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I devoted a day to a coarse sifting of the chicken shit, and
another two trying to oxidize the acid contained in it into
alloxan. The virtue and patience of ancient chemists must have
been superhuman, or perhaps my inexperience with organic
preparations was boundless. All I got were foul vapors,
boredom, humiliation, and a black and murky liquid which
irremediably plugged up the filters and displayed no tendency to
crystallize, as the text declared it should. The shit remained shit,
and the alloxan and its resonant name remained a resonant name.
That was not the way to get out of the swamps: by what path
would I therefore get out, I the discouraged author of a book
which seemed good to me but which nobody read? Best to
return among the colorless but safe schemes of inorganic
chemistry. ‘

Primo Levi, from The Periodic Table
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Abstract

Chapter 1 consists of a brief overview of transition metal cyclopentadienyl
chemistry and of the chemistry of carbametallaborane species derived from
[7,8-nido-C2B9Hu]2', with specific reference to the bonding modes commonly
adopted by each ligand to transition metal fragments. The forms of the t-MO's of
[CsHqT, [CngHu]z' and of the monoanionic ligand [9-SMe,-7,8-C,BgH, ] (or
[carb™ ), as obtained by extended Huckel molecular orbital (EHMO) calculations,
are also presented.

In Chapter 2, the structure of [7,8-C,BgH,]", (1), is presented, showing an
endo -H atom, rather than the commonly accepted p-H, associated with the open
ligand face.This result is supported by those Qf n.m.r. and theoretical studies.
Isolobal replacement of the endo-terminal hydrogen atom by a {PPh;Au*} fragment |
leads to complex (2), [10-endo-(PPhjAu)-7,8-nido-CyBgH,;]", which has also
been studied crystallographically. Structural trends within the series (1), (2) and
[PPh3Cu(C,BgH;)]” have been rationalised via the results of EHMO calculations.

Chapter 3 pfesents the structure of [10,11-u-H-9-SMe,-7,8-nido-C,BgH ], (3), |
the profonatcd precursor to the monoanionic ligand [carb']”. The molecule possesses

an asymmetric bridging H atom on its open face, a structural feature whose origin
‘ may be traced using MO calculations at the extended Huckel level. The
(triphenylphosphine)gold(I) and (triphenylphosphine)copper(I) derivatives of
[carb]", (4) and (5), have been prepared, and their structures determined by X-ray
methods. In all three compounds, the SMe, substituent appears to adopt a preferred '
conformation, and it is suggested that this is allied to an intramolecular electrostatic
interaction. Analysis of structural patterns within (3), (4) and (5) reQeals different
trends to those observed for the related series in the i)rcvious éhapter. These

differences may be rationalised by frohtier MO considerations.
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Chapter 4 comprises a comparative structural, spectral and theoretical study of the
analogous complexes (carb’)Mn(CO),, (6), and CpMn(CO)3, (7). The‘ net
electronic properties of the anionic ligands in the two complexes are shown to be
highly similar, by consideration of infra-red carbonyl stretching frequencies and C-O
distances determined by X-ray experiments. Extended Huckel and extended
Huckel/fragment MO calculations suggest that the very slightly lower v observed
for (6) is a result of slightly greater e”-donation into (primarily) the e acceptor
orbitals of the {Mn(COQO);} fragment by the carbaborane ligand than by Cp. This
results in limitation of -donation by the carbonyl ligands, giving the slightly lower
Voo observed.

Chapter 5 details the preparation of the bis(carb') analogue of ferrocene,
Fe(carb'),, (8), and its structural characterisation as the E-isomer, where both
(chiral) ligands are of the same optical isomer. The isomeric nature of (8) has been
shown to be dependent on its method of preparation. Electrochemical work on
Fe(carb'), again shows the net clecu'on-donating properties of [carb'] to be
cbmparable to those of Cp. (8) may also be readily oxidised chemically to give the
monocation [Fe(carb’)2]+. A second product, Fe(carb’)(C,BgH;3SMe), (9), has
also been isolated and its structure determined as the O-isomer (where the two
ligands are of opposite handedness). This, allied to the ;esults of c}ccuochemical
studies, allow a mechanism for the formation of (9) to be proposed, involving loss
of {Me*} from [Fe(carb'),]*.

Chaptér 6 gives details of the experimental procedures leading to the results
discussed ih the body of the work, and comprises four sections: I. Synthetic
Methods and Spectral Data, 2. Crystallographic Techniques, 3. Molecular Orbital

Calculations, and 4. Electrochemical and Spectroelectrochemical Techniques.
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EHMO/FMO

e.s.d.

eV

Fc
FMO
HOMO
LCAO
LUMO

MO
n.m.r.
Ph
p-p-m.
PSEPT
SEP
TBA

Abbreviations

atomic orbital
benzyltrimethylammonium
correlation spectroscopy
cyclopentadienyl
pentamethylcyclopentadienyl
dimethylsulphoxide

extended Huckel molecular orbital
extended HuckeVﬁagrnent molecular orbital
estimated standard deviation

ethyl

electron volts

ferrocene

fragmeﬁt molecular orbital

highest occupied molecular orbital
linear combination of atomic orbitals
lowest unoccupied molecular orbital
methyl

molecular orbital

nuclear magnetic resonance

phenyl

parts per million

polyhedral skeletal electron pair theory
skeletal electron pair
tetra(n-butyl)ammonium

tetrahydrofuran
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Abbreviations for Specific Complexes

[7,8'nid0'C2B9H12]-
[10-endo-(PPhsAu)-7,8-nido-C,BgH, 1"
[10,11-p-H-9-SMe,-7,8-nido-C,BgH )

-[10,11-p-(PPh3Au)-9-SMe,-7,8-nido-C,BgH, o]

[3-PPh;-4-SMey-3,1,2-CuC,BgH, ]
[3,3,3-(C0O)3-4-SMe,-3,1,2-MnC,BoH, o]
[(N-CsHs)Mn(CO);] |
[commo-3,3'-Fe-4,4'-(SMey),-1,1'2,2-(C,BgH, ), ]
[commo-3,3'-Fe-4-SMe,-4-SMe-1,1',2,2-(C,BgH, ),]
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Chapter 1
Introduction

Since the inception of carbametallaborane (or metallacarborane) chemistry in
the mid-1960’s I':, there has been drawn an analogy between the [(.‘: Byt F'
(dicarbollide) ligand and the cyclopentadienide ([C5Hg]™ or Cp™) anion. A more
recent modification > of this analogy suggests that IC:B()HI | ]2' may be better
compared to the pentamethyl derivative of Cp™, C;Mey™ (or Cp*'), on account of

its steric requirements.

The basis of this long-standing analogy rests in the fact that both ions posess 6
m-electrons which occupy similar frontier orbitals associated with open pentagonal
faces 4;5, and they therefore ought to show similar bonding capabilities towards
(transition) metal fragments. (The w-molecular orbitals of the cyclopentadienyl

and dicarbollide anions, as given by extended Hickel calculation (see Chapter 6,

section 3) are presented in Figure 1.5).

Indeed, early communications, reborling the syntheses and characterisation of
the first carbametallaborane species, were guided lixrgely by attempts to prepare
carbaborane-containing "versions" of well. known cyclopenludienyl complexes,
and some of the resulting complexes will be discussed later, by w‘ay of

introduction to the carbametallaboranes.

The purpose of this introductory chapter is to outline the generally-used
methods of synthesis of transition metal cyclopentadienyl and carbametallaborane

complexes, and illustrate the types of bonding commonly adopted by each ligand



.~

to transition metal fragments.

However, the validity of the analogy between lCZBQHI | ]:' and Cp™ 1s
ultimately questionable, for although the forms and occupations of the frontier
orbitals are similar for each of the ligun;ls, their overall charge differs by one unit.
In order o | truly compare carbametallaborane species with  analogous
cyclopentadienyl complexes, we require a monoanionic (or charge compensated)
carbaborane ligand, which might be regarded as a more convinéing anulogue. of

6.7 but the ligand on

Cp~, given its single churge. Several such species are known
which attention is focussed in this work is [9-SMey-7.8-Ci Byt |7 or [earb’[,

which will be discussed more fully later in this chapter and, ot course, in the body

of the work itself.

Chemistry of the Cyclopentadienyl Ligand, [C;H;]

Introduction

The dramatic developments of ih.e early 1950'5, when the discovery of
ferrocene, Fe(n-CsHs),, was announced to the world 8'9, made a permanent
impact on the face of chemistry. Ferrocene remains to this day arguably the
archetypal organometallic complex, and has been the 'subject of a great deal of

investigation 10,11

The massive interest in organometallic chemistry generated by this discovery

led to rapid expansion of the field, which has now developed on a scale no doubt

-~

unimagined in the early days -



This explosive development is all the more noteworthy when one considers the
'manner' in which the lw'o initial  (independent) syntheses of ferrocene were
achieved. Both discoveries, made on either side of the Atlantic and published
almost simultaneously, were (as is not uncommon in such monumentous cases)

serendipitous, stumbled upon in pursuit of altogether different targets.

The groﬁp of Miller, Tebboth and Tremaine 8

in the United Kingdom, was
attempting to react alkenes with nitrogen over an iron catalyst to give amines.
One such experiment, with cyclopentadiene as substrate, resulted in an air-slabie
compound of emp’irical formula C;,H,,Fe, although the significance of this (to

chemists in pursuit of a different goal) was not immediately recognised, and a few

years elapsed before the work was completed and published.

Mezﬁnwhile in the U.S;A., Kealy and Pauson ? were wofking on the synthesis ot"
tfulvalene. One synthetic strategy involved reaction | of
cyclopentadienylmagnesiumbromide with FeCl; (as an oxidising agent), with the
intention of oxidative coupling o‘f two of the organic gmupslto yield the desired
product. Again however, a surprisingly stable organic compound of iron,

undoubtedly of stoichiometry C,yH,yFe, was obtained.

In neither of these original publications, however, was the correct structure
proposed for bis(cyclopentadienyl)iron, but rather the structures postulated
contained o-bondedv representations, in keeping with previously Kknown
organometallic species, such as phenyls, simplé alkyls etc.. Very shortly after the
initial communications, whéch had evidently aroused great interest, there
appeared publications outlining the realisation of the true nature of the

13,14

complex , viz (n-C5Hg).Fe, with each cyclopentadienyl ligand bonded



equally through all five carbons to the iron, as shown in Figure 1.1 .

Research interest in ferrocene (and its derivatives and analogues) then
diversified along two main paths: (i) Organicvchemistry of the (aromatic) [C5Hs ]
ligands, and (ii) Extension of the princip‘le of "sandwich bonding" to other
transifion metals and develo'prhent of the chemistry of their n-cyclopentédienyl

complexes.

Complexes of the cyclopentadienide anion, (CsHs) ™, comprise a massive
wealth of published material, underlining the continuing interest in their
chemistry. Any attempt to be remotely exhaustive in the description of this work )
is, to say the least, outwith the scope of this chapter. Therefore only a few
complexes of specific interest will be discussed, in order to illustrate some aspects

of transition metal cyclopentadienyl chemistry.



' n-Bonded Cyclopentadienyl Ligands

Following the accidental discoveries of ferrocene, more direct methods of

i3

synthesis were soon developed for n-CsHg complexes The most general

synthetic strategy involves reaction of alkali metal cyclopentadienides with halides

(or other complexes) of the appropriate (transition) metal, eg.
2Na[CsHs] + MCl, ---> [M(11-CsHs),] + 2NaCl

Na[CsHs] + W(CO)g ---> Na[(n-CsH5)W(CO)3]

n-ligation of cyclopentadienyl ligands to transition metals is still probably best

exemplified by ferrocene and the other metallocenes.

Bis(cyclopentadienyl) complexes of a large number of transition metals were

16-19

prepared in the early to mid-19507s . many of which do not obey the 18

electron rule. These include the first row complexes VCp- (15¢7), CrCpa (16e7),

p 20-23

CoCpy (19¢7) and NiCrgZOe‘), each of which is isostructura at ambient

temperature with the stable 18¢” ferrocene species. (The corresponding
manganese complex differs from these, however, for although it possesses a

. pX| T ~ . Lo
sandwich-type structure =7, the bonding has been shown to be essentiallly ionic in

character). -

2 4ng 3rd

Analogous compounds of a number of row metils are also known,

16 25 26

for example ruthenocene . rhodocene , osmocene and

bis(cYcIopentaLlienyl) iridium =2,

Metal-ligand bonding in the metallocenes is via interaction of the w-molecular



orbitals of the cyclopentadienide anions (details of which are presented and

discussed later) with the metal valence orbitals.

The molecular orbital scheme for ferrocene =’ is shown in Figure 1.2,
comprising interactions of the ligand group orbitals of 2(C5Hg) (staggered

conformation) with the iron 3d, 4s and 4p orbitals of appropriate symmetry.

As is easily seen in Figure 1.2;7the 18 elecurons in ferrocene occupy the 9
lowest (hondi-ng) molecular orbitals, accounting for the stable structﬁre observed.
The relative instability (and greater reactivity) of the 19 and 20-electron
cobaltocene and nickelocene species is readily understood, population of the

antibonding & ," level being undesirable on a purely energetic basis.
o

Detailed analysis of these orbitals is not necessary at this stage, although the
scheme serves to illustrate the nature of the bonding in FeCp, (and indeed in the
metallocenes in general). The major contribution to the bonding between the
metal and ligands is'from the bonding €l g and e, M()"s. Fillipg of these orbitals
in ferrocene fepresents. formally, electron donation from the ligands to the metal.
The higher-lying (only- weakly bonding) €0 pair is derived from combination of
the 2 metal xv-plane d-orbitals with empty orbitals of the (Cp™), ligand set, and
occupation of this degenerate pair represents metal to ligand back-donation, fie.

slight w-acidity of the organic ligands.

The 18, 19 and 20-electron configur;uioné of ferrocene, cobaltocene and
nickelocene have clear effects on the chemistry each undergoes. The chemistry of
Fe(n-C5H;), is dominated by the organic chemi‘stry of its cyclopentédienyl
ligands, which are susceptible to a wide range of reactions typical of aromatic

species, such as Friedel-Crafts acylation, alkylation etc..



Figure 1.2 Molecular Orbital - Scheme for Ferrocene

Ligand Group Molecular Iron Valence
Orbitals Orbitals Orbitals




Similar aromatic behaviour has been demonstrated for a large number of other

. 28 ~ 19

n-CsHg complexes, such as (n-C5H5)Mn(CO); =%, and (n-C5H5)V(CO), 7.
Indeed, aromatic behaviour of n-bonded cyclopentadienyl ligands can normally
be safely assumed, although certain complexes may not undergo specific reactions,
as a particular metal centre may be capable of interfering with that reaction, e.g.
oxidation to a cationic species would inhibit electrophilic attack or the specific
conditions of a reaction might lead to decomposition of the organometalllic

complex.

The "electron-rich” cobaltocene and nickelocene species each have a chemistry
involving many reactions which result in 18-electron species. Indeed, in the nickel
case, many of these reactions involve loss of at least one of the Cp ligands
originally bonded to the metal. It is unsurprising that reactions of Con: and
NiCp, yield products with 18¢” configurations, given that the 19" ang 20"
electrons in the bis(cyclopentadienyl) complexes reside in an orbital of

antibonding character (&4, ), as is clear from Figure 1.2.

Having discussed the bonding in the bis(cyclopentadienyl) complexes, let us
now turn our attention briefly to the "half-sandwich" species, r.e. those of the

These compounds constitute a massive volume of pub.lishevd material, testimony
to the amount of attention which they have received over the years, and examples
are known for elements rahging across all three transition series. Some
well-known species- of this type are the vanadium and manganese carbonyl

h 30

complexes mentioned above, and the dimeric [CpFe(CO), , all of whose 4d

and 5d metal analogues are also known.



The chemistry of the "half-sandwich" compounds has been widely developed,
and involves both ligand replacement (with a wide range of other donors) or

displacement reactions and organic transformations of the aromatic [Cy Hg] group.

The bonding within the CpML, species is rather more difficult to describe than
that in the metallocenes, as their symmetry is lower.-Most treatments, however,

adopt arguments based on the local symmetry of the {C{HsM} (Cs,) and thg
{ML_} (whose symmetry varies with the nature of the L ligand set) fragments,

and describe the bonding within each fragment separately.

n3-1igation in Cyclopentadienyl Complexes

A very rare (but nonetheless known) mode of ligation in transition metal
cyclopentadienyl complexes is that in which the ligand is bonded to the metal
atom via only three of its five carbon atoms, akin to the bonding in w-allyl

complexes.

The best-known example of a complex in which this type of ligation has been
observed is (n3-C5,l I5)WCp(CO), 31 Structural characterisation of this complex
has confirmed the nature of the bonding present, and the structure is shown in

Figure 1.3. It is of particular note that this complex contains 2 cyclopentadienyl

ligands, each bonded to the tungsten atom in a different manner. As can be
clearly seen, the n3 ligand shows substantial deviation from planarity, thus
- foregoing the aromatic stabilisation associated with the planar conformation. It is
interesting that this deformation is undergone in preference to expulsion of one of
the carbonyl groups to allow the tungsten atom (o attain a stable 18e”

configuration.
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" n'-Cyclopentadienyl Complexes

A third mode of ligation known for the cyclopentadienyl‘ ligand is where
association with a transition metal atom is viz a conventional 2 cenlre_—Z electron
bond, resulting in a o-bonded organic moiety. Although more common than
n3-ligali0n, this type of bonding is sLiII-relutively rare, compared ;'o the plethora

of cases where "sandwich" or n-bonding is observed.

One interesting example of this type is (n-C HS)(nl -CsH;)Fe(CO), 32 which
is prepared by reaction of (n-C5H;)Fe(CO),Cl with Na[CgHg]. "M n.m.r.
spectroscopy shows a single sharp signal for the w-bonded Cp ring and a broader .
s}ngle resonance. for the o-bonded ligand at room temperature. On cooling to
-80°C, however; this fluxionality is "frpzen out" and a pattern consistént wfth, a
n'-bonded [C5H;5]™ ligand is observed. Fluxionality of this type is common in

i3

o-bonded cyclopentadienyl complexes The structure of this complex, as

determined by AX’-ray methods, confirms the presénce of two distinct Cp ligandé,

10



as shown in Figure 1.4 (below).

Carbametallaboranes: A Brief Introduction

The field of carbaborane and carbametallaborane chemistry has been
developed extensively since the 1960’s, encompassing a wide range of compounds

.of varying structural types.

While the initial carbametallaborane work concentrated on {G, ByM} species,.
and these remain of great interest (and indeed the subject of the work contained
in this thesis), there havé also been developed synthetic routes to carbaborane and
carbametallaborane clusters of varying sizes (usually 'betwee_n S and 12 atoms,
although larger species are known) and containing differing numbers (between |

and 4, but usually 2) of carbon vertices.

11



The [C,ByH, |~ (dicarbollide) Anion

The work in this thesis concentrates upon [C, By] and [C, ByM] species derived
from - 1,2-G B Hy» (ortho-carborane). - ll-vertex ligands derived from
1,7-C3 B gHy» or meta-carborane, (a product of thermal rearrangement of
1,2-CzBIOH|2) may be similarly used, although this area will not be addressed in

the course of this work.

Formation of ll-vertex [CiBy] carbaboranes from the parent icosahedral
G, B gH,> species may be achieved by partial (selective) cage degradation (or
34,35

deboronation) of the closo-icosahedron in strongly basic alcoholic media

according to the equation below:

closo-1,2-C)B oH s + RO™ + 2ROH ---> [7,8-nido-CyBgH 51" + B(OR)3 + Hy

Note that the different numbers given to the cage C atoms in the c/oso and nido
compounds is not a function of any cage rearrangement, but rather an artefact of .

36. This conventional

the conventional numbering schemes for each cluster type
nomenclature will be used throughout the thesis, (except where otherwise

indicated) and must be borne in mind during the discussions.

The |v7,8-C339Hl: |” anion produced by the above reaction is the precursor to
the archetypal carbaborane ligand [C3 By Hy |:", which is obtained by

-
deprotonation using strong bases, such as hydroxide, hydride etc. .2,

12



closo-Carbametallaboranes from [C,ByH, ]: B

It is fitting that the first known carbametallaborane species, prepared in 1965 :
was the bis(dicarbollyl)iron complex [Fe(CiByH, ) ]:', along with the

monoanionic Fe”'

species [Fe(CaBgH | ),]". Thus, an historic parallel may be
drawn between the preparation of the above complexes and the discovery of
ferrocene, some 14 years before. "l'he carbametallaborane compounds
immediately following these 2 were also strongly allied to well-established n-Cp
complexes, e.g. [(C_\ BoH, | )Mn(CO);}" versus [CpMn(CO);]. Indeed, a number

of "mixed sandwich" complexes of the type [(CsHIM(CiByH, )" were
p 575 2B

prepared, being regarded as metallocene analogues.

The . preparative methods for carbametalluboranes have remained largely
unchanged over the last 25 y'ears. normally involving reaction of an alkali metal
(or thallium) salt of the carbaboruane anion with an appropriite metal reagent
(often a halide), e.g.

| 0] :
2[CyBgH) 1] + FeCly ---> [(C2BoHy 1 )oFe]?® 272 [(CoBoHy)oFe]”

Na

[CyBgH; 1]2’ + M(CO)g P-\:> [(CO)3M(C2B9H11)]2‘ +3CO
M=Cr, Mo, W

This synthetic strategy is merely a modification of methods used in the closely
related field of organometallic chemistry, which had been developing rapidly for a

decade and a half before the advent of the carbametallaboranes.



Rationalisation of c/oso-[MC.By] Structures

Carbametallaboranes in general may be thought of in two ways, namely (i) as
metal/ligand complexes, c.£ transition metal Cp compounds, or (ii) as polyhedral
cluster compounds, where the metal atom is a cluster vertex, Ii.ke the B or C
atoms. This apparent dubiety does not pose any problems, however, as each

description is both internally consistent and entirely compatible with the other.

In order to illustrate the validity of the metal/ligand description, let us consider
the commo-M[C,By], complexes. A molecular orbital scheme similar to that
constructed for ferrocene (albeit in a lower symmetry point group) in Eigure 12
allows the sandwich structure of the molecule to be underslbod, the interactions
of the carbaborane ligand 7-MO’s (see also Figure 1.5) with the metal valence
orbitals producing 9 bonding orbitals, which accommodate the 18-electron

configuration about the metal atom.

In order o rationalise carbametalluboranes in terms of their gross polyhedral'
~ structure, a different approach is required. The Polyhedral Skeletal Electron Pair
(PSEP) Theory 37.38 has been successfully applied to a number of cluster types,

the carbametallaboranes being but one of them.

PSEPT is, in essence, a set of electron-cou'n'ting rules, which takes into account
the size, atomic composition and overall charge of a cluster. The idea is then to
divide the compound into its composite vertex fragments (such as {BH} and {CH}),
and count thé number of electrons each fragment has available for cluster
bonding, ie. for holding all of the fragments together 17z molecular orbitals

delocalised over the polyhedron.

14



Fragments such as {BH} and {CH} have three orbitals available for cluster
bonding, the 4" valence orbital of B. or C being directed outwards from the
polyhedral surface, to form a 2 centre-2 electron bond with the exo-H atom. This
exo bond also "ties up"” one valence electron from the main group element, and
the result is that {BH} and {CH} fragments have 2 and 3 electrons respectively

available for cluster bonding,.

Extension of this (o transition metal-containing fragments is relatively
straightforward. The main difference here is that transition metals have 9 valence
atomic orbitals, rather than 4 for the main group elements. The number of
orbitals employed in skeletal bonding however is still 3 (althodgh there are
exceptions, but these undergo marked structural distortion, see later), with the
other 6 orbitals used in‘bonding of exo-polyhedral ligands and in storage of
non-bonding electron density. These six orbitals are usually filled, t.hus satisfying
the 18-electron rule, and therefore the number of e]éétrons available for cluster
bonding, e, may be simply calculated by ¢ = v + x - 12, where v is the number
of metal valence electrons and x is the number of electrons donated by the exo

-polyhedral ligands.

The total number of electrons available for skeletal bonding rﬁay now be
counted, and is simply the sum of those for all vertex fragments, plus any
electrons associated with "extra" (e.g. bridging) hydrogen atoms or overall charge
on the cluster. Division by two gives the Skeletal Electron Pair (S.E.P.) couﬁt.

For a cluster of n vertices, the following structural relationships apply:.

N° S.EP.'s N° Vacant Vertices - Terminology
n+l 0 closo
n+2 1 nido
n+3 ' 2 arachno
n+4 3 hypho



To illustrate the practical applicability of this, let us consider the known
.carbametallaborane species [(CO)_«)Mn(C:'B()I-ll I (The X-ray crystal structure
of the Re analogue of this complex has been determined 39, showing a closo
-icosahedral structure). The number of cluster vertices is 12 (Mn + 2C + 9B),

and the skeletal electron pair count is calculated below.

Skeletal Electron Source N© Electrons
{Mn(C0)3} 1 (7+6-12)
9 x {BH} 18 :
2 x {CH} 6
-ve charge 1
TOTAL 26 =13S.E.P.'s
=(n+1)S.EP.'s
=> closo

Thus the geometry predicted by PSEPT is that of a closo-icosahedron,
consistent with a {Mn(CO)3+} fragment "filling" the vacant vertex site in
[C2 ByHy ]3' (which also has 13 S.E.P.’s but now only 11 vertices, and is therefore

a nido-icosahedral fragment).

The "Slipped" Carbametallaboranes

The e!eqtron-counting rules discussed in the previous section predict c/oso
-icosahedral geometry for 12-vertex, 26-electron clusters. It is noteworthy that this
geometry can also be attained by clusters app;a.remly possessing less than this
number of skeletal electrons, an early example of which was the (supposedly)
25¢” [(C5H;)Fe(CyBgH, )] cluster. An alternative (and probably more sensible) -
view of this speéies, however, is that it possesses only 5 "non-bonding™ electrons
(Fe'” in a pseudo-octahedral environment), and therefore the number of

electrons available for cluster bonding must be calculated by e = v + x - 11,
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which results in a S.E.P. count of 13, and thus does predict c/oso geometry.

On the other hand, the "electron rich" species of the form [M(C,BgH,, )2]"',
where the metal, M, has more than six d-electrons (e.g. Ni“, Pd”, Cu”, Cu”',
Au”, Au'”) show a slip distortion of the metal atom from the pseudo fivefold

axes of the open ligand faces, in each case away from the cage carbon atoms.

A simple explanation of this is that the metal atom slips to avoid the
undesirable (> 18e”) configuration associated with a bis(n-bonded) structure.
Consideration of a molecular orbital schenie of the type shown in Figure 1.2
allows understanding of the reluctance of these complexes to adopt a
symmmetrically-bonded sandwich structure, given that any electrons in excess of

18 would be forced to occupy an antibonding level.

Slipping of the metal atom from the centroid of the open face of the ligand is
also obsgrved for a second type of carbametallaborane cluster, where the metal
atom  is part of an angular {ML,} fragment derived from square planar

geometry 4041

{ML,} is formally a 2-orbital donor to the carbaborane, and there is

consequently a "mismatch" between these and the three filled w-MO’s of
-y

[C,BgH| |F7. As a result of this, the metal fragment slips to maximise overlap

with the two singly-noded cage m-orbitals (¥~ and ¥3, see Figure 1.5).

o-Bonded Carbametallaboranes

Although extremely uncommon, there does exist a mode of ligation in [MC‘,_ By]

carbametallaboranes where the metal atom is attached to the carbaborane moiety
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via an essentially n! or o-bonding interaction which might, in effect, be viewed as

the extreme case of the slipping distortions described above.

The only known (prior to the studies presented in Chapter 2, vide infra)
example of such ligation 10 [CzBQHH]:' is in the neutral species
[PPhy Hg(G ByH, )] 42 the formally Hg” atom possessing a dto configuration,

and acting as a l-orbital donor to the carbaborane ligand.

R
Although the {PPhy Hg*} fragment is essentially o-bonded to the cage through
only one boron atom (that opposite the C-C vector), there is retained at least
slight interaction with the two other facial boron atoms, as is observed in the endo

o-bonded species (1) and (2) (see Chapter 2).

Exo-Polyhedral Agostic Bonding in Carbametallaboranes

A fourth general mode of bonding known for carbametallaboranes, normally
seen in species containing more than one metal atém (although interesting
monometallic speéies are also possible),linvolves 3 centre-ZA electron (agostic)
interactions between skeletal boron atoms, their terminal H atoms and an exo
-polyhedral metal atom. In dimetallic complexes, these interactions help support
the metal-metal bond from a facially bonded (endo-) metal atom to one outside

43 and

the polyhedral surface, numerous examples being known for both homo-
heterodimetallic ** complexes of [CzB()H“]:' and related (carbon-substituted)

dianionic carbaborane ligands.

Mononuclear complexes containing these agostic interactions are exemplified

45

by the exo-nido rhodium (and iridium) species *~, although these are not strictly

complexes of a dicarbollide dianion, and therefore are only mentioned as a point
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of interest, rather than for any genuine comparative purpose.

The Monoanionic Carbaboranes, [C;BoH, L]

Although there has been shown a broad similarity between the bonding
—_— o - . oo .
capabilities of [C,BQH”]' and the cyclopentadienide anion, it is impossible to
conduct any meaningful direct comparison between their chemistries, because of

the different overall charge on each ligand.

For example, consider the hypothetical pair of related complexes
[(GByH IML, '™ and [(n-C5H5IML J7. If the metal, M, is in the same
oxidation state in both species and the ligand set L, is common, ‘the overall
charge on the complexes must differ (x = y + 1). Conversely, if the net charge on
the two compounds is to be the same (x = y) then either the oxidation state of the

metal (M) or the composition of the ligand set (L) must differ.

With this in mind, investigation of the chemistry of monoanionic carbaborane
ligands is of interest, with a view to gaining some true insight into the comparative
bonding capabilities, donor/acceptor properties etc. of the carbaborane ligands

with those of cyclopentadieny! ligands in genuinely analogous complexes.

A number of suitable (protonated) precursors to monoanionic carbaborane
species have been prepared previously, each of general formula [C.BgH,, L],

where L is a 2e” exo-polyhedral donor, bonded to a boron atom.

Published examples of the above type include those where L = pyridine 7,

THF 7, NCMe, 7 and SMe, 6, although examples oflligation of the

(deprotonated) anionic ligands to transition metal fragments are surprisingly
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6,4

) . \ :
few 9= especially those where a full (structural) analysis of the product has been

carried out 46'47.

The monoanionic ligands retain the same n/do cage architecture as
[C,_ ByH, l]2', because the exo-polyhedral ligand, L, provides both electrons for
the YB-L (exo) bond, where the H atom it replaces could donate only one. Thus
the skeletal electron pair count (see section on PSEPT earlier) for [CoBgH ,L|™ is

the same as that for [C:B,_)Hl I,]z', bu; with the need to carry only a single overall

negative charge.

This, however, raises the possibility of two different extreme representations of
the charge-partitioning in the monoanionic ligands. One extreme form simply
posesses a single negative charge on the facial atoms, where the second is
zwitterionic, with the double negative char'ge on the [C5B;] face offset by a
positive charge on the exo-polyhedral group, L.. Extended Hiickel and extended
Huckel/fragment molecular orbital calculations have been performed (see Chapter
4) in an attempt to ascertain which representation most accurately describes the

partitioning of charge in ligands of this type.

The monoanionic carbaborane ligand on which attention has been focussed in
this work is [9-SMe,-7,8-nido-C,BoH,]” (hereafter referred to as [carb’]7), the

product of deprotonation of [10,11-u-H-9-SMe,-7,8-nido-Cy BgH, ], (carb’H) 6
Comparison of the 1-Molecular Orbitals of [C;H; ] ,[C\ByH, ,]3‘ and [carb’]
As a prelude to the main body of the text, the results of extended Hickel

molecular orbital calculations on (experimentally derived, see structures of

complexes' (1), (6) and (7) in Chapters 2 and 4) models of each of the ligands are
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presented, comprising Figure 1.5. These calculations were performed with charge
iteration according o H, = I-{io + (sense)x(charge). A general description of

the method employed is given in Chapter 6, section 3.
The following points of interest arise from the results presented in Figure 1.5.

(i) The gnergies of corresponding orbitals for the two carbaborane ligands are
similar, and iie consistently higher than those for the cyclopentadienide anion.
This is perfectly reasonable, as the basis set of atomic orbitals for carbon lie
deeper than those for boron, reflecting the differing electronegativities of the two

elements.

This electronegativity difference also explains why the lowest lying (¥;) T-MO
for both carbaborane anions is predominantly carbon-based, while the orbitals of

greater energy (¥--Y5) are localised primarily on boron.

(ii) The nodal planes of the orbitals of [carh’]" are rotated with respect to those
of the other two ligands, suggesting that the SMe, substituent, as well as simply
lowering the symmetry of the ligand (and hence of the orbitals) also perturbs the

orbitals markedly, and therefore is perhaps not the "innocent" electron-provider
initially assumed. Despite the rotation of the nodal planes in the [carb’]” orbitals,
the number of nodes within each orbital is the same as in the corresponding

orbital in the other two ligands.

The w-molecular orbitals in Figure 1.5 will be referred to from various parts of
the main text, where structural parameters of complexes of all three ligands are

discussed in terms of frontier MO interactions.
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Figure 1.5 7-MO’s of [C5Hs ], [G ByH, I]3' and [carb’]

[carb'] [CsHq)" ’

[C,BgH, 12

EcV)



Scope of the Work Presented

The studies presented in this thesis investigate the electronic properties and

bonding capabilities of [carb’]", with comparison to those of the cyclopentadienyl

and [C,BgH |, ]2' ligands.

This initial work allows the validity of the isolobal analogy between the ligands
to be assessed, by consideration of structural, spectral, and electrochemical

evidence.

Ultimately, wider studies of the transition metal chemistry of [carb’|]" might be

expected to move into the following general areas:

(i) Homogeneous catalysis. This has been a fruitful area 6f research in recent
years, concentrating chiefly on hydrido-carbametallaborane complexes of
rhodium, iridium and ruthenium which have been shown to be catalyiically active
in, for example, alkene hydrogenation and isomerisation, and deuterium exchange

reactions in carbaborane systems 48.49

(i) Boron Neutron Capture Therapy (BNCT) 50, Ongoing research into this
medical application of boron cluster chemistry has opened up the possibility of
several approaches to the problem of delivering sufficient quantities of boron
(lOB) selectively to tumour tissue. One such approach might involve
incorporation of carbametallaboranes containing exo-polyhedral amino acid
ligands in-to the tumour, réther than simply attachment fo its surface, the
suggested mode of association for the currently most widely used BNCT agent

[B,,H,SHF ", BSH.
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With potential applications such as those above, there is evident need for
fundamental research into the chemistry of  carbaboranes and

carbametallaboranes, such as that presented herein.
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Chapter 2
[7,8-939H12]' and Group Ib Derivatives
Introduction

The, 7.8-nido- H,~|" anion, (1), the precursor to the ubiquitous
2 12 Y
[CQBQH“]Z' (dicarbollide) ligand, has been prepared by the well-known partial

cage degradation of 1,2-G,B|yH/, (o-carborane) in alcoholic hydroxide solution

34,35 -

It is well accepted that [Cngle]' has a nido-icosahedral cage architecture,
following the Polyhedral Skeletal Electron Pair (PSEP) Theory, although its

actual structure has never been accurately determined.

The PSEPT and spectroscopic considerations allow a structuré to be proposed
~ for the non-hydrogen skeieton of (1), but the point of chief interest, namely the
position and bonding ;node of the 12" H atom associated with the cage, could not
be fully addressed. In 'an early communication, Hawthorne 35 considered a
number of possible sites for this 12th hydrogen atom, (including an endo site,
‘which is in fact the correct one, see later). It has since been generally accepted,

however, that this atom occupies a bridging position on one of the (otherwise

symmetry-equivalent) B-B connectivites on the open face of the ligand.

Recent structural determinations 51,52 gor n1'do-[3,4-Et2-3,4-C2 Bs Hé]' and
nido-[By H 4] have confirmed the presence of discrete {BH,} units in these nido

carbaborane and borane species, where such functions have been more commonly
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associated with more open (arachno and hypho) structures: With this in mind,
detailed study of [7,8—n1'do-CngH12]' has been carried out, .via multinuclear,
multidimensional n.m.r. work, single crystal X-ray crystallography and extended

Hiickel molecular orbital calculations.

[PhCH, NMe; ][7,8-C,ByH, , ], [BTMA[(1)

Synthesis

[BTMA](1) was prepared by mixing aqueous solutions of equimolar quantities
of [PhCH, NMe4]Br and K[C,__B()le], as described in Chapter 6, section 1. The

compound was crystallised by slow diffusion of n-hexane into a dichloromethane

solution at -30°C.
Characterisation of [BTMA](1)

The compound was characterised by elemental (C,H) microanalysis and llB,
1 B(cosY), ' B-{' H}, 'H and ' H-{' | B selective} n.m.r. studies.

The microanalytical results obtained were fully consistent with the proposed

formulation of the compound.

N.m.r. Studies

The 'H spectrum shows .~ a multiplet resonance at § 7.50-7.65 p.p.m.,
arising from the phenyl protons _of the [BTMA]*"counter ion, and singlet
resonances at 8 4.43 and 3.13 p.p.m. assignable to its methylene and methyl
protons resectively. A broad signal at § 190 p.p.m. corfesponds to the

carbaborane C-H’s.
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The !!B-{' H} spectrum of [BTMA](1) exhibits 5 signals, of relative integrals
2:3:2:1:1, and retention of proton coupling in the g spectrum reveals that all B
nuclei have an associated exo-polyhedral H atom, as all five signals show clear
doublet coupling, with Jgp in the range 125-150 Hz. [n addition to this, the
second-lowest frequency resonance (§ -32.54 p.p.m.) shows ; smaller (ca. 50 Hz)
coupling, thus appearing as a doublet of doublets. The additional structure on this
resonance was noted on a very early it spectrum of (1). This resonance was

assigned to the symmetry-unique B(10) atom in the open face of the ligand.

With this assignment having been made, the other signals were assigned via a
“_B(COSY) spectrum, a plot of which is shown in Figure 2.1, which also gives the

assignments made.

Table 2.1 lists these assignments and also those for TH shifts obtained by a

series of | H-{l ' selective} experiments.

Table 2.1 Assignment.of 11B and 'H Chemical Shifts in (1)

Position S(11B) S(1H)

9,11 -10.38 1.94

3(5,6) -16.46 1.77 (1.24)

24 - -21.29 1.26

10 -32.54 0.11(exo) -2.80(endo)
1 -37.17 0.55

A signal is observed for a low-frequency hydrogen atom, [§ -2.80 p.p.m.,
H(12)], significant enhancement of which is observed upon irradiation of the 1 B
resonance at § -32.54 p.p.m. (B(10)), and much weaker enhancement observed on

irradiation of the B(9),B(11) resonance (§ -10.38 p.p.m.).
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Figure 2.1 ' B (COSY) Plot of [7,8-C,BoH; 517, (1)
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This information suggests that at ambient temperature, H(12) is strongly
associated with B(10), the interaction with the other facial boron atoms B(9) and
B(11) being much weaker. The association of H(12-) with B(9) and B(All) is
evidently extremely small, as it does not manifest itself in the form of additional
structure, or even broadening, in the B(9),B(11) resonance (8 -10.38 p.p.m.) in the

g spectrum.

The ”B and llB-{l H} spectra remain essentially unchanged on cooling down
to -78C. This has the implication that the structure of (1) is most accurately
described either by a form (i) which contains a discrete {BH,} function and in
which there is a small but detectable (and real) interaction between the endo H
atom and B(9) and B(11), or by the asymmetrically-bridged form (ii), whose rapid

fluxionality could not be stopped within the limits of our n.m.r. experiment.

[dmsoH.dmso][7,8-C, By H, , ], [dmsoH.dmso](1)

Syhthesis and Characterisation

[dmsoH.dmso](1) was synthesised Dy addition of conc. H,SO, to an aqueous
mixture of K[CzB9H12] and dimethylsulphoxide at 0°C, without stirring, as
described in chapter 6, section 1, and was crystallised by the same method as for

[BTMA](1), giving diffraction-quality crystals.

Microanalytical results were consistent with the C6H2589'02$2 formulation.
it ahd llB-{IH} n.m.r. spectra were recorded, the results of which were
identical to those for [BTMA](1), which have aiready been discussed in detail.
The 'H spectrum exhibits a broad signal at 8 A6.5-7.0 p.p-m., correspbnding to the

dmso-solvated proton of the cation. Other ‘signals at § 2.73 and 1.88 p.p.m.
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correspond to the 12 H atoms of the dmso solvent molecules and the cage C-H'’s

respectively.

Structural Study of (1)

Introduction

In order to ascertain the nature of the 12" H atom position in (1), and
therefore to distinguish between the two proposed forms (i) and (ii), an accurate
low temperature crystallographic study was undertaken, as the [dmsoH.dmso]+

salt.

[nitial attempts to determine the structure of (1) weré frustrated by disorder in
the carbaborane anion. Although good quality single crystals of [PhCH, NMe; (1)
were grown and diffraction «iata collected, subsequent analysis of this data
revealed'that, although the benzyltrimethylammonium counter-ions were ordered,
both crystallographically independent [Cng] cages were randomly disordered
ovér all 12 sites, appearing as closo-icosahedra, a form of disorder not uncommon

in this type of system.

[t was not possible to model this disorder satisfactorily, and so work on this
structure was terminated. Details of crystal data, data collection and processing,
and structure solution and refinement procedures for the disordered structure of

[BTMA](1) may be found in chapter 6, section 2.

However, by extreme fortune, it was discovered that if the synthesis of
9-SMe,-7,8-C,BgH | (carb’H, (3), see chapter 3) is carried out at too low a
temperature, and with  insufficient stirring, then the compound

[dmsoH.dmso][7,8-C.LB§H12] is obtained in high yield. This compound may be
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easily crystallised as described earlier, to give large single crystals, suitable’ for

structural analysis.

Diffraction data for [dmsoH.dmso](1) were collected at low-temperature, and
crystal data and details of structure solution and refinement procedures may be

found in chapter 6, section 2.

Discussion

The crystallographic study in the first instance confirms the chemical identity
of the compound, which exists as [7,8-m’do-ClBngz]‘ anions and protonated
dimethylsulphoxide molecules, each of the latter being associated with a second

dmso molecule viz a hydrogen bonding interaction.

Positional parameters for all atoms, together with equivalent isotropic thermal
parameters for non-hydrogen atoms are given in Table 2.2. [nteratomic distances
are presented in Table 2.3, and Table 2.4 is comprised of selected- Vinterbonc‘l
angles. Aniéotropic thermal parameters for non-H atoms are to be found in Table
2.5. For both ions, non-hydrogen atoms are represented by thermal -ellipsoids at
the 50% probability level, and H atoms are given an artificial radius of 0.1A for

clarity.

The [dmsoH.dmso]"' cétic;n is shown in Figure 12.2, giving the appropriate
numbering scheme. The cation consists of an O-protonated dimethylsulphoxide
molecule, with a second dmso molecule associated to this through a hydrogen
bonding interaction, via the O(1)-H(0)...O(2) bridge. This hydrogen bond is of a
conventional type 53 with the fol}owing structural parameters: O(1)-H(O) =

0.95(4)A, and O(2)...H(O) = 1.45(4)A. The O(1)-H(O)...0(2) angle is 172(4)°.
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Figure 2.2 The [dmsoH.dmso]" Cation
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Figure 2.3 Plan View of [7,8-C,ByH, 5[, (1)
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Table 2.2 Positional Parameters of Refined Atoms and Equivalent I[sotropic

Thermal Parameters in {dmsoH.dmso][7,8-nido-C, By H, 5], [dmsoH.dmso](1)

S(1)
S(2)
o(1l)
0(2)
MC(11l)
MC(12)
MC(21)
MC(22)
B(1)
B(2)
B(3)
B(4)
B(5)
B(6)
C(7)
C(8)
B(9)
B(10)
B(11)
H(11ll)
H(112)
H(113)
H(121)
H(122)
H(123)
H(211)
H(212)
H(213)
H(221)
H(222)
H(223)
H(O)
H(1)
H(2)
H(3)
H(4)
H(S5)
H(6)
H(7)
H(8)
H(9)
H(10) -
H(11)
H(12)

- 0.
0.
0.
0.
0.
0

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
-0.
-0.
0.
0.

67515( 6)
31787( 6)
52807(19)
30872(16)
6944( 3)

.8461( 3)

1145( 3)
3221( 4)
35011(24)
4006( 3)
4222( 3)
26004(25)
1321( 3)
2197( 3)
32146(22)
24401(23)
0758( 3)
0413( 3)
2150( 3)
599( 4)
709( 3)
789( 3)
825( 3)
845( 3)
938( 4)
132( 3)
038( 3)
091( 3)
402( 3)
232( 4)
313( 3)
448( 4)
425( 3)
499( 3)
538( 3)
282( 3)
061( 3)
211( 3)
384( 3)
264( 3)
014( 3)
078( 3)
210( 3)
049( 3)

OCO0OO0OO0CCOO0OO0OO0OODODO0OODODODOODODOOODODODOOOOOOO0OOOO

OO OO0 OO0OO0OO0OO0OOoOOo

.31781( 4)
.13183( 4)
.38738(13)
.26974(13)
.37984(22)
.38545(21)
.09026(25)
.07756(24)
.28174(18)
.15025(20)
.15221(19)
.23734(20)
.28414(18)
.22831(20)
.03677(17)
.08355(17)
.15604(19)
.16088(20)
.06871(20)
.3590(24)
.465( 3)
.3411(24)
L471( 3)
.3602(24)
.3636(24)
L007( 3) -
.1295(23)
.1155(25)
L091( 3)
.1071(25)
.012( 3)
.336( 3)
.3657(19)
.1329(23)
.1407(23)
.2833(24)
.3671(23)
.2843(23)
.0343(24)
.0312(23)
.1551(23)
.1737(21)
.0102(23)
.0648(24)
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.38941( 3)
.28430( 3)
.34418(10)
.27500( 9)
.47988(13)
.35948(14)
.29071(14)
.19265(16)
.58954(12)
.64327(14)
.54849(14)
.49757(12)
.55951(13)

.65211(13)

.58313(1l)
.50477(11)
.50337(13)
.59958(13)
.64694(13)
.4945(15)
.4779(15)
.5129(16)
.3648(15)
.3159(17)
.3972(16)
.3001(15)
.2452(16)
.3353(16)
.1832(15)
.1590(16)
.1978(15)
.3160(19)
.6034(13)
.6826(15)
.5291(15)
.4474(14)
.5518(14)
.6991(15)

.

5809(14)

.4650(15)
.4635(16)
.6170(15)
.6944(14)
.5762(15)

OO0 0000000000000 O

Ueq

.0307( 4)
.0316( 4)
.0398( 9)
.0341( 9)
.0350(13)
.0347(12)
.0433(14)
.0462(15)
.0225(11)
.0262(12)
.0258(12)
.0246(11)
.0226(11)
.0255(11)
.0248(10)
.0233(10)
.0229(11)
.0246(11)
.0276(12)



Table 23 Interatomic Distances (A) in [dmsoH.dmso][7.8-nido-CyBgH,,],

[dmsoH.dmso](1)
Anion
B(l) - B(2) 1.762( 3) B(S) - B(6) 1.816( 3)
B(l) - B(3) 1.768( 3) B(5) - B(9) 1.761( 3)
B(1l) - B(4) 1.772( 3) B(S) -B(10) 1.775( 3)
B(l) - B(S) 1.794( 3) B(S) - H(5) 1.09( 3)
B(l) - B(6) 1.799( 3) B(6) -B(10) 1.777( 3)
B(l) - H(1l) 1.122(23) B(6) -B(ll) 1.771( 3)
B(2) - B(3)  1.759( 3) B(6) - H(6) 1.07( 3)
B(2) - B(6) 1.763( 3) C(7) - C(8) 1.542( 3)
B(2) - C(7) 1.717( 3) ' C(7) -B(1ll) 1.613( 3)
B(2) -B(1ll) 1.796( 3) C(7) - H(7) 0.95( 3)
B(2) - H(2) 1.01( 3) ‘ Cc(8) - B(9) 1.606( 3)
B(3) - B(4) 1.764( 3) C(8) - H(8) 0.96( 3)
B(3) - C(7) 1.707( 3) : B(9) -B(10) 1.817( 3)
B(3) - C(8) 1.726( 3) B(9) - H(9) 0.94( 3)
B(3) - H(3) 1.09( 3) B(10) -B(1l1l) l.849( 3)
B(4) - B(S) 1.754( 3) B(10) -H(10) 1.10( 3)
B(4) - C(8) 1.716( 3) B(10) -H(12) 1.15( 3)
B(4) - B(9) 1.793( 3) B(ll) -H(1ll) 1.08( 3)
B(4) - H(4) 1.09( 3)
Cation
S(l) - 0(1l) 1.5498(17) C(ll) -H(113) 1.00( 3)
S(l) -C(11) 1.7594(24) C(12) -H(121) 0.97( 3)
S(1l) -C(12) l.7708(25) C(l2) —-H(1l22) 0.84( 3)
S(2) - 0(2) 1.5377(16) C(1l2) -H(1l23) 0.96( 3)
S(2) -C(21) 1.771( 3) C(21) -H(211) 0.94( 3)
S(2) -C(22) 1.773( 3) C(21) -H(212) 1.04( 3)
o(l) - H(O) 0.95( 4) , C(21) -H(213) 0.91( 3)
0(2)...HB(0) 1.45( 4) C(22) -H(221) 0.73¢( 3)
C(ll) -H(1lll) 0.91( 3) C(22) —-H(222) 0.94( 3)
C(ll) -H(112) 0.95( 3) ' C(22) -H(223) 1.00( 3)
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Table 2.4 Selected Interbond Angles (°) in [dmsoH.dmso][7,8-nido-C, ByH,4 ],

[dmsoH.dmso](1)

O(1) - S(1) ~-MC(11) 103.45(10) ' C(8) - B(4) - B(9) 54.43(12)
o(l) - S(l) -MC(12) 103.01(10) B(l) - B(S) - B(4) 59.93(12)
MC(1ll)- S(1l) -MC(12) 100.03(11) B(l) - B(5) - B(6) 59.77(12)
0(2) - S(2) -MC(21) 103.67(1ll) B(4) - B(5) - B(9) 61.34(12)
0(2) - S(2) -MC(22) 104.06(11) B(6) - B(5) -B(10) 59.30(12)
MC(21)- S(2) ~-MC(22) 98.58(13) B(9) - B(5) -B(10) 61.84(13)
S(1) - O(1) - H(O) 113.4(21) B(l) - B(6) - B(2) 59.27(12)
s(2) - 0(2)...H(O) 115.2(14) ‘B(l) -~ B(6) — B(5) 59.50(12)
Oo(l) - H(O0)...0(2) 172.2(35) B(2) - B(6) -B(1ll) 61.09(13)
B(2) - B(l1) - B(3) 59.76(13) B(5) - B(6) -B(10) 59.20(12)
B(2) - B(l) - B(6) 59.34(12) B(10) - B(6) -B(1ll) 62.82(13)
B(3) - B(l) - B(4) 59.77(12) B(2) - C(7) - B(3) 61.82(13)
B(4) - B(l) - B(5) 58.90(12) B(2) - C(7) -B(ll) 65.18(13)
B(5) - B(l) - B(6) 60.73(12) ' B(3) - C(7) - C(8) 63.93(13)
B(l) - B(2) - B(3) 60.31(13) B(3) - C(8) - B(4) 61.68(12)
B(l) - B(2) - B(6) 61.40(13) B(3) - C(8) - C(7) 62.68(13)
B(3) - B(2) - C(7) 58.80(12) B(4) - C(8) - B(9) 65.22(13)
B(6) - B(2) -B(1ll) 59.68(13) B(4) - B(9) - B(5) 59.13(12)
C(7) - B(2) -B(1ll) 54.61(12) B(4) - B(9) - C(8) 60.35(12)
B(l) - B(3) —- B(2) 59.93(13) B(5) - B(9) -B(1l0) 59.47(12)
B(l) - B(3) - B(4) 60.23(12) B(5) -B(10) - B(6) 61.50(13)
B(2) - B(3) - C(7) 59.38(13) B(5) -B(10) - B(9) 58.69(12)
B(4) - B(3) - C(8) 58.89(12) B(6) -B(10) -B(ll) 58.42(12)
C(7) - B(3) - C(8) 53.39(11) H(10) -B(10) -H(1l2) 109.7(19)
B(l1) - B(4) - B(3) 60.00(12) B(2) -B(ll) - B(#6). 59.24(13)
B(l) - B(4) - B(5) 61.18(12) . B(2) -B(1il) - C(7) 60.21(13)
B(3) - B(4) - C(8) 59.43(12) B(6) —-B(1l1l) -B(10) 58.75(12)

B(5) - B(4) - B(9) 59.53(12)
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Table 2.5 Anisotropic Thermal Parameters (Az) in [dmsoH.dmso][7.8-nido

‘ -G ByH 5], [dmsoH.dmso}(1)

S(1)
S(2)
o(1)
0(2)
C(1ll)
C(12)
C(21)
C(22)
B(1)
B(2)
B(3)
- B(4)
B(5)
B(6)
- C(7)
c(8)
B(9)
B(10)
B(1ll)

Ull

0.0296( 3)
0.0310( 4)
0.0357( 8)
0.0311( 7)
0.0259(11)
0.0397(12)
0.0483(13)
0.0424(13)
0.0191(10)
0.0250(11)
0.0219(11)
0.0256(10)
0.0216( 9)
0.0283(11)
0.0263( 9)
0.0300(10)
0.0222(10)
0.0225(10)
0.0313(11)

U22

0.0224( 3)
0.0296( 4)
0.0288( 7)
0.0281¢( 8)
0.0474(13)
0.0404(12)
0.0511(14)
0.0492(15)
0.0229(10)
0.0256(190)
0.0243(10)
0.0256(10)
0.0199( 9)
0.0271(10)
0.0195( 8)
0.0208( 9)
0.0243( 9)
0.0270(10)
0.0267(10)

COO0O0O0CCO0OO0O0O0O0O0O0OOLOOOO0O0OOO

U33

.0379( 4)
.0325( 4)
.0498(12)
.0405(10)
.0316(14)
.0239(13)
.0323(14)
.0491(17)
.0256(13)
.0273(14)
.0321(14)
.0231(13)
.0263(13)
.0214(12)
.0283(12)
.0193(11)
.0214(13)
.0250(13)
.0252(13)

37

U23

.0050( 2)
.0041( 2)
.0036( 7)
.0029( 6)
.0111(10)
.0023(10)
.0060(11)
.0087(12)
.0021¢
.0018¢(
.0026(
.0012¢(
.0031¢
.0057¢
.0006(
.0052¢(
.0005¢(
.0049¢
.0036¢(

8)
9)
9)
8)
8)
2)
7)
7)
9)
9)
9)

-0.
.0019( 3)
.0134( 7)
.0013( 7)
.0098(10)
.0112(11)
.0239(12)
.0291(12)
.0084( 9)
.0048(10)
.0144(10)
.0LLL( 9)
.0087( 8)
.0107(10)
.0079( 8)
.0L06( 8)
.0039(10)
.0126(10)
.0112(10)

L

Ui3

0004( 3)

Ul2

.0043¢(
.0050¢(
.0032¢
.0027¢(
.0022¢(
.0047(
.0212¢
.0095¢(
.0019¢(
.0008¢(
.0018¢(
.0024(¢
.0004¢(
.0026(
.001L(
.0007¢(
.0017¢
.0044¢(
.0048¢(.

2)
2)
7)
. 3)
9)
9)
11)
11)
7)
8)
8)
8)
7)
8)
7)
7)
8)
8)
8.)



There is Aa small (0.1A), but statistically signiﬁcant difference in S=O bond
lengths, that to the protonated oxygen (O(1)) being the longer, (S(1)-O(1) =
1.5498(17)A, S(2)-0(2) = 1.5377(16)A). (In such cases, two measurements are
normally regarded as siéni_ficantly different if the difference between them is
greafer than twice the estimated standard deviation (e.s.d.) on that difference, a
condition which holds true for the above measurements).  Although
O-protonation of a molecule such as dmso is conventionally thought of as a
proton/lone-pair interaction, the above observation suggests that the MO involved
possesses some bonding character between S and O, 'which is lessened upon

interaction with H'.

The [7.8-nido-CyBgH 5] anion, (1). is shown in Figure 2.3 from a position
above the open [C, B3] face, and the appropriate molecular numbering scheme is
also given. £xo H atoms have the same number as the boron or carbon to which

they are bonded.

The nido-icosahedral nature of the cage is clearly seen, with each vertex
bearing an exo-polyhedral hydrogen atom (N.B. H(1) is completely obscured in

this view by B(1)).

The open [C(7)C(8)B(9)B(10)B(11)] face of the anion is not planar, but is
slightly folded into an envelope conformation about the B(Q)..B(ll) vector, such
that B(10) and the C(7)-C(8) connectivity both dip towards the lower 5-boron belt
(defined by B(2)B(3)B(4)B(5)B(6)), which is planar (o = 0.0126A). The
[B(9)B(10)B(11)] and [B(11)C(7)C(8)B(9)] portions of the open face make fold
angles 34 of ¢ = 234° and 8 = 1.88% with the lower pentagonal plane. This type'

of folding in the upper face is commonly observed for complexes of [C,BgH, l]2'
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and related ligands >4,

The major result of the crystallographic study is the location of the 12th
hydrogen atom, H(12), associated with the carbaborane anion. [t is clearly seen
from Figure 2.3 that this atom occupies an endo-terminal site, bonded to B(10),
giving the anion overall effective (though not crystallographically employed) &

symmetry in the solid state.

: In"order' to check that H(12) is ordered in this structure ( and not disordered
over two possible bridging positions on the B(9)-B(10) and B(10)-B(11)
connectivities), a least-squares refinement was performed with H(12) and (for
comparison) H(10) removed from the modél. The two largest peaks in the
resulting AF synthesis correspond to H(10) (O.83eA'3) and H(12) (O.S3eA'3)
respectively. The third highest péa‘k (0.39eA73), ca. 1A from S(2) is assigned to a

sulphur lone pair.

The H(10)-B(10)-H(12) angle, at 109.7(19)° is, within the limits of the
experiment, the tetrahedral ideal, and the distances from H(12) to B(9) and B(11)

are equal, at 1.71(3)A. The lengths of the B(9)-B(10) and B(10)-B(11) edges are

typical of those for unbridged connectivities =~

Consistent with the structural results for other {BHz}-containing nido
speciesSI’Sz, the endo B-H bond appears a little longer than exo B-H bonds
involving similarly-connected boron atoms, aithough the e.s.d.’s on these distances
are sufficiently large (even in this relatively accurate structure) to make significant

discussion of this (apparent) difference impossible.
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Extended Hiickel Molecular Orbital Calculations

Introduction

The key finding of the structural analysis, viz the determination of an endo H
atom in (1), rather than a u-H atom, has been further studied by theoretlcal

methods.

By simple consideration of the HOMO of [7.8-m’do'CngH”]2'. and the
LUMO (i.e. the only MO) of H*, we can attempt to rationalise the observed
structure, by predicting the preferred site of protonation of the {7,8-C, By H, l}2

fragment.

Discussion

The frontier MO’s of [C, BQI-{l | ]2" have been reported pfevidusly 40, but these
EHMO calculations have been repeated for the .present purpose, with charge
iteration according to H, = [[-{io + (sense) x (charge)] and using the
experimental geometry of the {C:BQHD}Z' fragment, derived from the
crystallographically-determined model of (1) by removal of H(12). These results’

are given in Figure 1.5.

The HOMO of the {7,8-C289H1 (}~ fragment calculated by extended Hiickel
methods is an a’ orbital, which is localised chiefly on B(10) (41%), with smaller

in-phase coefficients on B(9) and B(11) (13% on each).

The HOMO is sketched below in Figure 2.4, showing the contributions from
the boron atoms in the open face of the carbaborane fragment. These components

are s-p hybrids, directed upwards and slightly inwards from the open face.
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B(1)

Figure 2.4 HOMO of [7,8-C,BgH | I~

[t is obvious from the form of this HOMO that interaction with the empty 1s
orbital of H™ (its LUMO) will result in protonation above B(10), within the
projection of the open pentagonal face of the molecule to give the endo H atom

located by the accurate crystallographic experiment.

This rationalisation of the structural features of (1) is only part of the use to
which EHMO calculations on this system may be put. For example, the results of
such calculations also allow understanding of the relative magnitudes of exo and

endo B-H coupling constants to be gained.

This may be achieved by comparison'of the results of calculations on two
different {C,BgH, 1}2' fragments, the first, (a), derived by the removal of H(12),
and the second (b), by removal of H(10) from the crystallographically determined

structure of [7,8-C,BgH, 5 I.

The composition of the HOMO’s of these two fragments is presented in tabular

form in Table 2.6 (below).
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Table 2.6 Composition of HOMO's of {C;BgH;;}2- Fragments

Fragment HOMO localisation B(2s) character B(2p) character
(a) H(12) removed B(10) 41% 12% 88%
BO) 13% 9% 91%
B(11) 13% 10% - 90%
(b) H(10) removed B(10) 89% 23% 77%

For model (b), the HOMO is clearly a true "sp3 hybrid" localised on B(10),
pointing outward from the carbaborane framework. The magnitude of the
‘coupling constant JB(lO)H(lO)’_ 134+5 Hz, is typical of that for a 2 centre-2

electron exo-terminal B-H bond.

. The HOMO produced by the calculation on fragment (a); with H(12) removed
from B(10), is rather different to that described above. Not only is the HOMO
more delocalised, but it also possesses less percentage B(2s) charécter. The endo
coupling constant, JB(lO)H(lz)' .is 50+ 5 Hz, and it has been suggested that the low
magnitudes of such coupling constants may be related to the relatively small
amounts of B(2s) character in B-H endo bonds as compared to exo 2c-2e bonds.

This assertion is fully supported by the above (Table 2.6) results of our

calculations.

Finally, in earlier discussion of the n.m.r. spectra of (1), a small but real
interaction between H(12) and B(9),B(11)'was implied by the ',H-_{l ! selective} |
experiment. This rhay now be rationalised by the form of the HOMO of (a),

showing in-phase contributions from B(9) and B(11) which possess some (9-10%)
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B(2s) character, thus allowing a degree of interaction between the H(12) and the

B(9) and B(11) nuclei in (1).

[BTMAJ[10-endo-(PPh, Au)-7,8-nido-C; BoH, | |, [BTMA](2)

Introduction

The X—ra); structural determination for the [7,8-nido-CyBgH;,]  anion, (1),
and the rationalisation of the position of its endo H atom H(12) by EHMO
calculation have prompted investigation of complex (2), [PPh;AuC, By H (1. The
interest in (2) is a result of the well-known isolobal analogy between the proton

and the {PRyAu'} fragment 36

After having succesfully synthesised and characterised the complex, its
structure was determined by .X-ray methods, to allow comparison to be made with

(1) and with the copper (I) analogue [3-PPh;-3,1,2-CuC, By H, I 43 (see later).

Synthesis and Characterisation of [BTMA](2)

The complex was prepared by addition of dichloromethane to a mixture of
equimolar quantities of solid TI[TIC,BgH;,], PPhyAuCl and [BTMA]C! and
stirring overnight. After filtration, the compound was purified by slow diffusion of
n-hexane into a CH,Cl, solution- at -30°C; This yielded large colourless
needle-shaped crystals suitaﬁle for X-ray study. A more detailed description of

the experimental procedure is given in Chapter 6, section 1.

Chemical characterisation was by means of elemental (C,H,N) microanalysis,

infra-red spectroscopy and multielement n.m.r. Spectroscopy.
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The microanalytical results were consistent with the proposed formulation of
the salt, along with an associated dichloromethane molecule of solvation (as found

by the X-ray experiment).

The major feature of the infra-red spectrum of [BTMA](2) is the B-H

stretching envelope, centred on 2540cm™!.

lH, llB, llB-{l H} and-3lP n.m.r. spectra were recorded as CD2 C12 solutions at
ambient temperature, each serving to confirm the postulated structure of the

molecule.

The 'H spectrum shows a complicated multiplet between § 7.40 and 7.75
p.p.m. corresponding to the H atoms of the PPh; group and the phenyl H's of the
cation. Singlet resonances at § 4.41 and 3.05 correspond to the methylene and

methyl protons of the [BTMA]" counter-ion respectivel.y.

The proton-decoupled tig spectrum exhibits 5 resonances, of relative intensity
3:2:1:2:1. (The highest frequency peak, at § -16.19 p.p.m., having relative intensity
3,'arises frorh an accidental co-incidence of 2 resonances in the ratio 2:1). All of
the signals show doublet coupling in the g spectrun, indicating that each B

environment has an associated exo proton.

The 3!p spectrum shows only 1 peak, as expected, which occurs at § 41.3

p.p.m..
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Structural Study of [BTMA](2)

Introduction

Following the discovery of the endo H atom in (1) and the calculation of the
HOMO of [7,8-nido-C,BgH, 1]2' showing the 4 ‘centre-Z electron nature of the
interaction of H(12) with the carbaborane, the structural investigation of the
- isolobally-substituted species (2) should shed some lfght on the relative
magnitudes of the interaction between the ligand HOMO and the LUMO of each

of the incoming cationic fragments.

Discussion

4 ion-pairs of [BTMA](2) crystallise in the monocliﬁic space group P2|/c,
along with one CH,Cl, solvate molecule per molecule of carbametalllaborane.-
Final coordinates of refined atoms are given in Table 2.7 along with equivalent
isotropic thermal parameters for non-hydrogen atoms. Relevant interatomic
distances and interbond arigles are presented in Tables 2.8 and 2.9 respectively.
Anisotropic thermal parametérs are given in Table 2.10. Calculated coordinates of

(non-refined) hydrogen atoms comprise Table 2.11.

Distances -and angles pertinent to the [BTMAJ" ion and the dichloromethane
molecule are in good agreement with other structurally characterised examples

3’)7, and are therefore unexceptional.

The anion (2) is viewed in projection in Figure 2.5, giving the numbering
scheme adopted. Note that the anion has been numbered as a nido species,

following its relationship to (1).
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Figure 2.5 Perspective View of [10-endo-(PPhy Au)-7,8-nido-C, BoHy 1", (2)
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Figure 2.6 Alternative View of Central Fragment of [10-endo-(PPh, Au)-7,8-nido
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Table 2.7 Coordinates of Refined Atoms and Equivalent [sotropic Thermal

Parameters (Az) for [BTMA][10-endo-(PPhyAu)-7,8-nido-C;BoH | ], [BTMA](2)

X y 4 Ueq

Au 0.16427( 3) 0.31862( 2) 0.89926( 2) 0.0503( 2)
P 0.09092(21) 0.41596(10) 0.84682(10) 0.0436(11)
C(1ll) 0.1842( 6) 0.43290(20) 0.7692( 3) 0.045( 4)
C(12) 0.2228 0.37584 0.7302 ., 0.054( 5)
C(13) 0.2904 - 0.38605 0.6690 0.071( 6)
C(14) 0.3193 0.45332 0.6468 0.068( 6)
C(15) 0.2806 0.51038 0.6858 0.077( 7)
C(16) 0.2130 0.50017 0.7470 0.065( 6)
- C(21) 0.1165( 6) 0.4926( 4) 0.8976( 3) 0.059( 5)
C(22) 0.0097 0.5403 0.9098 0.085( 7)
C(23) 0.0355 0.5979 0.9509 0.108(10)
C(24) 0.1680 -0.6079 0.9797 0.112(10)
C(25) 0.2748 : 0.5602 0.9674 0.140(13)
C(26) 0.2491 0.5026 0.9264 0.111(10)
C(31) -0.0920( 6) 0.41649(25) 0.8208( 3) 0.047( 4)
C(32) -0.1488 0.46924 0.7806 0.061( 6)
C(33) -0.2918 0.46967 0.7653 0.081( 7)
C(34) -0.3780 0.41735 '0.7903 0.095( 8)
C(35) -0.3213 0.36459 0.8305 0.092( 8)
C(36) -0.1783 0.36416 0.8457 0.068( 6)
B(1) 0.3963(10) 0.1128( 5) 0.9348( 5) 0.052( 6)
B(2) 0.4947( 9) 0.1867( 5) 0.9146( 4) 0.051( 53)
B(3) 0.4061(11) 0.1387( 5) 0.8507( 5) 0.058( 6)
B(4) 0.2487(11) 0.1116( 5) 0.8834( 5) 0.055( 6)
B(5) 0.2288(10) 0.1416( 5) 0.9659( 5) 0.051( 6)
B(6) 0.3874( 9) 0.1895( 5) 0.9861( 4) 0.049( 5)
C(7) 0.3905( 8) - 0.2270( 4) .0.8559( 4) 0.044( 5)
C(8) 0.2558( 7) 0.1854( 4) "0.8392( 3) 0.044( 4)
B(9) 0.1430(10) 0.1876( 5) 0.8989( 5) 0.050( 5)
B(10) 0.2248(10) 0.2326( 5) 0.9686( 5) 0.047( 6)
B(1ll) 0.3899( 9) 0.2623( 4) 0.9312( 4) 0.043( 5)
H(1l) 0.453(10) 0.065( 5) 0.951( 4)

H(2) 0.606(10) 0.186( 5) -0.906( 4)

H(3) 0.458(10) 0.110( 5) 0.807( 5)

H(4) 0.218(10) 0.071( 5) 0.853( 5)

H(S) 0.177(10) 0.110( 5) 1.001( 5)

H(6) 0.430(10) 0.192( 5) 1.036(.5)
- H(7) 0.426(11) 0.253( 5) 0.829( 5)

H(8) 0.234(11) ©0.187( 5) 0.792( 5) -

H(9) 0.029(11) 0.179( 5) 0.891( 5)

H(10) 0.169(10) . 0.251( 5) 1.015( 5)

H(1ll) 0.450(10) 0.314( 5) 0.934( 5)

C(41) 0.8220( 5) 0.2713( 3) 0.6193( 4) 0.063( 6)
C(42) 0.6935 0.2499 0.6447 0.076( 7)
C(43) 0.6883 0.2142 0.7059 0.106(10)
C(44) 0.8117 : 0.1998 0.7416 0.113(10)
C(45) 0.9403 0.2212 0.7162 0.122(11)
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C(46)
C(47)
C(48)
C(49)
C(50)

Cl(1l)
Cl(2)
C(99)

.9454

.8272( 9)
.9307( 8)
.6784( 8)
.8289(11)
.8171( 7)
.3109( 5)
.3810( 8)
.3908(20)

0.2569

0.3102¢
0.4171¢(
0.4085¢(
0.4204¢(
0.3894(
0.6811(
0.5613¢(
0.6441(
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4)
5)
5)
35)
4)
3)
4)
8)

OO OO0 O0OoOOo

0.
.5525( 5)
.6067( 5)
.5911( 5)
.4921( 5)
.5610( 4)
.84302(20)
.9116( 5)
.9083( 7)

6550

- 0.095¢(

0.063(
0.067¢(
0.069¢(
0.078(
0.056(
0.183(
0.315¢(

8)
6)
6)
6)
7)
4)
4)
9)

0.162(15)



Table 2.8 Interatomic Distances (A) in [BTMA][10-eado-(PPh;Au)-7,8-nido

-C,ByH, ], [BTMA](2)

Au - P 2.2485(20) B(4) - H(4)

1.02(10)
Au - B(9) 2.528( 9) B(5) - B(6) 1.813(13)
Au -B(10) 2.222( 9) B(5) - B(9) 1.785(13)
Au -B(1ll) 2.486( 9) . B(5) -B(10) 1.751(13)
P -C(1l) 1.816( 5) B(5) - H(5) 1.05( 9)
P -C(21) 1.799( 7) B(6) -B(10) 1.790(13)
P -C(31) 1.815( 6) B(6) -B(ll) 1.773(13)
B(l) - B(2) 1.752(13) . B(6) - H(6) 1.07(10)
B(1) - B(3) 1.744(14) " C(7) - C(8) 1.548(10)
B(l) - B(4) 1.729(14) C(7) -B(1l) 1.640(12)
B(l) - B(S) 1.808(14) C(7) - H(7) 0.81(10)
B(l) - B(6) 1.792(13) Cc(8) - B(9) 1.611(12)
B(1l) - H(1l) 1.12( 9) C(8) - H(8) 0.96(10)
B(2) - B(3) 1.774(14) B(9) -B(10) 1.798(13)
B(2) - B(6) 1.759(13) B(9) - H(9) 1.11(10)
B(2) - C(7) 1.707(12) B(10) -B(1l) 1.841(13)
B(2) -B(1ll) 1.798(13) B(10) -H(10) 1.14( 9)
~B(2) - H(2) 1.08( 9) ~B(1ll) -H(1l) 1.14(10)
B(3) - B(4) 1.725(14) C(41) -C(47) 1.522(11)
B(3) - C(7) 1.708(13) C(47) - N 1.536(11)
B(3) - C(8) 1.706(13) C(48) - N . 1.502(11)
B(3) - H(3) 1.14( 9) ' C(49) - N 1.505(11)
B(4) - B(5) 1.747(14) ~ C(50) - N 1.495(12)
.B(4) - C(8) 1.670(12) Cl(l) -C(99) . 1.669(17)
B(4) - B(9) 1.805(14) C1(2) -C(99) 1.595(18)
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Table 2.9 Selected Interbond Angles () in [BTMA][10-eado-(PPhyAu)-7,8-nido

-C,BoH,, |, [BTMA](2)

P - Au - B(9) 143.53(21) B(l) - B(5) - B(4) 58.2( 5)
P - Au -B(10) 169.29(24) B(l) - B(5) - B(6) 59.3( 5)
P - Au -B(ll) 138.08(21) B(4) - B(5) - B(9) 61.5( 5)
Au - P -C(l1) 112.79(18) B(6) - B(5) -B(10) 60.3( 5)
Au - P -C(21) 112.62(23) B(9) ~ B(5) -B(10) 61.1( 5)
Au - P -C(31) 115.41(19) B(l) - B(6) = B(2) 59.1( 5)
c(ii1) - P -C(21) 105.2( 3) ’ B(1) - B(6) — B(5) 60.2( 5)
c(11) - P -C(31) 103.81(25) B(2) - B(6) —-B(ll) 61.2( 5)
c(21) - P ~-C(31) 106.1( 3) . B(5) - B(6) -B(10) 58.2( 5)
P -C(l1l) -C(12) 117.7( 4) B(10) - B(6) -B(ll) 62.2( 5)
P -C(l1) ~C(l6) 122.3( 4) B(2) - C(7) - B(3) 62.6( 5)
P -C(21) -C(22) 122.8( 5) B(2) - C(7) —-B(1ll) 65.0( 5)
P -C(21) -C(26) 1l17.2( 95) B(3) - C(7) - C(8) 63.0( 5)
P -C(31) -C(32) 122.1( 4) B(3) - C(8) — B(4) 61.4( 6)
P -C(31) -C(36) 117.8( 4) B(3) - C(8) - C(7) 63.1( 5)
B(2) - B(l) - B(3) 61.0( 6) B(4) - C(8) - B(9) 66.7( 6)
B(2) - B(l) - B(6) 59.5( 5) B(4) - B(9) - B(5) 58.2( 5)
B(3) - B(l) - B(4) 59.6( 6) B(4) - B(9) - C(8) 58.2( 5)
B(4) - B{l) - B(5) 59.1( 5) B(5) - B(9) -B(10) 58.5( 5)
B(S) — B(l) - B(6) 60.5( 5) Au -B(10) - B(9) 77.1( 4)
B(l) - B(2) - B(3) 59.3( 5) Au -B(10) -B(1ll) 74.8( 4)
B(l) - B(2) - B(6) 61.4( 5) Au -B(10) -H(10) 98.7(48)
B(3) - B(2) - C(7) 58.7( 5) B(5) -B(10) - B(#6) 61.6( 5)
B(6) - B(2) -B(ll) 59.8( 5) . B(5) ~B(10) - B(9) 60.4( 5)
C(7) - B(2) -B(ll) 55.7( 5) B(6) -B(10) -B(ll) 58.4( 5)
B(l) - B(3) - B(2) 59.8( 5) B(2) -B(1ll) - B(6) 59.0( 5)
B(l) - B(3) - B(4) 59.8( 6) B(2) -B(ll) - C(7) 59.3( 5)
B(2) - B(3) - C(7) 58.7( 5) - B(6) -B(ll) -B(1l0) 59.3( 5)
B(4) - B(3) - C(8) 58.2( 5) C(4l) -C(47) - N 112.9( 6)
C(7) - B(3) - C(8) 53.9( 5) Cc(47) - N ~-C(48) 111.8( 6)
B(l) - B(4) - B(3) 60.6( 6) C(47) - N ~C(49) 110.0( 6)
B(l) - B(4) - B(S) 62.7( 6) c(47) - N -C(50) 106.8( 6)
B(3) - B(4) - C(8) 60.3( 5) C(48) - N -C(49) 107.9( 6)
B(5) - B(4) - B(9) 60.3( 5) c(48) - N -C(50) 110.3( 7)
B(8) - B(4) - B(9) 55.1( 5) C(49) - N -C(50) 110.0( 7)

Cl(1l) -C(99) -Cl¢2) 115.4(10)
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Table 2.10 Anisotropic Thermal Parameters (AZ) in [BTMAI][10-endo

(PPhy Au)-7,8-nido-C, By Hy ], [BTMA](2)

Au

P
C(12)
C(13)
C(1l4)
C(15)
C(16)
‘C(1ll)
C(22)
C(23)
C(24)
C(25)
C(26)
C(21)
C(32)
C(33)
C(34)
C(35)
C(36)
C(31)
B(1l)
B(2)
B(3)
B(4)
B(5)
B(6)
c(7
C(8)
B(9)
B(10)
B(1ll)
C(42)
C(43)
C(44)
C(45)
C(46)
C(41)
C(47)
C(48)
C(49)
C(50)
N
Cl(1l)
Cl(2)
C(99)

Ull

0.0522( 2)
0.0393(12)
0.0490(52)

0.0558(60)

0.0329(48)
0.0644(66)
0.0653(61)
0.0338(43)
0.0932(81)
0.172(14)

0.203(16)

0.137(13)

0.0912(96)
0.0584(59)
0.0512(57)
0.0478(62)
0.0466(65)
0.0543(68)
0.0658(66)
0.0367(45)
0.0507(63)
0.0305(47)
0.0550(67)
0.0461(62)
0.0330(56)

-0.0428(52)

0.0424(48)
0.0384(43)
0.0410(54)
0.0371(55)
0.0362(52)
0.0537(66)
0.111(11)

0.152(13)

0.098(10)

0.0664(73)
0.0718(67)
0.0563(57)
0.0306(50)
0.0338(51)
0.0760(71)
0.0298(38)
0.1709(42)
0.2682(80)
0.247(20)

== Nolele

.

U22

.0505( 2)
.0440(11)
.0632(51)
.0997(74)

1221(83)

.0916(70)
.0612(52)
.0506(43)
.0728(64)
.0714(73)
.0667(69)
.146(13)

.1060G(91)
.0585(51)
.0715(58)
.1215(89)
.163(12)

.139(10)

.0675(59)
.0573(46)

.0402(48)-

.0642(53)
.0513(56)
.0438(51)
.0609(60)
,0527(51)
.0540(46)
.0562(42)
.0462(45)
.0598(57)
.0455(48)
.0765(63)
.0885(79)
.0889(86)
.143(12)

.1045(83)
.0575(52)
.0582(56)

0897(66)

.0692(58)

0807(65)

.0639(43)
.2866(64)
.1698(59)
.139(14)

u33

.0484¢( 2)
.0474(11)
.0484(46)
.0564(54)
.0498(50)
.0757(65)
.0681(57)
.0517(44)
.0905(72)
.0826(79)
.0652(70)
.138(12)
.135(11)
.0587(52)
.0618(53)
.0728(64)
.0756(71)
.0825(74)
.0714(59)

0456(42)

.0641(61)
.0580(51)
.0687(67)
.0763(69)
.0587(61)
.0502(48)
.0361(41)
.0370(35)
.0621(51)
.0455(52)
.0473(51)
.0987(79)
.120(10)
.0971(87)
.124(11) -
.1134(93)
.0610(57)
.0749(59)

0820(64)

.1039(74)
.0773(66)
.0750(48)
.0921(24)
.510(13)
.100(11)
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u23

.0076( 2)
.0034( 9)
.0070(39)
.0115(51)
.0111(55)
.0229(54)
.0110(43)
.0016(35)
.0207(56)
.0166(59)
.0165(54)
.046(10)

.0419(81)
.0078(40)
.0102(45)
.0127(61)
.0078(73)
.0010(70)
.0066(45)
.0033(35)
.0105(43)
.0061(49)
.0021(48)
.0020(46)
.0195(47)
.0127(45)
.0020(33)
.0013(39)
.0098(50)
.0028(42)
.0053(39)
.0125(57)
.0115(74)
.0205(67)
.0532(91)
.0164(71)
.0053(40)
.0038(44)
.0178(52)
.0119(52)
.0199(54)
.0028(37)
.0104(33)
.0419(67)
.0231(92)

O 0000000000

Ul3

.0032( 1)
.0042(.9)
.0028(40)
.0057(46)
.0041(39)
.0194(54)
.0120(48)
.0002(35)
.0138(61)
.0187(85)
.0240(88)
.034(10)
.0254(83)
.0001(48)
.0058(44)
.0076(51)
.0145(56)
.0082(57)
.0001(51)
.0040(35)
.0115(50)
.0002(39)
.0000(54)
.0141(53)
.0046(47)
.0063(41)
.0038(35)
.0100(32)
.0023(43)
.0050(43)
.0043(42)
.0107(58)
.0130(84)
.0234(94)
.0521(87)
.0447(68)
.0069(52)
.0100(46)
.0189(45)
.0085(49)
.0130(57)
.0069(34)
.0319(26)
.2092(88)
.043(12)

Ul12

.0165( 2)
.0067( 9)
.0072(41)
.0013(53)
.0048(54)
.0230(55)
.0051(45)
.0032(34)
.0296(60)
.0269(81)
.0322(88)
.043(11)

.0051(73)
.0020(43)
.0082(45)
.0165(61)
.0048(72)
.0343(68)
.0068(49)
.0083(37)
.0135(44)
.0105(47)
.0123(49)
.0030(44)
.0040(45)
.0061(46)
.0034(37)
.0009(40)
.0017(47)
.0063(43)
.0008(40)
.0100(52)
.0202(74)
.0022(87)
.0171(88) -
.0004(62)
.0105(47)
.0031(43)
.0047(46)
.0020(43)
.0035(55)
.0006(32)
.0675(41)
.0065(50)
.032(13)



Table 2.11 Calculated Positions of Non-refined Hydrogen Atoms in {BTMA][10-

endo-(PPhy Au)-7,8-nido-CyBoH ], [BTMA](2)

X y z
H(120) 0.2005 0.3238 0.7473
H(130) 0.3203 0.3419 0.6387
H(140) 0.3716 0.4612 0.5994
H(150) 0.3029 . 0.5625 0.6686
H(160) .0.1831 0.5444 0.7772
H(220) -0.0929 0.5325 0.8875
H(230) -0.0472 0.6348 0.9604
H(240) 0.1879 0.6525 . 1.0115
H(250) 0.3774 0.5680 0.9897
H(260) 0.3317 0.4657 0.9169
H(320) -0.0820 0.5098 0.7613
H(330) -0.3357 0.5105 0.7342
H(340) -0.4887 0.4177 0.7785
H(350) -0.3880 0.3241 0.8498
H(360) -0.1343 0.3233 0.8768
- H(420) 0.5979 0.2610 0.6170
H(430) 0.5888 0.1977 0.7256
H(440) 0.8077 0.1722 0.7890
H(450) "1.0358 - 0.2101 0.7439
H(460) 1.0450 _ 0.2735 0.6353
H(471) 0.9248 0.2981 -0.5282
H(472) 0.7408 0.2930 . 0.5210
H(481) 1.0337 : 0.4056 0.5878
H(482) 0.9180 '0.3929 . 0.6554
H(483) 0.9187 0.4727 0.6116
H(491) 0.5940 0.3874 0.5606
H(492) 0.6671 0.4642 . 0.5945
H(493) 0.6751 0.3862 0.6411
H(501) 0.8242 0.4763 0.4874
H(502) 0.7474 0.3972 0.4612
H(503) 0.9297 0.4022 0.4755
HC(1) -0.5002 0.6583 0.9058
HC(2) -0.3442 0.6646 0.9541
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Non-hydrogen atoms are represented by thermal ellipsoids at the 50%
probabilty level. Hydrogen atoms have been given an artificial radius of 0.1A for
clarity. Cage H atoms carry the same number as the B or C to which they are

bonded, and pheny!l H’s bonded to C(4/) are numbered H(i/0). |

An alternative view is shown in Figure 2.6, showing more clearly the mode of
ligation of the gold atom to the carbaborane cage. Phenyl rings are represented

only by C(x1) where x = 1-3, i.e. the P-bonded carbons.

[nitially apparent from Figures 2.5 and 2.6 is the endo position adopted by the
gold([)phoshine fragment with respect to the carbaborane cage. The bonding
mode is essentially o in character, as discussed previously for (1). Theré is also a
strong similarity between the structure determined for (2) and that of the neutral

[PPhyHg(C,ByH, Bl 42 where again an endo-type g-bond was observed.

The Au-B(10) distance is 2.222(9)A with the longer secondary interactions of

the gold atom with B(9) and B(11) 2.528(9) and 2.486(9)A respectively.

This slight asymmetry in the essentially & geometry of the anion is also
evident in the P-Au-B(9) and P-Ad—B(ll) angles, which are 143.53(21) and
138.08(21)° respectively. This represents a tilting of the Au-P vector from the

symmetric position by ca. 2.7°.

The open [C,Bs] face of the éarbaborane is slightly folded into an envelope
conformation about the B(9)..B(11) vector, with the C(7)-C(8) connectivity and
B(10) both dipping towards the lower 5-boron belt, resulting in fold angles of 6 =
3.15 and ¢ = 3.28&. The gold atom is situated 2.062A vertically above the open

face, with the slip parameter, A 54, relative to the centroid of the lower 5B plane
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calculated at 0.87A.

The Au-B(10)-H(10) angle is 98.7(48)°, while the corresponding
[H(12)-B(10)-H(10)] angle in (1) is, within experimental error, tetrahedral. The
apparent narrowing of the angle in (2) is explained if we consider the acceptor
orbital of the (triphenylphosphine)gold fragment to point towards where H(12)
was located in (1). This idea is also supported by .the (apparent) non-linearity
about the Au atom [P-Au-B(10) 169.29(24)A). We can imagine however, a linear
arrangement bétween the phosphorous atom, the gold atom and the centre of the
{PPh3Au*’}/{CZB<)I-Il 12‘} LUMO/HOMO interaction, which would retain effective

.

tetrahedral coordination about B(10).

0

Intra-cage distances and angles are within the accepted ranges for such
parameters. Detailed analysis of facial B-B, B-C and C-C distances is contained in
the following discussion on structural trends within the series [CoBoH, X],

where X = H', {PPhyAu*} and {PPhyCu’}.

Structural Patterns in (1), (2) and [PPh;CuC,BoH | T

The structure of the [3-PPh3-3,1,2-CuC289H“]' anion has been determined '
previously 43 showing, unlike those of (1) or (2), an essentially c/oso structure,
with the copper atom slightly closer to the faéial boron atoms than to the carbons.
This results in a slip parameter 54, A, of 0.27A. The structure is shown in Figure
2.7 (overleaf). Table 2.12 compares A, average B-Bg,.;,,, average B-Cp, gy and

C-C for (1), (2) and [PPhyCuC,BgH T
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Figure 2.7 Perspective View of [3-PPh3-3,1,2-CuCG By H | I

i
N N
A WA
7 o «&\
c2l) { 2
p— \ N4
) § 2, \
2 QN () N Wy
\ 2 §

\
P(01) (%/}

A /«'
B(12) (] TR [Dy)B06)

B(11) %/
»/B(10)

56



Table 2.12 Key Molecular Parameters (A) in (1), (2) and [PPh,CuC,BgH ;1"

{C,BgH,; 1% (H*) {PPh;Au*) {PPh;Cu*}
A 091 0.87 0.27
Av. B-Byiy 1.8333)  1.820(13) 1.768(10)
Av B-Ciiy 1.6103)  1.626(12) 1.666(10)
c-C 1.542(2)  1.548(10) 1.586(9)

[dentifiable trends in going from H* to {PPhyAu*} to {PPhyCu'} are:

(i) A, the slip parameter, decreases, (ii) Av. B-Bg,. shortens, (iii) Av. B-Cg,.

lengthens), and (iv) C-C lengthens.

These changes are small between the protonated épecies (1) and the
gold(I)phosphine analogue (2), but are greatly magnified on going to the
triphc;nylphosphinecopper([) species. [n order to gain some understanding of
these structural patterns, let us consider the frontier molecular orbitals of the

component parts of the three species.

All three complexes may be notionally divided into a common {7,8-nido
-ClBan}z' fragment and H*, {PPhjAu*} and {PPhyCu"} cationic fragments
respectively, and the observed structures rationalised in terms of the interactions

of the frontier MO’s of these fragments.

The ©-MO’s of the [C BgH|, ]2' anion (as calculated by charge-iterated
extended Hiickel methods on the experimentally-derived geometry, by removal of
H(12) from (1)) have been presented in the previous chapter (see Figure 1.5). The

filled 7-MO’s are sketched in Figure 2.8.
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Figure 2.8

The trends in structural parameters observed are therefore related to the
nature of the unfilled frontier molecular orbitals -of the incoming cationic
fragments and their ability to overlap with and depopulate the filled T-MO’s of

the carbaborane moiety.

H' has only one orbital (its 1s) which is, of course, empfy. The frontier
orbitals of {H, PAu*} and {Hj PCu*} have been investigated previously by
entended Hiickel calculations 53 In the gold case, these comprise a 6s/6p, hybrid
orbital of a; symmetry which is of suitable energy for bonding and a higher-lying e
pair (6px,6py) which are‘ of too high energy to act as efficient acceptor orbitals.

Thus the isolobal analogy between the proton and the {R3 PAu’} fragment, and
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the tendency for gold(I) to form linear lde” species such as PPh;AuCl and (2).

In the case of {I-{3 PCu+}, the empty frontier orbitals are similar to those above,
a 4s/4p, hybrid (a;) orbital and a degenerate 4px,4py (e) pair. In this case,
however, unlike the phosphinegold([) species, all three of these orbitals are of
suitable enérgy to interact efficiently with filled orbitals of other ligands,

accounting for the preference of Cu(I) for tetrahedral coordination.

The unfilled frontier molecular orbitals of {H;PAu*} and {H; PCut*} are shown

in Figure 2.9 (below).

E(eV)
— J@ ‘)
-5 6p.6p,
High-Lying
Orbitals
_6-————-——-—-—-—————————‘— —————————— .
Valence ¢
Orbitals
4px,4py
.‘“7 aI
6s/6p,
-8
{H3PAu+]
q;
-9
4S/4pz
{ H3PCu+}

[n order to understand the observed patterns, let us envisage the expected
effects on the degree of depopulation of the filled carbaborane w-MO’s of moving .

from interaction with the H(1s) orbital to the empty {H, PCu*} frontier orbital set.

As discussed in some detail earlier, the key interaction in the bonding of H' to

[(‘QB()H“]Z' (to form (1)) is a HOMO/LUMO overlab of ¥3 with H(1s). (Anion



2) is formed by a similar HOMO/LUMO interaction of ¥ with the 6s/6p, hybrid
3 z

orbital of the {PhyPAu*} fragment).

Upon moving to {PPh3Cu+}, the relative accessibility of tﬁe 4px,4py orbitals
results in an attempt to maximise overlap with all three m-MQO’s of the
{G,BgH, 1}2' fragment with the copper acceptor orbitals, the most obvious result
of which is the more central positioning of the copper atom in

[PhyPCuC,BgH, || than of H(12) or Au in (1) or (2).

Specifically, in addition to depopulation of ¥3, there is depopulation of ¥; and

¥, and the effects of these interactions are as follows:

(i) ¥3 (HOMO) is less depopulated than in the H" case, as a result of the
slippage of the Cu atom to a more central position, and this will lead primari‘ly to
shortening of the facial B-B connectivites, a lesser lengthening effect on the B-C
frc. distances and a small effect on the C-C distance. (Note that the predicted
magnitudes are a function of the degree of localisation of the orbital on each of

the atoms).

(ii) Depopulation of ¥> will lead to (in decreasing order of importance),

lengthening of B-Cg, ..., and shortening of C-C.

(iii) Depopulation of ¥| has a lengthening effect on all three types of bond,
with the primary effect on the C-C distance, as the orbital is localised

predominantly on the (more electronegative) carbon atoms.

The net result of the above three interactions on the B-B, B-C and C-C

distances will be:
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(a) B-Bgy 5/ Shortens, because the major effect is the deéreased depopulation

of the HOMO (¥3), which is chiefly localised on the facial boron atoms.
(b) B-Cfacjall_engghqué, as all three changes in depopulation act in concert.

(c) The net effect on C-C is a lengthening, the depopulation of ¥,
(carbon-based) overriding the effects of changes in depopulation of the

. boron-based HOMO and 2"d HOMO.

All of thé trends described above are as observed in the experimentally
determined structures (relevént parameters are in Table 2.12, see before). The
values for [PPh; AuC,BoHy I, (2), lie very close to those for (1), underlining the
isolobal relationship, although the fact that they lie towards those for the
-}copper(I) species suggests that there is at least some involvement of the relatively
high-lying Au ()p_,(,6‘py pair, as has been suggested previously by analysis of the

structures of some small gold clusters 38,

Having previously discussed the isolobal analogy between [7.8-C,ByH, | ]2' and
the cyclopehtadienide ion, it is of interest to contrast the effects upon intra-ring

distances in {PPhyAu*} and {PPhyCu’} complexes of [C5H;]" and its derivatives.

.PPh3Au(C5 H5) has been shown by n.m.r. study 59.60 o possess essentially a
Au-C o-bond, and is fluxional at room temperature. For reasons of instability, this
complex was not characterised crystallographically, . but the
tetraphenylcyclopentadienyl complex PPhy Au(PhyCy H) has been synthesised and
sfudied by X-ray methods 61, the structure being shown in Figure 2.10 with the

phenyl rings, except for the P- and Cp-bonded carbon atoms, omitted for clarity.
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Figure 2.10 Structures of [PPhy Au(PhCs H)] and [PPh; Cu(CsHs)]

C5)

C4)
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The essentially 0 Au-C(1) interaction is clearly seen, with the additional
interactions of the gold atom with C(2) and C(5), c.£. those of H(12) or Au with
B(9) and B(11) in complexes (1) and (2). Relevant distances are Au-C(1) =

2.15(DA, Au-C(2) = 2.67(1)A and Au-C(5) = 2.76(1)A.

The structure of the triphenylphosphinecopper(l) derivative of Cp~ was
determined approximately 20 years ago 62, and is also shown in Figure 2.10.
Again, phenyl rings are represented only by C(x1), where x = 1-3. For reasons
similar to those discussed above for the carbaborane éomplex, the organic ligand

adopts an essentially symmetrical n5 bonding mode to the Cu atom.

Comparison of equivalent intra-facial C-C distances on moving from

{PPh;Au’} to {PPh;Cu'} gives the following results:

The C(1)-C(2) and C(1)-C(5) bonds (= B-By,,,) shorten, the C(2)-C(3) and’

C(4)-C(5) bonds (= B-Cg,.;,) lengthen, and C(3)-C(4) (= C-C) shortens.

These structural patterns, different to those observed for the analogous
dicarbollide species, may be readily understood by bearing in mind the
homocyclic nature of the cyclopentadienyl ligand, and the resultant set of T-MQO’s

from extended Hiickel calculation (see Figure 1.5, in the previous chapter).
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Conclusions

The structure of [7,8-C;BgH|,]", (1), has been determined, showing an endo-H
atom, rather than the widely accepted u-H and this result is supported by the

results of n.m.r. and theoretical studies.

Moreover, isolobal réplacement of the endo-terminal hydrogen atom by a
(triphenylphoshine)gold(I) fragment leads to complex (2), which has also been

studied crystallographically.

Structural trends within the series (1), (2) and the previously-known
PPh,Cu(CyBgH - species have been rationalised via the results of molecular
3 2 (1 p

orbital calculations.
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Chapter 3
Carb’H and Group Ib Derivatives

[10,11-u-H-9-SMe, -7,8-nido-C, BoH, o], (carb’H), (3)

Introduction

The above compound was first prepared in the mid-1970’s (along with a
number of other structural isomers 6), as a potential source, upon deprotonation,
of the monoanionic carbaborane ligand [9-SMe,2-7,8-n1'do-CngH10]‘, [carb’], as

discussed in Chapter 1.

The compound was synthesised according to a modified version of a literature

method, as described in Chapter 6, section L.

Characterisation of (3)

Elemental (C,H) analysis was carried out, the results of which were consistent

with the proposed C4H;,BqS formulation of the compound.

N.m.r spectroscopy was also used to confirm the identity of the species. The
results of the 'H, '!B and llB-{l H} n.m.r studies confirmed the proposedj
structure of the compound, with -SMe, substitution at the B(Qj position of the
[7.8-C,By] polyhedron, the resonance at § -4.30 p.p.m. remaining as a singlet on

retention of proton coupling in the g spectrum.

The chief features of the ' H n.m.r. spectrum are the 2 signals arising from the

protons of the sulphur-bonded methyl groups. It was stated in the original report
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of the characterisation of (3) that two different signals for these groups indicated a
restricted degrée of rotation about the S-B(9) bond. It is clear, however, that this
spectral data gives no information whatever on the degree of rqtation of the
péndant dimethylsulphide group in solution, as the 2 meth}"l groups will always be
magnetically inequivalent, no rnatte.r what the torsion about the S-B(9) bond,
assuming no inversion of configuration occurs at sulphur. Initially, we considered
that any restriction of rotation about the boron-sulphur bond at ambient
temperature would be unlikely 63, but subsequent crystallographic work upon 3)
and a number of its metal derivatives (see later) have called this eariy assertion
into question, as in the solid state, at least, there appears to be avpreferred
orientation adopted by the dimethylsulphide group with respect to the
carbaborane cage. It is not possible to say, however, whether or not this

conformation persists in the solution phase.

The boron spectra were (partially) assigned by Hermanek et al 8, by
cdmparison with those of the [7,8-n1'do.-CngHI2]‘ anion. The second lowest
frequency resonancé was noted to have a smaller (30-45 Hz) coupling in the 2!
spégtrum (in addition to the JBH(exo) coupling which is observed for all boron
. atoms except B(9) ), and this was attributed to the presence of a u-H atom on the
B(9)-B(10) or B(10)-B(11) connectivity, i.e always retaining an interaction with
the B(10) atom. This argument has also been put forward and widely upheld 64
| with respect to the 12" H atom of [7.8-nido-C,ByH,, ] itself, but as discussed in
Chapter 2, this cannot necessarily be taken as evidence for a bridging hydrogén, as
it could also be interpreted in terms of a discrete {BH,} unit within the

carbaborane framework > !92,
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Structural study on (3)

[ntroduction

In view of the specific interest in (3) as the (protonated) precursor to the
' monoanionic carbaborane ligand [9-SMe,2-7,8-nido-CngHlO]', [carb’]", it was
notable that both the position and bonding mode of the 11" H atom (presumably
that which is removed upon deprotonation) were not.unambiguously détermined
by spectroscopic methods. To this ‘end, an accurate, low-temperature X-ray
crystallographic study of (3) was undertaken, the experimental details of which

are to be found in Chapter 6, section 2. —

Discussion of the Structure of (3)

The crystallographic study of (3) in the first instance confirms the identity of
the compound, showing the nido-icosahedral nature of the 11-vertex cage and the
SMéz function bonded to boron atom B(9), as inferred from the spectroscopic

work.

The compound exists as 2 crystallographically independent molecules, 2 and b,
in the asymmetric fraction of the unit cell. These molecules differ from each other
only in the torsion angle about the S-B(9) bond, and this will be discussed more
fully later in this chapter. Apart from the dimethylsulphide-B(9) torsion angle

both molecules a and b exhibit the same general structural features.

Figure 3.1 shows a perspective view of molecule a of carb’H, with the
appropriate molecular numbering scheme, and Figure 3.2 is a view from above

the open S-atom face of the same molecule, showing the conformation of the
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pendant SMe, ligand. In both figures, non-hydrogen atoms are represented by
ellipsoids at the 50% probability level, and H atoms have been given artificial
radii of 0.1A for clarity. Cage exo-H atoms carry the same number as the boron

or carbon atom to which they are attached.

[n molecule b the S-B(9) torsion angle differs by around 23° from that in
molecule a, resulting in a conformation with nearer complete eclipsing of the

sulphur lone pair and the B(9)-C(8) connectivity.

Table 3.1 gives the final atomic coordinates for all atoms (in both molecules)

and (for non-H atoms) equivalent isotropic thermal parameters.

[nteratomic distances are given in Table 3.2, interbond angles are contained in
Table 3.3, and anisotropic thermal parameters for non-hydrogen atoms are given

in Table 3.4.

The initial major point of interest from the structural determination is the site
and bonding mode of the 11" H atom associated with the polyhedron, labelled
H(*), which is clearly showr-l to adopt a bridging position between B(10) and
B(11) on tﬁe open 5-atom face of the carbaborane. It is noticeable that the bridge
is significantly asymmetric in both molecules of carb’H; specifically H(*a)-B(10a)
is 1.11(3)A and H(*a)-B(1la) is 1.31(3)A, where H(*b)-B(10b) is 1.22(3)A and
H(*b)-B(11b) is 71.39(3)A. It is of some interest that the B-H-B bridge in
[8-SMez-7,9-nido-CngHH] is symmetric 65 with H-B(10) = H-B(11) = 1.28A.
.The difference between these two bridging H’s can be rationalised by the

following treatment:
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Figure 3.1 Perspective View of carb’H, (3), (molecule a )

H(al2)
\<<//4 S(a) O .
‘ CS(Za) &\\\ H(*a)

H(a22) ‘ C(8a) C(7a) O
I‘ 4 " /?/
B, IR0 @5 —N O\

H(a23) ' [[[/B(112)
H(a21)
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Figure 3.2 View From Above Open Face of carb’H, (3), (molecule a )

H(a22)

H(a21)

CS(2a)

70



Table 3.1 Coordinates of Refined Atoms and Equivalent [sotropic Thermal

2\ , ,
Parameters (A-)A in [10,11-u-[—I-9-SMe2-7,8-n1d0-CngHvlO], carb’H, (3)

S(a)
CS(1la)
CS(2a)
B(la)
B(2a)
B(3a)
B(4a)
B(5a)
B(6a)
C(7a)
C(8a)
B(9a)
B(l0a)
B(lla)
S(b)
CS(2b)
CS(1lb)
B(1lb)
B(2b)
B(3b)
B(4b)
B(5b)
B(6b)
C(7b)
C(8b)
B(9b)
B(1l0b)
B(1llb)
H(la)
H(2a)
H(3a)
H(4a)
H(5a)
H(6a)
H(7a)
H(8a)
H(1l0a)
H(lla)
H(*a)
H(1lb)
H(2b)
H(3b)
H(4b)
H(5b)
H(6b)
H(7b)
H(8b)
H(10b)
H(1llb)
H(*b)

OO 000000 OoOOo

X

.28339( 6)
.4092( 3)
.3532( 4)
.2536( 3)
.3199( 3)
.2555( 3)
.0869( 3)
.0453( 3)
.1908( 3)
.1847( 3)
.0531( 3)
.0701( 3)
.0197( 3)
.1544( 4)
.22948( 7)
.3046( 4)
.2613( 4)
.2735( 4)
.3982( 4)
.2494(-5)
.0719( 4)
L.1156( 3)
.3212( 4)
L2717( 3)
.0923( 3)
.0036( 3)
.l1446( 3)
.3233( 4)
.347( 4)
.444( 4)
.330( 4)
.064( 4)
.003( 4)
.238( 4)
.219( 4)
.012( 4)
.107( 4)
.186( 4)
.006( 4)
.327( 4)
.524( 4)
.272( 4)
.024( 4)
.064( 4)
.399( 4)
.303( 4)
.031( 4)
L116( 4)
.416( 4)
.170( 4)

-

y

0.50594( 6)
0.5721( 3)
0.6307( 4)
0.
0
0
0
0

4679( 3)

.4313( 3)
.3274( 3)
.4149( 3)

57396(25)

0.5851( 3)
0.37267(25)
0.36857(23)
0.49794(23)
0.6129( 3)
0.5147( 3)
0.87045( 6)
0.9752( 3)
0.7515( 3)
1.1753¢( 3)
1.0923( 3)
1.0956( 3)
1.0921( 3)
1.08273(25)
1.0805( 3)
0.9598( 3)
0.95489(24)
0.94901(23)
0.9414( 3)
0.9442( 3)
0.
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
0
0
0
0

472( 3)

.327( 3)
.236( 3)
.386( 3)
.644( 3)
.664( 3)
.310( 3)
.285( 3)
.709( 3)
.547( 3)
.545( 3)
.274( 3)
L127( 3)
.130( 3)
.128( 3)
.123( 3)
.118( 3)
.926( 3)
.913( 3)
.902( 3)
.900( 3)

0.860( 3)
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OOOOOOOOD—‘OOOOOOOOOOOO'OOOOOOOOOOOOOOOOOOOOOOOOOOOOO

z

.74844( 5)
.89584(21)
.7025( 3)
.6394( 3)
.7506( 3)
.6577( 3)
.62429(25)
.70139(22)
.78330(25)
.8065( 3)
.74344(24)
.75785(21)
.85526(23)
.8862( 3)
.66900( 6)
.6194( 3)
.5314( 3)
.8471( 3)
.8717( 3)
.9435( 3)
.8466( 3)
.71294(24)
L7275( 3)
.8719( 3)
.85366(21)
.72891(22) -
.64557(29)
.753L( &)
.564( 3)
.7522(25)
.601( 3)
.545( 3)
.667( 3)
.800( 3)
.832( 3)
.731( 3)
L913( 3)
.965( 3)
.900( 3)
.875( 3)
L917( 3)
.037( 3)
.883( 3)
.653( 3)
.670( 3)
.922( 3)
.893( 3)
.548( 3)
.727( 3)
.677( 3)

Ueq

0.0543( 4)
0.0680(19)
0.125( 4)

0.0592(19)
0.0651(21)
0.0676(21)
0.0571(19)
0.0502(17)
0.0562(18)
0.0729(21)
0.0630(18)
0.0453(16)
0.0501(17)
0.0680(22)
0.0658( 5)
0.0884(24)
0.0815(22)
0.0690(22)

0.0773(24)

0.0805(25)
0.0665(21)
0.0551(18)
0.0673(21)
0.0751(2L1)
0.0628(18)
0.0483(16)
0.0579(19)

0.0776(25)



Table 3.2 Interatomic Distances (A) in [10,11-u-H-9-SMe2-7,8—m'do-C2BQHIO],

carb’H, (3)

S(a) -Cs(la) 1.768( 3) S(b) -CS(2b) 1.792( 4)

S(a) -CS(2a) 1.770( 4) © §(b) -CS(1lb) 1.797( 3)

S(a) -B{(9a) 1.879( 3) S(b) -B(9b) 1.889( 3)
B(la) —-B(2a) 1.740( 5) B(lb) -B(2b) 1.724( 5)
B(la) -B(3a) 1.778( 5) B(lb) -B(3b) 1.769( 5)
B(la) -B(4a) 1.774( 4) : B(1lb) -B(4b) 1.777( 5)
B(la) -B(5a) 1.777( 4) B(lb) -B(Sb) 1.768( 5)
B(la) -B(6a) 1.795( 4) B(lb) -B(6b) 1.793( 5)
B(la) -H(la) 1.15( 3) B(lb) -H(1lb) 1.07( 3)
B(2a) -B(3a) 1.740( 5) B(2b) -B(3b) 1.728( 6)
B(2a) -B(6a) 1.762( 5) B(2b) -B(6Db) 1.757( 5)
B(2a) -C(7a) 1.690( 5) B(2b) -C(7b) 1.679( 5)
B(2a) -B(lla) 1.800( 5) B(2b) -B(1llb) 1.796( 5)
B(2a) -H(2a) 1.06( 3) B(2b) -H(2b) 1.04( 3)
B(3a) -B(4a) 1.769( 5) B(3b) -B(4b) 1.768( 5)
B(3a) -C(7a) 1.712( 5) B(3b) -C(7b) 1.704( 5)
B(3a) -C(8a) 1.740( 5) B(3b) -C(8b) 1.738( 5)
B(3a) -H(3a) 1.05( 3) B(3b) -H(3b) 1.08( 3)
B(4a) -B(5a) 1.767( 4) B(4b) -B(5Db) 1.771( 5)
B(4a) -C(8a) 1.752( 4) B(4b) -C(8b) 1.744( 5)
B(4a) -B(9%a) 1.749( 4) B(4b) -B(9b) 1.757( 4)
B(4a) -H(4a) 1.03( 3) B(4b) ~H(4b) 1.16( 3)
B(5a) —-B(6a) 1.797( 4) B(5b) -B(6b) 1.790( 5)
B(5a) -B{(%a) 1.736( 4) B(5b) -B(9b) 1.736( 4)
B(5a) -B(l0a) - 1.779( 4) B(5b) -B(l0b) 1.776( 4)
B(5a) -H(5a) 1.07(¢ 3) B(5b) -H(5b) 1.11( 3)
B{(6a) -B(l0a) 1.785( 4) B(6b) -B(1l0b) 1.788( 5)
B(6a) —-B(lla) 1.775( 5) B(6b) -B(1llb) 1.777( 5)
B(6a) -H(6a) 1.13( 3) B(6b) -H(6b) 1.19( 3)
C(7a) -C(8a) 1.525( 4) C(7b) -C(8b) 1.531( 4)
C(7a) -B(lla) 1.623( 5) : C(7b) -B(1llb) 1.613( 5)
C(7a) -H(7a) 0.91( 3) C(7b) -H(7b) 0.88( 3)
C(8a) -B(9a) 1.571( 4) C(8b) -B(9b) 1.582( 4)
C(8a) -H(8a) 1.14( 3) C(8b) -H(8b) 0.94( 3)
B(9a) -B(1l0a) 1.775( 4) - B(9b) -B(10b) 1.773( 4)
B(1l0a)-B(1lla) 1.843( 5) B(10b)-B(1llb) 1.851( 5)
B(l0a)-H(1l0a) 1.12(¢ 3) B(10b)-H(10b) 1.12( 3)
B(l0a)-H(*a) 21.11( 3) B(10b)-H(*b) 1.22( 3)
B(lla)-H(1lla) 1.07(¢ 3) B(1llb)-H(1llb) 1.14( 3)
B(lla)-H(*a) 1.31( 3) B(1llb)-H(*b) 1.39( 3)
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Table 3.3 Interbond Angles ©) in [10,11-u-H-9-SMe2-7,8-n1'do-Q_, B9HIO]* carb’H,

€)
CS(la)- S(a) -CS(2a) 100.66(17) B(la) -B(4a) -B(5a) 60.22(17)
CS(la)- S(a) -B(9a) 104.34(13) B(la) -B(4a) -H(4a) 121.8(19)
CS(2a)- S(a) -B(9a) 104.89(16) B(3a) -B(4a) -C(8a) 59.24(18)
S(a) -CS(la)-H(all) 109.5( 3) B(3a) -B(4a) -H(4a) 123.3(19)
'S(a) -CS(la)-H(al2) 109.2( 3) B(5a) -B(4a) -B(9a) 59.15(16)
S(a) -CS(la)=-H(al3) 109.7( 3) B(5a) -B(4a) -H(4a) 120.7(19)
S(a) -CS(2a)-H(a2l) 110.4( 4) C(8a) -B(4a) -B(9%a) 53.31(15)
‘S(a) -CS(2a)-H(a22) 109.6( 4) C(8a) -B(4a) -H(4a) 130.9(19)
S(a) -CS(2a)-H(a23) 108.4( 4) B(9a) -B(4a) -H(4a) 123.3(19)
B(2a) -B(la) -B(3a) 59.26(19) B(la) -B(S5a) -B(4a). 60.07(17)
B(2a) -B(la) -—-B(6a) 59.76(18) B(la) -B(5a) -B(6a) 60.32(17)
B(2a) -B(la) -H(la) 119.5(17) B(la) -B(5a) -H(5a) 119.4(17)
B(3a) -B(la) -B(4a) 59.74(18) B(4a) -B(5a) —-B(9%a) 59.91(16)
B(3a) -B(la) -H(la) 123.2(17) B(4a) -B(5a) -H(5a) 123.0(17)
B(4a) -B(la) -B(5a) 59.71(17) B(6a) -B(5a) -B(l0a) 59.89(1l6)
B(4a) -B(la) -H(la) 124.8(17) B(6a) -B(5a) -H(5a) 119.2(17)
B(5a) -B(la) -B(6a) 60.39(17) B(9a) -B(5a) -B(l0a) 60.66(16)
B(5a) -B(la) -H(la) 122.9(17) B(9a) -B(5a) -H(5a) 127.0(17)
B(6a) -B(la) -H(la) 119.6(17) B(l0a)-B(5a) -H(S5a) 119.0(17)
B(la) -B(2a) -B(3a) 61.46(19) B(la) -B(6a) -B(2a) 58.55(17)
B(la) -B(2a) -B(6a) 61.69(18) B(la) -B(6a) -B(5a) 59.29(17)
B(la) -B(2a) -H(2a) 127.1(17) B(la) -B(6a) -H(6a) 121.0(17)
B(3a) -B(2a) -C(7a) 59.85(19) B(2a) -B(6a) -B(lla) 61.18(18)
B(3a) -B(2a) -H(2a) 116.6(17) B(2a) -B(6a) -H(6a) 122.3(17)
B(6a) -B(2a) =-B(lla) 59.77(18)" B(5a) -B(6a) -B(l0a) 59.57(16)
B(6a) -B(2a) -H(2a) 129.1(17) B(5a) -B(6a) -H(6a) 121.7(17)
C(7a) -B(2a) -B(lla) 55.31(18) B(l0a)-B(6a) -B(lla) 62.38(18)
C(7a) -B(2a) -H(2a) 118.0(17) B(l0a)-B(6a) -H(6a) 119.5(17)
B(lla)-B(2a) -H(2a) 119.6(17) B(lla)-B(6a) -H(6a) 122.8(17)
B(la) -B(3a) -B(2a) 59.28(19) B(2a) -C(7a) -B(3a) 61.50(19)
B(la) -B(3a) -B(4a) 1 60.02(18) B(2a) -C(7a) -B(lla) 65.77(20)
B(la) -B(3a) -H(3a) 127.9(19) B(2a) -C(7a) -H(7a) 121.0(21)
B(2a) -B(3a) -C(7a) 58.65(19) B(3a) -C(7a) -C(8a) 64.76(20)
B(2a) -B(3a) -H(3a) 125.9(19) B(3a) -C(7a) -H(7a) 113.3(21)
B(4a) -B(3a) -C(8a) 59.91(18) C(8a) -C(7a) -H(7a) 116.5(21)
B(4a) -B(3a) -H(3a) 120.8(19) B(lla)-C(7a) -H(7a) 121.0(21)
C(7a) —-B(3a) -C(8a) 52.43(17) ‘B(3a) ~C(8a) -B(4a) 60.85(18)
C(7a) -B(3a) -H(3a) 123.8(19) . B(3a) -C(8a) -C(7a) - 62.81(19)
C(8a) -B(3a) -H(3a) 123.3(19) B(3a) -C(8a) -H(8a) 112.1(17)
B(la) -B(4a) -B(3a) 60.24(18) B(4a) -C(8a) —-B(9a) 63.25(17)
B(4a) -C(8a) -H(8a) 117.3(17) B(2b) -B(lb) =-H(lb) 119.5(18)
C(7a) -C(8a) -H(8a) 115.9(17) B(3b) -B(lb) -B(4b) 59.81(21)
B(9a) -C(8a) -H(8a) 121.1(17) B(3b) -B(lb) -H(lb) 124.0(18)
S(a) -B(9a) -B(4a) 114.15(17) B(4b) -B(1lb) -B(5b) 59.94(19)
S(a) -B(9a) -B(5a) 125.54(18) B(4b) -B(lb) -H(lb) 125.2(18)
S(a) -B(9a) -C(8a) 116.73(18) B(5b) -B(1lb) -B(6b) 60.35(19)
S(a) -B(9%9a) -B(l0a) 126.57(18) B(5b) -B(lb) -H(lb) 122.3(18)
B(4a) -B(9a) -B(5a) 60.95(16) B(6b) -B(lb) -H(lb) 118.6(18)
B(4a) -B(9a) —-C(8a) 63.44(17) B(lb) -B(2b) -B(3b) 61.68(22)
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B(5a) -B(9a) -B{(l0a)
B(5a) -B(10a)-B(6a)

B(5a) —-B(l0a)-B(9%a)

B(5a) -B(l0a)-H(1l0a)
B(6a) -B(1l0a)-B(lla)
B(6a) ~-B(1l0a)-H(1l0a)
B(9a) -B(1l0a)-H(1l0a)

B(lla)-B(l0a)-H(1l0a)
B(lla)~B(l0a)-H(*a)
H(1l0a)-B(1l0a)-H(*a)

B(2a) -B(lla)-B(6a)
B(2a) -B(lla)-C(7a)
B(2a) -B(lla)-H(lla)
B(6a) -B(lla)-B(1l0a)
B(6a) —-B(lla)-H(1lla)
C(7a) -B(lla)-H(1lla)

B(l0a)-B(1lla)-H(1lla)
B(1l0a)-B(lla)-H(*a)
H(lla)-B(lla)-H(*a)
B(l0a)-H(*a) -B(lla)
CS(2b)- S(b) -CS(1lb)
CS(2b)- S(b) -B(9b)
CS(1b)- S(b) -B(9b)

S(b) -CS(2b)-H(b2l)
S(b) -CS(2b)-H(b22)
S(b) -CS(2b)-H(b23)
S(b) -CS(1b)-H(bll)
S(b) -CS(1b)-H(bl2)
S(b) -CS(1b)-H(bl3)
B(2b) ~B(1lb) -B(3b)
B(2b) -B(1lb) -B(6b)
B(1lb) -B(5b) -H(5Db)
B(4b) —-B(5b) -B(9b)
B(4b) -B(5b) -H(5b)
B(6b) -B(5b) -B(10b)
B(6b) -B(5b) ~H(Sb)
B(9b) -B(5b) -B(10b)
B(9b) -B(5b) -H(5b)
B(10b)-B(Sb) —~H(5b)
B(lb) -B(6b) -B(2b)
B(lb) -B(6b) -B(5b)
B(lb) -B(6b) -H(6b)
B(2b) -B(6b) -B(1l1lb)
B(2b) -B(6b) -H(6b)
B(S5b) —-B(6b) -B(10b)
B(Sb) -B(6b) —-H(6b)
B(10b)-B(6b) -B(llb)
B(10b)-B(6b) -H(6b)
B(11lb)—-B(6b) -H(6b)
B(2b) -C(7b) -B(3b)
B(2b) -C(7b) -B(1llb)
B(2b) -C(7b) -H(7b)
B(3b) -C(7b) -C(8b)
B(3b) -C(7b) -H(7b)
C(8b) -C(7b) -H(7b)

60.88(16)
60.54(16)
58.46(15)
118.6(17)
58.55(17)

'120.6(17)

125.7(17)
127.4(17)
44.9(17)
114.4(24)
59.05(18)
58.92(19)
118.0(18)
59.07(17)
116.9(18)
128.0(18)
121.8(18)
36.7(14)
115.1(23)
98.4(24)
100.54(15)
106.03(14)
103.84(14)
109.5( 3)
109.6(
109. 3¢
109.5(
109.3( 3)
109.6( 3)
59.28(22)
59.88(20)
122.3(17)
60.12(18)
124.2(17)
60.16(18)
119.3(17)
60.63(17)
124.5(17)
115.9(17)
58.09(20)
59.13(19)
125.5(16)
61.10(21)
126.9(16)
59.53(18)
120.3(16)
62.57(20)
114.1(16)
121.1(16)
61.42(22)
66.08(23)
121.6(22)
64.74(21)
110.5(22)
113.6(22)

3)
3)

3).
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B(lb) -B(2b) -B(6b)
B(lb) -B(2b) -H(2b)
B(3b) -B(2b) -C(7b)
B(3b) -B(2b) -H(2b)
B(6b) -B(2b) -B(1llb)
B(6b) -B(2b) -H(2b)
C(7b) -B(2b) -B(llb)
C(7b) -B(2b) -H(2b)
B(1lb)-B(2b) -H(2b)
B(lb) -B(3b) -B(2b)
B(lb) -B(3b) ~B(4b)
B(1b) -B(3b) -H(3b)
B(2b) -B(3b) -C(7b)
B(2b) -B(3b) -H(3b)
B(4b) -B(3b) —C(8b)
B(4b) -B(3b) -H(3b)
C(7b) -B(3b) -C(8b)
C(7b) -B(3b) -H(3b)
C(8b) -B(3b) -H(3b)
B(lb) -B(4b) -B(3b)
B(lb) —-B(4b) -B(Sb)
B(lb) ~B(4b) -H(4b)
B(3b) -B(4b) -C(8b)
B(3b) -B(4b) -H(4b)
B(5b) -B(4b) -B(9b)
B(5b) -B(4b) -H(4b)
"C(8b) -B(4b) -B(9b)
C(8b) -B(4b) -H(4b)
B(9b) -B(4b) -H(4b)
B(lb) -B(Sb) -B(4b)
B(lb) -B(Sb) -B(6b)
B(4b) -C(8b) -H(8b)
C(7b) -C(8b) -H(8b)
B(9b) -C(8b) -H(8b)
S(b) -B(9b) -B(4b)
S(b) -B(9b) -B(5b)
S(b) -B(9b) —-C(8b)
S(b) -B(9b) -B(10b)
B(4b) -B(9b) -B(5b)
B(4b) -B(9b) -C(8b)
B(5b) -B(9b) -B(10b)
B(5b) -B(10b)-B(6b)
B(5b) -B(10b)-B(9b)
B(5b) -B(10b)-H(10b)
B(6b) -B(10b)-B(11lb)
B(6b) -B(10b)-H(10b)
B(9b) -B(10b)-H(10b)

B(11lb)-B(10b)~H(10b)
B(11lb)-B(10b)-H(*b)
H(10b)-B(10b)-H(*b)

B(2b)
B(2b)
B(2b)
B(6b)
B(6b)

~-B(11b)-B(6b)
-B(11b)~-C(7b)
-B(11lb)-H(1l1lb)
-B(11b)-B(10b)
-B(11b)-H(11lb)

62.03(21)
127.8(19)
59.99(21)
121.6(19)
60.01(21)
123.7(19)
55.19(20)
120.3(19)
116.1(19)
59.05(22)
60.30(21)
131.0(18)
58.60(21)
125.9(18)
59.66(19)
122.3(18)
52.82(18)
121.0(18)
120.8(18)
59.89(21)
59.79(19)
129.9(17)
59.32(19)
120.0(17)
58.95(17)
128.7(17)
53.74(17)
120.7(17)
119.9(17)
60.27(19)
60.53(19)
119.6(21)
116.3(21)
120.1(21)
114.29(19)
124.40(19)
118.12(19)
125.47(19)
60.93(18)
62.73(18)
60.82(17)
60.31(18)
58.55(17)
119.4(17)
58.43(19)
118.4(17)
128.2(17)
125.8(17)
48.5(16)
104.3(23)
58.89(21)
58.73(21)
118.9(17)
59.00(19)
120.1(17)



B(11b)-C(7b)
B(3b) -C(8b)
B(3b) -C(8b)
B(3b) -C(8b)
B(4b) -C(8b)

-H(7b)"

-B(4b)
=C(7b)
-H(8b)
-B(9b)

123
61
62

115
63

.6(22)
.02(20)
.45(20)
-1(21)
.53(18)
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C(7b) -B(llb)-H(1lb) 125.
B(10b)-B(1llb)~H(1l1lb) 123.
B(10b)-B(1llb)-H(*b)  41.
CH(11lb)-B(llb)-H(*b) 104.
B(10b)-H(*b) -B(llb) 90.

4(17)
4(17)
1(14)
8(22)
3(21)



Table 3.4 Anisotropic Thermal Parameters (Az) in [10,11-u-H-9-SMe,-7,8-nido

-CBgH 4], carb’H, (3)

S(a)
CS(1la)
CS(2a)
B(la)
B(2a)
B(3a)
B(4a)
B(5a)
B(6a)
C(7a)
C(8a)
B(9a)
B(1l0a)
B(lla)
S(b)
CS(2b)
CS(1lb)
B(1lb)
B(2b)
B(3b)
B(4b)
B(Sb)
B(6b)
C(7b)

C(8b) -

B(9b)
B(10b)
B(1llb)

U1l

.0329( 3)
.0370(12)
.0532(17)
.0351(13)
.0348(13)
.0354(14)
.0379(13)
.0373(12)
.0393(13)
.0505(14)
.0418(12)
.0293(11)
.0411(13)
.0520(16)
.0424( 3)
.0581(16)
.0602(17)
.0720(20)
.0524(17)
.0892(25)
.0757(20)
.0503(15)
.0448(15)
.0580(16)
.0605(15)
.0423(13)
.0473(15)
.0453(16)

U22
0.0606( 4)
0.0906(19)
0.1861(39)
0.0643(17)
0.0577(17)
0.0512(16)
0.0631(18)
0.0525(15)
0.0527(16)
0.0632(16)
0.0485(14)
0.0472(14)
0.0479(15)
0.0761(20)
0.0670( 4)
0.0836(20)
0.0573(17)
0.0426(16)
0.0657(20)
0.0684(21)
0.0522(17)
0.0455(15)
0.0572(18)
0.0668(17)
0.0575(15)
0.0430(14)
0.0536(16)
0.0643(19)

(===l Ne N Neo e Neo NoNeNeNe NeNeNo o NeoNeNoNo e Nelle e lo il o)

U33

.0498( 3)
.0524(14)
.1227(28)
.0599(16)
.0886(21)
.0903(22)
.0493(15)
.0499(14)
.0662(17)
.0951(20)
.0826(17)
.0472(13)
.0479(14)
.0659(18)
L0714( 4)
.1051(23)
.0867(20)
.0612(18)
.0811(22)
.0483(17)
.0498(16)
20511(15)
.0770(20)
.0785(18)
.0516(14)
.0446(13)
.0537(16)
.1024(26)
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u23
0.0084( 3)
0.0263(13)
0.1171(30)
0.0253(14)
0.0356(16)
0.0184(16)
0.0116(13)
0.0278(12)
0.0298(14)
0.0523(16)
0.0287(13)
0.0191(11)
0.0191(12)
0.0399(16)
0.0402( 4)
0.0509(18)
0.0136(15)
0.0164(14)
0.0358(18)
0.0218(15)
0.0144(13)
0.0234(12)
0.0346(16)
0.0462(15)
0.0294(12)
0.0180(11)
0.0205(13)
0.0402(18)

Ul3
0.0101( 2)
0.0061(11)
0.0459(18)
0.0051(12)
0.0254(14)
0.0082(14)
0.0069(11)
0.0144(11)
0.0217(12)
0.0333(14)
0.0154(12)
0.0110(10)
0.0140(11)
0.0332(14)
0.0172( 3)
0.0216(16)

-0.0152(15)
-0.0039(15)
-0.0102(16)
~0.0058(16)
0.0150(15)
0.0067(12)
0.0116(14)
0.0003(14)
0.0127(12)
0.0116(11)
0.0172(12)
0.0188(16)

OOOOOOO0.00000000000000000000

"Ul2

.0215( 3)
.0190(12)
.0477(21)
.0209(12)
.0208(12)
.0126(12)
.0208(12)
.0190(11)
.0251(12)
.0261(12)
.0223(11)
.0168(10)
.0193(11)
.0323(15)
.0142( 3)
.0371(15)
.0080(13)
.0037(14)
.0009(15)
.0074(18)
.0225(15)
.0105(12)
.0036(13)
.0160(13)
.0136(12)
.0120(11)
.0107(12)
.0198(14)



Bridging H atoms are regarded as protonic in character (ie. they react with
bases), (although it is Of some note that "H n.m.r. shifts of such atoms would lead
one to assume a more hydridic nature than.is chemically observed), and cage
carbon atoms are more electronegative than either these H atoms or their
neighbouring boron atoms in carbaboranes. Hence one might adopt an extremely
simple viewpoint that a boron atom adjacent to the cage carbon atoms (in this
case B(11)) would possess a méfe positive charge than a more remote boron atom
such as B(10), and that the pu-H atom would therefore bonJ more strongly to
B(10) than to B(11). Additionally, differences in electronegativity cause
carbon-bonded H atoms to bear a greater 8* than those bonded-to boron, the

- importance of which will become apparent during this discussion.

To investigate this idea further, charge-iterated extended Huckel molecular
orbital calculations have been carried out on idealised models of [9—SH2-7,8-nidQ
-C,BgH|I" (lowest energy conformer - see later) and [7,8-nido-Cs B()H”]:'.

The models used in these calculations may be found in Chapter 6, section 3.

The net charges calculated for atoms B(10) and B(11) were as follows: In
[CZB()H“]z', B(10) bears a net charge of -0.153 and B(11) carries a charge of
-0.003. In the SH,-substituted model, [9-SH,-C,BgH ], B(10) is calculated to

have a charge of -0.030, where B(11) is again more positive at +0.022.

The results of the calculations suggest that in both médels, B(10) is, as
predicted on a simplistic vbasis, sub§tantially more negative than B(11), and that
the similarity in the two results leads to the conclusion that the observed
asymmetry of the ﬁ-H site in carb’H, with the bridging proton favouring the more

negatively-charged boron B(10), is a function of the cage carbon atom positions,
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:

rather than any effect of the exo-polyhedral SMe, group.

The structural difference between molecules a and b of carb’H, which was
alluded to earlier, can be best illustrated by means of a Root Mean Square Misfit

calculation 66.

For two (crystallographically determined) fragments with the same numbering
scheme, a geometrical calculation can be performed which superimposes the
centres of gravity of the fragments, then maps every numbered pair of atoms (e.g
B[ 1] with B[!’]), and calculates the square root of the mean of the squares of the
difference in the distances from the centre of gr;ivity of the atoms within each
pair. This technique can be applied to whole (or parts of) molecules, to gain
information on the degree of gross similarity of the molecular structure, and can
be especially useful in the case of delocalised systems, such as bo;anes and

heteroboranes‘67 .

In the case of compound (3), r.m.s. mistit caléulations were performed
between (i) The {C,ByS} frughents of molecules & and b'and (i) The
{G BQSC(methyl)Z} fragments of fhg 2 conformers. For calculation (i), the r.m.s.
misfit between the two fragments was only 0.0.16/\', denoting practically identi/cal
{C,BgS} geometries in the two molecules. The inclusion of the methyl carbon
atoms in calculation (ii), however, causes the r.m.s. misfit between the fragmen-ts
to increase to 0.209A. Hence the geometric difference between molecules a and b
lies in the orientation of the pendant SMe, group with respect to the carbaborane
framework. More specifically, the lone pair-S(a)-B(9a)-C(8a) torsion angle
(calculated ‘from the available CS(1a)-S(a)-B(9a)-C(8a) and

CS(2a)-S(a)-B(9a)-C(8a) torsions) is 27.29°, and the corresponding angle in
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molecule b is 4.04°.

Of further interest with respect to the bonding of the dimelhylsulphidé ligand
to the polyhedron are the interbond angles between S-B(9)-C(8) and
S-B(9)-B(10). The former angle has been determined as 116.73° (molecule a ) and
118.12° (molecule & ), where the latter is consistently wider, at 126.57° and

125.47° for molecules a2 and b respectively.

Taken together, the above pieces of information, (i) orientation of SMe,
function about S-B(9) bond so as to give small lone pair-S-B(9)-C(8) torsion
angles and (ii) S$-B(9)-C(8) angles more acute than $-B(9)-B(10) angles might

suggest some interaction between the sulphur lone pair and C(8)-H6+.

A series of EHMO calculations has been carried out on idealised models of
[9-SH, -.7,8-nido-C289H'|0]', where the torsion angle between the SH, group and
the carbaborahe cluster has been \;aried and the resultant totai ehergy of the
molecule mapped. The models used in each of the calculations are given in
Chapter 6, section 3. The only variables between each of the models are the
positions of the sulphur-bonded hydrogen atoms, the coordina;es of which are
given for each nominal value o.f the lone pair-S-B(9)-C(8) torsion ahgle, along

with the positions of the other atoms, which are invariant between calculations.

The energies so calculated are giveﬁ in Table 3.5, and are also presented in
graphical form in Figure 3.3. It' can be clearly seeﬁ from Fig. 3.3 that the
minimum energy calculated results when the sulphur lone pair exactly eclipses the
B(9)-C(8) connectivity, i.e. when the torsion angle is (. This suppdrts the results

~of the structural study and the idea that these might be traced to an

intramolecular electrostatic interaction of the type S(lone pair)..H(8)6+_
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E(eV)

} “841 .

Table 3.5 Calculated Conformational Energies for [9-SH,-7,8-nido-CyBgH, ]

~-840.94

-841.

-841.

-841.

-841.

S(1.p.)-S-B(9)-C(8)

Torsion Angle

-180
-150/
-120
-90
-60
-30

Figure 3.3 Energy Profile for Rotation about $-B(9) Bond

Total Energy (eV)

-841.318954
-841.281107
-841.116519
-841.034324
-841.171367
-841.332933
-841.391246
-841.330169
-841.184423
-841.029070
-841.028301
-841.195170
-841.318954

-841. 42

'180-00

T T T
-120.00

T
-60.00

—
0.00

i 1

T
60.00 120.00

!

1
180.00

S(l.p.)1-5-B9-C8 Torsion (Degrees]
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Other experimentally determined features of the molecule do not differ
substantially from those expected for such a compound. Spéciﬁcally, the ﬁve
atoms which define the open face of the carbaborane [C(7), C(8), B(9), B(10) and
B(11)] can be fitted to a plane from which no atom deviates by more than 0.024A
in molecule 2 and 0.023A in molecule . The angles made by this-plane and the
S-B(9) vector are 27.08° and 26.26° in molecules @ and b, which are in full accord |
with the geometrically preferred angle of inclination (26°) for a substituent on an
11-vertex nido species such as carb’H. The sulphur-boron distances in molecules
a and b are 1.879A and 1.889A respectively, which are in good agreement witﬁ

values already published for similar bonds in related species 65.68.69

. It can also
be seen that the longest of the boron-boron connectivities in both molecules is
B(10)-B(11), i.e. that which supports the u-H atom, the reasons for the

lengthening of such connectivities being well documented 27,

Deprotonation of carb’H

As discussed previously, the purpose of studying carb’H was to ascertain the -
position of the 11th "cage" H atom; that having been achieved, the next step was
to effect deprotonation of the neutral carbaborane to give the monoanionic ligand

[9-SMe, -7,8-nido-C, By H oI , [carb’]".

The compound does not undergo facile deprotonation with Lewis bases such as
triethylamine, NEt3, as doés for example 70 decaborane(14). Instead, slightly
more forcing conditions must be used for its successful deprotonati-cl)n, namely
excess KOH, which leads to the formation of the readily soluble species
K+[carb’]—,“which may then be used in situ for reactions with transition metal

salts and metal complexes containing halide ligands. This method was used to
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synthesise compounds (6), (8) and (9), which are discussed in Chapters 4 and S.

It is also possible to prepare and isolate the thallium(l) complex of [carb’]”, viz.
TI[9-SMe,-7,8-nido-CyByH, 3], which is a pale yellow-green, slightly
light-sensitive compound. The compounq was prepared from carb’H in an
analogous manner to the preparation of TI[TIC,BgH, |, using KOH/TIOAc in

appropriate proportions. A typical synthesis is described in Chapter 6, section 1.

Because of its inherent insolubility, the only available method of
characterisation of Tl[carb’] is elemental (C,H) microanalysis, which was

performed, giving results fully consistent with the proposed formulation.

Further evidence for the identity of the species may be taken from its
subsequent chemical behaviouf, acting as a synthetic equivalent of [carb’]” in.later
reactions ( see syntheses of compounds (4) and (5), Chapter 6, section 1). Such
reactions may be crudely followed by monitoring- the solubilisation of the
carbaborane function, which manifests itself in the infrafre_d spectrum in the form

of a B-H stretching envelope, centred around 2500cm™! .

[10,11--(PPh, Au)-9-SMe,-7,8-nido-C, ByH, o], PPh, Au(carb’), (4)
3 2 BoH) 3

Introduction

Further to the work in Chapter 2 and on carb’H, (3), synthetic, spectroscopic
and X -ray crystallographic studies have béen _carriéd out upon the above
compound, (4), where isolobal substitution of the bridging H atom by
(triphenylphoshine)gold (1) has Abeen effected, as part of the overall invest'igation
of the bonding capabilities of the [9-SMe2-7,8-aido-Cz B()Hlo]' ligand to métal

fragments.
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Synthesis and Characterisation of (4)

[10,11-u-(PPhyAu)-9-SMe,-7,8-nido-CyBgH ], (4), was synthesised by
reaction vof equimolar quantities of Tl[carb’] and PPh; AuCl in dichloromethane,
as described in Chapter 6, section 1, and chemical characterisation was achieved
by infra-red spectroscopy, elemental microanalysis and multinuclear n.m.r.

Spectroscopy. -

Infra-red Spectroscopy

The chief features of interest in the infra-red spectrum of (4) are the
absorption centred at 2540cm'l, due to B-H stretching, and the Au-P stretch,

which occurs-at 535cm'l ;

N.m.r. Spectroscopy

'H, 3iF‘, "B and llB-{lH} spectra were recorded, each consistent with the
expected nature of the molecule. In the ' spectrum, 2 sigﬁals were observed at
§ 2.35 and 2.39 p.p.m., arising from the protons of the inequivalent methyl groups
of the dirﬁethylsulphide ligadd, and a complex multiplet at § 7.4-7.7 p.p.m. due to

the H atoms of the triphenylphosphine group.

The 3'P n.m.r. spectrum displayed only the expected one (broad) signal at &
41.0 p.p.m., the broadening of the resonance being an indication of the bonding of
the phosphorous-containing moiety (albeit through the gold atom) to the

2
carbaborane system 72

The ”B-{' H} spectrum confirmed the presence of 9 boron atoms (8
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resonances, with 1 accidental coincidence leading to one signal possessing a '
relative integral double that of the other seven). The highest frequency resonance
(8 -10.31 p.p.m.) was the only peak which did not display doublet coupling in the

proton-coupled boron spectrum, and was hence assigned as arising from the B(9)

" nucleus.

Structural Study on (4)

Introduction

The structural work on (4) was carried out to investigate any. differences in
molecular geometry produced by the isolobal replacement of the
asymmetrically-bridging H atom by the {PPh3Au+} fragment. Diffraction-quality
crystals were grown by slow diffusion of n-hexane into a dichloromethane solution
of the corhpound, as described in Chapter 6, section 1. Details of the
crystallographié procedures and crystal data for the structure may be found in

Chapter 6, section 2.

Discussion

Compound (4), PPh;Au(carb’), crystallises with a molecule of dichloromethane
of crystallisation per molecule of carbaauraborane. This does not result in any
unusual solvent-carbametallaborane interactions however, hence any structural

differences between (3) and (4) are attributable solely to intramolecular effects.

A perspective view of the PPh3.Au(carb’) molecule is shown in Figufe 34,
which also shows the appropriate molecular numbering scheme. Carbaborane H

atoms have the same number as the B or C atom to which they are bonded and
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phenyl H’s bonded to C(//) are numbered as H(/0).

Final coordinates of refined atoms and (for non-H’s) equivalent isotropic
thermal parameters are given in Table 3.6. Interatomic distances comprise Table
3.7, and Table 3.8 gives selected interbond angles. Table 3.9 consists of anisotropic
thermal parameters and Table 3.10 shows calculated H atom coordinates. It is
initially obvious from Figure 3.4 that the replééement of the u-H atom in carb’H

leads to a bridging {PPh,Au*} fragment on the same (B(10)-B(11)) connectivity.
3 - y

This change between molecules (3) and (4) does not however lead to a sizeable
effect upon the polyhedral geometry. In order to monitor this, r.m.s. mistit
calculations were again performed, this t.ime between the {C,By} fragments of
carb’H and PPhyAu(carb’). The resulting misfit of only 0.028A (molecule a of
carb’H) and 0.026A (moiecule b) indicAales a minimal difference between the
geometries of the fragments. Upon inclusion of the sulphur atoms in the
calculations, i.e. comparison of the {C,ByS} portions of the molecules, the misfits
rise to 0.043A and 0.045A for comparison of (4) with molecules a and b of
carb’H respectively. The poorer fit when sulphur is included in the calculations is
a reflection of the fact that the S atom in (4) is depressed below its preferred
angle of inclination to the plane defined by C(7), C(8), B(9), B(10) and B(11), an
angle of 21.%° being formed- between this plane and the S(1)-B(9) vector. This
angle is in comparison with those in carb’H of 27.1° molecule 2 and 26.3°

-

molecule b .
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Table 3.7 Interatomic Distances (A) in [10,11-u-(PPhAY9-SMe,-78-nido

-CyBgH, ], PPhyAu(carb’), (4)

Au(l) - P(1) 2.2550(12) B(2) -B(1ll) 1.790( 9)
Au(l) -B(10) 2.233( 6) B(2) - H(2) 1.31( 7)
Au(l) -B(1l1) 2.357( 6) B(3) - B(4) 1.746(10)
P(1) -C(11) 1.817( 3) - B(3) - C(7) 1.730( 9)
P(1) -C(21) 1.817( 3) B(3) - C(8) 1.732( 9)
P(l) -C(31) 1.813( 4) B(3) - H(3) 1.11( 7)
S(1) -CS(1) 1.796( 8) B(4) - B(5) 1.773( 9)
S(1) —CS(2) 1.798( 7) B(4) - C(8) 1.709( 9)
S(1) - B(9) 1.896( 6) B(4) - B(9) 1.798( 9)
B(l) - B(6) 1.803( 9) B(4) - H(4) 0.88( 7)
B(1l) - B(2) 1.766( 9) B(5) - B(9) 1.763( 8)
B(1l) - B(3) 1.762(10) B(5) -B(10) 1.791( 8)
B(l) - B(4) 1.755( 9) B(5) - H(S) 1.21( 7)
B(1l) - B(5) 1.782( 9) C(7) - C(8) 1.558( 8)
B(1) - H(1) 1.13( 7) C(7) -B(1ll1) 1.636( 8)
B(6) - B(2) 1.760( 9) C(7) - H(7) 1.13( 8)
B(6) - B(5) 1.791( 8) - C(8) - B(9) 1.594( 8)
B(6) -B(10) 1.775( 8) - C(8) - H(8) 1.10( 9)
B(6) -B(ll) 1.769( 8) B(9) -B(10) 1.772( 8)
B(6) - H(6) 1.03( 7) B(10) -B(1ll) 1.844( 8)
B(2) - B(3) 1.760(10) B(10) -H(10) 1.05( 7)
B(2) - C(7) 1.694( 9) B(1l1l) -H(1l1l) 1.23( 7)
Cl(1l)- CM 1.689(12) : Cl(2)- CM 1.742(12)
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Table 3.8 Selected Interbond Angles (°) in [10,11-u-(PPhy Au)-9-SMe,-7,8-nido

-CyBgH (], PPhyAu(carb’), (4)

P(1l) -Au(l) -B(10) 166.80(15) B(1) - B(6) - B(5) 59.5( 3)
P(l) -Au(l) -B(1ll) 144.99(15) B(2) - B(6) -B(1ll) 61.0( 4)
B(10) -Au(l) -B(1l1l) 47.30(21) B(5) - B(6) -B(10) 60.3( 3)
Au(l) - P(l) -C(11) 114.25(11) B(10) - B(6) -B(1ll) 62.7( 3)
Au(l) - P(l) -C(21) 112.68(1ll) B(1l) - B(2) - B(6) 61.5( 4)
Au(l) - P(l) -C(31) 112.71(12) B(1l) - B(2) - B(3) 60.0( 4)
C(1l1]) - P(1) -C(21) 106.08(l5) B(6) - B(2) -B(1ll) 59.8( 4)
C(1l1]) - P(l) -C(31) 105.83(16) - B(3) - B(2) - C(7) 60.1( 4)
C(21) - P(1) -C(31)- 104.51(16) C(7) - B(2) -B(1ll) 55.9( 3)
CS(1) - S(1) -Cs(2) 98.9( 3) B(l) - B(3) - B(2) 60.2( 4)
CS(1l) - S(1) - B(9) 104.0( 3) B(1l) - B(3) - B(4) 60.0( 4)
CS(2) - S(1) - B(9) 107.6( 3) B(2) - B(3) - C(7) 58.1( 4)
S(1) -CS(1) -HS(1ll) 102.6( 7) B(4) - B(3) - C(8) 58.9( 4)
S(l) -CsS(l) -HS(12) 118.5( 7) T C(7) - B(3) ~ C(8) 53.5( 3)
S(1) -CS(1) -HS(13) 107.0( 7) ~ B(l) - B(4) - B(3) 60.4( 4)-
S(l) -CS(2) -HS(21) 108.7( 6) B(1l) - B(4) - B(5) 60.7( 4)
S(l) -CS(2) -HS(22) 110.8( 6) ' B(3) - B(4) - C(8) 60.2( 4)
S(1l) -CS(2) -HS(23) 108.9( 6) B(5) - B(4) - B(9) 59.2( 3)
P(l) -C(1ll) -C(12) 121.94(24) C(8) - B(4) - B(9) 54.0( 3)
P(l) -C(11) —-C(16) 118.06(24) B(l1) - B(S5) - B(6) 60.6( 3)
P(l1) -C(21) -C(22) 118.34(23) - B(l) - B(5) - B(4) 59.1( 4)
P(l) -C(2L) -C(26) 121.61(23) B(6) - B(5) -B(1l0) 59.4( 3)
P(l) -C(31) -C(32) 122.8( 3) B(4) - B(5) - B(9) 61.1( 3)
P(l) -C(31) —C(36) 117.2( 3) B(9) - B(5) -B(10) 59.8( 3)
B(6) - B(1) - B(2) 59.1( 4) B(2) - C(7) - B(3) ~ 61.9( 4)
B(6) - B(l) - B(5) 59.9( 3) B(2) - C(7) -B(1ll) 65.0( 4)
B(2) - B(l) - B(3) 59.9( 4) B(3) - C(7) - C(8) 63.3( 4)
B(3) - B(1l) - B(4) 59.5( 4) B(3) - C(8) - B(4) 61.0( 4)
B(4) - B(1) - B(S5) 60.2( 4) B(3) - C(8) - C(7)  63.2( 4)
B(l) - B(6) - B(2) 59.4( 4) B(4) - C(8) - B(9) 65.8( 4)
S(1) - B(9) - B(4) 108.1( 4) B(6) -B(10) - B(S) 60.3( 3)
S(1) - B(9) - B(5) 121.2( 4) B(6) -B(10) -B(1ll) 58.5( 3)
S(l) - B(9) - C(8) 1l4.6( 4) B(5) -B(10) - B(9) 59.3( 3)
S(1l) - B(9) -B(10) 131.0( 4) Au(l) -B(1l1l) -B(1l0) 62.83(25)
B(4) - B(9) - B(5S) 59.7( 3) - B(6) -B(1l) - B(2) 59.3( 3)
B(4) - B(9) - C(8) 60.2( 4) B(6) -B(1l) -B(10) 58.8( 3)
B(5) - B(9) -B(10) 60.9( 3) ’ B(2) -B(1ll) - C(7) 59.1( 4)

Au(l) -B(10) -B(1l1l) 69.9( 3) Cl(l)- CM -Cl(2) 115.5( 7)
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Table 3.9 Anisotropic Thermal Parameters (Az) in  [10,11-p-(PPh; Au)-

-9-SMe,-7,8-nido-C, BoH o], PPhyAu(carb’) | (4)

Au(l)
P(1l)
S(1)
Cs(1l)
Cs(2)
C(12)
C(13)
C(1l4)
C(15)
C(16)
C(1ll)
C(22)
C(23)
C(24)
C(25)
C(26)
C(21)
C(32)
C(33)
C(34)
C(35)
C(36)
C(31)
B(1)
B(6)
B(2)
B(3)
B(4)
B(5)
C(7)
C(8)
B(9)
B(10)
B(1ll)
Cl(l)
Cl(2)
CM

‘Ull

0.0227( 1)
0.0204( 6)
0.0382( 8)
0.0782(51)
0.0556(42)
0.0280(28)
0.0310(28)
0.0236(27)
0.0332(32)
0.0307(29)
0.0197(24)
0.0277(27)
0.0417(32)
0.0361(31)
0.0326(28)
0.0301(26)
0.0184(23)
0.0339(29)
0.0487(37)
0.0380(34)
0.0306(30)
0.0214(26)
0.0276(25)
0.0332(33)
0.0258(30)
0.0437(37)
0.0461(39)
0.0203(29)
0.0259(29)
0.0428(31)
0.0324(29)
0.0240(28)
0.0249(28)
0.0309(31)
0.0832(15)
0.0847(18)
0.0618(62)

el -N-NeReN=-ReEN-NeNoNoNcNeNeolNeNeNeNeNelNeNeNelNeNeNelNeNolNolelolNo ol ool e el

U22

.0226( 1)
.0231( 6)
.0480( 8)
.0778(51)
.0700(46)
.0318(27)
.0381(29)
.0505(34)
.0401(33)
.0292(28)
.0297(25)
.0337(27)
.0426(32)
.0345(30)
.0268(27)
.0261(26)
.0255(24)
.0565(36)
.0804(48)
.0730(44)
.0593(37)
.0488(33)
.0239(24)
.0362(33)
.0226(27)
.0396(34)
.0431(38)
.0446(36)
.0248(28)
.0294(27)
.0359(29)
.0292(29)
.0220(27)
.0311(30)
.0647(13)
.0996(18)
.0697(61)

U33

0.0241( 1)
0.0199( 6)
0.0264( 7)
0.0291(34)
0.0355(34)
0.0298(27)
0.0275(27)

0.0401(32) -

0.0896(52)
0.0635(39)
0.0223(24)
0.0201(25)
0.0294(29)
0.0492(35)
0.0453(33)
0.0319(28)
0.0217(25)
0.0251(29)
0.0200(29)
0.0213(29)
0.0277(29)
0.0295(28)
0.0193(23)
0.0307(32)
0.0322(32)
0.0211(30)
0.0411(38)
0.0380(34)
0.0290(30)
0.0265(27)
0.0305(28)
0.0201(27)
0.0217(28)
0.0178(27)
0.1167(19)
0.0882(18)
0.203 (14)

90

u23

-0.0039( 1)
-0.0029( 4)
0.0005( 6)
0.0091(32)
0.0094(31)
-0.0031(21)
~0.0004(22)
0.0019(25)
-0.0112(33)
-0.0067(27)
0.0012(19)
0.0002(20)
0.0068(23)
0.0148(26)
-0.0019(23)
-0.0052(21)
-0.0012(18)
0.0018(24)
0.0018(28)

-0.0007(27)~

-0.0004(26)
-0.0001(23)
0.0011(18)
-0.0078(25)
-0.0086(23)
-0.0049(24)
-0.0072(29).
-0.0060(28)
-0.0013(22)
0.0043(21)
-0.0027(22)
-0.0023(21)
-0.0025(21)
-0.0023(22)
0.0056(12)
0.0362(13)
-0.0150(70)

Ul13

.0091( 1)
.0067( S)
.0021( 6)
.0165(35)
.0059(33)
.0107(24)
.0119(24)
.0131(25)
.0275(35)
.0207(29)
.0054(21)
.0056(22)
.0131(26)
.0160(28)
.0124(26)
.0109(23)
.0038(20)
.0135(25)
.0112(29)
.0026(27)
.0022(26)
.0088(23)
.0074(21)
.0195(29)
.0098(26)

.0135(29) -

.0267(34)
.0122(28)
.0108(26)
.0120(25)
.0132(25)
.0038(24)
.0074(24)
.0045(25)
.0294(14)
.0120(15)
.0321(77)

C OO0 00O OO0 OO0OOLODOO0OCODOCOO0CDOOOCOOoO

Ul2

.0010( 1)
.0005( 4)
.0034( 6)
.0196(40)
.0254(34)
.0033(20)
.0078(22)
.0016(23)
.0112(26)
.0010(22)
.0012(18)
.0003(20)
.0035(24)
.0042(23)
.0009(21)
.0020(19)
.0006(18)
.0062(25)
.0094(33)
.0021(29)
.0033(25)
.0010(22)
.0021(18)
.0017(24)
.0010(21)
.0033(27)
.0064(29)
.0009(25)
.0021(21)
.0002(23)
.0114(22)
.0036(21)
.0017(20)
.0044(23)
.0017(11)
.0183(12)
.0030(45)



Table 3.10 Calculated Coordinates of Hydrogen Atoms in [10,11-p-(PPhy Au)-

-9-SMe,-7,8-nido-C,BgH, 4], PPh; Au(carb’) , (4
2 2 10 3 4

X y z
HS(11) 1.1519 -0.0362 0.4377
HS(12) 1.2141 -0.1234 0.5231
HS(13) 1.1273 -0.1768 0.4297
HS(21) 1.3491 -0.2829 0.3963
HS(22) 1.2511 -0.3191 0.4208
HS(23) 1.3496 -0.2551 0.4981
H(120) 0.8529 0.3148 0.3315
H(130) 0.6892 0.3114 0.3260
H(140) 0.6010 0.1377 0.3009
H(150) 0.6765 -0.0326 0.2812
H(160) 0.8402 -0.0291 0.2867
H(220) 0.9510 0.1708 0.1361
H(230) 0.9698 0.3290 0.0540
H(240) 1.0157 0.5082 0.1240
H(250) 1.0428 0.5291 0.2761
H(260) 1.0240 . 0.3709 0.3583
H(320) 0.9487 0.1535 0.4746
H(330) 1.0620 0.1849 0.6219
H(340) 1.2307 0.2180 0.6504
H(350) 1.2861 0.2195 0.5315
H(360) 1.1728 : 0.1881 0.3842
HC(1) 0.6706 0.1043 . 0.0346
HC(2) 0.5885 - 0.0054 0.0376
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This depression of the SMe, group by ca. 5 in the gold complex presumably
arises as an effect of steric interaction between the CS(1) methyl group of the
dimethylsulphide ligand and the C(31)-C(36) phenyl ring which approaches most

closely in the solid state structure.

As discussed earlier in this chapter, it appears that the sulphur lone pair has a
tendency to almost eclipse the B(9)-C(8) connectivity, giving small
lone pair-S-B(9)-C(8) torsion angles. In the case of (4), this torsion is observed to

be 4.4°, in accord with those in carb’H (27.3° and 4.0° in molecules 2 and b ).

[t‘is noteworthy that the SMe, group in PPhjyAu(carb’) does not adopt a
torsion about the B(9)-S(1) bond which would alleviate the observed
intramolecular crowding. The fact that it does not do so would tend to add weight
to the assertion that the stereochemical preference of the SMe, group for the
near—eqlpised lone pair-C(8) torsion is indeed a very real one whose origin lies in

the lone pair..H(8)6+ interaction discussed earlier.

Further evidence for this interaction in (4) comes from the relative sizes of the
S(1)-B(9)-C(8) and S(1)-B(9)-B(10) angles, 114.6° and 131.0° respectively. The
narrowing of the former angle (also observed in (3)) is presumably a further effect
of the coulombic interaction which leads to the preferred orientation of the

pendant dimethylsulphide group.

The bridging {AuPPh3+} fragment ls asymmefric with respéct to B(10) and
B(ll),‘ favouring B(10), with bond lengths Au(1)-B(10) = 2.233(6)A and
Au(1)-B(11) = 2.357(6)A. As with carb’H, (2), this difference is statistically
significant, and can again be traced to the charge difference between B(10) and

B(11) in [carb’]", B(10) being the more negative, as modelled by EHMO
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calculations, and therefore having the greater affinity for the incoming positive

gold phosphine fragment. -

This result is in complete accord with the comparable structural parameters for
carb’H, showing the same type of asymmetry, but the precision of the
measurement (locatidn of Au versus location of H) is obviously much greater.
The measured Au(1)-B(10) and Au(1)-B(11) distances in (4) are in good -
agreement with previously published values for such connectivities in related

species 13-75,

The sum of the angles at Au(l) (P(1)-Au(1)-B(10), P(1)-Au(1)-B(11) and
B(10)-Au(1)-B(11)) is 359.09°, indicating planarity at the gold atom, with the
subsequent implication that the orbital number 76 of Au in P.Ph3 Au(carb’) is two,
one orbital directed towards the PPh; ligand and the ofher towards the HOMO of
the carbaborane, i.e. towards the B(10)-B(11) connectivity, favouring B(10), as
indicated by the greater value of the P(1)-Au(1)-B(10) angle (166.80°) c.f. the
P(1)-Au(1)-B(11) angle (144.99°). For a symmetric bridge, these two angles would

be expected to be equal.

Other parameters within compound (4) are as expected for such a molecule,
specifically the Au-P distance and angles around P and S are in reasonable

agreement with published details of related species 68.69,73-75 -

Determination of the- structure of (4) affords the first opportunity to directly
compare analogous metal compllexes of the Cp~ and- [carb’]” ligands; The
structure of the tetraphenylcyclopentadienyl complex was discussed earlier (see
Figure 2.10), and possesses an essentially Au-C o bond, unlike the bridging

function found in (4). These findings (and those for the carbaboranes (1) and (3))
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are entirely consistent with the differing forms of the HOMO’s obtained by

extended Hiicke! calculations, (see Figure 1.5).

[3-PPh,-4-SMe, -3,1,2-CuC, ByH, (], PPh, Cu(carb’), (5)

Introduction

Following the structural comparisons drawn in Chapter 2 between the
protonated and (triphenylphosphine)gold (1) derivatives of the [7,8-C, Bgl-l”]:'
ligand with the {CuPPh3+} derivative, it was decided to attempt a similar analysis

for the related compounds of the monoanionic [carb’]" ligand.

Unlike the (triphenylphosphine)copper (1) derivative of [C,BgH ]2' however,
the PPh3Cu(cafb’) complex, (5), had not been previously reported, and therefore
details of its synthesis and characterisation will be presented prior to detailed

discussion of the X-ray structural analysis.

Synthesis and Characterisation of (5)

[3-PPh3-4-SMe/3-3,l,2-CtjC289Hlo], (5), was prepared by reaction of
dichloromethane suspensions of Tl[carb’] and [PPh;CuBr], in 4:1 molar ratio, as
described in Chapter 6, section 1, and the product was purified by crystallisation,
effected by diffusion of n-hexane into a dichloromethane solution at -30°C. This

technique also produced crystals of suitable habit for structural study (see later).

The identity of the species was confirmed by elemental microanalysis and
multinuclear n.m.r. spectroscopy. 'H, g, “B-{'H} and 3'P n.m.r spectra were

recorded at ambient temperature.
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The 'H spectrum shows a multiplet at § 7.20-7.75 p.p.m., corresponding to the
protons of the triphenylphoshine group. The two inequivalent methyl groups of
the SMe, function appear as singlets at § 233 and 2.24 p.p.m., and the
carbon-bonded H atoms of the carbaborane show broader resonances cen.(red at

2.26 and 2.01 p.p.m..

The ”B-{l H} spectrurﬁ displays 7 resonances, of relative integral 2:1:1:1:1:2:1.
On retention of proton coupling in the g spectrum, all resonances show doublet
coupling except one of the components of the highest frequency coincidence at §

-15.37 p.p.m., thus assignable to B(4), the sulphur-bonded boron atom.

The 3! p spectrum obtained at room temperature was unfortunately of little use
in identification of the spec.ies, as the compound had (at least partially)
decomposed over the timescale of the experiment, and two resonances were
observed (at § 9.78 and -4.54 p.p.m.) where only one would be expected for the
proposed (and found in the solid state, see latér) structure. Further evidence for
decomposition was taken from the change in colour of the sample from colourless

to brown during the 3p n.m.r. experiment.
Structural Study on (5)

Introduction

As has already been explained, the reason behind the structural analysis of (5)
was to enable detailed comparisons- to be drawn both with the closo
| -[3-PPh3-3,1,2-Cu‘C2 ByH,,]” anion 43 and with the nido compounds (3) and (4)

presented earlier in this chapter.

Details of data collection and processing, and of the crystallographic
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procedures used in the solution and refinement of the structure may be found in

Chapter 6, section 2.

Discussion

2 molecules of compound (5) crystallise in the triclinic space group P1, with no

unusually short intermolecular contacts.

A perspective view of PPh;Cu(carb’) is shown in Figure 3.5, .showing the
numbering scheme employed. (The same problems arise here as in Chapter 2,
because of the different numbering conyen(ions for closo and nido species, and
these m'ust again be borne in mind during the discussion). Non-hydrogen atoms
are represented by thermal ellipsoids at the 50% probability level and H atoms
have been given artificial radii of 0.1A for clarity. Phenyl H atoms bonded to C(i/)
are numbered H(;j0), and cage hydrogens carry the same number as the vertex to

which they are bonded.

Positional coordinates of refined atoms are given in Table 3.11, along with
equivalent isotropic thermal parafneters for non-hydrogen atoms. Table 3.12 gives
interatomic distances and interbond angleé are given in Table 3.13. Anisotropic
thermal parameters comprise Table 3.14 and Table 3.15 gives calculated

coordinates of (non-refined) hydrogen atoms.

Figure 3.5 clearly shows the essential structural features of the complex. It is
initially apparent that, unlike carb’H or PPh3Au(carb’) the geometry of the
polyhedrdn is, to a first approximation, icosahedral. The copper atom in (5) is
regarded as a polyhedral vertex, and adopts a very similar position with respectj,to

the cage framework as does Cu(03) in [PPh3Cu(C,BgH, )" (see Figure 2.7).
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Figure 3.5 Perspective  View of [3-PPh;-4-SMe,-3,1,2-CuG, BoH, ol

PPhy Cu(carb’), (5)
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Table

3.11 Positional

Coordinates

of

Refined

[3-PPh;-4-SMe,-3,1,2-CuC, ByH, ], PPhy Cu(carb’), (5)

Cu(3)
P

S
CS(1)
CS(2)
C(L)
C(2)
B(4)
B(5)
B(6)
B(7)
B(8)
B(9)
B(10)
B(11)
B(12)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
Cc(21)
C(22)
C(23)
Cc(24)
C(25)
C(26)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
HS(11)
HS(12)
HS(13)
HS(21)
HS(22)
HS(23)
H(1)
H(2)
H(S)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11l)
H(12)

X

[
OO OO

.0781(
.1453¢
.1741¢(
.3411¢(
.1250¢(
.1493¢(
.2912¢(
.4229¢(
.2846(
.2234(
.3292¢(
.4531¢(
.4142¢

|
o

.32171
.39843
.41194
.34873
.27202

CO0OO0O0OO0DO0OO0O0OO0OOOO0OOO

-0.03736(23)

-0.07771
-0.22596
-0.33387
-0.29351

-=0.14526
0.16471(21)

.29559
.30715
.18783
.05695
0.04539
-0.176(
-0.018¢
-0.062(¢
-0.253¢(
-0.073¢(
-0.138¢(
.109¢
.365¢(
.050¢(
.293¢(
.525¢(
.280¢(
.178(
354¢
.548(¢(
0.502¢

.

OO0 O0OO0OODOO0 O

.22919( 4)
.15486( 8)
.07947( 9)

6)
5)
4)
4)
4)
5)
5)
4)
4)
4)
5)
5)
4)

.25851(25)

4)
4)
4)
4)
4)
4)
4)
4)
4)
4)
4)
4)
4)
4)
4)
4)

y

.75298( 4)
.83671( 7)
.71203( 9)
.5854(
.6299¢(
.8749¢(
.8711¢(
.7287¢(
.8059(
.9017¢(
.7221¢
L6169 (
.6407(
L7512
.7995¢(
.6381(
.77143(18)
.64232
.58786
.66252
.79164
.84610
.8212(
.7524
.7366
.7897
.8585
.8743
.00960(22)
.05228
.18428
.27362
.23095
.09894
.563(
.511¢(
.615(
.619¢
.558(
.687(
.947¢(
.947¢(
.844(
.996(
.715¢(
.518¢(
.564(
.744¢(
.835¢(
.555¢(

5)
6)
3)
3)
3)
4)
4)
3)
3)
4)
4)
4)
4)

3)

3)
4)
4)
3)
4)
4)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
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-
.
-
-
-
.
-
-
-
-
-
-
.
-
.
.
.

0.
0.
0.
0.
0.
0.
0.
0

-0

-0
0
0
0

-0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

-0

-0
0
0

-
-
-
-
.
.
.
.
.
.
.
.
-
.
.
.
.
.
.
-
.
.

0.
-0.
0.
0.

z

24695( 3)

35583( 6)

14353( 7)
2681( 4)
0698( 4)
06751(24)
09192(23)
1168( 3)
0179¢ 3)
0330( 3)
1623( 3)
1787( 3)
0524( 3)
0412( 3)
0276( 3)
0796( 3)
47813(17)
51621
61110
66792
62984
53495
38964(13)
48991
51082
43147
33121
31029
30489(18)
25913
21459
21583
26160
30613
276( 3)
272( 3)
313( 3)
085( 3)
076( 3)
010( 3)
061( 3)
096( 3)
073( 3)
090( 3)
210( 3)
239( 3)
036( 3)
119(¢ 3)
001( 3)
0764(25)

ODOOOOOO0.0000000000000000000000000

Atoms in

Ueq

.0382( 3)
.0318¢( 5)
.0543( 6)
.074( 1)
L.091( 4)
.0389(20)
.0396(20)
.0351(21)
.047( 3)°
.0s1( 3)
.0370(22)
.0326(21)
.0415(24)
.053( 3)
.048( 3)
.0433(24)
.0368(19)
.0501(23)
.061( 3)
.070( 3)
L.075( 3)
.0559(25)
.0381(19)
.070( 3)
.109¢( 4)
.093( 4)
.068( 3)
.0497(23)
.0360(19)
.0564(25)
.079( 3)
.082( 3)
.084( 4)
.0567(25)



Table 3.12 Interatomic Distances (A) in [3-PPh;-4-SMe,-3,1,2-CuC, ByH, ],

PPh; Cu(carb’), (5)

Cu(3) -- P 2.1681( 9) B(4) - B(5) 1.783( 6)
Cu(3) - C(1) 2.394( 3) B(4) - B(8) 1.787( 5)
Cu(3) - C(2) 2.369( 3) B(4) - B(9) 1.761( 5)
Cu(3) - B(4) 2.212( 4) B(5) - B(6) 1.747( 6)
Cu(3) - B(7) 2.187( 4) B(5) - B(9) 1.788( 6)
Cu(3) - B(8) 2.130( 4) B(5) -B(10). 1.752( 6)
P -C(11) 1.8192(24) B(5) - H(5) 1.13( 4)
P -C(21) 1.8179(25) ' B(6) -B(10) 1.748( 6)
P -C(31) 1.8178(25) B(6) -B(1l1) 1.756( 6)
S -CS(1) 1.784( 5) B(6) ~ H(6) 1.06( 4)
S -CS(2) 1.800( 6) B(7) - B{(8) 1.791( 5)
S - B(4) 1.911( 4) B(7) -B(1l1) 1.792( 6)
CS(l1) -HS(1l1) 0.95( 4) B(7) -B(12) 1.784( 6)
CS(1) -HS(12) 0.93( 4) B(7) = H(7) 1.13( 4)
CS(1) -HS(13) 0.85( 4) B(8) - B(9) 1.789( 5)
CS(2) -HS(21) 1.02( 4) B(8) -B(12) 1.781( 5)
CS(2) -HS(22) 0.96( 4) B(8) - H(8) 1.11( 4)
CS(2) -HS(23) 0.85( 4) B(9) -B(10) 1.792( 6)
C(l) - C(2) 1.555( 5) B(9) -B(12) 1.779( 6)
C(l) - B(4) 1.643( 5) B(9) - H(9) 1.11( 4)
C(l) - B(5) 1.710( 5) B(10) -B(1l1l) 1.770( 6)
C(l) - B(6) 1.718( 6) B(10) -B(12) 1.801( 6)
C(l) - H(1) 0.93( 4) B(10) -H(10) S 1.15( 4)
C(2) - B(6) 1.721( 5) B(1ll) -B(1l2) 1.764( 6)
C(2) - B(7) 1.670( 5) B(1ll) -H(1ll) 1.00( 4)
C(2) -B(11) 1.695( 5) B(12) -H(12) 1.17( 4)

C(2) - H(2) 0.94( 4)
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Table 3.13 Selected Interbond Angles (°) in [3-PPh3-4-SMez-3,l,2-CuCZBngO],

PPh; Cu(carb’), (5)

Yo

o

C(1l)
C(1l)
C(2)
B(4)
B(7)
Cu(3)
Cu(3)
Cu(3)
C(11)
C(1l1)
C(21)
CS(1)
CS(1)
CS(2)
Cu(3)
Cu(3)
C(2)
B(4)
B(5)
Cu(3)
Cu(3)
C(1)
B(6)
B(7)
Cu(3)
Cu(3)
C(1)
B(5)
B(8)
C(1)
C(1)
B(4)
B(6)
B(9)
C(1)

-Cu(3)

-Cu(3)
-Cu(3)
-Cu(3)
-Cu(3)
-Cu(3)
-Cu(3)
-Cu(3)
~Cu(3)
-Cu(3)
- P

|
nwwnwwowwotoo

- S

- C(1)
- C(1)
- C(1)
- C(1)

- C(1)

- C(2)
- C(2)
- C(2)
- C(2)
- C(2)
- B(4)
- B(4)
- B(4)
- B(4)
- B(4)
- B(5)
- B(5)
- B(5)
= B(5)
- B(5)
- B(6)
-~ B(4)
- B(4)

- C(1)
- C(2)
- B(4)
- B(7)
- B(8)
- C(2)
- B(4)
- B(7)
- B(8)
- B(8)
-C(11)
-C(21)
-C(31)
-C(21)
-C(31)
-C(31)
-CS(2)
- B(4)
- B(4)
- C(2)
- B(4)
- B(6)
- B(5)
~ B(6)
- C(1)
- B(7)
~ B(6)
-B(11)
-B(11)
- C(1)
- B(8)
- B(5)
- B(9)
- B(9)
- B(4)
< B(6)
- B(9)
-B(10)
-B(10)
- C(2)
- C(1)
- B(5)

119.33( 8)
122.48( 8)
135.38(10)
142.18(10)
161.74(10)
38.11(11)
41.56(12)
42.78(13)
48.55(14)
48.99(14)
115.67( 8)
113.77( 8)
111.81( 8)
104.86(11)
105.05(11)
104.67(11)
98.6( 3)
104.49(21)
108.47(22)
70.08(17)
63.29(17)
63.23(23)
64.21(23)
61.27(24)
71.81(18)
62.78(17)
62.99(23)
61.83(24)
64.35(23)
75.15(18)
63.33(16)
59.71(22)
60.60(22)
60.56(21)
56.07(21)
59.58(23)
59.08(22)
59.97(25)
60.80(24)
53.78(21)
118.16(24)
110.24(23)

100

C(1l)
C(2)
B(5)
B(10)
Cu(3)
Cu(3)
C(2)
B(8)
B(1ll)
Cu(3)
Cu(3)
B(4)
B(7)
B(9)
B(4)
B(4)
B(5)
B(8)
B(10)
B(5)
B(S)
B(6)
B(9)
B(1l)
C(2)
C(2)
B(6)
B(7)
B(10)
B(7)
B(7)
B(8)
B(9)
B(10)

nhwnvwowoo

- B(6) — B(5)
- B(6) -B(1l1l)
- B(6) -B(10)
- B(6) -B(1ll)
- B(7) - C(2)
- B(7) - B(8)
- B(7) -B(1ll)
- B(7) -B(l2)
- B(7) -B(12)
- B(8) - B(4)
- B(8) - B(7)
- B(8) ~ B(9)
- B(8) -B(12)
- B(8) -B(12)
- B(9) - B(S)
- B(9) - B(8)
- B(9) -B(10)
- B(9) -B(12)
- B(9) -B(12)
~-B(10) ~ B(6)
-B(10) - B(9)
-B(10) -B(1ll)
-B(10) -B(12)
-B(10) -B(12)
~B(1ll) - B(S6)
-B(1l1) - B(7)
-B(1l1) -B(10)
~-B(1ll) -B(12)
-B(1l1) -B(1l2)
-B(12) - B(8)
-B(12) -B(1l1)
-B(12) - B(9)
-B(12) -B(10)
-B(12) -B(1ll)
-C(11) -C(12)
-C(11) -C(16)
-C(21) -C(22)
~C(21) -C(26)
-C(31) -C(32)
-C(31) -C(36)
- B(4) - B(8)

- B(4) - B(9)

59.15(23)
58.35(23)
60.16(25)
60.7( 3)
74.44(18)
63.86(17)
58.50(22)
59.76(21)
59.11(23)
68.12(17)
67.15(17)

- 59.00(21)

59.94(21)
59.78(22)
60.31(22)
60.44(21)
58.59(23)
59.88(22)
60.58(23) .
59.87(25)
60.61(24)
59.86(25)
59.36(23)
59.20(24)
59.81(23)
57.15(21)
59.46(25)
60.22(23)
61.27(24)
60.31(21)
60.67(23)
60.33(22)
60.06(23)
59.52(24)
118.37(17)
121.61(17)
122.21(18)
117.68(18)

117.45(18)

122.49(18)
128.85(24)
119.60(24)



Table

3.14

Anisotropic

Thermal

[3-PPhy-4-SMe, -3,1,2-CuC, ByH, o], PPhy Cu(carb’), (5)

Cu(3)

CS(1)
CcS(2)
C(1)

C(2)

B(4)

B(5S)

B(6)

B(7)

B(8)

B(9)

B(10)
B(11)
B(12)
C(12)
C(13)
C(14)
C(15)
C(16)
C(1l1)
C(22)
C(23)
C(24)
C(25)
C(26)
C(21)
c(32)
C(33)
C(34)
C(35)
C(36)
C(31)

Ull

0.0391( 3)
0.0285( 4)
0.0338( 5)
0.0656(30)
0.0448(26)
0.0441(19)
0.0522(21)
0.0314(19)
0.0586(26)
0.0730(30)
0.0351(20)
0.0347(19)
0.0437(22)
0.0620(28)
0.0464(24)
0.0401(22)
0.0445(21)
0.0445(22)
0.0469(24)
0.0645(27)
0.0493(22)
0.0276(16)
0.0435(22)
0.0503(27)
0.0348(22)
0.0353(21)
0.0332(18)
0.0321(17)
0.0564(23)
0.1024(36)
0.1399(45)
0.1093(39)
0.0612(24)
0.0427(18)

U22

0.0347( 2)
0.0311( 4)
0.0542( 6)
0.0678(30)
0.1164(48)
0.0253(16)
0.0241(16)
0.0311(18)
0.0412(22)
0.0389(22)
0.0326(19)
0.0228(17)
0.0361(20)
0.0534(25)
0.0457(23)
0.0375(21)
0.0402(20)
0.0531(24)
0.0982(34)
0.0993(34)
0.0635(24)
0.0407(18)
0.1010(34)
0.1791(56)
0.1415(46)
0.0913(31)
0.0608(23)
0.0393(18)
0.0491(22)
0.0759(30)
0.0392(22)
0.0361(23)
0.0349(19)
0.0345(17)

U33

0.0344( 2)
0.0288( 4)
0.0657( 6)
0.0780(32)
0.1014(37)
0.0381(18)
0.0350(17)
0.0351(19)
0.0309(20)
0.0276(19)
0.0351(19)
0.0321(18)
0.0391(20)
0.0335(21)
0.0427(22)
0.0444(22)
0.0499(21)
0.0601(25)
0.0404(21)
0.0481(23)
0.0438(20)
0.0322(16)
0.0408(21)
0.0555(28)
0.0740(31)
0.0591(25)
0.0441(19)
0.0348(17)
0.0556(22)
0.0525(24)
0.0579(26)
0.0912(34)
0.0643(24)
0.0249(15)
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U23

-0.0151( 2)
-0.0096( 3)
-0.0299( 5)
-0.0277(25)
-0.0671(36)
-0.0089(14)
~0.0065(14)
-0.0111(15)
-0.0107(17)

0.0005(17)
-0.0105(16)
-0.0061(15)
-0.0185(17)
-0.0165(19)
-0.0163(18)
-0.0174(18)
-0.0037(16)

0.0092(20)
-0.0056(22)
-0.0369(23)
-0.0245(18)
-0.0086(14)

0.0007(21)

0.0009(32)
-0.0219(30)
-0.0242(23)
-0.0198(17)
-0.0127(14)
-0.0212(18)
-0.0265(22)
-0.0164(20)
-0.0256(23)
-0.0213(17)
-0.0109(13)

Parameters

(A%)

Ul3

0.0014( 2)
0.0004( 3)
-0.0023( 4)
0.0232(26)
=-0.0097(29)
-0.0081(15)
-0.0015(15)
=0.0029(15)
-0.0124(18)
0.0007(19)
-0.0005(16)
-0.0046(15)
-0.0008(17)
0.0065(19)
0.0119(18)
0.0058(17)
-0.0042(17)
=0.0053(19)
-0.0089(18)
-0.0190(20)
-0.0106(17)
0.0026(13)
0.0017(17)
0.0134(22)
0.0077(21)
-0.0025(18)
-0.0012(15)
-0.0002(14)
0.0090(18)
0.0193(23)
-0.0056(28)
-0.0047(29)
0.0062(19)
-0.0004(13)

for

Ul2

-0.0041( 2)
-0.0039( 3)
-0.0025¢( &)
~0.0366(24)
-0.0175(28)
'0.0052(14)
-0.0107(15)
-0.0021(15)
0.0003(19)
-0.0129(21)
-0.0038(16)
0.0010(15)
-0.0064(17)
-0.0121(21)
-0.0164(19)
-0.0035(17)
-0.0049(16)
-0.0009(18)
0.0018(23)
0.0099(25)
0.0081(18)
-0.0049(14)
-0.0236(22)
-0.0436(32)
-0.0269(26)
-0.0070(20)
-0.0046(16)
-0.0075(14)
-0.0235(18)
-0.0618(29)
-0.0294(28)
0.0005(24)
-0.0024(18)
-0.0097(15)



Table 3.15 Calculated Coordinates of Non-refined Hydrogen Atoms in

[3-PPh;-4-SMe, -3,1,2-CuC, ByH, o], PPhyCu(carb’), (5)

x y z
H(120) 0.31125 0.58451 0.47222
H(130) 0.44736 0.48790 0.64058
H(140) 0.47133 ’ 0.62036 0.74138
H(150) 0.35919 0.84944 0.67382"
H(160) 0.22308 0.94606 0.50547
H(220) 0.00583 0.7113 0.55134
H(230) -0.25721 0.6833 0.58844
H(240) ~-0.44865 0.7774 0.44765
H(250) -0.37705 ' 0.8996 0.26977
H(260) -0.11402 0.9276 0.23267
H(320) 0.38797 0.98311 0.25817
H(330) 0.40847 1.21732 0.17916
H(340) 0.19677 1.37582 0.18136
H(350) -0.03543 1.30011 0.26255
H(360) -0.05593 ©1.06590 0.34156
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The copper atom sits at a vertical distance of 1.721A from the centroid of the
ligated tCzB3] face of the carbaborane, with the Cu(3)-C(1) and Cu(3)-C(2)
distances averaging 2.382(3)A. Cu(3) is consistently closer to the facial boron
atoms than to the carbons, with distances from copper to B(4), B(7) and B(8) at
.2.212(4). 2.187(4) and 2.130(4)A respectively. This ‘slippage of the Cu atom |
towards the B atoms may also be represented by the slip parameter, A 54, which is

calculated in this case as +0.34A.

The ligated face of the carbaborane is slightly folded into an envelope
conformation about the B(4)-B(7) vector, resulting in fold angles of 8 and ¢ of
2.11 and 1.15°. Such folding is a commonly observed structural feature of

3-metalla- 1,2-dicarbaboranes such as (5) 34,77

The above structural distortions of the molecule are entirely consistent with the
greater degree of localisation of the carbaborane frontier M.O.’s on the facial
boron atoms rather than the (more electronegative) carbons (as discussed in

Chapters 1 & 2, and later in this chapter).

Although the structure of (S) is different in overall polyhedral architecture to
those of (3) and (4), there remain a number of strong structural similarities
between the compounds, namely in the orientation of the dimethylsulphide group

with respect to the [C,By| framework.

As observed in the structures of (3) and (4) (and in that of complex (6) iﬁ
Chapter 4), the SMe, function takes up a preferred orientati(zn, the reason for
which has been traced to an intramolecular electrbslatic interaction between the
18+

lone pair of the sulphur atom and the most proximate of the carbaborane C-F

functions. As in the other examples where this has been observed, a narrowing of
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the S-B(4)-C(1) angle (118.16(24)°) is noted, along with a widening of the

opposite (S-B(4)-B(8), 128.85(24)°) angle.

lntramo]ecular steric crowding is observed in (5) between one of the phenyl
rings [C(21)-C(26)] of the PPh; moiety and.the CS(1) methyl group of_the SMe,
function. This fesults in depression by ca. 5° of the dimethylsulphide group from
its preferred angle of inclination (approx. 26° with respect to the ligated -face of
the carbaborane). Sharpening of the S-B(4)-B(5) angle to 110.24(23)° provides

another measure of this distortion.

A highly similar distortion was observed in the gold analogue (4). Again,
however, the favourable torsion angle about the S-B(4) bond is retained at the

(evidently lesser) expense of this steric interaction.

Mistit calculations between (5) and (3) (both independent molecules & and b)
and (4) illustrate this point, the individual misfit of the sulphur atoms being
'gr'eater between the copper and protonated species, 0.105SA (average) than

between the copper and gold complexes, 0.083A.

Structural Patterns in (3), (4) and (5)

In Chapter 2, a sx_xccessfui rationalisation of facial distances in the series of
complexes of ‘[CJ BgH,, F- with HY, {PPh;Au™} and {PPh;Cu*} was carried out,
by consideration of frontier molecular orbital interactions. The analogous series of
[-cérb’]; complexes have been structurally characterised ((3), (4) and (5)), and it is
therefore of interest to attempt an analysis similar to that presented for the anions

in the previous chapter.
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As before, the values of relevant parameters are tabulated, in this case
comprising Table 3.16. Note that A, the slip lnarémefer, is not included in this
analysis, because the proton and gold phosphine fragment located in structures™(3)
and (4) are not on (or very close o) the B(10)..C(7),C(8) midpoint vector, and

therefore meaningful analysis of A values may prove difficult.

It should also be noted that because of the different numbering schemes 36

adopted for nido (3) and (4) and closo (5), confusion could arise in comparing
equivalent connectivities. For the purpose of clarity, the intrafacial distances in
(5) appear in Table 3.16 under a nido-type numbering system, whereby equivalent

interatomic distances in all three complexes are similarly named.

Finally, it should be remembered that the symmetry of [carb’]” (C) is lower
o 2 . "

than that of |[C,BgH| [~ (C5), and therefore all 5 distances between adjacent

atoms in the open face must be treated as separate parameters, and not averaged

over the two B-B and B-C separations.

Table 3.16 Intra-facial Distances (A) in (3), (4) and (5)

{carb'}” ' (HY}Y* (PPh;Aut}  (PPhyCu¥)
B(9)-B(10) 1.774(4) 1.772(8) 1.787(5)
B(10)-B(11) 1.847(5) 1.844(8) 1.791(5)

C(8)-B(9) , 1.577(S) 1.594(8) - 1.643(5)
C(7)-B(11) . 1.618(4) 1.636(8) 1.670(5)
C(7)-C(8) 1.525(4) 1.558(8) 1.555(5)

*Average value for 2 independent molecules.
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The general trends identifiable in going from H* to {PPh; Au*} to PPhyCu’}
are as follows: (i) B(9)-B(10) lengthens, (ii) B(10)-B(11) shortens, (iii) C(8)-B(9)

lengthens, (iv) C(7)-B(11) lengthens, and (v) C(7)-C(8) lengthens.

As observed in the similar analysis of Chapter 2, the magnitudes of the changes
between the protonated and aurated spe_cies are small (except for the anomalously
large effect upon. the C(7)-C(8) distance). The B(9)-B(10) connectivity appears to
be shortened, contrary to the general trend, although the magnitude of this effect

is insignificant.-

The differences observed between carb’H and the copper derivative are,

however, much larger.

As before, these effects may be traced to differences in depopulation of the
carbaborane filled m-MO’s. These have been calculated for [carb’]’l by extended
Hiickel methods, u‘sing an experimentally-derived mod.el (by removal of
{Mn(CO)3+} from the structure of complex (6)). The w-orbital set so obtained is

shown in Figure 1.5, with the three filled m-MO’s sketched in Figure 3.6 (below).
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Note that the positions of the nodal planes are different to those in the
corresponding orbitals of [C:B()HI I]z', the effects of which will become clear

later in the discussion.

The structures of (3) and (4) are consistent with key interactions between H(ls)

or Au 6s/6p, orbitals with ¥3 (the HOMO) of [carb’]".

In the copper case, however, as discussed previously for [PPh;CuCyByHy T,
the metal atom is almost symmetrically bonded to the |G, By] face of the ligand, to
maximise overlap of-all 3 accessible Cu acceptor orbitals with the three filled

7-MO’s of the carbaborane.

Again, let us look at the predicted changes in depopulation of ¥}, ¥2 and Y3
on moving from H* (complex (3)) to {PPh; Cu™} (complex (5)), and the results of

these on interatomic distances within the open face of the ligand.

(i) Reduction in depopulation of ¥3 will have the following effects (in
decreasing order of importance): shortening of B(10)-B(11), shortening of

C(8)-B(9) and lengthening of B(9)-B(i0).

(ii) Depopulation of ¥> will lead to: lengthening of B(9)-B(10), lengthening of

C(7)-B(11) and a shortening of B(10)-B(11).

(iii) Depopulation of the (all in-phase) ¥| orbital will result in lengthening of
all connectivities, with the predominant effect on C(7)-C(8) and a lesser influence
on the two B-C distances. The B(9)-B(10) and B(10)-B(11) connectivities will
scarcely be affected, as ¥| is predominantly carbon-based and therefore of

relatively low energy.
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The net results of the above three changes in depopulation on the internuclear

separations in the open face of the ligand are as follows:
(a) B(9)-B(10) will lengthen, as all three effects reinforce each other.

(b) B(10)-B(11) -is chiefly affected by the depopulation of ¥3, with
depopulation of ¥» acting in the same sense, leading to a shortening of the

connectivity.

(c) In the case of C(8)-B(9), effects from ¥3 and ¥, will act in opposite
directions, making firm prediction of the net influence difficult. It would appear,
however, from the experimental data (showing a longer bond in the coppér
complex) that the predominant influence is from the depopulation of the

carbon-localised ¥ orbital.

(d) C(7)-B(11) will be expected to show a lengthening, as a result of changes in

depopulation of ¥» and ¥, .

(e) C(7T)-C(8) is influenced almost exclusively. by depopulation of ¥, which will

cause the internuclear separation to increase.

The most interesting result of the above analysis is the understanding afforded
of the different trends observed for the two independent B-B connectivities (one
“increasing, the other decreasing). This has undoubtedly been shown to be a
function of the positions of the nodal planes of the m-MQ’s of [carb’]", which are

. . . o . . e
rotated with respect to those in [(«BQH“]‘ , thus intersecting different

connectivities.
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Conclusions

[10,11-u-H-9-SMez~7,8-nido-CngHIO], (3), is the precursor to the
monoanionic carbaborane ligand [carb’]”. Although (3) has been known for some

considerable time, its structure had not been determined prior to this work.

The molecule possesses an asymmetric bridging hydrogen atom on its open
face, a structural feature which has been rationalised by the results of extended

Huckel molecular orbital calculations.

The (triphenylphosphine)gold(l) and (triphenylphosphine)copper(l) derivatives
of [carb’]” have been prepared and their structures determined. In all three
species, there is a preferred orientation adopted by the dimethylsulphide group, a

result of an intramolecular electrostatic interaction.

An analysis of structural patterns within the open [CzB3] face of the ligand
shows different trends to those observed in the related series discussed in the
previous chapter. These differences have been traced to the nature of the T-MO’s

of [carb’]” compared to those of [CBgH, []2'.
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Chapter 4
(carb’)Mn(CO); versus CpMn(CO);: A Comparative Study
Introduction

In this chapter, the synthesis, characterisation and molecular structure of the
carbamanganaborane |[3,3,3-(CO);-4-SMe,-3,1,2-MnC5BgH 4 |, (éarb’)Mn(CO)3,
(6), are presented and discussed, along with the analogous cyclopentadienyl
complex, [(n-C5Hg)Mn(CO)5], (7). The structure of (7) has been determined
previously, over 25 yéars ago 78, but was redetermined, in order to obtain

parameters of sufficient accuracy as to allow meaningful discussion.

The electronic structures of both complexes, as investigated by extended
Hiickel and extended Hickel/fragment molecular orbital calculations are also

discussed.

This pair of complexes was selected for study for the following reasons: (i)
CpMn(CO);, (7), is an extremely well known species and hence the analogous
complex of the monoanionic carbaborane ligand [carb’]” might be viewed as a
‘suitable target molecule in order to test the analogy between the two ligands in
terms of ease of syn;hesis of their bcomplexes, tﬁeir stability etc., and (ii) the
common carbonyl ligands in the two coniplexes possess the potential to reflect the
relative electronic (donor/acceptor) properties of carb’ versus Cp in their C-O
stretching frequencies 79 and/or in the bond lengths within the {Mn(CO)3}

fragménts 80,
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| [3,3,3-(CO),-4-SMe, -3,1,2-MnC, ByH, ], (carb’)Mn(CO),, (6)

Synthesis

The carbamanganaborane complex (6) was synthesised by reaction of
equimolar quantities of K%[carb’]” and [Mn(CO)3(NCMe)3rBPh4‘ in
dichloromethane, with subsequent Work-up involving preparative thin-layer

chromatography, as described in Chapter 6, section 1.~

(carb’)Mn(CO)3 was isolated in 30% yield, along with a smaller quantity of a
second species of lower R- value, full characterisation of which was frustrated by

its relative instability. This second product will be discussed more fully later.
Characterisation of (6)

The compound was identified by means of infra-red spectroscopy, elemental
analysis and n.m.r. spectroscopy.
Infra-red Spectroscopy

Of greatest interest in the infra-red spectrum of (6) are the carbonyl stretches
occurring at 2020, 1950 and 1925cm", and the B-H stretch, centred around
2525cm”!. Further discussion of the C-O stretching frequencies will comprise a

later part of this chapter, on the electronic structure of (6) in comparison with

that of its cyclopentadienyl analogue, CpMn(CO);, .
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N.m.r. Spectroscopy

IH, I B, ”B-{I H} and 3¢ spectra were recorded, each consistent with the

proposed identity of the compound.

In the 'H spectrum, 2 signals were observed at 8 2.50 and 2.72 p.p.m,,
corresponding to the protons of the inequivalent methyl groups of the SMe,

function.

The llB-{l H} spectrum of (6) displayed 9 signals each of relative integral 1,
eight of which display doublet coupling (Jgy 138-170 Hz) in the ) :! spectrum.
The exception is the second highest frequency resonance (§ -4.05 p.p.m.) which is

therefore assignable to the sulphur-bearing boron atom B(4). .

An interesting feature of the Be spectrum was the resonance at § 221.9 p.p.m.,

corresponding to the carbonyl carbon nuclei (see later).

The synthesis of (6) also gave an orange co-product in small yield. Although

this compound was relatively unstable and decomposed to give carb’H, (3)" an

infra-red spectrum was obtained. This contained peaks at 2540cm” !

attributable
to B-H stretching, 2015¢m” ! tentatively assigned to Mn-H stretching because of its
relatively low intensity and extreme sharpness, and two absorptions at 1937 and

1865cm™! attributable to stretching of carbonyl groups, possibly of a bridging or

semi-bridging nature.

The orange colour of the complex would suggest the Mn(l) oxidation state.
This throws into some question the role of the carbaborane ligand, given the

postulated presence of a hydride ligand.
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X-Ray Crystallographic Study of (6)

Introduction

The structure of (carb’)M‘n(CO)3, (6), was determined at low temperature, in
order 'not only to simply ascertain the stereochemistry of the complex but also to
obtaiyn accurate structural parameters which could be of later use in discussion of
the electronic structure of the carbamanganaborane versus that of its well-known

organometallic (cyclopentadienyl) analogue.

Diffraction-quality crystals of (6) were grown by slow diffusion of n-hexane into

a CHzC’lz solution of the compound, as described in Chapter 6, section 1.

Crystal data, details of data collection and processing, and details of procedures
used in the structure solution and refinement may be found in Chapter 6, section

2.

Discussion

Figure 4.1 is a perspecti\./e view of a molecule of the compound, which shows
the numbering scheme employed. This view clearly shows the cluster to.be a closo
-icosahedron, with the Mn atom occupying the 3-position, and cage C atoms at

positions 1 and 2, in accordance with conventional nomenclature 36,

" Figure 42 is a view of (6) from above the {Mn(CO);} unit, illustrating the
orientation of the tricarbonylmanganese moiety with respect to the c'arbabo,rane
framework and the conformation adopted by the SMe, ligand about the S-B(4)

bond.
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Figure 4.1 Perspective View of [3,3,3-(CO);-4-SMe,-3,1,2-MnG,ByH, ],

(carb’)Mn(CO)5, (6)
o) @!“V (B) O(C)
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Figure 4.2 View of [3,3,3-(CO); -4-SMe,-3,1,2-MnC, By H, ], (carb’)Mn(CO);, (6),

from Above Mn Position

H(S822)

H(S11)
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Table 4.1

Fractional

Co-ordinates

of Atoms

[3,3,3-(CO);-4-SMe, -3,1,2-MnC, ByH, ], (carb’)Mn(CO);, (6)

Mn(3)
S
C(Sl)
C(S2)
c(A)
o(a)
C(B)
O(B)
C(C)
o(C)
Cc(1)
C(2)
B(4)
B(5)
B(6)
B(7)
B(8)
B(9)
B(10)
B(11)
B(12)
H(1l)
H(2)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)
H(S1l)
H(S12)
H(S13)
H(S21)
H(S22)
H(S23)

0.20127( 4)
0.27009( 8)
0.3293( 5)
0.0007( 4)
0.2500( 3)
0.2784( 3)
0.0661( 3)
0.23858(25)
0.1913( 4)
0.1872( 4)
0.4903( 3)
0.4436( 3)
0.2977( 3)
0.5274( 3)
0.6241( 3)
0.2121( 4)
0.1112( 3)
0.2898( 4)
0.4916( 4)
0.4442( 4)
0.2381( 4)
0.574( 4)
0.503( 4)
0.624( 4)
0.777( 5)
0.134( 5)
0.044( 4)
0.247( 4)
0.564( 4)
0.498( 5)
0.159( 5)
0.454( 7)
0.263( 5)
0.296( 5)
-0.047( 5)
-0.064( 5)
-0.013( 5)

0.
-0.
-0.
=0.
-0.
=0.

0.
-0.

[=]

OO 00O 0000000000000 0O
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12906( 4)

15568( 5)

1956( 3)
2671( 3)
0289( 3)
13069(24)
02095(25)
04681(22)

.2326( 3)
.3028( 3)
.19644(22)
.35289(23)
.06749(23)
.1932( 3)
.3783( 3)
.3461( 3)
.1590( 3)
.17587(25)
.3695( 3)
.4734( 3)
.3504( 3)
.167( 3)
.409(¢ 3)
.136( 3)
.443( 4)
L416( 4)
.091( 3)

115( 3)

.431( 3)
.605( 4)
L413( 4)
.143( 5)
.166( 4)
.299( 4)
.268( 4)
.232( 4)
.357( 4)

0.84748( 2)

0.69886( 4)
0.57909(22)
0.66932(23)
0.91973(16)

0.96441(15)

0.82698(16)
0.81349(15)
0.96380(19)
1.03566(16)
0.80137(14)
0.83112(15)
0.71054(15)
0.67885(17)
0.75971(18)
0.76563(18)
0.68204(17)
0.60114(16)
0.63164(18)
0.73338(19)
0.63586(18)
0.8461(21)
0.8949(21)

0.6614(20)

- 0.7976(25)

0.7933(24)
0.6406(20)
0.5245(22)
0.5834(21)
0.7492(24)

©0.5842(23)

0.586( 3)
0.531( 3)
0.5706(23)
0.721( 3)
0.617( 3)
0.656( 3)

in



Table 4.2 Interatomic Distances (A) in (3.3,3-(CO);-4-SMe,-3,1,2-MnC, By H 4],

(carb’)Mn('CO)3-, (6)

Mn(3) - C(A) 1.8059(23) C(2) - H(2) 0.92( 3)
Mn(3) - C(B) 1.7802(22) B(4) - B(5) 1.771( 3)
Mn(3) - C(C) 1.808( 3) B(4) - B(8) 1.782( 3)
Mn(3) - C(1l) 2.1686(20) . B(4) - B(9) 1.768( 3)
Mn(3) - C(2) 2.1688(21) B(5) - B(6) 1.766( 3)
Mn(3) - B(4) 2.1988(21) B(5) - B(9) 1.772( 3)
Mn(3) - B(7) - 2.2080(25) B(5) -B(10) 1.770( 3)
Mn(3) - B(8) 2.2298(23) B(5) - H(5) 1.05( 3)
S -C(Sl) 1.792( 3) B(6) -B(10) 1.775( 4)
S -C(S2) 1.792( 3) B(6) -B(1ll) 1.761( 4)
S - B(4) 1.8995(22) B(6) - H(6)  1.06( 3)
C(Sl) -H(S1ll) 0.83( 5) B(7) - B(8) 1.797( 3y
C(Sl) -H(S12) 0.82( 4) B(7) -B(ll) 1.791( 4)
C(Sl) -H(S13) 0.85( 3) B(7) -B(12) 1.780( 4)
C(S2) -H(S21) 0.83( 4) B(7) - H(7) 1.07( 3)
C(S2). -H(S22) 0.88( 3) B(8) - B(9) 1.805( 3)
C(S2) -H(S23) 0.77( 4) B(8) —-B(12) 1.797( 3)
"C(A) - O(A) 1.144( 3) B(8) - H(8) 1.09( 3)
C(B) - O(B) 1.146( 3) - B(9) -B(10) 1.777( 3)
C(C) - 0(C) 1.139( 4) C- B(9) -B(12) 1.772( 3)
C(l) - C(2) 1.585( 3) B(9) - H(9) 1.08( 3)
C(l) - B(4) 1.687( 3) . B(10) -B(ll) 1.771( 4)
C(l) - B(5) 1.711( 3) : B(10) -B(12) 1.783( 4)
C(1l) - B(6) 1.719( 3) B(10) -H(10) 0.97( 3)
Cc(l) - H(1) 0.88( 3) B(ll) -B(12) 1.764( 4)
C(2) - B(6) 1.713( 3) B(ll) -H(1ll) 1.08( 3)
C(2) - B(7) 1.704( 3) : B(l2) -H(12) 1.09( 3)
C(2) -B(1ll) 1.702( 3)
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Table

43

Selected

Interbond

Angles

[3.3,3-(CO);-4-SMe, -3,1,2-MnG, By H, 4], (carb’)Mn(CO);, (6)

c(a)
c(a)
C(B)
C(l)
C(1)
C(2)
B(4)
B(7)
Cc(Ssl)
C(Sl)
C(S2)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
C(2)
B(4)
B(5)
Mn(3)
Mn(3)
C(1l)
B(6)
B(7)
Mn(3)
Mn(3)
C(1l)
B(5)
B(8)
C(1l)
C(1)
B(4)
B(6)
B(9)
C(1)

- C(A)
- C(B)
- C(C)
- C(1)
- C(1)
- C(1)
- C(1)
- C(1)
- C(2)
- C(2)
- C(2)
- C(2)
- C(2)
- B(4)
- B(4)
- B(4)
- B(4)
- B(4)
- B(5)
- B(5)
= B(5)
- B(5)
- B(5)
= B(6)

- C(B)
- C(C)
- C(C)
- C(2)
- B(4)
- B(7)
- B(8)
~ B(8)
-C(82)
- B(4)
- B(4)
= 0(A)
- 0(8)
- 0(C)
- C(2)
- B(4)
- B(6)
- B(5)

- B(6)

- C(1)
- B(7)
- B(6)
-B(11)
~-B(11)
- C(1)
- B(8)
- B(5)
- B(9)
- B(9)
- B(4)
- B(6)
= B(9)
-B(10)
-B(10)
- C(2)

90

88.
.88¢(
43¢
.82(
47.
47.
99.
107.
104.
178.
179.
177.
-68.
68.
.30(13)
62.
61.
68.

42
45
45

62

68
62
62

66
67

60.
61.
57.
59.
59.
60.
60.
55.

.93(10)
89.

92(11)
88(1ll)

44(
76(

7)
7)
8)
8)
9)

98(14)

00(l2)

60(1l1)
93(22)
13(21)
67(24)
57(10)
23(10)

81(13)
97(13)
55(10)

.30(11)
.69(13)
.07(14)
63.

46(14)

.33(10)
.19(10)
59.

25(12)
12(13)
13(13)
93(12)
26(13)
86(13)
27(14)
21(13)
01(12)
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C(l) - B(#6)
C(2) - B(6)
B(5) - B(6)

B(10) - B(6)
Mn(3) - B(7)
Mn(3) - B(7)
C(2) = B(7)
B(8) - B(7)

"B(1ll) - B(7)

Mn(3) - B(8)
Mn(3) - B(8)

B(4) - B(8)
B(7) - B(8)
B(9) - B(8)
B(4) - B(9)
B(4) - B(9)
B(5) - B(9)
B(8) - B(9)
B(10)- B(9)
B(5) -B(10)
B(5) -B(10)
B(6) —-B(10)
B(7) -B(10)
B(9) -B(10)
B(11)-B(10)
C(2) -B(1l1)
C(2) -B(1l1)
B(6) -B(1ll)
B(10)-B(11)
B(7) -B(12)
B(7) -B(12)
B(8) -B(12)
B(9) -B(12)

B(10) -B(1l2)

- B(5)
-B(11)
-B(10)
-B(1l)
- C(2)
~ B(8)
-B(11l)
-B(12)
-B(12)
- B(4)
- B(7)
- B(9)
-B(12)
-B(12)
- B(5)
- B(8)
-B(10)
-B(12)
-B(12)
- B(6)
- B(9)
-B(1l)
-B(12)
-B(12)
-B(12)
-~ B(6)
- B(7)
-B(10)
-B(12)
- B(8)
-B(1l)
- B(9)
-B(10)
-B(1ll)

©)

58.
58.
59.
60.
65.
66.
58.
60.
59.
.37(10)
65.
59.
59.
58.
60.
59.
59.

65

60
60

59
59

59

77(13)

in

65(13) -

99(14)
12(14)
87(11)
76(11)
20(13)
30(13)
18(14)

49(11)
05(12)
40(13)
95(13)
02(13)
82(12)
84(13)

.30(13)
.33(14).
59.

74(13)

.95(13)
.54(14)
60.
- 59
" 59

10(14)

.70(14)
.49(14)
.28(13)
58.
60.
60.
60.
60.
60.
59.
59.

34(13)
35(14)
59(14)
29(13)
72(14)
76(13)
97(14)
91(14)



Table 4.4 Isotropic and Anisotropic Thermal Parameters (Az) in

[3,3,3-(CO);-4-SMe, -3,1,2-MnC, BoH ], (carb)Mn(CO);, (6)

Mn(3)
S
C(Ss1)
C(S2)
c(a)
0(A)
C(B)
0(B)
c(C)
0(C)
_C(1)
c(2)
B(4)
B(5)
B(6)
B(7)
B(8)
B(9)
B(10)

© B(1ll)

B(12)
H(1l)
H(2)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)
H(S11)
H(S12)
H(S13)
H(S21)
H(S22)
H(S23)

Ull

0.0181( 1)
0.0255( 2)
0.0634(18)
0.0289(11)
0.0227( 9)
0.0397(10)

©0.0240( 9)

0.0195( 7)
0.0342(12)
0.0627(14)
0.0174( 8)
0.0210( 8)
0.0161( 8)
0.0219(10)
0.0181( 9)
0.0238(10)
0.0171( 9)
0.0254(10)
0.0293(11)
0.0285(11)
0.0279(11)
0.024 ( 6)
0.028 ( 7)
0.025 ( 6)
0.044 ( 9)
0.039 ( 8)
0.026 ( 6)
0.032 ( 7)
0.027 ( 7)
0.044 ( 9)
0.036 ( 8)
0.076 (14)
0.040 ( 9)
0.037 ( 8)
0.049 (10)
0.039 ( 8)
0.047 ( 9)

e e e e N T e

U22

.0230( 1)
.0155( 2)
.0221(10)
.0199( 9)
.0358(11)
.0463(10)
.0246( 9)
.0398( 9)
.0310(11)
.0459(11)
.0182¢
.0180¢(
.0162¢(
.0204(¢
.0204/¢(
.0225¢(
.0209¢(
.0198¢
.0195¢(
.0189¢(
.0221¢(

7)
8)
8)
9)
9)
9)
9)
9)
9)
9)
9)

U33

0.0185( 1)
0.0220(¢ 2)
0.0384(13)
0.0449(14)
0.0203( 9)
0.0382( 9)
0.0274( 9)
0.0485(10)
0.0330(11)
0.0384(10)
0.0180( 8)
0.0229( 8)
0.0173( 8)
0.0226( 9)
0.0259(10)
0.0273(10)
0.0218( 9)
0.0176( 8)
0.0248(10)
0.0293(11)
0.0260(10)
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U23

0.0006(
0.0042(
0.0043(
0.0001(
0.0067(
0.0216(
0.0055(
0.0116(

=0.0022(

-0.0138(
0.0036¢(
~0.0008(
0.0018(
0.0066(
0.0043(
0.0001(
0.0004(
0.0047(
0.0081(
0.0043(
0.0040(

1)
2)
9)
9)
8)
8)
7)
8)
9)
8)
6)
6)
6)
7)
7)
8)

7

7)
8)
8)
8)

Ul3

0.0037( 1)
0.0054( 2)
0.0275(13)
0.0059(10)
0.0038( 7)
0.0068( 8)
0.0070( 7)
0.0078( 7)
0.0144(10)
0.0243(10)
0.0022( 6)
0.0028( 7)
0.0016( 7)
0.0072( 8)
0.0042( 8)
0.0048( 8)
0.0002( 7)
0.0029( 7)
0.0073( 9)
0.0039( 9)
0.0011( 8)

0.0074(

Ul2

0.0065( 1)
0.0102( 2)
0.0189(11)
0.0025( 8)
0.0084( 8)
0.0162( 8)
0.0109( 8)
0.0074( 7)
0.0032( 9)
0.0030(10)
0.0073( 6)
0.0061( 7)
7)
8)
8)
8) -
7)
8)
8)
8)
8)

0.0109¢
0.0034(
0.0132(
0.0093(
0.0104(
0.0084(
0.0098(
0.0139¢



In both figures, non-hydrogen atoms are represented by thermal ellipsoids at
the 50% probability level, while H atoms have been given an artificial radius of

0.1A for clarity.

Fractional coordinates of atoms in (carb’)Mn(CO); are presented in Table 4.1,
while Table 4.2 gives interatomic distances and Table 4.3 comprises selected
interbond angles in the molecule. Table 4.4 g-ives anisotropic thermal parameters
for non-H atoms and individual isotropic thermal parameters for hydrogen atoms.
The metal atom in compound (6) is 1.643A from the best (léast-squares) plane
through the ligated atoms [C(1), C(2), B(4), B(7), B(8)]. This ligated 5-atom face
is (albeit slightly) folded into an envelope conformation (unusually for closo
12-vertex 1,2-dicarba-3-metallaboranes) along the C(2)...B(8) vector, givfng 3-atom
and 4-atom portions, defined by C(2), B(7), B(8) and C(2), C(l), B(4), B(8)
respectively. These portions give fold parameters % ¢ = -_2.40O and 8 = -1.52°.
The negative signs of these pérameter.é denotes unusual folding of the 3- and
4-atoﬁ portions towards the Mn atom. Distances from the manganese atom to
the ligated b(;ron atoms, B(4), B(7) and B(8), average 2’.2§2A, whereas the average
distance to the cage carbon atoms, C(1) and C(2), is less, at 2.169A. In order to
confirm that this is simply an effect of the smaller radius of carbon versus boron,
and not a slippage of the Mn atom with respect to the facial atoms, a geometrical
calculation was carried out, which shows no evidence of slip of the manganese
atom relative to the lower pentagohal 5-boron plane [B(5), B(6), B(11), B(12),
B(9)]. The tricarbonylmanganese fragment adopts an orientation which places
one carbonyl group [C(B)O(B)] almoét exdactly trans to the mid-point of the
C(1)-C(2) connectivity. The Mn(3)-C(B) -bond (1.7802(22)A) is significantly

shorter than the Mn(3)-C(A) (1.8059(23)A) and Mn(3)-C(C) (1.808(3)A) bonds.

120



This phenomenon may be readily ﬁnderstood by consideration of the fact that
the frontier molecular orbitals of [nia’o-CZBg] ligands are localised chiefly on the
facial boron atoms (see discussions in earlier chapters), thus the carbon atoms in
the open face exert the observed trans influence. It is a point of some interest
(and surprise) that no such influence is observed 39 in the closely related anionic

carbarhenaborane [(C2ByH || )Re(CO), T .

Bond lengths from Mn(3) to C(A) and C(C) are, within experimental error,
equal, thus suggesting the trans infl'uence of the {B(7)H(7)} and {B(4)SMe,}
functions are essentially the same. Although the data for the structure were
collected carefully and at low temperature, and the es.d.s on the derived
measurements are coﬁsequently small, no statistically significant comment may be

made on the relative C-O distances.

Bond angles within the {Mn(CO);} fragment are broadly as expected, with

CO-Mn-CO angles averaging 89.91° and the average Mn-C-O angle being 178.58°.

Another fgature of interest in the complex is the origntation of the SMéz
function with respect to the carbametallaborane framework. As discussed in some
detail in Chapte} 3, there appears to be a preferred conformation for the
dimethylsulphide unit in carb-’H and the other complexes so far characterised, and
the possible origin of this preference has been traced via -the results of molecular

orbital calculations (see Chapter 3).

In complex (6), this preferred orientation can be clearly seen in Figures 4.1 and
4.2, with the sulphur lone pair almost exactly eclipsing the B(4)-C(1) connectivity.

The lone pair-S-B(4)-C(1) torsion angle is calculated to be 4.1°.
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Another structural similarity between (carb’)Mn(CO); and the other fully
“ characterised [carb’] species is the narrowing of the S-B(4)-C(1) angle (117.82° in
(6)), compared to the S-B(4)-B(8) angle (130.47° in (6)). This can be regarded as
further evidence for an electrostatic interaction of the type lone pair..H(l)6+,

discussed previously.

(n-C5H5)Mn(CO);, CpMn(CO),, (7)

Synthesis

The previously known species CpMn(CO)3 was synthesised following a
modified version of a published method for the preparation of fluorenyl- and

indenyl-manganesetricarbonyl 81

, using the thallium (I) salt of Cp~ and
manganese pentacarbonylbromide. Experimental details are to be found in

Chapter 6 section 1. .

Characterisation of (7)

The complex was characterised by elemental microanalysis, 'H and '3C n.m.r.
spectroscopy and infra-red spectroscopy, each fully consistent with the proposed

species.
Structural Study of (7)

Introduction

The structure of (7) has been determined previously 78, although this work was -
carried out in the early 1960’s, and hence the precision of the measurements was

relatively low, given the great advances in crystallography in recent years.
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The structu;e of CpMn(CO); was redetermined accurately (at low
temperature) in order to obtain parameters of sufficient precision to allow
meaningful comparison with those of (carb’)Mn(CO);, (6). The estimated
standard deviations on molecular parameters from our redetermination are an
order of magnitude smaller than those previously reported.

Crystals of sufficient habit for X-ray study were grown by slow diffusion of
n-hexane into a CH_,_CIZ solution of the compound. Crystal data, dei;ils of data
collection and processing, and details of refinement procedures may be' found in

Chapter 6, section 2.

Discussion

A perspective view of the molecule is presented in Figure ‘4.3, with a second
view from above the {Mn(CO);} unit in Figure 4.4, clearly showing the orientation
of the tricarbonylmanganese'group with respect to the pentagonal ligand. Both
figures show the appropriate molecular numbefing scheme. Mn, C and O atoms
are represented by thermal ellipsoids at the 50% probability level énd hydrogen
atoms have been given an artificial radius of 0.1A for clarity. Hydrogen atoms

carry the same number as the carbons to which they are attached.

Fractional coordinates of atoms are given in Table 4.5, and Table 4.6 shows
interatomic distances and interbond angles within the molecule. Table 4.7 is

comprised of anisotropic thermal parameters for non-hydrogen atoms.

The manganese atom sits symmetrically above the plane of the (s ligand (for

the best plane through the 5 atoms, no atom deviates by more than 0.0008A,

denoting an extremely high degree of planarity).
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Figure 4.3 Perspective View of [(n-C5H;)Mn(CO);], CpMn(CO);3, (7)
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Figure 4.4 View of [(n-C4H5)Mn(CO);), CpMn(CO);, (7). from Above the Mn
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Table 4.5 Atomic Co-ordinates in [(n-C5H5)Mn(CO);], CpMn(CO);, (7)

o(1l)
0(2)
0(3)
c(1l)
C(2)
c(3)
C(4)
C(5)
C(6)
C(7)
C(8)
H(4)
H(S)
H(6)
H(7)
H(8)

OC OO0 O0OO0ODO0ODO0OOCOO0OCO0OOCOODOOO

.28993( 3)
.48324(18)
.08500(18)
.2672( 3)
.40814(21)
.16497(21)
.2757( 3)
.41172(25)
.35952(25)
.2281( 3)
.1977( 3)
.3114( 3)
.486( 4)
.398( 5)
.166( 4)
.123( 4)
.333

y

.00486( 4)
.3074( 3)
.2888( 3)
.0365( 4)
.1887( 3)
L1777( 3)
.0190( 3)
.2086( 4)
.0963( 4)
.1174( 4)
.2445( 4)
.2988( 3)
.203( 7)
.032( 6)
.059( 7)
.277( 6)
.367
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QOO O0DO0O OO O0COO0CO0OO0OO0OO OO0 O

.26318( 3)
.38259(24)
.14544(21)
.52081(23)
.33768(25)
.19287(23)
.4209( 3)
.2493( 3)
.1257( 3)
.05959(24)
.1428( 3)
.2589( 3)
.309( 5)
.105( 95)
.007( 5)
.129( 5)
.345



Table 4.6

[(n-C5Hg)Mn(CO); ], CpMn(CO);4, (7)

O(1)
0(2)

C(1)
C(1l)
C(2)
C(4)
C(4)
C(5)
C(6)
C(7)
c(5)
c(8)
c(4)
C(6)

Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn

Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
C(4
C(4
C(5
C(5

Interatomic

C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
c(8)
C(1)
C(2)

)

) -

)
)

HHNMNNMNND

C(2)
C(3)
C(3)
C(5)
C(8)
C(6)
C(7)
c(8)
H(4)
H(4)
H(5)
H(5)

91.
92.
9l.
38.
38.
38
38.
38
124.
127.
123.
127.

Distances

.7947(25)
.7876(25)
.797¢(
.136¢
.133¢
.141¢
.142¢
.139¢
.148¢
.148¢(

3)
3)
3)
3)
3)
3)
3)
3)

85(11)
63(12)
94(12)
74(11)
21(11)

.07(11)

89(11)

.20(12)

0(36)
3(36)
9(43)
5(43)

(A)
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and Interbond

0(3)
C(4)
C(4)
. C(4)
c(5)
C(5)
C(6)
C(6)
C(7)
C(7)

C(s) -
C(4) -
C(5) -
c(6) -
c(4) -
C(3) -
c(7) -
C(6) -
c(8) -

- C(3)
- C(5)
- C(8)
- H(4)
- C(6)
= H(5)
- C(7)
- H(6)
- C(8)
- H(7)

c(Ll) -
Cc(2) -
C(3) -
Cc(4) -
C(5) -
c(6) -
C(7) -
c(8) -
Cc(e) -
Cc(6) -
C(7) -
c(7) -

Angles (°) in
1.137( 4)
1.416( 4)
1.399( 4)
0.81( 5)
1.394( 4)
0.75( 6)
1.426( 4)
0.85( 5)
1.401( 4)
0.86( 5)

O(1l) 178.58(24)
0(2) 178.68(23)
0(3) 179.1( 3)
c(8) 107.8( 3)
C(6) 108.46(25)
C(7) 107.5( 3)
C(8) 107.8( 3)
C(7) 108.5( 3)
H(6) 134.5(36)
H(6) 116.8(35)
H(7) 127.1(33)
H(7) 125.0(33)



Table 4.7 Anisotropic Thermal Parameters (/\2) in [(n-C5Hs)Mn(CO);,],

CpMn(CO)5, (7)

Mn
0(1)
0(2)
0(3)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)

Ull

0.0241( 2)
0.0350( 9)
0.0350( 9)
0.0762(16)
0.0295(10)

0.0273(10)

0.0446(14)
0.0363(11)
0.0444(13)
0.0439(13)
0.0441(13)
0.0731(17)

U22

.0254( 2)
.0371( 9)
.0589(12)
.0648(12)
.0287(10)
.0367(11)
.0353(12)
.0388(12)
.0344(11)
0.0408(12)
0.0388(12)
0.0233(10)

OO0 O O0OO0OO0OO0O0O0O0o

COO0OO0OCO0OO0COOO0O0OCO

U33

.0237( 2)
.0621(12)
.0457(10)
.0418(11)
.0352(10)
.0276( 9)
.0333(11)
.0410(12)
.0411(11)
.0252( 9)
.0465(13)
.0434(13)
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.0004(
.0093(
.0092(
.0152¢
.0015¢(
.0012¢
.0042(
.0060(10)
.0058( 9)
.0044( 9)
.0136(10)
.0023( 9)

U23

1)
9)
9)
9)
8)
8)
8)

Ul3

0.0109( 1)
0.0112( 9)

0.0149( 8)

0.0398(12)
0.0105( 9)
0.0111( 8)
0.0225(11)
0.0180(10)
0.0311(11)
0.0134( 9)
0.0276(11)
0.0379(13)

(e« elelclNeNe N

Ul2

.0018( 1)
.0052( 8)
.0184( 9)
.0270(11)
.0060( 8)
.0044( 8)
-.0098( 9)
.0096(10)
-0.
.0014(10)
.0179(10)
.0046(11)

0072(10)



Mn-C distances lie between 2.133(3) and 2.142(3)A. This gives a perpendicular
distance from the S-carbon’ plane to.the metal atom of 1.772A, greater than the
Mn-ligand face distance in (6), because of the relative sizes of the ligated faces in

the Cp and_carbaborane ligands 82

The orientation of the {Mn(CO);} over the Cp ligand is such that one of the
carbonyl -groups [C(2)O(2)] is essentially rransto a C-C edge of the

cyclopentadienyl ligand.

It is of note that C(2) is significantly closer to the Mn centre (Mn-C(2) =
1.7876(25)A) than are the other two carbonyl carbons [Mn-C(1) = 1.7947(25)A
and Mn-C(3) = 1.797(3)A].(The complementary trend which might be expected

in C-O distances is, however, not observed in this case).

The average OC-Mn-CO angle is 92.14°, in accord with the prediction of an
obtuse angle from the relative magnitudes of integrated absorption coefficients of
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the carbonyl stretching vibrations in the infra-red spectrum The average

Mn-C-O angle is almost exactly linear, as expected, at 178.79°.

As a result of the redetermination of the CpMn(CO); structure, it is noW also
possible to report details of the H atom positions on the (C5H5)' ligand, which
were not found by the earlier experiment. A common feature of’the‘positi(')r'ls of

these hydrogen atoms is lhai each is slightly bent out of the Cg plane of the'
ligand, towards the metal atom, by the order of 3-%°. Calculations have been
performed at the extended Hiickel level on a range of-metal-coordinated cyclic
82

polyenes °“, and suggest the preferred angle of inclination of the H atoms in the

Cj case should be .



Structural and Spectral Comparison Between (6) and (7)

In terms of structural parameters derived from accurate, low-temperature
crystallographic  studiés, and spectral characteristics, the carb’ and
cyclopentadieny! ligands in compounds (6) and (7) appear to behave in an

electronically very similar manner, as manifested in the following parameters:

(i) C-O bond distances. The average C-O distances in compounds (6) and (7)

are identical within the limits of the X-ray structural analysis.

(ii) Mn-C( ) distances. Again, the two average distances from each of

carbonyl
the structures are extremely close, (1.798A in (6) and 1.793A in (7)), and taking
into account the errors on the parameters (even from the accurate experiment

performed) no statistically significant comment may be made on this very small

difference.

(iii) C-O stretching frequencies. Although the difference in average vcq for
compounds (6) and (7) is very small (ca. 7em™') there is, nonetheless, a
measurable difference, although obviously thére are no es.d.’s, as such, on this
type of measurement. The carbonyl infra-red stretches for the Cp complex (7)
occur at 2025 and 1945cm™!'. The corresponding measurements for the
carbamanganaborane species (6) are 2020, 1950 and 1925cm'!. (Note that the e
vibration in the essentially GG, {Mn(CO);} fragment retains its degeneracy in the
Cp complex, but that this degeneracy is lifted in the lower-symmetry carb’ species,
giving rise to three carbonyl absorptions, instead of two). In simplistic terms, this
very small difference suggests sllightly greater electron donation to the manganese

atom by carb’ than by Cp, resulting in a more electron-rich metal centre. This
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leads to greater m back-donation into the carbonyl ligands, giving very slight

weakening of the C-O bonds, and hence the lower average v observed.

@iv) '3C n.m.r. shifts.There is a difference of only 3 p.p.m. between the shifts of
the carbonyl carbon nuclei in the two complexes (§ 221.9 p.p.m. in (6) and 225.0
p.p.m. in (7)). This is not a significant difference and may be regarded as further

evidence for similar carbonyl electronic environments in both molecules.

~ Electronic Structures of (6) and (7)

Introduction

As outlined in Chapter 1, [carb’|" is regarded as a true analogue of the
cyclopentadienyl anion in that their frontier orbitals are similar and that unlike

H 7', the charges on the ligands are the same.
11 g g

The overall charge on [carb’]” is undoubtedly 17, although we may envisage

two extreme representations of the charge-partitioning in the ligand.

In the first form, I, we have the charge of 1- resident on the facial atoms of the

carbaborane, as shown in Figure 4.5 (below).
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The second extreme representation, II, which is zwitterionic, may be drawn as
in Figure 4.6 below, where the increased negative charge (2-) on the facial atoms

of the ligand is compensated by a positive charge on the pendant sulphur atom:

+1

Figure 4.6

The very similar results for compounds (6) and (7) in terms of carbonyl
parameters might lead us to suggest that, in the case of the tricarbonylmanganese
cofnplex at least, I is vthe more dominant of the two extreme forms of [carb’] ivr}
that it more closely approximates to the charge distribution in Cp~, the metal

atom ligating to a 5-atom face bearing a nominal net charge of 1-.

It was felt, however, that a more rigorous- examination of the electronic
properties of the [carb’]” and Cp~ ligands in (6) and (7) must be carried out if a
distinction Between the two extreme,representations> of the (overall) monoanionic
carbaborane ligand were to be made, affording a more accurate representatioﬁ of

the true charge-partitioning in the ligand.
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Extended Hiickel Molecular Orbital Calculations

For the abovementioned purpose, EHMO calculations, with full 'charge
iteration on all atoms, were performed on the crystallographically derived models

of compounds (6) and (7).

Table 4.8 shows the calculated net charges for all atoms in (carb’)Mn(CO);,

and Table 4.9 gives those for [(n-C5115)Mn(CO);].

The key.results of these calculations may be summarised as follows: for
(carb’)Mn(CO); the sum of the net charges for atoms in the {Mn(CO);} moiety
comes to -0.51. The corresponding summated charge for the cyclopentadienyl
analogue is calculated to be only -0.20. This means that the carbaborane ligand in
(6) transfers 1.5le” to the {Mn(CO)3+} unit, whereas net transfer from the Cp~

ligand in (7)is only 1.20e™.

The above results, showing [carb’]|T to be a stronger donor to the
tricarbonylmanganese cation than the cyclopentadieny! anion by the order of
approximately 0.3¢”, may be readily understood by consideration of the atomic

orbitals (AQ’s) contributing to the frontier orbitals of each of the n-ligands.

As discﬁssed earlier, the frontier orbitals of carbaborane ligands' contain
greatest contributions from the AO’s of the boron atoms (in particular the B 2p
orbitals). The H; ’s of these orbitals lie higher (i.e. are less negative) than the
co;responding H, ’s of the carbon AO’s which constitute the frontier orbitals of
the Cp~ ligand, hence the donor orbitals of carbdbqranes are higher-lying than

-

those of Cp~, meaning that the former are "better donors".
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Table 4.8 Calculated Net Charges for Atoms in

[3,3,3-(CO);-4-SMe, -3,1,2-MnC, By H, 4], (carb’)Mn(CO);, (6)

Atom Net Charge
Mn(3) 0.14167
C(A) 0.05632
O(A) -0.27504 -
C(B) 0.05603
O@B) -0.28408
C(C) 0.06395
0](8)) : -0.26753
S 0.26376
C(S1) 0.05450
Ccig)2) 0.05194
0.00638
C(2) 0.00270
B(4) 0.11966
B(5) 0.08010
B(6) 0.10655
B(7) 0.04261
B(8) : 0.02107
B(9) 0.03203
B(10) 0.03857
B(11) 0.06845
11?1211‘)2) 0.02228
0.00794
H(2) | 0.00212
H(S) - -0.07417
H(6) -0.06585
H(7) -0.08732
H() -0.09726
H(9) ' -0.09083
H10) -0.07827
H(11) -0.07817
H(12) - -0.09478
H(S11) 0.04246
H(S12) 0.04243
H(S13) 0.04016
H(S21) 0.04366
H(S22) 0.03440
H(S23) 0.05156
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Table 4.9 Calculated Net Charges for Atoms in [(n-C5H5)Mn(CO)s],

CpMn(CO),, (7)

Atom ~ Net Charge
Mn 0.20482
C() 0.09887
o(1) -0.23968
C(2) 0.09947
(00)) , -0.24036
C(3) 0.10446
o®B) -0.23146
C(4) 0.01519
C(5) 0.01789
C(6) 0.02189
C(7) 0.01700
C(8) 0.02544
H(4) - 0.02360
H(5) 0.03061
H(6) 0.02206
H(7?) : 0.01878

H(8) 0.01141
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This donor ability might initially appear to run contrary to the notion of
boranes and carbaboranes as electron-deficient compounds 84 One must bear in
mind, however, that the electron-deficiency of boron, possessing less valence
electrons than valence orbitals, (3 valence e ’s, 4 valence AQ’s), has already been
completely alleviated by clustering, hence the compounds are electron-precise for

the physical and electronic structures they adopt.

It can be seen fom Table 4.8 that the "extra" 0.3e¢” which are donated to the
metal centre by the carb’ ligand are (partally) offset by a calculated charge on the
sulphur atom of +0.26. This might suggest that the most accurate representation
of the monoanionic carbaborane ligand is (in this case, at least) neither of the two
extreme forms I or II introduced earlier, but in fact a third form, III, intermediate
between the two, in which the five facial atoms carry a charge of -1.5 and the S ‘

atom partially balances the "extra" charge, as shown below in Figure 4.7.
p y J24 gur

+0.3

This intermediate form might be regarded as a resonance form of the ligand, of
~which the two extremes I and II are canonical forms, as frequently used.in

discussion of organic systems.
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Extended Hiickel/Fragment Molecular Orbital Calculations
Introduction

In order to investigate more fully the interaction between the {Mn(CO);}
fragment and the carb’ and Cp ligands, a fragment molecular orbital (FMO)

calculation was carried out for a model of each of complexes (6) and (7).

In the FMO calculation a molecule is (arbitrarily) divided into component
fragments and the interactions between the fragment orbitals are studied by the

manner in which they combine to form the MO’s of the complete molecule.

Of specific interest in this case are the degree of electron transfer between the
[n-ligand]” and {Mn(CO)3+} fragments upon interaction to form complexes (6)
and (7), the character of the orbitals which are populated and depopulated by this

interaction, and the structural and physicochemical consequences thereof.

Results and Discussion

For ease of interpretation of results and for true comparability between the
calculations, the models used were constructed by positioning and orienting an
idealised G, {Mn(CO)3+} fragment above the experimentally-derived ligand
models, as found in the crystallographic studies. These models may be found in

Chapter 6, section 3.

The H;’s used in the EHMO/FMO calculations were the averaged values of
those calculated in the previous (charge-iterated) calculations, and are also to be

found in Chapter 6, section 3.
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The major results of the EHMO/FMO calculations fully support those of the
earlier charge-iterated EHMO calculations, indicating that the [carb’]|” fragment is

a stronger donor to the {Mn(CO)3+} fragment than is Cp™.

The carbaborane is calculated to donate 1.28¢” to the cationic
tricarbonylmanganese fragment, whereas the net transfer between fragments in the

CpMn(CO); case was calculated to be only 0.62¢".

Inspection of the fragment orbitals of {Mn((?0)3+} in the two calculations
reveals that approximately 80% of the "extra" electron donation in the
(carb’)Mn(CO); case over that in the CpMn(CO); case goes into the e acceptor
orbital set (LUMO) and that approximately 20% of the "extra” electrons reside in

~ the acceptor orbital of a; symmetry (the 2" LuMO).

The e orbitals of the {Mn(CO)3+} fragment are of the correct symmetry for
o-interaction with the highest occupied MO’s of the carbonyl ligands. Thus
build-up of electron density in the e orbitals (LUMOQ’s) disfavours g-donation
from the carbonyl HOMO’s to the manganese centre. These HOMO’s are
U—antibonding E)etween C and O, thus population of the {Mn(CO)3+} LUMO
prevents strengthening of the C-O bonds, giving weaker C-O interactions in

(carb’)Mn(CO)5, (6), versus CpMn(CO);, (7).

The a, orbital (2nd LUMO) of the cationic tricurbonylmanganesé fragment,
which is populated by 0.12¢” more in the carbaborane complex than in the-
- cyclopentadienyl complex, is of appropriate symmetry for interaction with the TF*
system of the carbonyl ligands. Population Qf the a, orbital then leads ‘tno '
back-donation into the C-O T orbitals, again contributing to weakening of the

‘C-O bonds in the carb’ complex versus those in the Cp species.
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Figure 4.8 Acceptor Orbitals of {Mn(CO);*}

Symmetry-Allowed Overlap of e Orbitals with CO HOMOand a; Orbital with CO * Orbital
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This orbital analysis suggests that the C-O bonds in complex (6) ought to be

slightly weaker than those in (7).

Of further relevance in the EHMO/FMO calculations are the C-O reduced
overlap population elements, which are a measure of bond strength (and should
also therefore be related to bond lengths and infra-red stretching frequencies).
The overlap populations for C-O in (carb’)Mn(CO); are between 1.278 and 1.292,
slightly lower than those for the CpMn(CO); species, which are in the range

1.295-1.296.

" Although the bonding within the {Mn(CO)3+} moiety is shown by the
crystallographic work to be indistinguishable, within the limits of the experiments,
in the carbaborane and cyclopentadienyl cases, the previous discussion on
infra-red carbonyl stretching frequencies detaile;l a slight, but measurable
difference in average \’.("()'5 for the two species. This difference is indeed very
small (ca. 7cm'l), but is, however, in complete agreement with the theoretical
results, being indicative of a slightly @eaker C-O bond in the

carbamanganaborane complex than in its Cp analogue.
Conclusions
The comparative study of analogous complexes (6) and (7) reveals that the net

electronic properties of the cyclopentadienyl and monoanionic carbaborane

ligands are highly similar.

This conclusion is reached as a result of the extreme similarity in infra-red
carbonyl stretching frequencies and C-O bond distances observed for the

complexes. Extended Hiickel and extended Hickel/fragment MO calculations do
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suggest, however, that the very slightly lower average vc(o observed for the
carbametallaborane species is a result of a slightly greater degree of e -donation
by [carb’] into (primarily) the e orbitals of. the manéanese tricarbonyl fragment.
This leads to limitation of g-donation by the carbonyls to the manganese atom

and hence lower C-O stretching frequencies.
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Chapter S
The Bis(cage) Iron System
Introduction

The work in this chqpler may be regarded essentially as an extension of that in
Chapter 4, where [carb’]” was bonded in an n° mode to a & transition metal
centre in an entirely analogous fashion to the cyclopentadienyl ligand. These
results have shown the analogy between C;-)j and [carb’]" to be a valid one, with

highly similar structural and spectral parameters being determined for analogous

complexes of the two ligands.

This knowledge prompted the investigation of the [carb’]” analogue of another
extremely well-known Cp~ complex, ferrocene, Which created a great deal of

8.9

interest when first described in the early 50’s ®*7, and led to the development of

modern organometallic chemistry.

[commo-3,3'-Fe-4,4-(SMe, ), -1,1’ 2,2",-(C, ByH, o) ], Fe(;:arb’)z ,(8)

Synthesis and Characterisation

Two separate methods of preparation were devised for (8), each of which is

fully described in Chapter 6, section 1.

The first of these (Method 1), is a modification of the procedure used to

85

prepare ferrocene °-, involving /n situ deprotonation of the ligand precursor and
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dropwise addition of a solution of FeCl,.4H,0 to the mixture.

Subsequent chromatographic work-up of the pink/purple product reveals the
presence of two identically coloured compounds, formed in unequal quahtities.
- These two complexes are thought to be isomeric, the possible nature of this
isomerism forming part of the discussion of the structure of (8) (and also of that

of (9), see later).

The major compound, of higher R. value, accounts for approximately 90% of
the total product formed and so was collected, while the minor compound was not

present in sufficient amount to be of use in further study.

A second synthetic route (Method 2) was later devised, involving Tlfcarb’] and
FeCl,.4H,O. Again a pink/purple product was obtained, but in this case
chromatographic purification yielded only a single band. This was removed from
the silica and crystallisation effected by slow diffusion of n-hexane into a
dichloromethane solution at -30°C. The crystals obtained, although small, were of
sufficient habit for use in .\"-réy structural analysis. Later evidence suggests that

this corresponds to the minor (uncollected) product from Method 1.

Chemical characterisation will be described for the (major) product obtained

by the first synthetic route.

The complex was identified by elemental (C,H) microanalysis and 'y, e,

t B-{I H} and ' H—{I 'p selective} n.m.r. studies.

Microanalytical results were in full accord with the proposed CgH;, B gS,Fe

formulation for the ferrocene analogue (8).
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The major features of the 'H spectrum are the two singlets at § 2.82 and 2.86
p.p.m., assigne& to the protons of eacﬁ of the inequivalent methyl groups in the
molecule. [t must be noted that whatever the stereochemistry at iron, these methyl
groups will give (excepting accidental coincidences) two signals, each signal
comprising contributions from one of the CH; groups on each ligand, and that as
observed for previously-discussed A[carb’]' complexes, the two methyl groups
associated with each cage remain magnetically inequivalent whatever the torsion

about the B-S bond.

The ! B-{I H} spectrum of Fe(carb’): displays 8 resonances of relative intensity
1:1:2:1:1:1:1:1. On retention of proton coupling in the g spectrum, the highest
frequency resonance (8§ -2.56 p.p.m.) is the only one which does not show

doublet coupling, being thus assignable to the sulphur-bonded boron nuclei [B(4),

B(4)].

lH-{“B selective} n.m.r. experiments reveal the presence of 8 independent

boron-bonded H atoms, consistent with the proposed structure.

Structural Study on (8) |

Introduction

Diffraction-quality crystals of the £ isomer (see later for definition) of (8) were
grown by a CH, Cly/n-hexane solvent diffusion experiment at -30°C. Crystal data,
details of data collection and processing, and techniques employed in structure

solution and refinement are to be found in Chapter 6, section 2.
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Discussion -

Figure 5.1 shows a perspecti;/e view of the molecule, giving the appropriéte
molecular numbering scheme. Cage H atoms carry the same number as the B or C
atom to which they are bonded. Figure 5.2 is a plan view of both carbaborane
[C,B;] faces, along with the Fe, S and methyl C atoms, which more clearly

illustrates the cisoid conformation of the ligands.

Table 5.1 gives final coordinates of refined atoms and equivalent isotropic
thermal parameters for non-H atoms. Interatomic distances and selected
interbond angles are given in Tables 5.2 and 5.3 respectively. Anisotropic thermal
parametefs may be found in Table 5.4. Hydrogen atom coordinates are presented

in Table 5.5.

Figure 5.1 shows the cbm1110-3,3'-Fe-(C:Bg)2 structure of (8), which is clearly
that of 2 vertex-fused approximate icosahedra, with the iron atom common to
both. The pendant dimethylsulphide groups are bonded to the B(4) and B(#)

atoms of the carbaborane ligands.

It can be s:een that both cages have the same handedness in this structure, a
feature clarified by the view given in Figure 52. In cases such as this where two
chiral polyhedral ligands are present in the same mol‘ecule,-there is no current
.convention of nomenclature, and it is thereforé necessary to devise some system

for this purpose.

The system which has been adopted is based simply on the relative (and not
absolute) chirality of the ligands in a single molecule. If the two ligands are of the

same optical isomer, then the complex is designated the prefix Even or E.
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Figure 5.1 Perspecive View of E-[commo

-3,3’-Fe-4,4’-(SMe5 ), - 1,1 ’,2,2°,-(G By H, 6)2 ], E-[Fe(carb’) |, (8)
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Figure 52 Plan View of  Central Portion of  E-|commo

-3,3"-Fe-4,4"-(SMey )1 -1,1°,2,2°,-(Cy By H; g )a |, E+[Fe(carb’), |, (9)
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Table 5.1 Coordinates and Equivalent Isotropic Thermal Parameters (Az) for
non-Hydrogen Atoms in E-[commo-3,3"-Fe-44’-(SMes ), -1,17,2,2° - (G, By H, o) |,

E-[Fe(carb’).], (8)

X y z Ueq
Fe(33') 0.76702( 9) -0.06008( 9) 0.79053( 8) 0.0212( 6)
S 0.79020(18) 0.07364(17) 0.59397(15) 0.0349(14)
CS(1) 0.6568( 6) 0.0645( 7) 0.4990( 5) 0.041( 4)
CS(2) 0.8787( 7) 0.0734( 7) 0.5168( 6) 0.059( 5)
s 0.49592(17) -0.10146(15) 0.77218(14) 0.0286(13)
CS(L') 0.3771( 6) -0.0237( 6) 0.7746( 6) 0.044( 4)
CS(2') 0.4986( 7) -0.1888( 6) 0.8703( 6) 0.040( 4)
Cc(1) 0.9073( 6) -0.0961( 6) 0.7599( 6) 0.027( 4)
C(2) 0.8683( 6) -0.1889( 6) 0.8156( 5) 0.028( 4)
B(4) 0.8008( 8) -0.0628( 8) 0.6572( 7) 0.034( 4)
B(5) 0.9144( 7) -0.1405( 8) 0.6474( 7) 0.030( 4)
B(6) 0.9532( 8) ~0.2180( 8) 0.7518( 8) 0.041( 5)
B(7) 0.7292( 8) -0.2188( 7) 0.7592( 7) 0.031( 5)
B(8) 0.6844( 7) -0.1372( 7) 0.6506( 7) 0.030( 4)
B(9) 0.7757( 9) -0.1668( 7) 0.5777( 7) 0.034( 5)
B(10) 0.8703( 8) -0.2661( 8) 0.6386( 7) 0.037( 5)
B(11) 0.8433( 8) ~0.2978( 7) 0.7490( 7) 0.034( 5)
B(12) 0.7289( 8) -0.2688( 7) 0.6407( 7) 0.030( 4)
Cc(1') 0.7333( 6) -0.0546( 6) 0.9231( 5) 0.025( 4)
c(2') 0.8441( 6) 0.0063( 6) 0.9254( 6) 0.029( 4)
B(4') 0.6270( 7) -0.0182( 6) 0.8276( 6) 0.022( 4)
B(5') - 0.6415( 8) 0.0232( 7) 0.9512(.6) 0.025( 4)
B(6') 0.7871( 8) 0.0364( 7) 1.0153( 7) 0.031( 5)
B(7') 0.8183( 7) 0.0900( 7) 0.8304( 7) 0.027( 4)
B(8') . 0.6729( 7) 0.0797( 7) 0.7623( 6) 0.028( 4)
B(9') 0.6040( 8) 0.1153( 7) 0.8524( 7) 0.029( 4)
B(10"') 0.7067( 8) 0.1457( 7) 0.9685( 7) 0.030( 5)
B(1ll1') 0.8384( 8) - 0.1321( 7) 0.9539( 7) 0.031( 5)
B(12') 0.7259( 8) 0.1805( 7) 0 0.029( 4)

.8547( 7)
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Table

52

Internuclear

Distances

(A) in

-3,3"-Fe-4,4"-(SMey o -1,1",2,2°,-(Cy ByH, ), ], E-[Fe(carb’), ], (8)

Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
S
S
S
Sl
sl
SI
C(l)
C(l)
C(1l)
C(1l)
C(2)
C(2)
C(2)
B(4)

B(4).

B(4)
B(5)
B(5)
B(5)
B(6)
B(6)
B(7)
B(7)

C(1)
C(2)
B(4)
B(7)
B(8)

-C(1*)
-C(2")
-B(4')
-B(8"')
-CS(1)
~CS(2)

-CS(1')
-CS(2')

B(4)

-8(41)

c(2)
B(4)
B(5)
B(6)
B(6)

B(7).

-B(1l1)

B(5)
B(8)
B(9)
B(6)
B(9)

~-B(10)
-B(10)
-B(1l1l)

B(8)

-B(1l1l)

2.018( 8)
2.071( 8)
2.073(10)
2.134(10)
2.166(10)
2.062( 7)
2.035( 8)
2.081( 9)
2.079( 9)
2.140( 9)
1.788( 8)
1.805( 9)
1.975(10)
1.823( 8)
1.790( 8)
1.923( 9)
1.608(11)
1.687(12)
1.729(12)
1.707(13)
1.660(13)
1.725(13)
1.675(13)
1.801(14)
1.742(14)
1.725(14)
1.727(14)
1.746(14)
1.719(14)
1.725(15)
1.727(15)
1.803(14)
1.818(14)
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B(7)

B(8)

B(8)

B(9)

B(9)
B(10)
B(10)
B(11)
c(1')
C(1")
C(1")
c(1')
c(2")
Cc(2")
c(2")
B(4')
B(4')
B(4')
B(5')
B(5')
B(5')
B(6')
B(6')
B(7')
B(7')
B(7')
B(8')
B(8')
B(9')
B(9')

-B(12)
- B(9)
-B(12)
-B(10)
-B(12)
-B(11)
-B(12)
-B(12)
-C(2"')
-B(4')
-B(5"')
-B(6"')
-B(6"')
=B(7"')
-B(1ll')
-B(5"')
-B(8"')
-B(9"')
-B(6"')
-B(9"')
-B(10"')
-B(10')
-B(1l1')
-B(8"')
-B(11"')
-B(12')
~B(9")
-B(12"')
-B(10')
-B(12"')

B(10')-B(1l1')
B(10')-B(12"')
B(11')-B(12"')

O O e I I e S e e e e e e e o o e i R N S o
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.803(14)
.828(14)
.823(14)
.783(14)
.806(14)

760(14)

.801(14)
.775(14)
.602(11)
.637(12)
.685(12)
.732(12)
.705(12)
.682(12)
.694(13)

786(13)

.782(12)
.815(13)
.778(13)
.787(13)
.776(13)
.749(14)

.

761(14)

.784(13)
.775(14)
.772(13)
.828(13)
.823(13)
.778(14)
.753(14)
.755(14)
.769(14)
.761(14)
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Interbond

Angles

) in

e ,)'7 ]’( )
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M “)"-17 e 2
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) s 8
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sy’ " ey 101.0¢
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Cs(2) - s -CS(? a3
Cs(l')— S _B(4|) 104.2(
CS(1')- o _3(42; o1 2
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: S ! 63.
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3)
3)
3)
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3)
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3)
1)
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4)
5)
5)
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4)
4)
5)
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3)
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6)
6)
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4)
4)
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3)
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B(lO?)— ) - g(s)
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) - B(7) —B((4)
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59.8¢(
61.3¢(
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6)
6)
5)
5)
6)
6)
6)
4)
4)
5)
5)

58.7(
63.0¢(
64.3(

3)
4)
4)

57.7¢(
59.6(
59. 3¢
62.5¢(
58.6(
58. 3¢
60.2(

60.3¢(.

60.
59.8(
59. 4
60.5(
59.8(
58. 4¢(
59.0(
59, 3(
60.2(
61.3¢(
59.7(
61.1(
60.5(
59.2(
58.9(
64.5(
66.8¢

2(

'58.6(

61.7(
59.5¢
63.3(
63.2¢(
60.3¢(
58.9¢(

5)
5)
5)
6)
5)
6)
5)
6)
6)
6)
6)
6)
6)
6)
5)
6)
5) -
6)
5)
5)
5)
5)
6)
4)
4)
3)
5)
5)
4)
4)
3)
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61.1(
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Anisotropic

Thermal

Parameters

(A%)

in

-3,3°-Fe-4,4’-(SMe,y )y -1,1’,2,2° -(C By H o)1 |, £-{Fe(carb’), ], (8)

U1l

Fe(33') 0.0204( 6)

S
Cs(1l)
CS(2)
S|
CS(l')
cs(2')
c(1)
c(2)
B(4)
B(5)
B(6)
B(7)
B(8)
B(9)
B(10)
B(1ll)
B(1l2)
c(1')
c(2')
B(4')
B(5')
B(6')
B(7')
B(8')
B(9')
B(10')
B(1ll')
B(12"')

0.0410(14)
0.0449(39)
0.0517(41)
0.0223(11)
0.0322(39)
0.0404(41)
0.0204(35)
0.0144(36)
0.0336(41)
0.0239(40)
0.0278(42)
0.0275(42)
0.0212(40)
0.0500(45)
0.0316(43)
0.0344(43)
0.0367(43)
0.0190(34)
0.0179(36)
0.0252(40)
0.0262(41)
0.0360(42)
0.0234(38)
0.0332(40)
0.0238(39)
0.0331(42)
0.0332(42)
0.0294(42)

u22

0.0210( 6)
0.0273(13)
0.0399(38)
0.0605(44)
0.0335(13)
0.0446(42)
0.0313(39)
0.0223(37)
0.0402(40)
0.0187(39)
0.0360(43)
0.0365(44)
0.0202(41)
0.0285(42)
0.0278(42)
0.0363(44)
0.0198(41)
0.0093(37)
0.0235(36)
0.0206(37)

0.0147(38)

0.0296(41)
0.0241(43)
0.0237(42)
0.0175(41)
0.0188(40)
0.0282(42)
0.0236(41)
0.0208(41)

[=NeNeolNelNeNelNelNeNeNeleNoNeoBololoE-N-NolololNelNelNeNo o ool

U33

.0194( 6)
.0337(12)

.0318(36) -

.0673(42)
.0280(12)
.0537(41)
.0423(41)
.0353(38)
.0213(36)
.0459(42)
.0294(41)
.0496(45)
.0387(42)
.0349(42)

0205(40)

.0399(43)
.0392(43)
.0395(42)
.0251(34)
.0448(40)
.0241(38)
.0183(37)
.0265(40)
.0331(39)
.0327(38)
.0442(42)
.0268(41)
.0309(41)
.0311(40)
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u23

.0023( 6)
.0038(11)
.0104(38)
.0144(42)
.0078(10)
.0122(36)
.0064(35)

0010(32)

.0022(34)
.0123(40)
.0049(37)
.0060(41)
.0020(37)
.0127(37)
.0017(36)
.0148(39)
.0071(38)
.0045(36)
.0030(35)
.0006(34)
.0011(33)
.0056(34)
.0000(35)
.0105(35)
.0150(36)-
.0115(37)
.0008(36)
.0158(36)
.0042(37)

U1l3

0.0052( S)
0.0168(11)
0.0064(33)
10.0417(36)
0.0112(10)
0.0223(35)

0.0095(36):

0.0076(31)
=0.0087(31)
0.0125(37)
0.0153(35)
0.0033(40)
0.0020(37)
0.0064(36)
0.0132(38)
0.0122(38)
-0.0017(38)
0.0148(37)
-0.0018(30)
0.0112(33)
0.0106(34)
0.0101(34)
0.0069(36)
0.0123(34)
0.0207(34)
0.0199(36)
0.0139(36)
0.0077(37)
0.0078(36)

E-[commo

Ul2

.0006( 7)
.0019(11)
.0072(40)
.0122(41)
.0046(10)
.0138(35)
.0068(36)
.0031(32)
.0047(34)
.0048(40)
.0060(38)
.0101(40)
.0061(37)
.0038(37)
.0090(40)
.0032(39)
.0064(38)
.0041(36)
.0096(35)
.0039(32)
.0004(35)
.0050(36)
.0073(37)
.0037(35)
.0180(36)
.0011(36)
.0066(38)
.0009(38)
.0005(37)



Table 5.5 Final Hydrogen  Atom Coordinates for  E-[commo

-3,3"-Fe-4,4"-(SMey)-1,1,2,2",-(C, BgH, o)1 1. E-[Fe(carb), |, (8)

X y z
H(l) 0.982( 3) -0.061( 4) 0.808( 3)
H(2) 0.896( 4) -0.212( 4) 0.8918(13)
H(S) 0.962( 3) -0.102( 3) 0.608( 3)
H(6) 1.0408(12) -0.220( 4) 0.791( 4)
H(7) 0.685( 4) -0.262( 4) 0.799( 3)
H(8) . 0.6049(22) -0.120( 4) 0.597( 3)
H(9) 0.755( 4) -0.154( 4) 0.4995(10)
H(10) 0.905( 4) -0.319( 3) 0.600( 3)
H(11l) 0.875( 4) -0.3652(23) 0.792( 3)
H(12) 0.674( 3) -0.3326(24) 0.616( 4)
H(1') 0.749( 4) -0.1282(19) 0.958( 4)
H(2') 0.9250(20) -0.019( 4) 0.970( 3)
H(S5') 0.571( 3) 0.012( 4) 0.975( 4)
H(6') 0.837( 4) 0.011( 4) 1.0876(18)
H(7') 0.882( 3) - 0.123( 4) 0.806( 3)
H(8') 0.638 0.092 0.684
H(9') 0.5180(14) 0.134( 4) 0.836( 4)
H(10') 0.666( 4) 0.194( 3) 1.007( 3)
H(1l"') 0.9151(23) 0.169( 3) 0.994( 3)
H(12') 0.714( 4) 0.2584(14) 0.830( 4)
H(101) 0.6560 0.1149 0.4383
H(102) 0.5816 0.0760 0.5178
H(103) 0.6608 -0.0144 0.4767
H(201) 0.9655 0.0512 0.5381
H(202) 0.8703 0.1531 0.4945
H(203) 0.8301 0.0262 0.4554
H(1'1l) 0.2995% -0.0656 0.7567
H(1'2) 0.3755 0.0253 . 0.7128
H(1'3) 0.3880 0.0226 0.8402
H(2'1) 0.4276 -0.2380 0.8367
H(2'2)  0.4965 -0.1620 0.9417
0.8806

H(2'3) 0.5748 -0.2313
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Complexes containing two carbaboranes of different handedness are called Odd
or O. This treatment is sufficient to unambiguously describe the structures of
molecules which crystallise in non-polar space groups (/e containing equal
numbers of absolute isomers), such as (8) and (9) (see later), but has potential
limitations in the (relatively unlikely) event of crystallisation in a chiral space

group, containing only one absolute isomer.

The central Fe atom is situated at perpendicular distances of 1.5018 and
1.4971A from the ligating faces of the C(1)-B(12) and C(1')-B(12’) cages
respéctively, with no appreciable slip from a position directly above the centroid
of the lower pentagonal plane of either of the carbaborane ligands (A 0.05 and

0.04 A).

Cage C(1°)-B(12’) is folded into an envelope conformation about the
B(4’)...B(7’) vector, as is common in species of this type. The resulting 3- and
4-atom portions of the upper face are folded away from the Fe atom, giving fold
parameters with the lower pentagonal plane of ¢ = 1.50° and 8 = 3.17°

respectively.

The upper face of the C(1)-B(12) carbaborane is also non-planar, although the
nature of the folding is slightly different to that in the above case. Here the
folding occurs about the C(1)...B(7) vector. The 4-atom [C(1),B(4),B(8),B(7)] and
3-atom [C(1),C(2),B(7)] portions so created give fold angles with the lower 5B belt
of 8 = 1.61° and ¢ = 5.47°, the positive signs of these parameters denoting

folding away from the metal atom.

The orientation of the dimethylsulphide group with respect to the cage

geometry has been a feature of the discussion of all of the structures ((3), (4), (5)
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and (6)) of [carb’]-containing species so far presented. In each of these
compounds, the SMe, function appears to be involved in electrostatic interaction
between its (sulphur) lone pair and the relatively protonic H.atom bonded to the
adjacent carbon atom [C(1) or C(8), depending on the overall geometry of the

cage and numbering scheme consequently employed 36].

In complexes (4) and (5) there is observed some intramolecular steric crowding
which causes the S atom to be depressed by ca. 5° from its preferred elevation
angle, and it is inferred that this distortion is undergone to preserve the lone

.H6+

pair. interaction.

In (8) however, we have the first example where this intramolecular
electrostatic interaction is not observed, presumably because of unfavourable
steric interaction between one of the'methyl groups of one ligand and the closest
of the (cage) H atoms of the other. Specifically, the following distances are of
relevance: H(102)-H(8’) = 2.247A and H(2'3)-H(7) = 2.131A, ie. less than 2.4A,
which is twice the van der Waal’s radius for the hydrogen atom. The torsion
obserQed for each of the SMe, groups about the B-S bond is therefore
unsurprising, given the (now obvious) steric problems which prevent adoption of

an orientation such as that seen in (3), (4), (5) and (6).

Another structural consequence of ‘this steric crowding is the notable degree of
depression of -the dimethylsulphide groups from their preferred (26°) angle of
inclination to the ligating |‘C2 B3] faces of the ligands, giving elevation angles of

19.8° (S) and 18.6° (S°).

It therefore appears that, unlike the [carb’] complexes discussed earlier, the

elevation and orientation of the SMe, groups in (8) are controlled purely by steric
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factors.

Electrochemical Study on (8)

Introduction

Ferrocene, aside from its historic interest, finds a genuine purpose in modern
chemistry, namely in electrochemical work, where the ferrocene/ferrocinium
(Fe”/m) redox couple is widely used as a reference against which other couples

may be calibrated.

Given this, together with the results of Chapter 4 (su'gﬂgesting very similar
electronic properties for [carb’]” and Cp~), it was decided to investigate the

electrochemistry of Fe(carb’),.

If, as might seem reasonable, the redox behaviour of ferrocene and its [carb’]
analogue, (8), are similar, this would then afford one of the few known-examples

of vertex-cationic carbametallaboranes 86.87 .

Results and Discussion

The techniques employed and equipment used in the electrochemical studies
are described in Chapter 6, section 4. A schematic drawing of the experimental

set-up comprises Figure 6.4.1.

Cyclic voltammetry (c.v.), linear stirred volammetry (s.v.) and alternating
current voltammetry (a.c.v.) at a platinum electrode in CH,CL/0.5M [TBA]BF,
establish that, at 273K, Fe(carb’), undergoes a reversible oxidation at +0.57V

versus the Ag/AgCl reference electrode.
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Figure 5.3 Cyclic and a.c. Voltammograms for [Fe(carb’),], (8)

y— V (versus

+0.2 +0.4 +0.6 +0.8 Ag/AgCh)

S |
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Reversibility criteria are given in Chapter 6, section 4.

"The cyclic and a.c. voltammograms are shown in Figure 5.3.

-

The oxidation is a 1-electron process, subsequently confirmed by analysis of
data from the spectroelectrochemical experiment (see later). The position of the
(8)/[(8)I* oxidation, at only very slightly (ca. 10-20mV) higher potential' than the
Fc/Fet couple, has two obvious ‘implicalions: (i) the oxidation “is “iron- and not
ligand-based and (ii) the earlier finding of extremely similar net electronic

properties for the [carb’]” and Cp~ ligands is-again borne out.

‘An analogous product to (8) has -been obtained prevoiusly, following
protonation of [Fe(CZBgH“}]?" and reaction with diethylsulphide 87 The
oxidation potential fo'r this SEt, analogue (in CH;CN/0.IN [NE]CIO,) is quoted
as +0.48V versus the saturated calomel electrode (sce), which is equivalent to
approxima;gly +0.52V versus Ag/AgCl. It is reassuring that the potentials for this
corﬁplex and for (8) are highly éirﬁilar, despite the fact that the conditions of the
electrochemical experiments were different. In view of this, it is difficult to say
Awhether the apparent small difference between the measured potentials is

significant.

Chemical Oxidation of (8)

llntroduction

Following the electrochemical work on (8), yielding a cationic
carbametallaborane, it was clearly of value to effect chemical oxidation of the
complex. Given that the oxidation of (8) has been shown to be a relatively facile

process, chemical oxidation might be expected to be achieved by relatively mild
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oxidising agents.

Discussion

The pink Fe(carb’)z‘species does in fact react with mild inorganic oxidising
agents such as Agh, Cly and FeCly, to give deep red/brown species, indicative of
the Felll oxidation state (see Chapter 6, section 1 for experimental details).
Attempts to grow crystals of these products for structural work were unfortunately
unsuccessful. Although deep red crystals were grown by solvent evaporation from
the products of the reactions of (8) with AgBF, and AgPF,, these were, in both

cases, too small for use in X-ray work.

An electrochemical study was carried out on the product of oxidation of

Fe(carb’), by excess FeCly, assumed to be (8)[FeCly].

In the absence of other evidence for the postulated formula, this study proved

invaluable in the identification of the product.

Cyclic, alternating current and linear stirred voltammetry at a platinum
electrode in CH,Cl,/0.5M [TBA]BF,, reveal the presence of two electrbactive
species, both of which undergo reversible reductions (Fe”I/”). The potentials of
these reductions are identical to those of the (8)/[(8)]" oxidation (see before) and
the reduction of an authentic samplé of [FeCl]". Thus the product is confirmed

as [Fe(carb’), [[FeCly].
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Spectroelectrochemical Study on Fe(carb’),, (8)

Introduction

Spectroelectrochemical studies were carried out using the Optically
Transparent Thin Layer Electrode (O.T.T.L.E.) cell (which is described more
fully in Chapter 6, section 4, and shown schematically in Figure 6.4.2) and a

solution of the complex in CH»Cl,/0.5M [TBA]BF, at 273K.

Results and Discussion

~ The spectral progression obtained is shown in Figure 5.4, illustrating the
isosbestic conversion of neutral Fe(carb’)2 to its monocation. The bands at 32900

and 36600cm™! grow in intensity and the ill-defined band at ca. 42000cm™

collapses as the Fe''' species is formed.

The Spectroelectrochemical result fully supports that of the electrochemical
study, giving (by application of the Nernst equation, see Chapter 6, section 4) a
potential for the Fe(carb’)2/[Fe(c:arb’)2]+ couple of +0.66V versus the Ag/AgCl

electrode.

The aforementioned application of the Nefnst equati_on to the
spectroelectrochemical data yields a second parameter, n, thg number of electrons
transferred per molecule. In this case, the oxidation of (8) is shown to be a 1
electron process, with n = 1.06 * 0.le". This is, of course, entirely analogous to

the Fe!l/M couple in the Fe/Fc* system.
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Figure 5.4 Electronic Absorption Spectra Showing Conversion of [IFe(carb’)-] to

[Fe(carb’), "
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Conclusion

It has been conclusively shown that the bis[carb’] analogue of ferrocene,
Fe(carb’)z, may be oxidised by electrochemical and chemical means, the oxidation
being only very slightly more difficult than that of ferrocene itself. This very small
difference (of the order of tens of millivolts) would tend to suggest (as already
seen in Chapter 4) that the net electronic properties of [carb’]" and Cp~ are

highly similar and lend further support to the analogy between the two ligands.

[commo-3,3’-Fe-4-SMe, -4’-SMe-1,1’2,2’-(C,ByH () 1, ],

[Fe(carb’)(C, ByH, o SMe)], (9)

Introduction

During the course of the work on Fe(carb’),, (8), there was also isolated a
second, ' closely related | species, [commo
—3,3’-Fe~4—SMe2-4’—SMe—-1,l’,2,2’—(C:Bl,filo):], (9). The identification and
structural characterisation of this species wére of immense use in illumination of

the nature of isomerism in (8).

The synthesis, chemical characterisation and X'-ray crystal struéture of (9) are
presented, along with the results of electrochemical and spectroelectrochemical
experiments. Conversion of (9) into (8) is also discussed. This conversion, allied to
the principle of microscopic reyersibility, “allows us to propose a possible

mechanism for the formation of (9) from (8).
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Synthesis and Characterisation of (9)

Complex (9) was synthesised as a by-product in one (Method 1, see earlier)
_particular preparation of (8) (experimental details of which are reported in
Chapter 6, section 1), in which lhé extremely finely-divided pink precipitate was
collected by filtration over an extended (ca. 40 minutes) period of time. Over this
interval th¢ pink colour indicative of Fe(carb’), slowly changed to brown.
Redissoluton of the resulting solid in dichloromethane, followed by thin layer
chromatography, gave 4 mobile bands, the first two of which were dark brown (9)
and pink/purple (8). These were followed by a second pair of similarly coloured
bands (presumably isomeric with the first pair, and in much lower yields) at lower

R- values, and were not collected.

(9) was characterised by elemental (C,H) microanalysis, the results of which
were consistent with the C;HyqB; ¢S, Fe formulation of the complex, and ! H, g,

H B-{l H.} and ! H-{l 'B selective} n.m.r. spectroscopic studies.

The n.m.r. spectra of (9) are of particular inte.rest, as the presence of
paramagnetic (dS) Fe!'! results in unusual chemical shifts, especially for nearby
nuclei, eg. the carbabqrane facial boron atoms and their associated protons. -
1

Although unusual, this type of effect has been observed previously in Fe

carbaborane species, such as Fe(CsH) (G BgH, ) 88

The 'H spectrum of (9) is best discussed in terms of 3 distinct classes of H
atom, namely: (i) methyl H’s, (ii) H atoms bonded to carbaborane facial B atoms

and (iii) other (unassigned) C-H and B-H’s.

(i) The three methyl groups in (9) each display the expected singlet, and these
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occur at § -0.50, -3.32 and -8.25 p.p.m..

(ii) The six protons bonded to the facial boron atoms give very high positive
chemical shifts (§ 127.09, 93.18, 81.17, 49.90, 32.08 and 24.44 p.p.m.) and are

assigned as such because of the extreme broadness (ca. 1500Hz) of the signals.

(iii) The remaining signals in the 'H spectrum are broad (ca. SOOHz) and arise
from boron- and carbon-bonded H atoms, although -further ussignmént has not
been attempted. Some of these éignals are Also observed in the ' H-{I 'B selective}
spectra, where they may at least be assigned to a boron nucleus giving a partiCU.lar

chemical shift.

Thé llB—{l H} spectrum shows 18 separate peaks, as expected, although these
occur over a § range of approximately 600 p.p.m.. There are six very broad
resonances at extremely low frequency (§ -322.07, -379.10, -385.59, -435.63,
-462.44 and -491.73 p'.p.m.) which are assigned to the six facial boron atoms. The
other _127resonances (6 bétween 108;33 and -52.44 ‘p.p.m.) are much éharper

(being associated less with the pdramagnetic Felll

centre) and also display doublet
coupling (Jgy in the range 80-110Hz) in the g spectrum. The six lowest

frequency resonances do not (on account of their extreme broadness) appear

significantly different-in the "B and ' B-{| H} spectra.

In a series of IH-{”B selective} experiments, decoupling at the 12 sharp
(highest frequency) boron sites results in enhancement of 12 separate proton

environments, consistent with the proposed structure.
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Structural Study of (9)

Introduction

In order to shed further light on the bonding of [carb’]” to iron, a structural

-

study was carried out on [Fe(carb’)(C,ByH ySMe)], (9).

Chemical characterisation has shown the identity of the cbmplex, but offers no
information upon the relative handedness of the chiral carbaborane ligands, /e
do the two cages possess the same (£) or different (O) handedness within the

complex?

As has been discussed earlier, the only form of (8) which afforded crystals of
suitablel quality for structural analysis was the even (E) isomer, in which both
ligands are of the same optical isomer, this being the sole product obtained by the
second (Method 2) synthetic route. There are, of course equal numbers of both

total isomers, in the (centrosymmetric) crystal lattice.

High-quality crystals of O-|commo-3,3’-Fe-4-SMe, -4’-SMe-
1,1',2,2-(CyBgHyg )], (9), were grown by slow diffusion of n-hexane into a
dichloromethane solution at -30°C. Crystal data, details of data collection and
processing, and crystallographic methods used in solution and refincment of the

structure may be found in Chapter 6, section 2.
Discussion
8 (2 independent) molecules of (9) crystallise in the monoclinic four-fold space

group P2 /c. As is appérent from Figures 55A and $.5B, the two independent

molecules, A and B are enantiomers, thus begging the question of why this

165



symmetry relationship is not utilised in the crystal lattice, allowing a smaller unit

cell to be chosen.

Perspective views of molecules A and B are shown in Figures 5.5A and 5.5B
respectively, along with the molecular numbering scheme employed. Cage H
atoms. are numbered as the vertices to which they are bonded. élan views of the
ligating [C,By] faces of the cuges and the Fe, S and methyl C atoms of both

molecules are shown in Figure 5.6.

Final coordinates of refined atoms are given in Tables 5.6A and 5.6B, including
equivalent isotropic thermal parameters for non-hydrogen atdms. Tables 5.7A
and 5.7B give internuclear distances within each of the molecules, while reievant
interbond angles are presented in Tables 5.8A and 5.8B. Anisotropic thermal
vibration parameters for each of the molecules are given in Tables 5.9A and 5.9B.

Calculated positions of (non-refined) hydrogen atoms comprise Table 5.10.

Upon initial inspection of Figures 5.5A and 5.5B, the gross geometry of the
complex may be seen, namely that of two vertex-fused approximate icosahedra,

with the iron atom common to both.

The plan views shown in Figure 5.6 illustrate the disposition of the facial atoms
with respect to each other and also the relative positions of the SMe, and SMe
substituents. Inspection of these figures clearly shows the stereochemistry of the
two cages in each molecule to be different, (i.e. the O isomer. -) unlike those in
the structurally characterised isomer (£) of (8). It is also evident from Figure 5.6
that the two cages within each molecule are in a relative orientation which is

neither fully eclipsed nor fully staggered.
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Figure 5.5A  Perspective View of Molecule A of  O-[commo

-3,3'-Fe-4-SMe, -4"-SMe-1,1,2,2'-(C, By H )2 |, O-{Fe(card’)(C, By H 4 SMe)], (9)
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Figure S5.5B  Perspective  View of Molecule B of O-[commo

-3,3"-Fe-4-SMey-4’-SMe-1,1°,2,2'-(C5 By H, ), . O-[Fe(carb’)(C, By H, g SMe)], (9)
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Figure 5.6 Plan Views of Central Portions of Molecules A and B of O-[commo

-3,3"-Fe-d-SMe,-4"-SMe-1,1,2.2°(C, By H ) ], O-[Fe(carb’)(C- By H, SMe], (9)
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Table S.6A Coordinates of Refined Atoms and Equivalent Isotropic Thermal
Parameters (Az) " for Molecule A of O-[commo

-3,3"-Fe-4-SMe, -4'-SMe-1,1",2,2'(C, B H ), |, O-[Fe(carb’)(C,ByH, o SMe)], (9)

X y Z Ueq

Fe(33')a 0.23887( 4) 0.12374( 2) 0.10849( 5) 0.0288( 4)
S(')a 0.42156( 7) 0.05516( 4) 0.22989(10) 0.0393( 7)
SA 0.08215( 8) 0.05176( 4) 0.18995(11) 0.0460( 8)
c(')a 0.4732( 3) 0.00083(l6) 0.1868( 5) 0.053( 3)
c(in)a 0.0226( 4) 0.04543(20). 0.3128( 6) 0.073( 4)
c(L2)a - -0.0088( 4) 0.06741(21) 0.0509( 6) 0.077( %)
c(1')a 0.3408( 3) 0.13101(15) 0.0150( 4) 0.036( 3)
C(2")A 0.2448( 3) 0.14878(17) -0.0758( 4) 0.041( 3)
B(4')A 0.3375( 3) 0.07385(17) 0.0755( 4) 0.032( 3)
B(S5')A 0.3831( 4) 0.08627(19) -0.0578( 5) 0.044( 4)
B(6')A 0.3258( 4) 0.13561(21) -0.1508( 5) 0.049( 4)
B(7')A 0.:636( 4) 0.10730(20) -0.0884( 5) 0.043( 3)
B(8')A 0.2217( 3) 0.05540(19) 0..0056( 5) 0.036( 3)
B(9')A 0.3066( 3) 0.03815(20) -0.0710( 5) 0.039( 3)
B(10')A 0.2997( 4) 0.07559(21) -0.2081( 5) 0.049( 4)
B(l1')A 0.2130( 4) 0.11805(21) -0.2175( 5) 0.052( 4)
B(12')A 0.2001( 4) 0.05759(21) -0.1706( 5) N.046( 4)
c(l)a 0.2597( 3) 0.10883(16) 0.310S¢( 4) 0.034( 3)
C(2)A 0.3111( 3) 0.15705(16) 0.2875( 4) 0.037( 3)
B(4)A 0.1507( 3) 0.11108(17) 0.2257( 95) 0.034( 3).
B(S5)A 0.1868( 4) 0.12199(19) 0.3986( 5) 0.045( 4)
B(6)A 0.2930( 4) 0.15034(20) 0.4371( 5) 0.048( 4)
B(7)A 0.2418¢( 4; 0.19607(18) 0.1840( 5) 0.039( 3)
B(8)a 0.1325( 4) 0.16831(19) 0.1417( 95) 0.041( 3)
B(9)A 0.1056( 4) 0.16137(20) 0.2946( 5) 0.047( 4)
B(10)A 0.1948( 4) 0.18501(21) 0.4250( 5) 0.053( 4)
B(ll)A 0.2782( &) 0.20679(19) 0.3557( 5) 0.046( 4)
B(12)A 0.1637( 4) 0.21331(21) 0.2691( 5) 0.053( &)
H(1l')A 0.381( 3) 0.1582(16) 0.059( 4)

H(2')A 0.238( 3) 0.1777(17) -0.076( 5)

H(5')Aa 0.453( 3) 0.0782(15) -0.028( 4)

H(6')A 0.361( 3) 0.1665(16) -0.178( 4)

H(7')A 0.094( 3) 0.1207(14) -0.123( 4)

H(8')A 0.190( 3) 0.0265(15) 0.046( 4)

H(9')A 0.324( 3) 0.0042(16) -0.067( 4)

H(10')A 0.313( 3) 0.0624(15) -0.285( 4)

H(1l')A 0.179( 3) 0.1378(16) -0.292( 4)

H(12')Aa 0.148( 3) 0.0327(15) -0.235( 4)

H(1l)aA 0.289( 3) 0.0846(17) 0.336( 5)

H(2)A 0.372( 3) - 0.1554(16) 0.300( 4)

H(5)a 0.173( 3) 0.0969(16) 0.455( 4)

H(6)A 0.347( 3) 0.1405(16) 0.517( 4)

H(7)A 0.264( 3) 0.2208(16) 0.136( 4)

H(8)A 0.081( 3) 0.1792(15) 0.060( 4)

H(9)A 0.039( 3) 0.1631(15) 0.291( 4)

H(10)A 0.175( 3) 0.2000(15) 0.498( 4)

H(11)A~ 0.328( 3) 0.2326(16) 0.393( 4)

H(12)A 0.130( 3) 0.2459(16) 0.255( 4)
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Table 5.6B Coordinates of Refined Atoms and Equivalent Isotropic Thermal
Parameters (A:) for Molecule B of O-[commo

-3,3’-Fe-4-SMe,-4’-SMe-1,17,2,2°(C; Bo H ), ], O-[Fe(carb’)(C, By H | SMe)], (9)

X Yy z Ueq

Fe(33')B 0.71621( 4) 0.37332( 2) -0.13408( 5) 0.0278( 4)
S(')B 0.54371( 8) 0.29464( 4) -0.18671(11) 0.0447( 7)
SB 0.87660( 9) 0.31513( 4) 0.10922(12) 0.0551( 8)
C(')B 0.4996( 4) 0.24150(18) =~ -0.2823( 5) 0.062( 4)
C(11)B 0.9215( 4) 0.31228(20) 0.2849( 4) 0.069( 4)
C(12)B 0.9730( 4) 0.3356( 3) 0.0701( 6) 0.105( 5)
C(1')B 0.6264( 3) 0.37242(15) -0.3253( 4) 0.032( 3)
C(2')B 0.7219( 3) 0.39547(17) -0.3198( 4) 0.038( 3)
B(4')B 0.6364( 3) 0.31654(17) -0.2507( 4) 0.032¢ 3)-
B(5')B 0.6036( 4) 0.32361(19) -0.4263( 5) 0.040( 3)
B(6')B 0.6553( 4) 0.37468(19) . -0.4701( 5) 0.041( 3)
B(7')B 0.8081( 4) 0.35879(20) -0.2422( 5) 0.040( 3)
B(8')B 0.7567( 3) 0.30603(18) -0.1988( 95) 0.038( 3)
B(9')B 0.6876( 4) 0.28112(19) -0.3513( 5) 0.042( 3)
B(10')B 0.6979( 4) 0.31615(21) -0.4833( 95) 0.051( 4)
B(1ll1')B 0.7733( 4) 0.36445(22) -0.4169( 5) 0.050( 4)
B(12')B 0.7938( 4) 0.30672(20) -0.3437( 5) 0.046( 4)
C(1)B 0.6835( 3) 0.35895(17) 0.0407( 4) 0.040( 3)
C(2)B 0.6249( 3) 0.40227(16) -0.0399( 4) 0.037( 3)
B(4)B 0.7941( 4) 0.36866(18) 0.0650( 5) - 0.037( 3)
B(5)B 0.7416( 4) 0.37771(21) 0.1926( 5) 0.050( 4)
B(6)B 0.6317( 4) 0.39818(23) 0.1211( 5) 0.054( 4)
B(7)B 0.6910( 4) 0.44537(19) -0.0795( 5) 0.043( 3)
B(8)B 0.8049( 4) 0.42574(18) -0.0075( 5) 0.039( 3)
B(9)B 0.8185( 4) 0.42177(19) 0.1656( 5) 0.046( 4) -
B(10)B 0.7172( &) 0.44024(21) 0.1990( 5) ) 0.055( 4)
B(1l1)B 0.6386( 4) 0.45455(21) 0.0464( 5) 0.053( 4)
B(12)B 0.7535( 4) 0.46910(21) 0.0750( 5) 0.051( 4)
H(1')B 0.584( 3) 0.3943(17) ~0.331( 4)

H(2')B 0.720( 3) 0.4263(17) -0.312( 4)

H(5')B 0.537( 3) 0.3163(16) -0.474( 4)

H(6')B 0.622( 3) 0.4043(16) -0.543( 4)

H(7')B 0.875( 3) 0.3738(15) -0.204( 4)

H(8')B 0.787( 3) 0.2769(16) -0.130( 4)

H(9')B 0.679( 3) 0.2403(17) -0.357( 4)

H(10')B 0.693( 3) . 0.3042(16) ~0.569( 4)

H(1ll')B 0.817( 3) 0.3832(15) -0.456( 4)

H(12')B 0.855( 3) 0.2854(15) -0.341( 4)

H(1)B 0.662( 3) .0.3337(18) 0.045( 5)

H(2)B 0.564( 3) 0.3980(16) -0.090¢( -4)

H(S)B 0.758( 3) 0.3522(16) 0.275( 4)

H(6)B 0.575( 3) 0.3836(15) . 0.147( 4)

H(7)B 0.666( 3) 0.4653(15) -0.172(. 4)

H(8)B 0.868( 3) 0.4392(16) -0.018( 4)

H(9)B 0.886( 3) 0.4280(15) 0.227( 4)

H(10)B 0.716( 3) 0.4566(15) 0.287( 4)

H(11l)B 0.580( 3) 0.4761(16) 0.033( 4)

H(12)B 0.776( 3) ‘ 0.5055(17) 0.073( 4)

171



Table 5.7A Interatomic Distances (A) in Molecule A of O-[commo

-3,3’-Fe-4-SMe,-4"-SMe-1,17,2,2°-(C, By 11, ), |, O-[Fe(carb’)(C,BgH,3SMe)], (9)

f’e(33') - C(1") .103( 4) B(9') - H(9')

2 10.97( 5)
Fe(33') - C(2") 2.107( 5) B(10')-B(1l1"') 1.760( 8)
Fe(33') - B(4"') 2.155( 5) B(10')-B(12') 1.769( 8)
Fe(33') - B(7') 2.131( 5) B(10*')-H(10') 0.97( 4)
Fe(33') - B(8') 2.155( 5) B(11')-B(12') 1.765( 8)
Fe(33') -~ C(1) 2.121( 4) B(11')-H(11l') 0.98( 5)
Fe(33') - C(2) 2.119( 5) B(12')-H(12') 1.13( 4)
Fe(33') - B(4) 2.126( 5) C(l) - C(2) 1.602( 6)
Fe(33') - B(7) 2.143( 5) C(l) - B(4) 1.667( 7)
Fe(33') — B(8) 2.161( 5) C(l) = B(5) 1.701( 7)
S(') - C(") 1.815( 5) C(l1) - B(6) 1.728( 7)
S(') - B(4') 1.849( 5) C(l) - H(1) 0.80( 5)
S - C(11) 1.812( 6) C(2) - B(6) 1.705( 7)
[ - C(12) 1.775( 6) C(2) - B(7) 1.684( 7)
S - B(4) 1.924( 5) C(2) - B(1l) 1.695( 7)
C(l') - C(2") 1.595( 6) C(2) - H(2) 0.91( 5)
C(1') - B(4"') 1.707( 6) B(4) - B(5) 1.788( 7)
C(1') - B(5"') 1.684( 7) B(4) - B(8) 1.793( 7)
C(1') - B(6"') 1.717(¢ 7) B(4) - B(9) 1.799( 8)
C(l') - H(1") 1.00( 5) B(5) - B(6) 1.756( 8)
C(2') - B(6"') 1.707( 7) B(5) - B(9) 1.782( 8)
C(2') - B(7") 1.674( 7) B(5) -B(10) 1.756( 8)
C(2') -B(1l1") 1.674( 8) B(5) - H(5) 0.98( 4)
C(2') - H(2") 0.80( 5) B(6) —-B(10) 1.767( 8)
B(4') - B(5"') 1.790( 7) B(6) —-B(1ll) 1.762( 8)
B(4') - B(8') 1.802( 7) B(6) - H(6) 1.04( 5)
B(4') - B(9') 1.788( 7) B(7) - B(8) 1.789( 8)
B(5') - B(6') 1.762( 8) B(7) -B(1ll) 1.775( 8)
B(5') - B(9"') 1.754( 8) B(7) -B(12) 1.770( 8)
B(5') -B(10') 1.765( 8) B(7) - H(7) 0.97( 4)
B(5') - H(5') 1.06( 4) B(8) - B(9) 1.803( 8)
B(6') -B(10"') 1.767( 8) B(8).-B(12) 1.797( 8)
B(6') -B(1ll"') 1.750( 8) B(8) -~ H(8) 1.04( &)
B(6') - H(6')  1.09( 4) B(9) -B(10) -1.774( 8)
B(7') - B(8') 1.825( 8) B(9) -B(12) 1.752( 8)
B(7') -B(1ll1l') 1.779( 8) B(9) - H(9) 1.03( 4)
B(7') -B(12') 1.801( 8) B(10) -B(1l1l) 1.767( 8)
B(7') - H(7') 1.09( 4) B(10) -B(12) 1.770( 8)
B(8') - B(9') 1.797( 7) B(10) -H(10) 1.00( 4)
B(8') -B(12') 1.809( 8) B(11) -B(12) 1.752( 8)
B(8') - H(8"') 1.09( 4) B(11) -H(1ll) 1.04( 4)
B(9') -B(10"') 1.765( 8) B(12) -H(12) 1.02( 4)
B(9') -B(12') 1.765( 8)
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Table 5.7B Interatomic Distances (A) in

-3,3’-Fe-4-SMe,-4"-SMe-1,1’,2,2(C5 By H g )» ], O-[Fe(carb’)(C, By H, g SMe)], ()]

Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
Fe(33')
S(")
S(')
S
S
S
C(l')
c(1")
c(1")
c(1'")
c(l")
C(2')
C(2')
c(2')
Cc(2')
B(4")
B(4')
B(4')
B(5"')
B(5"')
B(5"')
B(5"')
B(6')
B(6")
B(6"')
B(7"')
B(7")
B(7")
B(7")
B(8')
B(8')
B(8"')
B(9"')
B(9")

- C(2')
- B(4')
- B(7l)
- B(BI)
- C(1)
- C(2)
- B(4)
- B(7)
- B(8)
- C(")

B(4')
- C(11)
- C(12)
- B(4)

- C(ZI)
- H(1')
-B(11')
- H(2')
- B(5')
- B(Sl)
- B(9')
- B(Q')
-B(10")
- H(5'")
-B(10"')
-B(11')
- H(G')
- B(B')
-B(1l1')
-B(12"')
- H(7')
- B(gn)
-B(12')
- H(8')
-B(10')
-B(12')

bt bt M R R P R RREREREREFRPORRRFORRMEBREREREREEFENRNNRONDNODONNONN

.107( 4) .
.095( 5)
.150(¢ 5)
.109( 5)
.133( 5)
.102( 5)
.110( 5)
L117( 5)
.134( 5)
L171( 5)
.800( 5)
.856( 5) °
.799( 6)
.751( 7)
.917( 5)

592( 6)
717( 6)

.694( 7)
.726( 7)
.88( 5)

L731( 7)
.686( 7)
.704( 8)
.86( 5)

.800( 7)
.804( 7)
793¢ 7)
.745( 8)
.758( 8)
.745( 8)
.03( 95)

.762( 8)
.769( 8)
.14( 5)

.779( 8)
.787( 8)

770( 8)
08( 5)

.801( 7)
.794( 8)
.10( 4)

.749( 8)
.767( 8)
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B(9')
B(10')
B(10')
B(10')
B(11')
B(1ll')
B(12')
c(l)
c(l)
c(1l)
c(l)
c(l)
C(2)
C(2)
C(2)
Cc(2)
B(4)
B(4)
B(4)
B(5)
B(5)
B(5)
B(5)
B(6)
B(6)
B(6)
B(7)
B(7)
B(7)
B(7)
B(8)
B(8)
B(8)
B(9)
B(9)
B(9)
B(10)
B(10)
B(10)
B(1l1)
B(1l)
B(12)

Molecule

-H(9"')
-B(11')
-B(12')
-H(10')
-B(12')
-H(11"')
-H(12"')
- C(2)
- B(4)
- B(5)
- B(6)
- H(1)
- B(6)
- B(7)
- B(1l1)
- H(2)
- B(5)
- B(8)
- B(9)
- B(6)
- B(9)
-B(10)
- H(5)
~B(10)
-B(11)
- H(6)
- B(8)
-B(11)
-B(12)
- H(7)
- B(9)
-B(12)
- H(8)
-B(10)
-B(12)
- H(9)
-B(11)
-B(12)
-H(10)
-B(12)
-H(11)
-H(12)

B of

1.13( 4)
1.775( 8)
1.789( 8)
0.95( 5)
1.758( 8)
1.03( S)
1.11( 4)
1.590( 6)
1.674( 7)
1.688( 8)
1.713( 8)
0.78( 5)
1.690( 8)
1.697( 7)
1.688( 8)

-0.94( 5)

1.789( 8)
1.780(¢ 7)
1.787( 8)
1.742( 8)
1.779( 8)
1.768( 8)
1.10( 5)
1.772( 9)
1.761( 9)
1.07( 5)
1.789( 8)
1.773( 8)
1.774( 8)
1.09( 5)
1.797( 8)
1.797( 8)
1.07( 5)
1.777( 8)
1.754( 8)
1.07( 5)
1.769( 8)
1.766( 8)
1.04( 5)
1.759¢( 8)
1.05( 5)
1.06( 5)

O-[commo



Table 5.8A Selected Interbond Angles (°) in Molecule A of O-[commo

-3,3’-Fe-4-SMe,-4’-SMe-1,1",2,2'-(C, By H ), ], O-[Fe(carb’)(C,ByH, o SMe)], (9)

C(lﬁ) -
C(l.) -
c(2') -
B(4l) -
B(?l) -
c(1) -
c(1) -
ca') -
C(l.) -
c(2') -
c(2') -
C(2) -
B(4) -
B(7) -
c(') -
C(11) -
c(1l1) -
c(12) -
Fe(33')-
Fe(33')-
C(zl) -
B(4') -
B(s.) -
Fe(33')-
Fe(33')-
“C(L1') -

B(6!) -

B(7') -
Fe(33')-
Fe(33')-
Fe(33')-

S(') -
s(') -
S(') -
S(') -

c(1') -

B(5') -

B(8') -

c(1') -

C(l!) —-—

B(4') -

B(6') -

B(9') -

C(ll) -

C(ll) -

Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')

S(') -

S

S

S
Cc(l')y -
C(l') -
c(1') -
c(ll) -
C(ll) -
c(2') -
c(2') -
c(2') -
c(2'y -
c(2'y -.
B(4') -
B(4') -
B(4l) -
B(4') -
8(4‘) —
B(4') -
B(4') -
B(4') -
B(4l) -
B(4|) -
B(5') -
B(sl) -
B(Sl) P
B(5') -
B(5') -
B(6') -
B(G') -

Cc(2')

B(4')
B(7')
B(8')
B(8"')
c(2)
. B(4)
c(l)
c(2)
c(1)
c(2)
B(7)
B(8)
B(8)
B(4')
C(12)
B(4)
B(4)
c(2')
B(4')
B(6')
B(5')
B(6')
c(1")
B(7')
B(4')
B(1ll')
B(1ll')
S(')

c(1')
B(8')
C(1l')
B(5')
B(8')
B(9')
B(5"')
B(9')
B(9')
B(4')
B(6')
B(9')
B(10')
B(10')
c(2')
B(S')

44.
47.
46.
49.
50.
44.
46.
125.
96.
166.
122,
46.
49.
49.
104.
100.
107.
102.
67.
67.
61.
63.
62.
67.
67.
62.
62.
64.
112.
64.
65.
120.
114.
130.
124.
57.
58.
60.
58.
59
60.
60.
-60.
55.
57.

54(17)
25(17)
53(19)
43(19)
39(20)
39(17)
25(18)
70(17)
46 (17)
69(18)
86(18)
53(18)
45(20)
11(20)
59(22)

4(

3)

72(24)
52(25)
87(23)
99(22)

9
7(
4(

6(
4(
2(

3)
3)

3) .
58(23)
50(25)

3)
3)
3)

37(23)
76(21)
28(22)

1(
9(
4(
4(
5¢(
7(
1
8(

L7

6(
1(
2(
5(
9N

3).

3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
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c(2') -
B(sl) -
B(10')-
Fe(33')-
Fe(33')-
C(zi) -
8(80) p—
B(1l')-
Fe(33')-
Fe(33')-
B(4') -
B(7') -
B(gl) -
B(4') -
B(4') -
B(sl) -
B(8l) -
B(10')~
B(sl) -
B(sl) -
B(si) -
B(gl) -
B(l1')-
C(2l) -
C(Zl) -
B(6') -
B(7l) -
B(10')-

" B(7') -

B(7') -
B(an) -
B(9') -
B(10')-
Fe(33')-
Fe(33')-
c(2) -~
B(4) -
B(S) -

B(6')
B(6')
B(6')
B(7')
B(7')
B(7')
B(7')
B(7"')
B(8')
B(8"')
B(8"')
B(8')
B(8')
B(9')
B(9')
B(9')
B(9')
B(9"')
B(10"'
B(10'
B(10°
B(10°*
B(10"'
B(l1l'
B(11'
B(1l1'
B(1ll'
B(1l1"'
B(12'
B(12'
B(12'
B(12®
B(12'
c(l)

c(l)

c(l)

C(1)

c(l)

- B(1ll1')
- B(10')
- B(11')
- C(Z')

- B(8')

- B(1ll1')
- B(12')
- B(12')
- B(4')

- B(7')

- B(9')

- B(12")
- B(12')
- B(S')

- B(8')

- B(10')
- B(12')
- B(12')
)- B(6"')

)= B(9'")

)- B(11')
)= B(12')
)= B(12')
) — B(6')
Yy = B(7")
)- B(10')
)= B(12')
)= B(1l2')
)_
)_
)_

B(11')
B(9"')
)= B(10")
)= B(11l')
- C(2)

- B(4)

- B(6)

- B(5)

~ B(S6)

Fe(33')- C(2) - C(1)
Fe(33')- C(2) - B(6)
C(1l) - C(2) - B(1ll)
B(6) - C(2) - B(1ll)
B(7) - C(2) - B(1ll)
Fe(33')- B(4) - S
Fe(33')- B(4) - C(1)

B(8')

57.9( 3)
60.0( 3)
60.0( 3)
65.97(24)
65.48(24)
57.9( 3)
59.8( 3)
59.1( 3)
65.29(22)
64.13(23)
59.6( 3)
59.4( 3)
58.6( 3)
60.7( 3)
60.3( 3)
60.2( 3)
61.0( 3)
60.2( 3)
59.8( 3)
59.6( 3)
59.5( 3)
59.9( 3)
60.0( 3)
59.7( 3)
57.9(. 3)
60.5( 3)
61.1( 3)
60.3( 3)
60.7( 3)
59.8( 3)
60.4( 3)
59.9( 3)
59.7( 3)
67.77(22)
67.04(23)
61.4( 3)
64.1( 3)
61.6( 3)
67.85(22)
67.48(23)

" 62.9( 3)

62.4( 3)
63.4( 3)
115.65(24)
66.72(23)



Fe(33')- B(4) - B(8) 66.29(24 Fe(33')- B(8) - B(7) 64.93(24)

S - B(4) - C(1) 119.2( 3) B(4) - B(8) - B(9) 60.0( 3)

S - B(4) - B(5) 109.6( 3) B(7) - B(8) - B(12) 59.1( 3)

S - B(4) - B(8) 130.5( 3) B(9) - B(8) - B(12) 58.2( 3)

S - B(4) - B(9) 118.6( 3) B(4) - B(9) - B(S) 59.9( 3)
C(l) - B(4) - B(5) 58.9( 3) B(4) - B(9) - B(8) 59.7( 3)
B(5) - B(4) - B(9) 59.5( 3) B(5) - B(9) - B(10) 59.2( 3)
B(8) - B(4) - B(9) 60.3( 3) B(8) - B(9) - B(12) 60.7( 3)
C(1l) - B(5) - B(4) 57.0( 3) B(10) - B(9) - B(12) 60.3( 3)
C(l) - B(5) - B(6) 60.0( 3) B(5) - B(10) - B(6) 59.8( 3)
B(4) - B(5) - B(9) 60.5( 3) B(5) - B(10) - B(9) 60.6( 3)
B(6) - B(5) - B(1l0) 60.4( 3) B(6) — B(10) - B(ll) 59.8( 3)
B(9) - B(5) - B(10) 60.2( 3) B(9) - B(10) - B(12) 59.2( 3)
C(1) - B(6) - C(2) 55.6( 3) B(1ll) - B(10) - B(12) 59.4( 3)
C(1) - B(6) - B(5) “58.4( 3) C(2) - B(1l1) - B(6) '59.0( 3)
C(2) - B(6) - B(ll) 58.5( 3) C(2) - B(1ll) = B(7) 58.0( 3)
B(5) - B(6) - B(10) 59.8( 3) B(6) - B(1l1) - B(10) 60.1( 3)
B(10) - B(6) - B(ll) '~ 60.1( 3) B(7) - B(ll) - B(1l2) 60.2( 3)
Fe(33')- B(7) - C(2) 65.99(23) B(10) - B(ll) - B(1l2) 60.4( 3)
Fe(33')- B(7) - B(8) 65.96(24) B(7) - B(12) - B(8) 60.2( 3)
C(2) - B(7) - B(1ll) 58.6( 3) B(7) - B(12) - B(1ll) 60.5( 3)
B(8) - B(7) - B(12) 60.7( 3) B(8) - B(1l2) - B(9) 61.1( 3)
B(1l1) - B(7) - B(1l2) 59.3( 3) B(9) - B(12) - B(1l0) 60.5( 3)
Fe(33')- B(8) - B(4) 64.25(23) B(10) - B(12) - B(1l1) 60.2( 3)
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Table 5.8B Selected Interbond Angles (°) in Molecule B of O-[commo

-3,3’-Fe-4-SMe,-4"-SMe-1,1°,2,2’-(C, By H o )n |. O-[Fe(carb’)(C,BgH 1oSMe)l, (9)

c(1')y -
C(ll) -
C(l') -
c(1') -
C(zn) -
c(2') -
C(2') -
B(4') -
B(7') -
c(l) -
c(l) -
Cc(2) -
B(4) -
B(7) -
c(') -
C(1l) -
Cc(ll) -
c(l2) -
Fe(33')-
Fe(33")-
c(2') -
3(4') -
B(5') -
Fe(33')-
Fe(33')-
c(1l') -
B(G') -
B(7') -
Fe(33')-
Fe(33')-
Fe(33')-
s(') -
s(') -
s(') -
s(') -
C(ll) -
B(Sl) -
B(8') -
c(’') -
Cc(1') -
B(4') -
B(6') -
B(9l) -
C(1')y -
c(') -

Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
Fe(33')-
s(') -
S -
[ -
S -
C(ll) -
C(l') -
C(ll) -
c(1') -
c(l'y -
c(2'y -
c(2'y) -
c(2') -
c(2') -
c(2') -
8(4') -
B(4') -
B(4') -
B(4') -
B(4') -
B(4’) -
B(4') -
B(4') -
B(4|) -
B(4') -
B(5') -
B(5') -
B(5') -
B(S5') -
B(S') -
B(Gl) -
B(Gl) -

c(2')
B(4')
C(1)
C(2)
B(7')
C(l)
C(2)
B(8")
B(8"')
C(2)
B(4)
B(7)
B(8) .
B(8)
B(4')
c(12)
B(4)
B(4)
c(2')
B(4')
B(6')
B(5')
B(6')
C(1')
B(7')
B(6')
B(11')
B(11')
5(')
C(1l')
B(8')
C(1')
B(S5')
B(8')
B(9')
B(5')
B(9')
B(9"')
B(4')
B(6')
B(9"')
B(10')
B(10')
c(2')
B(5')

" 67.

44.54(17)
47.58(17)
126.37(17)
96.84(17)
47.28(19)
167.58(18)
123.70(17)
49.81(19)
49.60(20)
44.37(18)
46.76(19)
47.14(19)
49.03(19)
49.09(20)
105.26(23)
99.3( 3)
108.55(24)
104.2( 3)
34(22)
53(21)
62.7( 3)
63.7( 3)
61.4( 3)
68.12(22)
66.79(24)
62.
62.
63.
113.
64.
64.

67.

0( 3)
6( 3)
52(23)
89(21)
60(22)
119.0( 3)
113.7( 3)
132.2( 3)
124.3( 3)
57.5( 3)
58.6( 3)
60.1( 3)
58.8( 3)
60.2( 3)
60.5( 3)
60.7( 3)
59.9( 3)
54.9( 3)
58.4( 3)
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4( 3)

c(2') -
B(5') -
B(10')-
Fe(33')-
Fe(33')-
c(2'y -
B(8') -
B(ll')-
Fe(33')-
Fe(33')-
B(4l) -
B(7') -
B(9') -
B(4') -
B(4l) -
B(SC) P
B(8') -
B(10') -
B(5') -
B(Sl) -
B(6l) -
B(9') —-
B(1l1l')-
c(2'y -
c(2') -
B(6') -
B(7') -
B(10')-
B(']n) -
B(7') -
B(8') -
B(9') -
B(10')-
Fe(33')-
Fe(33')-
c(2) -
B(4) -
B(S) -

B(6') - B(11')
B(6') - B(10')
B(6') - B(1l1')
B(7') - C(2')
B(7') - B(8")
B(7') - B(1l1')
B(7') - B(12')
B(7') - B(12')
B(8') - B(4')
B(8') - B(7"')
B(8') - B(9")
B(8') - B(l2')
B(8') — B(l2')
B(9') - B(5")
B(9') - B(8")
B(9') - B(10"')
B(9') - B(12')
B(9') - B(12')

B(10')- B(6"')
B(10')~ B(9')
B(10')- B(1ll')
B(10')- B(12')
B(10*')- B(l2')
B(11') - B(6')
B(l1') - B(7')
B(11')- B(10')
B(11')- B(12')
B(11')- B(12')
B(12')- B(8')
B(12')- B(1l1l')
B(12')- B(9')
B(12')- B(10')
B(12')- B(11')
C(l) - C(2)

C(l) - B(4)
C(l) - B(6)
C(l) - B(5)
C(l) - B(6)

Fe(33')— C(2) - C(1)
Fe(33')- C(2) - B(7)

c(1) -
B(6) -
B(7) -

C(2) - B(6)
C(2) - B(1ll)
C(2) - B(1ll)

Fe(33')- B(4) - S
Fe(33')- B(4) - C(1)

58.3( 3)
59.7( 3)
60.3( 3)
65.92(24)
65.90(24)
58.7( 3)
60.7( 3)
59.2( 3)
65.59(22)
64.50(24)
59.6( 3)
59.4( 3)
58.9( 3)
60.9( 3)
60.2( 3)
59.7( 3)
60.4( 3)
61.2( 3)
59.7( 3)
60.4( 3)
60.0( 3)
59.9( 3)
59.1( 3)
59.7( 3)
57.7( 3)
59.6( 3)
59.9( 3)
60.8( 3)
59.9( 3)
60.9( 3)
60.8( 3)
58.9( 3)
60.0( 3)
68.07(23)
67.09(24)
61.4( 3)
64.3( 3)
61.6( 3)
67.57(23)
67.18(24)
62.9( 3)
62.9( 3)
63.2( 3)

116.0( 3)
66.16(24)



Fe(33')- B(4) - B(8) 67.05(24) Fe(33')- B(8) - B(7) 64.39(24)

S - B(4) - C(1) 119.5( 3) B(4) - B(8) - B(9) 60.0( 3)

S - B(4) - B(5) 109.6( 3) B(7) - B(8) - B(12) 59.3( 3)

S - B(4) - B(8) 130.2( 3) B(9) - B(8) - B(12) 58.4( 3)

S - B(4) - B(9) 118.1( 3) B(4) - B(9) - B(5) 60.2( 3)
C(1l) - B(4) - B(5) 58.2( 3) B(4) - B(9) - B(8) 59.6( 3)
B(5) - B(4) - B(9) 59.7( 3) B(5) - B(9) - B(1l0) 59.6( 3)
B(8) - B(4) - B(9) 60.5( 3) B(8) - B(9) - B(1l2) 60.8( 3)
C(1) - B(S5) - B(4) 57.5( 3) 1(0) - B(9) - B(1l2) 60.0( 3)
C(l) - B(5) - B(6) 59.9( 3) B(5) - B(10) - B(6) 58.9( 3)
B(4) - B(5) - B(9) 60.1( 3) B(5) - B(10) - B(9) 60.2( 3)
B(6) - B(5) - B(10) 60.6( 3) B(6) - B(10) - B(1ll) 59.7( 3)
B(9) - B(5) - B(10) 60.1( 3) B(9) - B(10) - B(12) 59.4( 3)
C(1l) - B(6) - C(2) 55.7( 3) B(11) - B(10) - B(1l2) 59.7( 3)
C(l) - B(6) - B(5) 58.5( 3) C(2) - B(11) - B(6) 58.6( 3)
C(2) - B(6) - B(1ll) 58.5( 3) C(2) - B(1l1) - B(7). 58.7( 3)
B(5) — B(6) - B(10) 60.4( 3) B(6) - B(11) - B(10) 60.3( 3)
B(10) - B(6) - B(1ll) 60.1( 3) B(7) - B(11l) - B(12) 60.3( 3)
Fe(33')- B(7) = C(2) 65.68(24) B(10) - B(11) - B(1l2) 60.1( 3)
Fe(33')- B(7) - B(8) 66.52(24) B(7) - B(12) - B(8) 60.1( 3)
C(2) - B(7) - B(11) 58.1( 3) B(7) - B(12) - B(1l1l) 60.2( 3)
B(8) - B(7) - B(12) 60.6( 3) B(8) - B(12) - B(9). 60.8( 3)
B(11) - B(7) - B(12) 59.5( 3) B(9) - B(12) - B(10) 60.6( 3)

Fe(33')- B(8) - B(4) 63.92(23) B(10) - B(12) - B(1ll) 60.2( 3)
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Table 5.9A Anisotropic Thermal Parameters (Az) for Molecule A of O-[commo

-3,3’-Fe-4-SMey-4’-SMe-1,1',2,2’-(Cy By H o ) |, O-|Fe(carb’)(CAByH o SMe)], (9)

Fe(33')A
S(')A
SA
c(')a
C(1l1)a
C(12)Aa
C(1')A
c(2')Aa
B(4')A
B(5')A
B(6')A
B(7')A
B(8')A
B(9')A
B(10')A
B(1ll')A
B(12')A
c(ua
c(2)a
B(4)A
B(5)A
B(6)A
B(7)A
B(8)A
B(9)A
B(10)a
B(11)A
B(12)A

Ull

0.0275( 4)
0.0330( 7)
0.0366( 7)
0.0458(31)
0.0579(36)
0.0503(34)
0.0349(27)
0.0453(29)
0.0265(27)
0.0437(34)
0.0610(39)
0.0323(32)
0.0300(30)
0.0371(32)
0.0519(36)
0.0570(39)
0.0392(33)
0.0365(28)
0.0307(25)
0.0314(30)
0.0551(38)
0.0587(38)
0.0430(32)
0.0443(33)
0.0425(34)
0.0637(40)
0.0540(36)
0.0635(40)

U22

.0293( 4)
.0430( 7)
.0415( 7)
.0462(31)
.0725(39)
.0781(41)
.0324(27)
.0427(29)
.0350(29)
.0416(33)
.0467(34)
.0585(37)
.0457(33)
.0385(33)
.0623(39)
.0603(40)
.0631(39)
.0346(28)
.0422(29)
.0311(29)
.0445(37)
.0456(36)
.0274(30)
.0377(32)
.0464(36)
.0461(36)
.0359(33)
0.0412(36)

OO OO0 O0OOODOCOODOODO0OO0ODODOO0ODODO0ODO0DODO0OO0OOO OO

[cN-NoeNoeNoNeNeoNoNeNoNeNololelNelNeReRNelNeRRelNeNall ol oo e R eRel

U033

.0277( 3)
.0372( 6)
.0582( 7)
.0620(31)
.0917(41)
.0922(45)
.0402(25)
.0331(24)
.0321(26)
.0439(30)
.0381(29)
.0330(28)
.0302(26)
.0377(28)
.0317(29)
.0346(30)
.0326(28)
.0297(23)
.0344(24)
.0373(27)
.0337(28)
.0369(30)
.0443(30)
.0379(30)
.0536(34)
.0486(33)
.0451(31)
.0530(33)
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u23

.0008( 3)
.0020( 5)
.0058( 6)
.0029(24)
.0012(31)
.0066(34)
.0006(20)
.0081(24)
.0039(22)
.0104(25)
.0014(26)
.0028(26)
.0091(24)
.0053(25)
.0051(26)
.0113(27)
.0128(27)
.0020(20)
.0039(20)
.0033(23)
.0021(24)
.0061(26)
.0015(24)
.0000(25)
.0090(27)
.0067(27)
.0144(26)
.0007(27)

OPOOCOODO0DO0OO0ODO0DODO0OO0ODODOOO0OOO0OO0OO0DOO0OODOOO

Ul3

.0099( 3)
.0054( 5)
.0226( 6)
.0116(25)
.0520(33)
.0051(31)
.0182(22)
.0139(22)
.0099(23)
.0210(27)
.0267(29)
.0056(25)
.0079(23)
.0113(25)
.0191(27)
.0109(29)
.0063(26)
.0135(21)
.0075(22)
.0117(24)
.0251(28)
.0220(29)
.0198(26)
.0144(27)
.0290(29)
.0290(31)
.0207(28)
.0286(31)

Ul2

0.0023( 3)
0.0086( 5)
-0.0058( 5)
0.0136(23)
-0.0120(28)
-0.0117(30)
-0.0020(21)
0.0083(25)
0.0002(23)
0.0011(26)
0.0061(30)
0.0057(28)
-0.0052(24)
0.0044(26)
0.0055(29)
0.0108(30)
-0.0064(29)
0.0059(21)
-0.0049(22)
0.0011(23)
-0.0017(27)
-0.0055(29)
0.0006(24)
0.0099(26)
0.0038(28)
0.0033(29)
-0.0071(27)
0.0138(30)



Table 5.9B Anisotropic Thermal Parameters (Az) for Molecule B of O-[commo

-3,3'-Fe-4-SMe,-4'-SMe-1,1",2,2-(C; By H, ), ], O-[Fe(carb’)(C; By H, o SMe)], (9)

Ull

U22

Fe(33')B 0.0282( 4) 0.0265( 4)

S(')B
SB
c(')B
C(11)B
C(12)B
c(1')B
c(2')B
B(4')B.
B(5')B
B(6')B
B(7')B
B(8')B
B(9')B
B(10')B
B(11')B
B(12')B
C(1)B
c(2)B
B(4)B
B(5)B
B(6)B
B(7)B
B(8)B
B(9)B
B(10)B
B(11)B
B(12)B

0.0392( 7)
0.0596( 8)
0.0628(33)
0.0689(38)
0.0596(41)
0.0290(27)

0.0464(29)

0.0328(29)
0.0378(32)
0.0454(35)
0.0297(31)
0.0361(30)
0.0475(34)
0.0562(37)
0.0494(37)
0.0426(33)
0.0435(30)
0.0345(26)
0.0392(32)
0.0594(39)
0.0535(37)
0.0509(36)
0.0323(31)
0.0507(36)
0.0681(41)
0.0594(39)
0.0679(40)

0.0471( 7)
0.0457( 8)
0.0530(33)
.0677(38)
.1670(69)
.0344(28)
.0345(26)
.0299(29)
.0482(35)
.0479(36)
.0481(34)
.0331(30)
.0370(32)
.0602(39)
.0606(38)

.0435(29)
.0426(28)
.0354(31)
.0567(39)
.0664(41)
.0353(32)
.0398(32)
.0417(34)
.0545(38)
.0519(38)
.0351(33)

[cReNoNolNolleNoelNolleNelNoNollelNelNelNelollellolNelNelNolNo No

.0490(35).

[cNeoNoNNoNolNeNoNoNoNoNelNelNellelNolNeRNolNolNoRNollololoRNo R R el

U33

.0261( 3)
.0449( 6)
.0466( 7)
.0633(33)
.0534(32)
.0829(45)
.0291(22)
.0298(23)
.0309(26)
.0298(27)
.0263(26)
.0400(29)
.0409(29)
.0390(28)
.0324(29)
.0383(30)
.0446(31)
.0300(23)
.0314(23)
.0313(27)
.0304(29)
.0396(30)
.0374(29)
.0401(30)
.0370(30)
.0377(31)
.0445(32)
.0423(31)
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U23

-0.0006( 2)
-0.0043( 5)
0.0014( 6)
~0.0050(26)
0.0102(28)
0.0368(46)
0.0076(19)
0.0030(21)
-0.0002(22)
-0.0056(24)
-0.0027(24)
-0.0005(25)
-0.0059(25)
-0.0093(25)
-0.0097(27)
-0.0069(27)
-0.0032(26)
0.0032(23)
-0.0007(21)
0.0028(22)
-0.0044(26)
-0.0148(28)
-0.0028(25)
-0.0012(24)
-0.0060(25)
-0.0122(28)
-0.0161(27)
-0.0128(26)

Ul3

0.0070( 3)
0.0150( 6)
-0.0116( 6)
0.0132(28)
-0.0174(29)
0.0197(34)
0.0078(21)
0.0162(21)
0.0072(23)
0.0048(25)
0.0102(26)
0.0131(26)
0.0085(25)
0.0159(26)
0.0170(28)
0.0221(29)
0.0187(27)
0.0129(22)
0.0104(21)
0.0017(25)
0.0103(28)
0.0210(29)
0.0124(27)
0.0091(25)
-0.0003(28)
0.0137(30)
0.0206(30)
0.0107(30)

Ul2

-0.0013( 3)
-0.0141( 6)
0.0099( 6)
-0.0281(27)
0.0017(30)
0.0452(44)
0.0028(19)
-0.0009(23)
0.0000(23)
0.0000(26)
0.0026(26)
-0.0014(26)
0.0050(24)
-0.0047(26)
-0.0010(30)
-0.0095(29)
0.0098(28)
-0.0117(24)
0.0008(22)
-0.0023(24)
-0.0051(29)
-0.0048(32)
0.0043(26)
-0.0054(25)
-0.0101(28)
0.0002(31)
0.0100(30)
-0.0055(29)



Table 5.10 Calculated Hydrogen Atom Coordinates in O-[commo

-3,3’-Fe-4-SMe,-4’-SMe-1,1’,2,2’-(G, By H )], O-[Fe(card’)(C,By H,oSMe)], ©)

Molecule A
x y z
H(Al) 0.5208 -0.0142 0.2731
H(A2) 0.5072 0.0084 0.1135
H(A3) 0.4193 -0.0249 0.1482
H(A4) 0.0672 ' 0.0370 0.4087
H(AS) -0.0269 0.0168 0.2819
H(A6) -0.0115 0.0794 0.3169
H(A7) 0.0094 0.0693 -0.0395
H(A8) -0.0340 0.1023 0.0707
H(A9) -0.0606 0.0403 0.0421
Molecule B
P Y. z
H(Bl) 0.4325 0.2343 -0.2750
B(B2) 0.5439 : 0.2118 -0.2390
H(B3) 0.4971 0.2451 -0.3842
H(B4) 0.8709 0.2987 0.3279
H(BS) 0.9459 : 0.3470 0.3279
H(B6) 0.9770 0.2869 0.3034
H(B7) 0.9441 0.3339 -0.0350
H(B8) 1.0276 0.3097 0.1002
H(B9) 0.9985 0.3717 0.0981 - :
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The -ligating faces of the two carbaboranes are rotated by ca. 23% with respect to
one another about the vector connecting their-centres of gravity. This is, of

course, nearer to a fully staggered situation (36°) than fully eclipsed (C°).

The chief features of molecules A and B of (9) are highly similar, and
therefore will be discussed together, the values of each parameter for molecule A

given first, with those for B in parentheses.

The Fe(33%) atom sits almost symmetrically above the 5 atom open face of the
[carb’]” ligand, with the sl'ip parameter, & = 0.04A |0.01A], and the metal a
perpendicular distance of 1.564A [1.555A] from the [C,B;] face. These distances
are approximately 0.06A longer than the corresponding distanceé iAn (8), where the

central Fe atom is formally in the +1I oxidation state, which is a little surprising.

The [carb’]" ligand in both molecules A and B is folded about the B(4’)...B(7’)
vector, as is the case in the majority of complexes of this type, giving fold

parameters of & = 2.55° [2.93°] and ¢ = 0.64° [0.42°].

The Fe atom is again reasonably symmetrically disposed with respect to the
ligating [C, B,] face of the [SMe-C2BgH|0]2' cage, with A = 0.03A [0.06A]. The
iron atom is closer to the ligating face of this ligand than to that of the [carb’]", at

a perpendicular distance of 1.548A [1.536A].

This [C,B;] face is folded similarly to that of the [carb’]” ligand, about

B(4)...B(7), resulting in fold angles of & = 3.13% [1.55°] and ¢ = 0.12° [0.27°].

The SMe, and SMe substituents on the ligands are depressed from their
preferred elevation angles of 26° to 17.5° [17.5°] and 22.7° [21.7°] respectively. In

the case of the SMe, group, this rather large depression can be traced to steric
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crowding between HA7 [HB7] of the C12A [C12B] methyl group and H7'A
[H7’B] on the SMe-substituted cage. Specifically, HA7.HT'A = 2.27A and
HB7..H7’B.= 2.11A, rendering unattainable an orientation of the SMe, function

such as that observed in (3), (4), (5) and §6) (see earlier).

The situation involving the SMe substituent is rather more difficult to explain
than that for the dimethylsulphide group. As is obvious from Figure 5.6, the
sulphur atom of the SMe group lies between the two C-H’s of the [carb’] ligand
opposite. This might then be expected to result in lone pair..ll6+ attractive
interactions of the type de;cribed in Chapters 3 & 4, leading to an elevation angle
for the SMe substituent of greatér than the preferred 26°. This is not observed,
however, although it is of note that the elevation angle is greater for the SMe

function than for the SMe, group.

Electrochemical Study on (9)

Introduction

The electrochemical study on (9) was performed in order to find the position

/1

of the Felll/ll couple relative to the Fe couple in the bis[carb’] species, (8).

This was also carried out using the experimental set-up shown in Figure 6.4.1.

Results and Discussion

Cyclic voltammetry (c.v.), alternating current voltammetry (a.c.v.) and linear
stirred voltammetry (s.v.) at a platinum electrode in CH,C1,/0.5M [TBA]BF, at
273K show that (9) undergoes a reversible reduction (Fe''V/1y at +0.305V with

respect to the Ag/AgCl electrode. The cyclic and a.c. voltammograms for (9) are



shown in Figure 5.7.

The position of this couple illustrates the greater degree of stabilisation
afforded to the Felll oxidation state by the ligand set in (9) than by that in (8).
This is unsurprising, in that the ligands in (9) have a total nominal charge of 37,
and therefore might be expected to stabilise Felll species more efficiently than the

nominally 2~ ligand set in the Fe(carb’), and FeCp, systems.

Reaction of (9) with [Me; O]BF,

Introduction

In order to determine a possible mechanism for the formation of (9) from the
intended preparation of Fe(carb’),, (8), an investigation of its reaction with a
source of {Me*}, [Me; O|]BF,, was carried out, using electrochemical techniques to

follow the course of the reaction.

Results and Discussion

A quantity of the complex wasbdissolved in CH,Cl,/0.5M [TBA]BF, and to this
was added excess [Me3 O]BE,. Cyclic voltammetry and linear stirred voltammetry
at a platinum electrode, using the equipment and methods described in Chaﬁter 6,
section 4 show a reversible reduction at +0.57V with respect to the Ag/AgCl
reference electrode. The potential of this couple is identical to that of the Fell/1
couple observed for an authentic sample of Fe(carb’);. A reduction was also

observed at +0.16V w.r.t. Ag/AgCl, corresponding to that of the excess [Mey or

species.

183



Figure 5.7 Cyclic and a.c. Voltammograms for (9)
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The suggestion of this finding is that complex (9) reacts with {Me*} to form
[Fe(carb’)z]*, which undergoes a reversible reduction at +0.57V versus Ag/AgCl

to form (8).

By application of the law of microscopic reversibility, this suggests that a
possible mechanism for the formation of (9) is by loss of {Me'} from
[Fe(carb’)z]*, itself presumably a product of aerial oxidation of (8) during the
extended period of aerobic work-up of the reaction mixture. It is, however,
notable that there is no evidence for expulsion of {Me*} from the chemically or
electrochemically prepared samples of [Fe(carb’)::I‘L discussed previously, and
therefore the implication is that the particular conditions in the sole preparation
which led to the isolation of (9) were also in some way responsible for its

formation.

A final iﬁponant point arising from this result is that, assuming the proposed
mechanism for formation of (9) is correct, this suggests that the major (not
structurally characterised) isomer of (8) from the first method of synthesis
(Method 1, see Chapter 6, section }) is of the same isomer type (odd, O) as the
‘major (structurally characterised) isomer of (9). This, in turn, means that the two
synthetic methods devised for (8) do not yield identical products, the first giving
predominantly the O isomer, whereas the second method, involving Tl[carb’],
gives solely the E isomer, as determined by X-ray structural analysis. Presumably
there is only a slight thermodynamic difference between formation of the two
isomers, and the observed regults are directed by kinetic, as well as these

thermodynamic factors.
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Spectroelectrochemical Study on (9)

Results and Discusston

A spectroelectrochemical study was carried out upon (9) in CHzCI,/O.SM

[TBA]BF, ,‘ using techniques described in Chapter 6, section 4.

The progression of spectra obtained is presented in Figure 5.8, showing the

growth of the band at 140000cm”!

and collapse of the band at 33300cm™! as the
Fe!ll species is reduced to an FFel! one. The isosbestic point in the spectral
progression indicates that the conversion occurs directly, i.e. without involvement
of an intermediate species, as is perfectly reasonable for a simple Felli/l

reduction.

Applicaﬁon of the Nernst equation to the experimental data (see Chapter 6,
section 4) affords a value for the reduction potential of +0.325 + 0.009V, in
reasonable agreement with the value obtained from a.c. voltammetry (see earlier).
This analysis also yields a value for n, the number of electrons transferred per

molecule, of 1.09 * 0.21¢", thus confirming the 1-electron nature of the process.

Also observed in the progression of spectra were weaker ("d-d") bands at lower
frequency than for the charge-transfer bands described above. Both oxidised and
reduced species show (at least) one of these weak bands, which shift to higher

i complex

- energy (to ca. 17500cm™! from ca. 13500cm") on reduction of the Fe
to the anionic Fe!l species. The shift to higher energy of the "d-d" band(s) is

consistent with full occupation of the slightly bonding levels (Fe” in a pseudo

-octahedral environment).
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Figure 5.8 Electronic Spectra Showing Conversion of (9) w0 [(9)]
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Conclusions

The bis(carb’) analogue of ferrocene, Fe(carb’),, (8), has been structurally
characterised as the E isomer, in which both (chiral) carbaborane ligands have
the same handedness. The overall isomeric nature of Fe(carb’)2 has been shown

to be dependent on the synthetic route employed.

Electrochemical study of (8) again shows the net electron-donating properties
of [carb’] to be comparable to those of Cp. Fe(carb’). may be readily oxidised by

-electrochemical or chemical means to give the monocation [Fe(carb’),]".

A second product, Fe(carb’)(C,ByH,,SMe), (9), was also isolated, and
structurally characterised as the O-isomer. This, allied to the results of
electrochemical work, allow a mechanism for the formation of (9) to be proposed,

involving loss of {Me*} from [Fe(carb’),T*.
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Chapter 6
Experimental
Introduction

This chapter details the experimental procedures leading to the results
described in the body of the text. For ease of reference, the chapter comprises 4

sections, each concerned with a particular branch of the work, viz:

Section 1 gives details of the synthetic methods employed in preparation of the
compounds discussed. Also included in this section are spectral and

microanalytical data for each complex.

Section 2 describes the crystallographic techniques employed in determination

of the structures of complexes (1) to (9), presented in Chapters 2-5.

Section 3 comprises idealised models used in extended Hiickel and extended
Huckel/fragment molecular orbital calculations, along with (where appropriate)

non-default orbital parameters employed.

Section 4 gives experimental details of the electrochemical and

spectroelectrochemical studies presented in Chapter 5.
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Section 1: Synthetic Methods and Spectral Data
General Techniques

All reactions .were carried out under an atmosphere of dry, oxygen-free
- nitrogen using standard Schlenk techniques, with some subsequent manipulations

in the air.

Dichloromethane, tetrahydrofuran, ethanol and n-hexane were dried and

distilled immediately prior to use, other solvents were used as received.

Infra-red spectra were recorded as KBr discs or solutions (referenced against

the appropriate solvent) on a Perkin-Elmer 598 spectrophotometer.

N.m.r. spectra were recorded at ambient temperaturé (unless otherwise
speciﬁéd) on Bruker WP360 (!B, “B(COSY), ''B-{"H} and 'H-{''B}), Bruker
wp200SY (!B, !'B-{'H}, "H and '3C), Bruker WY80SY ('H) and Jeol FX90
(3'.P) spectrometers. Techniques for recording iH-{”B selective} and

89-91

llB(COSY) spectra have been published previously Chemical shifts are

reported relative to external SiMe, (l H, l3C), BF;OEY, (I ' B) and 85% H;PO,

('P), positive shifts to high frequency.

Starting Materials
The starting materials K[CyBgH,~] ¥, TITIC,ByH,,] %2, PPhyAuC ¥
2 12 ’ 2 11 ’ 3 d
[PPhyCuBr], %4, Mn(CO);Br % and [Mn(CO);(NCMe);]BPh, 9 were prepared

by published methods. All other materials used are commercially available and

were used as supplied.
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[BTMA][7,8-C, ByH, , ], [BTMA(1)

Synthesis .

To a solution of K[7,8-C,BgH,,] (0.129g, 0.75mmol) in H, O (8ml) was added an
aqueous solution (6ml) of [BTMA]Br (0.178g, 0.75Smmol). The resulting
precipitate was .ﬁltered off and washed with H,O (2 x 15ml) then a liule
Et,O. The colourless solid produced was crystallised by slow diffusion of

n-hexane into a dichloromethane solution at -30°C.

Microanalysis
CALCULATED (for C 5H5gBgN) 50.81%C 9.95%H 4.94%N .FOUND 50.2%C

9.87%H 4.78%N

N.m.r. Data/p.p.m. (CDCl;)

'H § 7.50-7.65 (SH, C4Hs), 4.43 (2H, CH,), 3.13 (9H, CH,), 1.90 (br, 2H, CH)

"'B{'H} § -10.38 [B(9).B(11)], -16.46 [B(3).B(5).B(6)], -21.29 [B(2),B(4)},

-32.54 [B(10)], -37.17 [B(1)]

'H{''B selective} 6 1.94 [H(9)H(11)], 1.77 [H(3)], 1.26 [H(2),H(4)], 1.24

[H(5),H(6)], 0.55 [H(1)], 0.11 [H(10)], -0.26 [H(12)]

[dmsoH.dmso][7,8-C, By H, , ], [dmsoH.dmso](1)

Synthesis

To a solution of K[7,8-C,BgH 5} (1.7959g, 10.41mmol) and dimethylsulphoxide
(3.2059g, 41.04mmol) in H,O (15ml) at 0°C was added dropwise conc. H>SO,
(10.5ml) over a period of ca. 30 minuteé. A colourless solid product formed
which was left overnight, after which time it was filtered from the mixture. The

solid was dried in vacuo, then crystallised by slow diffusion of n-hexane into a
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dichloromethane solution at -30°C, yielding large crystals. Yield = 70%.

Microanalysis

CALCULATED (for CgH,5ByS, 0,) 24.8%C 8.67%H FOUND 24.1%C 8.53%H

N.m.r.Data/p.p.m. (CDCl5)

- VH § 6.5-7.0 (v. br, solvated H*), 2.73 (12H, CHj), 1.88 (br, 2H, CH)
''B-{'H} As for [BTMA](1)

[BTMA][10-endo-(PPh;)Au-7,8-nido-C-ByH | T, [BTMA](2)

Synthesis

To a r.nixture of solid TI[TI-7,8-C,BgH;;] (0.2466g, 0.489mmol), PPh;AuCl
(0.2422, 0.490mmol) and [PhCH,NMe; ]CI (0.0908g, 0.489mmol) in a foil-covered
vessel was added dichloromethane (10ml1) with stirring. The reaction mixture was
stirred overnight, then filtered and reduced to dryness /n vacuo to give a pale
orange microcrystalline solid. The compound was purified by slow diffusion of
n-hexane into a dichlororﬁelhane solution at -30°C, giving colourless

needle-shéped crystals. Yield = 45%.

Microanalysis
CALCULATED (for C3OH4289NPAu.C112C12) 45.03%C 5.36%H 1.69%N

FOUND 44.6%C 5.31%H 1.83%N

N.m.r. Data/p.p.m. (CD,Cl,)

'H § 7.40-7.75 (20H, G4 Hy), 4.41 (2H, CH, ), 3.05 (9H, CH;)
''B-{'H} 6 -16.19 (3B), -17.85 (2B), -21.94 (1B), -22.62 (2B), -35.94 (1B)

3lpsg a3
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Infra-red Data (KBr Disc)

Vmax (em™!) 2540 (B-H)

[10,11-u-H-9-SMe,-7,8-C,ByH, o), carb’H, (3)

Synthesis

(3) was prepared by a modified version of a published method 6
Dimethylsulphoxide (2.1451g, 27.5mmol) was added to 6.9ml of a 1M aqueous
solution of K[7,8-C,BgH,,] and to this mixture was added conc. H,SOy, (10ml)
dropwise with stirring over a period of ca. 45 minutes, taking care not to allow the
temperature of the mixture to exceed 30°C. The mixture was left to slaﬁd
overnight, after which time two layers were visible. The top layer, containing the
product, was extracted into dichloromethane (4 x 20ml). Removal of the solvent

from this extract in vacuo gave an off-white solid, carb’H, (3). Yield = 50%.

Microanalysis

CALCULATED (for C4H,;BgS) 24.70%C 8.81%H FOUND 24.30%C 8.929%H

“

N.m.r. Data/p.p.m. ((CD5),CO)

'H § 2.87 (CHy), 2.74 (CHy), 2.77 (CH), 2.07 (CH), -3.25 (br, B-H-B)
NB-f'H} 6 -3.33, -6.46[B(9)], -10.71, -15.71, -17.45, -22.44, 25.60, -28.70, -35.67

TI[9-SMe, 4-7,8-0,{_ BoH,,l, Tl[carb’]

Synthesis

To a solution of carb’H , (3), (0.3006g, 1.545mmol) in dimethylsulphoxide (8ml)
was added dropwise a solution of KOH (0.5268g, 9.37mmol) in H,O (8ml). After
a few minutes, when the reaction mixture had cooled, a solution of thallous

acetate (0.4702g, 1.78mmol) in H,O (10ml) was added, giving a dull yellow
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precpitate which was collected by filtration and washed with E, O (4 x 15ml).

Yield = 93%.

[10,11-u-PPh; Au-9-SMe,-7,8-C,ByH, ], PPh; Au(carb’), 4)

Synthesis

To a suspension of Tl{carb’] (0.1111g, 0.279mmol) in dichloromethane (Sml) in a
foil-covered vessel“was added a solution of PPhyAuCl (0.1381g, 0.279mmol) in
CH,Cl, (10ml), The mixture was stirred overnight then filtered through Celite
filter-aid to give an orange solution, the colour of which is presumably due to a

minor Au”I

co-product. Crystallisation by slow diffusion of n-hexane into a
dichloromethane solution at -30°C yielded diffraction quality colourless crystals of

the dichloromethane solvate of (4). Yield = 70%.

Microanalysis
CALCULATED (for Cy5H3 ByPSAu) 37.45%C 4.51%H FOUND 37.6%C

4.56%H

N.m.r. Data/p.p.m. (CD,Cl-)

'H 8§ 7.4-7.7 (15H, G4 H;), 2.39 (3H, CH3), 2.35 (3H, CHy)

I'g-{'H} § -10.31 [1B,B(9)], -14.20 [1B], -16.72 [2B], -17.80 [1B], -18.35 [1B],

-21.12 [1B], -23.55 [1B], -35.57 [1B]
31p § 41.0 (br)

Infra-red Data (KBr Disc)

Vmax (¢cm™') 2540 (B-H), 535 (Au-P)

194



[3-PPh, '-4-SMe,‘,_ -3,12-CuC, ByH, ], PPh; Cu(carb’), (5)

Synthesis

To a suspension of Ti[carb’] (O.4Q45g, 1.12mmol) in dichloromethane (5ml) in a
foil-covered vessel was added a suspension of [PPh3CulBr]_4 (0.4545g, 0.28mmol)
in CH,Cl, (10ml) with stirring. The mixture was stirred overnight then filtered to
give a colourless solution. Removal of the solvent /n vacuo gave an off-white solid.
Crystallisation was by means of slow diffusion of .n-hexane into a dichloromethane

solution at -30°C. Yield = 75%.

‘Microanalysis
CALCULATED (for szH3|BgPSCu) 50.88%C 6.02%H FOUND 50.6%C

6.13%H

N.m.r. Data/p.p.h. (CD,Cl,)

'H § 7.20-7.75 (C¢Hy), 2.33 (CH5), 2.24 (CHj), 2.26 (CH), 2.01 (CH)

NB-{'H} 6 -15.37 [2B], -18.14 [1B], -19.54 [1B], -20.12 [1B], -21.71 [1B], -22.51

[2B], -33.66 [1B]
31p § 9.78 (br), -4.54 (br)

[3,3,3-(CO);-4-SMe, -3,1,2-MnC, BgH, ], (carb’)Mn(CO);, (6)

Synthesis

Finely ground KOH (0.1385g, 2.47mn;ol) and carb’H (0.0910g, 0.47‘mmol) were
stirred in CH,Cl, (10ml) for 15 minulés, after which time was added dropwise a
solution/suspension of [Mn(CO);(NCMe);|BPh;. (0.2731g, 0.47mmol) in CH,Cl,
(15ml) over a period of 20 minutes. The colour of the mixture changed from light

yellow to orange, and a light coloured flocculate formed; stirring was continued
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overnight. The mixture was filtered to give an orange solution which was reduced
to dryness in vacuo. Redissolution in the minimum of CH,Cl, followed by
preparative tl.c. (Kieselgel 60 Fyy,, CHZCIQ) gave a mobile yellow band (R 0.80)
which was identified as the target product. A second mobile band (orange, A

0.68) was also collected. Yield of (6) = 30%.

Microanalysis
CALCULATED (for C;H;,BgO;SMn) 253%C 4.85%H FOUND 25.59%C

4.72%H

N.m.r.Data/p.p.m (CD,Cl,)

'H § 2.72 (CH,), 2.50 (CH;)
NB-{'H} § -0.73, -4.05 [B(4)), -7.13, -7.97, -11.69, -13.07, -17.44, -19.77, -25.23
3¢ s 221.9 (CO)

Infra-red Data (KBr Disc)

Vmax (em™ ') 2525 (B-H), 2020, 1950 and 1925 (all C-O)

Infra-red Data for Orange Co-product (CH,Cl, solution)

Vmax (em™!) 2540 (s, B-H), 2015 (w, Mn-H), 1937 and 1865 (both s, C-O)

Synthesis
The complex was prepared in an analogous manner to that published for the

syntheses of fluorenyl and indenyl derivatives of manganese tricarbony! 81,

Mn(CO);Br (1.1163g, 4.06mmol) and TI[C5Hg] (1.0943g, 4.06mmol) were

placed in a foil-covered vessel fitted with a dropping funnel. Tetrahydrofuran
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(THF) (25m1) Was added dropwise with stirring and the mixture was stirred for 3
days at room temperature. The resulting brown mixture was filtered and
evaporated to dryness in vacuo. Redissolution in the minimum amount of
dichloromethane followed by elution (CH,Cly) through a Florisil column (20 x
2cm) gave two bands, the first, a fast-moving yellow band, being collected. The
solvent was rémoved in vacuo to give a yellow solid, which was crystallised by

slow diffusion of n-hexane into a CH2C12 solution at -30°C. Yield = 34%.

Microanalysis

CALCULATED (for G H;04 Mn) 47.09%C 2.47%H FOUND 46.30%C 2.35%H

N.m.r. Data/p.p.m. (CDCl;)

'H § 4.75 (C5Hs)
13C § 225.0 (CO), 83.0 (C5H)

Infra-red Data (KBr Disc)

Vmax (em™ ') 2910-2840 (C-H), 2025, 1945 (both C-O)

[commo-3,3’-Fe4,4’-(SMeQ »-1,1’2,2’-(C,ByH, oh ], Fe(carb’),, (8)

Synthesis (Method 1)

Finely ground KOH (0.1570g, 2.80mmol) was dissélved/suspended in
dimethylsulphoxide (10ml) and to this was added dropwise a solution of carb’H
(0.1635, 0.53mmol) in dmso (10ml). After ca. 5 minutes a solution of FeCl, .4H20
(0.0557g, 0.26mmol) in dmso (8ml), giving an immediate purple colouration to the
mixture. Stirring was continued for a further 10 minutes, after which time the
mixture was poured into ice/2M HCI to afford a pink/purple solid material which

was collected by filtration and dried in vacuo. Preparative t.l.c. (Kieselgel 60
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F,54, CH,Cly) gave 2 mobile pink bands, with K. values 0.80 and 0.75. The
highest R (major) band was collected, but the minor band was present in

insufficient amount for further study. Yield of major band of (8) = 37%.

Microanalysis
CALCULATED (for GH3,B;gS,Fe) 21.709%C 7.28%H FOUND 21.90%C

7.53%H

N.m.r. Data/p.p.m. ((CD;),CO)

'H § 2.82 (CH,), 2.80 (CH;)

IB{'H} § -2.56 [2B, B(4),B(4")], -4.02 [2B], -7.76 [4B], —9.75—[281, -13.30 [2B],

-19.40 [2B], -23.18 [2B], -25.48 [2B]
'H{'' B selective} § 2.59, 2.47, 2.42, 1.65, 1.54, 1.19, 1.35, 1.37

Synthesis (Method 2)

Solid Tl[carb’] (0.2995g, 0.753mmol) and FeCl, .4HZO' (0.0471g, 0.376mmol) were
placed in a foil-covered vessel and to this was added dichloromethane (10m!) with
stirring. A pink colouration formed.and stirring was continued for 1 hour.
Filtration followed by reduction in volume /n vacuo gave a pink/purple oil, which
was solidified by trituration with E, O. Preparative t.l.c. (Kieselgel 60 Fyqy,
CH,Cl,) gave only 1 mobile pink band (R 0.80) which was collected from the
silica with CH,Cl,, and the solvent removed /n vacuo. Yield = 30%. Crystals
suitable for X-ray analysis were grown by slow diffusion of n-hexane into a

dichloromethane solution at -30°C.
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Oxidation of (8) by FeCl,

To a solution of Fe(carb’)z, (8), in dichloromethane was added excess FeCly, with
stirring, giving an immediate colour change from pink/purple to deep red/brown.
Stirring was .continued for a few minutes, after which the mixture was ﬁltﬂered to
remove excess FeCl; and the FeCl, by-product. The deep red product was

identified as [(8)]FeCl, by electrochemical methods (see section 4 of this chapter).

Similar colour changes (indicat.ive of formation of the Fe'l! oxidation state)
occur on reaction of (8) with other inorganic oxidants such as AgBF,, AgPF, and
Cly, although the species formed by these reactions were not further

characterised.

[commo-33’-Fe-4-SMe,-4’-SMe-1,1’2.2’(C,ByH, »l

Fe(carb’)(C, ByH, ;SMe), (9)

Synthesis

To a sqlution/suspension of finely ground KOH (0.4186g, 7.46mmol) in
dimethylsulphoxide (10ml) was added dropwise a solution of carb’H (0.2434g,
1.25mmol) in dmso (10ml). After a few minutes, a solution of FeCly.4H,O
(0.1246g, 0.627mmol) in dmso (5ml) was added dropwise, giving a purple solution.
Addition of this solution to ice/2M HCI gave a pink solid which slowly became
more brown in colour whilst being collected by filtration. Redissolution in the
minimum of CH,Cl, followed by preparative t.l.c. (Kieselgel 60 Fyg,, CH,Cly)
gave 4 mobile bands, in the order Brown (major) (R 0.87), Pink (major) (R
0.74), Brown (minor) (R. 0.68) and Pink (minor) (R 0.63). The first two (major)
bands were col.lected and identified as (9) and Fe(carb’),, (8). The minor bands

were present in insufficient quantities for further study. Yield of (9) = 42%.
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Microanalysis
CALCULATED (for CjH,gB gS,Fe) 19.65%C 6.83%H FOUND 20.0%C

6.98%H

N.m.r. Data/p.p.m. ((CD;),CO)

'H § -0.50 (3H, CH;), -3.32 (3H, CH,), -8.25 (3H,CH5)
§ 127.09,93.18, 81.17, 49.90, 32.08, 24.44 (all 1H, v.br, B-H'p ;1)

S 38.82, 36.90, 34.58, 33.06, -11.8, -25.8 (all 1H, br, unassigned B-‘H, C-H)

~

''B-{'H} & 108.33, 94.99, 50.97, 26.10, 20.75, 16.52, 9.46, 7.68, 2.33, -4.44,
-34.42, -52.44, -322.07 (v. br), -379.10 (v. br), -385.59 (v. br), -435.63 (v. br),

-462.44 (v. br), -491.7 (v. br)

'H-{'' B selective} (for 12 non-facial B-H) § -25.7, -6.9, 0.6, -3.6, -4.6, -11.9, 3.4,

2.2,-1.8, 1.5, 38.2,36.9

Reaction of (9) with [Me; O]BF,

To a solution of (9) in CH,Cl,/0.5M [TBA]BF, was added excess [Me;O]BF,,
and the mixture was well shaken. Electrochemical studies on this solution (se¢
section 4 of this chapter), confirm that the reaction taking place is a

sulphur-methylation of (9) to give [(8)]'.

200



Section 2: Crystallographic Techniques

This section describes the experimental procedures involved in data collection
and processing, and structure solution and refinement for each of the structures
presented in the main body of the work. All data were colleéted §n an
Enraf-Nonius _CAD4 diffractometer, fitted with a ULT-1 low-temperature device.
Diffraction quality crystals of all complexes were grown by slow diffusion of

n-hexane into dichloromethane solutions at -30°C.

Data were corrected for Lorentz and polarisation effects, and (where necessary)
for décay during data reduction (CADABS 97). Heavy atoms were located by
automatic direct methods (SHELX&6 98) or by inspection of a Patterson map (
SHELX76 99), see individual complexes. Subsequent atom location was by Af
syntheses and iterative full-matrix least-squares refinemént 9. Scattering factors
for C, H, B, S, P, N, O and Cl were those inlaid in the programs. Those for Au,

Cu, Mn and Fe were from International Tables for X-ray Crystallography 100,

After isotropic convergence, data were -corrected empirically for absorption

101 ' Geometrical calculations were performed using CALC 66 and the molecular

drawing facility used was EASYORTEP 102, a modification of ORTEP-II 103,

The isotropic thermal parameter takes the form exp[-8'rr2 U(sinze)/)\?']

For anisotropic thermal parameters Uij =

exp[-2n2(Ul1a"2h? + U22b 2K +U33c 2P +2U23b' Cki+2U13a ¢ hl+2U12a b hk)]

The equivalent isotropic thermal parameter is defined as Ueq =

[Z:%;Uija; 2, a;.8;)3
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[BTMA][7,8-C, BoH, , ], [BTMA](1)

Crystal Data

C|oHygBgN, M = 283.65, triclinic, space group PT, a = 11833(5), b =
11.915(5), ¢ = 13.723(NA, @ = 110.692(15),3 = 91.954(13), Yy = 93.480(13)°, ¥
= 1803.5A3, by the least-squares " refinement of 25 centred reflections,
11<6<12°, Z = 4 ion pairs, ), = 1.045 gcm'3, u(Md-Ka-) = 049 ecm™!, F

(000) = 608.

Data collection and proéessing

CAD4 diffractometer. graphite-monochromated Mo-Kg X-radiation, A=
0.71069, w-26 scans in 96 steps, with w scan width 0.8 + 0.34tanf. Variable scan
speeds between 1.37 and 549° min~!. 3578 unique data measured (1<6<20°,
+h Tk *1) yielding 2190 with F > 2.00(F). No measurable crystal decay or

detectable movement.

Structure solution

All non-H atoms found by direct methéds and refined with individual isotropic
thermal parameters by  full-matrix least-squares. ‘Atoms of  both
crystallographically independent [PhCH'zNMe:;]+ ions ordered. However, in both
[CZB‘)HIZ]- ions disorder noted over all 12 vertices of approximate icosahedra.
Impossibie to satisfactorily model disorder and unambiguously identify cage
carbon atoms (all cage atoms modelled as B). Refinement terminated at R =

0.1575, unit weights.
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[dmsoH.dmso][7,8-C, By H, 5 ], [dmsoH.dmso](1)

Crystal data

CgHy5Bg 0,55, M = 290.66, monoclinic, space group P2,/n, a = 8.2919(14), b
= 11.0802(21), ¢ = 18.128(5)A, B = 100.135(18)°, V = 1639.5A3, from the
le‘ast-squares refinement of 25 centred reflections (14<6 < 15°) at 185% 1K, Z =

4 ion pairs, ), = 1.177 gcrri'3, u(Mo-Ky) = 2.98 em™!, F(000) = 616.

Data collection and proceésing

CAD4 diffractofneter, graphite-monochromated Mo-Ky - X-radiation, A=
0.71069A, w-20 scans in 96 steps, with w scan width 0.8 + 0.34tan®. Variable scan
speeds between 0.82 and 2.35°min"!. 2719 unique data measured (1<8 <2%°, +h

+k =*1) yielding 2355 reflections with F > 2.00(F). No crystal decay or

movement.

Structure solution and refinement

Direct methods for all non-H atoms. H atoms from AF syntheses following
full-matrix least-squares refinement. Empirical absorption correction after
isotropic convergence. Thereafter all non-H atoms allowed anisotropic thermal
motion. H atoms positionally refined but with common isotropic thermal
parameter [U = 0.0462(16)15;'-2 at convergence]. Weights applied accordirﬂx_g to w!

= [62(F) + 0.008711F2]. R = 0.0436, R, = 0.0698, S = 0.734. Max. and min.

residues in final AF map 0.38 and 0.62 eA3 respectively.
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[BTMA][10-endo-(PPh; Au)-7,8-C,ByH | I, [BTMA](2)

Crystal data

(‘GOH.‘tngPNAu.CHzCIZ, M = 826.84, monoclinic, space group P2/c, a =
9.5509(17), b= 19.232(3), ¢ = 19.813(3)A, B = 90.742(13)°, V = 3639.6A3,
from least-squares refinement of 25 centred reflections (12<6<13°) at 291K, Z

= 4,0, = 1.509 gem™>, u(Mo-Kgz) = 42.5cm™", F(000) = 1640.

alc

Data col,)ection and processing

CAD4 diffractometer, graphite-monochromated Mo-Agy X-radiation, A=
0.71069A, w-28 scans in 96 steps, with w scan width 0.8 + 0.34tan6. Variable scan
speeds between 1.03 and 2.7 min"}. 5307 unique data measured (1<6<25°,
+h +k =*1) of which 4667 had F > 2.00(F). Intensities of 2 ‘check reflections

decayed to ca. 89% of their original values over the period (194 hrs) of data

collection, and the data were corrected appropriately.

Structure solution and refinement

Au position from Patterson symhesis; P, C, B, N, Cl, Hcage from full-matrix
least-squares refinemenvA F syntheses. Cage C atoms identified by combination of
refined (as B) isotropic thermal parameters and interatomic distances. Phenyl
rings modelled as rigid,. planar hexagons (C-C 1.395A). Cage H atoms refined
positionally, all other H atoms set in fixed positions (C-H 1.08A). Empirical
absorption. correction applied after isotrepic convergence; therafter, all non-H
atoms allowed anisotropicn thermal motion, H atoms refined with common
isotropic thermal parameter (U = 0.108A% at convergence). Data weighted
according to wl = [oz(F) + 0.000513F2]. R = 0.0487, R, = 0.0482, § =

1.214. Max. and min. residues in final AF map +0.94 (near Au) and -1.09 eA3.
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[10,11-u-H-9-SMe, -7,8-C,ByH, ], carb’H, (3)

.Crystal data .

CyH7ByS, M = 194.53, triclinic, space group P1,a = 8.7912(14), b = 12.093(5),
= 125617(19)A, ¢ = 107.53(3), B = 101019, v = 106.10(3°, V =
1167.2(8)A3, by the least-squares refinement of 25 centred reflections
(14<8<15°) at 91K, Z = 4, [, = 1.107 gem™>, u(Mo-Ky ) =213 em’ !, F

(000) = 408.

Data collection and processing

CAD4 diffractometer, graphite-monochromated Mo-Kg X-radiation, A =
9;7_1069&. w-26 scans in 96 steps, with w scan width 0.8 + 0.34tan@. Variable scan

speeds between 1.03 and 3.30°min~!. 4390 unique data measured (1<6 <2%°,

+h Zk t1) yielding 3580 reflections with F > 2.00(F). No crystal decay or

detectable movement during data collection.

Structure solution and refinement
Solution obtained by combination of automatic direct methods and least-squares
refinement/A F syntheses. Cage C atoms identified by isotropic thermal parameters
(after refinement as B) and internuclear distances. All non-H atoms allowed
anisotropic thermal motion. Cage H atoms positionally refined, methyl H’s treated
as part of rigid groups (giving sensible S-C-H_ angles). All H atoms given a
common isotropic thermal parameter,. L{_[ = 6.095(16)2\2 at convergence.
Weighting scheme w~ [o (F) + 000002F‘] R = 0.0480, R, = 0.0650, S =

1.714. Max. and min. residues in final AF synthesis 0.522 and -0.233 eA” 3
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[10,11-u-(PPh; Au)-9-SMe, -7,8-C, BoH, ], PPh; Au(carb’), (4)

Crystal data

C,_,ZHMB()AUPS.CHZClz, M = 737.72, monoclinic, space group P2/a, a =
15.323(6), b = 12.291(3), ¢ = 17.023(11)A, B = 112.45(4)°, V = 2962.8A43, from
least-squares refinement of 25 centred reflections (14<0<15°) at 185t 1K, Z =

4D = 1654 gem™3, u(Mo-Kz) = 52.73 em™ |, F(000) = 1440.

Data collection and processing

CAD4 diffractometer, graphite-monbchromated Mo-K&— X-radiation, A=
Q-7106_9X!, w-28 scans in 96 steps, with w scan width 0.8 ‘+ 0.34tan®. Variable scan

speeds betWeen 1.10 and 2.75°min"!. 5704 independent reflections measured

(1<6<25°, +h +k 1), yielding 4710 with F > 2.00(F). No crystal movement

or decay noted.

Structure solution and refinement

Au position from Patterson synthésis; P, S, C, B, H(cage)’ Cl atoms from iterative
full-mafrix least-squares refinementAF syntheses. Cage C atoms identified by
refined (as B) isotropic thermal parameters and internuclear distances. Empirical
absorption correction applied after isotropic convergence. All non-H atoms
allowed anisotropic thermal motion. Phenyl C atoms treated as regular, planar
hexagon (C-C = 1.395A). Phenyl and methylene H atoms set in idealised
positions. All H’s refined with group thermal parameter, {f; = 0.071(4)./:\2 at
convergence. Weighting scheme wl = [OZ(F) + 0.000469F2]. R = 0.0310, R,
= 0.0400, § = 1.179. Max. and min. residues in final AF" map 2.38 (near Cl) and

129 eA3.
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[3-PPh, -4-SMe,-3,1,2-CuC, By H, ], PPh; Cu(carb’), (5)

Crystal data

'(‘/,_2H31B9$PCu, M = 519.36, triclinic, space group P1, a = 9.100(8), b =
11.344(4), ¢ = 14.171(NA, a = 66.85(3), B = 89.11(5), Y = 82.85(5)°, V =
1333.81\3, from the least-squares refinement of 25 centred reflections
(10<6 <119) at 291K, Z=2D = 1293 gcm’3, u(Mo-Kg) = 9.65 em™!, F

(000) = 536.

Data collection and processihg

CAD4 diffractometer, graphite-monochromated Mo-Ka X-radiation, 2 =
0.71069A, w-20 scans in 96 steps, with w scan width 0.8 + 0.34tan6. Variable scan
speeds between 0.97>and 3.30°min~!. 5015 unique data measured (1<® <25°,
+h *k *1), yielding 3748 with F > 2.06(F). No crystal movement or decay

noted over period of data collection.

Structure solution and refinement
Structure solved by automatic direct methods (Cu, P, S) and F/AF syntheses (C,

B, H_,z.). Carbaborane C atoms identified by refined (as B) isotropic thermal

age
parameters along with interatomic distances. Phenyl rings modelled as regular -
hexaéons, with C-C = 1.3§5A. Cage and methyl hydrogens positionally refined,
phenyl H’s set in idealised positions, with C-H = 1.08A. Empirical absorption
correction applied after isotropic convergence.- Thereafter, all non-H’s allowed
anisotropic thermal motion. Phenyl and carbaborane H atoms refined with group
isotropic thermal parameters, 0.1096 and 0.0617A2 respectively at convérgence.

Weighting according to wl = [oz(F) + 0.000284172]. R = 0.0410, R, = 0.0419,

$ = 1.289. Max. and min. residues in final AF map +0.35 and -0.28 eA3.
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[3,3,3-(CO);-4-SMe, -3,1,2-MnC, B H, ], (carb’)Mn(CO);, (6)

Crystal data

C7Hl6BgMnO3S, M = 32247, triclinic, space group P1, a = 7.154(4), b =
8.7890(21), c = 13.366(3)A, a = 91.438(19).8 = 101.21(3),y = 110.69(3)°, V =
764.5A3, from the least-squares refinement of 25 centred reflections (13<6 < 15°)

at 185+1K, Z = 2, D, = 1444 gem™>, u(Mo-Kg) = 9.5 em™!, F(000) = 336.

Data collection and processing

-

CAD4 diffractometer, graphite-monochromated Mo-Kg X-radiation, A =
d.7106QA}, w-26 scans in 96 steps, with w scan width 0.8 + 0.34tan6. Variable scan
speeds between 0.82 and 2.35° min~!. 4814 unique data measured (1<8 <3(°, +h
tk X1) 3859 of which had F > 2.06(F). No crystal decay or movement detected

during data collection.

Sr;ucrure solution and refinement

Mn position from Patterson synthesis, all other atoms from iterative -full-matrix
least-squares refinement/A F syntheses. Cage C atoms identified by refined
(initially as B) isotropic thermal parameters and by internuclear distances.
Empirical absorption correction applied after isotropic convergence. All non-H
atoms then allowed anisotropic thermal motion. H atoms refined with individual
isotropic thermal parameters. Weighting scheme wl = [02 (F) + 0.000967F2]. R
= 0.0352, R, = 0.045, § = 1.059. Max. and min. residues in final AF map 0.47

and -0.53 eA™3.
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(n-C5H;)Mn(CO);, CpMn(CO);, (7)

Crystal data

CgH;MnO5, M = 204.05, monoclinic, space group P2/a, a = 11.941(7), 6 =
6.981(5), ¢ = 10.798(NA, B = 117.97(5°, v = 795.03A3, from least-squares
refinement of 25 centred reflections (15<0<17°) at 185 + 1K, Z2=4,0 =

1.705 gem™3, u(Mo-Kg) = 15.53 em™!, F(000) = 408.

Data collection and processing

CAD4 diffractometer, graphite-monochromated Mo-Kg X-radiation, A =
0.71069, w-28 scans in 96 steps; with w scan width 0.8 + 0.34tan®. Variable scan
speeds between 0.82 and 2.35%min"!. 2591 independent reflections meaéured

(1< <30°, +h +k %) of which 1960 had F > 2.00(F).

Structure reﬁnemeﬁt

Starting point for refinement was non-H atom coordinates previously
published 78  After isotropic convergence following full-matrix least-squares
refinement, empirical absorption correction applied. Thereafter all non-H atoms
allowed anisotropic ther;nal motion. H atoms located by AF synthesis and all
except H(8) satisfactorily refined. H(8) unstable under refinement and therefore
set in fixed position. H atoms refined with common isotropic thermal parameter,
Y = 0.080(6)%\2 at convergence. Weighting scheme wl = [cz(F) + 0.0011057
F2]. R = 00418, R, = 0.0600, § = 1.153. Max. and min. residues in final AF

map 0.50 (near Mn) and -1.06 eA3.
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E-[commo-3,3-Fe-44-(SMe,),-1,1’ 22,(C, By H, o), ], E-[Fe(carb’),], (8)

Crystal data

C8 H32 B1852 Fe, M = 442.89, monoclinic, space group PZl/c, a = 12.667(3),b =
13.017(3), ¢ = 14.193(3)A, B = 109.08(2)°, V = 2212.41A3, from least-squares
refinement of 25 centred reflections (11<e<12°) at 291K, Z2 = 4,_Dc = 1.330

gem 3, u(Mo-K) = 8.57 em™!, F(000) = 912.

Data collection and processing
CAD4 diffractometer, graphite-monochromated Mo-Kg X-radiation, A = )
0.71069A. w-20 scans in 96 steps, with w scan width 0.8 + 0.34tan®. Variable scan
speeds between 0.82 and.2.3°min"!. 8537 data measured (1<8 <25%, +h +k

+1), vielding 3881 having F > 4.00(F). No crystal movement or decay noted.

Structure solution and refinement

Solution via automatic direct methods (Fe, S positions) and full-matrix
least-squares refinement/AF syntheses. Carbaborane C atoms identified by refined
(as B) isotropic thermal parameters and interatomic distances. Empirical
absorption correction applied after isotropic convergence. All non-H atoms
subsequently allowed ‘anisotropic thermal motion, H atoms refined with group
isotropic thermal parameter, Uy = 0.051(4)A at convergence. B-H and (cage)
C-H bonds constrained to be equal in length, and H(8’) set in idealised position,
after being found to be unstable under refinement. Methyl H atoms set in
calculated positions. Data weighted according to wl = [02 (F) + O.OOOBIOFZ]. R
= 0.0830, R, = 0.0701,§ = 1.100. Max. and min. residues in final AF map 1.08

and -1.29 eA™3 respectively.
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O-[commo-3,3’-Fe-4-SMe, -4’-SMe-1,1',2,2"-(C, ByH, ;). ], O

{[Fe(carb’)(C, By H, o SMe)], (9)

Crystal data

C;Hyg B gS,Fe, M = 427.86, monoclinic, space group P2,/c, a = 15.4546(13), b
='27.532(4), c = 10.6464(13)A, B = 106.80(1)°, V = 4336.46A3, from the
least-squares refinement of 25 centred reflections (14<6 < 1_50) at 185 + 1K, Z =
8 (2 crystaliographically in.dependem molecules), D, = 1.311 gcm'3, u(Mo-Kg)

= 8.72 ecm™!, F(000) = 1752.

Data collection and processing

CAD4 diffractometer, graphite-monochromated Mo-Ka X-radiation, A=
0.71069A, w-28 scans in 96 steps, w scan width 0.8 + O.34lén6. Variable scan
speeds between 1.03 and 3.30 ®min™'. 4586 unique data measured (1<6<20°,
+h +k *1), yielding 3612 having F > 2.06(F). No detectable decay or crystal

movement during data collection.

Structure solution and refinement

Fe and S from automatic direct methods. B, C, and H from least-squares

cage
refinement/A F syntheses. Cage C atoms identified by refined (as B) isotropic
thermal parameters and interatomic distances. Methyl H atoms set in fixed
positions. Empirical absorption correction applied after isotropic convergence. All
non-H atoms allowed anistropic thermal motion. Independent molecules refined
in alternate cycles (324 variables in each cycle). H atoms within each molecule A,
B refined with common isotropic thermal parameters, {4 and‘ .L{_'(B) ,

0.0591(24) and,O.Ob3(.’5)/Z\2 respectively at convergence. Weighting scheme wl =

[0°F + 0.000288F"]. R = 0.0378, R, = 0.0559, § = 1.010. Max. and min.
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residues in final AF map 0.29 and -0.30 eA™3.
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Section 3: Molecular Orbital Calculations

The extended Hiickel method '9%105 is pased on the LCAO (linear

combination of atomic orbitals) methodology:

VY=cy; +cy;

where ¥ is an MO; y;, y; are AO's; and c;, ¢; are their coefficients

In the EHMO method, the basis set of atomic orbitals used is the set of valence
orbitals for all atoms in the molecule, and simple I-electron Hamiltonian

operators are employed

A set of secular equations may be derived:

z Cij (Hlj - SUE) = O
where Hii = \]IiH\]!i

Hy =] yHy;=[yHy;
Sij =1 ¥iy;

Solution of the secular determinant leads to energies and contributions to each
MO from each AQ. The orbitals so produced then may be represented pictorially,

or analysed in terms of their energies and occupations.

A value for the total energy.of the corhplex may be calculated, by summation
of the energies for all electrons in the molecule, known as the sum of one-el_ectron
energies. While the energies given by extended Hiuckel ‘calculali(.)n are not
particularly accurate on an absolute scale, they may be used successfully in

probing, for example, conformational preferences.
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In practice 106’107, single Slater-type orbitals (STO’s) are used for each AO,

and these take the form:

R() =rm*lelr

where { =(Z-X S)/n*, and Z = atomic number
S = screening constant
n* = effective quantum number

H, s used are the valence shell ionisation energies (VSIE’s), although these

may be optimised by charge-iteration procedures (see below).

I-{j ’s are calculated using the modified Wolfsberg-Helmholtz formula:

Hij= K'Sl:i Hii+Hj:j)/2

where K' =K + A2 + A4 (1-K)
and A= (Hii- Hjj)/(Hll+Hjj)

Charge Iteration Procedures (Optimisation of H; ’s)

2 differerent charge iteration procedures were used. The first, METHODI, is a

simple function which may be represented thus:

H;; = H;0 + (sense x charge)

The second, METHOD?2, is a more complex function, of the form

Hii = -VSIE(Q)
where VSIE(Q) = AQ2 + BQ + C

For manganese, three configurations were used, as follows: -

s: dn-ls p: dnlp d: dn
dn-2 2 | gn2p2 dn-1g
dn-2 sp dn-2sp : dn-1p



Net Atomic Charges

Net atomic charges are calculated in the extended Hiickel method by the formula:
q() = 2 > (N Cinz +N Cin Cjn Sl.l)
J n
where N = number of electrons in the orbital N =0, 1, or 2)

The atomic charge, q, is then given by:
q=2 q@)
:
If the atomic number is Z, then the net atomic charge equals q-Z.

Bond Overlap Populations
The bond overlap poulation, which is a measure of the bond strength between two

atoms, r and s, is given by:

Prs =2 22NCM Cjn Slj
ij n

The above deul; with combination of AO’s to form MQO’s, but there is another
approach possible with the locally-available softwaré, which involves MO’s
derived from basis sets of fragment ofbitals, rather than atomic orbitals. The
method essentially involves partitioning of a molecule into notional fragments,
and looking at the interaction of the fragment molecular orbitals (FMO’s) on
combination to form the MQ’s of the complete molecule. Of particular interest in
such cases is to determine which fragment orbitals incur the largest changes in

population (greater or lesser) on going to the full molecular environment.
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In the calculations carried out in this work, the models used are either derived
from the crystallographically determined geometry, or are idealised. Where
idealised models have been used, their coordinates are given below. In tﬁe case of
the fragment molecular orbital calculations, the models used are constructed by
positioning an idealised {Mn(CO)3+} fragment above a ligand model derived

‘ crystallographically.

Distances and angles used in idealised models were: B-B = B-C = C-C
=1.75A, B-H = C-H =1.20A, B-S = 1.884, S-H = 1.28A, Mn-C = 1.78A and
C-O = 1.14A. Carbaborane cages were icosahedral fragments, tetrahedral

geometry was assumed around S, C-Mn-C = 9(° and Mn-C-O = 180°.

Idealised Model of [7,8-nido-CABgH ]2_

X y z
Bl 0.9143 0.0000 -1.4886
B2 1.8343 0.0000 0.0000
B3 0.9143 -1.4158 -0.4600
B4 -0.5743 -0.8750 -1.2043
B5 -0.5743 0.8750 -1.2043
B6 0.9143 1.4158 ~-0.4600
Cc7 0.9143 -0.8750 1.2043
C8 -0.5744 -1.4158 0.4600
B9 -1.4943 0.0000 0.0000
B10O -0.5743 1.4158 0.4600
Bll 0.9143 0.8750 1.2043
Hl 1.4509 0.0000 -2.5619
H2 3.0344 0.0000 0.0000
H3 1.4510 -2.4366 -0.7917
H4 -1.1110 -1.5058 -2.0727
HS -1.1109 -1.5059 -2.0727
H6 1.4510 2.4366 -0.7917
H7 1.4509 -1.5059 2.0727
H8 -1.1110 -2.4366 0.7917
H9 -2.6943 0.0000 0.0000
H10 ~-1.1110 2.4366 0.7917
Hll 1.4510 1.5059 2.0727
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Idealised (Minimum Energy) Model of [9-SH,-7,8-nido-CyBgH, oI

X y z

HS2 -3.8009 0.8968 0.8077
HS3 ~3.8010 0.2509 -1.1804
S -3.3744 0.0000 0.0000
Bl 0.9143 0.0000 -1.4886
B2 1.8343 0.0000 0.0000
B3 0.9143 -1.4158 -0.4600
B4 -0.5743 -0.8750 -1.2043
BS -0.5743 0.8750 -1.2043
B6 0.9143 1.4158 -0.4600
Cc7 0.9143 -0.8750 1.2043
c8 -0.5744 -1.4158 0.4600
B9 -1.4943 0.0000 0.0000
B10 -0.5743 1.4158 0.4600
Bl1l 0.9143 0.8750 1.2043
Hl 1.4509 0.0000 -2.5619
H2 3.0344 0.0000 0.0000
H3 1.4510 -2.4366 -0.7917
H4 -1.1110 -1.5058 -2.0727
HS -1.1109 1.%059 -2.0727
H6 1.4510 2.4366 -0.7917
H7 1.4509 -1.5059 2.0727
H8 -1.1110 -2.4366 0.7917
H10 -1.1110 2.4366 0.7917
H1ll 1.4510 1.5059 2.0727



Idealised Models of Conformers of [9-SH,-7,8-nido-C,ByH (|

{C,ByH, 4S} fragment as above. HS2, HS3 vary with torsion angle.

x Y z

THETA
-180 HS2 -3.8009 0.8968 -0.8077
HS3 -3.8010 -0.2509 1.1804
-150 HS2 -3.8009 -1.1805 -0.2511
HS3 -3.8010 0.3729 1.1477
-120 HS2 -3.8009 -1.1479 0.3728
HS3 -3.8010 0.8968 0.8075
-90 HS2 -3.8009 -0.8077 0.8968
HS3 -3.8010 1.1804 0.2509
-60 HS2 -3.8009 -0.2511 1.1805
HS3 -3.8010 -0.2511 1.1805
-30 HS2 -3.8009 0.3728 1.1479
HS3 -3.8010 0.8075 -0.8968

!

0 HS2 -3.8009 0.8968 0.8077
HS3 -3.8010 0.2509 -1.1804
30 HS2 -3.8009 1.1805 0.2511
- HS3 -3.8010 -0.3729 -1.1477
60 HS2 -3.8009 1.1479 -0.3728
HS3 -3.8010 -0.8968 -0.8075
90 HS2 -3.8009 0.8077 -0.8968
HS3 -3.8010 -1.1804 -0.2509
120 HS2 -3.8009 0.2511 -1.1805
HS3 -3.8010 -1.1477 0.3729
150 HS2 -3.8009 -0.3728 -1.1479
HS3 -3.8010 -0.8075 0.8968
180 HS2 -3.8009 0.8968 -0.8077
HS3 -3.8010 -0.2509 1.1804
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Orbital Parameters used in EHMO/FMO Calculations

Orbital

H(ls)
B(2s)
B(2p)
C(2s)
C(2p)
0Q@2s)
O(2p)
S(3s)
S(3p)
Mn(3d)
Mn(4s)
Mn(4p)

H ,','(CV)

-13.30
-15.40

-8.68
-20.90

-11.10

-29.10
-12.50
-25.10
-14.50
-11.00

-9.11

-4.68

Sy

1.30
1.30
1.30
1.625
1.625
2.275
2.275
1.817
1.817
- 5.15
1.80
1.80

)

1.90

0.53108

|(n-C5 115)Mn(CO); ] Model for EHMO/FMO Caleulation .

H4
HS
H6
H7
H8
C4
C5
Ccé6
Cc7
Cc8
Mn
CA
oA
CB
OB
cC

.26856 1.

.01988 1.
.94373 -0
.10948 -2.
.04468 -0.
.77071 O.
.64228 1.
.16788 -0.
.07097 -1.
.11040 -0.
.000600 O.
.25865 0.
.06475 1.
.00000 -1.
.00000 -2.
.25865 0.
.06475 1.
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54833
65278

.61550

05726
64135
91511
00653
28432
19526
44216
00000
72662
19204
45339
38422
72662
19204

WNWNWNFOOOOOOOOOO

.11910
.04760
.13630
.04860
.11300
.00070
.00030
.00020
.00060
.00080
.77180
.79950
.45770
.79950
.45770
.79950
.45770

0.64788



[(carb’)Mn(CO);] Model for EHMO/FMO Calculation

X y z
Hl 1.06291 -1.95672 0.32830
H2 2.23879 0.19627 0.33590
HS ~0.30493 -2.52714 -1.78870
H6 2.33867 -1.21843 -1.72280
H7 0.60922 2.43163 0.34930
HS8 ~2.29039 1.13984 0.23330
H9 -2.32914 -0.46163 -2.05700

H10 0.18756 -0.09015 -3.40170
Hl1l 1.95609 1.58192 -1.88780
H12 -0.88465 2.19952 -2.05100
HS11 -2.42383 -3.51288 -1.20840
HS12 -3.39185 -2.54994 -1.14810
HS13 -3.56882 -3.67777 -0.39340
HS21 -3.17641 -1.37102 2.27240
HS22 -3.83922 -1.04168 1.05350
HS23 -3.94051 -2.22036 1.71120
S -2.09825 -2.47172 0.66580
Cs1 -2.99848 -3.14163 -0.73100
CSs2 -3.43764 -1.66171 1.53910

Cl 0.64609 -1.25810 0.00300
c2 1.39237 0.14044 -0.01050
B4 -1.02763 -1.04838 0.00550
B5 -0.17866 -1.53591 -1.46990
B6 1.41565 -0.77691 -1.45730
B7 0.31108 1.45751 0.01280
B8  -1.32182 0.70856 -0.01080
B9 -1.40806 -0.26103 -1.53070

B10 0.10911 -0.08242 -2.43830
Bll 1.16831 0.96636 -1.48150
Bl1l2 -0.56345 1.29683 -1.52970

Mn 0.00000 0.00000 1.64340
cA 1.25865 0.72662 2.67110
oA 2.06475 1.19204 3.32930
CB 0.00000 -1.45339 2.67110
OB 0.00000 -2.38422 3.32930
cc -1.25865 0.72662 2.67110
oc -2.06475 1.19204 3.32930
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Section 4: Electrochemical and Spectroelectrochemical Techniques

In this section, an outline of the experimental techniques and description of the
equipment used in the electrochemical and spectroelectrochemical studies are

gfven 108

Electrochemical Studies
The experiments described in Chapter 5 were performed on CH,Cl,/0.5M
[TBA]BF, solutions of the complexes under study, using a conventional

three-electrode configuration, represented schematically in Figure 6.4.1.

This comprises a working electrode (w.e.), a reference electrode (r.e.) and a
counter (auxiliary) electrode (c.e.). A potential difference is measured between
the r.e. and the W.e., and a current monitored between the w.e.'and c.e. The r.e.
fnaintains a constant reference potential throughout the experiment and any
change in applied potential appears across the w.e./solution interface. No current
flows to the r.e., which is therefore left unpolarised and stable. The reference
electrode used in these studies was Ag/AgCl, while both working and counter

electrodes were of Pt.

Cyclic voltammetry, linear stirred voltammetry and alternating current
voltammetry were each performed, the results of which are presented in the

approriate discussions in Chapter 5.
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| Figure 6.4.1 Typical Cell Arrangenﬁent for Conventional Electrochemistry

. ° !
Key @

C: Counter electrode
W: Working electrode
R: Reference electrode
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Reversibility criteria for cyclic voltammetry (c.v.) and alternating current

. voltammetry (a.c.v.) are given below:

Cyclic Voltammetry

Ejp is independent of v
EF-EpR = 59/n mV and is independent of v
O.S[EpF+EpR] = Eypp, independent of concentration
ip/v 172 (current function) is independent of v
ipR/isF = 1 and is independent of n
where v =scanrate
E,F, E;R = potential at maximum of forward and reverse curves

1p-F, ipR = peak current at maximum of forward and reverse curves

A.C. Voltammeg

(a) Potential
E; is independent of @
"~ W =90/n mV at 25° and is independent of @
where  E,= ﬁotential of peak maximum
| o = a.c. frequency

W2 = peak width at half height
(b) Current

A plot of iy versus w172 gives a straight line through the origin

where i = maximum of peak current
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Spectroelectrochemical Studies

These experiments were carried out using the O.T.T.L.E.cell, shown
schematically in Figure 6.4.2. This consists of a fine PuRh gauze working
electrode (transparency ca. 40%) fitted into a quartz UV/IVISINIR cell of
pathlength 0.05 cm. At the top of the cell is a quartz. extension which functions as
a reservoir for tﬁe solution. Into this are placed a Pt wire counter electrode and
Ag/AgCl reference electrode, both protected from the bulk solution by a porous

frit.

The cell, together with the electrodes and solution containing the species of
interest are fitted into a gas-tight PTFE block. Temperature control is maintained
by passing dry, pre-cooled nitrogen gas between an inner set of quartz-windows in
the block and the quartz cell. To prevent fogging of the inner windows, dry N5 gas

is passed between these and a set of outer quartz windows.

The temperature is monitored by a thermocouple and digital thermometer. A

Perkin-Elmer Lambda-9 spectrophotometer was employed.
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Figure 6.4.2 Schematic Diagram of the O.T.T.L..E. Cell

Al Beam Path

:I—

Key

A: Counter electrode
B: Reference electrode

C: Working electrode connection protected from bulk solutxon by PTFE sleeve
D: PTFE cell cap

E: Test solution

F: 0.1cm Infrasil quartz cell containing Pt grid workmg electrode
G: Pt grid working electrode
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Application of the Nernst Equation to thej Spectroelectrochemical Data

The Nernst equation may be applied to data obtained from controlled-potential
spectroelectrochemical experiments, to yield w-/o useful parameters, n, the number
. of electrons involved in the electrochemical process, and E°, the potential at
which the process occurs. The method employed is outlined below, followed by

relevant data for complexes (8) and (9).

E =EO0+ RT/nF l_n[d]/[R] - Nemst equation

. Usually the experimentally measured absorbance ratio r(E) is equal to the ratio [O)/[R]
r(E) = [A(E) - ARl/[Ag - A(E)]

where  A(E) = absorbance at chosen wavelength, A, at the applied potential

Ag = absorbance at chosen wavelength, A, of fully reduced material
Ag = absorbance at chosen wavelength, A, of fully oxidised material

Thus a Iilot of E versus In r(E) should give a straight line with an intercept at Inr(E) =0,
giving E9 and a slope giving n.

For complex (8), band at V., = 32900 cm-1

Eapp r(E) In r(E)
0.700 4.263 1.45
0.648 0.667 -0.42
0.624 0.194 -1.64
0.600 0.046 -3.08

This data yields a value for EO of +0.66V versus Ag/AgCl and a value for n of 1.0610.1e.

For complex (9), band at v, = 33300cm-1

Eapp - 1(E) In r(E)
0.400 8.585 2.15
0.350 3.525 1.26
0.324 1.649 0.50
0.300 0.711 -0.34
0.276 0.224 -1.50
0.250 0.013 -4.34

This data yields a value for EO of +0.325V versus Ag/AgCl and a value for n of 1.0940.21e.
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Appendix 2: Published Work

Certain of the results presented in the body of the thesis have been published.

The references for these papers are:

J. Cowie, E.J.M. Hamilton, J.C.V. Laurie and AJ.Welch, Acta Crystallogr.,

1988, C44, 1648.

J. Buchanan, E.J.M. Hamilton, D. Reed and AJ. Welch, J. Chem. Soc., Dalton

Trans., 1990, 677.
A reprint of each paper is included.
In addition, the following papers have been accepted for publication:'

Structure of 10,11-u-(Triphenylphosphine)aurio-9-dimethylsulphido-
7,8-dicarba-nido-undecaborane(10) Methylene Chloride Solvate, E.J.M. Hamilton

and AJ. Welch, Acta Crvsiallogr., Sect. C, in press.

The Chemistry of Monoanionic Carbaborane Ligands. Synthesis, and Molecular
and Electronic. Structure of [3,3,3-(CO)3-4-SM62-3,1,2-MnC.,_ B9HIO]’ and
Order-of-Magnitude Improved Structure of (n-CsHs)Mn(CO);, J. Cowie,

E.J.M. Hamilton, J.C.V. Laurie and A.J. Welch, J. Organometal. Chem., in press.
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The Structure of [7,.8-C_.B,H,.]": Correction of a Popular Misconceptiont

Jill Buchanan, Ewan J. M. Hamilton, David Reed, and Alan J. Weich*
Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ

The [7.8-C,B,H,.]" ion has been shown, via n.m.r. spectroscopic and X-ray crystallographic study,
to contain an endo-H atom bonded to B(10) and not, as generally thought, a B-H-B bridge. )
Four ion pairs of [H(dmso),}[C,B,H..] (dmso = dimethyl sulphoxide) crystallise in a unit cell of
dimensions a = 8.2919(14), 6 = 11.0802(21),c = 18.1 28(5)A, B = 100.135(18)", and space
group P2,/n. The structure has been refined to R = 0.0436, R’ = 0.0698 for 2 355 reflections
measured at 185 + 1 K. The presence of an endo-H atom in [7,8-C,B,H,,]" is rationalised by
consideration of the form of the highest occupied molecular orbital of [7,8-C,B,H,,]*". Analysis of
the results of extended-Huckel molecular orbital calculations confirms that the endo-H atom bonds
to the cage via a four-centre two-electron bond, and allows the relative magnitudes of endo and
exo B-H coupling constants to be understood as well as the observation of weak coupling

between the endo-H atom and B(9) and B(11).

The [7,8-C,BoH,,]™ ion (1), easily formed by partial cage
degradation of 1,2-C,B,,H,, in alcoholic solution,'-? has
been known for very many years. Indeed, it is (following
deprotonation with strong base) the precursor of the ubiquitous
[7.8-C,BgH,,]*~ ion that afforded the first carbametal-
laboranes nearly 25 years ago.>*

Although it is well accepted 2 that (1) has a nido-icosahedral
cage architecture, consistent with the Polyhedral Skeletal
Electran Pair Theory,*® its precise structure has never been
determined, and in particular the exact nature of the twelfth H
atom has never been demonstrated. In spite of the fact that
Hawthorne e! al.? considered a number of possible sites for this
atom (including what turns out to be the correct one), later
authors’ almost invariably assume a bridge position on one of
the two (otherwise symmetry-equivalent) B-B connectivities of

“the open pentagonal face.

Recent structural studies on nido-[3,4-Et,-34-C,BsHg]™ -

(2)® and nido-[B,,H,,17(3)° have confirmed the presence
of {BH,} units in nido boranes and carbaboranes, whereas such
groups are more commonly associated with arachno and hypho

" polyboranes. This has prompted us to reconsider the possibility

of a {BH,} group in (1), and to seek confirmation of the exact
nature of this anion in both the solid state via single-crystal
X-ray diffraction, and in solution vie multinuclear, multi-
dimensional n.m.r. spectroscopy.

Experimental
N.m.r. spectra were recorded at room temperature as CD,Cl,
solutions on Bruker WP 200 SY or Bruker WH 360
spectrometers, the latter fitted with an Aspect 3000 computer.
Techniques for recording*H-{"''B} and ! ' B (correlation spectro-
scopy, COSY) spectra have been described previously.'®
Chemical shifts are quoted relative to external SiMe, (*H)
or BF,-OEt, (‘!'B); with positive values to high frequency.
Microanalyses were performed by the departmental service.
The salt [H(dmso),][C,BoH,,] (1a) was afforded as a white
solid by treatment of K[C,BoH ;] (3g; ca. 10 mmol) in dimethyl
sulphoxide (dmso)/water (5 cm?) with concentrated H,SO, (5
cm?®) and not stirring the product. Recrystallisation by slow
diffusion of hexane into a CH,Cl, solution at —30 °C yielded
large colourless crystals (Found: C, 24.1; H, 8.55. C¢H,5B,0,S,
requires C, 24.8; H, 8.65%). '"H N.m.r; 8 6.5—7.0 (vbr, solvated
H*),2.73 (12 H, CH,), and 1.88 (br, 2H, cage CH).

Crystallography —Crystal data. C¢H,sBoO,S,, M = 290.66,
monoclinic, space group P2,/n, a = 82919(14), b=
11.0802(21), ¢ = 18.128(5)A, B = 100.135(18)°, U =
1639.5A3, from the least-squares refinement of 25 centred
reflections (14 < 8 < 15°)at 185 4+ 1K, Z = 4 ion pairs, D, =
1.177 gem™, p(Mo-K,) = 2.98 cm™!, F{000) = 616.

Data collection and processing. CAD4 diflractometer,
graphite-monochromated Mo-K, X-radiation, A(bar) =
0.710 69A, ©—26 scans in 96 steps, with ® scan width 0.8 +
0.34 tan®. Variable scan speeds between 0.82 and 2.35° min~".
2 719 Unique data measured (1 < 6 < 25° +h +k +/)yielding
2 355 reflections with F> 2.00(F). No measureable crystal
decay or detectable movement.

Structure solution and refinement. All non-H atoms found
by direct methods.'' Hydrogen atoms from AF syntheses
following full-matrix least-squares refinement.!? Empirical
absorption correction!? after isotropic convergence. Thereafter
all non-hydrogeén atoms allowed anisotropic thermal motion.
Hydrogen atoms positionally refined but with common
isotropic thermal parameter [U, = 0.046 2(16)A? at con-
vergence]. Weights applied according to w~' = [o%(F)
+ 0.008 711F2). R = 0.043 6, R' = 0.069 8, S = 0.734. Maxi-
mum and minimum residues in final AF map 0.38 and —0.62
e A-3 respectively. Scattering factors for neutral atoms as
in SHELX 76.'2 Computer programs used in addition to
those already referenced include CADABS,'* CALC,'® and
EASYORTEP.!'¢ Co-ordinates of non-hydrogen atoms in
Table 1.

Additional material available from the Cambridge Crystalio-
graphic Data Centre comprises H-atom co-ordinates, thermal
parameters, and remaining bond lengths and angies.

Results and-Discussion

Recourse to the crystallographic and relatively sophisticated
n.m.r. spectroscopic studies described herein is necessary
because conventional spectroscopic techniques applied to anion
(1) fail to define a unique structure. There is no evidence of a
B-H-B bridge in its i.r. spectrum, but this is not conclusive

1 Dodecahydro-7,8-dicarba-nido-undecaborate.

Suppl tary data ilable: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1990, Issue 1, pp. xix—xxii.
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Table 1. Positional parameters of non-hydrogen atoms in [H-
(drpso),][7.8—C,BgH,2]

Atom X y b4

S(1) 0.675 15(6) 0.317 81(4) 0.389 41(3)
S(2) 0.317 87(6) 0.131 83(4) . 0.284 30(3)
O(1) 0.528 07(19) 0.387 38(13) 0.344 18(10)
0O(2) 0.308 72(16) 0.269 74(13) 0.275 00(9)
C(1y) 0.694 4(3) 0.379 84(22) 0.479 88(13)
C(12) 0.846 1(3) 0.385 45(21) 0.359 48(14)
Cc@2n 0.114 5(3) 0.090 26(25) 0.290 71(14)
C(22) . 0322 1(4) 0.077 56(24) 0.192 65(16)
B(1) 0.350 11(24) 0.281 74(18) 0.589 54(12)
B(2) 0.400 6(3) 0.150 25(20) 0.643 27(14)
B(3) 0.422 2(3) 0.152 21(19) 0.548 49(14)
B(4) 0.260 04(25) 0.237 34(20) 0.497 57(12)
B(5) 0.132 1(3) 0.284 14(18) 0.559 51(13)

B(6) 0.219 7(3) 0.228 31(20) 0.652 11(13)
(o/g)] 0.321 46(22) 0.036 77(17) 0.583 13(i1)
C(8) 0.244 01(23) 0.083 55(17) 0.504 77(11)
B(9) - 0.0758(3) 0.156 04(19) 0.503 37(13)
B(10) 0.041 3(3) 0.160 88(20) 0.599 58(13)
B(11) 0.2150(3) 0.068 71(20) 0.646 94(13)

ll

(o)

* Compound (1b) was precipitated by mixing aqueous solutions of
[NMe,(CH,Ph)}Br and K[C,B;H,,]* and recrystallised by slow
diffusion of hexane into a CH,Cl, solution at —30 °C(Found: C, 50.0; H,
10.00; N, 4.95. C, ,H 4By N requires C, 50.8; H, 9.95; N, 4.95%).

Table 2. Assignment of !'B and 'H n.m.r. chemical shifts of compound
(1b)

Position 8(''B) 8(*H)
9.11 —-10.38 1.94
3(5.6) ~16.46 1.77 (1.24)
24 -21.29 1.26
10 —32.54 0.11(ex0), — 2.80(endo)
1 -37.17 0.55
H(11)

o (7)

“H(10)

d ‘ | Oriay

Figure. Plot of the [7,8-C,BgH,,] ™ anion (1) from above the open face;
H(1) is totally obscured by B(1). All atoms drawn with 50% thermal
cllipsoids, except H atoms which have been given an artificial radius of
0.1A for clarity

evidence that such a bridge does not exist. Similarly, ''B n.m.r.
spectroscopy alone fails to distinguish between a {BH,}-
containing form (I) and rapidly interconverting hydrogen-
bridged forms (II). .

The '!B-{'H} n.m.r.spectrum of [NMe,(CH,Ph)][C,BoH,,]
(1b)* comprises five signals of relative area 2:3:2:1:1, and the
''B n.m.r. spectrum confirms that all nine boron atoms in (1)
carry exo-polyhedral H atoms since all five signals show clear
doublet coupling, Jyy 125—150(+5) Hz. In addition, the
second lowest-frequency signal in the !''B spectrum (§ —32.54
p.p.m.) shows a smaller coupling, 50 + 5 Hz, thus appearing as
a doublet of doublets [doublet of doublets, apparen: triplet, is
surely the correct description of the signal due to B(6) in anion
(2)¥]. The additional structure on this resonance was, in fact,
noted in an early ''B n.m.r. spectrum of anion (1) (Figure 3 of
ref. 2).

An ''B(COSY)spectrum of (1b) aliows assignment of the one-
dimensional spectrum (Table 2). The signal with additional
coupling in the ''B n.m.r. spectrum arises from B(10), given a
conventionally numbered nido-icosahedral anion in which the
carbon atoms occupy positions 7 and 8. No other signal shows
detectable coupling to the twelfth H atom.

A series of '"H n.m.r. spectra with selective ''B decoupling
were obtained, and chemical shifts of the exo-polyhedral boron-
bonded H atoms so determined are included in Table 2. In
addition to these, a low-frequency H atom [ —2.80, H(12)] is
significantly enhanced by irradiation at —32.54 p.p.m. [B(10)]
and very weakly enhanced by irradiation at —10.38 p.p.m.
[B(9), B(11)]. Thus, at ambient temperature, H(12) is strongly
bonded to B(10) but only weakly associated with the other
(symmetry-equivalent) facial boron atoms, B(9) and B(11).
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Evidently this latter association is sufficiently small that no
additional structure or even broadening is seen on the doublet
centred at — 10.38 p.p.m. in the ''B n.m.r. spectrum.

No significant changes in the ''B or ''B-{'H} n.m.r. spectra
of compound (1b) are observed on cooling to —78 °C. Taken
together with the aforementioned data, this implies that the
structure of (1) is best represented either by the {BH,}-
containing form (I) [in which there is a small but detectable
interaction between the endo-H atom and B(9) and B(11)] or by
asymmetrically bridged forms (IH) in rapid (and, within the
limits of our experiment, unstoppable) interconversion.

In an attempt to gain additional information on this system
we have studied anions (1) in the solid state by X-ray diffraction.
Initial atiempts were frustrated by disorder. Thus good single
crystals of compound (1b) may be grown, but analysis of the
diffraction data obtained* quickly revealed that the cage is
randomly disordered, appearing as a closed icosahedron.
Disorder of this kind is not uncommon for nido-icosahedral
cages.!” Very fortuitously, however, large single crystals of
compound (1a) are afforded (following recrystalilisation) if the
synthesis of 9-SMc,-7,8-C,ByH,, '%!! from K[7,8-C,BoH,,]
is dmso/water and concentrated H,SO, is attempted without
sufficient stirring. The anion in this salt is nor disordered,
allowing the first structural characterisation of [ 7.8-C,BoH ;] ™.

The anion is viewed, from a position above the centre of the
open face. in the Figure, and Table 3 lists interatomic distances
and important interbond angles derivedt. Anion (1) has the
expected nido-icosahedral geometry with an exo-polyhedral H
atom terminal to each cage atom (B or C). The open face is not
planar, but is folded into an envelope conformation about the
B(9) - - - B(11) vector such that both B(10) and the C(7)~-C(8)
cdge dip towards the B(2)B(3)B(4)B(5)B(6) lower pentagonal
belt. This is planar (6 = 0.012 6A) and, with respect to it, the
aforementioned three- and four-atom portions of the upper
pentagonal face (the latter of which is planar to within 0.004 4R)
make fold angles'® (¢ and 0) of 2.34 and 1.88° respectively.
Folding of the upper face in this way is commonly observed in
mctal complexes of [C,ByH, ]2~ and related ligands.'®

In the solid state the twelfth H atom of (1) clearly occupies a -

symmetric endo-terminal position on B(10), affording the entire
anion effective C, molecular symmetry. We have tested the fact
the H(12) is ordered in the crystal {and not. say, disordered
about B(9)-B(10) and B(10)-B(11) bridging sites] by a least-
squares refinement with H(12) and, for comparison, H(10)

* Crvstal data. Cy3H,,BgN, M = 283.65, triclinic, spacc group PT,
a = 11.833(5). b = 11.915(5). ¢ = 13.723(DA. x = 110.692(15). B =
91.954(13). y = 93.480(13)°, U = 1803.543, by the lcast-squares’
refinement of 25 centred reflections, 11 < 0 < 12°. Z = 4 jon pairs,
D, = 1.045 gem * p(Mo-K,) = 049 cm' ', F1000) = 608.

Data collection and processing. As for compound (1a) except scan
speeds between 1.37 and 5.49° min ', 3 578 Unique data mcasured
(L <0 <20°% +h %kt 1) yiclding 2190 with F 2 2.0 o(F). No
measurcable crystal decay or detectabic movement.

Structure solution. All non-H atoms found by direct methods'’

and refined with individual isotropic thermal parameters by full-
matrix jeast squares.'? Atoms of both crystallographically independent
[NMc,4(CH,Ph)]" ions ordered. However, in both [C,B,H,,]” ions
disorder noted over all 12 vertices of approximate icosahedra. Impossible
satisfactorily to model disorder and unambiguously identily cage
carbon atoms (all cage atoms modelled as B). Refinement terminated at
R = 0.157 5, unit weights. Co-ordinates of refined atoms deposited as
Supplementary Data.
t The cation consists of an O-protonated dmso molecule to which a
.second dmso is hydrogen bonded via the O(1)-H(O) - - - O(2) bridge.
The hvdrogen bond is of 2 conventional type'® with O(1)-H(O) 0.95(4),
O(2) - - - H(O) 1.45(4)A, arid O(1)~-H(O)--- O(2) 172(4)°. There is a
small (0.014) but statistically significant difference in the S~O bond
lengths. that to the protonated oxygen being the longer. Overall, the
cation has effective C, molecular symmetry.
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Table 3. Interatomic Distances (A) and selected interbond angles (°) in
[H(dmso),][7.8-C,BsH,,]

(a) Anion

B(1)-B(2) 1.762(3) B(5)-B(6) 1.816(3)
B(1)-B(3) 1.768(3) B(5)-B(9) 1.761(3)
B(1)-B(4) 1.772(3) B(5)-B(10) 1.775(3)
B(1)-B(5) 1.794(3) B(5)-H(5) 1.09(3)
B(1)-B(6) 1.799(3) B(6)-B(10) 1.777(3)
B(1)»-H(1) 1.122(23) B(6)-B(11) 1.771(3)
B(2)-B(3) 1.759(3) B(6)-H(6) 1.07(3)
B(2)-B(6) 1.763(3) C(7T-C(8) 1.542(3)
B(2)-C(7) 1.717(3) C(7)y-B(11) 1.613(3)
B(2)-B(11) 1.796(3) C(T)-H(7) 0.95(3)
B(2)-H(2) 1.01(3) C(8)-B(9) 1.606(3)
B(3)-B(4) 1.764(3) C(8)-H(8) 0.96(3)
B(3)-C(7) 1.707(3) B(9)-B(10) 1.817(3)
B(3)-C(8) 1.726(3) B(9)-H(9) 0.94(3)
B(3>-H(3) 1.09(3) B(10)-B(11) 1.849(3)
B(4)-B(5) 1.754(3) B(10)-H(10) 1.10¢3)
B(4}-C(8) 1.716(3) B(10)-H(12) 1.15(3)
B(4)-B(9) 1.793(3) B(11)-H(11) 1.08(3)
B(4)-H(4) 1.09(3)

B(2)-B(1)-B(3) 59.76(13) B(9)-B(5)-B(10) 61.84(13)
B(2)-B(1)-B(6) 59.34(12) B(1)-B(6)-B(2) 59.27¢12)
B(3)-B(1)-B(4) 59.77(12) B(1)-B(6)-B(5) 59.50(12)
B(4)-B(1)-B(5) 58.90(12) B(2)-B(6)-B(11) 61.09(13)
B(5)-B(1)-B(6) 60.73(12) B(5)-B(6)-B(10) 59.20(12)
B(1)-B(2)-B(3) 60.31(13) B(10)-B(6)-B(11) 62.82(13)
B(1)-B(2)-B(6) 61.40(13) B(2)-C(7)-B(3) 61.82(13)
B(3)-B(2)-C(7) 58.80(12) B(2)-C(7)-B(11) 65.18(13)
B(6)-B(2)-B(11) 59.68(13) B(3)-C(7)-C(8) 63.93(13)
C(7y-B(2)-B(11) 54.61(12) B(3)-C(8)-B(4) 61.68(12)
B(1)-B(3)-B(2) 59.93(13) - B(3)-C(8)-C(7) 62.68(13)
B(1)»-B(3)-B(4) 60.23(12) B(4)-C(8)-B(9) 05.22(13)
B(2)-B(3)-C(7) 59.38(13) B(4)-B(9)-B(5) - 59.13(12)
B(4)-B(3)-C(8) 58.89(12) B(4)-B(9)-C(8) 60.35(12)
C(7)-B(3>-C(8) 53.39(11) B(5)-B(9)-B(10) 59.47(12)
B(1)-B(4)-B(3) 60.00(12) B(5)-B(10)-B(6) 61.50(13)
B(1)-B(4)-B(5) 61.18(12) B(5)-B(10)~-B(9) 58.69(12)
B(3)-B(4)-C(8) 59.43(12) B(6)-B(10)-B(11) 58.42(12)
B(5)-B(4)-B(9) 59.53(12) B(9)-B(10)-H(12) 65.8(13)
C(8)-B(4)-B(9) 54.43(12) B(11)-B(10)-H(12) 64.5(13)
B(1)-B(5)-B(4) 59.93(12) H10)-B(10)-H(12) 109.7(19)
B(1)-B(5)-B(6) 59.77(12) B(2)-B(11)-B(6) 59.24(13)
B(4)-B(5)-B(9) 61.34(12) B(2)-B(11)-C(7) 60.21(13)
B(6)-B(5)-B(10)  .59.30(12) B(6)-B(11)-B(10) 58.75(12)
(b) Cation

S(1)-O(1) 1.549 8(17) C(11)-H(113) 1.00(3)
S(1)-C(11) 1.759 4(24) C(12)-H(121) 0.97(3)
S(1)-C(12) 1.770 8(25) C(12)-H(122) 0.84(3)
S(2)-0(2) 1.537 7(16) C(12)-H(123) 0.96(3)
S(2)-C(21) 1.771(3) C(21)-H(211) 0.94(3)
S(2)-C(22) 1.773¢3) C(21)-H(212) 1.04(3)
O(1)-H(O) 0.95(4) C(21)-H(213) 0.91(3)
0O(2) -+ - H(O) 1.45(4) C(22)-H(221) 0.73(3)
C(11)-H(111) 0.91(3) C(22)-H(222) 0.94(3)
C(11)-H(112) 0.95(3) C(22)-H(223) 1.00(3)
O(1)-S(1)-C(11) 103.45(10) C(21)-S(2)-C(22) 98.58(13)
O(1)»-S(1)-C(12) 103.01(10) S(1)-O(1)-H(O) 113.4(21)
C(11)-S(1)-C(12)  100.03(11) S(2)-0(2) ++« H(O) 113.2(14)
O(2)-S(2)y-C(21) 103.67(11) O(1)-H(O) « - - O(2) 172.2(35)
O12)-S(2-C(22) 104.06(11)

omitted from the final model. The two highest maxima in the
resultant AF synthesis correspond to H(10) (0.83e A") and
H(12) (0.53¢ A-2) respectively. The next peak [0.39¢ A-3, ca. 1 A
from S(2)] is assigned to a S lone pair, and all further peaks have
an electron density < 0.3¢ A-.
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V)

Consistent with other studies,®° the endo B~-H bond appears
to be a littie longer than exo B-H bonds involving similarly
connected boron atoms, but even though the present study is an
accurate one the estimated standard deviations (c.s.d.s) on B-H
distances are sufficiently high to preclude further comment. The
H(10)-B(10)-H(12) angle, 109.7(19)°, is, within experimental
error, the tetrahedral ideal, and H(12) is evenly distanced from
B(9) and B(11), 1.71(3)A in each case. The lengths of the B(9)-
B(10) and B(10)-B(11) edges are typical of those of unbridged
connectivities.?®

Thus, the key result from the crystallographic study is that
anion (1) has the {BH,}-containing structure (I), and therefore
by implication that this, and not forms (II) or (III), is the
preferred, ground-state structure, at least in the solid.*

This conclusion is fully consistent with the form of the highest
occupied molecular orbital (h.o.m.o.) of [7,8-C,ByH,,]1?~. The
frontier orbitals of [C,BgH,,]*~, as given by extended-Hiickel
m.o. calculation, have been rcported previously.?' For the
present purposcs we have repcated this calculation using the
1C,B4H,,} fragment derived crystallographically above [by
removal of H(12), line diagram (IV)] and performing the
calculation, using the ICONS program?? and the weighted H;;
formula,?® with full charge iteration (including Madelung
correction) on all atoms. The h.o.m.o., an ¢’ m.o., is localised on
B(10) (415;) and B(9) and B(11) (13% on each), and these
contributions are skeiched in (V). The components from these
atoms are s-p hybrids, outward pointing from the open face.
Clearly, the preferred site of protonation of {7,8-C,BoH,,)* " is
above B(10), slightly inside thc upward projection of the
pentagonal face, to afford the endo-H atom revealed by the
crystallographic study.

. Inaddition to affording an understanding of the experimental
finding of an endo-H atom in anion (1), we find that the results of

* Note added in proof: The endo terminal position of H(12) in [7.8-
C,By4H,,] " hasbeenindependently determined (see following paper), via
n.m.r. spectroscopic studies.
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extended-Hiickel m.o. calculations also allow some rationalis-
ation of the relative magnitudes of endo and exo B-H coupling
constants. Thus, a calculation on [C,BoH,,] ™ reveals < B(2s)/
exo-H(1s) > overlap integrals in the range 0.520—0.605,
whereas that between B(10)(2s) and H(12)(ls) is only 0.506.
Moreover, significant overlap integrals (0.277) are calculated
between B(9,11)(2s) and H(12)(1s), in keeping with the small but
real interaction between H(12) and B(9) and B(11) that was
detected by the 'H-{''B, selective} n.m.r. experiments.
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Abstract. C,H,;B,S, M, =194.53, triclinic, P1, a
=8.7912 (14), b= 12-093 (5), c=12-5617 (19) A, «
= 107-53 (3), f=101-019 (13), y=106-10(3)°, V
=1167-2(8) A3, Z=4, D, =1-107 Mg m~?, Mo Ka,
A=0-71069 A, x=0-213mm-', F(000)= 408,
291 K, R =0-0480 for 3580 observed refiections.
There are two-.crystallographically independent mole-
cules in the asymmetric fraction of the unit cell, which
differ in respect of the torsion about the B(9)—S bond.
The u-H atom bridges the B(10)—B(11) connectivity
asymmetrically, favouring B(10), the less positively
charged boron [average x-H—B(10) 1-165, average
u#-H-B(11) 1.35 A].

0108-2701/88/091648-03803.00

Introduction. The synthesis of the title compound (1)
was reported ten years ago (Plesek, Janousek &
Hermanek, 1978). Spectroscopic study indicated that
the SMe, unit was bound to B(9) of the nido-
icosahedral {7,8-C,B,} polyhedron, but the position of
the bridging H atom (shown to be either 9,10 or 10,11
bridging) was not unambiguously determined.

We are interested in (1) as a precursor of [9-
SMe,-nido-1,8-C,BgH ¢]-, a monoanionic carbaborane
fully analogous to the ubiquitous [C,H,]~ ligand. Since
the position of the 4-H atom in (1) may be important in
the formation and structure of metal complexes of its
anion, we have undertaken the present study.

© 1988 international Union of Crystallography



J. COWIE. E. J. M. HAMILTON, J. C. V. LAURIE AND A. J. WELCH

Table 1. Coordinates of refined atoms and equivalent
isotropic thermal parameters

vy
Ugo=32,2,Ua7a} 8.8,

x ¥ z U(AY
Sta) 0-28339 (6) 0-50594 (6) 0-74R44 (5) 0-0543 (4)
CS(la) 0-3092 (3) 0-5721 (3) 0-R9S584 (21) 0-0680 (19)
CS(2a) 0-3532¢4) 0-6307 (4) 0-7025 (1) 0-125 (4)
B(la) —0-2536 (3) 0-4679 (3) 0-6394 (3) 0-0592 (19)
8(2a) -0-3199 () 0-4313 () 0-7506 (3) 0-0651 (21)
B(3a) —0-2555 (%) 0-3274 (2 0-6577 () 0-0676 (21)
Brda) ~0-0869 (3) 0-4149 (3) 0-62429 (25) 0-0571 (19)
B(5a) -0-0453 () 0-57396 (25) 0-70139 (22) 0-0502 (17)
B(6a) ~0-1908 (3} T 0-5851 (3) 0-78330(25) 0-0562 (18)
C(7a) ~0-1847 (3) 0-17267 (25) 0-806S (3) 0-0729 (21
C(8a) —0-0531 (3) 0-36857(23) 0-74344 4 0-0630 (18)
B(92) 0-0701 (3) 0-49794 (23) 0-75785 21 0-0453 (16)
B(10a} 0-0197 (3) 0-6129 (3) 0-85526 1) 0-0501 (i)
B(11a) -0-1543 (4) 0-5147 () 0-R862 (3) 0-0680 (22)
S(h) ~0-22948 (1) 0-87045 (6) 0-66900 (6) 0-0658 (5)
CS(2b) ~0-3046 (4) 0-9752 (3) 0-6194 (3) 0-0884 (24)
CS(1m ~0-2613 (4) 0-7515 () 0-5314 (3) 0-0815 (22)
Belb) 0-2735 4) 1-1753.(3) 0-R471 (3) 0-0690 (22)
B(2h) 0-39R82 (4) 1.0923 (2) 0-R717(D) 0-0773 {249)
B 0-2493 (5) 1-0956 (3) 0-9415(3) 0-080S5 (25)
Bidh) 0-0719 (9 1.0921 () 0-8466 (3) 0-0665 (21)
B(SH) 0-1156 (3 1-08273 (25) 0-71294 (24) 0-0551 (18)
B(6h) 0-3212 (4) 1-0805 (3) 0-7275(3) 0-0673 (21)
C(7h) 0-2717(3) 0-9598 (}) 0-8719(3) 0-0751 (21)
C(8m 0-0923 (3) 0-95489 (24) 0-85366 (21) 0-0628 (18)
B(9H) 0-0036 (3) 0-94901 (23) 0-72891 (22) 0-0483 (16)
R(10h) 0-1446 (3} 0-9414 (3) 0-64557(25) 0-0579 (19)
B(l15} 0-3233 (9) 0-9442 (3) 0-7531 (4) 0-0776 (25)
H(la) —0-347 (4) 0-472 (3) 0-564 (3}
H{(2a} —0-444 (4) 0-397 () 0-7522 (25)
H3a) —0-330(4) 0-236 (3) 0-601 (3)
H{4a) —0-064 (4) 0-386 (3) 0-545(3)
H(Sa) —0-003 (4) 0-644 (3) 0-667 (3)
H(6a} ~0-238 (4) 0-664 (3) 0-800 (3)
H(7a) --0-219 (4) 0-310(3) 0-832(3)
H(Ba) ~0-012 (4) 0-285 () 0-731 (%)
H(10a) 0-107 (4) 0-709 (3) 0-913(3)
H(11a) ~0-186 (4) 0-547 (3) 0-965 (3)
H(*a) 0-006 (4) 0.545 (3) 0:900 (3)
H(1b) 0-327 (4) 1-274 (3) 0-875(3)
HE2M 0-524 (4) 1-127 (3} 0-917(3)
H(3h) 0-272 (4) 1130 (3) 1-037 (3)
H(4h) ~0-024 (4) 1128 (3) 0-883 (3)
H(5h} 0-064 (4) 1-123 (3) 0-653 (3)
Hi6h) 0-399 (4) 18 () 0-670 ()
H(7h) 0-303 (4) 0-926 (1) 0-922¢3)
H(RH) 0-031 (4) 0913 (3) 0-893(3)
H(10h) 0-116 (4) 0-902 (3) 0-548 (3)
HILIB) 0-316 (4) 0-900 (3) 0-727(3)
H(*h) 0-170 (4) 0-860 (3) 0-677(3)

Experimental. Compound prepared according to the
literature (Plesek, Janousek & Hermanek, 1978), and
purity checked by microanalysis (C, H) and NMR
spectroscopies (‘H, ''B{'H}); crystals suitable for
diffraction study obtained by solvent diffusion
(CH,Cl,-n-hexane) at 291 K; colourless block, ca
0-3 x 0-3 x 0-4 mm mounted on glass fibre and set on
Enraf-Nonius CAD-4 diffractometer (Mo Ka X-
radiation, graphite monochromator); cell parameters
and orientation matrix from least-squares refinement of
6 values (14 < 8 < 15°) of 25 centred reflections; data
collection by w—26 scans in 96 steps with w scan width
(0-8 + 0-34tand)°; data (h:0 to 10, k:—14 to 14, :—14
to 14) measured for 1 < 8 < 25° over-92 X-ray hours;
no detectable crystal decay or movement; corrections
for Lorentz and polarization effects applied (Gould &
Smith, 1986), but not for absorption; 4390 inde-
pendent reflections measured, 3580 [F = 2-00(F)|
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Table 2. Interatomic distances (A)
S$(a)-CS(1a) 1.768 (3) S()-CS(25) 1.792 (&)
S{a)-CS(2a) 1-770 (4) S(b)-CS(15) 1-797(3)
S{a)—B(%a) 1-879 (3) S(b)—B(95) 1.889 (3)
B(la)-B(2a) 1-740 (5) B(15)-B{(2b) 1-724 (5)
B(la)>-B(3a) 1.778(5) B(15)-B(3b) 1.769 (5)
B(la)-B{da) 1.774 (4) B(15)-B(4b) 1-777 (5
Btla)-B(5a) 1-777(4) B(156)-B(58) 1-768 (5)
B(la)-B(6a) 1-795 (4) B(15)—B(68) 1-793 (5)
B(la)-H(la) 1-15(3) B(15)—H(15) 1.07(3)
B(22)-B(3a) 1-740 (5} B(2b)—B(3b) 1.728 (6}
B(2a)-B(6a) 1.762(5) B(25)-B(6b) 1.757(5)
B(2a)-C(7a) 1-690 (5) B(25)--C(10) 1-679(5)
B{2a)-B(!la) 1.800 (5) B(25)-B(118) 1-796 (S)
B(2a)-H{(2a) 1-06 (3) B(2b)-H(2b) 1-04 (3)
B(3a)-B(4a) 1769 (5) B(35)—B(4b) 1-768 (5}
B(3a)}-C(7a) 1-712(5) B(35)—C(7b) 1-704 (5)
B(3a)-C(8a) 1.740(5) B(35)~C(85) 1.738 (5)
B8(3a)-H(3a) 1-05(3) B(3b)~H(3b) 1-08 (3)
B4a)-B(5a) 1.767 (4) B{45)-B(5b) 1-771 (S
B(4a)-C(8a) 1.752 (4) B(4b)—C(8b) 1.744 (5)
B{4a)-B(9a) 1.749 (9) B(4b)-B(9b) 1-7157 (4)
B(4a)-H(4a) 1-03(3) B(4b)-H(4b) 1-16 (3)
B(Sa)-B(6a) 1:797(4) B(5b)—B(6b) 1.790 (5)
B{(5a)-B(9a) 1-736 (4) B(55)—B(95) 1-736 (4)
B(Sa)-B(10a) 1.779 (4) B(55)—-B(105) 1-776 (4)
BiSa)-H(5q) 1-07(3) B(5b)-H(5b) 111 (3)
B{ta)-8(10a} 1.785 (4) B(65)—B(10b) 1-788 (5)
B(6a)-B(11a) 1-775(5) B(6b)-B(!11b) 1-777(5)
B(6a)-H(6a) 113(3) B(6b)~H(6b) 119(3)
C(7a)-C(8a) 1.525(4) C(75)-C(85) 1.531 (&)
C(7a)-B(l11a) 1-623 (5) C(76)-B(11b) 1-613(5)
C(7a)-H(7a) 0-91(3) C(16)-H(1b) 0-88 (3)
C(8a)-8(%a) 1-571 (&) C(85)—-B(95) 1-582 (4)
C(8a)-H(8a) 1114 (3) C(8b)~H(8b) 0-94 (3)
B(9a)-B(10a) 1-775 (4) B(95)-B(10b) 1.773 4)
B(10a)-B(11a) 1.843 (5) B(106)~B(115) 1.851 (5)
B(10a)-H(10a) 1-12(3) B(105)—-H(10b) 1:12(3)
B(10a)-H(*a) L 13) B(10b)}—H(*b) 1.22 (3)
B(11a)~H(l1a) 1.07(3) B(115)—H(1156) 1-14 (3)
B(tia)~H(*a) 131 3) B(11b)~H(*b) 1.39 (3)

retained; structure solution using automatic direct
methods (Sheldrick, 1986), and iterative full-matrix
least-squares refinement (on F)/4F syntheses (Shel-
drick, 1976); cage C atoms assigned by a combination
of short C—C distance and low isotropic thermal
parameters after refinement as B; weights assigned

_according to w~!=[0*F) + 0-00002F?}; all non-H

atoms allowed anisotropic thermal motion; cage H
atoms positionally refined, and methyl H atoms treated
as part of rigid groups (giving sensible S—C—H angles);
all H atoms given an overall isotropic thermal param-
eter, 0-095(16)A? at convergence; No. of variables
320; data:variable ratio >11:1; R =0-0480, R' =
0-0650, S = 1-714; max. shift/e.s.d. in final cycle <0-1;
max. and min. residues in final 4F synthesis 0-522 and
—0-233 e A-3; scattering factors inlaid in SHELX76;
all calculations performed on Amdahl 470 V/8
computer.

Discussion. Table 1* lists final atomic coordinates and
(for non-H atoms) equivalent isotropic thermal param-
eters. Interatomic distances are given as Table 2. There

* Lists of structure factors, idealized H-atom coordinates,
anisotropic thermal parameters and bond angles have been
deposited with the British Library Document Supply Centre as
Supplementary Publication No. SUP 51017 (27 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.
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are two crystallographically independent molecules in
the asymmetric unit, a and b. The root-mean-square
misfit (Gould & Taylor, 1986) of the {C,B,S} frag-
ments of @ and b is only 0-016 A, but this increases
substantially (0-209 A) if the C,., atoms are also
included. Hence a and b differ only in respect of the
torsion about the B(9)-S bond. For a C(8)—B(9)—
S—CS(1) is —100-01 (20)°; for b the equivalent torsion
is —123-22 (21)°. Plesek er al. (1978) noted two CH,
resonances in the 'H NMR spectrum of (1), and
interpreted this as indicating no free rotation of the
SMe, unit about the B(9)—S bond. However, the methyl
groups of (1) are magnetically inequiyalent whatever
the torsion about the B—S bond (as long as inversion at
S does not occur), so the extent of rotation about this
bond in solution remains unknown. It would be
surprising, however, if such rotation were restricted at
ambient temperature.

In the crystal there are no intermolecular contacts
closer than the van der Waals sums of atoms. Fig. |
presents a perspective view of molecule a, and Fig. 2
views the same molecule from a position directly above

Fig. 1. Perspective view of molecule a of {9-SMe,-nido-7.8-
C,B,H,,} (1) (Mallinson, 1982) showing the atomic numbering
scheme.

Fig. 2. View of molecule @ from above the open five-atom face,
clearly demonstrating the conformation of the perdant SMe,
group. In molecule b there is a ca 23° relative twist about the
B(9)-S bond.

C.H,;B;S

the open five-atom face. The crystallographic study
clearly defines the H-bridging site as the B(10)—B(11)
connectivity. The bridges are significantly asymmetric.
favouring B(10) in both independent molecules. Speci-
fically, H(*)—B(10)is 1-11(3)and H(*)-B(11) 1-31(3)A
in @, and 1-22(3) and 1-39(3)A respectively in b. In
contrast, the B—H—B bridge in [8-SMe,-nido-7.9-
C,B,H,,| la structural isomer of (1)| is symmetric
(Subrtova, Novak, Linek & Hasek, 1984). The asym-
metry in (1) can be readily understood in terms of the
protonic nature of bridging H atoms and the relative
electronegativity of the (cage) C atoms. Charge-iterated
extended Hiickel molecular orbital calculations
(Howell. Rossi, Wallace, Haraki & Hoffmann, 1977)
on. idealized models of |nido-7,8-C,B,H,,|>- and
{9-SH,-nido-7,8-C,B,H ,|~ suggest that in (1) B(10) is
substantially more negative than B(11), but indicate
that this arises primarily from the non-adjacency of
cage carbon atoms rather than any effect caused by the
SMe, group pendantto B(9).

All other molecular parameters in (1) are as
expected. The B—S distance |ave. 1-884 (4) A| agrees
well with those previously reported (e.g. Subrtova er al.,
1984; Schramm & lbers, 1977; Mizusawa, Rudnick &
Eriks, 1980). Future contributions will report the
structural consequences of deprotonation and isolobal .
substitution of the y-H atom of (1), and the results of
synthetic and structural studies on #7-bonded transition
metal and actinide complexes of [9-SMe,-nido-7.8-
C,B,H, ).

We thank the SED (JC) and SERC (EJMH) for
support.
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