «-"//w\!@
e.g. carbon, sulfur, nitrogen atoms etc. a 7@%‘3 v@%‘\%
. . . ‘\J \/"(@—(@\
ncorporated into these cages and clusters. T %‘2? N e b
presence of heteroatoms also results in varic & T

possible skeletal isomers, e.g., carbon atoms
i Figure 1.2: a) [B,,H,,]* icosahedron b)

5 B,oH ¢ structure with four shared vertexes
C2B1oH12,” produce orthdl,2-), meta(1,7-), or para between two icosahedral [B;,H; 2]2' single

(1,12-) isomers (Figure 1.3Not only carbon, but clusters

different positions relative to each other

also most other elements, can substitute a boron

atom or a BH vertex in the clusters. A number oéreples for phosphaborarieshiaboranes and
azaboranésare experimentally known. Skeletal isomers are pisssible for macropolyhedral boranes
when heteroatoms are incorporated. For examplanglesvertex sharing metallaborane can have

2 a) Friedman, L. B.; Dobrott, R. D.; Lipscomb, W. NAm. Chem. Soc. 1963 85, 3506. b) Miller, H.
C.; Muetterties, E. LJ. Am. Chem. Soc. 1963 85, 3506.

% a) Bobinsky, J. 1. Chem. Ed. 1964,41, 500. b) Heying, T. L.; Ager, J. W.; Clark, S. Mangold, D.
J.; Goldstein, H. L.; Hillman, M.; Polak, R. J.;y®zanski, J. W.Inorg. Chem. 1963, 2, 1089. c)
Potenza, J. A.; Lipscomb, W. N. Am. Chem. Soc. 1964,86, 1874. d) Potenza, J. A.; Lipscomb, W. N.
Inorg. Chem. 1964,3, 1673. €) Schroeder, H.; Vickers, G. IDorg. Chem. 1963,2, 1317. f) Grafstein,
D.; Dvorak, J.Inorg. Chem. 1963,2, 1128. g) Pepetti, S.; Heying, J. L.Am. Chem. Soc. 1964, 86,
2295. h) Fein, M. M.; Bobinsky, J.; Mays, N.; SchtzaN. N.; Cohen, M. Slhorg. Chem. 1963, 2,
1111.

* See for example, a) Little, J. L.; Kester, J. Buffman, J. C.; Todd, L. dJnorg. Chem. 1989, 28,
1087-1091. b) Stibr, B.; Holub, J.; Bakardjiev, FRavlik, |.; Tok, O. L.; Cisava, |.; Wrackmeyer, B.;
Herberhild, M.Chem. Eur. J. 2003,9, 2239-2244.

> See for example, Pretzer, W. R., Rudolph R. JWAm. Chem. Soc. 1976,98, 1441-1447 b) Kang, S.
0., Carroll, P. J., Sneddon, L. (aorg. Chem. 1989,28, 961-964 c) Zimmerman, G. J., Sneddon, L. G.,
J. Am. Chem. Soc. 1981,103, 1102-1111. d) Thompson, D. A., Rudolph, R. WChem. Soc. Chem.
Commun. 1976 19, 770-771

® See for example, a) Bicerano, J.; Lipscomb, Wnisrg. Chem. 1980,19, 1825-1827.




1. INTRODUCTION

different heteroatom positions (Figure 1.4). Sudmndsviched metallaheteroboranes have been

considered as precursors for molecular rotors ackst

[

\"X\\fjtﬁ\v \vix\iz(z’ > (L 'X\\fi;/f‘" i
2 “"

closo-1,12-C,B1oH},  closo-1,7-C,BoH,, closo-1,2-C,BoH |,
(para) (meta) (ortho)

Figure 1.3: Three isomers of c/oso-C,BoH;»

The chemistry of boron hydrides exhibits many ugifeatures, demonstrating exceptional ability in
molecular, ionic, and solid state environments donfvery stable compounds exhibiting structures
based on icosahedral and other deltahedral unitaddition, boron forms a variety of very stablgea
anions including some of the most weakly coordimtinions and strongest Bronsted acidsyrrently
known. The use of polyhedral boron hydride clusiersynthesis of new materidisand in boron
neutron capture theraffyis well documented. The hydride chemistry of boisnunusually rich
providing diverse examples of multicenter bondingpich have stimulated numerous theoretical and
computational studies. The next sections includeerous theoretical advancements which played a
key role in understanding the chemistry of deltakbloron hydrides.

"Hawthorne, M. F.; Skelton, J. M.; Zink, J. I.;y®a, M. J.; Liu, C.; Livshits, E.; Baer, R.; Neulsau.
D.; Science, 2004,303, 1849-1851.

8 King, R. B.; Editor. InBoron Chemistry at the Millennium. In: J. Organomet. Chem., 1999;581, 1999,
210 pp.

% See for example, a) Reed, C. A.; Kim, K.-C.; BalsiR. D.; Mueller, M. JScience, 200Q 289, 101.

b) Stoyanov, E. S.; Hoffmann, S. P.; Juhasz, MdR€e A.J. Am. Chem. Soc. 2006,DOl:
10.1021/ja058581l, published online. c) Juhasz Héffmann, S.; Stoyanov, E.; Kim, K.-C.; Reed, C.
A. Angew. Chem, Intl. Ed. 2004,43, 5352-5355.

19a) Hawthorne, M. F.; Maderna, &hem. Rev., 1999,99, 3421. b) Nakanishi, A.; Guan, L.; Kane, R.
R.; Kasamatsu, H.; Hawthorne, M.Froc. Natl. Acad. Sci. USA, 1999,96, 238.




1. INTRODUCTION

1.1. Structural Patterns Betweencloso-, nido-

Q
o B8
A\

|/

and arachno-Clusters
In 1971, Williams pointed outhat the known
series of deltahedral fragments, characteristic

ey

nido-polyboranes, nido-carboranes, and thaeido-

carbocation, €Hs", could almost always be derive

from the unique series of most spherichbso-

deltahedra (with 6-12 vertexes) by the removal
one high- coordinated vertex from each deltahediFigure 1.4: Cobalt sandwich isomers of 11-vertex

and that thearachno-deltahedral fragments couImdicarbaboranes

subsequently be derived (from thelo-fragments) by the removal of one additional higlerdinated
vertex neighbouring the open faces (see Figurd.*1Bhe most spherical deltahedra are always those
with the most uniformly or most homogeneously caeé vertexes. Variousoso-clusters with five to
twelve vertexes are shown in Figure 1.5. Alto-deltahedral fragments obtained from these most
spherical deltahedra by the removal of one modilhigoordinated vertex are also shown. Removal of
another most highly coordinated vertex generalMggirise tarachno-deltahedra.

1.2. Polyhedral Skeletal Electron pair Theory (PSEP).

Wade was the first to associate cluster shapes thithspecific skeletal electron codftThe
electrons provided by the cluster atoms for clusi@nding are called skeletal electrons. Since each
boron atom has one out of three electrons tiechupterminal B-H bond, it can donate two electrtans
the cluster. Thus, n number of boron atoms in atelucan donate 2n skeletal electrons. According to
this rule, allcloso-clusters require one electron pair in additiomht® skeletal electron pairs provided by
n BH vertexes. Thus, atloso-clusters require n+1 skeletal electron pairshdiré are extra frame work
electrons in one of these polyhedral hydrides, dtractures will change to accommodate the extra
framework electrons.

Wade’s rules designate these distorted structudesfor n+2 skeletal electron pairs, aadachno for
n+3 skeletal electron pairs. The remaining clustagrhent remains the same, when a BH vertex is
removed from aloso-cluster, but its two skeletal electrons remainhwitte cluster. Additional Hto
accommodate for the additional negative chargdomaged at the open face. Thus total requirement of

number of skeletal electrons of a giveaso-cluster, and the deriveddo- andarachno-cluster

' williams, R. E.Inorg. Chem. 1971,10, 210-214.

12.3) Wade, KAdv. Inorg. Chem. Radiochem. 1976,18, 1-66. b) Wade, K. IMetal Interactions with
Boron Clusters; Grimes, R. N., Ed.; Plenum Press: New York, 1932apter 1, pp 1- 41.
4




1. INTRODUCTION

fragments is same. That is the total

electronic requirement of n+1 skeletal — —> &

electron pairs for a 12-verteoloso- closo-3 arachno-3

cluster, n+2 skeletal electron pairs for — — @/ﬁ\%

an 11-vertexnido-cluster and n+3 arachno-4

skeletal electron pairs for a 10-vertex A@

arachno-cluster result in 13 skeletal = — N 1025

electron pairs. e
Shoré® first prepared and — — L‘i:ff

structurally characterized arachno-6

BsHo(PMes),, [BsH1d], and

BgH1o(PMey),, three molecules which %'_? —> —

contain n+4 skeletal electron pairs closo-9

and these structures represent the firs

well-established members of the Y, — —

hypho'* class of boranes. Thepho  ./ps0-10

structures are even more open thar

the arachno andnido counterparts, as — —

expected. Table 1.1 lists the c-/

experimentally known homonuclear

closo, nido, arachno and hypho- — A —>

structures. closo-12 el arachno-10

In the case of metallaboranes anc
metallaheteroboranes, the d-electronFigure 1.5: Geometrical Systematics in boron hydride clusters
in effect are not included as framework electrdviligos™ has generalized such premises to give the
number of skeletal electrons per metal vertex axu 12 where u is the number of valence electmmns
the metal and x is the number of electrons donateaxocluster ligands and substituents. In this

formalism moieties such as Fe(G@nd Cof-CsHs) are analogous to a BH vertex while N{CsHs)

3 Mangion, M.; Hertz, R. K.; Denniston, M. L.; Lond, R.; Claytm W. R.; Shore, S. G.Am. Chem.
Soc., 1976,98, 449-453.

4 Rudolph, R. W.; Thompson, D. Anorg. Chem., 1974,13, 2779-2782.
1> Mingos, D. M. PNature, Phys. i, 1972,236, 99-102.
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behaves like a CH vertex. There are numerous exangainsistent with the latter analogies, €lgso-
(CsHs),CoFes(CO)™® is analogous tocloso-C,BsHs. Similar analogies exist for various other
metallaheteroboranes.

Table 1.1.Some experimentally knowehoso, nido andarachno polyhedral borane structures.

Name Series Examples Note
closo (“cage”) BH.~ n=6-12 closo polyhedral cage
BnHn+a ByHg, BsHg, BgH1g, BgH13, BigH1s removal of 1 vertex fronsloso
nido (“nest”) [BnHn+al [B4H7,  [BsHg], [BeHol, [BoHis, removal of 1 H from B\Hp.4
[BioH1al"
BaHnso™ [BioH12)%, [B1iH1g* removal of 2 ki from B,H.4
BrHn+6 B4H10, BsH11, BsH1o, BgHig removal of one vertex fromido

arachno ("spider web") [BnHn+s] [B2H7], [BsHg]', [BsH1o) ", [BoH14]

[Ban+4]2_ [BlOH14]2_

BnHn+s Only known as adducts:sBg-2L removal of 1 vertex frorarachno
hypho ("net") [BiHn+]

[Ban+6]2- [BSHll]Z-

1.3. Heteroatom Placement ircloso-Clusters

1.3.1. Williams Qualitative Heteroatom Placement Rie.

There are two qualitative rules that explain th@aeement of a heteroatom in the polyhedral borane
clusters:

a) Thermodynamically most stable isomers have hetenosit positions of lowest connectivity.

b) The heteroatoms occupy nonadjacent vertexes, ivalgntly connected sites are available.

In most of the known examples of heteroboranes witle or more heteroatoms, e.glpso-
[CB11H12" Y andnido-SBigH12, '8 the heteroatoms contribute more skeletal electramsompared to

boron atoms. Moreover, they inductively attractskeletal electrons away from the boron atoms thus

% Blount, J. F.; Dahl, L. F.; Hoogzand, C.; Hueh®l,J. Am. Chem. Soc. 1966,88, 292-301.

" Knoth, W. H.; Little, J. L.; Lawrence, J. R.; Stéig F. R.; Todd, L. Jdnorg. Syn. 1968 11, 33-41.
8Kang, S. O.; Sneddon, L. Giorg. Chem. 1988 27, 3298-3300.

9 Pretzer, W. R.; Rudolph, R. W.Am. Chem. Soc. 1976 98, 1441-1447.
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vertexes. A more electron deficient center tendsatee higher ===
connectivity*

Hence the boron atoms tend to occupy the positmis
higher connectivity. As a result the heteroatoneslacated at 2-[CBoHjol 1-[CBoH; o]
the positions of lowest connectivity as is the casall closo Figure 1.6: Two isomers of closo-
heteroborane clusters. E.g., In the caseclobo-[CBoH1g  [CBioHiol". closo-2-[CBoH o] is

(Figure 1.6), there are two different types of cagetexes thermodynamically less stable than

the closo-1-[CBoH,o] isomer.
present. Two cage vertexes have a total conngct¥ifiour (4k
vertexes) while the remaining eight vertexes hawage atom connectivity of five (5k vertexes). A
carbon atom tends to occupy the least coordinatedipn in the thermodynamically most stable isomer
as exemplified in Figure 1.6b. Rearrangement o€BgH1o]” to 1-[CBH;o], is associated with the
release of energy.

In the case otloso-C,B;0H12 (Figure 1.3), all the vertexes are equivalentlyreared (i.e. 5k), and
the carbon atoms tend to be apart from each othéna thermodynamically most stable isomer, i.e.
para-GBioH12. The ortho- and meta- isomers ofBgH;, are far less stable as compared to the para-
isomer due to the positions of carbon atoms.

1.3.2. Ott-Gimarc's Charge Preference

Ott and Gimarc have used topological charge staitin considerations to predict the qualitative
ordering of stabilities of positional isomers amdheg various classes dioso-carboranes, §Bn.oHp, 5<
n < 12% The rule of topological charge stabilization stathat the positions of heteroatoms in a
structure are related to the distribution of atontiarges that are determined by connectivity ooltmyy
for an isoelectronic, isostructural, homoatomicerefce system. They used Mulliken net atomic
populations calculated from extended Huckel wavetions. The predicted order of stabilities agrees
perfectly with what can be deduced from experimdnts example, the uniform reference frame for the
trigonal-bipyramidal [BHs]? structure (Figure 1.7) shows the normalized chatgebe negative at the
apical positions and positive at the equatoriabssitTopological charge stabilization says that
electronegative heteroatoms, like the carbon atom€,BsHs, prefer to be at sites where electron
density is already greatest in the uniform refeeefame. Therefore, the three possible isomeric
carboranes should follow the decreasing orderatdikty: 1,5-GB3Hs > 1,2-GB3Hs > 2,3-GB3Hs. The

20 \illiams, R. E.Chem. Rev. 1992 92, 177-207; references therein.
2L ott, J. J.: Gimarc, B. Ml. Am. Chem. Soc. 1986 108, 4303-4308.
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1,5-isomer shows a perfect match between the megeliarges in the reference frame and the location
of the more electronegative heteroatoms. HenceCIB3Hs is the most stable isomer. The 1,2-isomer
complies in only one of the two positions, whilethe 2,3-isomer neither carbon atom occupies asite
greater electron density and hence the structureikeast stable isomer.

&)-0.019

N7

(

Homoatomic
reference frame

1,5-C,B;H;

Figure 1.7: The relative stabilities of 1,5-, 1,2- and 2,3-C,B3;H5 isomers can be
predicted with the help of Mulliken Charges of the Homoatomic reference frame.

1.3.3. Ring-Cap Principle

Jemmis and Schley@érextended the planar {4+ 2) Hiickel rule to the aromaticity of three-
dimensional delocalized systems using the “sixrgtitgal electron” concept. They pointed to the cheé
orbital overlap compatibility. The radial extensioithez-orbitals of the capping atom should optimally
match the ring sizecloso-Carboranes that can be formally divided into risgsl caps follow a six-
electron rule. The relative stabilities of variasemers for a given carborane depend on the sitleeof
ring onwhich the polyhedral structure is based. With theeed four-membered rings the CH group fits
in as the best cap; the overlap of the orbital<CHIf with the orbitals of three- and four-membered
borocycles is favorable. The BH group with mordudi€ orbitals overlaps better with the orbitalsaof
five-membered ring. Thus|oso-1-[CBgH7]  is less stable tharioso-2-[CBgH7]" because in the former,
the H-C cap combines with a five-membered ring,levim the latter, the H-C cap is attached to a four
membered ring. More diffuse orbitals such as thafsBeH, Li, and transition-metal fragments should
stabilize polyhedra based on six-membered rings.

1.3.4. Tight Bond with Adjacent Matrix (TBAM) appro ach

The tight bond with adjacent matrix (TBAM) appro4ths based on bond energies and
electronegativities of adjacent atoms and can teel ue predict the relative stabilities of various
positional isomers in a given heteronuclel@so-icosahedral borane clusters. Given the knowledge o

%2 3) Jemmis, E. DI. Am. Chem. Soc. 1982, 104, 7017-7020b) Jemmis, E. D.; Schleyer, P. v. RAm.
Chem. Soc.1982 104, 4781-4788.

% Teo, B. K.; Strizhev, Alnorg. Chem. 2002,41, 6332-6342.
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the number of bonds of each kind and th closo-1-[CBgH, T closo-2-[CBgH, ]
assumption that only the nearest neighbc
interactions (i.e., the bonds) contribute tc
the cluster's total energy, the "total bonc
energy" of a cluster can be calculated b

summing up the contributions from each

type of bond in the cluster which in turn Figure 1.8: Ring-cap Principle: The H-C cap fits best

, . ith the f bered ri in closo-2-[CBgH5|
can be obtained by multiplying the with the four membered ring as in closo-2-{CB4H;]

numbers of bond$Naa, Nss, andNag for a [CB¢H-]", in which H-C cap overlaps a five membered
binary systemof each type (AA, BB, and ring.

which is thermodynamically most stable than the c/oso-1-

AB, respectively) by the corresponding bond enerdi&a, Ess, and Eag, respectively) within the
cluster core, as follows:
Etota = NaaEaa + NegEgp + NagEas
The bond energies of homonuclear bonds involvingnygeoup elements can be found in the
literature* The energy of a heteronuclear bond of type ABlmarstimated by the following empirical

equatior’
Eag = 1/2€aa + Egg) + 96.23{a - Xp)*

Here,Eaa andEgg are the covalent bond energies, gn@ndyg are Pauling's electronegativitté$or
the corresponding elements. The second term ialtbge equation is due to the ionic character of the
covalent bond caused by the disparity of the edeeativities of the constituents.

Knowing the energies of homonuclear (AA and BB) &eteronuclear (AB) bonds, the energies of
clusters can be calculated. One limitation of #pproach is that it cannot differentiate betwe&n and
1,12-isomers of ABio clusters. Moreover, relative stabilities can baleated only for octahedral or
icosahedral structures, as they have all equiVigleahnected vertexes.

1.4. Heteroatom Placement imido-Clusters.

Williams’ qualitative rules are sufficient for theteroatom placement ahoso-carboranes. However,
less symmetrioido-clusters afford large number of possible isomeainiy due to open face hydrogen
atom positions and a possible incorporation ofaufotr carbon atoms. In order to correctly prethet
relative stabilities of various isomerinido-heteroboranes, some more rules are needed. Such

quantitative rules (structural increments or engrggalties) governing heteroatom and hydrogen atom

24 pauling, L.The Nature of the Chemical Bond, 3rd ed.; Cornell University Press: Ithaca, NY6Q9
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placement permit the prediction of correct relatiability orders of various 62,10° and 11-vertex
nido-boron hydride, carborane and heteroborane stestlSpecific architectural features, recognized
to be unfavorable, are assigned "energy penaltitiegathat allow the projection of comprehensive
thermodynamic stability values via a simple aditiiprocedure. These values match #henitio® or
density functional theof§"*’ results with surprising precision. Some structuiedtures and their
corresponding energy penalties for 11-vemedo-carboranes are shown in Figure 1.9. By summing up
the energy penalties for each structural featura given isomer, the relative stabilities of alkpible
nido-hetero(car)borane isomers for a given formulatmaccurately determinéd?’

Using this structural increment approach, the ingdastabilities of variousiido-carboranes and
hetero(car)boranes can be easily determined. DRIpuated relative stabilities of 202 carbon, nitrogen
and phosphorus containing 11-vertaxio-heteroboranes were quite accurately reproduceaty ukis
structural increment approach (Figure 1.5,

® CC
"Two carbon atoms

e

®
WA
=27 X7
GNP
\y

S 7

adjacent to each other" "Carbon atom at a 5k vertex"

< 16.0 keal mol™ 28.0 keal mol™!
HH D BH2
"Two bridging hydrogens

"Endo-terminal hydrogen"

adjacent to each other"
2.1 keal mol’!

25.9 keal mol’!

Figure 1.9: Important structural features and corresponding energy penalties (structural increments) for
the 11-vertex nido-carboranes family.

The study of structural increments for 11-vertego-carboranes resulted in solving a number of
conflicts, e.g., the presence of carbon atoms atptisition of higher connectivity in experimentally
known structures. Structural increments are capableredict when and how the effect of hydrogen
atom placement should dominate that of carbon afactement. This study also identified

% Hofmann, M.; Fox, M. A.; Greatrex, R.; Schleyer,v. R.; Williams, R. Elnorg. Chem. 2001, 40,
1790-1801.

%6 Kiani, F. A.; Hofmann, MEur. J. Inorg. Chem. 2005,12, 2545-2553

%" a) Kiani, F. A.; Hofmann, Mlnorg. Chem. 2004,43, 8561-8571. b) Kiani, F. A.; Hofmann, Morg.
Chem. 2005,44, 3746-3754.
10
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experimentally unknowmido-hetero(car)boranes that are thermodynamically nstable than known

positional isomer§>2’

80
— Heteroboranes Nmer AEmax RMS
2 60 Carba- 61 56 242
=

2 40 Phospha- 95 6.6 2.75
®y Aza- 46 47  2.39
K5 20

Total 202

0 20 40 60 80
E.yc [keal mol™]

Figure 1.10: Structural increments (E;,."') correctly reproduce the DFT computed relative stabilities for
202 11-vertex nido-heteroboranes.

1.5. Macropolyhedral Boranes, Jemmisimno Rule and its Limitations.
A large number of homonuclear a~

well as heteronuclear boranes with mog . .tron count by mno rule >
than one cluster unit is experimentallm =2 ] [Rin
n=18 ik
ibi i T N
known.  They  exhibit dlﬁ‘erentp: ? ‘g/%\ /}\’

e
v ©

architectural patterns, i.e., those witSum =22 electron pairs

cluster units joined by a two center-tw:

electron’® or by a three center-twoFigure 1.11: Application of the mno rule to BgH»,

: . macropolyhedral borane structure
electron bond? as well as those in

which cluster units share one vertex, e.g4HB,>° two vertexes, e.g., 8H2,>" three vertexes, e.g.,

BooHisl, compound$? or even four vertexes, e.g.,.dBlis? Nevertheless, these so-called

8 See for example, a) Srinivas, G. N.; HamiltonPT.Jemmis, E. D.; McKee, M. L.; Lammertsma, K.
J. Am. Chem. Soc. 200Q 122, 1725-1728. b) Hawthorne, M. F.; Pilling, R. Ltpkely, P. F.; Garrett, P.
M. J. Am. Chem. Soc. 1963 85, 3704-3705. c¢) Hawthorne, M. F.; Pilling, R. Lipokely, P. F.J. Am.
Chem. Soc. 1965, 87, 1893-1899. d) Watson-Clark, R. A.; Knobler, C. Bawthorne, M. Flnorg.
Chem. 1996,35, 2963-2966.

29 See for example, Hawthorne, M. F.; Pilling, RILAmM. Chem. Soc. 1966,88, 3873-3874.
%0 Rathke. J.; Schaeffer, Rorg. Chem. 1974 13, 3008-3011.

31 Simpson, P. G.; Lipscomb, W. Bl.Chem. Phys. 1963,39, 26-34.
11
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macropolyhedral boranes still remain a large a®ae exploretf both theoretically as well as
experimentally. Except for Jemmishno rule’® that gives the skeletal electron requirement for
macropolyhedral boranes, no considerable theotetimgk has ever been done in the field. Accordimg t
themno rule,m + n + 0 + p number of electron pairs are necessary for a rpatybedral system to be
stable. Herem is the number of polyhedra,is the number of vertexes s the number of single-vertex-
sharing condensations apds the number of missing vertexes. Rato andarachno arrangements, one
and two additional pairs of electrons are requiM@de'sn + 1 rule is a special case of timao rule,
wherem = 1 ando = 0. ByoHie (Figure 1.2b), for example has= 2 andn = 20, leading to 22 electron
pairs. Application of thenno rule to BgH.» (Figure 1.11% results in a total of 22 skeletal electron pairs
asm= 2,n =18 andp = 2. The generality of theno rule was demonstrated by applying it to a variety
of known macropolyhedral boranes and heterobor¥nes.

However, unlike Wade’s skeletal electron count @ple for single clusters, which associates the
number of skeletal electrons with definite clustbapes, theno rule does not specify architectures or
cluster shapes based on the given number of skeletztrons. As a result it is impossible to decide
which structure out of a large number of possikgitis the preferred target for synthesis or is the
thermodynamically most stable one.

1.6. Focus of Current Research Work

1.6.1. A Simple Approach to Derive Structural Increnents for nido- and closo-Heteroboranes

Structural increment studies for varionislo-heteroboranes obtained so far are highly accurate
need the computations of a large number of isonhethis thesis, a simple approach is applied ifctvh
the structural increment for a given disfavoringistural feature is obtained by computing two issne

differing only with respect to one particular stwal feature. The simplified approach successfully

%2 See for example, a) Enemark, J. H.; Friedman,.|.LBscomb, W. NInorg. Chem. 1966 5, 2165-
2173. b) Cheek, Y. M.; Greenwood, N. N.; KennedyD.J McDonald, W. SJ. Chem. Soc., Chemm.
Commun. 1982 1, 80-81.

%3 @) Kennedy, J. D. Iddvances in Boron Chemistry; Siebert, W., Ed.; Royal Society of Chemistry:
Cambridge, U.K., 1997; p 451. b) Grimes, R. NMstal Interactions with Boron Clusters; Plenum
Press: New York, 1982. c¢) McGrath, T. D.; Jelin€k, Stibr, B.; Thornton-Pett, M.; Kennedy, J. D
Chem. Soc., Dalton Trans. 1997, 15, 2543-2545.

34 a) Jemmis, E. D.; Balakrishnarajan, M. M.; Panatr, P. D.;J. Am. Chem. Soc. 2001,123, 4313-
4323. b) Jemmis, E. D.; Balakrishnarajan, M. Mnéraratna, P. DChem. Rev. 2002,102, 93-144.

% Two isomersC, and C; symmetry and two-vertex sharing pattern, each with 10-vertexnido-
cluster fragments are experimentally known. SeBitchelli, A. R.; Hawthorne, M. Fl. Am. Chem.
Soc. 1962,84, 3218. b) Simpson, P. G.; Lipscomb, W.NChem. Phys. 1963,39, 26-34. c) Simpson,
P. G.; Lipscomb, W. NProc. Natl. Acad. ci. U.SA. 1962,48, 1490-1491.
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applies to various 11-vertexdo-heteroboranes to predict their relative stabgi(i€hapter 3) and can be
extended to the 12-verteotoso-cluster to reproduce the relative stabilities afious 11-vertexido-
and 12-vertexcloso-clusters with a single set of increments. The rtieetynamically most stable 12-
vertex closo HetBiogHi0 isomers (where Het = heteroatom) with two smalfrenelectronegative
heteroatoms have heteroatoms at para positionsligdvd rule), while those with large less
electronegative heteroatoms occupy ortho positig@eapter 4). Various CpM groups (Cp =
cyclopentadienyl, M = a group-8, -9 or -10 metal) the 12-vertexcloso-cyclopentadienyl
metallaheteroboranes have specific ortho, metapana directing effects to other cluster heteroatoms
(Chapter 5).

1.6.2. Quantum Chemical Studies of MacropolyhedraBoranes

Computational studies were carried out to deterntivee turning point from smallenido-single
cluster boranes to isomemado:nido-macropolyhedral boranes in terms of thermodynastability. The
studied nido:nido-macropolyhedral boranes include a large number twb vertex sharing
macropolyhedral borané® Structures of two vertex sharing macropolyhedratabes can be
classified according to the cluster shape of fusdabters: i.e.nido:nido-, arachno:nido- and
arachno:arachno- macropolyhedral boranes (Chapter 6). A clusterement system was proposed for
various macropolyhedral boranes with two units iffiecent cluster sizes fused through two vertexes.
The relative stabilities for the macropolyhedratdrees can be easily estimated by using an incrament
specific for each cluster fragment (Chapter 7). Rorgiven number of vertexes (n), the
thermodynamically most stabitédo:nido-B,Hn+4 macropolyhedral borane isomer is structurallgtes
to the thermodynamically most staldeachno:nido-B,.;Hn+s and arachno:arachno-B,.;Hn+s isomers

through successive removal of one open face vé@bapter 8).
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2. Computational Detalls

All the geometry optimizations, single point enesyiand frequency calculations were carried out
using the Gaussian 98 and 03 prograrBssis sets and/or additional diffuse or polartratiunctions
where used are indicated below, separately for ehapter.

2.1. 11-Vertexnido-p-block-Heteroboranes (Chapter 3).

For all hetero(carba)boranes and -borates excaphat stiba and tellura(carba)boranes and -borates,
geometries were consecutively optimized at RB3LYZPI® and RB3LYP/6-31G(d). All presented
structures are local minima at RB3LYP/6-31G(d).gBnpoint energies were computed at RB3LYP/6-
311+G(d,p). Zero point vibrational energies from 3RBP/6-31G(d) frequency calculations were
included to derive the relative energies for adl tbomers.

For stanna, stiba and telluraboranes, geometrigs wgtimized at the RB3LYP/LANL2DZ level
with additional d-polarization functiohgor Sn, Sb, Te, B and C atonis< 0.183, 0.211, 0.237, 0.388,

1 @) Frisch, M. J.; Trucks, G. W.; Schlegel, H. Bguseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Zakrzewski, V. G.; Montgomery, J. A., Jr.; StratmaR. E.; Burant, J. C.; Dapprich, S.; Millam, J.;M
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, SOchterski, J.; Petersson, G. A.; Ayala, P. Y.;,Cui
Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Riagvachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenkd,; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin
R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Pend&. Y.; Nanayakkara, A.; Gonzalez, C.;
Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;edh W.; Wong, M. W.; Andres, J. L.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Baussian 98, revision A.6; Gaussian, Inc.: Pittsburgh, PA,
1998. b) Frisch, M. J.; Trucks, G. W.; Schlegel B#. Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.
Montgomery, Jr., J. A.; Vreven, T.; Kudin, K. N.u&nt, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi
J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmd&ai, Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa)shida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; HratcmaH. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; ¥azyO.; Austin, A. J.; Cammi, R.; Pomelli, C;
Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski
V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. Crarkas, O.; Malick, D. K.; Rabuck, A. D;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.|, Qu; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz; Romaromi, I.; Martin, R. L.; Fox, D. J.; Keitf,;
Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gaabmbe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; and Pople, J. Saussian 03, Revision B.03, Gaussian, Inc.,
Pittsburg, PA 2003.

2 Huzinaga, S.; Andzelm, J.; Gaussian basis setsifbecular calculations. Elsevier, Amsterdam, 1984,
pp 23-25



2. COMPUTATIONAL DETAIL

0.600, respectively). Single point energies wesdemnined at B3LYP/SDD together with p-
polarization function for H{ = 1.000) and d-polarization function for Sn, Sk, B and € along with
an sp set of diffuse functions for Sn, Sb, Te (0.0231, 0.0259, 0.0306, respectivelyy well as for B
and C { = 0.0315 and 0.0438, respectively).

2.2. The Relative Stabilities of 11-Vertexnido- and 12-Vertex closo-Heteroboranes and —
borates: Facile Estimation by Structural or Connecion Increments (Chapter 4).

All structures were optimized at the RB3LYP/LANL2D&vel of density functional theory with d-
type polarization functiofsfor B ({ = 0.388), Al ¢ = 0.198), Ga{ = 0.207), In { = 0.160), TI { =
0.146), C { = 0.600), Si{ =0.262), Ge{=0.207), Sn{ = 0.183), Pb{ = 0.164), N { = 0.864), P{ =
0.340), As { = 0.293), Sbq = 0.211) and Bi{ = 0.185) followed by frequency calculations andoze
point energy calculations at the same level. Sipglmt energies of the optimized geometries were
computed at the RB3LYP/SDD level with additionalyde polarization functionSp-type polarization
function for hydrogen atomg € 1.000) and an sp set of diffuse functions foCBand N { = 0.0315,
0.0438 and 0.0639, respectivelyfor Al, Si and P (0.0318, 0.0331 and 0.0348, retpely)® and for
Ga, Ge, As, In, Sn, Sb, Tl, Pb and Bi (0.0205, p2)2.0287, 0.0223, 0.0231, 0.0259, 0.0170, 0.0171
and 0.0215, respectively)The relative energies reported for isomeric stmest correspond to the
RB3LYP/SDD//RB3LYP/LANL2DZ+ZPE level.

2.3. Ortho-, Meta- and Para-Directing Influence ofTransition Metal Fragments in 12-vertex
closo-Cyclopentadienyl Metallaheteroboranes: Additive N&ure of Structural Increments
(Chapter 5).

Geometry optimizations, frequency calculations amdo point energy computations of various
[CPMP,CyB11-x+yH11-d* metallaboranes (where M = Fe, Co, Ni) were perémtnat the RB3LYP/6-
31G(d) level, followed by single point energy caétions at the RB3LYP/6-311+G(d,p) level. For M =
Ru, Os, Rh, Ir, Pd and Pt, the structures weremopéid at the RB3LYP/LANL2DZ level using d-
polarization functions for B, C and B £ 0.388, 0.600, 0.340, respectivély)ith frequency and zero
point energy calculations at the same level. Simgimt energies were determined at RB3LYP/SDD
with additional p-type polarization functions fouROs, Rh, Ir, Pd, Pt and H € 0.081, 0.077, 0.086,
0.081, 0.091, 0.086 and 1.06ajhd d-polarization functions for B, C and P.

% These values were optimized for the atomic grastate anion, using ROHF with a flexible ECP basis
set, by Ted Packwood at NDSU. Diffuse functionstfe@se and other heteroatoms may be found at the
website: http://phoenix.liu.edu/~nmatsuna/gamefsglrasis.refs.html

“ Clark, T.; Chandrasekhar, J; Spitznagel, G. Whi&er, P. v. R.J. Comput. Chem. 1983,4, 294-301

> Spitznagel, G. W. Diplomarbeit, Erlangdi982
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2.4. Which nido:nido-Macropolyhedral Boranes are Most Stable (Chapter 2

2.4.1. Construction ofnido-single clusters

Basic skeletons for singt@do-polyhedral borane clusters with the number ofesess, n = 4-19 were
obtained by removing one highest coordinate v&fiexn closo-deltahedra with five to 20 vertexes. The
structures for five to 12 vertedloso-clusters are most spherical deltahedra and arekwelvn from
experiments. For 13-17 vertexes, the optimizetbso-geometries reported by Schleyer, Najafian and
Mebel were usell.Metal free thirteeh and fourteet? vertex closo-carboranes have been recently
synthesizedThe closo-structures with 14 and 15 vertexes corresponcdettaldedra proposed by Frank
and Kaspet! For 16-vertexes, theloso-polyhedron with two squares proposed in ref. 8clvhis
thermodynamically more stable than that proposeBrapk and Kaspé&ror by Brown and Lipscontb
was used. For 18 through 20 vertexes, varidoso-clusters were computed and thielo-structures
were obtained by removal of the highest coordivatgex from the most stabt#oso-deltahedra. The
skeleton of a 19-vertemido-deltahedron was obtained by optimizindpg symmetriccloso-[B2oH2g)*
structure as proposed by Brown and Lipscdfnaddition of four hydrogen atoms to edges of therop
face of these basic skeletons resulted in numamalosB,H,.4 isomers. The energy of each most stable
nido-BpHp+4 (N = 4-19) structure was compared with the mosiblst isomeric nido:nido-
macropolyhedral borane.

2.4.2. Construction ofnido:nido-Macropolyhedral Borane Clusters.

Different nido single cluster boranes were used as building Bléoktwo vertex sharingido:nido-

macropolyhedral boranes. Formally, two vertex sitamido:nido-macropolyhedra result from the

® A nido-B1,H1 startingnido-geometry derived from a 13-verteloso cluster by the removal of a 5-
coordinate rather than 6-coordinate vertex was afgomized but converged to a macropolyhedron.
However, a similar starting geometry for pB5]” persisted.

" a) Muetterties, E. L.; Boron Hydride Chemistry,alemic Press, New York, N. Y. 1975, pp12-16. b)
Wade, K. Chem. Br1975,11, 177-183. ¢) Wade, KAdv. Inorg. Chem. Radiochem. 1976,18, 1-66. d)
Lipscomb, W. N. Boron Hydrides, Benjamin, W. A.,W&ork, N. Y., 1963. pp 13-15 and 19-24.

8 Schleyer, P. v. R.; Najafian, K.; Mebel, A. Miorg. Chem. 1998 37, 6765-6772.

° a) Burke, A.; Ellis, D.; Giles, B. T.; Hodson, B.; Macgrgor, S. A.; Rosair, G. M.; Welch, A. J.
Angew. Chem. Intl. Ed. 2003,42, 225-228. b)Grimes; R. N.;Angew. Chem. 2003,115, 1232; Angew.
Chem. Intl. Ed. 2003,42, 1198-1200.

Y Deng, L.; Chan, H. S.; Xie, Angew. Chem,, Int. Ed. 2005 44, 2128-2131.
1 Frank, F. C.; Kasper, J. Bcta Crystallogr. 1958 11, 184-190.

12Brown, L. D.; Lipscomb, W. Nlnorg. Chem. 1977, 16, 2989-2996.
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condensation reaction of twedo-boranes releasing,Bs. Hence, the number of vertexes of a given
macropolyhedron is always two less than the sumuofiber of vertexes of the twwodo-clusters that
build it up. Sharing of two vertexes between ang tndo single clusters3— 12) results in a number of
possiblenido: nido-macropolyhedral combinations for eackHB:4 formula. For example, fardo: nido-
B14H1g, the following combinations are possibiedo(8):nido(8)-, nido(7):nido(9)-, nido(6):nido(10)-,
nido(5):nido(11)-, nido(4):nido(12)-B;4H1s. For any of these options, there are more thancho&e of
connecting sites and different bridging hydrogesifoans on the open face. Hence a large number of
structural isomers is possible.

Startingnido-geometries derived fromioso clusters were initially optimized with density fitronal
theory methods at the RB3LYP/3-21G levElrther geometry optimization as well as frequency
calculations for the most stable RB3LYP/3-21G optad nido-geometries as well as isomeric
nido: nido-macropolyhedral starting geometries were perforrme®RB3LYP/6-31G(d) with symmetry
restrictions, where applicable. Only a few macrgpedral nido:nido-structures belong to symmetry
point groups higher tha@;. Finally, single point energies were computed BBRYP/6-311+G(d,p).

All the structures presented in this paper arelloti@ima at RB3LYP/6-31G(d). Relative energies
reported for all the BH,+4 and [BHn+3]” isomers considered for n = 4-19, correspond t&RBBLYP/6-
311+G(d,p)//RB3LYP/6-31G(d)+ZPE level of theory.

2.5. Cluster Increment System for Macropolyhedral Branes (Chapter 7)

The macropolyhedral borane clusters were constiutte sharing two vertexes between the
individual cluster fragments. Two individual clusteagments, due to different possible connectitess
or due to different bridging open face hydrogenitpmss, may give rise to more than one possible
isomer. Resulting geometries were optimized initiat the RB3LYP/3-21G level within symmetry
restrictions, where applicable. Further geometryinogation and frequency determinations were
performed at the RB3LYP/6-31G(d) levebingle point energies were determined at RB3LYP/6-
311+G(d,p) level. The relative energies reportede here the RB3LYP/6-311+G(d,p)//RB3LYP/6-
31G(d)+ZPE energies, where ZPE denotes zero poargg corrections.

The most stable isomers, whi@h each case, were used to derive cluster increamék cluster
fragments were initially given arbitrary incrememigh respect to a zero increment for one cluster o
their own kind. The increments were assigneditim-clusters with respect to zero increment for 10-
vertex nido-cluster and toarachno-clusters with respect to zero increment for 5eserarachno-
fragment. A statistical fitting procedure resuliedmore accurate cluster increments which reproduce
the DFT computed relative stabilities of variouscnopolyhedral boranes within 6 kcal ritdimit.
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2.6. Structural Relationships among Two Vertex Sharing Macropolyhedral Boranes (Chapter
8).

Different starting geometries for each particulaonm+ or macropolyhedral borane were first
optimized at RB3LYP/3-21G using the Gaussiarpf8yram*” The most stable clusteveere subjected
to RB3LYP/6-31G* geometry optimization. Geometriesmost macropolyhedral boranes belong to the
C, symmetry point group. However, a few geometrieseweptimized with symmetry restrictions.
Frequency calculations at the RB3LYP/6-31G* lewelved the stationary points to be local minima on
the respective potential energy surfaces. Singiet gmergies were computed at RB3LYP/6-311+G**.
The final relative energies were corrected for zeant vibrational energies computed at the
RB3LYP/6-31G*.

The geometries of varioumachno-B,Hn.s (N = 4-18) were obtained by the removal of one tmos
highly coordinated vertex from the respective paredo-clusters (n = 5 -19, Chapter. ®lacement of
six open face endo-hydrogen atoms resulted in nouseisomers. Similarly, initighypho-BaHn+s (n =
4-17) geometries were obtained by the removal ajtreer most highly coordinated vertex from
arachno-clusters followed by open face hydrogen atom pieerd.

Two vertex sharing macropolyhedral boranes are dtlynobtained by the fusion of two polyhedral
clusters releasing a;Hg unit. Therefore, macropolyhedral boranes haveuantexes less than the sum
of the number of vertexes of individual clusterstfédent open face edges may contribute the shared
vertexes connecting the two individual units, raésgl in numerous skeletal isomers. The different
distribution patterns of open face bridged (or etetminal) hydrogen atoms produces even larger
number of isomers. In mosrachno:nido-macropolyhedral boranes, the more omachno-part
contains five open face hydrogen atoms in additiothree open face hydrogen atoms onnilde-part.
However, in some cases, one hydrogen atom ddridwghno-part is attached as an exo-substituent to one
boron atom of the shared Bnit. One or two hydrogen atoms in #r@chno:arachno-macropolyhedral
boranes may also be exo-substituted to one or bmanbatoms of the shared Bnit.
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3. Periodic Trends and Easy Estimation of Relative
Stabilities in 11-Vertexido-p-block-Heteroboranes and

-borates

3.1. Introduction

The 11-vertexnido-cluster represents the most diverse family of Hobieranes and -borates. Many
reactions are knowhto incorporate a hetero fragment into a smaiigo- or arachno- cluster leading to
11-vertexnido-heteroboranes. Removal of one vertex from a 1®x&toso-heteroborane cluster also
leads to 11-vertexnido-heteroboranes and -boratd$. Experimentally known 11-vertexnido-
heteroborane and -borate clusters include groupetéroatoms, i.e., carbdrsilicon; germanium and

tin®**® group-15 heteroatoms, i.e., nitrogen, phosphtitfisarsenié®’ and antimony, group 16

! For example see a) Stibr, Bollect. Czech. Chem. Commun., 2002,67, 843-868; references therein.
b) Haubold, W. ; Keller, W. ; Sawitzki, GAngew. Chem.,, Int. Ed. Engl. 1988,27, 925. c) Shedlow, A.
M.; Sneddon, L. Glnorg. Chem. 1998 37, 5269-5277.

2 For example see a) Todd, L. J.; Little, J. L.;8iktein, H. TInorg. Chem. 1969, 8, 1698-1703. b)
Little, J. L.; Whitesell, M. A.; Chapman, R. W.; &er, J. G.; Huffman, J. C.; Todd, L.Idorg. Chem.
1993,32, 3369-3372.

% For example see a) Williams, R. Ehem. Rev. 1992 92, 177-207; references therein. b) Fox, M. A.;
Goeta, A. E.; Hughes A. K.; Johnson, AJLChem. Soc. Dalton Trans. 2002 9, 2009-2019. c) Fox, M.
A.; Greatrex, R.; Nikrahi, A.; Brain, P. T.; Pictod. J.; Rankin, D. W. H.; Robertson, H. E.; BuMl,;

Li, L.; Beaudet, R. Alnorg. Chem. 1998, 37, 2166-2176. d) Dirk, W.; Paetzold, P.; Radacki,X.
Anorg. Allg. Chem. 2001, 627, 2615-2618.

“ a) Dopke, J. A.; Bridges, A. N.; Schmidt, M. Raies, D. Flnorg. Chem., 1996,35, 7186-7187. b)
Wesemann, L.; Englert, U.; Seyferth, Bngew. Chem., 1995,107, 2345-2436Angew. Chem,, Int. Ed.
Engl., 1995,34, 2236-2238. c) Dopke, J. A.; Powel, D. R.; HayakhiK., Gaines, D. Anorg. Chem,,
1998,37, 4160-4161.

> a) Wesemann, L.; Trinkaus, M.; Ruck, MAngew. Chem., Int. Ed. 1999, 38, 2375-2377. b)
Wesemann, L.; Ramjoie, Y.; Trinkaus, M.; SpanialPT Eur. J. Inorg. Chem. 1998, 9, 1263-1268. c)
Wesemann, L.; Ramjoie, Y.; Trinkaus, M.; Ganter]rg. Chem. 1997,36, 5192-5197. d) Loffredo,
R. E.; Norman, A. DJ. Am. Chem. Soc. 1971,93, 5587-5588.

® a) Greenwood, N. N.; Youll, Bl. Chem. Soc., Dalton Trans. 1975,2, 158-162. b) Dupont, T. J.;
Loffredo, R. E.; Haltiwanger, R. C.; Turner, C. Alprman, A. D.Inorg. Chem. 1978, 17, 2062-2067.
c) Loffredo, R. E.; Dupont, T. J.; Haltiwanger, &.; Norman, A. D.J. Chem. Soc., Chem. Commun.
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heteroatoms, i.e., sulfdrselenium® and telluriunt®*** williams’ qualitative rules predict isomers

with low coordinate heteroatoms and separated detmms to be preferréd’? While these rules

1977,4,121-122. d) Loffredo, R. E.; Drullinger, L. F.; 8a J. A.; Turner, C. A.; Norman, A. Dnhorg.
Chem. 1976,15, 478-480.

"a) Todd, L. J.; Burke, A. R.; Garber, A. R.; Sistein, H. T.; Storhoff, B. Ninorg. Chem., 1970,9,
2175-2179. b) Bould, J.; Kennedy, J. D.; Fergusan,Tony D. F.; O'Riordan, G. M.; Spalding, T. R.
Dalton Trans. 2003, 23, 4557-4564. c) O'Connell, D.; Patterson, J. C.;|l@pg, T. R.; Ferguson, G.;
Gallagher, J. F.; Li, Y.; Kennedy, J. D.; Macias, Rhornton-Pett, M.; Holub, J. Chem. Soc., Dalton
Trans. 1996,15, 3323-3333. d) Fontaine, X. L. R.; Kennedy, J.MdcGrath, M.; Spalding, T. RMagn.
Reson. Chem. 1991,29, 711-720. e) Wright, W. F.; Garber, A. R.; ToddJLJ. Magn. Reson. 1978,30,
595-602. f) Little, J. L.; Pao, S. fhorg. Chem. 1978,17, 584-587. g) Little, J. L.; Pao, S. S.; Sugathan,
K. K. Inorg. Chem. 1974,13, 1752-1756. h) Hanusa, T. P.; Roig de Parisi, Nstir, J. G.; Arafat, A,
Todd, L. J.Inorg. Chem. 1987, 26, 4100-4102. i) Little, J. LInorg. Chem. 1979, 18, 1598-1600. j)
Yamamoto, T.; Todd, L. J. Organomet. Chem. 1974,67, 75-80. k) Colquhoun, H. M.; Greenhough, T.
J.; Wallbridge, M. G. HJ. Chem. Research, 1979,7, 248.

8 valnot, J. Y.Synthesis 1978,8, 590-592.
® Pretzer, W. R.; Rudolph, R. W.Am. Chem. Soc. 1976 98, 1441-1447.

193) Ferguson, G.; Gallagher, J. F.; McGrath, Med&tan, J. P.; Spalding, T. R.; Kennedy, J.D.
Chem. Soc., Dalton Trans. 1993,1, 27-34. b) Ferguson, G.; Parvez, M.; MacCurtai.;JDhubhghaill,
O. N.; Spalding, T. R.; Reed, D.Chem. Soc., Dalton Trans. 1987,4, 699-704. c) Little, J. L.; Friesen,
G. D.; Todd, L. Jlnorg. Chem. 1977,16, 869-872. d) Faridoon; Dhubhghaill, O. N.; SpaldifgR.;
Ferguson, G.; Kaitner, B.; Fontaine, X. L. R.; Kedwy, J. D.J. Chem. Soc., Dalton Trans. 1989, 9,
1657-1668. e) Ferguson, G.; Hampden-Smith, MDAuybhghaill, O. Ni; Spalding, T. RPolyhedron
1988, 7, 187-193. f) Barriola, A. M.; Hanusa, T. P.; Todd,J. Inorg. Chem. 1980, 19, 2801-2802. g)
Reed, D.; Ferguson, G.; Ruhl, B. L.; Dhubhghaill NO, Spalding, T. RPolyhedron, 1988,7, 17-23.

13) Faridoon; S., Trevor R.; Ferguson, G.; KennddyD.; Fontaine, X. L. RJ. Chem. Soc., Chem.
Commun. 1989, 14, 906-908. b) Faridoon, O.; Dhubhghaill, O. Ni; Spad, T. R.; Ferguson, G.;
Kaitner, B.; Fontaine, X. L. R.; Kennedy, J. ID.Chem. Soc., Dalton Trans. 1988,11, 2739-2745. c)
Thornton-Pett, M.; Kennedy, J. D.; Spalding, F.al8mg, T. R. Act. Cryst, 1995, C51, 840-843. d)
Ferguson, G.; O'Connell, D.; Spalding, T. Rct. Cryst. 1994, C50, 1432-1434. e) Ferguson, G.;
Gallagher, J. F.; Sheehan, J. P.; Spalding, TKRnanedy, J. D.; Macias, R. Chem. Soc., Dalton
Trans. 1993,20, 3147-3148. f) Sheehan, J. P.; Spalding, T. R.; =g, G.; Gallagher, J. F.; Kaitner,
B.; Kennedy, J. D.J. Chem. Soc., Dalton Trans. 1993,1, 35-42. g) Faridoon; McGrath, M.; Spalding,
T. R.; Fontaine, X. L. R.; Kennedy, J. D.; Thorn#®ett, M.J. Chem. Soc., Dalton Trans. 1990, 6,
1819-1829. h) Ferguson, G.; Lough, A. J.; FaridddoGrath, M. N.; Spalding, T. R.; Kennedy, J. D.;
Fontaine, X. L. RJ. Chem. Soc., Dalton Trans. 1990,6, 1831-1839. i) Ferguson, G.; Gallagher, J. F.;
Sheehan, J. P.; Spalding, T. R.Organomet. Chem. 1998,550, 477-480. j) Ferguson, G.; Kennedy, J.
D.; Fontaine, X. L. R.; Faridoon; S., Trevor, R. Chem. Soc., Dalton Trans. 1989, 2, 383. k)
Mceneaney, P. A.; Spalding, T. R.; FergusonJQChem. Soc., Dalton Trans. 1997, 2, 145-147. 1)
Ferguson, G.; Kennedy, J. D.; Fontaine, X. L. Ruidoon; S., Trevor Rl. Chem. Soc., Dalton Trans.
1988,10, 2555-2564.
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suffice to select the most stal®so-heteroboranes, the presence of additional endmbgd atoms,
the large number of isomers and possibly irresdévaionflicts ask for more sophisticated rules to
predict the most favorable isomer in the caseidd-clusters.

A set of quantitative rules was presented whichragypced the stability order of 6-vertewxdo-
carboranes on the basis of 15 structural incremtémssfavoring structural features, e.g. neighboring
carbon atoms, were identified and so called engrgyalties were derived by a statistical fitting
procedure. Applying these energy penalties addytivbie stability order of isomeric 6-vertexdo-
(carba)boranes and -borates can easily be deriwedpaper and pencil approach. With only nine such
fitted quantitative rules, the relative stabilityder of numerous 11-vertenido-(carba)boranes and —
borate$* was successfully reproduced. The approach wasedpid the 10-vertexido-(carba)boranes
and -borate$® and to the 11-verterido-mixed hetero(carba)boranes and —borfteith H-C, P, H-P,

N and H-N heteromoities. This wdrk® quantified Williams’ rule¥'? by corresponding energy
penalties for each heteroatom and introduced soare rles due to open face hydrogen characteristics
of thenido-cluster. These quantitative rules allow not oolyptedict the thermodynamically most stable
isomer but to easily estimate a stability ordevarious isomers***Furthermore, these energy penalties
successfully elaborate which two heteroatoms areerfavorable choices for adjacent positions in the
thermodynamically most stable mixeatdo-heteroboranes. For example, quantitative rulescate
7,8,10- rather than 7,8,9-, 7,9,10-, and 7,9,84tipos for the heteroatoms inido-P,CBgHg to be
thermodynamically most stabt@.

Previously, energy penaltie€i{c) were determined by statistical fitting to a largamber of
structures>'® The procedure gives accurate values but requixésnsive computations. Estimated
energy penaltiesE(,."), which are the energy difference of two suitaldéerence structures differing

with respect to one structural feature only, angallg very close to the energy penalties arisiramfr

12 3) Williams, R. E.Inorg. Chem. 1965 87, 3513-3515. b) Williams, R. Hn Progress in Boron
Chemistry Brotherton, R. J., Steinberg, H., Eds.; Pergam@s<$? England, 1970; Vol. 2, Chapter 2, p
57.

13 Hofmann, M.; Fox, M. A.; Greatrex, R.; Schleyer,W° R.; Williams, R. Elnorg. Chem. 2001, 40,
1790-1801.

4 Kiani, F. A.; Hofmann, MInorg. Chem., 2004,43, 8561-8571.

1 Kiani, F. A.; Hofmann, MEur. J. Inorg. Chem. 2005,12, 2545-2553

18 Kiani, F. A.; Hofmann, Minorg. Chem. 2005,44, 3746-3754.
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statistical fitting to a large number of isomé&tghis is to be expected when structural featurémbe
additively. For instance, the estimated energy Iperfar adjacent carbon atoms, i.e., the energy
difference of 7,8-GBgH1.> and 7,9-GBgH1.> is 16.3 kcal mat, very close to the statistically fitted

rel-

value (16.0 kcal mdl) derived from 20 carboran&s® Here, the relative stability ordeEi{,®") is
presented for 11-vertaxdo-sila, germana, stanna, arsa, stiba, thia, selethaefiura(carba)boranes and
-borates, phosphathiaboranes and -borates andagebdoranes produced W, which are more
approximate but easier to determine and are aecaraiugh for the interpretation of general trends.

The numbering scheme for the 11-vertedo-cluster is shown in Figure 3.1. The apical positi®
numbered as 1. The vertices next to the apex (miblelt) are given numbers 2-6, while the vertides o
the open face are numbered from 7 to 11 wherecénsected to 2 and 3. There are six cage vertices

with connections to five other cluster atoms=k and five peripheral vertices with & 4, where, ¢ and

(o)
S
literature, different numbering patterns have besed for mixed ‘@\"‘/“'{'Tﬁ/(v

N> ‘D
heteroboranes. \\\V’/"\
3.2. Results and Discussion /‘\ /
AN ’/

p denote cage and peripheral vertices, respectivalythe

o)
5/
54 X
AAIA\\

OSNY@=1

3.2.1. Structural Features for Hetero(carba)boranesand -

A\

Different structural features for hetero(carba)besa and - \

borates.

borates are shown in Figure 3.2 and their energglpes are listed Figure  3.1:  Numbering
scheme for the 11-vertex nido-

in Chart 3.1. Energy penalties for carbon in Charl are cluster.

statistically fitted values taken from ref. 14. Faitl other
heteroatoms, the energy penalties are estimatéteasnergy difference of two structures which diffe
with respect to one structural feature only.

Hets (1) and Hetx(2) A heteroatom at a 5k position (1-6) rather thadkaposition (7-11) is
indicated by the structural feature k€f The apical position (number 1) differs from pazit 2-6: the

former has only 5k neighbors, the later has twoa#kl three 5k neighbors. Hence, higher energy
penalties are observed for position 1, i.e. sH&), as compared to positions 2 through 6, i.etskR).*®
Estimated Hek(1) energy penalties for a given heteroatom wetainbd by comparing the 7- and 1-
isomers of HetlH1o°™ and that of Het(2) by comparing 7- and 2- isomers of Hgith*™ (Figure
3.2a), where Het = H-C, H-Si, N, H-N, P or H-P eind n = number of electrons donated by a given
hetero group.

Einc Hets(1) andEin. Hetsi(2) for different heteroatoms are listed in Chatt &or the carbon atom at

a 5k position in heterocarbaboranes, the statiltifited energy penalty of 28.0 kcal mbbbtained
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originally from 11-vertex nido- No structural
_ a) feature

carboranes will be uséd. » :

HetHet” Heteroatom apart isomers

are generally more favorable tha

heteroatom  adjacent isomers i | [HetB,,H,, 6" 7-[HetB gH o] 6™ 2-[HetB oH ;] 6™
heteroboranes and -boraf8¢?4*The

structural feature HetHet gives th
No structural HetHet’

amount of destabilization caused b feature

two adjacent heteroatoms. For examp
7,8-GBgH1¢> with two adjacent carbon
atoms (CC) is 16.3 kcal miblless
stable than carbon apart 7,9-isortier®
The estimated energy penalties fc
HetHet” were obtained by comparing
the 7,8- and 7,9-isomers 0,
HetHet BH.®"""  (Figure  3.2b),
where Het or Het” may be equal c

different heteroatoms and n and n” a S
7-[(HHet)B1gH 1™ 7-Het[B10H11]5™" 7-Het[B10H11]5)"
the number of electrons donated by H U= F9,10 U FE8.9

and Figure 2: a) A heteroatom (Het) at a 5k apical position
Het". When Het and Het  are thre(vertex number 1, structure B) or in the middle belt

electron donating heteroatomsn( = (positions 2 through 6, structure C) rather than at the open

face (positions 7 through 11, structure A) represents the

6), the structures to be compared Astructural features Hets (1) and Hetsy(2), respectively. b)

dianions, but they are neutral anHeteroatom adjacent (E) rather than heteroatom apart
monoanionic for two four electronisomer (D) represent the structural feature HetHet’, where

donating heteroatoms (n+n" = 8) anHet and Het” may be equal or different heteroatoms. n and
n’ are the number of electrons donated by heteroatoms Het

one three and one four eleCtroand Het” c¢) p-H-8,9 (hydrogen bridge adjacent to
donating heteroatom (n+n" = 7)heteroatom, H) rather than m-H-9,10 (hydrogen bridge far
respectively. HetHet energy penalticaway from heteroatom, F) in nido-7-HetB, H;,C",
for two adjacent carbon atoms, ¢ represent the structural feature Het(H). Hydrogen as an exo-

) substituent (G) rather than bridged between positions 9 and
and two adjacent phosphorus atom

PP;® are 16.0 and 10.7 kcal nol
respectively. HetHet” energy penalties for Het et Bihd for Het” = C are listed in Chart 3.1. Thergp

10 (F) produces the structural feature Het®.
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penalties for a heteroatom adjacent to a bare ploosp atom (HetP) and to an exo-substituted
phosphorus atom (Hefpare listed in Table 3.1. Very similar energy déesa were derived for CC (i.e.,
two adjacent carbon atoms) in carboranes (16.0rkoéit),** phosphacarbaboranes (18.3 kcal thét
exo-substituted azacarbaboranes (15.4 kcal')ffoand thiacarbaboranes (17.7 kcal MoHencean
average value of 17.0 kcal rifdior E;,.CC is used in all heterocarbaboranes consider#siwork.

Het(H) This structural feature presents the amount ofatddzation caused by a heteroatom (Het)
adjacent to a hydrogen bridge. Comparindo-7-HetBH1:"™" isomers, (n = number of electrons
donated by Het) withi-H-8,9 andu-H-9,10 hydrogen positions, directly gives an estithataergy
penalty for the structural feature Het(H) (Figur€c3. This structural feature has a relatively $mal
destabilizing effect. For example, the energy pgrfar C(H) was determined to be 2.2 kcal thébr
carboraned? The energy penalties of other heteroatoms adjaoenhydrogen bridge are listed in Chart
3.1. The largest Het(H) energy penalty (9.4 kcal this observed for the four electron donatinyy P
heterogroup, while tin has the smallest (even megjaenergy penaltfinc Sn(H) = -1.7 kcal mdl. It is
the only negative energy penalty observed for asigroatom structural features in 11-vertego-
heteroboranes.

Het® This structural feature allows to compare barelétron donating) and exo-substituted (4-
electron donating) group 14 heteroatomido-7-HetBigH1:> (u-H-9,10) andnido-7-(HHet)ByoH11*
(Figure 3.2c) give a direct estimate of the engrggalty of Het for group 15 heteroatoms. Generally,
three electron donating nitrogen and phosphorug&t(N and P) have smaller energy penalties as
compared to four electron donating exo-substituiétgen and phosphorus Nind ) atoms'® The
same is true for bare arsenic (As) and antimony é&oms in the 11-vertemido-cluster which have
generally smaller energy penalties as comparedkoesabstituted arsenic (Bsand antimony (SH
atoms (see Chart 3.1).

3.2.2. Energy Penalties as Periodic Properties ofdteroatoms in 11-Vertexnido-Cluster.

In this section, the general trends of HetHet’, sl and Hek(2) energy penalties will be
discussed.

HetHet and HetC energy penalties decrease alongpdrd (C— Sn), 15 (N— Sb) and 16 (S~» Te)
and increase along the periodsHE€N, Si— S, Ge— Se, Sn— Te, see Chart 3.1). The magnitude of
energy penalties depends largely upon the exteateatron localization which is determined primgaril
by the number of electrons donated by a heteroatnd secondarily by the electronegativity of the
heteroatom. All the heteroatoms in Chart 3.1 folyndnate more than two electrons (two electroes ar
donated by a BH vertex) to the total of 26 skeletattrons required in an 11-vertexo-cluster and

hence cause stronger electron localization as cadpa a BH vertex.
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3. 11-VERTEXNIDO HETEROBORANES

Chart 3.1. Relative trends of energy penalties kual’ for different features in 11-

vertexnido-hetero(carba)boranes and -borates.

Het o

Hetsi(1)
Hetg,k(zzg
Het(H)

Group 14

Group 15 (barell Group 15(EkGroup 16
Substituted)

N

2 Heteroaton? Electronegativity values, see Pauling,The Nature of the Chemical Bond Cornell
University Press: Ithaca, New York, 196Covalent radii in pico meter, see Huheey, J. Eitdf,

E. A,; Keiter R. L.Inorganic Chemistry: Principles of Structure and Reactivity, 4th edition,
HarperCollins, New York, USA, 1998.The energy penalty for two identical adjacent twtoms
and® the energy penalty for a heteroatom adjacentdarhon atom in the 11-vertewkdo-cluster.’
Het; (1) is the structural feature for a heteroatom &kapical position (vertex number 1) rather
than the ideal 4k open face positiohsiet;(2) is the structural feature for a heteroatomeatives

2 through 6 rather than at the ideal 4k open faxsitions." Structural feature Het(H) denotes the
amount of destabilization caused by a heteroatojacadt to a bridged hydrogen atom.
Statistically fitted values taken from ref. 14. Fdlrother heteroatoms, energy penalties are etgina
by comparing two suitable reference structures hiifer with respect to one structural feature.
Initial starting 11-vertexido-oxaborane geometries did not survive geometrynipétions due to
the expected very high energy penalties of the emymtom* The N\NRenergy penalty could not be
accurately obtained as the structure rearranged.rdigh energy penalty derived by fixing N7-B2
and N8-B2 distances to be 1.775 A was even higt@s(kcal mot). ' The energy penalty for SS
(45 kcal mot) also needed to be derived by fixing the S(7)-B@)d distance to be 2.34 A.
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3. 11-VERTEXNIDO HETEROBORANES

Two adjacent heteroatoms result il
a larger degree of electron localizatiol
on two adjacent vertices and hence
positive HetHet energy penalty. This
HetHet energy penalty is more

Covalent Radii (pm)

positive for three electron donating

Energy penalties (kcal mol™!)

group 15 heteroatoms as compared

the three electron donating group 1.
heteroatoms. This is due to the largel] Covalent Radii (pm) [ Hetsy(1) keal mol”' [ Hetg(2) keal mol™

electronegativity of three electronFigure 3.3: Covalent radii, HetHet and HetC energy penalties

donating group-15 members. Foukeal mol™! for group 14, group 15 and group 16 heteroatoms.

electron donating group-15 memberHetHet and HetC energy penalties for heteroatoms increase

with decrease in covalent radii.
have even higher electron localization
due to four rather than three electrons localizezha vertex.

Group-16 heteroatoms have even higher energy jpehalé compared to group-15 heteroatoms due
to larger electronegativity of the group-15 hetévoss. It is interesting to note that neighboring NH
groups have such a large destabilizing effect tiatenergy penalty could only be estimated by §xin
the N(7)-B(2) and N(8)-B2 distances as the clustbape was destroyed upon free geometry
optimization*® Considering the general trends, the energy pesdidr oxygen should be the largest but
none of the five structural features for
11-vertex nido-oxaboranes could be 1oor'//"/)//!s@))fr\f 200

determined as none of the oxaboran> \\
80
\

|

60‘

starting geometries optimized to a
nido-11-vertex cluster  geometry.
Among the heteroatoms in Chart 3.1,

Covalent Radii (pm)

oxygen is the only for which no

Energy penalties (kcal mo
&
(e

experimentally known 11-vertemido-

heteroborane exists. The smalles
HetHet energy penalty (3.1 kcal il [ Covalent Radii (pm) [ Hets(1) (keal mol™!) [] Hetsy(2) (keal mol™)
is found for tin (on the left bottom of Figure 3.4: Hets (1) and Hets,(2) energy penalties kcal

Chart 3.1). mol™! for group 14 heteroatoms decrease with decreasing

. covalent radii but increase for group 16 heteroatoms. Group
Geometric consequences also seer

_ _ 15 heteroatoms have mixed trends.
to be important: Incorporation of one
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3. 11-VERTEXNIDO HETEROBORANES

large heteroatom requires geometric distortionhef ¢luster. Incorporating another large heteroatom
next to the first enhances the geometric distoriointo a lesser extent as compared to placingatyet

undistorted site. Although, this effect is overdulgy the opposite electronic effects, yet it coasadhly

reduces the energy penalties for two adjacent Hatggeroatoms. When there is a significant
electronegativity difference between boron and heteroatoms, the electronic effect dominates.
However, when the electronegativity of the heteooatis very close to that of boron, the relative
position of heterogroups does not influence thecteaic situation much and the geometric

consequences are important.

Table 3.1.Energy penalties [kcal md] for HetP* and HetP

together with covalent radius of heteroatom (Het).

HetHet’ Riet (PM) Einc (kcal mol")
NP 71 18.8
CP 77 15.1
PP 93 10.7
NFPR 71 42.5
PRPR 93 36.9
SF? 104 38.8
SeP* 117 35.8

Figure 3.3 shows such general trends for HetHed letC energy penalties which are indirectly
proportional to the covalent radii (directly proponal to electronegativity) within one group. Tald.1
also shows very similar effects for H8tRnd HetP energy penalties where one heteroatom is
phosphorus atom.

Energy penalties for Hg{1) and Hei(2) increase down the group 14 but decrease doounpgt6.
For both three as well as four electron donatinggroatoms in group 15, however, they show mixed
trends (Figure 3.4).

The importance of geometric consequences also lecatear by the pronounced preference for
open face position for larger heteroatoms. Largdedoatoms have much larger ki€t) and Hek(2)
energy penalties. The larger heteroatoms cause geam@etric distortion when connected to five cage
vertices (at apical position or in the middle hedthd hence larger energy penalties as compartx to
smaller heteroatoms which are closer to a BH veiresize. In the open face, larger heteroatoms are

connected to four cluster vertices and hence are swtable.
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3. 11-VERTEXNIDO HETEROBORANES

The structural feature Het(H) has very similar gggvenalties for four electron donating group 16
heteroatoms (S, Se and Te have energy penalti®®06.1 and 6.3 kcal mdl respectively), however,
Het(H) energy penalties do not follow any specdeneral trend for group 14 and -15 heteroatoms.
Moreover, Het(H) energy penalties have a smalbdisiing effect (~5 kcal mdlin many cases) and can
be considered as fine tuning increment for twocstmal isomers differing with respect to open face
hydrogen positions, only.

rel-

3.2.3. Comparisons of the Estimated Relative Staliies (Eic ) Derived from Estimated
Energy Penalties Ei,.) with DFT computed Values Ecao) for the 11-vertex nido-
Hetero(carba)boranes and -borates.

rel

Estimated Ein.') and statistically fittedHj,c) energy penalties as well BEg.~ were reported for 11-

vertexnido-(carba)boranes and -borates, phospha(carba)bcradedorates and aza(carba)boranes and

rel-

-borates® In this section, the estimated relative stabaiti..®") are compared with the DFT
computed relative energieBcfio) for thia(carba)boranes and -borates, phosphaitaales and -borates,
selena-, and tellura(carba)boranes and -boratdssedlanathiaboranes and -boratds. is the difference
of Einc® andEca.

3.2.3.1. Thia(carba)boranes and —borates

Twenty five isomers of thia(carba)boranes and 4esrdrom nido-SB;oH;, to nido-SCGBgH1o are
considered in this study. The estimated energylpesdor Si(1), Sk(2), SS, SC, CC and S(H) were
obtained as explained in section 3.1. A total afheill-vertexnido-thia(carba)borane and -borate
clusters is experimentally known (labeled by “a"Tiable 3.2, also see Figure 3.5). Metal complexes o
nido-SBygH1¢”” (CA) were also reportell. Two experimentally unknown $BgH1o isomers,GC and
GD (see Table 3.2) are predicted as strong candidimiessynthesis due to their competitive
thermodynamical stabilities.

The experimentally knowfi®'® most stablenido-SByH1, isomer, i.e.nido-7-SBigH1» (AA) has a
sulfur atom at the open face with two bridged hgeéro atoms adjacent to the sulfur atom (structural
feature S(H), twice). BotlEin®" and E..c have very similar relative energy values foh (nido-2-

SB:Lole), AB (nidO-Z-SB_LOH12) andAC (nidO-l-SBlole) (Table 32)

173) Kang, S. O.; Carroll, P. J.; Sneddon, LI®rg. Chem. 1989,28, 961-964. b) Kang, S. O.; Carroll,
P. J.; Sneddon, L. ®rganometallics 1988,7, 772-776. ¢) Zimmerman, G. J.; Sneddon, L. GAm.
Chem. Soc. 1981, 103, 1102-1111. d) Thompson, D. A.; Rudolph, R. W.Chem. Soc., Chem.
Commun. 1976,19, 770-771.

8Kang, S. O.; Sneddon, L. Gorg. Chem. 1988 27, 3298-3300.
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3. 11-VERTEXNIDO HETEROBORANES

’ "\*:j'_fé\;: /

Figure 3.5: Most stable thia(carba)borane and -borate isomers. White, black and red balls represent
boron, carbon and sulfur atoms, respectively. AA, BA, DA-GA are experimentally known. Metal
complexes of CA are also experimentally known.

One extra hydrogen atom imdo-7-SBigH11 (BA)'® bridges positions 9 and 10, resulting in no
disfavoring structural feature but is adjacent® sulfur atom in isomeéBB resulting inEj,;' S(H) = 6.2
kcal mol*. BC, i.e.,nido-2-SB;gH11” has a sulfur atom at position numbeE2{ Ssk(2) = 43.8 kcal mol
1) and hence the structure is higher in energy buthBA andBB.

The absence of hydrogen bridgesido-SBygH1¢” results in only three possible isomers, nedp-7-
SByH1¢> (CA), nido-2-SB;gH1¢> (CB) andnido-1-SBigH1¢? (CC), used to deriveEi: Ssi(2) = 43.8
kcal mol* andEine Ssi(1) = 52.2 kcal mot.

Experimentally knowt? nido-7,9-SBgHs (DA) is the most stable isomer as it lacks any strattu
feature. None of the dithiaborane starting geometnvith two adjacent sulfur atoms optimized
successfully but converged to rearranged structiitesever, a rough estimate for the SS feature was
obtained by fixing the S(7)-S(8) distance in 7 Bbs to be 2.34 A (45.5 kcal md). Obviously the SS
NR,16

feature, like If is incompatible with thaido-11-vertex cluster due to too large destabilization.

9 Friesen, G. D.; Barriola, A.; Daluga, P.; Rag&z, Huffman, J. C.; Todd, L. Jnorg. Chem. 198Q
19, 458-462.
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Table 3.2. Estimated energy penaltieE{), estimated relative energieE{°") and computed

relative energies for thia(carba)boranes and -bsrall values are in kcal mal

Csk C(H) CC  3(1) S« S(H)Y SC SE, |
Compound p-H- e B % Eae  AF
280 21 17.0 52.2 43.8 6.2 31.2

AA?  7-SBiHy, 8,9: 9,10 2 124 0.0 00 0.0
AB  2-SBiHy, 7,8:9,10 1 1 50.0 37.6 39.8 -2.2
AC  1-SBigHy, 7,8:9,10 1 52.2 39.8 438 -4.0
BA*  7-SBiHy;" 9,10 0.0 00 00 00
BB® 7-SBiHy;" 8,9 1 6.2 62 62 00
BC  2-SBiH:." 8,9 1 43.8 438 443 -05
CA®  7-SBigH:¢ 0.0 00 00 00
CB  2-SBiH:& 1 43.8 438 438 0.0
CC 1-SBiHi 1 522 522 522 0.0
DA?  7,9-SBgH, 0.0 00 00 00
DB  1,7-SBgHq 1 522 522 555 -3.3
EA* 7,9-SCBH;, 10,11 1 1 8.3 00 00 00
EB  7,8-SCBH, 9,10 1 1 333 250 256 -0.6
EC 7,8-SCBHy; 10,11 1 1 37.4 291 279 12
ED 2,8-SCBH;; 9,10 1 1 459 376 350 26
FA®  7,9-SCBH," 0.0 00 00 00
FB  7,8-SCBHio" 1 31.2 312 312 0.0
FC  7,1-SCBHy" 1 28.0 280 333 -53
FD  1,7-SCBHio" 1 522 522 544 -22
GA?® 7,9,10-SGBgHyp - 1 170 0.0 0.0 00
GB* 7,8,10-SGBgHyp - 1 31.2 142 131 1.1
GC°® 8,2,10-SGBgHyo - 1 280 11.0 136 -2.6
GD® 7,1,9-SGBgH;, - 1 280 11.0 175 -65
GE* 7,8,9-SGBgH;p - 1 1 482 312 329 -17
GF  7,8,11-SGBgHyp - 2 62.4 454 488 -3.4

2 Experimentally known isomer80nly metal derivatives are experimentally knditrong candidates.
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Table 3.3. Estimated energy penaltie€ (), estimated relative energies
(Einc®) for phosphathiaboranes. DFT computed relativergias are also

reported foHA to HD. All values are given in kcal madl

P(H P* S(H) PS PBs
Compound H-H- YEne  Enc® Ecac AE
2.2 1336.1 21.4 38.8

HA? 7,9- PSBH 0 10,11 1 1 8.3 00 00 00
HB® 7,9-(HP)SBH,0 1 133 5.0 34 16
HC 7,8- PSBHy, 10,11 1 1 236 153 13.85
HD 7,8- (HP)SBHyo 1 1 521 438 4226
A 7,9-PSBHy 0.0 00 00 00
IB  7,8-PSBHy 1 214 214 21800

& Strong candidate for synthesisb 7-Ph-HB, i.e., 7-Ph derivative of 7,9-PssB, is

experimentally known.

The nido-7,9-SCBH;; with x-H-10,11 EA),* the most stable SGH;; isomer, has non-adjacent
carbon and sulfur atoms. IsomeE8 throughED are at least 25 kcal mblless stable thaEA. A
similar profound preference is found for the hes¢omn aparnido-7,9-isomer EA)*° among SCBH1g
structures.

Experimentally knownnido-7,9,10-SGBgH1o (GA)'® is the most stable of the seven computed
isomersnido-7,8,9-SGBgH19 (GE)*® and nido-7,8,10-SGBgH 10 (GB)*® with Ecac = 32.9 and 14.2 kcal
mol?, respectively, are also experimentally known. 8)2,(GC) and 7,1,9- S&BgHio (GD) are
thermodynamically more stable than 7,8,9-B¢E10(GE),* but are still experimentally unknown.

3.2.3.2. Phosphathiaboranes and -borates.

Relative stabilities as determined from DFT compaites and from structural increments for a few
phosphathiaboranes are compared in Table 3.3gHRSBtructures lack extra hydrogen atoms and
possess bare-phosphorus atom/s only. do-PSBH.0, however, both bare and exo-substituted
phosphorus atoms are considered. The energy pnafterived for a phosphorus atom in
phospha(carba)boranes and —bordtasd for a sulfur atom in thia(carba)boranes aratates (this
paper) along with energy penalties for PS (deribgdcomparingnido-7,9-PSBHy with nido-7,8-
PSBHg) and PS (derived by comparingido-7,9-(PH)SBHs with nido-7,8-(PH)SBHs can be used to

20 Holub, J.; Kennedy, J. D.; Jelinek, T.; Stibrfrg. Chem. 1994 8, 1317-1323.
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estimate the relative stabilities of phosphathiahes. The estimated relative energies of fudo-
PSBH;o isomers (i.e.HA-HD which differ in more than one feature) were fouwdbe in good
agreement with the relative energies computed afYB36-311+G(d,p)//B3LYP/6-31G(d) (see Table
3.3,HA - HD). 7,9-PSBH10 u-H-10,11 HA) with the structural features P(H) and S(H) haes lgast
SEinc, Einc® and Ecac values but is still experimentally unknownido-7,9-PSBH1o with exo-
substituted phosphorus atoHR) is computed to be 3.4 kcal nfdhigher in energy than the former and

its phenyl derivative i.enido-7-Ph-7,9-PSBHy was experimentally characteriz&d.

Table 3.4. Estimated energy penaltie€{), estimated relative energie€ () for
selenaboranes and -borates. DFT computed relatieggies are also reported for some

structures. All values are in kcal rifol

Sex(1) Sel2) Se(H)  SeSe

Compound H-H- YEne  End®  Ecac AFE
48.2 40.7 6.1 35.1

JA®  7-SeBH;,  8,9:10,11 2 12.2 0.0 00 0.0
JB 2-SeBHi,  7,8:9,10 1 1 46.8 346 395 -4.9
KA?  7-SeBH;," 9,10 0.0 0.0 0.0 0.0
KB 7-SeBoHi," 8,9 1 6.1 6.1 6.1 0.0
KC  1-SeBHi" 7.8 1 48.2 48.2 52.6 -4.4
LA®  7-SeBgHio” 0.0 0.0 00 0.0
LB 2-SeBoH1” 1 40.7 407 407 0.0
MA  7,9-SeBoHo 0.0 0.0 00 0.0
MB?  7,8-SeBgHs 1 351 351 351 0.0

2 experimentally known isomerSCyclopentadienyl metal derivatives are experimgnkamown.

3.2.3.3. Selena(carba)boranes and —borates

Estimated energy penalties were used to give tlagve stability order of 25 selena(carba)boranes
and -borates (Tables 3.4 and 3.5). The relativalgyaorder is correctly reproduced in most cases,
AE’ (the difference oEin®" andEcay) is larger for SegBgH:o isomers (up to 9.8 kcal mbfor QB).

The most stable SepHi> isomer i.e.,nido-7-SeBH1» (JA)loe has the selenium atom at vertex
number seven with hydrogens bridging between 81811 positions (structural feature Se(H) twice).
The increment system suggests the deprotonatedespée., nido-7-SeBgH:11,*° with a hydrogen
bridged between positions 9/1KA) rather than positions 8/&B) to be the most stable as in the case
of exo-substitutedido-7-(PH)ByH1,.*
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Table 3.5.Estimated energy penaltids,{'), estimated relative energids

rel-

) for selenacarbaboranes

and -borates. DFT computed relative energies a@ r@ported for some structures. All values are in

kcal mol*.
Sex(1) ) ; )
Compound u-H- Csx C(H) cCcC Se(2)” Se(H) SeC YEre Enc® Eoe AE
28.0 21 17.0 48.2 40.7 30.3
NA* 7,9-SeCBH;; 10,11 1 1 8.2 0.0 0.0 0.0
NB® 7,8-SeCBHy; 9,10 1 1 324 242 248 -06
NC 7,8-SeCBH;; 10,11 1 1 36.4 28.2 265 1.7
ND 1,7-SeCBH;; 9,10 1 1 42.8 34.6 328 1.8
NE 1,7-SeCBH;; 8,9 1 1 50.3 421 46.7 -4.6
NF  2,4-SeCBH;; 9,10 1 1 1 70.8 62.6 65.0 -24
OA  7,9-SeCBHj¢ 0.0 0.0 0.0 0.0
OB  7,8-SeCBHj¢ 1 30.3 303 303 0.0
OC 7,1-SeCBH;q 1 28.0 28.0 326 -46
7,9,10-
PA  SeGBgHio 1 17.0 0.0 0.0 0.0
7,8,10-
PB  SeGBgHyo 1 30.3 133 25 9.8
7,1,9-
PC  SeGBgHjg 1 28.0 11.0 7.6 34
7,8,9-
PD SeGBgHyo 1 1 473 303 225 838
7,8,11-
PE  SeGBgHjo 2 60.6 426 374 52
2 Strong candidate8 7-cycloheanamine derivative is experimentally know
nido-7-SeBoH1¢> (LA) was reported as ligand in complexes with differmetal fragments®a®11a-

21 The geometry ofido-7,8-SeBsHy (MB)?? unlike that ofnido-7,8-SBgHs could successfully be

optimized and is 35.1 kcal mblhigher in energy than the experimentally still mown but
energetically favorable 7,9-isomeévid ). Similarly, the heteroatom apanitdo-7,9-SeCBH1; (NA), the

%1 3) Ferguson, G.; Faridoon; Spalding, TARta Cryst. 1988, C44, 1368-1371. b) Ferguson, G.; Ruhl,
B. L.; Ni Dhubhghaill, O.; Spalding, T. Rcta Cryst. 1987,C43, 1250-1253.

%2 3) Base, K.; Stibr, BChem. Ind., 1977, 22, 919-920. b) Friesen, G. D.; Barriola, A.; Todd, 1.
Chem. Ind., 1978, 16, 631. c) Base, K. Collect. Czech. Chem. Commun. 1983, 48, 2593-2603. d)
Schultz, R. V.; Huffman, J. C.; Todd, L. lhorg. Chem. 1979, 18, 2883-2886.
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most stable SeGpBi;; isomer, is still experimentally unknown althoughe t 7-cyclohexanamine
derivative of the 7,8-isomerNB) is experimentally knowfi. nido-7,9,10-Se@BgHio (PA) is
experimentally knowff*and other computed SgB3H. structures PB-PJ) are thermodynamically less
stable (Table 3.5).

3.2.3.4. Selenathiaboranes

The energy penalty (40.2 kcal rifplfor the structural feature SSe was obtained as ethergy
difference of 7,8- and 7,9-Se§. The latter is more stable and is experimentatigvin’® Relative

energies of five SeSBlg isomers are given in Table 3.6.

Table 3.6. Estimated energy penaltieg ("), estimated relative

rel-

energies i) for selenathiaboranes. All values are in kcal'mo

Compound S Ecarc AE Structural Feature

QA 7,9-SeSBHq 0.0 0.0 0.0 None
QB 7,8-SeSBHy 40.2 40.2 0.0 SSse
QC  2,9-SeSBHq 40.7 36.0 47 S2)
QD  9,2-SeSBHy 43.8 383 55 {2y
QE 1,7-SeSBH, 48.1 519 -38 Sq1)
QF  7,1-SeSBH, 52.2 547 25 K1)

3.2.3.5. Estimated Energy PenaltiesE{,.") and Corresponding Estimated Relative Stabilities
(Einc®") for Other 11-vertex nido-Hetero(carba)boranes and -borates.

Estimated energy penalties for sila-, germana-nnsta bare and exo-substituted arsa- and
stiba(carba)boranes and -borates are reported ant GHL which can be used to produce Bpd® for
the 11-vertexnido-hetero(carba)boranes and -borates with H-Si, HKGEn, As, H-As, Sb and H-Sb
heterogroups, respectively.

3.2.4. Prediction of Thermodynamically Most StableMixed Heteroboranes and -borates with
Three Open Face Heteroatoms.

Energy penalties for the HetHet structural featudescribe the relative energies of open face
heteroboranes with two equal heteroatoms, for ey@n@BgH1:%,** P,BoH11,*® SeBgHs (section 3.4.2)
or that of heteroboranes with two different hettsoss, e.g., 7,8- and 7,9-isomers of BIS8 and
PSBHio (section 3.4.1), SeSBHy (section 3.4.3) etc. However, it is complex to dice the

23 Arafat, A.; Friesen, G. D.; Todd, L. Lhorg. Chem. 1983, 22, 3721-3724.
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thermodynamically most stable isomer in mixed hwieranes with three open face heteroatoms, e.g.
P.CBgHy,** PGBgH10,7>%° SGBgH10,"° S€GBgH10,°** NCBgH11,%” NC,BgH15.%

Here only HetGBgH1o*™ examples are presented, (where n = number ofretectdonated by a
heterogroup, and Het may be a three electron dapagteroatom/group, i.e., H-C, H-Si, H-Ge, H-Sn,
N, P, As, Sb, or a four electron donating hetenoégooup, i.e., H-N, H-P, H-As, H-Sb, S, Se, Te (€ha
3.2). All four possibilities for HetgBgH1o*™" structures with open face heteroatoms, i.e., @-9,1
7,8,10-, 7,8,9- and 7,8,11-He®H:s*™ will be discussed. Both 7,9,10- and 7,8,10-isomefs
HetGBgHio have one structural feature each, i.e., CC andCHedspectively. However, 7,8,9- and
7,8,11-isomers of HetBgHig have two structural features, each, i.e., HetC+a@@ 2-HetC,
respectively. For group 14 heteroatoms, i.e., HFBGe and H-Sn, the HetC, i.e., SiC, GeC and SnC
energy penalties are smaller than that of CC aadetbre 7,8,10-isomers (i.e., isomers with the HetC
structural feature) are more stable. The 7,8,1&8 with twice the structural feature HetC forethr
electron donating group 14 heteroatoms is not diglo energy option. HetC is very small for group 1
heteroatoms and therefore the 7,8,11-isomers osByhizo is only 2.4 kcal maét higher in energy than
the 7,8,10-isomer (see Chart 3.2). In the casehwdet electron donating bare nitrogen atom (N),
however, the NC structural feature has a largeiadising effect than CC, and therefore the 7,9,10-
isomer (with structural feature CC) is more stabien the 7,8,10-isomer (with structural feature NC)
But for other three electron donating group 15 toetoms, i.e., P, As, Sb, HetC has less disfavoring
effect than CC and therefore the 7,8,10-isomer mremfavorable for P&BgHio, AsGBgHig,
SbGBgHio. Estimated relative stabilities for Hef3Hio structures for four electron donating
heteroatoms are listed in Chart 3.2. H-N and HaReh#etC energy penaltieE{; N*C = 36.0 kcal mol
! andEj, P*C = 23.6 kcal mat) much larger than CCE(,; CC = 17.0 kcal mél) and hence 7,9,10-
isomers with structural feature CC are more favieraban the 7,8,10-isomers. For H-As, however,
7,8,10-AsGBgH1; (with structural feature AC (Einc AsTC = 17.3 kcal mot)) and 7,9,10-AsgBgH11

with the structural feature CEf,c’ CC = 17.0 kcal mal) are very similar in energy.

24 Bakardjiev, M; Holub, J.; Stibr, B.; Hnyk, D.; Walemeyer, Blnorg. Chem. 2005,44, 5826-5832.

% Stibr, B.; Holub, J.; Bakardjiev, M.; Hnyk, D.; KoO L.; Milius, W.; Wrackmeyer, BEur. J. Inorg.
Chem. 2002 9, 2320-2326.

%5 Holub, J.; Ormsby, D. L.; Kennedy, J. D.; GreatrBx, Stibr, B.;Inorg. Chem. Commun. 2000, 3,
178-181.

%7 plesek, J; Stibr, B; Hnyk, D; Jelinek, T;ignek, S; Kennedy, J. D.; Hofmann, M.; Schleyen.P.
R.Inorg. Chem. 1998 37, 3902-39009.
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3. 11-VERTEXNIDO HETEROBORANES

Chart 3.2. Estimated relative energies (kcal thaf 7,9,10-, 7,8,10-, 7,8,9- and 7,8,11-isomers in
HetCZBngo(4_n)_.a'b

Heteroatom Het Het Het Het
(cluster < C C <
charge)

C==C 7,910¢ | C 7,8,10¢ C 7,89° 7,811t
Het=H-Si [CC=17.0 SiC=85 SiC+CC=255 2*SiC = 17.0
(-1) Ee=7.5 Eei=0.0 Ee=17.0 Ee=8.5
Het=H-Ge |CC=17.0 GeC =77 GeC + CC=24.7 2*GeC = 15.4
(-1) Eei=9.3 Ee = 0.0 Ee = 17.0 Ee =77
Het=H-Sn |[CC=17.0 SnC=24 SnC+CC=19.4 2*SnC = 4.8
(-1) Eei = 14.6 Ee=0.0 Ee = 17.0 Ee =24
Het=N CC=17.0 NC = 28.4 NC + CC = 40.0 2*NC = 56.8
(-1) E. = 0.0 (0.0) Ee = 11.4 (6.1) Ee = 23.0 Eei=39.8
Het=P CC=17.0 PC=15.1 PC+CC=32.1 2*PC = 31.2
(-1) Eei=1.9 (3.0) E1= 0.0 (0.0) Eei=17.0 (17.9) Ee = 15.1 (18.1)
Het = As CC=17.0 AsC = 16.0 AsC + CC =33.0 2*AsC = 32.0
(-1) Eei=1.0 Ee = 0.0 Ee = 17.0 Eei = 16.0
Het=Sb CC=17.0 SbC = 15.7 SbC + CC =327 2*ShC =31.4
(-1) Eer=1.3 Ee = 0.0 Ee = 17.0 Eei = 15.7
Het = H-N CC=17.0 NfC =37.2 NfC + CC =44.2 2*NRC = 74.4
(0) E = 0.0 (0.0) E. = 20.2 (18.8) E.e = 37.2 (41.3) E.=57.4 (58.8)
Het = H-P CC=17.0 P’C =243 P'C+CC =436 2*PRC = 48.6
(0) E. = 0.0 (0.0) Ee=7.3(5.2) Ee = 23.6 (24.9) E.e = 31.6 (29.5)
Het=H-As [CC=17.0 ASfC=17.3 AS’C + CC =34.3 2*As"C = 34.6
(0) Eei= 0.0 Ee=0.3 Ee=17.3 Eei=17.6
Het=H-Sb [CC=17.0 SH’C =125 SH'C + CC =295 2*Sh*C = 25.0
(0) Ee=4.5 Ee=0.0 Ee=17.0 Ee =125
Het=S CC=17.0 SC =320 SC +CC=49.0 2*SC = 64.0
(0) Eei= 0 (0.0) Eer = 15.0 (13.1) Ee = 32.0 (32.9) E.e = 47.0 (48.8)
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3. 11-VERTEXNIDO HETEROBORANES

Chart 3.2 (continued). Estimated relative energiesl mol') of 7,9,10-, 7,8,10-, 7,8,9- and 7,8,11-
isomers in HetgBgH, ™"

Het = Se CC=17.0 SeC =30.3 SeC + CC=47.3 2*SeC = 60.6
0) Ere1= 0 (0.0) = 12.7 (2.5) E.e = 30.3 (22.5) E.e = 43.6 (37.4)
Het=Te CC=17.0 TeC =286 TeC +CC =456 2*TeC =57.2
0) Ere1=0 Eei=11.6 E.e1= 28.6 Ere = 40.2

% Het may be a three or four electron donating loatem. n corresponds to the number of electronsitédnby a given
heteroatom.” B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)+ZPE computedelative stabilities of various HejBgHio*™"
isomers are listed in parenthesis for various batems. These values are usually very close tovaéges predicted by
estimated energy penalties® 7,9,10-NGBgHiy, 7,9,10-(HN)GBgH1o, 7,9,10-SGBgHi, 7,9,10-Se@BgH,o are
experimentally known? 7,8,10-SGBgH,, is experimentally known 7,8,9-NGBgH,; and 7-Me and 7-Ph derivatives of
7,8,9-(HP)GBgH,, are experimentally knowh7-Ph derivatives of 7,8,11-(HP)BsH o is experimentally known.

Since HetHet energy penalties decrease down thepgthe HetC energy penalty (&) for four
electron donating antimony atom (&) is 4.8 kcal mét less than that of A€ and therefore the
7,8,10-isomer is more stable for (HSbBgH10 as compared to the 7,9,10-isomer (7,9,10-isomsr ha
structural feature CC arig,. CC >Einc SHC.

HetC energy penalties for all four electron dor@fgnoup 16 heteroatoms are much higher than CC
and therefore 7,9,10-HetBsH;o isomers are thermodynamically more stable thaji@;Bomers. 7,8,9-
and 7,8,11-isomers have more than one structuatlire, i.e., HetHet+HetC and 2-HetC, respectively,
and therefore have even larger disfavoring effemtfour electron donating heteroatoms.

3.3. Conclusion

Estimated energy penalties present a convenieritadedb predict the relative stabilities of 11-verte
nido-heteroboranes and -borates. Energy penaltiesdjacent heteroatoms increase along the period
and decrease down the group. Four electron donhaé@tezoatoms have generally larger energy penalties
than those of three electron donating heteroathsrgier heteroatoms have usually largersk{&) and
Hetw(2) energy penalties and smaller HetHet” energyalpies indicating that they prefer open face
vertices and that the destabilizing effect of agljgdheteroatoms is smaller for larger heteroatdviost
stable mixed heteroboranes with more than two ojaee heteroatoms have different but easily
predictable heteroatom positions in the thermodyoally most stable 11-verterido-heteroborane

isomers. Energy penalties are likely to have pécitrénds in other polyborane clusters.
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4. The Relative Stabilities of 11-Vertexdo- and 12-
vertex closo-Heteroboranes and —borates: Facile

Estimation by Structural or Connection Increments.

4.1. Introduction.

Beside their potential use in medical applicatibim&teroboranes are of interest due to their
unusual non-classical structure and their key iroktimulating new concepts and a general picture
of chemical bonding.Simple qualitative rules presented by Willignasmd Wadé are helpful for
both understanding the building principles and dentify possible synthetic targets. More
sophisticated quantitative rules also called stmatt increments arising due to disfavoring
structural features in heteroborahediave also been presented. The additive naturéhesfet
structural increments, i.e. their ability to acdehareproduce the DFT computed relative stabditie
is now proven to be generally true for varionislo-heteroboranes and -borates with diverse
numbers, connectivities and types of heteroatorets 8f structural features and corresponding
energy penalties were reported for 6-, 10- and drtex nido-heteroboranes and —boratésThey
allow to easily derive the relative stabilities wérious isomers with good accuracy, once
corresponding energy increments “penalties” argyaed to relevant structural features based on

! a) Hawthorne, M. F.; Maderna, AChem. Rev. 1999, 99, 3421-3434. b) Mizusawa, E. A.;
Dahlman, H. L.; Bennet, S. J.; Hawthorne, M.Froc. Natl. Acad. Sci. U.SA. 1982,79, 3011-
3014.

Z Kiani, F. A.; Hofmann, MInorg. Chem. 2005,44, 3746-3754.

% a) Williams, R. EJ. Am. Chem. Soc. 1965 87, 3513-3515. b) Williams, R. Hn Progress in
Boron Chemistry Brotherton, R. J., Steinberg, H., Eds.; Pergam@s<? England, 1970; Vol. 2,
Chapter 2, p 57. ¢) Williams, R. Ehem. Rev. 1992 92, 177-207; references therein.

4 a) Wade, KAdv. Inorg. Chem. Radiochem. 1976,18, 1-66. b) Wade, K. IMetal Interactions
with Boron Clusters; Grimes, R. N., Ed.; Plenum Press: New York, 1%32apter 1, pp 1- 41.

®> a) Hofmann, M.; Fox, M. A.; Greatrex, R.; SchleyBr v. R.; Williams, R. Elnorg. Chem.
2001, 40, 1790-1801. b) Kiani, F. A.; Hofmann, NEur. J. Inorg. Chem. 2005,12, 2545-2553. c)
Kiani, F. A.; Hofmann, M.norg. Chem. 2004, 43, 8561-8571. d) Kiani, F. A.; Hofmann, M.
Mol. Mod. 2006,12, 597-609.



4. 12-VERTEXCLOSO HETEROBORANES

DFT results computed for a selected

AE = HetHet',
set of structures. The energy penaltie:
for the structural features HetHet (two  Het
‘ /\ AE = Het _ Hel
adjacent heteroatoms) and HetC (c S /A — A\ Het'
. HetHet’ HetHet'm>o "
heteroatom adjacent to a carbon atom < 7 Het’
. . Het
possess periodic trends (increase alon
para (1,12)- meta (1,7)- ortho (1,2)-

the period and decrease down the
Figure 4.1: a) Structural features HetHet",, HetHet"

roup) for various p-block heteroatoms
group) P and HetHet' ., for 12-vertex closo-HetHet By H;,.

in 11-vertex nido-heteroboranes and -
borates’ Here,the study of HetHet and HetC structural featuresxtended to the 12-verteloso-
cluster for comparison with those from the 11-wentedo-cluster. Both clusters have identical
numbers of skeletal electrons (26) and hence hidied aluster shapes: the 11-verteixio-cluster
is derived from the 12-vertegloso-icosahedron by elimination of one vertex. Therefothe
influence of heteroatoms can be expected to bdasimi both cases, particularly the positions of
various heteroatoms relative to each other.damo-compounds the number of possible isomers is
very limited due to the high symmetry of the sptaricluster shapes. In 12 vertekoso-
diheteroboranes, each structural feature is pres#ptin one isomer (e.g. 1,2:B30H12 has ortho
carbon atoms, its 1,7- and 1,12-isomers have camftoms in meta and para positions,
respectively). On the basis of these, it is thesefmpossible to decide if the destabilization tlue
certain structural features is special for one Bowr has a general meaning. For the 11-vertex
nido-clusters, the number of possible isomeric strgstus vast due to the less symmetric cluster
shape and due to the presence of additional hydragems. It has already been shown that the
relative energies can, nevertheless, be estimaiéd gccurately by a small number of energy
penalties related to certain structural featuneshis chapter, quantitative rules are explored tha
apply both for 12-vertegloso- and 11-vertexido-compounds.

4.2. Results and Discussion

4.2.1. Periodic Trends of Heteroatom Energy Penaéis for the 12-Vertexcloso-Cluster.

Thermodynamic stabilities of H#&;0H1p isomers have been determined where Het = two-
electron donating group 13 heterogroup, i.e. HHIGa, H-In, H-TI, three electron donating exo-
substituted group 14 heteroatoms, i.e. H-C, H-SiGéJ H-Sn and H-Pb, and three electron
donating group 15 heteroatoms, i.e. N, P, As, Sb Bin The thermodynamic stabilities of the
diheterododecaboranes and -borates depend on #itgopoof the heteroatoms relative to each

other and can be expressed in the following terhstHet is the energy difference of the
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4. 12-VERTEXCLOSO HETEROBORANES

ortho(1,2)- with respect to

030 -
the para(1,12)-isomer g . c | «N)
(Figure 4.1) while HetHet g 10 1 //&//-P
is the energy difference of — 0 - B /Ge._-" As
. kS Alm— | Sb
the meta(1,7)- with respect = -10 1 Sn P
i 5 204 8 Pb
to the para(1,12)-isomer. L In /
> -30 4
en
| HetHet,.,, the energy E’ s The—"
difference of the ortho(1,2)- = —e— Period 2 —m— Period 3 Period 4 Period 5 —%— Period 6

with — respect to the Figure 4.2: HetHet, energy penalties for 12-vertex closo-

meta(1,7)-isomer results as clusters generally decrease down the group and increase along
the difference of HetHgt the period. The energy penalty for NN, (included in parenthesis)
was obtained by fixing the N-N bond distance to be 1.775 A in
and HetHeg (Chart 4.1). the ortho-N,B,gH;, isomer because an icosahedral structure
Generally, HetHgt and  without fixed bond distances did not survive geometry

HetHet,., have larger Optimization.

values than HetHgt for diheteroboranes and -borates. The thermodymastabilities of the
diheterododecaboranes and -borates also dependtlupgosition of heteroatoms in the Periodic
Table. Energy penalties for Hetlddtwo heteroatoms adjacent to each other) decrdase the
group. For example, among group 14 heteroatomsaur&ig.2, Chart 4.1), preference of para vs.
ortho of GB1gH1» (+18 kcal mot?) is diminished in SB1oH1» (+4 kcal mot?) and reversed for the
Ge homolog (2.4 kcal md). The ortho preference is even more pronouncedfof—13 kcal
mol™) and Pb (-26.2 kcal md). The same trend is observed for N (+25.0 kcal theb Bi (-
12.6 kcal mat’). Among exo-substituted group 13 heteroatoms, iium has the largest HetHet
energy penalties while thalium has the smallest.

HetHet, energy penalties generally increase (become nusiiye) along one period; e.g. along
the second period, energy penalties increase fierm (for two adjacent boron atoms) to 15.9 kcal
mol™ for two adjacent carbon atoms. The energy periatyNN (two adjacent nitrogen atoms)
was obtained by fixing N-N bond distance in thehortsomer to be 1.775 A, as otherwise the
cluster distorted upon full optimization to havefaur-membered open face. Hetklanergy
penalties increase along Al to P in tH&®riod, Ga to As in the™ In to Sb in the Band Tl to Bi
in the 8" period (Figure 4.2, Chart 4.1). Thermodynamic ifit@s of HetCBigH1, isomers (where
Het = heteroatom) were also computed and correspgnalues for the relative placement of a

heteroatom adjacent to a carbon atom (Beé@e also included in Chart 4.1.
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4. 12-VERTEXCLOSO HETEROBORANES

Chart 4.1: Periodic trends of HetHet and HetC eng@enalties in 12-vertex

closo-hetero(carba)boranes and -borates.

2 Heteroatom® Electronegativity values, see Pauling;The Nature of the Chemical Bond Cornell
University Press: Ithaca, New York, 1960.hese values are an empirical set of atomic radii) (
derived by the careful comparison of bond lengthevier 1200 bond types in ionic, metallic, and
covalent crystals and molecules. For details sateSlJ. CJ. Chem. Phys. 1964,39, 3199% The
energy penalties (kcal md)l for the positions of two equal heteroatoms retatd each othéiThe
energy penalties (kcal mb)l for the positions of a heteroatom relative toaabon atom’ The
energy difference (kcal moj of an ortho- with respect to its para-isorf@he energy difference
(kcal mol*) of an ortho- with respect to its meta-isofidhe energy difference (kcal n9lof a
meta- with respect to its para-isoniéfhe NN, and NN,_, energy penalties were obtained by
fixing the N-N bond distance in orthosBhoH:o to 1.775 A. The full optimization of ortho-
N,B1gH10 led to a distorted structure with a four-membespdn face.

44




4. 12-VERTEXCLOSO HETEROBORANES

The energy range of He§@nergy penalties is much smaller and the valuasrgy diminish
down the 18, 14" and 1%' group, although the trends are less strictly fodld. For example, Ga
has a higher energy penalty than Al in group 18, @e has a higher Hej@nergy penalty than Si
in group 14. Hetgvalues, however, always become more positive albe@rd, 4th, 5th, and 6th
period, without any exception. HetHel, and HetG, ., energy penalties for 12-vertekoso-
HetB1oH10 and HetCBgH1; clusters also decrease down the group and incedasg the period
(Chart 4.1).

Table 4.1. Direct comparison of HetHet energy penalties in
kcal mol*, for exo-substituted group 14 heteroatoms in 12-

vertexcloso- and 11-vertexido-clusters.

Heteroatom 12-verted oso- 11-vertexnido-? A

Group 13 Heteroatoms

H-C 16 16 0
H-Si 3 9 6
H-Ge -3 4 7
H-Sn -7 3 10

Group 14 Heteroatoms

N° 25 41 32
p 4 11 7
As -1 7 8
Sb -7 4 11

2 Values taken from ref. 5d.The NN,_,, energy penalty was obtained by
fixing the N-N bond distance in orthoBhHio to 1.775 A. The full
optimization of ortho-MB;¢Ho led to a distorted structure with a four-
membered open face on which the nitrogen atomspiedwpposing sites,
as in a diamond-square-diamond intermediate.

Periodic trends of energy penalties can be explame the basis of the extent of electron
localization due to a heteroatom. Within the samueig, all heteroatoms formally donate the same
number of electrons to the cluster. However, tihgelaelectronegativities of smaller heteroatoms,
generally result in enhanced electron localizatma hence larger energy penalties. There is a
steady increase in HetHet and HetC energy penaifigsoup 14 members as compared to group
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13 members but a less pronounced
increase is observed for group 1
members (see HetHeand HetG curves

30 -
in Figure 4.2). This is because group 1

20 -
heteroatoms formally localize twc \’\ \

10 4
lectron ne vertex r 14 a \
electrons at one vertex but group a L - .\\,
15 heter ms localize thr lectror . -\S
5 heteroatoms loca eteeeecto_1_C Sl\(}-hn N P As $b
The increase in energy penalties for grot —¢—I1-vertex nido—®—12-vertex closo- = A

15 heteroatoms as compared to group
h Figure 4.3: HetHet,, _, energy penalties for 11-
vertex nido- and 12-vertex closo-clusters of Group
14 and 15 heteroatoms. The energy penalty for
extent of electron localization. NN,,,., , (included in parenthesis) was obtained by
422. Redefining Hex(2) and fixing the N-N b‘ond distance .to be 1.775 A in the
) _ ortho-N,B|oH/( isomer as an icosahedral structure
HetHet in  Terms of Connection  imout fixed bond distances did not survive
Increments. geometry optimization.

heteroatoms is, however, due to hig

electronegativity, that further enhances ti

The HetHet ., energy penalties for
group 14 heteroatoms in 11-vertaixlo- and equivalent HetHgt,, in 12-vertexcloso-clusters are
listed next to each other in Table 4.1 (also sgerei
4.3). The CG._, energy penalty for two neighboring carbon atomeeis similar for bothcloso-
andnido-clusters. For all other heteroatoms, HetHgtvalues are surprisingly smaller for the 12-
vertex closo-cluster as compared to HetkHet for the 11-vertexnido-cluster. HetHet ., values
reported for thenido-cluster are all positive (meaning heteroatoms tapeg generally more
favorable) but a number of heteroatoms (espedaitye ones) have negative Hetkleg (and also
HetHet) values for the 12-vertexcloso-cluster (meaning ortho isomers are more stable).
Furthermore, the difference of HetlHet energy penalties between the 11-ventedo- and 12-
vertexcloso-cluster (A) increases with the size of the heteroatom (Sre>®&i > C, Figure 4.3).
HetHet energy penalties are also significantlyedéht for the 11-verterido- and the 12-vertex
closo- cluster for group 15 heteroatoms (Table 4.1, FEgu3). The difference of energy penalties
of a given heteroatom for the two clusters incredgem P to Sb (Figure 4.3).

This apparently means different energy penaltiesfe same structural features in 11-vertex
nido- and 12-vertexloso-cluster, in spite of very similar cluster struewand the same electronic
requirement of 13 skeletal electron pairs for edakter. Therefore increments were considered for

individual “bonds” (or better bonding connectiongther than for structural features for a
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universal treatment of both cluster types.

Figure 4.4a shows two isomeric [@B11]* structures, i.e. 7-[CBHi> (A) and 2-
[CB1oH11]* (B). The former has a carbon atom at the open face wiidatter has the carbon
atom at an unfavorable 5-coordinate vertex (veriarmber 2). Hence, the difference may be
described by the disfavoring structural featueg(®) with an increment of 28 kcal mblin the
latter @), while the formerA4) is a structure without any disfavoring structuiesdture (carbon at
the lowest possible coordinated vertgk)The first structure, 7-[CBH11]*", described in terms of
heteroatom cluster connections has four C—B bondommections while the latter has five C-B
bonding connections. The presence of one additiGr8 connection iB as compared tA has to
reflect the stability difference of 28 kcal mblHence, the C—B connection increment is attributed

a (destabilizing) value of 28 kcal mbf

2) A B b) C D
- . N 2- N 2-
Name 7-[CBI()H1 I]J- 2'[CB]()H1 1]3- 7-,9 [CZB()HI ]] 7,8 [CZB()HI l]
H
/\
C
Skeletal Structure e —>

A\

Computed
Relative Energy Ecatc =0 Ecac =28 Eeae =0 Eee=16
|
Structural Ca(2)=28 | featur cC=16
feature approach No structural feature sK(2) = No structural feature
Il S5C-B - 6 C-B =628 =168
Connection Increment 4C-B C-B=28 . C_F' SIS 1C-C=172=72
E <=0 _
L Sum = 240

Ep =16

mnc

Figure 4.4: Comparison of a) 7-[CB,oH, 1> with 2-[CB,H,,]> as well as b) 7,9-[C,BoH, 1>
with 7,8-[C,BoH;,]* using I) the structural increment approach and II) the connection
increment approach (all energy values in kcal mol™!). The values reported in Table 2 are
slightly different due to statistical fitting procedure.

® As there are no classical 2c2e bonds in the chisensideredBonding “connection increments”
rather than bond increments are used to referndibg connections in clusters
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The 16 kcal mof energy o 2.9-[C,BoH, 7, E 2.8-[C,BH, >, F
difference of 7,9-[@BgH11]*" H
C) and 7,8-[GBsHu]> (D A CChp, o
(C) and 7,8-[GBgH11]” (D) __m
(Figure 4.4b) is due to the 2.0
presence of adjacent carbon Computed

Relative Ener Eeac =0 E...=20
atoms (structural feature CC) 24 LY cale

in the latter with an energy

B H
penalty of 16 kcal mot>® 112-CByoHp, G L7-C2Biol

These two structures can also (H3 CH:

be distinguished on the basis @ CCu > @

of connection increments: 7,9- \/ 2.0 _/\CH
\ﬁ/

[C.BgH11]*> has eight C-B

bonding connections while ~Computed E..=2.
Y Relative Energy ~ Ecalc =0 cale = 2.0

7,8-[C:BgH11]* has six C-B

bonding connections in Figure 4.5: Structural feature CC,,, differentiates between 2,9-

(E) and 2,8-[C2B9H11]2_ (F) and 1,12- (G) and 1,7-C2B10H12

addition to one C-C bonding Nl e e o)

connection.  7,9-[6BgH11]*"

accumulates 224 kcal mobldue to eight C—B (8-28) and is 16 kcal Thédss stable than the 7,8-
isomer. In order to reproduce the relative enetigy,latter must have a total of 240 kcal Phaif
connection increment energy. Six C—B contribute k68 mol™, the remaining 72 kcal mdlare
deduced as connection increment for C-C.

Two structures differing in para and meta positioh$wo carbon atoms may be differentiated
on the basis of C&(Figure 4.5). It cannot be treated in terms ofr@mtion increments, due to the
same number of C-B connections in the para- andi-imemmers (Figure 4.5). However, this
structural feature has a very small energy per(@ltgcal mol') for both 11-vertexnido- and 12-
vertex closo-clusters’ Both 2,9-[GBgH:1]> (E) and 2,8-[GBgH1i]*~ (F) have nine C-B
connections. Four C-B connections are due to aonaatom at the open face and the remaining
five C—-B connections involve a carbon atom in thddie belt. Likewisecloso-CoB1gH12 has ten

C-B connections for both the paf@)(and the meta-isomeHy].

" As the preference of para over meta positionsnlg minor and in order to make the overall
structural increment scheme simpler, a,d@crement was not included for the 11-verteso-
cluster

48
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Table 4.2. The relative stabilities (kcal mdl of 11-vertexnido-* and 12-vertexcloso-

carborane isomers based on a common set of inctemen

C-B c-C CG

Formula 27 71 1 Y Einc Einc® Ecaie’ AE°
7-CByoHi > 4 108 0 0 0
2-CByHy > 5 135 27 26 1
7,9-GBoH, 1> 8 1 217 0 0 0
7,8-GBoH1,* 6 1 233 16 16 0
IS 2,9-GBgH11” 9 243 26 27 -1
= 2,8-GBgH11* 9 1 244 27 29 -2
2,7-GBgH1” 7 1 260 43 43 0
7,8,10-GBgH 11 10 1 2 343 0 0 0
7,8,9-GBgH11 8 2 1 359 16 19 -3
1,12-GB;oH1» 10 270 0 0 0
1,7-GB1oH1z 10 1 271 1 2 -1
1,2-GB;oHs, 8 1 287 17 18 -1
1,7,9-[GBgH;,* 15 3 408 0 0 0
1,2,12-[GBgH1)" 13 1 1 423 15 14 1
1,2,8-[GBoH17" 13 1 2 424 16 17 -1
8 1,2,4-[GBoHi]" 11 2 1 440 32 33 -1
° 1,2,3-[GBoH17 " 9 3 456 48 49 -1

2 If endo-hydrogen atoms are present, additionakiments as reported in ref. 5¢ may be needed. Ttmsde
used together with the bonding connection incremesported heré. Computed relative energies for 11-vertéso-
carboranes and -borates are taken from ref. SE.is the energy difference & andE

Upon statistical fitting tdecac of the isomers reported in Table 4.2, the enesgafiies for C—
B, C—C and Cg change slightly to 27, 71 and 1 kcal motespectively. These energy penalties
suffice to reproduce the relative energies of wagihl-vertexnido-carborates and 12-verteboso-
carboranes and —borates (Table 4.2). Ftanos, 7,8,10-[¢BgH11]~ has ten C-B connections,
one C-C connection and twice the structural feai@g. > Ei.c (the sum of increments) is 343 kcal
mol™. 7,8,9-[GBgH.11]™ has eight C-B connections, two C-C connections @l CG, structural
feature. The sum of incrementSH.o) is 359 kcal mat with Ei® (the relative energy of the
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4. 12-VERTEXCLOSO HETEROBORANES

7,8,9-isomer as compared to the 7,8,10-isomer)ikchl mol* as predicted by the increment
scheme Ecac (the DFT computed relative energy) comes out td®ekcal mol* for the 7,8,9-
isomer as compared to the 7,8,10-isomer. The diffg in relative energy between the two
methods is 3 kcal mol The same set of increments has been applied-tertdxnido-carborates
with one, two and three carbon atoms and alsoldso-carboranes with two and three carbon
atoms (Table 4.2).

Table 4.3. The relative stabilities (kcal mdl of 11-vertexnido- and 12-vertexcloso-
germaborane and germacarbaborane isomers basetbomeon set of increments.

C-B Ge-B Ge-Ge Ge@e Ge-C Geg

Formula 28 44 90 2 82 1 YEinc Enc® Ecac® AE
7-GeBH1* 4 176 0 0 O
2-GeBgH1,* 5 220 44 44 0
7,9-GeBgH1, > 8 1 34 0 0 0
7,8-GeBgH1, > 6 1 354 1 4 -4
7,9-GeCRBHy;* 4 4 1 289 0 0 O
g  7,8-GeCBHy,* 3 3 1 208 9 8 1
- 1,12-GeCBoHy, 5 5 30 0 0 O
1,7-GeCBHy, 5 5 1 361 1 4 -3
1,2-GeCBcHy, 4 4 1 370 10 15 -5
1,12-GeBygH;» 10 440 0 0 O
1,7-GeB;H1, 10 1 442 2 0 1
8  12-GeBiHi, 8 1 442 2 -2 4
)

& Ecac values for 11-vertexido-germaboranes and -borates and germacarbaboradesanates are
taken from ref. 5d.

Following the same approach, the relative staeditf various other 11-vertexdo- and 12-
vertex closo-heteroboranes and -borates can successfully bhmagstl by a single set of
increments. This connection increment approachbeafurther expanded to 11-vertaso- and
12-vertexcloso-heterocarbaboranes and -borates with two diffehet¢éroatoms (i.e. Het and C).
Table 4.3 indicates how the relative stabilitiesgefmaboranes and -borates, germacarbaboranes

and -borates can be reproduced using the additemmaiection increments, Ge—-C, Ge-B, Ge-Ge,
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4. 12-VERTEXCLOSO HETEROBORANES

and structural increments Cand GeGg.

The method can be used to get the relative stakildf other heterocarbaboranes and -borates.
Some 11-vertexnido-heteroboranes and -borates like 2-[pHB:]*"% 2-[SnBioH11]% and 2-
[AsB1oH11]%>" did not optimize to a regular 11-verteido-cluster due to cluster distortin.
Likewise differences of the estimated against tRd Romputed relative energy larger than 5 kcal
mol™* result for 2,7-, 2,8- and 2,9-[8yH11]*" structures. They all have a tin atom at vertex
number 2 and show significant cluster distortiome Tstrength of bonding interaction of one
heteroatom with its cluster neighbors should depamdts overall connectivity. Bond increments
therefore should also depend on the connectivitywéVer, at least for 4k vs. 5k, the difference
seems to be small enough for the approach to wetk w

4.2.3. Heavy Heteroatoms at Adjacent Positions irhé Thermodynamically Most Stable
12-Vertex closo-Isomer; a Phenomenon Supported by Experimental Redts.

Williams® qualitative heteroatom placement rules have l@myained the only theoretical tool
to quickly determine the positions of heteroatoms the thermodynamically most stable
heteroboranes and -borates. These rules suggestt deanected, non-adjacent vertices for
heteroatoms in the thermodynamically most stableerbborane isomers. DFT computations
coupled with quantitative structural increment approach, howeveiped to rationalize the
presence of heteroatoms at highly connected veriicthermodynamically most stable isomers for
a number of structures in 10- and 11-vertio-heteroboranes and -borafe$:?

Here,computations demonstrate that if equivalently coted vertices are available (as in the
12-vertex closo-cluster), heavy heteroatoms tend to occupy adfaceertices in the
thermodynamically most stable isomer. Chart 4.lwshéarger (more positive) HetHet energy
penalties for smaller heteroatoms. As a consequeheg rearrange to the more stable meta and
para-isomers upon heating (Figure 4.6) as is kndsem experiment§. For example, 2,1-
PCB,oH1: undergoes thermal rearrangement at 485 °C to fbeml,7-isomef, while at higher
temperature (650 °C) significant amounts of th@dsbmer are formetf.

8 Stibr, B.Collect. Czech. Chem. Commun. 2002,67, 843-868; references therein.
% Little, J. L.; Moran, J. T.: Todd, L. 13; Am. Chem. Soc. 1967,89, 5495-5496.

9Todd, L. J.; Little, J. L.; Silverstein, H. Tinorg. Chem. 1969,8, 1698-1703.
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However, numerous experimenta a)
. R R P
structures were reported with two heav /\\‘CH A A
. i 7 485°C 650 °C
heteroatoms in the ortho position such as 1, » Ny ——
AsBioHio™"  1,2-ShBigHio™*?  1,2- c

SbAsBH1¢'? or 1,2-HetBiBoH1g" (Het = P, )
. . Bi ,
As, Sb, Bi) but no meta or para- R\_B_ % /\' /B\l
|

rearrangements were reported. As seen frc | No experimental ot

/AL
, reports available Bi W
smaller (more negative) HetHet energy value Bi

the ortho-isomers are favored as compared __.
Figure 4.6: a) ortho-2,1-PCB;yH;; undergoes

thermal rearrangement to give meta and para
(Figure 4.6) and no isomerization takes placisomers due to PC, energy penalty of 15.6 kcal

, -1 .
upon heating the ortho compounds. mol™. b) ortho-Bi,ByH,( does not undergo any
rearrangement: it is the most stable isomer as

meta- and para-isomers for larger heteroator

The stability order of para > meta > orthc . .
reflected by a negative BiBi, energy penalty (-

is not generally valid! Chart 4.1 shows tha |, ¢ | cal mol™).
this is only the case for Het = C, Si, N, P.
Note that in the third column in Chart 5.1 (grou thembers) there is no parallel trend of
para—ortho and metarortho quantitatively, i.e, both become more negatiien going down, but
para—ortho much more. As a consequence pareta becomes really significant. In all other
cases, it remains small.

4.3. Conclusion

A single connection increment scheme is presertatddan give the relative stabilities of 11-
vertexnido- as well as 12-vertesloso-clusters with different heteroatom substitutiottgrans. The
Hetsx and HetHet structural increments proposed for tHevertex nido-clustef® may be
transformed to bonding connection increments treat be used for 12-vertesloso-clusters.
Connection increments are still applicable to ldtesenido-heteroboranes and -borates along with
other structural features. Hence, for the 11-verigo-cluster, the resulting estimated relative
energies have exactly the previously reported walliee energy differences between para- to otho-
, and meta- to ortho-12-verteloso-diheteroborane clusters follow strictly periodiertds. Smaller

" Fontaine, X. L. R.; Kennedy, J. D.; McGrath, Mpa®ling, T. R. Magn. Reson. Chem. 1991,
29, 711-720.

12 ittle, J. L. Inorg. Chem. 1979,18, 1598-1600.

13 Little, J. L.; Whitesell, M. A.; Kester, J. G.; Fiag, K.; Todd, L. JInorg. Chem. 1990,29, 804-
808.
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heteroatoms tend to occupy non-adjacent, whileelaigeteroatoms tend to occupy adjacent

vertices in thermodynamically most stable diheterabe isomers.
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5. Ortho-, Meta- and Para-Directing Influence of
Transition Metal Fragments In 12-vertexloso-
Cyclopentadienyl Metallaheteroboranes: Additiveuxat

of Structural Increments

5.1. Introduction

Transition metals may occupy vertexes in deltaHedosanes and related heteroboranes as was
shown for the first time by Hawthorne and co-woskefypically units of the type CpM (Cp =
cyclopentadienyl; M = transition metal) replace BHCH moieties. A large number of such structures
are experimentally knovfrwith various metals, e.g., BeCo** Ni,**Ru® and RA%in which a CpM
fragment itself or its alkyl derivatives simply tape a BH vertex of a deltahedron so that the cage
topology remains the same. The topology of sucktefs can be derived by Wade’s well-established

! Callahan, K. P.; Hawthorne, M. Adv. Organomet. Chem. 1976 14, 145-186.

% a) Saxena, A. K.; Hosmane, N.Ghem. Rev. 1993,93, 1081-1124; references therein. b) Jelliss, P. A.
Organomet. Chem. 2004 31, 112-129, references therein. c) Hosmane, NM&guire, J. A.Eur. J.
Inorg. Chem. 2003 22, 3989-3999.

% a) Shirokii, V. L.; Knizhnikov, V. A.; Vinokurov]. I.; Bazhanov, A. A.; Mayer, N. A.Russian
Journal of General Chemistry (Trandlation of Zhurnal Obshchel Khimii) 1997, 67, 1185-1187. b)
Hawthorne, M. F., Pilling, R. LJ. Am. Chem. Soc. 1965, 87, 3987-3988. c) Stibr, B.; Holub, J.;
Teixidor, F.; Vifias, CCollect. Czech. Chem. Commun. 1995,60, 2023-2027. d) Zalkin, A.; Templeton,
D. H.; Hopkins, T. EJ. Am. Chem. Soc. 1965,87, 3988-3990. e) Wiersema, R. J.; Hawthorne, MI.F.
Am. Chem. Soc. 1974,96, 761-770. f) Dustin, D. F.; Dunks, G. B.; Hawtharive F.J. Am. Chem. Soc.
1973,95, 1109-1115. g) Cerny, V.; Pavlik, I.; Kustkova-Ma&e) E. Collect. Czech. Chem. Commun.
1976,41, 3232-3244. h) Stibr, B. Organomet. Chem. 2005,690, 2857-2859. i) Garcia, M. P.; Green,
M.; Stone, F. Gordon A.; Somerville, R. G.; Weléh,J. J. Chem. Soc., Chem. Commun., 1981, 16,
871-872.

“ a) Evans, W. J.; Hawthorne, M. Forg. Chem. 1974,13, 869-874. b) Evans, W. J.; Dunks, G. B.;
Hawthorne, M. F.J. Am. Chem. Soc. 1973, 95, 4565-4574. ¢) Hawthorne, M. F.; Kaloustian, M. K;
Wiersemay, R. JJ. Am. Chem. Soc. 1971,93, 4912-4913. d) Hanusa, T. P.; Todd, LPdlyhedron
1985,4, 2063-2066. €) Rietz, R. R.; Dustin, D. F.; HawtteyrM. F.Inorg. Chem. 1974,13, 1580-1584.

® Kudinov, A. R.; Perekalin, D. S.; Rynin, S. S.;skgnko, K. A.; Grintselev-Knyazev, G. V.;
Petrovskii, P. VAngew. Chemie, Int. Ed. Engl. 2002,41, 4112-4114.
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electron-counting rule$. However, a systematic theoretical study of icodedle heteroboranes
incorporating various transition metals has newanbcarried out.

Among metal free 12-vertestoso-heteroboranes, usually small sized, more elecyratnes, formally
electron withdrawing heteroatoms occupy non-adjagertexes in the thermodynamically most stable
isomer according to Williams’ heteroatom placemene.” A 12-vertexcloso-cluster with two more
electronegative heteroatoms adjacent to each ahkighly unfavourable and usually rearranges to
more stable meta and para isomers, if enough &ctivanergy is provided. For example, 1,2-RgB;
successively rearranges to its 1,7- and 1,12-isupen heatind.Larger, less electronegative, formally
electron donating heteroatoms, however, tend tamcadjacent vertexes in thermodynamically most
stable 12-vertexloso-diheteroborane isometdzor example, due to its largest thermodynamiciliigb
the experimentally known ortho (1,2-) isomer of \igttex closo-BiBigH10° is not expected to
rearrange into meta (1,7-) or para (1,12-) isonlarthe case of cyclopentadienyl metallaheterobesan
however, one encounters both situations: Heatingy, 2{CpNiCBH31; results in cluster rearrangement
to a structure with the CpNi and H-C units in mgtg-) and para (1,12-) positioffsthus apparently
obeying Williams’ heteroatom placement rdl&imilarly, 1-Cp-1,2,3-CogBgH11 also rearranges into
the isomers with carbon atoms at vertexes non-adfam the cyclopentadienyl cobalt fragmént.
Contrarily, carbon atoms ortho to the CpFe unithie experimentally known 1-Cp-1,2,3-F8aH >
do not rearrange to meta or para positions (at thase are no such experimental reports availaiie)
wanted to rationalise such different behaviour ofpegimentally known 12-vertexcloso-
cyclopentadienyl metallaheteroboranes on the lmddiseory and find rules that easily allow to idgnt
the most stable cyclopentadienyl metallaheterolmisomers.

Such quantitative rules in terms of structural @msents or energy penalties, were already estatlishe
for various nido- and closo-heteroboranes with different numbers, connecéisitiand types of

® a) Wade, KAdv. Inorg. Chem. Radiochem. 1976, 18, 1-66. b) Wade, K. IMetal Interactions with
Boron Clusters; Grimes, R. N., Ed.; Plenum Press: New York, 1932apter 1, pp 1- 41.

" a) Williams, R. E.J. Am. Chem. Soc. 1965 87, 3513. b) Williams, R. Eln Progress in Boron
Chemistry Brotherton, R. J., Steinberg, H., Eds.; Pergamm@sd? England, 1970; Vol. 2, Chapter 2, p
57. c) Williams, R. E.Chem. Rev. 1992 92, 177-207; references therein.

8 Stibr, B.Collect. Czech. Chem. Commun., 2002,67, 843-868; references therein.
o Kiani, F. A.; Hofmann, MDalton Trans., 2006 5, 686-692.

9 Little, J. L.; Whitesell, M. A.; Kester, J. G.; Fiag, K.; Todd, L. JInorg. Chem. 1990,29, 804-808.
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heteroatom&! These allow to accurately reproduce the DFT comtputlative stabilities of various 6-,
10- and 11-verterido- and 12-vertexloso-heteroborane$:! Here, the structural increment studies are
applied to cyclopentadienyl metallaheteroborandschvin spite of large size and quite differentunat
of the CpM fragment, show structural features andlurn structural increments of very high additive
nature. These structural increments allow not émlseproduce the relative stabilities of a largenber
of known® and unknown isomeric 12-vertestoso-metallaheteroboranes, but also to estimate the
relative stabilities of various isomers withoutwsdty computing them. This study also helped tal fin
out the nature of interaction of two, three andrfdweteroatoms in a single 12-vertekoso-
cyclopentadienyl metallaheteroborane cluster. \We fhat cyclopentadienyl metal fragments are highly
specific towards directing the heteroatoms to th#hos, meta- and para positions in the
thermodynamically most stable isomer.

5.2. Results and Discussion

Initially 1,2-, 1,7- and 1,12-[CpMCRH1]*, where M = Fe, Ru, Os, Co, Rh, Ir, Ni, Pd andwetre
computed. These isomers differ only with respectht® positions of the CpM fragment and the H-C
moiety. The energy differences of ortho and meteners with respect to para isomers gave energy
penalties for the structural features Ma&nd MG,, respectively (a CpM fragment at ortho and meta
positions relative to a carbon atom, respectivedge Section 2.1). The energy penalties for,Mad
MC,, reflect the highly specific preference of a CpMgment towards the positions of a CH moiety in
the thermodynamically most stable isomer (Sectio®).2The increase in the extent of electron
localization results in a periodically progressinerease in energy penalties of these structuedlifes
along the period (Section 2.3). A large number yflapentadienyl iron containing 12-vertekoso-
carborane structures from [CpFefgB:i]> to CpFeGBgHii;, phosphaborane structures from
[CpFePBoH:1]* to CpFeRBgHs and phosphacarbaboranes, i.e., [CpFefPedf, CpFeRCBgH, and
CpFePGBgH10 were computed in order to check the additive matifrthe structural increments for
CpM containing 12-vertexcloso-metallaheteroboranes (Section 2.4). The resultp be quickly
estimate the relative thermodynamically stabilitie§ various 12-vertexcloso-cyclopentadienyl

metallacarboranes, where M may be Fe or any otioeipg, 9 or 10 metal (Section 2.5).

13) Hofmann, M.; Fox, M. A.; Greatrex, R.; Schleyerv. R.; Williams, R. Bnorg. Chem. 2001, 40,
1790-1801 b) Kiani, F. A.; Hofmann, MEur. J. Inorg. Chem., 2005, 12, 2545-2553. c) Kiani, F. A.;
Hofmann, M.Inorg. Chem., 2004,43, 8561-8571. d) Kiani, F. A.; Hofmann, Nhorg. Chem., 2005,44,
3746-3754. e) Kiani, F. A.; Hofmann, M.Mol. Mod. 2006,12, 597-609.
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5.2.1. Structural Features in Het

L Het Het

Metallaheteroboranes. /\ | Het’ HetHet', /\ HetHet",

Compared tonido-heteroboranes, B I — N et
the highly symmetricatloso-clusters Yt
require a small number of structura g (1,2)- para (1,12)- meta (1,7)-
features. Only two general structura
features, i.e., HetHetand HetHet;, L1ERAY Het 55 HetHetm
(Figure 5.1) are required for 12- 172 C C )
vertex closo-heteroboraned. As it
turns out, they behave additively anc ol ’ ’ 28
may be applied to estimate quite 12-8 P C 0.5
accurately the relative stabilities of ¢ _j(» CpFe C 4.5
large number of cyclopentadienyl
metallaheteroborane isomers with uj 135 CpFe P 32
to four heteroatoms. Figure 5.1: Structural features, HetHet’o and HetHet'm, in

The structural feature HetHgt® CpM fragment containing 12-vertex closo-

. tallahet . E Ities (in keal mol™) fi
represents two equal or different metallaheteroboranes. Energy penalties (in kcal mol™) for

HetHet'o and HetHet'm are the energy differences of ortho

heteroatoms  adjacent  (at  orth (1,2)- and meta (1,7)-isomers with respect to the para (1,12)-

positions) to each other. For isomer. A negative HetHet'o (or HetHet'm) means that the
example, 1,2-fBi;gHic has the ortho (or meta) isomer is thermodynamically more stable than

h i )
structural feature RP for two ¢ Pardisomer

adjacent phosphorus atoms, whereas

[1-Cp-1,2-FeCBgH11]* has the structural feature Refdr a CpFe unit adjacent to a carbon atom. The
structural increment (energy penalty) for Hetleti a 12-vertexcloso-diheteroborane is obtained
directly by comparing the relative energies of oftland para-isomers (Figure 5.1). HetlHei the
structural feature for two heteroatoms at metatpos to each other and its increment is obtairsetha
energy difference of a meta- and its para-isomgzigertexcloso-cluster.

The energy penalties for various Ménd MG, structural features, where one heteroatom is a CpM
fragment (M = group 8, 9 or 10 metal) and the otreteroatom is a H-C moiety, are listed in Chatt 5.
The statistically fitted energy penalties for J&vo adjacent carbon atoms) = 17.2 kcal @G, (two
carbon atoms at meta positions to each other) k@Pmol*, PG, (a phosphorus and a carbon atoms
adjacent to each other) = 12.8 kcal mol-1,,R& phosphorus and a carbon atom at meta posions
each other) = 0.5 kcal mbl PR, (two adjacent phosphorus atoms) = 6.1 kcal mamd PR (two
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phosphorus atoms at meta positions to each othe?)8=kcal mof as used in 12-vertegloso-
cyclopentadienyl ferraheteroboranes are listedignirié 5.1. Except for cobalt, osmium and ruthenium,
usually the absolute values for the Hetkletiergy penalties (Chartl and Table 5.1) are lahgar those

of HetHetr,. Energy penalties for these structural featuresbeaused to obtain the relative stabilities of
various 12-vertexloso-cyclopentadienyl metal containing metallaheterabes (Section 5.2.4).

5.2.2. Ortho-, Meta- and Para-Directing Influence b Metal Atoms to a Carbon Atom in
Metallcarboranes.

Williams’ heteroatom placement rllesuggests that heteroatoms occupy as far apamxesrtas
possible when equivalently connected sites arelablai This rule indirectly identifies para diredi
influences of two heteroatoms on each other in @ekfex closo-diheteroborane. In this sectiotine
CpM fragments are also shown to be highly spedifit not necessarily always para-directing towards
the positions of heteroatoms in the metallacarbegan

Chart 5.1 lists the energy penalties for the stmattfeatures Mg (for a CpM group adjacent to a
carbon atom) and Mg(for a CpM group at meta position to a carbon gtamere M = group 8, 9 or 10
metal. The MG and MG, values are negative for Fe, Ru and Os indicatitigpoand meta isomers are
more stable than the para-isomer for [CpM@B1]*> (where M = Fe, Ru or Os). The more negative
FeG as compared to the FgQenergy penalty clearly indicates that the orthomer, [1-Cp-1,2-
FeCBH11]%, is energetically favored over its meta isomer, i[&-Cp-1,7-FeClH11]*, by 5.4 kcal
mol™* which is the numerical difference between -9.0 @ kcal mof, see Chart 5.1). For Ru and Os,
more negative Mg energy penalties indicate that the meta isomershermodynamically most stable,
although this preference of meta over ortho is afitsht (0.7 kcal mot) for Os. For cobalt as well, the
preference of ortho over para is negligible (-kéal mol') and the meta isomer is thermodynamically
most stable. For Rh and Ir, negative \MEnergy penalties also indicate increased thernadin
stability of the meta isomers. When group 10 metaés, Ni, Pd and Pt are incorporated as CpM
fragments, both Mgand MG, have positive energy penalties indicating that plaea isomers are
thermodynamically more stable.

In short, cyclopentadienyl metal fragments of gr@uand 10 metals direct the H-C moiety to meta
and para positions in the thermodynamically mostblst isomer, respectively. Among group 8
heteroatoms, CpFe directs a H-C moiety to the opthgitions, while CpRu and CpOs direct it to meta

positions in thermodynamically most stable isomers.
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Chart 5.1: Structural increments for 12-vertexloso-

cyclopentadieneyl metallacarboranes.

M denotes cyclopentadienyl metal derivative of raug 8, 9 or 10 metaF
Electronegativity values see Pauling,The Nature of the Chemical Bond Cornell
University Press: Ithaca, New York, 1960Covalent radii in pico meter, see
Huheey, J. E.; Keiter, E. A.; Keiter R. Lnorganic Chemistry: Principles of
Sructure and Reactivity, 4th edition, Harper Collins, New York, USA, 19931 is
the number of electrons formally localized by aegivheteroatom (+x values in
parentheses indicate the formal positive charghemetal center of a CpM unit).
¢ Structural feature for a CpM fragment at orthoifios relative to a H-C moiety.
Structural feature for a CpM fragment at meta-pmisito a H-C moiety® For FeG
and FeG, the estimated energy penalties (-9.0 and -3.6rko&') were obtained
by direct comparison of two isomers differing withspect to one structural
feature, as in all other cases. Statistical fittm@ large number of isomers resulted
in slightly different energy penalties of -10.2 aatl5 kcal mof, for FeG and
FeG, respectively.
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5.2.3. Periodic Trends in MG and MCy
Energy Penalties and Their Dependence on the
Extent of Electrons Localized by a CpM

{10
Fragment. g 5
Both MG, and MG, energy penalties increases Ox//o/
v
along the period, i.e., they are largest for gra0p 7 -5

O
heteroatoms and smallest for group 8 heteroato = '°

within one period (Chart 5.1).

It has already been pointed out that the ener
penalties of various structural features depe
directly on the extent of electron localization &y
heteroatorfr-®

metallacarboranes,

given In  cyclopentadienyl

a H-C moiety formall
contributes three skeletal electrons per vertexe T

number of electrons contributed by a CpM fragme

—0— Period 4 —A— Period 5 —3— Period 6
20

15

7
_—
/?///

L=

1(+2) 2(+3) 3(+4)
Number of electrons localized at the metal
vertex (Formal charge on the metal center)

-15

Figure 5.2: The energy penalties for MC,
ie., a carbon atom adjacent to a
cyclopentadienyl metal fragment increases
with the increase in the number of electrons
localized at the metal vertex (or with the
increase in the formal positive charge on the

_ metal center) in the CpM unit.
varies, however. The CpM fragments of group 8, v

and 10 metals formally contribute one, two anddtekectrons, respectively. Thus the extent of edact
localization by the CpM fragments increases aldwgpteriod. It results in increased energy pendities
the structural feature MQFigure 5.2) and M along the period. CpM fragments of group 8 metals
have the smallest while those of group 10 haveatgest MG and MG, energy penalties. The increase
in energy penalties along the period can also é&ed in the context of positive charge accumulated
the metal center. Group 8, 9 and 10 metal ionsbeaconsidered to have formal charges of +2, +3 and
+4, respectively. The increase in the energy piesadtlong the period can be attributed to the pesit
charge formally assigned to the metal center in2aveltex CpM fragment containingloso-
metallaheteroborane (Figure 5.2 and 5.3).

Energy penalties for HetHgtare usually larger as compared to HetRHéee also Section 2.1). As a
result the trends for increase in the Hetklenergy penalties (Figure 5.2) are much cleareranal
larger scale as compared to those of HetlHettiergy penalties.

5.2.4. Additive Nature of Structural Increments inCyclopentadienyl Iron Containing 12-Vertex
closo-Metallaheteroboranes.

Energy penalties for the structural features HétHetd HetHet;, are used to reproduce the relative
stabilities of various 12-vertexloso-cyclopentadienyl iron containing carboranes (®ectR.4.1),

phosphaboranes (Section 2.4.2) and phosphacariaisof8ection 2.4.3). The energy penalties for the
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two structural features, i.e., HetHe#ind HetHet, were first determined empirically by comparing two
isomers differing with respect to one structuraltiee (see Figure 5.1) and were then refined thr@ug
statistical fitting procedure in order to minimidee standard deviation. Out of a total of 101 CpFe
fragment containing heteroboranes considered ® shidy, 14 structures are experimentally known.
HetHet, and HetHet, increments can be used additively to give theivaatability of a large number

of metallaheteroborane isomers. Figure 5.3 showsthe structural increment approach can be applied
to reproduce the relative stabilities of selecteB&BgH1o isomers as an example. The relative stability
of the computed structures was reproduced mostlyivi3 kcal mof. The difference AE) of DFT
computed relative energieEcy) and those derived from incremenE,{®) is maximum forHP (5.3

kcal mol%).

1,2,4,10- (HA)

1,2,3,5 (HB)

&~

cmp

&

1,2,4,5- (HD)

1,2,3,6- (HK)

&~
©

1,2,34- (HM)

~
©

S

T YA
FeG, = -10.2 2.FeG, = -20.4 2.FeG =-204  2FeG=-20.4 2.FeG =-20.4
FeG,= -45 CC,= 22 CC,= 172 CG,= 22 CC,= 172
CCp = 22 FeR,= -13.5 FeR, = -13.5 FeR = -13.5 FeR = -13.5
FeR,= -13.5 PG = 05 2PG,= 10 2PG= 256 PG, = 128
2-PG,= 1.0 PC,= 05 2Bipc= -157 2B = 61  PG,= 05
SEjnc = -25.0 SE .= -18.4 2En.= -34
E. %= 00 Enc® = 6.6 Enc®= 93 Ep®= 189  E, /= 21.6
Ecaic = 0.0 Ecac= 5.8 Ecalc = 9.1 Ecac= 182 Ecac= 213
AE = 0.0 AE = 0.8 AE = 02 AE = 0.7 AE= 0.3

Figure 5.3: DFT computed relative stabilities as well as those from thectural increments of the five
selected CpFePfBgH,q isomers. Four possible CpFepBgH o isomers 0B, HD, HK andHM) with
carbon and phosphorus atoms at ortho positiorfset@€pFe fragment are thermodynamically less stable
as compared withlA, which has one carbon atom at the meta-positiative to the CpFe unit.
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Table 5.1.Relative stabilities of [1-CpFeBioH11] ™" isomers

Name FeG, FeG, CGC CGC, YEu Enc® °  Eeac®  AEC

-10.2 -4.5 172 2.2

AA  [1-Cp-1,2-FeCBH11]* 1 -10.2 0.0 0.0 0.0
AB  [1-Cp-1,7-FeCBoH;,* 1 -4.5 5.7 3.6 2.1
AC [1-Cp-1,12-FeCRH;q]* 0.0 10.2 9.0 1.2
BA [1-Cp-1,2,4-FeGBgH 1] 2 1 -18.2 0.0 0.0 0.0
BB [1-Cp-1,2,9-Fe@BeH;y|" 1 1 -14.7 3.5 4.4 -0.9
BC [1-Cp-1,2,8-FeGBgH 1] 1 1 -8.0 102 6.4 3.8
BD [1-Cp-1,2,12-FegBgH;q]" 1 1 -8.0 10.2 108  -0.6
BE [1-Cp-1,2,3-Fe@BgH:q" 2 1 -3.2 150 160  -1.0
CA 1-Cp-1,2,4,10-Fe{BgH;; 2 1 1 -20.5 0,0 0,0 0.0
CB 1-Cp-1,2,3,5-FeBgHy, 3 1 2 -9.0 115 88 2.7
CC 1-Cp-1,2,3,9-FegBgHy; 2 1 1 1 -5.5 150 142 08
CD 1-Cp-1,2,4,7-FeBgHy, 2 1 1 2 -3.3 17.2 15.7 1.5
CE 1-Cp-1,2,7,9-FegBgHy, 1 2 1 1 0.2 207 204 03
CF 1-Cp-1,2,3,12-Fe{BgH;; 2 1 2 1.2 21.7 220 03
CG 1-Cp-1,2,3,4-FegBgHy, 3 2 1 6.0 265 255 1.0
CH 1-Cp-1,2,3,8-FegBgHy, 2 1 2 1 11.7 322 324 02
Cl  1-Cp-1,2,7,8-Fe@BgHy, 1 2 2 1 17.4 379 381 02
CJ 1-Cp-1,2,7,12-FefBgHi, 1 1 2 1 21.9 424 434  -1.0
CK 1-Cp-1,2,3,7-FegBgH1; 2 1 3 26.7 472 467 05
CL 1-Cp-1,2,7,11-Fe{BgHi, 1 2 3 32.4 529 533  -0.4
CM 1-Cp-1,7,8,12-Fe{BgH;; 2 3 42.6 63.1 636 05

rel

2y Eic is the sum of energy penalties for all structdieatures in a given structureE,.© is the relative stability of a given
isomer with respect to the most stable &g, is the relative stability of a given isomer asaihed from calculations.AE
isthe difference oE;,"® and Egy.

5.2.4.1. [CPFeGB11.H11]®™ (x = 1,2,3) isomers.

[1-Cp-1,2-FeCBH11]* (AA) is the most stable of three possible [CpFeEB]* isomers AA, AB
andAC, Table 5.1). Meta and para isom&B and [1-Cp-1,12-FeCRH11]* (AC), are less stable than
the ortho- AA) by 3.6 and 9.0 kcal molrespectively.

Five isomeric [CpFegBgH;4] structures, i.e.BA to BE were computed of which [1-Cp-1,2,4-

63




5. 12-VERTEXCLOSO-METALLAHETEROBORANES

FeGBi1oH11] (BA) with both carbon atoms adjacent to iron but at-adjacent (meta) positions to each
other is the most stable isomer. The CpFe unitepsedrtho relationships with carbon atoms (due to a
negative structural increment of Re€ -10.2 kcal mot) while the two carbon atoms prefer para
positions to each otheEi(JCCo] = 17.2 kcal mot andEj,JCCn] = 2.2 kcal mof). The ortho Fe-C and
meta C-C relationships in the most stable isonB)(comply with these preferences. The relative
stabilities of other [CpFeBqH11]” isomers are listed in Table 5.1.

The most stable CpFgBgH11 isomer (1,2,4,10-CpFeBgHi1, CA) has two carbon atoms ortho to
the CpFe fragment while the third carbon atom isnata position to the CpFe fragment (Table 5.1).
Structural increments predict 1-Cp-1,7,8,12-f&Ei1; (CM) with all three carbon atoms adjacent to
each other but far away from CpFe should resultha highest energy isomer as is found through
computations (see Table 5aM).
5.2.4.2. [CpFeRB11H11,®™ (x = 1, 2, 3) isomers.

The FeR energy penaltyH,[FeR,] = -13.5 kcal maot) is more negative than that of ReEin[FeG)
= -10.2 kcal maf) indicating a stronger tendency of phosphorus atémnbe at the ortho position
relative to a CpFe unit (see [1-Cp-1,2-Fef#Bg*, DA and [1-Cp-1,2,4-FeBgHg]", EA). The most
stable [CpFePBH1]* and [CpFeBBsHs] isomers have the same substitution patterns asatim
analogues, i.e., 1,2- and 1,2,4- positions of batems, respectively. However, the most stable
CpFeRBgHs isomer has a different substitution pattern as pamed with CpFeBgHi1: 1,2,3,5-
positioning of phosphorus atoms (all ortho relattee CpFe) whereas 1,2,4,10-positioning of H-C
moieties (one H-C moiety at meta position to th&€fragment) constitute the most stable isomers Thi
difference can be understood on the basis of megative Fepand less positive BRncrements as
compared with those of Fg@nd CG.

The least stable isomers, on the other hand, Hevetiosphorus atoms at positions adjacent to each
other but far apart from the CpFe fragment.

5.2.4.3. [CpFePCBH 1o, CpFePGBgH 10 and CpFeRCBgH 1o isomers.

Energy penalties for two additional structural teas, i.e., P€and PG, (structural feature for
phosphorus and carbon atoms in ortho and metagamant relative to each other, respectively) are
required for metallaphosphacarbaboranes, &@ PG, have energy penalties of 12.8 and 0.5 kcal'mol
respectively. DFT computed relative stabilities roktallaphosphacarbaborane with three different
heterogroups, i.e., CpFe, C and P can be reprodwgdd good accuracy. The most stable
[CpFePCRH;1g and CpFefCBgHg isomers have the heteroatoms at ortho positioteedCpFe unit.
One of the carbon atoms shifts to a meta positictheé thermodynamically most stable CpFeB4El1
isomer, i.e., 1-Cp-1,2,4,10-Fep®3H,0. Except for the most stable isomer, i.e., 1,244,800 other
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FePGBgH;o isomers considered in Figure 5.3 have carbon &odpghorus atoms at ortho positions to
the CpFe fragment. The structural features praseséch of the isomers are listed. The relativegne
obtained from the structural increment approd@gh.t) for the five isomers is in excellent agreement
with the computed results.

Moreover, it can be concluded that just like purabon and phosphorus analogues, the
[CpFePCRBH1q], CpFeRBCBgHg and CpFeP&BsH1pisomers with heteroatoms far apart from the CpFe
fragment and adjacent to each other have leashttymamic stability.

5.2.5. Thermodynamically Most Stable [CpMGB11.yH11]* (Y = 0,1,2,3, M = Ru, Os, Co, Rh, Ir)
Isomers.

Metallacarboranes with CpM units other than CpEey.(with M = Co®*RH* and Nf®) and with a
Cp*Ru fragment as in [1-Cp*-1,2,3-RuBsH11] (where Cp* = pentamethylcyclopentadiehgte also
known experimentally. Relative energies for isomearietallacarboranes with a CpM unit other than
CpFe can also be easily estimated by using theggnemalties for the structural features CCGy,
MC, and MG,. MC, and MG, increments for various group 8, 9 and 10 metaddiated in Chart 5.1.
Values of 17.2 kcal mdland 2.2 kcal mdl are used for CCand CG,, throughout. They allovio
estimate the relative stabilities of various isosn@nd in turn to rationalize some interesting féicm
experiments. For example, the 1-Cp-1,2-NjgHB; isomer upon heating to 450 °C rearranges to 1,7-
and 1,12-isomer§,as it is the least stable in accordance with thsitipe NiG, energy penalty
(EinINiCo] = 8.5 kcal mof). Even larger PdCand PtG energy penalties alloo predict the possible
thermal rearrangement of experimentally still unkndl-Cp-1,2-PdCRH11 and 1-Cp-1,2-PtCBH3; to
1,7- and 1,12-isomers.

Similarly, 1-Cp-1,2,3-Co&BgH3; rearranges to various isomers with one or botharaatoms non-
adjacent to the CpCo fragméfitThis is primarily due to the strong para-directeféect of two carbon
atoms to each otheEfJCC,] = 17.2 kcal mof) and secondly the small meta directing effecthef t
CpCo unit EinCCr] = -1.2 kcal mot) to the carbon atom.

The complex 1,2,3-CpRh8¢Hi11 has been reported to rearrange to 1,2,4-CpBéH;; upon
heating®® This is because of the high Cénergy penalty. Our increments suggest that futtbating of
the 1,2,4-isomer should result in isomeric struegwwith carbon atoms at meta positions to the CpRh
fragment.

No experimental reports are available for iridaehdranes so far, howevethermodynamic
preference for 1-Cp-1,7,9-1sB9H1; can be predicted as compared with Co and Rh amedog

CpFeGBgH1; structures with only Fe-C ortho relationships weeported, i.e., [1-Cp-1,2,3-

FeGBgH11]™ or [1-Cp-1,2,4-FegBoH11] "> No meta rearrangements have been reported. THiseigo
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the ortho-directing nature of the CpFe unit to the
70

carbon atoms. However, the known 1,2,34-
60

CpFeGBgH1; structure (with three carbon

[6)]
o

atoms) rearranges to 1,2,3,5-CpBgH;; and
1,2,4,10-CpFegBgH11.*> The latter is the
thermodynamically most stable isomer and hag

(kcal mott)

w
o

R
one carbon atom in a meta position in order towl 10

counter-balance the strong mutual para-directing ¢
effect (CG = 17.2 kcal mat) of three carbon
atoms (see Section 2.4.1).

20 40 60 80

E.aic (kcal mot?)

52.6. Relative Stabilities of Figure 5.4: Structural increments accurately
reproduce the relative stabilities of
(CO)3CoCB1H 11 Isomers. cyclopentadienyl ferraheteroboranes computed

In order to determine the effect of the ligandsPY DFT methods.
on the metal fragment, (CEoCB,Hi; isomers were also computed for comparison with
CpCoCBgHi1 isomers. The former has three carbonyl groups ewttie latter has a Cp fragment
attached to the cobalt atom. Three possible §CQFB,oH;; isomers, i.e., 1,2-, 1,7- and 1,12- were
computed and surprisingly, the energetics of @COLBH1: were much different from those of
CpCoCBgH11. Contrary to the CpCoGBH11 isomers, where the meta isomer is thermodynalyical
most stable by 1.2 kcal niblsee Chart 5.1), the para isomer is the mostestalpl(COYCoCBgH..
The meta isomer is only slightly more stable (Cc&lkmol®) and the ortho isomer is 8.9 kcal Madéss
stable than the para isomer. Different energy piesaby different substituents can be rationaliZEue
(COXCo fragment has three carbonyl groups attachetig¢ocobalt atom. A carbonyl ligand besides
being ac-donor is also a strongracceptor thus it takes back electron density fthenmetal center
through back donation. As a result, the metal watwd more electron density from the clusters. This
increased electron localization at the metal cele@ts to increased energy penalties and hence para
isomer becomes the most stable. We note that thigepenalties of the (CeJo fragment are almost
equal to those of the CpNi fragment. The latteo dias a higher extent of electron localization as

compared with the CpCo fragment.

12 perekalin, D. S.; Holub, J.; Golovanov, D. G.; $gsko, K. A.; Petrovskii, P. V.; Stibr, B.; Kudinov
A. R. Organometallics 2005 24, 4387-4392.
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5.3. Conclusion

To summarize, cyclopentadienyl metal fragmentsroug 8, 9 and 10 metals in 12-verteoso-
cyclopentadienyl metallaheteroboranes have a oteHro-, meta- or para-directing influence on
heteroatoms. Structural increments increase aloegperiod due to increasing positive charge on the
metal center along the period, i.e., as consequehaa increasing extent of electron localizati®he
presented structural increments can easily be tseaglickly give the relative stabilities of a large
number of metallaheteroboranes. These structucatnments are substituent specific; a change of the
substituent on the metal atom leads to differeretggnpenalties.
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6. Whichnido:nido-Macropolyhedral Boranes are Most
Stable?

6.1. Introduction

Single cluster boranes and macropolyhedral borlage attracted a quite different attention with
respect to theoretical treatment. Single clusterames are now well understood. The principles that
govern the stabilities of macropolyhedral borartesyever, are mostly unknown and experimental
research is largely exploratohySingle clusters are either the most sphericalatetra, i.e.closo-
boranes, or are derived by the removal of one,dmhree vertexes fromloso-structures to givaido-,
arachno-> and hypho-boranes respectively. A number of theoretical efforts, .eWade's skeletal
electron count principlé,Williams’ heteroatom placement rule$,Jemmis and Schleyer's ring cap
principle® Ott-Gimarc’s charge preferenand structurdland connectichincrement systems provide

insight into the structural patterns of single tus.

! a) Kennedy, J. D. Imdvances in Boron Chemistry; Siebert, W., Ed.; Royal Society of Chemistry:
Cambridge, U.K., 1997; p 451. b) Grimes, R.N\tal Interactions with Boron Clusters; Plenum Press:
New York, 1982. ¢) McGrath, T. D.; Jelinek, T.;I8tiB.; Thornton-Pett, M.; Kennedy, J. D.Chem.
Soc., Dalton Trans. 1997, 2543-2546.

% a) Williams, R. Elnorg. Chem. 1971,10, 210-214. b) Williams, R. Hn Progress in Boron Chemistry
Brotherton, R. J., Steinberg, H., Eds.; Pergamon Press: Edgla®70; Vol. 2, Chapter 2, p 57. c)
Williams, R. E.;Chem. Rev. 1992,92, 177-207; references therein.

% Rudolph R. WAcc. Chem. Res. 1976,9, 446-452.

“ (a) Wade, KAdv. Inorg. Chem. Radiochem. 1976,18, 1-66. (b) Wade, KIln Metal Interactions with
Boron Clusters; Grimes, R. N., Ed.; Plenum Press: New York, 1932apter 1, pp 1- 41.

> Williams, R. E.J. Am. Chem. Soc. 1965 87, 3513-3515.

® (@) Jemmis, E. DJ. Am. Chem. Soc. 1982,104, 7017-7020. (b) Jemmis, E. D.; Schleyer, P. vJR.
Am. Chem. Soc. 1982,104, 4781-4788.

" ott, J. J.; Gimarc, B. Ml. Am. Chem. Soc. 1986,108, 4303-4308.

8 a) Kiani, F. A.; Hofmann, Mlnorg. Chem., 2004,43, 8561-8571. b) Kiani, F. A.; Hofmann, Nhorg.

Chem., 2005,44, 3746-3754. c) Kiani, F. A.; Hofmann, NEur. J. Inorg. Chem., 2005,12, 2545-2553
d) Kiani, F. A.; Hofmann, M.J. Mol. Model. 2006, 12, 597-609.e) Kiani, F. A.; Hofmann, M.
Organometallics, 2006,25, 485-490

o Kiani, F. A.; Hofmann, MDalton Trans., 2006 5, 686-692
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Large structures are composed of smaller clustgrstwo different modes of combining individual
single clusters: (i) a two center-two electfbor a three center two electron bohd
connects two independent units, dfi) onel? two® threé* or four® vertexes areshared by two
individual units. The resulting clusters folsed polyhedral units have been termed macropolyhesa (
Scheme 1). The first case, i.e. joint clustersaosgapecial, as one cluster is just a substitueantther
one and the individual clusters remain separatéemtin the second case, the more intimate fusion
clusters results in one new and different clustexcept for the skeletal electron count rule for
macropolyhedral borane clustéfs,no further theoretical consideration has been péid
macropolyhedral boranes. Jemmisho rule - a skeletal electron count princfblean be easily and
correctly employed to any macropolyhedral boranesHort, the sum of the number of single cluster
fragments (m), the number of vertexes in the mawyydron (n), the number of single vertex sharing
junctions (o) and the number of missing vertexgsefpals the number of skeletal electron pairs of a

macropolyhedral borane.

10 See for example, a) Hawthorne, M. F.; Pilling,| RStokely, P. F.; Garrett, P. M. Am. Chem. Soc.
1963,85, 3704. b) Hawthorne, M. F.; Pilling, R. L.; StokeR. F.J. Am. Chem. Soc. 1965,87, 1893-
1899. c) Ng, L. L.; Ng, B. K.; Knobler, C. B.; Hawdrne, M. FInorg. Chem. 1992,31, 3669-3671. d)
Grimes, R.; Wang, F. E.; Lewin, R.; Lipscomb, W. Rr.oc. Natl. Acad. Sci. U.SA. 1961,47, 996-999.

1 See for example, a) Watson-Clark, R. A.; Knob@rB.; Hawthorne, M. Flnorg. Chem. 1996, 35,
2963-2966. b) Hawthorne, M. F.; Pilling, R. L.Am. Chem. Soc. 1966,88, 3873-3874. c) DeBoer, B.
G.; Zalkin, A.; Templeton, D. Hnorg. Chem. 1968,7, 1085-1090

12 Rathke, J.; Schaeffer, Riorg. Chem. 1974,13, 3008-3011.

133) Brewer, C. T.; Swisher, R. G.; Sinn, E.; GriiesN.J. Am. Chem. Soc. 1985,107, 3558-3564. b)
Huffman, J. C.; Moody, D. C.; Schaffer, Riorg. Chem. 1976,15, 227-232. c¢) Friedman, L. B.; Cook,
R. E.; Glick, M. D.Inorg. Chem. 1970,9, 1452-1458. d) Pitochelli, A. R.; Hawthorne, M. F.Am.
Chem. Soc. 1962,84, 3218-3220. e) Simpson, P. G.; Lipscomb, WJNChem. Phys. 1963,39, 26-34.
f) Simpson, P. G.; Lipscomb, W. Rroc. Natl. Acad. Sci. U.SA. 1962,48, 1490-1491. g) Simpson, P.
G.; Folting, K.; Dobrott, R. D.; Lipscomb. W. N. Chem. Phys. 1963,39, 2339-2348. h) Fontaine, X.
L. R.; Greenwood, N. N.; Kennedy, J. D.; Mackinnén,). Chem. Soc., Dalton Trans. 1988,7, 1785-
1793.

4 Enemark, J. H.; Friedman, L. B.; Lipscomb, W.Ihbrg. Chem. 1966,5, 2165.
15a) Friedman, L. B.; Dobrott, R. D.; Lipscomb, W.NAm. Chem. Soc. 1963,85, 3505-3506.

16 a) Jemmis, E. D.; Balakrishnarajan, M. M.; Panatra, P. D.;J. Am. Chem. Soc., 2001,123, 4313-
4323. b) Jemmis, E. D.; Balakrishnarajan, M. Mnétaratna, P. BChem. Rev. 2002,102, 93-144.
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But unlike Wade’s skeletal electron count
principle for single clusters, which associate
the number of skeletal electron with definite
cluster shapes, th@no rule does not specify
architectures or cluster shapes based on t
given number of skeletal electrons. It rathe
has to be known to do theno counting.
Therefore, it is impossible to determine thi
thermodynamically most stable structure ot
of a large number of possibilities for a giver
molecular formula. Herea detailed study is
presented in order to explore the architectur
patterns behind macropolyhedral boranes.

In the present paper, the relative stabilities «
the various possible isomers ofdo:nido-
macropolyhedral boranes are compared wi
each other and also with the isomeniclo

single clusters, each of the general formul nido-B,H,s (C.) nido-B 3H,s (C.)
BiHnes (0= 4 - 19). We try to find Figure 6.1: nido single clusters as building blocks
computationally the turning point fromido of nido:nido-macropolyhedra.
single clusters tanido:nido-macropolyhedral preference in neutral and aniaisters. We further
explore the preferred fragment for each neutral amibnic macropolyhedral boranes in the
thermodynamically most stable isomers. The sinfylsters used to construct macropolyhedral boranes
are listed in Figure 6.1, where as the optimizednugtries of various BHis macropolyhedra are
displayed in Figure 6.2.

6.2. Result and Discussion

6.2.1. Fusion Mode ohido: nido-Macropolyhedral Boranes

A large number of known macropolyhedral borane$ wie general formula Bl,.4 consists of two
nido units sharing two vertexes. For the sake of colevee, they are denoted asido(x):nido(y)-
macropolyhedral boranes in this paper, where xyandicate the size of the cluster units that shae
vertexes, i.e., Xx+y = n+2.Bl,+2 macropolyhedra with one or three vertexes shaetdden twanido-
units do not obey themno rule® and are experimentally unknown.
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In order to estimate thescheme 6.1: Different types of polyhedral boramgsiBiHiz%
energetic influence of different€Presents a single cluster, b) TW04§ingIe clusteay share a 2-

_ _ center-2-electron bond like in §BH15]™ and c) Two clustemnits
fusion modes between twnoido- may fuse to become a macropolyhedra as two 10xveide units
clusters on the relative stability ofhare two vertexes innido(10)nido(10)-nido:nido-BigHz2.

. ' Arrows point to the mode of cluster connections.
isomeric structurespne and threeg c

b 1
vertex sharing BH»>> structures ,
were computed. They are 62.7 ar 1

52.7 kcal mol, respectively, less
stable than the experimentall [B,Hp > [ByoH,s]" BgH,

known two vertex sharingCi single cluster joined cluster fused cluster
symmetric nido(10):nido(10)-

B1gH2 structuret*d" We conclude that there is a large preference kea0molY) for two vertex sharing

in nido:nido macropolyhedral boranes.

6.2.2. Turning Point from nido-B,Hn+4 Single Cluster to nido:nido-B,H,+4 Macropolyhedral
Preference.

The largest experimentally known homonucleio-single cluster is BH:s,"’ whereas the smallest
experimentally known homonucleaido:nido-macropolyhedral borane is B¢ (Scheme 2§® The
latter consists of one eight verteddo-unit sharing two vertexes with another six venedo-fragment.

It is unclear if this also represents the turnimgnpfrom nido-single cluster to macropolyhedral borane
preference in terms of thermodynamic stability. @atation of the experimentally known
nido(6):nido(8)-B1:H1¢ and the isomerimido-B1.H16 indicates that the former is 3.9 kcal mdess
stable than thenido-Bi,Hi6 single cluster. Howevethe nido(3):nido(11)-B;2Hi6 isomer 8:11) was
found to be 4.5 kcal mdlmore stable than theido-Bi.His (12) cluster. The former structure, i.e.,
nido(3):nido(11)-Bi.Hie is also 8.3 kcal mdl more stable than the experimentally known
nido(6):nido(8)-B1,H1e.

The thermodynamic stabilities of variomgdo:nido-B,Hn+4 macropolyhedral borane clusters with
respect to the isomerimdo-B,Hn+4 Single clusters are compared in Figure 6.3 Anytraénido:nido-
macropolyhedral borane is less stable than theespondingnido single cluster borane as long as the
total number of vertexes is equal to or less tHaves. For twelve or more vertexes, i.e., for n2=198,
macropolyhedra exist that are energetically prete(Figure 6.3) over the single cluster alternative

" Getman, T. D.; Krause, J. A.; Shore, Slf@rg. Chem. 1988,27, 2398-2399.

18 2) Brewer, C. T.; Grimes, R. N. Am. Chem. Soc. 1984,106, 2722-2723. b) Brewer, C. T.; Swisher,
R. G.; Sinn, E.; Grimes, R. Nl. Am. Chem. Soc. 1985,107, 3558-3564.
72




6. NIDO:NIDO-MACROPOLYHEDRAL BORANES

E.g., the most stable macropolyhedrabHB,, i.e., nido(6):nido(6)-BioH14 is 27.2 kcal mot less
stable than single clustardo-BigH14 (10). Similarly the most stableido(5):nido(8)-B11H15 is 16.7 kcal
mol ™’ less stable than the singiilo-B11H1s (11) cluster. Twelve is the smallest number of versefe
which a macropolyhedron exists that is lower inrgpehan itsnido-isomer. Figure 6.3 displays an
obvious trend for macropolyhedra to become more rance favored over single cluster isomers for
increasing total number of vertexes.

@ ‘\(&é‘;}\ /‘A\'/A\Q

(9:/\%\\!/‘@ —

oW, ' ) o
A

VAN

14 8:8a . 8:8b!
nido-B,4H1s (Co) nido(8):nido(8)-BisH 15 (Czn)

6:10a
ni d0(6) ni dO(lO)'Bj_4H 18 (Cl)

nido(6):nido(10)-By4H1s (Cy)
nido(4):nido(12)-B4H.s (Cy)

. 4:12b
nido(4):nido(12)-B14H1¢ (Cy)

Figure 6.2: Single clusterX4) and macropolyhedral structures fouB;s.
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6. NIDO:NIDO-MACROPOLYHEDRAL BORANES

The increase in stability ofido:nido- Scheme 6.2: Optimized geometries of the largest

macropolyhedral boranes can be explain experimentally known homonuclear single nido-
: - . 17
on the basis of the connectivity of boro C¢luster  (nido-ByH;s'")  and  smallest

. . experimentally known homonuclear rnido:nido-
vertexes. Five-coordinate vertexes a

macropolyhedral borane cluster (nido(6):nido(8)-
especially favorabl® as is indicated by the B..H..'8
12Hi6 %)
high stability of icosahedralloso-[B1-H12]*
2% Large sizednido single cluster boranes
usually possess more highly connecte
vertexes in addition. Isomerimido:nido-

macropolyhedral boranes, on the other har

are built from smaller cluster fragments ar
have a smaller number of highly connecte  nido-Bj H;s nido(6):nido(8)-B12His
vertexes (usually more 5-coordinate vertexes),tharkfore get enhanced stability.

Hydrogen atoms at the open face prefer to bridgexes of least connectivity. Vertexes at the open
face ofnido:nido-macropolyhedral boranes are usually less conneatecbmpared to vertexes at the
open face of corresponding singlielo clusters. The reduced thermodynamic stability aftrse nido-
clusters may therefore be —at least in part— duleetdigh connectivity of open face vertexes.

6.2.3. The Effect of Open Face Hydrogen Atoms on ¢hRelative Stabilities ofnido Single
Cluster Boranes vsnido:nido Macropolyhedral Boranes.

Optimization of anido(3):nido(10)-B;1H;5 starting geometry resulted in a structure that. s kcal
mol* more stable than the experimentally knomido-B1;H:5 (11) single cluster. It has a BHunit
occupying the position of a hydrogen bridge of gutar 10-vertexnido-fragment K, Figure 6.4). This
geometry can also be considered as a distortedeftéxv nido-single cluster rather than a
macropolyhedral borane. The presence of four opea hydrogen atoms destabilizes tindo-B;,H;5
(11) cluster: Adjacent hydrogen bridges on the open face of Xfexenido-cluster represent a high

fIBa

energy structural feature with an energy penalt®b kcal mof.” This might be responsible for the

193) Brown, L. D.; Lipscomb, W. Nnorg. Chem. 1977 16, 2989. b) Jemmis, E. D.; Pavankumar, P. N.
V. Proc.-Indian Acad. Sci., Chem. Sci. 1984 93, 479. c¢) Boustani, U. Solid Sate Chem. 1997, 133,
182. d) King, R. Blnorg. Chem. 2001,40, 6369-6374

20 Schleyer, Najafian and Mebel computed varidaso-[B,H,]? clusters (n = 5-17) and found the least
energy per vertex for n =12. We extended the styrdio 20 vertexes and find the progressive decrease
in energy per vertex from [BH1s]* to [Bi7H17]% which was reported in ref. 2ot to continue for n =
18-20.
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fact that distorted X with only two

adjacent hydrogen atoms on the les
40 P
connected  vertexes can  compete 20 ’
energetically withll. The latter suffers Eﬁ 0
. . 2 20 16 ‘{Z 18 19

from four adjacent hydrogen bridges. = S,

It is also known from experiments that % 0

— 60 -

nidO-BllH15 (11) iS eaSily deprotonated to Q‘lé - —— Neutral macropolyhedra — —— — Anionic Macropolyhedra
give nido-[BllH14]'.8 The deprotonated Number of vertexes ————»

nido-[B11H14]", has three hydrogen atoms  Figure 6.3: Relative energies of the most stable

on the open face, only two of them nido:nido-edge sharing macropolyhedra relative to
’ isomeric single cluster polyhedra.
adjacent to each other. Thusjido-

[B11H14]” has two less adjacent hydrogen bridges as comparedo-B1,H;5 and should have enhanced
thermodynamic stability. In order to confirm théeet of open face hydrogen atomsjo-[B11H14 and
correspondingnido:nido-[B11H14]” structures were computed. Thado-[B1iH14™ is found to be 34.3
kcal mol* more stable than the most stable macropolyhe@aH[4", while the neutrahido-B;iH:s
structure is 16.7 kcal mblmore stable than the corresponding most stableapalyhedral B;H:s.
Thus, removal of one open face hydrogen atom emsatine energetic preference for the reguoido
cluster by 17.6 kcal mdl The presence of heteroatoms in the 11-vemtdg-cluster also results in a
reduced number of extra open face hydrogen atorgs iedo-CByoH14 andnido-HPB,oH1, have three
and two open face hydrogen atoms, respectivelygréfire, heteroatom substituted single cluster
boranes suffer less from open face hydrogen atpmigi®n. As a consequence, heteroatom substituted
single cluster isomers should be more competitisecampared to corresponding macropolyhedral
boranes.

In order to determine the effect of open face hgdroatoms on the relative stabilities (as in treeca
of B11His and [B1H14]"), the anionic single clusters as well as macrdpedya of the general formula
[BrHn+g (N = 4-19) were computed. The stabilities of thestrstable neutral macropolyhedra relative to
the corresponding isomeric most stable neutrallsiclgsters is usually higher (solide in Figure 6.3)
than that of the most stable anionic macropolyheelative to the corresponding most stable anionic
nido single clusters (broken line in Figure 6.3). Télnft can be explained on the basis of the presence
of bridged hydrogen atoms on the open face. Nenidalclusters with a single open face possess four
extra open face bridging hydrogen atoms while @utracropolyhedral boranes with two open faces
possess six extra open face bridging hydrogen atdimss hydrogen atoms exert more stress on the
open face of singlenido clusters (four hydrogen atoms per open face) ampaced to that of
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macropolyhedral boranes (three hydrogen atomspr tace).
Monoanionic clusters have one open face
bridging hydrogen atom less in both cases (i.e
single nido clusters as well asido:nido-
macropolyhedral clusters) but more stress i

released in singleido clusters as compared to ~ 11(0.0)
macropolyhedral boranes and hence anioni c d
nido clusters gain larger stability. As a
consequence, the turning point from singjléo

cluster to macropolyhedral preference is shiftec

5:8 (16.7)

to a higher number of vertexes for anionic

clusters: Anionic [BH,.3~ macropolyhedral

borates are clearly less stable tharFigure 6.4: a) Optimized geometry of nido-

B H;5s (11, Cs) with four adjacent hydrogen

correspondingnido-clusters for n< 11 (Figure bridges b) Different views of X to show its

anionic macropolyhedral clusters are close tclusters ¢) A nido(4):nido(9)-BH,s starting
geometry optimized to this distorted geometry
(Y). d) The most stable macropolyhedral B H,5

For seventeen vertexes or more, . .
borane has a 5-vertex nido-cluster sharing two

macropolyhedral borates are clearly preferreteriexes with another 8-vertex nido-cluster (5:8).
over anionic singleido clusters. We note that a Relative energies in kcal mol! are given in

those of the most stable singtedo clusters.

more stable anionic macropolyhedral borateParentheses.
structure is obtained, when the larger cluster isrdeprotonated.

6.2.4. Preferred Units fornido: nido-Macropolyhedral Boranes from 12-19 Vertexes.

We further explored whictido clusters are best suited for the construction atnwpolyhedral
boranes and borates. The thermodynamic stabi(ligg of variousnido:nido-B,H,+4 macropolyhedra
are indicated in the right half of Figure 6.5 relatto the most stable isomer for each number of
vertexes (n). The energy range spanned by the rsocoasidered is always larger for even n than for
the neighboring odd case of n+1 and n-1. For evianger than 12, the energetic separation of thetmo
stable and the second most stable isomer is alse pronounced than for the neighboring odd n+1 or
n-1. Obviously, among macropolyhedra with an evemioer of vertexes, a clearer preference exists for
the most favorable distribution of vertexes amdmgtivo building blocks. Furthermore, while isomers
having a 7-vertex unit are usually energeticallsfalrored, the thermodynamically most stable isomer

for 13 to 19 vertexes contains at least one 1Cexerdo-unit (Figure 6.6a).
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Figure 6.5: A comparison of relative energies [kcal mol '] of macropolyhedral nido:nido-B,H,, .4 boranes
(labeled x:y, right half) with the relative energies E\. that result from the sum of energies computed for
nido boranes corresponding to the building units E(BHy.4) + E(ByHy4) (labeled x+y, left half). x and y
indicate the size of the two clusters making a macroplyhedron. 3:10 (X) can also be considered as a
distorted nido-B | H,5 structure. The nido(4):nido(9)-macropolyhedra with one 4-vertex nido-unit and the

other 9-vertex nido-unit rearranged to a distorted geometry Y (for details see Figure 4).

The thermodynamically most stabiilo:nido-macropolyhedral borates for n = 12 -17 and 19aiant

one deprotonated 11-verteido-unit (Figure 6.6b). For eighteen vertexes, howenielo(10):nido(10)-
[B1gH.1]" is 5.0 kcal mot more stable thanido(9):nido(11)-[BigH21] .
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6. NIDO:NIDO-MACROPOLYHEDRAL BORANES

The 11-vertexnido unit can be expected to be the most favoralide unit as it is obtained by the
removal of one vertex from the highly stable icasiral 12-vertexcloso-cluster” However, the
presence of three additional open face hydrogemsatin the five membered open face of the 11-vertex
nido cluster is unfavorable. Hence the structure withido-10-vertex unit, which has a larger 6-
membered open face with adjacent hydrogen bridigasrg vertexes with cluster connectivity 3 rather
than 4, enjoys greater thermodynamic stabilityhe ¢ase of neutral clusters. Loss of one extra tamsn
hydrogen atom results in the release of streskarif-vertexnido unit and hence anionic clusters with
an 11-vertex deprotonated unit become more faverabl

6.2.5. Relative Energies Hy.y) of Macropolyhedral Boranes in Comparison to the Rlative
Energies Ex+y ) from Summation of Individual Clusters Making the Macropolyhedra.

Does the observed stability order of isomeric tveotex sharing macropolyhedra reflect that of the
building units or is it different? In other wordste somenido-clusters better than others in forming
macropolyhedra? The right half of Figure 6.5 gimemparison of relative stabilities of variougiB:4
macropolyhedral borane&) for n = 6-19, whereas the left half of Figure §iges relative energies
that result from the sum of energies of individdalsters making the macropolyhedr@j.().

For example, the most stable 19-vertedo:nido-macropolyhedra (BH23) is a 10-vertexnido-unit
sharing two vertexes with an 11-verteido-unit (Eio.11 is smaller tharEg. o for n = 19, right half of
Figure 6.5). The sum of the energies of a 10-ve(BaxH14) and an 11-vertex (BHs) nido cluster
(E10+11, left half of Figure 6.5) is also smaller thanttb&the 9-vertex (BHi3) and 12-vertex (BHi¢)
nido-clusters Eg:12). Although the stability order is the same in thesses, the numbers are different:
Eo:12 = 17.2 kcal mot andEg.1, = 28.4 kcal mot. The 9- and 12-vertex cluster combination seems to
gain some stability with respect to the 10 plus alternative, when incorporated into a
macropolyhedron.

One 7-vertex unit usually results in a quite unfawde distribution of vertexes in a macropolyhedra
while one 10-vertex usually means the best possiinbéce. The same is true for the sum of enerdies o
two individual singlenido clusters .y, listed in the left half of Figure 6.5): The suifnemergies of the
two units E.y) for 11-19 vertexes is least when one componeatlf-vertexnido-cluster, and,.y is
usually large for the sum of energies of two sirglesters with at least one 7-vertaxio-unit.

For n = 6, 10-11 and 13-19, the thermodynamicalbsistable macropolyhedra, i.e., 3:5, 6:6, 3:10,
5:10, 6:10, 7:10, 8:10, 9:10, 10:10, 10:11 are cosepd from the most stable choice of the individual
clusters, i.e., 3+5, 6+6, 3+10, 5+10, 6+10, 7+11®B 9+10, 10+10 and 10+11 (Figure 6.5). As an

L Schleyer, P. v. R.; Najafian, K.; Mebel, A. Morg. Chem. 1998 37, 6765.
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6. NIDO:NIDO-MACROPOLYHEDRAL BORANES

example, the thermodynamically most stable 17-xartacropolyhedron is mido(9):nido(10)-B;7/H,; as
Eo.10 gives the smallest value justs.iois smallest.

For the clusters with smaller size, the sum of giesrof the individual clusters, may not match the
energies exhibited by the macropolyhedra. Moreovétre most stable isomer for smaller
macropolyhedral boranes apparently contains oree thertexnido-unit. Such clusters resemble single
cluster boranes in the sense that both may bercotet by replacement of one hydrogen bridge by a
BH, unit. Placement of a BHunit to a bridging hydrogen atom position in a \o@&n fashion gives
another single cluster while a concave orientatésults in anido(3):nido(x)-macropolyhedra.

a)
A a § >
g
/}T )
A :
A {l N\ 91
= > el ‘ 3
l° )| ' MJ e { \
nido(5):nido(10)- nido(6):nido(10)- nido(7"):nido(10)- nido(8):nido(10)-
BsHyy Bi4Hyg BysHjo . BHag

anti(n)-nido(10):nido(10)-
B,7H,, BisHa, BjoHo;s

nido(4):ni0(1 1)- nido(S):nio(l 1)- nido(é):ido(l 1)- nido(7):ido(1 1)-
[BysH6]" [By4H;7]" [BysHysl [BigH ol

nido(8):nido(11°)- nido(10):nido(107)- nido(lO):nid(l 1-)-
[By7Hs0]" [BigHo T [BioHal

Figure 6.6: Structures of the most stable 13-19-vertex-coirtgifa) macropolyhedral
boranes and (b) borates.
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The larger relative energy splitting for an evermber of boron atoms is not special to the
macropolyhedra but is inherent to the subclustesed to a macropolyhedron. This conclusion is based
on the similar trends of relative stabilities opaeatednido clusters Ex.y), which are displayed in the
left part of Figure 6.5 in comparison wi.y.

6.3. Conclusion

Neutral macropolyhedral boranes enjoy larger thelynamic stability than single cluster isomers for
twelve vertexes and more. The loss of extra opea Fydrogen atoms results in enhanced stability of
nido clusters as compared to macropolyhedra. Henceni@nmacropolyhedra are less stable with
respect to anionic single clusters than in the naéutase. The same should be true for suitably
substituted heteroboranes. Usually, the thermodigsiyn most stable neutral macropolyhedral boranes
have at least one 10-vertaddo single cluster unit whereas the anionic macropalydleclusters usually
possess one deprotonated 11-vemedo-unit. The relative energies of the neutral maclypedra
mostly reflect the stability patterns exhibited e sum of the energies of two single cluster units

making a given macropolyhedrB,y).
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7. Cluster Increments for Macropolyhedral Boranes

7.1. Introduction

Polyhedral (hetero)borane chemistry has experienoadiderable development in the last few years
with respect to both theory and experiment. Expentalists used boron hydride clusters for the
synthesis of new materials, e.g., superatidsd molecular rotors or lockslmportant theoretical
perspectives include theno skeletal electron count rufethe structural relationship between the
orthorhombic boron and the polyhedral borane ciséteand between various classes of
macropolyhedral boranésew definitions of electron donating or withdragieffects of substituenfs,
and the structural and connection increment methmdsrrectly reproduce the DFT calculated relative
stabilities! The latter led to the prediction of competitiveerimodynamic stability of some
experimentally still unknown isomef&? the rationalization of the presence of heteroatamgertexes

7a,b

of higher connectivity®” or at adjacent positiori§ thus quantifying and defining the limitatidnef

Williams’ qualitative heteroatom placement rufes.

! Reed, C. A.; Kim, K.-C.; Bolskar, R. D.; Muellér, J. Science, 200Q 289, 101-104.

2 Hawthorne, M. F.; Skelton, J. M.; Zink, J. I.;y®a, M. J.; Liu, C.; Livshits, E.; Baer, R.; Neulsau.
D.; Science, 2004,303, 1849-1851.

% a) Jemmis, E. D.; Balakrishnarajan, M. M.; Panatra, P. D.;J. Am. Chem. Soc., 2001, 123, 4313-
4323. b) Jemmis, E. D.; Balakrishnarajan, M. Mnétaratna, P. DChem. Rev. 2002,102, 93-144.

4 Jemmis, E. D.; Balakrishnarajan, M. 8. Am. Chem. Soc., 2001,123, 4324-4330.
® Kiani, F. A.; Hofmann, MEur. J. Inorg. Chem. submitted.

® Teixidor F.; Barbera G.; Vaca A.; Kivekas R.; &ilpaa R.; Oliva J.; Vifias G Am. Chem. Soc. 2005,
127, 10158-10159.

" a) Kiani, F. A.; Hofmann, Mlnorg. Chem. 2004,43, 8561-8571. b) Kiani, F. A.; Hofmann, Nhorg.
Chem. 2005,44, 3746-3754. c) Kiani, F. A.; Hofmann, NEur. J. Inorg. Chem. 2005,12, 2545-2553d)
Kiani, F. A.; Hofmann, M.J. Mol. Model. 2006, 12, 597-609.e) Kiani, F. A.; Hofmann, MDalton
Trans., 2006 5, 686-692. f) Kiani, F. A.; Hofmann, MDrganometallics, 2006 25, 485-490.

8 Withers, N, D..Chemical Science, 2006, 1.

° a) Williams, R. EJ. Am. Chem. Soc. 1965 87, 3513-3515. b) Williams, R. Bn Progress in Boron
Chemistry Brotherton, R. J., Steinberg, H., Eds.; Pergam@s<$? England, 1970; Vol. 2, Chapter 2, p
57. ¢) Williams, R. EChem. Rev. 1992 92, 177-207; references therein.



7. CLUSTER INCREMENTS FOR MACROPOLYHEDRAL BORANES

Density functional theory scheme 7.1: Macropolyhedral boranes can be formally
calculations ~ on  macropolyhedrahptained as condensation product of two single tetus
boranes’ indicate that single clustethoranes. Elimination of aBls unit from corresponding six
boranes tend to retain their individuang eight vertex clusters gives rise ta@o-6:nido-8-BioH1s
characteristics in the macropolyhedrg) arachno-8:nido-6-BiH1s and c¢) arachno-6:arachno-8-
boranes: the energies of B1sHz. Exo hydrogen atoms are omitted for clarity, endo

macropolyhedral boranes differing imygrogen atoms are indicated as grey arcs (bridgipgr
the vertex distribution between the tW@nes (endo terminal H).

cluster units show very similar trend: a)
to the sum of energies for separate @ +

clusters corresponding to individua Y
units® Therefore, macropolyhedra "do-Betio i S
boranes were considered not as genui .
single entities but as clusters composi =
of two individual cluster fragments.

These have individual contributions ti
. nido-BgH o arachno-BgH 4 arachno(8):nido(6)-B1,H g
the total macropolyhedron which couli
be quantified as “cluster increments’ c)
The studied macropolyhedral boran

structures share two vertexes eithi

between two individual nido-units -
(nido:nido-macropolyhedral boranes),amhmB6le arachno-Batis arachno(@):aachno®) Bratto
between onearachno and onenido-unit (arachno:nido-macropolyhedral boranes), or between two
individual arachno-units @rachno:arachno-macropolyhedral boranes). These structures amalbr
obtained by condensation of two single clustersielating a BHg unit (Scheme 1). Numerous
experimentally known homonuclear macropolyhedrahbes are listed in Table 7.1.

7.2. Result and Discussion

7.2.1. Relative stabilities of various types of magpolyhedral boranes

nido:nido-macropolyhedral boranes containing at least oige-10-vertex cluster fragment enjoy

special stability (see Figure 7.Falhe combinations 5:10, 6:10, 7:10, 8:10, 9:101Q@Cand 10:11 are

0 Kiani, F. A.; Hofmann, MInorg. Chem. 2006,45, 6996-7003.
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7. CLUSTER INCREMENTS FOR MACROPOLYHEDRAL BORANES

more stable as compared to their respective isorBeerimentally knowmido:nido-B,Hy.4 (n = 14
16,2 18" or the anioinic clusters (e.g., n ='4& and 19%'" highlighted by bold numbers in Figure
7.1a) all contain one 10-vertaxdo-unit. Furthermore, there is a general preferemreefennido-

cluster fragments over odd ones. For example, tperanentally known BH:e

isomer has two
evennido-fragments, i.e., one 6-vertex and one 8-venier-fragment (not two 7-vertex units or one 5-
and one 9-vertex unity.

Moreover, the energy range spanned by the isonmrsidered is always larger for even n than for
the neighboring odd case of n+1 and n-1 (Figura)?.Eor even n > 12, the energetic separation of the
most stable and the second most stable isomesasnabre pronounced than for the neighboring odd
n+l or n-1° Obviously, there exists a clearer preference f@r thermodynamically most stable
nido:nido-macropolyhedral borane isomer when the numbeedéxes are even rather than odd.

The energetic separation of various isomersar@ichno:arachno-ByH,+g macropolyhedra (Figure
7.1c) is much less and various isomers are enealjgtivery close to each other. Neverthless, the

thermodynamic preference afachno:arachno-macropolyhedra with at least one 9-vertmachno-

" Hermanek, S.; Fetter, K.; PleSek, J.; Todd, L. J.b@8grA. R. Inorg. Chem. 1975,14, 2250-2253.

12 3) Plesek, J.; Hmanek, S.; Hanousek, Eollect. Czech. Chem. Commun. 1967, 33, 699-705. b)
Friedman, L. B.; Cook, R. E.; Glick, M. 0. Am. Chem. Soc. 1968,90, 6862-6863. c) Friedman, L. B.;
Cook, R. E.; Glick, M. DInorg. Chem. 1970,9, 1452-1458.

13 a) Pitochelli, A. R.; Hawthorne, M. Rl. Am. Chem. Soc. 1962, 84, 3218. b) Simpson, P. G.;
Lipscomb, W. N.J. Chem. Phys. 1963, 39, 26-34. c) Simpson, P. G.; Lipscomb, W. Rtoc. Natl.
Acad. &ci. USA. 1962,48, 1490-1491. d) Simpson, P. G.; Folting, K.; Dohr&tt D.; Lipscomb, W. N.
J. Chem. Phys. 1963,39, 2339-2348.

% 0lsen, F. P.: Vasavada, R. C.; Hawthorne, M. Bm. Chem. Soc. 1968 90, 3946-3951.

15 Fontaine, X. L. R.; Greenwood, N. N.; KennedyD. MacKinnon, P.J. Chem. Soc., Dalton Trans.
1988 7, 1785-1793.

% Dopke, J. A.; Powell, D. R.; Gaines, D.IRorg. Chem. 2000,39, 463-467.

17 Jemmis et al found that the initially reporteddf,g” structure did not converge at the RB3LYP/6-
31G(d) level, while the reported;$i,0 was a stable species only as a trianion. Henceatitigors
suggested [BH2;]" to be the correct structure. See, Jemmis, E. RakBishnarajan, M. M.;
Pancharatna, P. Dnorg. Chem. 2001,40, 1730-1731.

18 Brewer, C. T.; Grimes, R. NJ. Am. Chem. Soc. 1984,106, 2722-2723
19 Brewer, C. T.; Swisher, R. G.; Sinn, E.; GrimesNRJ. Am. Chem. Soc. 1985,107, 3558-3564.

20 In ref .18 thenido-4:nido-10-By;H:¢ was found to be slightly (1.7 kcal midlmore stable than the
experimentally knowmido-6:nido-8-B;,H;6 isomer. As the current paper deals with macropeayal
boranes witmido-cluster fragments between 5-12 vertexedo-4:nido-10-B;.H;6 is not discussed.
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7. CLUSTER INCREMENTS FOR MACROPOLYHEDRAL BORANES

fragment is obvious for n = 12-#7.For 10- and 11-vertearachno:arachno-macropolyhedra, where

there is no competitive 9-vert@xachno-cluster fragment, the 5:6 and 5:8 isomers are retge.

50 . .
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- 5.7 -7
420 s 8:8
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Figure 7.1: A comparison of relative energies [kcal mol '] of macropolyhedral nido:nido-B,H, 4 (a),
arachno:nido-B,H, ¢ (b) and arachno:arachno-B,H, g boranes (c). Digits indicate the size of the two
cluster units making a macroplyhedron. Entries in bold represent experimentally known
macropolyhedral boranes while those in italic represent experimentally known macropolyhedral

heteroboranes.

2L For Bi/H,s the isomericarachno-8:arachno-11-B;;H,s macropolyhedron rearranged &pachno-
9:arachno-10-B;7Hzs.
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7. CLUSTER INCREMENTS FOR MACROPOLYHEDRAL BORANES

Table 7.1. Some experimentally known two-vertex sharing mpolghedral

(hetero)boranes and their homonuclear alternafives.

Homonuclear

Example Structure description alternative Reference(s)
BioHig nido-Bg:nido-Bg 18,19
ByHyg” nido-Bg:nido-Bo 11
B1eHa0” nido-Bg:nido-B1o 12
i-B1gH20, N-BygHy° nido-B1o:nido-Bio 13
[B1gHoo] nido-Bg:nido-B; 16,17
BisH1g arachno-Bg:nido-Bg 22a
[Pt(BeHo)2(PMePh)] nido-Bg:nido-Bg B14H20 22b
[((PMe&,Ph)PtB¢H15(PMePh)] nido-Bg:nido-By; Bi7H21 23
[SB17Had arachno-SBy:nido-Bsg [B1gH2q 24a
S,B16H14(PPh) arachno-SB;:nido-SB; BigH2a 25
S,B17H17.SMe arachno-SBq:nido-SB, B1oHos 24b
[S2B1gH19] arachno-SB,p:nido-SBg [B2oH2s] 26

# Macropolyhedral borates or macropolyhedral heterates/borates are listed only if no homonuclear
macropolyhedral borane representative is known réxeatally. ® Structure predicted as most stable
isomer, both from cluster increments as well amfl2FT computations.

The trends inarachno:nido-macropolyhedral borane relative stabilities resdt superposition of
nido:nido-, and arachno:arachno-trends with the former being more dominant. Thiexea clearer
preference to have an evaido-fragment in the thermodynamically most stable ispifsee the most
stable isomers for n =10-17, Figure 7.1b). The nstale isomer for n = 13-17 consists of at least 0

%2 3) Huffman, J. C.; Moody, D. C.; Schaffer, IRorg. Chem. 1976 15, 227-232. b) Greenwood, N. N.;
Hails, M. J.; Kennedy, J. D.; McDonald, W.BChem. Soc., Dalton Trans. 1985,5, 953-972.

3 Beckett, M. A.; Crook, J. E.; Greenwood, N. N.;riedy, J. D.; McDonald, W. S. Chem. Soc.,
Chem. Commun. 1982 10, 552-553.

24 a) Jelinek, T.; Kilner, C. A.; Barrett, S. A.; Titon-Pett, M.; Kennedy, J. D. Chem. Soc., Chem.
Commun. 1999, 18, 1905-1906. b) Kaur, P.; Holub, J.; Rath, N. P.ulgp J.; Barton, L.; Stibr, B.;
Kennedy, J. DChem. Commun. 1996,2, 273-275.

%5 Kaur, P.; Thornton-Pett, M.; Clegg, W.; KennedyDJ J. Chem. Soc., Dalton Trans. 1996 4155-
4157.

% Jelinek, T.; Cisava, I.; Stibr, B.; Kennedy, J. D.; Thornton-P#ft, J. Chem. Soc., Dalton Trans.
1998,18, 2965-2968.

85




7. CLUSTER INCREMENTS FOR MACROPOLYHEDRAL BORANES

10-vertexnido-cluster fragment. For n = 18,

however, the thermodynamically most stabli = 3. (e
. i —o—arachno
macropolyhedral borane combinegido-11 25 | o arachno-9 Cs

with an arachno-9-vertex fragment - the 20

preferred fragment forarachno:arachno-
15 4
macropolyhedral boranes.

. 10 4
The presence of aido-7-vertex cluster

usually constitutes the thermodynamically

Cluster Increments [kcal mol

least stable isomer inido:nido- as well as

arachno:nido-macropoylehdral boranes.

Number of vertexes

7.2.2. Even nido-clusters are more . o .
Figure 7.2: Statistically fitted cluster increments for

favorable than odd nido-clusters in various nido- and arachno-single cluster fragments
macropolyhedra in two-vertex sharing macropolyhedral boranes.

For a given molecular formula, different macrop@ghal structures are conceivable differing in the
sizes of the cluster fragments that share two xesteOur earlier workindicated that the relative
energies of the various macropolyhedral isomersedated to those of the cluster fragments. Theeefo
increments were established which by simple addigitow to estimate easily and quickly the relative
stabilities of isomeric macropolyhedra. The stai#gly fitted increments for variousdo- andarachno-
clusters are listed in Table 7.2 and are plottedFigure 7.2. These cluster increments correspond to
individual cluster fragments in macropolyhedral d&res and are independent of the other cluster
fragment present, i.e. a given cluster fragmena imacropolyhedral borane has generally the same
influence on the thermodynamic stability irrespeetof the size (small or large) or the typed¢ or
arachno) of other cluster fragment attached to it. Evedo-cluster fragments have smaller cluster
increments as compared to odulo-cluster fragments (Figure 7.2, Table 7.2). Amamdo-cluster
fragments, the 10-verterido-fragment is assigned af,. = 0.0 kcal mof. All other nido-cluster
fragments are comparatively less favorable foripomtion in a macropolyhedral borane and Hayge
> 0.0 kcal mof. Smaller cluster increments for evaido-cluster fragments are consistent with the
general energetic preference of thido:nido- andarachno:nido-macropolyhedral boranes (Figure 7.1a
and b, respectively). Thermodynamically most stalbde:nido-macropolyhedral boranes with n = 10-19
and arachno:nido-macropolyhedral boranes with n = 10-17 contaiteast one evenido-cluster unit.
Moreover, the 10-verterido-unit is favored by at least 10.8 kcal Mabdver othemido-units and is
therefore predominant: the thermodynamically mtedtle 13-17 vertex containingdo:nido- and 13-16

vertex containingrachno:nido-macropolyhedral boranes have at least one 10xveitie-fragment.
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7. CLUSTER INCREMENTS FOR MACROPOLYHEDRAL BORANES

Table 7.2.Statistically fitted cluster increments in kcal

mol™ for variousnido- andarachno-fragments.

number of vertexes Cluster increments [kcal thol
nido- arachno-

5 19.4 0.0

6 10.8 3.6

7 28.0 5.4

8 11.2 4.8

9 21.6 1.8 (8.0}

10 0.0 16.3

11 17.8 115

9A has a smaller cluster increment of kc&l mol*. Its isomeric
9B has a cluster increment of 8.0 kcal thol

7.2.3. Smallerarachno-clusters are more favorable than largearachno-clusters.

The arachno cluster increments are usually smaller than thieesponding values fando fragments
and increase with the number of vertexes. Hencallsnarachno cluster fragments are more suitable
for macropolyhedral boranes than large ones. Thetal increments increase with the number of
vertexes, ranging frori,. = 0.0 kcal mol for the 5-vertexarachno-unit to Einc = 16.3 kcal mot for
the 10-vertexarachno-unit. The cluster incremenEg. = 11.5 kcal mot) for the 11-vertexarachno-
fragment’ is, however, slightly smaller than that of the viBtex arachno-fragment. Two different
arachno-9-vertex cluster fragments, i.e. those
derived from 9A or 9B (Figure 7.3) have & /=,,
significantly different cluster increments (1.8 anc )

8.0 kcal mot'). The former BH1s isomer,9A, with

a more open seven membered face is als
thermodynamically preferred ové@B by 4.6 kcal 9A 9B

mol ™. The latter has a six membered open face. W Figure 7.3: Two BoH; 5 isomers (9A and 9B)

. for which two different arachno-9-vertex
note that arachno:arachno- and arachno:nido- i )
cluster fragments derive. The former is 4.6

macropolyhedral boranes witha 9A cluster keal mol! more stable than the latter.

2" Thearachno-11-vertexnido-fragment was derived by computing various posdil#l;s geometries.
The most stable one looked like an outgrowth of Bertex on the 10-vertearachno-cluster.

87
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fragment are usually particularly stable.

The smaller increments for the 5- or 9-veréeachno-cluster fragments is reflected by the presence
of these fragments in the thermodynamically moablstarachno:arachno-macropolyhedral boranes
(Figure 7.1c). For n = 12-17, tlaeachno:arachno-macropolyhedral boranes tend to have arashno-
9-vertex fragment. For n = 10-12, the thermodynaithjanost stable macropolyhedral borane contains
one 5-vertexarachno-fragment.

7.2.4. Cluster increments reproduce the DFT computkrelative stabilities of macropolyhedral
boranes with good accuracy.

The cluster increments may be used to derive tipeoapnate relative stabilities of various two-
vertex sharingnido:nido-, arachno:nido- and arachno:arachno-macropolyhedral boranes. Relative
stabilities of the most stable isomer formed by twdividual cluster fragments are quite accurately
reproduced by the cluster increments. Table 7.R#&tels how the relative stabilities of various @8 .8-

vertexnido:nido-macropolyhedral boranes are reproduced.

Table 7.3.Cluster increments accurately reproduce the welatabilities of various macropolyhedral
boranes (All values are in kcal )l

nido-5 nido-6 nido-7 nido-8 nido-9 nido-10 nido-11 YEnd Enc® ° Ecad AE

19.4 10.8 28.0 11.2 21.6 0.0 17.8

nido:nido-BgH 2

nido-8:nido-10° 1 1 11.2 0.0 0 0.0
nido-9:nido-9 2 43.2 32.0 350 -3.0
nido-7:nido-11 1 1 458 34.6 379 -33
nido:nido-B;7H»;

nido-9:nido-10 1 1 21.6 0.0 0 0.0
nido-8:nido-11 1 1 290 74 2.7 4.7
nido:nido-B;gH 2,

nido-10:nido-10°¢ 2 0.0 0.0 0 0.0
nido-9:nido-11 1 1 394 394 42.2 -2.8

3 The sum of increments for the two clusters makingacropolyhedral boran The relative stabilities predicted by the
cluster increments$. DFT computed relative stabilitieSAE is the difference of thE,,® andY E;, values.? Experimentally
known structures.
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Among four possiblenido:nido-BieHz0 isomers
(see Table 7.3), theido-8:nido-10-B;gH2o with one
10-vertexnido-unit is the most stable isomer due to
cluster increments of 0.0 and 11.2 kcal thfdr 10-
and 8-vertex nido-cluster fragments, respectively.

Both the cluster increments as well as the DF1

computed relative stabilities are higher foido- -zlo /o. L ' 2'0 4'0 6l0
9:nido-9-BigH20 and nido-7:nido-11-BygHzo. For 17 20 Ecole>
and 18 vertexes, again the most stable isome
incorporates a 10-verteido-fragment in each case. Trend line
""" + 6 kcal mol™! ------ _ 6 keal mol’!

nido-8:nido-10-BgH»0?® and syn- and anti-nido-
10:nid0'10'818H22’13 as well as their aniofs™ are Figure 7.4: The relative stabilities [kcal
experimentally known. Thesyn-nido-10:nido-10- mol'] of various macropolyhedral boranes
B1gH2, first reported in 1963, represented the first ar¢ Cl‘ﬁt? accurately.repr"duced t.>y Fhe
example of geometrical isomerism in polyhedral liluslter I?Tremems’ i.e. mostly within 6.0
boranes and is 1.2 kcal rifdhigher in energy. e

The relative stabilities of alhido:nido-BnHn+4, arachno:nido-B,H,+s and arachno:arachno-BnHn.s
clusters considered are plotted in Figure 7.1. féigu4 shows a good correlation betwdgp™® (the
relative stabilities as produced from cluster inoeats) andeq, . (the relative stabilities from the DFT
computed results). A total of 102 macropolyhedm@nbinations constructed by the sevedo- and
eight arachno-fragments were computed. Each of these 102 cormdisacan have more than one
possible isomer either due to different endo-hydrogitom placement or due to different shared
vertexes. Only the most stable isomers that weee us order to derive and apply cluster increments.
The geometry of three isomers either distorted redyver rearranged during the course of optimizatio
The relative stabilities for 87 out of the remami®9 macropolyhedral clusters investigated are
reproduced with deviations of less than 6 kcal'm&light clusters are border line cases with dewigti
ranging from 6.0 to 8.9 kcal nibl Deviations larger than 9.0 kcal rifofor four clusters, however,
indicate that cluster increments do not reproduagsfactorily well the DFT computed relative

stabilities of these few structures.

%8 Friedman, L. B.; Cook, R. E.; Glick, M. norg. Chem. 1970,9, 1452-1458.
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7.3. Conclusion

Cluster increments may be applied to reproducedlative stabilities of various two-vertex sharing
macropolyhedral boranes. Simple summation of twaes(see Table 7.2) for the cluster fragments of
each isomer of a givamdo:nido-, arachno:nido- andarachno:arachno-macropolyhedral borane usually
reproduces the DFT computed relative stabilitiey aecurately. The cluster incremeate smaller for
evennido-cluster fragments than for odudo-cluster fragments. The cluster increments gicachno-
clusters are usually smaller than for corresponding-fragments and increase with increasing cluster
size. Experimentally known macropolyhedral boracesrespond to the most stable structures as
computed by DFT methods and as estimated by tis¢eclincrements produced.
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8. Structural Relationships among Two Vertex Shuarin
Macropolyhedral Boranes

8.1. Introduction

Boron’s rich polyhedral structural chemistry comts to excite chemistslue to its key role in
invigorating new concepts and a general picturehafmical bonding? use in boron neutron capture
therapy® and in the synthesis of new materfaBoron hydrides can be distinguished into two main
classes, i.e., simple polyhedral and macropolyhdibernes. Simple polyhedral boranes with convex
curvature are either the most spherical deltahedea,closo-boranes, or are deltahedral fragments
derived by the elimination of one, two or threeteres fromcloso-clusters to givanido-, arachno’ and
hypho-borane$, respectively. Clusters composed of merged polyheelpresenting a concave fashion
have been called macropolyhedra. Theoretical sffoytWade, Williams,” Jemmis and Schley&? Ott

L withers, N, D..Chemical Science, 2006,1.

% a) Teixidor F.; Barbera G.; Vaca A.; Kivekas Rilla®paa R.; Oliva J.; Vifias Gl Am. Chem. Soc.
2005,127, 10158-10159. b) Oliva J. M.; Allan N. L.; Schleyer V. R.; Vinas C.; Teixidor Rl. Am.
Chem. Soc., 2005,127, 13538-13547.

% a) Jemmis, E. D.; Balakrishnarajan, M. M.; Panatre, P. D.;J. Am. Chem. Soc., 2001, 123, 4313-
4323. b) Jemmis, E. D.; Balakrishnarajan, M. Mnéraratna, P. DChem. Rev. 2002,102, 93-144.

4 a) Hawthorne, M. F.; Maderna, &Ahem. Rev., 1999, 99, 3421-3434. b) Nakanishi, A.; Guan, L.;
Kane, R. R.; Kasamatsu, H.; Hawthorne, MPFoc. Natl. Acad. Sci. USA, 1999,96, 238-241.

> a) Hawthorne, M. F.; Skelton, J. M.; Zink, J. Bayer, M. J.; Liu, C.; Livshits, E.; Baer, R.;
Neuhauser. D.Science, 2004,303, 1849-1851. b) Reed, C. A.; Kim, K.-C.; Bolskar,[R; Mueller, M.
L. J. Science, 200Q 289, 101-104.

® Kiani, F. A.; Hofmann, MInorg. Chem. 2006,45, 6996-7003.

" a) Williams, R. EJ. Am. Chem. Soc. 1965,87, 3513-3515. b) Williams, R. En Progress in Boron
Chemistry, Brotherton, R. J., Steinberg, H., Eds.; Pergam@s<$ England, 1970; Vol. 2, Chapter 2, p
57. c) Williams, R. E.Chem. Rev. 1992,92, 177-207; references therein.

® Rudolph R. WAcc. Chem. Res. 1976,9, 446-452.

° (@) Wade, KAdv. Inorg. Chem. Radiochem. 1976,18, 1-66. (b) Wade, KIn Metal Interactions with
Boron Clusters; Grimes, R. N., Ed.; Plenum Press: New York, 1932apter 1, pp 1- 41.

19°2) Jemmis, E. DI. Am. Chem. Soc. 1982,104, 7017-7020. b) Jemmis, E. D.; Schleyer, P. WJ.Rm.
Chem. Soc. 1982,104, 4781-4788.



8. TWO VERTEX SHARING MACROPOLYHEDRAL BORANES

and Gimarc; and quite recently by tfsoffer an insight into the structural patterns iafifgle polyhedral
boranes. Nonetheless, except for the Jemmis’ sietéectron count principl®, macropolyhedral
borane clusters did not experience a wide-rangimgpretical consideration. A large number of
homonuclear as well as heteronuclear boranes watte tthan one fused cluster unit are experimentally
known and exhibit varying architectural patterng,.,ethose with cluster units joined by a two cente
two electrort or by a three center-two electron bditf**as well as those in which cluster units share
one vertex, e.g., BHx,™ two vertexes, e.g., 8Hx,'° three vertexes, e.g. 1L, compounds/ or
even four vertexes, e.g.,dl16 2 Macropolyhedral boranes with two shared vertexawmesent the
group with numerous experimentally characterizedngples (see Table 8.1). The simple polyhedral
boranes included in this study for comparison theenido-B,H+4, arachno-BH,+¢ andhypho-B,Hn.s
series, also represent numerous experimentally knexample€ including BiH™ considered by
Jemmis as single pseudo-spheraraichno-deltahedror”

A study of the stabilities afido:nido-BrHn+4 macropolyhedral boranes (i.e. clusters composédmf
nido-fragments sharing two vertexes), relative to isoen&mple polyhedrahido-clusters revealed that
macropolyhedra are preferred for 12 and more vesten > 12)° In addition, nido:nido-
macropolyhedral borane isomers with at least ome \ertex nido-fragment were found to be

1 ott, J. J.; Gimarc, B. Ml. Am. Chem. Soc. 1986,108, 4303-4308.

12 3) Kiani, F. A.; Hofmann, Mlnorg. Chem. 2005,44, 3746-3754. b) Kiani, F. A.; Hofmann, NEur.
J. Inorg. Chem. 2005,12, 2545-2553c) Kiani, F. A.; Hofmann, MJ. Mol. Model. 2006,12, 597-609.
d) Kiani, F. A.; Hofmann, M.Dalton Trans., 2006 5, 686-692. e) Kiani, F. A.; Hofmann, M.
Organometallics, 2006,25, 485-490. f) Kiani, F. A.; Hofmann, Mnorg. Chem. 2004,43, 8561-8571.

13 See for example, a) Srinivas, G. N.; HamiltonPT..Jemmis, E. D.; McKee, M. L.; Lammertsma, K.
J. Am. Chem. Soc. 200Q 122, 1725-1728. b) Hawthorne, M. F.; Pilling, R. LipEely, P. F.; Garrett, P.
M. J. Am. Chem. Soc. 1963 85, 3704-3705. c) Hawthorne, M. F.; Pilling, R. Liokely, P. F.J. Am.
Chem. Soc. 1965, 87, 1893-1899. d) Watson-Clark, R. A.; Knobler, C. Bawthorne, M. Flnorg.
Chem. 1996,35, 2963-2966.

14 See for example, Hawthorne, M. F.; Pilling, RILAm. Chem. Soc. 1966,88, 3873-3874.
15 Rathke. J.; Schaeffer, Riorg. Chem. 1974 13, 3008-3011.
18 Simpson, P. G.; Lipscomb, W. Bl.Chem. Phys. 1963,39, 26-34.

17 See for example, a) Enemark, J. H.; Friedman,.|.LBscomb, W. Nlnorg. Chem. 1966 5, 2165-
2173. b) Cheek, Y. M.; Greenwood, N. N.; KennedyD.J McDonald, W. SJ. Chem. Soc., Chemm.
Commun. 1982 80-81.

'8 Friedman, L. B.; Dobrott, R. D.; Lipscomb, W. J Am. Chem. Soc. 1963 85, 3505-3506.

Y9 Huffmann, J. C.; Moody, D. C.; Schaffer, IRorg. Chem. 1981, 20, 741-745.
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thermodynamically highly stable and to usually esgnt the most stable isom@mBurther studies are
carried out to determine the turning point framachno-ByH,.s to arachno:nido-ByHn+s and from
hypho-B,Hn+g to arachno:arachno-B,Hn.g preference in terms of thermodynamic stability. W&o try
to determine the “preferred fragments” &wachno:nido- andarachno:arachno-macropolyhedral borane
construction. Profound structural relationshipsseetn the most stable isomers of different clas$es o
two vertex sharing macropolyhedral boranes arerchted akin to those predicted in 1965 by
Williams,” for simple polyhedral clusters.

The optimized geometries of various computed twaexe sharing arachno:nido-Bi4Hzo
macropolyhedral boranes are displayed in Figure 8.1

g "-:‘ , | -
‘= " < i : °
L) AC (9.8) TAD (10.3)
arachno(®):nido®)- . bpo(Synido(11)-  arachno(T):nido(9)-
Bi4Hag Biatao B4y B4Hy

AE (13.5) AF (19.5) AGGLD AH (32.7)

arachno(11):nido(5)-  arachno(10):nido(6)- arachno(9A):nido(7)-  arachno(9B):nido(7)-
B4Hy B4Hy By4Hp B,4Hy,

Figure 8.1: The optimized geometries and relative stabilities in parenthesis of various two-vertex sharing
arachno:nido-B|4H, structures. Arrows indicate a hydrogen atom exo-substituted to one boron atoms of
the shared B, unit.

8.2. Results and Discussion

8.2.1. Thermodynamic Stabilities of Neutral Macroptyhedral Boranes Relative to
Corresponding Simple Polyhedral Boranes.

For the general formula \Bl,:+4, Nido-boranes are more stable than isomeric two vertaxirg
nido:nido-macropolyhedral boranes, for up to eleven vertefkess 11). For 12 or more vertexes

macropolyhedral boranes enjoy a larger thermodynatability (Figure 8.2a).
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8. TWO VERTEX SHARING MACROPOLYHEDRAL BORANES

Table 8.1. Some experimentally known two-vertex sharing mpolghedral

(hetero)boranes and their homonuclear alternafiVes.

Example Structure description Homonuclear alteveati
BiHi6 nido-Be:nido-Bg
B1aH1s® nido-Bg:nido-B1o
BieH20" nido-Bg:nido-B1o
i-B1gH22, N-BygH2,° nido-B;o:nido-B1g
[B1gH2o] nido-B,g:nido-B1;
BisHig arachno-Bg: nido-Bg
[Pt(BgHo)2(PMePh)] nido-Bg:nido-Bg B14Hy0
[(PMe,Ph)PtB¢H1s(PMePh)] nido-Bg:nido-B1, BiHon
[SBi7H2o]" arachno-SBy:nido-B;o [B1gHos]
S:B16H14(PPh) arachno-SBg:nido-SBy, BigHo4
S$;B17H17.SMe, arachno-SBy:nido-SBy, BigHos
[S2B1gH gl arachno-SB,;:nido-SB;, [BooHos]

% Macropolyhedral borates or macropolyhedral heterates/borates are listed only if no
homonuclear macropolyhedral borane representative kilown experimentally.® For
experimentally known structures, see the followiefgrences: a) BHis Brewer, C. T.; Grimes,
R. N. J. Am. Chem. Soc. 1984,106, 2722-2723; Brewer, C. T.; Swisher, R. G.; Sinn,&imes,
R. N.J. Am. Chem. Soc. 1985,107, 3558-3564. b) BHs Hefmanek, S.; Fetter, K.; PleSek, J.;
Todd, L. J.; Garber, A. RInorg. Chem. 1975,14, 2250-2253. c) BH,o: PleSek, J.; Henanek,
S.; Hanousek, FCollect. Czech. Chem. Commun. 1967,33, 699-705; Friedman, L. B.; Cook, R.
E.; Glick, M. D.J. Am. Chem. Soc. 1968,90, 6862-6863; Friedman, L. B.; Cook, R. E.; Glick,
M. D. Inorg. Chem. 1970,9, 1452-1458. d) BH.,.: Pitochelli, A. R.; Hawthorne, M. K. Am.
Chem. Soc. 1962,84, 3218; Simpson, P. G.; Lipscomb, W. Rroc. Natl. Acad. Sci. USA. 1962,
48, 1490-1491; Simpson, P. G.; Folting, K.; Dobr&t,D.; Lipscomb, W. NJ. Chem. Phys.
1963,39, 2339-2348; Fontaine, X. L. R.; Greenwood, N. Kennedy, J. D.; Mackinnon, B.
Chem. Soc., Dalton Trans. 1988,1785-1793; Simpson, P. G.; Lipscomb, W.INChem. Phys.
1963,39, 26-34. €) [BoH,)] : Dopke, J. A.; Powell, D. R.; Gaines, D.IRorg. Chem. 2000,39,
463-467; Jemmis et al found the initially repor{@ioH,g” structure to survive RB3LYP/6-
31G(d) geometry optimization only as a trianionneke the authors suggested dB,,] to be the
correct structure, on the basis of mno rule. Seeyndis, E. D.; Balakrishnarajan, M. M.;
Pancharatna, P. Dnorg. Chem. 2001,40, 1730-1731. f) BsH;o: Huffman, J. C.; Moody, D. C;
Schaffer, R.Inorg. Chem. 1976 15, 227-232. g) [Pt(BHo)(PMePh)]: Greenwood, N. N.;
Hails, M. J.; Kennedy, J. D.; McDonald, W. B.Chem. Soc., Dalton Trans. 1985,5, 953-972.
h) [(PMePh)PtB¢H:s(PMePh)] Beckett, M. A.; Crook, J. E.; Greenwood, N. N.;riKedy, J.
D.; McDonald, W. SJ. Chem. Soc., Chem. Commun. 1982 10, 552-553. i) [SB/H>q] Jelinek,
T.; Kilner, C. A.; Barrett, S. A.; Thornton-Pett, .MKennedy, J. DJ. Chem. Soc., Chem.
Commun. 1999,18, 1905-1906. j) $B;:;H:7.SMe;: Kaur, P.; Holub, J.; Rath, N. P.; Bould, J,;
Barton, L.; Stibr, B.; Kennedy, J. @hem. Commun. 1996,2, 273-275. k) [$B1gH14] = Jelinek,
T.; Cisagova, |.; Stibr, B.; Kennedy, J. D.; Thornton-P#tt,J. Chem. Soc., Dalton Trans. 1998,
18, 2965-2968° Structure predicted as most stable isomer, botm frluster increments as well
as from DFT computations.
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8. TWO VERTEX SHARING MACROPOLYHEDRAL BORANES

The energies of the most stable neudrachno:nido-B,H,.s macropolyhedral boranes relative to the
most stable neutralarachno-BH,:s isomers are displayed in Figure 8.2b. Surprisinglye
arachno(4):nido(3)-BsH11 is only slightly higher in energy than the thermoamically most stable
arachno-BsH11.2° The energies of the most stablachno:nido-macropolyhedral boranes relative to the
corresponding most stab&achno-single cluster boranes increase from n = 5 to & (solid line in
Figure 8.2b). For n = 10, the curve steeply drapsrd marking the turning point from single cluster
macropolyhedral preference. For ten or more vestetteearachno:nido-macropolyhedral boranes are
more stable than the single cluséeachno-boranes.

The comparison of thermodynamic stabilities of redudrachno:arachno-macropolyhedral boranes
with the isomeric single clustéypho-boranes (solid line in Figure 8.2c) reveals tlatdix and seven
vertexes, simple polyhedra are more stable #ranhno:arachno-macropolyhedral structurésWhen
the number of vertexes is larger than seaeachno:arachno-macropolyhedral boranes are preferred.

8.2.2. Importance of Open Face Hydrogen Atoms on ¢hStabilities of Macropolyhedral vs.
Monopolyhedral Boranes.

Figure 8.2 compares the stabilities of macropolyaleetlative to isomeric single cluster structunes
only for boranes but also for borates. Solid, broked dotted lines represent the stabilities otnagu
anionic and dianionic macropolyhedra relative toesponding simple polyhedra, respectivély.

Open face hydrogen atoms are known to have a gignifinfluence on the stabilities afdo:nido-
macropolyhedral boranes relative to correspondiig-clusters® A similar effect is observed for the
arachno:nido- versusarachno-curve (Figure 8.2b). The thermodynamically preddrB,oH16 Structure is
a macropolyhedral borane (solid line in Figure &@bn = 10). This may surprise asachno-10-vertex

(hetero)boranes e.g..BsH14 Or the dianionic [BH14* are experimentally well knowit,but 10-vertex

Y The initial starting geometry farachno(3):nido(3)-BsH1o rearranged to the regularachno-B;Hxo
geometry and therefore the relative stability ahboould not be compared.

2L An attempt to optimizéaypho-B4H1- resulted in a imolecule at non-bonding distance to a regular
arachno-B4H,o structure. For n = 5, different starting geomstifigr hypho-BsH,3 andarachno:archno-
BsH13 all converged to the sameHB 3 geometry.

22 Monoanionic [BHn+4" clusters used to generate the broken line in Eigar probably represent the
most stable isomers as a large number of possibl®anionic clusters were computed for each number
of vertexes (n). Broken or dotted lines in the caxfearachno:nido- and arachno:arachno-
macropolyhedral borates are based on the relatatlises of one selected macropolyhedral borate
obtained by deprotonating the respective thermadyeely most stable neutral macropolyhedron.

?* a) Stibr, B.; Janousek, Z.; Plesek, J.; Jelingk-i&rmanek, SCollect. Czech. Chem. Commun. 1987,
52, 103-112. b) Janousek, Z.; PleSek, J.; Hermangkstr, B.Polyhedron 1985 4, 1797-1798. c)
Stibr, B.; PleSek, J.; Hermanek,Gllect. Czech. Chem. Commun. 1974 39, 1805-1809.
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Figure 8.2: Relative stabilities of a) nido:nido-
versus nido-, b) arachno:nido- versus arachno- and
vertexes for anionic clusters. ¢) arachno:arachno- versus hypho-clusters. The

Similar relationships exist between thecurve for the relative stabilities of nido:nido- versus

nido-clusters is taken from ref. 6 (also see ref. 21-23
relative stabilities of neutral, monoanionic an and 25).

preferred is shifted to a larger number ¢

dianionic arachno:arachno- versus hypho-

macropolyhedral boranes and borates (see Figum. 8noanionic and dianioniarachno:arachno
clusters are considerably disfavored with respethé corresponding neutralachno:arachno-clusters
except for fourteen and fifteen vertexes for whachchno:arachno-dianionic clusters are more favored
than in the neutral case.
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8.2.3. The Number of Skeletal
Electron Pairs and the Stabilities of

Macropolyhedral Boranes Relative to

Isomeric Simple Polyhedra.

E, (kcal mol™)

The thermodynamic stabilities of the

most  stable  neutral nido:nido-,2 50
. . -60 —o— nido:nido — -+ — arachno: nido
arachno:nido- and arachno:arachno- 70 o arachno:arachno

macropolyhedral boranes relative to the Number of skeletal electron pairs

corresponding neutralido-, arachno- and

hypho-borane clusters, respectively, are

Figure 8.3: Stabilities of nido:nido-, arachno:nido- and
arachno:arachno- macropolyhedral boranes relative to
For more than nine vertexes ¥r9), the  isomeric monopolyhedra are plotted against the number
of skeletal electron pairs.

shown as solid lines in Figure 8.2.

arachno:nido- versus arachno-stability
curve (solid line in Figure 8.2b) shows a patteemy\similar to that of thaido:nido- versusnido-curve
(solid curve in Figure 8.2a), only shifted to tledt by one vertex. For example, thielo:nido- versus
nido-curve (Figure 8.2a) sharply decreases between1® and n = 11. A similar decrease in the
arachno:nido- versusarachno-curve is found between n = 9 and n = 10 (Figugb)B.The similarities
persist throughout both curves. The decrease afitleenido- versusido curve from eleven to fourteen
vertexes is accompanied by a similar decreaseedfrichno:nido- versusarachno-curve from ten to
thirteen vertexes. A sharp increase between n antidn = 15 for tha@ido:nido- versusnido-curve, and
between n = 13 and n = 14 for tachno:nido- versusarachno curve continues to decrease beyond the
points to reach minima at n = 18 in thielo:nido- versusnido- and n = 17 in tharachno:nido versus
arachno-curve, respectively.

For larger cluster size n9), the relative stabilities of neutralachno:arachno- versushypho-curve
also follows the trends exhibited by the neutidb:nido-versusnido- and neutrabrachno:nido- versus
arachno curves but is shifted to the left by one more wnih respect to the latter: The trends between n

24 A structure with one exo-substituted hydrogen ammone boron atom of the shared Wit in
nido:nido-macropolyhedral boranes was regarded as pseudoropaéyhedron including the
nido(3):nido(10)-B11His.  However, many optimized arachno:nido- and arachno:arachno-
macropolyhedral geometries contain this feature.ofder to comparenido:nido-macropolyhedral
boranes witharachno:nido- andarachno:arachno-macropolyhedral boranesido(3):nido(10)-B11His is
included in Figure 2a, which slightly changes theve shape.
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=10 to n = 17 in tharachno:arachno-curve are very similar to those observed betweerlth and n =
18 in thearachno:nido- and between n =12 and n = 19 in mhido:nido-curve.

The similar trends of the neutral curves in Fig8c8a-c for larger number of vertexes can be
rationalized on the basis of the number of skeletattrons. According to Wade's skeletal electron
counting rule’ the loss of one vertex frommloso to nido, from nido to arachno and fromarachno to
hypho clusters does not alter the skeletal electronireaquent. For example, n+1, n+2, n+3 and n+4
skeletal electron pairs are required for the 12exarioso-, 11-vertexnido-, 10-vertexarachno- and 9-
vertex hypho-clusters, respectively, i.e., 26 skeletal eledromeach case. In a similar fashion, the loss
of one vertex from aido:nido-cluster to give ararachno:nido-cluster and the loss of another vertex
from an arachno:nido-cluster to give ararachno:arachno-cluster does not alter the total skeletal
electronic requirement. Aarachno:arachno-cluster with a total number of vertexes n has same
number of skeletal electrons as amachno:nido-cluster with n+1 vertexes and asiao:nido-cluster
with n+2 vertexes. Hence, the stability curve igUfes 8.2a through 2c match each other roughly when
they are plotted against the number of skeletaltiens rather than the number of vertexes (FiguBg 8

The smaller the cluster size, the larger is the rat the open face hydrogen atoms to the boron
atoms. The importance of endo-hydrogen atoms orstidgility of borane clusters has already been
demonstrated vastR/*? The arachno- and hypho-clusters have more open face hydrogen atoms as
compared to thaido-clusters. Therefore, the trends of the three aumed-igure 8.3 are dominated by
the extra open face hydrogen atoms for smaller murob vertexes. As a consequence, in this region
they show significantly different patterns.

The anionic (broken line) and dianionic (dottece)icurves in Figure 8.2 do not show similarities to
the same extend. This might be due to the fact that anionic curves foarachno:nido- and
arachno:arachno-macropolyhedral borates were not obtained by aotilgh scanning of all possible
anionic clusters. They rather represent the redastabilities of optimized deprotonated most stable
neutral structures, which may not necessarily bamnbst stable anionic isomers.

8.2.4. Preferred Fragments for Two Vertex Sharingarachno:nido- and arachno:arachno-
Macropolyhedral Boranes.

Generally, the thermodynamically most stable twdesesharing macropolyhedral boranes with two
fused nido-units consist of at least one 10-vert@ko-unit® Table 8.2 indicates that the most stable
isomers of the two vertex shariagachno:arachno-macropolyhedral boranes with n = 12-17 contain at
least onearachno-9-vertex unit. Thus the 10-vertexdo-unit and the 9-vertearachno-unit seem to be
the preferred building blocks for two vertex shgrmdo:nido- andarachno:arachno-macropolyhedral

boranes, respectively.
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When onearachno-fragment is combined with @do-fragment, the choice for thedo fragment rules
out the arachno counterpart: The thermodynamically most stall@chno:nido-macropolyhedral
boranes from n = 12-17 have one 10-verteo-unit. Only for n = 10, 11 and 18, oaeachno-9-vertex
unit is present instead.

Moreover, the deepest point of the neutiao:nido-curve (Figure 8.2a) corresponds to 18 vertexes,
I.e. nido(10):nido(10), which involves twaido-10-vertex fragments. The latter is the preferreidding
block for nido:nido-macropolyhedral boranes. Likewise the lowest paiat, the highest preference of a
macropolyhedron over the corresponding single padybn (Figure 8.2c), is found for n = 16, i.e.,
arachno(9):arachno(9). The preference ofarachno-9-vertex and nido-10-vertex clusters for
arachno:nido-macropolyhedral boranes is also reflected by tlgh thermodynamic preference of
arachno(9):nido(10)-B;7Hzs for n = 17.

8.2.5. Structural Relationships between Different Mcropolyhedral Borane Classes.

Williams’ first pointed out that the elimination of one masghly coordinated vertex frorloso-
clusters results in mido-deltahedral fragment. The loss of another modtliigoordinated vertex from
the open face ofido-deltahedra generatesachno-deltahedra. The removal of one more vertex from
the open face ofrachno-deltahedra producdsypho-deltahedrd. Similar structural relationships exist
for the most stable isomers within different classktwo vertex sharing macropolyhedral boranes.

Generally a variety of choices exists how to ditré the vertexes to the two cluster units making a
macropolyhedral borane. The thermodynamically rstadtle isomers famido:nido-, arachno:nido- and
arachno:arachno-macropolyhedral boranes are listed in Table 8a2.dighteen vertexes, three possible
structures arenido(9):nido(11)-BigH20, nido(8):nido(12)-BigHoo and nido(10):nido(10)-BgH2e. The
latter consists of two equally sizeddo-10-vertex units and is the thermodynamically mststble
structure in accordance with the experimentallglgighed BgH,, structures> The thermodynamically
most stable 17-vertearachno:nido-macropolyhedral borane consists of one 9-vedrachno unit
sharing two vertexes with another 10-verteddo unit. Alternatives like arachno(8):nido(11)-,
arachno(11)nido(8) orarachno(10):nido(9) are energetically disfavored. The removal of &M vertex
from thenido(10):nido(10)-B;gH», structure (and addition of two open face hydrogems) results in
an arachno(9):nido(10) structure which is the most stable/B; isomer. The most stable;dBl,4
structure, i.earachno(9):arachno(9)-B:sH24 can also be obtained by a similar one vertex akton
from thenido-part of the most stabkrachno(9):nido(10)-macropolyhedron (Figure 8.4).

% Two BygH., isomers were reported, which combine two 10-verielo-fragments in a two vertex
sharing macropolyhedron wit, andC; symmetry, respectively
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Table 8.2. Structural relationshifisbetween thermodynamically most stable
isomers of various nido:nido-, arachno:nido- and arachno:arachno-
macropolyhedral boranés.

Number of vertexes nido:nido-B,H.4 arachno:nido-B,Hp.s arachno:arachno-

(n) BnHn+s
19 10:11

18 10:10 \ 9:11

17 9:10 \‘ o: 10\ 9:10
16 8:10 \ 810\‘ 9:9
15 7:10 \ \ 8:9
14 6:10 \ 6:10 \ 7:9
13 5:10 \ \ 6:9
12 3:11 (4:1@§: 4:10 \

11 3:10 94\ 5:8 (4:9)
10 6:6 \ 93\ 5.7 (4:8)
9 38 6:5 \

8 3.7 5:5 5.5

7 3:6 4:5 4:5

6 3:5 4:4 3:5

5 3:4 3:4 34

4 3:3 33 33

& The diagonal arrows indicate the loss of one weffée question mark on the arrow indicates
that the corresponding macropolyhedral borane stres are not related simply by the loss of
one vertex” The 14 to 19 vertex containimgdo:nido-macropolyhedral boranes are structurally
related to the 13 to 18-verta@rachno:nido-clusters by the loss of one vertex. Further Idssne
vertex fromarachno:nido-macropolyhedral boranes results in correspondiraghno:arachno-
macropolyhedral boranes with n = 12 to §7The boxes with light gray shade indicate that
isomeric single cluster boranes are thermodynalyicalore stable than macropolyhedral
boranes? See ref. € The structures in parenthesis are only slighitey (ess than 1.7 kcal mbl
higher in energy than the most stable isothBifferent starting geometries fwpho-BsH:5 and
arachno:archno-BsH;; converged to the optimizedrachno:archno-BsH,; geometry.? The
initial starting geometry foarachno(3):nido(3)-B,H1, rearranged to regularachno-B4Hq upon
geometry optimizatior! An attempt to optimiz@ypho-B,H;, resulted in a geometry with ong H
unit at non-bonding distance to the regaleachno-B4H, structure.
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These correlations hold generally
true (Table 8.2) starting with the most

stable 14-19 vertex containing

QL
nido:nido-macropolyhedra, which Pra
: 7T
give the preferred 13-18 vertex -

(

7 loss of one
Y — ©
vertex

. . ¥ |
containing arachno:nido-deltahedra o

which in turn give the most favorable Most stable Most stable Most stable
arachno:arachno-deltahedra by nido:nido- arachno:nido- arachno:arachno-
BgH>, Bi7Hp; BigHay

successive removal of one open fact

vertex from the smalleshido-unit. Figure 8.4: The most stable nido:nido-B gH,,,

The following rules emerge how to arachno:nido-B,;H,; and arachno:arachno-B¢H,, are
structurally related by the removal of one open face vertex
(highlighted by a circle).

derive the most stable structure for &
macropolyhedral borane:

-For BHn+s, the most stable isomer adopts a two vertex shanido(n-8):nido(10)-
macropolyhedron.

-The most stable BH,.s isomer is derived from the most stable macropalyleB,H,.4 by the
removal of one vertex from the smaller unit, itecdnstitutes either agrachno(n-9):nido(10) for n< 18
or anarachno(9):nido(n-8)-macropolyhedron forn 18.

-The most stable BH,.¢ Structures correspond to arachno(n-9):arachno(9)-macropoylehdron.

-The loss of one vertex fromdo:nido- to arachno:nido-deltahedra is always from the open face but,
unlike monopolyhedra, not the most highly coordedagertex is removed, which usually is either ohe o
the shared vertexes or directly attached to orteerh.

8.2.6. Comparison of.1-En for Simple Polyhedral and Macropolyhedral Boranes.

The difference of the computed absolute energiesootecutive members of timedo(10):nido(n)-
Bg+nH12+n as well as for members of timedo-B,Hn+4 series is plotted against n for n = 3-10 in Figure
8.4a. l.e. the lowering of the absolute energylatted as anido-cluster is increased as a part of a
macropolyhedron or by itself. The average valuesraticated as horizontal lines for both casesatad
point above this line means that incorporation mbther BH group is accompanied with a less than
average energy gain while a point below indicate®eae than average favorable cluster increase from
to n+1.

The nido line is slightly below thenido:nido line, which means that in the chosen range of n on
average it is more favorable to expanchido cluster by one vertex as compared tmido:nido

macropolyhedron. There is a preferencerniaolo- as well asido:nido-clusters with an even number of

101




8. TWO VERTEX SHARING MACROPOLYHEDRAL BORANES

vertexes over neighboring odd numbered ) n
—_—
25.42

cases. The absolute &h.1-E, is always N 4 : 6 7

i -25.44
smaller than the average for even n, whi_s 2s4s

it is larger for an odd n. As an example & 25473 . .
. kq -2548 w \z/
Eq-Es is higher than the averagef:1-En, 2840 \/

-25.51
-25.52

but EiorEs is much smaller than the

—o— nido:nido-macropolyhedra —e—average nido:nido-macropolyhedra

averagedEn.1-E,. Moreover, this trend of T e

favoring the even cluster is progressive
—_—

increasing with the increase in number « 4
6

-25.43
vertexes. e A
L’ﬂ -25.45
A similar plot (Figure 8.4b) oEn-En T 2%x /5\
. _ k-
of the rnido- and arachomido- " Zi| N\ \/ \/
macropolyhedral boranes shows that e

-25.51
-25.52

S|m||ar trend eX|StS The even Clusters a —o— arachno:nido-macropolyhedra —e— average arachno:nido-macropolyhedra

—O— nido-clusters —A— average nido

n

more favorable than the oddlusters.

Figure 8.5: E,,,-E, for a) nido:nido-macropolyhedral
boranes and corresponding nido-single cluster boranes
arachno- and arachno:nido-clusters and b) arachno:nido-macropolyhedral boranes and

the arachno andarachno:arachno-clusters  corresponding nido-single cluster boranes.

However, the plot ofE.;-E, of the

do not clearly indicate any specific trends.

8.3. Conclusion

Two vertex sharingiido:nido-, arachno:nido- and arachno:arachno-macropolyhedral boranes are
structurally related to each other: Loss of ongexefrom the thermodynamically most stahido:nido-
macropolyhedral borane isomers results in the tbdymamically most stablearachno:nido-
macropolyhedral boranes. Loss of another vertem ftioe nido-part of the most stablarachno:nido-
macropolyhedral boranes results in the thermodycaiyi most stable arachno:arachno-
macropolyhedral boranes. Theachno-9-vertex anchido-10-vertex cluster fragments are the preferred
fragments that usually constitute the thermodynallyianost stable macropolyhedral borane isomers.
Open face hydrogen atoms enormously influence kentodynamic stability of macropolyhedra
relative to corresponding monopolyhedral boranes. I&rger number of vertexes, thermodynamic
stabilities of macropolyhedra relative to theirresponding simple polyhedra exhibit similar tre(lolst

shifted to the left by one vertex) due to the sanmn@ber of skeletal electrons.
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9. Summary and Conclusion

Quantitative  rules governing the relativ: n\yg structural Feature HetHet’
stabilities of single cluster boranes have be ’

e—g

1@

determined. Five structural increments obtained
the energy difference of two clusters differing twit
respect to one structural feature can be convdynie
used to derive the relative stabilities of varidiis

vertex nido-hetero(carba)boranes. The magnitude
structural increments depends largely upon t

Structural increments

extent of electron localization which is determine

(02\"0“\8

. . At
heteroatom and secondarily by the electronegati\ We

primarily by the number of electrons donated by

of the heteroatom. The energy penalties for tv 7] Covalent Radii
disfavoring structural features, i.e. HetHet (tw [ £, . HetHet (] By HetC
heteroatoms adjacent to each other) and HetC

heteroatom adjacent to a carbon atom) show higF igure 9.1: Structural Increments for various
periodic trends i.e. increase along the period &vhheteroatoms are inversally related to covalent
decrease down the group (Figure 9.1). Smalfadil
heteroatoms have larger while larger heteroatoms

have smaller HetHet and HetC energy penalties.dyneenalties for Het(1) (a heteroatom at a five-
coordinate vertex) and Hgf2) (a heteroatom in the middle belt of an 11-verglo-cluster) increase
down the group 14 but decrease down group 16. Btr three as well as four electron donating
heteroatoms in group 15, however, they show mixeads. The importance of geometric consequences
also becomes clear by the pronounced preferencepiem face position for larger heteroatoms due to
their larger Hek(1) and Hei(2) energy penalties. Structural increments vecyeately predict the DFT
computed relative stabilities of various 11-vertedo-hetero(carba)boranes and —borates. Most stable
mixed heteroboranes with more than two open faterb&toms have different heteroatom positions in
the thermodynamically most stable 11-ventedo-heteroborane isomers, easily predictable on tkesba
of structural increments.

Structural and connection increments can be usgi/éothe relative stabilities of numerous 11-



9. CONCLUSION

vertex nido- and 12-vertex closo- 12-Vertex closo-cluster
hetero(carba)boranes with a unique set
increments. Usually more

electronegative (smaller) heteroatoms tend
occupy non-adjacent, whereas le
electronegative (larger) heteroatoms tend
occupy adjacent vertices in th

' . ® = large \ £ _E ® =small
thermodynamically most stabbdboso-dihetero- EEEEGES heteroatom

dodecaborane isomers (Figure 9.2). TI
energy differences of para- and meta- relati
to ortho-isomers of 12-vertex closo-

heteroboranes generally depend on the ext
of electron localization by a given heteroato
and show highly periodic trends, i.e., increa

along the period and decrease down the gro Figure 9.2: Smaller, more electronegative heteroatoms

as in the case of 11-verteido-heteroboranes. tend to occupy non-adjacent, whereas larger, less
electronegative heteroatoms occupy adjacent vertexes in
the thermodynamically most stable isomers of
structural feature (two heteroatoms adjacent Het,B,H, isomers.

The energy penalties for the HetHe

each other) for the 12-vertekoso-cluster are
apparently significantly different from those ftvet11-vertexnido-cluster. Reformulating two 11-vertex
nido-structural features, i.e. Hgt2) and HetHet, in terms of connection increments@ with the
additional structural feature HetHegive the relative stabilities of various isometit-vertexnido- as
well as 12-vertexloso-heteroboranes and —borates with different hetenoaubstitution patterns. The
Hetx and HetHet structural increments proposed forltherertexnido-cluster may be transformed to
bonding connection increments that can be usetiZerertexcloso-clusters. Connection increments are
still applicable to 11-verterido-heteroboranes and -borates along with other straidieatures.
Cyclopentadienyl metal fragments in the 12-vedi@so-cyclopentadienyl metallaheteroboranes have
a clear preference with respect to the positioriative to carbon and other heteroatoms in the
thermodynamically most stable isomer. Cyclopentadiderivatives of group 9 and 10 metals direct a
carbon atom to meta- and para-positions, respégti@M fragments of two group 8 metals, i.e., Ru
and Os have the tendency to direct carbon atometa positions while that of Fe directs carbon atom
to ortho positions. Structural increments for tweneral structural features, i.e., Hetklgtwo

heteroatoms at ortho positions) and Hetklgtvo heteroatoms at meta positions) reproduc®HE-
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computed relative stabilities of more 4,
than one hundred 12-vertexloso-

cyclopentadienyl metallaheteroborane 50

isomers quite accurately (Figure 9.3).

Structural increments increase alor 40

one period due to increasing positiv

E;,." (kcal mol")

charge on the metal center along tt

20
period, i.e., as consequence of ¢

increasing extent of electron localizatior Eqye (keal mol™)
calc

These structural increments ar 0 20 40 60 80

substituent specific; a change of th

substituent on the metal atom leads . . .
Figure 9.3: Structural increments may be applied to

different energy penalties. quickly derive the relative stabilities of various possible
Thermodynamic stabilities of various isomers of cyclopentadienyl metallaheteroboranes.

neutral BHn+4 and anionic [BHn+3]" for nido-single cluster boranes and borates with correspgnd
nido:nido-macropolyhedral boranes and borates are compardd tlee RB3LYP/6-
311+G(d,p)//RB3LYP/6-31G(d) + ZPE level of theoNeutral macropolyhedral boranes enjoy larger
thermodynamic stability than single cluster isomfens larger cluster size (r 12, Figure 9.4). For
anionic species, a clear cut turning point for ropotyhedral preference is shifted to not less than
seventeen vertexes. Extra hydrogen
atoms at the open face have ¢

significant influence on the relative 30
ey . . 20
stabilities of the single clustemnido 0
_ _ number of vertexes—
boranes VS. nido:nido- 0
<= 10 16 17 18 19
macropolyhedral boranes. The loss og 20
extra open face hydrogen atoms~8 jg
results in enhanced stability ofdo ~ .5 e o
.Q: ‘jr' ‘!Q
clusters as compared to & 0 ¥ el
-70 single clusters macropolyhedra

macropolyhedra. Hence, anionic
macropolyhedra are less stable witt Figure 9.4: Twelve vertexes is the turning point from nido-
B, H, 4 single cluster to nido:nido-macropolyhedral borane
preference. The thermodynamically most stable neutral
in the neutral case. The same shoul nido:nido-macropolyhedral boranes consist of at least one

be true for suitably substituted 10-vertex nido-unit.

respect to anionic single clusters thar
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heteroboranes. Usually, the

thermodynamically most stable T /o/

neutral macropolyhedral boranes o o /g&g 5

have at least one 10-vertaeido g e '
single ;8 ¢ 7~ —— Trendline
cluster unit whereas the anionic T:; """ + 6 keal mol”
macropolyhedral clusters usually ot , P&l . - 6 kecal mol™!
possess one deprotonated 11 ,, 4, . e N

vertex nido-unit. The relative -10 1 E . (keal mol™') —

energies of the neutral 20

macropolyhedra mostly reflect ) ) . e
Figure 9.5: Cluster increments derived for individual cluster

the stability patterns exhibited fragments reproduce the DFT computed relative stabilities of

by the sum of the energies of  macropolyhedral boranes usually within +6 kcal mol™!.
two single cluster units making a given macropotiyagEx.y).

Cluster increments may be applied to estimate ¢laive stabilities of various two-vertex sharing
macropolyhedral boranes (Figure 9.5). Such incrésnesproduce the DFT computed relative stabilities
of macropolyhedral boranes usually within +6 kcallh A simple summation procedure helps to select
the best partner for a given cluster fragment ieoito construct the thermodynamically most stable
nido:nido-, arachno:nido- and arachno:arachno- macropolyhedral boranes. Cluster increments are
considerably smaller for evenido-cluster fragments than for odddo-cluster fragments pointing
towards high thermodynamic stability of macropolyta¢ boranes with even numbenado-units. The
cluster increments foarachno-
clusters are usually smaller than

for correspondingnido-fragments

- loss of one ss of one
and increase with increasing /i< vertex vertex |
cluster size. Experimentally |
I
known macropolyhedral boranes i
poly Most stable Most stable Most stable
correspond to the most stableyigo:nido- arachno:nido- arachno:arachno-
structures as computed by DFTBisH2 Bi7Hp; BcHyy

methods and as estimated by the ) . ) )
Figure 9.6: Most stable isomers of nido:nido-, arachno:nido-,

cluster increments produced. and  arachno:arachno-macropolyhedral ~ boranes  are
Various two vertex sharing structurally related to each other by the loss of one open face
vertex.

macropolyhedral boranes were
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computed at the B3LYP/6-311+G**//B3LYP/6-31G* levelf theory to determine the preferred
fragments for the thermodynamically most stablamiss. Thearachno-9-vertex andnido-10-vertex
cluster fragments usually constitute the thermodynpally most stable macropolyhedral borane
isomers. Two vertex sharimgdo:nido-, arachno:nido- andarachno:arachno-macropolyhedral boranes
are structurally related to each other: Loss of wadex from the thermodynamically most stable
nido:nido-macropolyhedral borane isomers results in themtbdynamically most stabkarachno:nido-
macropolyhedral boranes. Loss of another vertem ftioe nido-part of the most stablarachno:nido-
macropolyhedral boranes results in the thermodycaiyi most stable arachno:arachno-
macropolyhedral boranes (Figure 9.6). Open facerdggh atoms enormously influence the
thermodynamic stability of macropolyhedra relative corresponding monopolyhedral boranes. For
larger number of vertexes, thermodynamic stabslibé macropolyhedra relative to their corresponding
simple polyhedra exhibit similar trends (but shdft® smaller number of vertexes by one unit) due to
the same number of skeletal electrons. For smalibaus of vertexes (8 10), however, this effect is
overruled by the extra open face hydrogen atoms.
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