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ABSTRACT

An introduction to the carborane chemistry andifissation was outlined,
key references for up to date insight were provided new bifunctional
meta-carborane derivatives were prepared and charasdenig°C, 'B, and
'H NMR spectroscopy, ESI-MS, IR spectroscopy, a@debtitration, melting
point determination and computational analysisctbm-accepting and
donating directions in the synthesised carborammess were manifested by
comparison with the parent compounds. The mutdlalance of the
functional groups attached to threeta-carborane cluster was discussed with
regard to the collected experimental data. Andaatstontemplation of the
utilisation of the observed effects for SAMs taihgy was carried out.
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HISTORY OF BORANE CHEMISTRY

Borane chemistry was established with the workto€iSand Massenez in
1912* They developed new vacuum techniques for treatitatile and
reactive substances and described the prepardteoraries of boron
compounds, including Bls, BsH1o, BsHg, BsH11, BsHio and BoHi4. Some of
their basic properties are stated@able 1. The original synthesis
unfortunately provided very low yields, making thevelopment of borane
chemistry difficult.

Table 1 Basic characteristics and properties of selectednas; melting
point (m.p.) and boiling point (b.p.) temperatudatga taken from:
MuettertiesBoron Hydride Chemistfy.

m.p. (°C) b.p. (°C) notes
B2Hs —165.5 —92.5 violently inflames at room
B 46.8 8.4 temperature
BaH1o —120 16 spontaneously decomposes
BeHus 1033 65 at room temperature
BsH1o0 —65.1 108
BioH14 99.5 231 stable, crystalline

The question of the structure of boranes was tdokiéh diborane, being
solved through electron diffraction analysis, whiigve misleading
conclusions of an ethane like structure at fitstf inclined towards a
hydrogen bridged molecule as depicteérigure 1, when investigated again
in 19517

Hnm,,“ / \ llllll 1.|.1.1'1H
f \H/B---H

Figure 1. The structure of diborane.

Various bonding pattern theories emerged, of whmne are mentioned
below. A two-centre one-electron bogd/ing numerous resonance
structures, thus making the outlets clouded antbfacomplex.
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Boron-boron double bond with two protons placethmhalf-planes of a

n— electron cloud resulting in the bridging protons being acidic,ieth
contradicts with experiments, as the bridging pmetof diborane and similar
molecules are hydridicAnd a three-centre two-electron (3c2e) bond
between the two boron atoms and one hydrogen adh@ory suggested by
Longuet-Higgins in 1949 He presented the bond as being formed by one
sp’ hybrid orbital from each boron atom and 1s orlitain a hydrogen
atom. The last concept was used by Eberhardt, ©rdveind Lipscomb, for
drafting a systematic description of bonding inf@gboranes by 3c2e
bonds, formed by AOs of either three boron atontsvorboron and one
hydrogen ator With improvements, these principles are usedHerttasic
description of borane clusters to date and ardlypdescussed in the next
section.

The high symmetry in boranes was emphasized bytiteation of
delocalised bonding, as their thermal and hydrolstability, alongside with
the unusually high value of magnetic susceptibiptyinted towards their
aromatic charactéf.The earliest linear combination of atomic orbitals
(LCAO) analysis of borane structures, performed.bgguet-Higgins and
Roberts in the mid 1950’s, predicted icosahedraHB*].** The
dodecaborane dianion was synthesised in the faligpwears, alongside
other predictedloso-boranes, [BH.]*].'*** The descriptive methods were
improved and simplified by Wade and Mingo in 19thhse are presented in
the next sectiort.

An investigation on the use of boranes as potehiidl energy fuels for
aircraft engines led to improvements in their sgsth and a large-scale
production in the 1950%.This idea, surprisingly far later, proved to be
blind, as combustion of boranes with oxygen giva®b trioxide, a glass
like solid with the melting and boiling points 5@ °C and 1860 °C,
respectively. This glass product made the drivigiesn malfunction.
Although the original purpose of the research waduidfilled, it resulted in
a fast development of the solely man-made chemidtbpranes and their
derivatives, as well as concepts of their structune bonding?® The
availability of B,H14 as a starting precursor made possible the disgmier
many other polyhedral boranes, carboranes and lotetahnes’ '

STRUCTURAL AND BONDING PATTERNS

The molecular structures of boron cluster hydriglesderived from
deltahedral shapeki@. 3). This has been recognised as the key aspeatin th
categorisation of boranes and their structuralanas. The classes are
based on the openness of respective molecularyarke and are further
explained in binary boranes.



close-Boranes are usually denoted with the formuldd[B], with boron
atoms forming highly symmetrical closed polyhediadletons with

n vertices. Their 3D-aromatic @seudoaromatic character is a topic
discussed ever since the prediction ofdluso-dodecaborane dianion and is
often addressed by the means of computational e

Other borane types are summarisediahle 2 Their reactivity escalates
from closo—to hypho-boranes, as in each group the boron atoms fill only
n vertices of the associated deltahedron, makindpdnane structure more
open.

Table 2 Borane types, based on their composition andtingber of

vertices.

Type Composition Manifested structural pattern
closc-Boranes BH, n—vertex deltahedron
nido-Boranes BHnea (n+1)—vertex deltahedron

arachne-Boranes BHn6 (n+2)—vertex deltahedron
hyphe-Boranes BHos (n+3)—vertex deltahedron
conjucte-Boranes combination of boranes stated above

The bonding is interpreteda localised and delocalised bonds. Molecules of
low symmetry are described with localised 3c2e satompanied with

the classical two-centre two-electron (2c2e) bo@dsthe other hand, high
symmetry of closed deltahedral boranes enablegssé®f molecular orbitals
(MOs) extended over the whole boron skeleton. Tieeretical methods are
nowadays hidden in elaborate computational packdgeshe main ideas
were fashioned into simple counting rules for textbcharacterisations and
prediction of new structures.

LCAO method describes the 3c2e bond as a combmafids hydrogen
atom orbital (AO) and 2s, 2p boron AOs with theuiegd hybridisation.
Two kinds of 3c2e bond are used for boranes, thB Bid BHB bond, with
their schematic orbital contributions presenteBigure 2. The LCAO
method gives three MOs, one being bonding and ttier dwo either
nonbonding or antibondirg.
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Figure 2. Schematic depiction of the three-centre two-etecbonds with
respective AO contributions.

Carbon atoms are capable of participating in maghtre bonding as well,
with examples found in carboranes, metal complés@siring agostic
interactions and non-classical carbocations suchyMdss**.** Their structure
iIs however usually described with delocalised MOs.

The use of 3c2e bonding in the characterisatidsoodines was elaborated by
Lipscomb in theequations of balangevhich are as follow&. Each boron
atom in the molecule shares four AOs and thredreles, with the one
electron deficiency being compensated with one Bci2el, there must be an
equal number of 3c2e bonds and boron atoms, wétlotimer orbitals and
electrons used for classical bonding. Moreoverydetionship between the
number of all boronp) and hydrogenp+q) atoms, boron atoms with two
terminal hydrogen atoms Bff), classical BB bonds/ and 3c2e BHBS)

and BBB () bonds in the molecule is:

s+t=p
S+x=(q
p=t+y+0g2

Those relations were further extended to accommeauatel molecule
types?®

The rules issuing from the use of delocalised M@savwsummarised and
simplified by Wadé&? The principle dealing with simple clusters presame
that the molecule is constructed from basic bugditocks such as B—H or
C-H fragments. Each fragment is composed of aikexMO and
contributes its spare electrons and AOs to the &tion of the skeletal
framework,i.e.two electrons and three AOs in the case of the Baginent
and three electrons and three AOs in the caseedf+iH fragment. The
geometry is then determined by the total numbe&iextrons accessible to
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the skeletal bonding=(g. 3). The Wade’s principles are further modified for
application to more complex clusters containingehedtoms, capping
vertexes, multi cluster systerag.?

DICARBA- closo-bODECABORANE

Three structural isomers of th@-vertex dicarbacloso-€lodecaborane
(herein further referred to as carborane or CBkamvn,ortho-carborane
1,2-C,B;0H12, meta-carborane 1:7C,B10H;, andpara—carborane
1,12-C,B;H;,, differing in the positions of carbon atonfisg. 4).

Figure 4. The structural isomers of tlskoso-earboranegortho— meta—and
para-), pictured with the numbering system of distingsitions.
The lines connecting the vertices do not represieamical
bonding and are present to highlight the icosahetinacture.
Hydrogen atoms at vertices of the icosahedra ardeahfor
clarity, the larger black dots indicate the posis®f the carbon
atoms.

Structure

The structure of carboranes is derived from theedaldlorane dianion
[B12H1,7] structure, a regular icosahedron with the edggtle of
approximately 1.8 A. The formal substitution of tiworon vertices by
carbon atoms leads to a subtle distortion of theabedron, the carbon
vertices are slightly embedded inwards.

The effect of carboxyl (COOH) and thiol (—SH) stitbients on the
carborane skeleton is apparenTable 3, where selected interatomic
distancest(C1-C2) and(B9-B12) are shown fasrtho-carborane and its
1,2— and 9,12—disubstituted derivatives. It is emtdthat both functional
groups increase the respective interatomic distafdee effect of the —SH
group attached to the carbon atoms is strikinglydg as the other two
shown derivatives exhibit only a slight differenetawever, the distances



provided inTable 3for 1,2—(SH)}-o—carborane are computational, unlike the
rest of the data.

Table 3— Interatomic distances of selected verticesrtho-carborane
derivatives determined by crystallography and caajponal

analysis.
r(C1-C2) /A r(B9-B12) /A
[B1H:7] - 1.775(273"
0-CB 1.630(6) " 1.775(16)°
1,2—(COOH}-0-CB 1.654(6) 1.782(5}
1,2—(SH)}>0-CB 1.803 1.77F
9,12—(SH)}-0-CB 1.640(3) 1.797(3)

4 Data from an X-ray structural analysig!-%#
®) Average value for the molecules in the crystabigdpic unit cell.
© Computational dat¥.

Symmetry

The symmetry analysis of carboranes renders infoomabout the
equivalence of some vertex positions. This is irtgedrfor the evaluation of
nuclear magnetic resonance (NMR) spediadble 4 shows equivalent
positions for the paremeta-€arborane and its derivatives substituted at
positions C1 and B9. The derivativeroéta-earborane with a substituent
introduced in the position C1 has the same symnastnyeta-carborane
substituted by two different functional groups othbcarbon positions,

l.e. the symmetry of 1-Xm-C,B1oH11 is equal to the symmetry of
1-X-7-Y-m-C,B,0H10. Bifunctional derivatives aineta-earborane were
prepared as part of this study and their symmety wutilised in their
characterization.



Table 4. List of equivalent positions in derivativesméta-€arborane. The
derivatives in the table are positioned to degietreducing

symmetry.
1-X-m-CB m-CB 9-X-m-CB 1-X-9-Y-—CB
1 1 1
1,7
7 7 7
2 2
2,3 2,3
3 3
4
4.6 4.8
8
46,811
6
8,11 6,11
11
9 9
9,10 9,10
10 10
5 5
5,12 5,12
12 12

Charge Distribution

The charge distribution over boron vertices showneation with the
distance between particular boron vertex and casboms. The more distant
the boron atom is in the cluster from the carb@mat the higher is its
electron density resulting in mesurable dipole moments of approxaiya
4.53 D forortho- and 2.85 D fometa-carborané? A feature arising from
this non-uniform electron distribution is the elect accepting and donating
properties of the C— and B—substituted carboramyéties. Among the
B—substituted carboranyl moieties, the electroratiog character of the
carborane cage increases in the following order:

3-0<2-M<4-0<4-m<2p<5mM<8-0<9-Mm< 9-0

The same order is proved in electrophylic reacteaums acidity of
carboxylated and thiolated derivativé$’



NMR Spectroscopy Evaluation

Numerous studies have been reported to assign NdARspto the respective
boron, carbon and hydrogen atoms in carborane isob@aring different
substituents. General trends and unexpected davsatvere observed.

The first striking feature in theB spectra is the apparent inverse relation
between chemical shielding and charge distribubiver the carborane
skeleton. While the charge distribution in prineipises with the distance
from the carbon atoms, the boron nuclemata-carborane experience
shielding in the order B(5,12), B(9,10), B(4,6,9,18(2,3), from low field to
high field respectively:

Another important feature for the evaluation'&f spectra is the vicinal and
antipodal effect. In halogen B—substituted carbesasm upfield shift has
been observed for the antipodal nuclei and a dahhghift for the vicinal.
An interesting back-donation was observed for tisknie-bonded boron
atom, resulting in a strong upfield shift of thined boron nucleu¥.

The'H spectra feature the same basic trend, the bamdda protons
experience stronger shielding with the closingatise to the skeletal carbon
atoms®’ Deshielding of the protons is observed in halogeéstituted
carboranes, the effect lowers with rising distainoe the halogen
substituent?

The'*C signals of the skeletal carbon atoms follow tlvinal and antipodal
effects outlined fol'B.

The assignment of peaks in NMR spectra is intargstainly for the better
understanding of the communication between theotarte cage and
different functional groups. It was set out as hjective to assigh'B peaks
iIn mone- andpoly- substituteaneta-carborane derivatives. This task
however proved too complex, as chemical shifts Heaen studied mainly
for B—halogenated and B—methylated carboranesh&ucomplicating is the
non-trivial relation between the chemical shiftsetved inpoly-substituted
carboranes and the chemical shifts examined fosdh@e substituents in
mone- substituted carboranes.

A correlation between the acidity aftd chemical shift of the —SH moiety
attached to the carborane clusfEal(. 5) was intended to be used as an
indirect probe of the acidic character of the sutgionded proton in
carboxylated mercaptocarboranes.



Table 5. The acid dissociation constants and respediWdMR chemical
shifts of thiolated carboranes. The dissociatiomstants were
determined under identical conditions in 50% ethahe'H NMR
spectra were measured in CRE|

'H NMR (SH) pKa
1-SH-0-CB 3.95 3.30
8-SH-0-CB 0.46 9.32
9-SH-0-CB 0.45 10.08
1-SH-m-CB 3.36 5.30
4-SH-m-CB 0.72 7.38
9-SH-m-CB 0.43 9.45
1-SH-p-CB 3.16 5.85
2-SH-p-CB 0.79 7.75

Synthesis
Dicarba—closo-dodecaborane

Theortho-carborane is mainly prepared by the reaction dedaborane(14)
with a Lewis base, giving mido-L,B;0H;, intermediate, which readily reacts
with acetylenesKig. 5).%°

H3CCN NCCH,
<H> HC=CH

Figure 5. Acetylene insertion intoBioH:. (L = CH;CN) to give
ortho—carborane (figure taken from: Berkelegissertation.*

Another procedure exploits the exchange of catimt&een sodium
borohydride and tetraalkylamonium salt, formingNBH., R = alkyl, which

is then pyrolyzed to give a mixture comprising ghhiraction of

close-BioH10™. Theclose-decaborane dianion cage opens in the presence of
a Lewis base and a proton donor, formingrttu®-L,B1oH;, intermediate,

used in the reaction discussed abBve.
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Themeta- andpara—carboranes are prepared through thermal isomierizat
of ortho-carborane. The conversionrteta-carborane occurs above

425 °C, giving almost quantitative yields vapour phase isomerization at
600 °C in less than a minuteThepara—carborane needs temperatures
above 600 °C for the isomerization to occur, legdondegradation of the
carborane skeleton, forming undefined polymer-tikater. Therefore the
procedure results in a low yields foara—carborané?

Introduction of —SH Group to B—\Vertices

The classical route to B—thiolated carboranes seth@n the reaction of the
respective carborane isomer with an excess of sulpier aluminium
trichloride (AICL), followed by hydrolysis. This reaction has been
demonstrated for example areta-€arborane, and gave
9,10—(SH}m-carborane in a high yiefdThis reaction is however limited
to the vertices with a relatively high electron signand restricts any
regioselective demands.

Alternative synthesis use the reactiomane- orpoly- iodinated
carborane with triisopropylsilanethiolate (Si®r}S), catalysed by
tetrakis(triphenylphosphine)palladium (Pd(RBhthe needed SKPryS
anion is generated from proton transfer betwe&opropylsilanethiol
(Si(i—-PrySH), and a base. The product of this cross—coupdagtion is then
hydrolysed with aqueous acid, the reaction gimesa-carborane thiolated at
the former iodine positiorfS.

The next synthesis is interesting for the genemadimrtho-carborane
lodinated at the B(3) position, The 3et€arborane might be then utilised in
the catalysed thiolation as stated above. Theiogaot ortho-carborane with
alkoxides cleaves one boron vertex, givindo-C,BsH1;,*, thenido-anion
reacts with RBX, where X = alkyl, aryl, halogen and X = halogemnjrg
R—3-o—carborané’*®The procedure can be appliedneta-carborane as
well.*

Substitution at Carbon Vertices

The C—-H carborane vertices are relatively acidit radily react with
strong bases, such as organolithium reagents.ifiiretibn of carboranes
with n-butyllithium thus takes place only at the carbentices and leads
potentially tomona- ordi— lithiated carboranes. Those may undergo
different subsequent reactions. Reaction with efgatesulphur leads to
lithium thiolates as an intermediate species, exyo® CQ leads to lithium
carboxylates. Acidic hydrolysis then gives carber#miols or carborane
carboxylic acids in good yield$>'Other reactions common to
organometallic compounds may be carried out toavé¥er, the
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possibilities narrow for thiolated carboranes. cove method has been
elaborated to conceal the undesired reactivithiolate anions. Reaction of
carborane thiols with a strong base and methoxyyhé&romide renders
(methoxy-methylthio)—carborane, which may undengy subsequent
reaction typical for the organometallic compounidse protecting group
may be cleaved in a reaction with Hg€l

Organic Analogues

For the comparison of the effects, which —-COOH -a8H moieties bestow
upon each other, organic aromatic analogues aczided through acid
dissociation constants aftd NMR chemical shifts of the sulphur bonded
proton {Tab. 6).

Table 6— Acid dissociation constants attdl NMR chemical shifts (-SH
group) ofmone anddi-substituted benzene derivatives.
Respective titrations were carried out under idahttonditions,
NMR experiments were carried out in CRCI

IHNMR (SH)  [Ka(SH) PKA(COOH)

benzoic acid — — 9.4%F
thiophenol 3.40 6.62 -
thiosalicylic acid 4.67 8.2 -

m—-mercapto benzoic a. 358 6.1% 8.9

p—mercapto benzoic a. 365 5.9 9.29

4 Potentiometric titration in methandl.

®) Spectrophotometric titration in.B.>*

° Data taken from: CAS online datab&se.

9 Data taken from: Jiangt al. A General and Efficient Approach to Aryl dlkP®

The trend in acidity of the —COOH groups in mero@phzoic acids can be
outlined with Kekules structureEi@. 6). The increased electron density in
positionsortho- andpara— arising from the mesomeric effect of the —SH
moiety on the benzene ring forecasttho- andpara—mercaptobenzoic acid
to be of lower acidity themeta-mercaptobenzoic acid, where it is only an
inductive effect that plays a significant role. Fois reason it would be
further interesting to observe, whether a similand would arise in
C—substituteartho—andpara—carborane isomers.

12



Figure 6 — Mesomeric structures of thiophenol.

UTILISATION OF BORANE AND CARBORANE CLUSERS

Unusual properties of borane and carborane clustEnsa wide range of
applications, however their price limits them fdow scale use or cases
without alternatives. Of interest is the behaviotithiolated
closo-earboranes in the form of self-assembled monolaigE4d/)s on

metal surfaces, other utilised properties aredisteefly. A review covering
the applications of carboranes was recently pubtidsy Grimes! Recent
works on application oflaso-carboranes in health care are presented in a
review by Valliant et at®

SAMs

The ability of molecules to forrmone-molecular layers by adhesion on
surfaces is investigated for various systems, cm®&gpifor example of
organic thiols and noble metals, where the thidharlate groups anchor the
organic units to the surface. Diverse surfacessaitdble anchoring groups
are discussed in a review by Goodh§AMs of thiolates on metal surfaces
are reviewed by Lov®.

Constitution of the SAM building units enables addr physicochemical
properties of surfacese. granting partial control over the metals work
function, their resistance to corrosion, wetting adhesion, surface
reactivityetc Cage molecules offer symmetrical, spatially dedirag units,
these impose an ordered surface orientation, tlaue transparent control
over the system. The benefits arising from theafissmge molecules are
reviewed by Hohmaft.

The work function of metals can be altered by tth&ogption of molecules
with oriented dipoles. The adsorbed molecules, wibative poles oriented
from the surface, increase the work function aieeé versathe magnitude of
the effect dependent on the adsorl§afene thiolatedtloso-carborane cage
offers a wide range of molecular dipoles, ortho—, meta-andpara—
Isomers thiolated at different positions, to bedusethe work function
alternatiorf? Additional attachment of substituents to the ceathe cluster
alters its charge distribution and dipole momdmistfine tuning of the work
function may be achieved.

13



The enhanced resistance of the substrate metatroston is investigated in
a system of dithiolatedrtho—carborane SAMs on silver surfaces under a
sulphane atmosphere, where the carborane monolaersd to have better
protective ability than SAMs composed of thiolatdklyl and aryl
compound$?®

More distinctive applications of carborane SAMs stk to be explored,
unlike SAMs in general, they resemble a virgindief surface science.
Their high thermal and chemical stability, symnezttiarchitecture, steric
demands and relatively high dipole moments prointkresting
foundational units. The carborane clusters maybéér functionalized to
offer selective reactive centres. It is in the sopthis study to compare
polar effects opoly—substituted carborane derivatives. Provided,ttiet
electron—donating and accepting qualities of respeckeletal positions
remain alike after additional substitution, propstof the functional groups
may be adjusted by their skeletal positioning,xadaeed in the charge
distribution section. Leading for example to adilée stability constants of
complexes.

Other applications

Polymers with embeddedoso-carborane clusters among the monomeric
units exhibit enhanced thermal and chemical stgpibr example in
polycarboranesiloxané&Carboranes have also been applied to metal-
organic frameworks (MOFs), coordination polymergwhigh porosity
suited for ionic exchange, gas storage and separatid catalysi¥.

Sandwich type complexes of open carborane framesjorked with
platinum metals exhibit catalytic properties in thalrogen transfer
reactions, behaving as homogeneous catalystyfwogenation,
hydrosilylation and isomerization of unsaturateglamic compound$.

The borane and carborane anions, whose ionic natises from the
skeleton, not an attached moiety, form salts selubbrganic solvents. Their
solubility might be utilised in inter-phase transfef cations, solvent
extraction of metals through the formation of coexgls etc.®®

Molecular properties oflaso-carboranes enables their use as biologically
active compounds. Their hydrophobic character htflesnteraction

between pharmaceuticals and their receptors amg slown the metabolic
segregation of drug$Biologically active boron compounds are synthakise
for the use in boron neutron capture therapy (BN&IJ) have been labelled
with radioactive elements to monitor its distrilautiin the organism. Radio-
labelled carborane compounds found wider applioatio tumor imaging
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techniques, since their artificial structure ressestizymatic reactions, thus
cleavage of the radioactive marker.

SCOPE OF THE STUDY

This study engages the communication between resiatid carborane
skeleton. It aims to analyse whether the electronating and accepting
properties of respective skeletal positions diffiéer an additional
substitution of theneta-carborane cluster. The possible influence of
substituents on the polar effect is investigatedieans of acidity antH
NMR chemical shifting of -COOH and —SH moietieseltiied to aneta-
carborane cluster. Attention is also paid to thengies in the interatomic
distances within the carborane skeleton, as theldagery well reflect the
differences in the distribution of electron densitser the framework, thus
influencing qualities of attached moieties.

RESULTS AND DISCUSSION

Two new bifunctional derivatives ofieta-carborane were prepared,
1-COOH-7-SHm—-carborane and 1-COOH-9-Shcarborane.

A straightforward synthesis, without the need aitecting the —SH group
was developedHg. 7). The compounds were confirmed witB andH
NMR spectra, as the number of peaks, their sgiitttndoublets and their
integrals matched the prediction. However, the astexgb values for NMR
chemical shifts gave only a close approximati®agp. Inf.).

ii) CO,)

Li COOH
@ iyn-BuLi @ ii) HO @
SH SLi SH

ii) CO,(9)

Li COOH
hn-Buli @ iii) HO'
SH SLi

SH

Figure 7 — Reaction scheme for the carboxylation of canhehiols.
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The synthesised compounds were characteriséiCbyB, and'H NMR
spectroscopy, electron spray ionization-mass speetry (ESI-MS), infra
red spectroscopy (IR), acid dissociation constaiit)(and melting point
(m.p.) determinations and computational analydie dcquired data are
presented in thBupplementary Information section. AdditionatH NMR
analysis were carried out for the parent compourels,.—COOH--CB,
1-SH-m-CB and 9-SHm-CB, K was determined for 1-COOH+-CB
(Tab. 8).

The method adopted in this work for the assignmé&éMMR signals, was
observation of collapses in doublet signalfHrand"'B NMR spectra after
application of decoupling frequencies 8 and'H, respectively, leaving
singlet signals unchanged. However, this metho@ gaeormation only for
the assignment of the singlet signals, such a%thsgnal arising from the
—3H and —COOH moieties. Chemical shifts were furdnealysed by
comparison withmeta-earborane, subsequent spectral changes with
additional substituents and confrontation with MR spectra acquired by
guantum computational methods.

The thiol based proton chemical shiftsthNMR spectra were used to
compare the electron donating and withdrawing &ffe€ different C— and
B— substituted carboranyl groups by the meansradlin the NMR
Spectroscopy Evaluation section for the acidityhefthiol moiety. However
it is only possible to show whether the effect, etthihe carborane skelet
imparts after its additional substitution, is arfiptl or reduced, but not to
which extent. This unfortunately offers only a dimshable insight in to the
communication of moieties over the carborane cfuste

The'H chemical shifts andia values of the —SH and —COOH groups
attached taneta-carborane derivatives are listedlable 8 The first K, of
compounds bearing —SH as well as —COOH group istddras arising from
the —COOH moiety and the second from the —SH grasigbnormal
behavior was not expectéd.

Both of the prepared isomers embody the same trealéctron donation at
B(9) vertex and electron accepting at C vertides the parent compounds.
As may be directly concluded from the measur€gl fhe carbon positions
stabilize the formation of anions, thus the —SH -a@@®OH moieties render
relatively acidic protons. The B(9) vertices on tilker hand grant thiol
groups with acid dissociation constants greatesdweral orders. The trend
can be concluded from tAd NMR spectra as well. The chemical shifts of
the same moieties in respective compounds diffevirlg slightly.
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Table 8— Acid dissociation constants alidl NMR chemical shifts of the
—SH and —COOH groups mone anddi-substitutedneta—
carborane derivatives. Th&pwere determined by potentiometric
titration in 50% ethanol. The NMR experiments weaeried out
in CDCL. Identical conditions were kept for all measuretaen

'H NMR PKa
~SH  —COOH —SH —COOH

1-COOH-m-CB - 9.89 - 3.76
1-SH-m-CB 3.39 - 4.9 -

1-COOH-7-SHm-CB  3.46 10.41 4.25 3.01
1,7—(SH}-m-CB - - 442 and5.71 -
9-SH-m-CB 0.47 - 9.45 -

1-COOH-9-SHm-CB  0.52 9.84 9.23 3.23

4 Data taken from a yet to be published article faum laboratory?

) The Ka1 and Ka» are shown in the same column, as they both anse the
—SH moiety.

° Titration carried out in a different laboratdfy.

As can be seen, connecting the —COOH group toatimao vertex results in
a slight downfield shift of these peaks. This olaagon extends to
thiophenol and its carboxylatekrivatives as wellTgb. 6). However, the
differences in chemical shifts are minor, so theyld also arise from the
intermolecular interactions. Thus the little diface inclines towards a very
weak influence of the —COOH moiety on the elecsomroundings of the
—SH proton.

A slightly larger difference in the chemical shigsobserved for the —-COOH
proton in 1-COOHm-CB and its derivative thiolated at the second @arb
vertex. Moreover the difference in thE4COOH) ofmeta-carborane
carboxylic acid and its different thiol-derivativisso be taken as a measure
of the communication between the —SH group anadahnieorane skelet, the
differing electron density then influencing thelskisy of the carboxylate
anion. The differences are comparable for benzodt and itameta-

thiolated derivativeTab. 6). Further, it is possible to observe that those
effects are greater for the —SH group attacheddga#arbon vertex than to the
B(9) vertex. The difference in the chemical shéter the connection of the
—SH moiety to B(9) vertex has an adverse effedtpba very low

magnitude. This observations might lead to the kkmmen that the
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communication of the carborane cluster with adjumacieties is superior at
the carbon vertices.

The K, values appointed to the —SH groupsneta-carborane thiolneta-
carborane dithiol and mercapta—carborane carboxylic acid show a
difference which is further demonstratediable 9, the moieties affecting
the dissociative —SH groups are underlined there.

Table 9— Acid dissociation constants of substituteeta-carborane thiols
with highlighted second substituents.

Substituent affecting

PKa(SH) PKA(SH)
1-SH-m-CB - 4.9
1-COOH-7-SHm-CB —-COO 4.25
pPKa1 —-SH 4.42
1,7—(SH}-m-CB
PKa,2 -S 571

It is evident from the presented data, that theatieg charge of the
carboxylate anion does not pervade through theocane skelet, since the
presence of the carboxylate anion increases tlgyaof the —SH group,
thus stabilising the forming thiolate anion in engar way as the second
—SH substituent. On the other hand, the thiolatenatlecreases acidity of
the —SH group, these observations imply on a @iffetype of bonding with
the carborane skelet.

Comparison of these observations with acid dissociZonstants measured
for para—carborane thiol derivative3db. 10 hint, that the trends in
communication between the carborane framework #adred moieties
should be explored separately twtho—, meta—, and para&arborane
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Table 10— Acid dissociation constants of carboxylapesta—-carboranethiol
and the parent compound, determined by potenticertétation
in 50% ethanol under identical conditions (datetakom a yet
to be published article from our laboratofS)

Substituent
pKA(COOH)  affecting Ka(SH)  pKa(SH)
1-SHp-CB - — 3.4
1-COOH-12-SHp-CB 3.6 —-COO 6.4

Structures of the synthesised compounds were n@&syablished by X-ray
structural analysis, computed structures were tetthe exploration of
changes in the carborane skelet after its substitutstead. Interatomic
distances of antipodal vertices were chosen to dstrete these changes and
are listed infable 11 The differences are however very subtle, witly dhé
difference between 1,7—(COOH-carborane and
1-COOH-7-SHm-carborane for(B2-B9) reaching a little over

1 % (0.0334). Thus it is inconvenient to draw conclusions eotthan that

the substituents have minimal influence on the @ae framework,

without additional data on the molecular structure.

However, it is interesting to point out the diffeces between disubstituted
ortho—carboranesTab. 3), where the prolongation of interatomic distances
between neighbouring vertices is most apparertanitho-carborane

dithiol with the —SH groups attached at the carpamices. This could be
interpreted as an answer to spatial demands ef3kkmoiety, as the
r(C1-C2) distance inrtho-carborane is shorter than t(®9-B12) distance
and they almost even out in the respective dittedlaerivatives. Or another
aspect for consideration might be the position ddpat communication
between the carborane skeleton and attached n®iaienvestigated for the
chemical shifts and acid dissociation constantisifbstitutedn-carborane
derivatives. For this reason it would be interggtmacquire some X-ray
diffraction data of interatomic distances tho— meta—andpara—
carborane derivatives disubstituted at carbon amdrbvertices.
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Table 11— Interatomic distances of selected antipodaleestinmeta—
carborane and its derivatives determined by ciiggpephy and
computational analyses.

r(C1-B12) /A r(C7-B5)/A r(B2-B9) /A

m-CB 3.208(13) 3.374(15)

1,7-(COOH}-mM-CB 3.223(6) 3.400(5)
1-COOH-7-SHm-CB 3.208 3.233 3.362

9-SH-m-CB 3.277(127%° 3.396(4%¢
1-COOH-9-SHm-CB 3.212 3.20% 3.387

4 Average value for the molecules in the crystabgdpic unit cell from X-ray
structural analysi&’’

®) Computational data.

° Yet to be published data, determined by crystadiply’®

CONCLUSIONS

Two newmeta-earborane derivativese. 1-COOH—-7—-SHm-carborane and
1-COOH-9-SHm—carborane were prepared and characterised. Tthe aci
dissociation constants artd NMR signals of the synthesised isomers
manifest a distribution of the electron densitgttis comparable with the
electron density of the parent compounds. The nhiriteraction inmeta—
carborane derivatives between the carboxyl, caidlateythiol and thiolate
functional groups and theeta-earborane skeleton have been investigated
by the use ofH NMR spectroscopy, acid dissociation constantsXanay
and computational structural analysis. The acqudiegd indicate that the
—COOH and-COO groups have a relatively small, if any effect ba thiol
moiety, both groups surprisingly somewhat risirsgaitidity. The thiol group
affects the-COOH moiety in an ordinary manner, slightly risitgyacidity
too. The extent of the influence of the thiol mgiest dependent upon its
positioning on the carborane cluster, the effegréater with both groups
attached to carbon vertices. Thiolate anion lowsesacidity of a second
connected-SH group in a dithiolatetheta-earborane as expected. These
effects are consistent with simple theoretical jwtezhs by Lipscomb, in
which two types of substituents are distinguishedhe basis of their orbital
interaction with the carborane ca§dt is important to note, that the
carboxyl and thiol substituents evince a differbednaviour in disubstituted
para-carborane. Thus the investigation of respeatlegso—@rborane
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iIsomers should be approached to some extent selyarat

The generally consistent polar effect of the caahercage may be utilised to
design SAMs building units with properties altewth the positioning as
outlined in the SAMs section. Moreover, the substitt dependent changes
can be used for an additional small scale adjugsnényl analogues in
comparison offer a less range of modification.

EXPERIMENTAL METHODS
Chemicals

The starting materialseta-carborane, 1-Shr-carborane and
9-SH-m-carborane were purchased from Katchem s.r.o. Their
characterisation was carried out throdtthand'H NMR spectroscopy.
n-Butyllithium 2.5 M in hexanes was bought from Alzhi(batch

n. 230707). Diethyl ether p.a. grade was bougmhfRenta s.r.0. and for the
main reaction was dried with Sodium and benzophghoiting under argon
atmosphere until blue colour appeared. Hydrochlacid 33%, p.a. was
bought from Penta s.r.o. Magnesium sulphate anlugdoca. was bought
from Penta s.r.o.

Synthesis

All the reactions were carried out in a similargedure. The differing
starting compounds, quantities of reactants anceatsd, methods of
purification and accompanying observations areedtfdr each synthesis
separately. Their occurrence in the descriptiothefparent procedure is
denoted by bold numbers in parentheses.

meta-Carborane derivativill) was dissolved in diethyl ethé&) under argon
atmosphere in a three necked flask that was placaa@ooling bath of
acetone with dry ice. Upon cooling to —78ricbutyllithium (3) was added
dropwise through a septum by a syrirjdge The mixture was allowed to stir
for 1 hour, then opened and excess of crusheccdryas added. The
mixture was then withdrawn from the cooling batk aflowed to slowly
warm up to the laboratory temperature under argmosphere. Within one
hour the gas evolvement ceased and a white pragapitas found. Distilled
water(5) was added6) and the aqueous phase acidified with 30 ml of
diluted HCI (by volume 1 part distilled water tgart of 33% HCI)7). The
aqueous mixture was shaken out three times to 38f chethyl ethel8).

The three diethyl ether phases were joined and dwer MgSQ

for ~ 1 day. The mixture was filtrated and the solvevaporated under
reduced pressure on a rotary vacuum evapo(&ior.
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Specification of reagents, their quantities ancdagzanying observations
are specified below.

Preparation of 1-COOH—carborane

(1) meta-carborane (4. 0 g, 27.7 mmol)

(2) 80 ml of diethyl ether

(3) n—=butyllithium (10.2 ml, 25.5 mmol)

(4) no suspension formed

(5) 50 ml of distilled water, ether phase is cleayeays phase is dim

(6) the phases were separated, the ether phase washidien out one more
time with 50 ml of distilled water and the aquephsises were joined

(7) white precipitate is formed instantly and a bougds formed slowly
between a clear, aqueous and white, oil like liquid

(8) the mixture clears out and only aqueous and gtha&ses are present

(9) The crude product was dissolved in a hot pentdrieraform mixture
and the saturated solution placed in a freeze(~°€). Crystals of the
purified product emerged overnight.

Preparation of 1-COOH-9-Shtcarborane

(1) 9—mercaptom—carborane (3.0 g, 17.0 mmol)

(2) 200 ml of diethyl ether

(3) n—=butyllithium (15.0 ml, 37.5 mmol)

(4) white precipitate formed few minutes after adaited n—butyllithium
(5) 300 ml of distilled water, two opaque phases emerg

(9) the mixture dried overnight with MgSQwas filtered, evaporated and
than sublimed under 5,9 - 10-2 mBar, while heatexhioil bath to 80
°C. The white product crystallised just above théewel, while a brown
acetone—soluble residue was left in the flask.

Preparation of 1-COOH-7-Shtcarborane

(1) 1-mercaptom—carborane (1.0 g, 5.7 mmol)

(2) 80 ml of diethyl ether

(3) n—=butyllithium (5.0 ml, 12.5 mmol)

(4) white precipitate formed in half hour after adaltiof n—butyllithium
(5) 50 ml of distilled water, ether phase is opaggeeaus phase is clear
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(6) the phases were separated, the ether phase washtdeen out one more
time with 50 ml of distilled water, the ether phaselear and the second
aqueous phase is dim, the aqueous phases were joint

(9) The mixture was filtered and evaporated to oramiydiquid which grew
crystals overnight in the fridge, it was than songd under
1,3 - 10-1 mBar while heated in an oil bath to @0The white product
crystallised just above the oil level, while in tfitessk was left a brown
acetone-soluble residue and another compound lisestieabove in the
apparatus. The yield was 66 %.

NMR Spectroscopy

The NMR spectra were measured on a Varian Mercluy 400 NMR
spectrometer under standard conditions, using ceatechloroform as
solvent. The chemical shifts are referenced tg -BBEt for B and TMS
for *H and**C, with the reference frequency calibrated fromlto&ed
frequency of the solvent according to VnmrJ valieedhe solvent shift.

Computational details

Quantum chemistry calculations were performed kyN&VChenf® package.
The geometries were optimised by the means oféhsity functional theory
with the hybrid exchange—correlation functional PBE*%3#! Jensen's
triple—zeta polarisation consistent basis set®evas used. Magnetic
shieldings were computed for the optimised geomety employing
gauge—including atomic orbitals (GIAGYY using the same functional, and
for comparison both pc-2 basis set and pcS-2 lsasi®ptimised for this
type of calculatiorfs.

ESI-MS

Performed on a Thermo—Finnigan LCQ-Fleet ion tregrument with
electrospray ionization (ESI) and detection of isgaons. Samples
dissolved in ethanol (concentrations approximait®§ ng/ml) were
introduced to the ion source by infusion (il&nin) with the following
setup: sheath gas flow 14.8Bmin, source voltage 4.98 kV, capillary
temperature 274 °C, capillary voltage —34.92 Vetidns voltage
—109.95 V, and mass range set from 90 to 2000.

IR Spectroscopy

The IR spectra of the new bifunctional isomers waeasured on a Nicolet
Nexus 670 FT-Infrared Spectrometer in KBr tabled irange of
4000-200 cri.
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Acid-Base Titration

The samples (50 — 100 mg) were dissolved in 50fr&tOH (Penta, p.a.
grade) and mixed with 50 g of deaerated distill@der The mixtures were
stirred and titrated with an ethanol/water (1:1ugon of NaOH (0.1 M).
This blend of solvents was necessary for dissoltlregsamples that are
otherwise not dissoluble in pure®l

Melting Point Determination

Melting points were determined in sealed capilioa BJCHI Melting
Point B-545 apparatus and are uncorrected.
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