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Abstract

Since the first boron-containing drug entered the clinic in the early 2000s, there has been an
increased interest in harnessing the unusual properties of this atypical element in drug design.
Carboranes, an important class of boron cluster compounds, have garnered particular attention
for their use as a novel drug framework due to their hydrophobic nature, resistance to
catabolism and ability to form unusual dihydrogen bonds. Despite this interest, however, their
use in this field has remained limited in part due to an inability to access certain positions of
the icosahedral cage. In this thesis, we attempt to address this significant synthetic barrier in
carborane research and, furthermore, report our efforts at utilising these compounds as a
structural framework for fragment-based drug discovery (FBDD), the first time such an

approach has ever been used for carboranes.

In Chapter Two, we describe the development of new methods for functionalising unusual
positions of the carborane cage. In so doing, an iodo protecting group for carborane B-vertices
is reported for the first time. Using this protecting group, closo-1,2- and closo-1,7-carborane
brominated at the B(8/10) and B(5/12) positions, respectively, were synthesised and fully
characterised for the first time. These novel isomers allow routine access to a range of
derivatives functionalised at these unique sites, a significant advancement in carborane
chemistry. Progress towards the synthesis of two other novel bromocarboranes functionalised

at the B(2/3) and B(4,6,8,11) positions of the closo-1,7-carborane cage is also presented.

Chapter Three details the preparation of a small library of low-molecular weight carborane
fragments for use in FBDD, where a range of synthetic methods were utilised and further
developed. These compounds were subsequently tested for their ability to bind to and inhibit
the function of myeloperoxidase (MPO), a haem enzyme that is an emerging target for the
treatment of a range of inflammatory disorders but to date has only had limited success in being
targeted by small molecules. Surface plasmon resonance (SPR) studies and in vitro inhibition
assays identified new closo-carborane derivatives with pM potency that are promising lead

fragments for the development of a novel and potent MPO inhibitor.

Finally, our endeavours towards increasing the potency of one of the lead fragments discovered
in Chapter Three are presented in Chapter Four. New synthetic methods were developed which
allowed the expansion of this fragment at various structural positions. Several key derivatives
were synthesised and fully characterised, with a focus on producing hetero-disubstituted

carboranes, which to date have only seen limited application in medicinal chemistry.
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Introduction

It is estimated that the number of unique combinations of atoms that produce drug-like
molecules (MW < 500) is well above 10%°, a figure that is many orders of magnitude greater
than the estimated number of stars in the known Universe.! Attempting to synthesise even a
small fraction of these compounds is untenable, yet it remains the task of medicinal chemists
to find those that can influence biological systems in a therapeutically useful manner.
Historically, bioactive compounds have been designed using only a small subset of this vast
chemical space, working on the assumption that known drugs offered “the most fruitful basis”
for new ones.” This is reflected in the structures of clinically-approved compounds, with
approximately 70% of new drugs consisting solely of ring systems found in pre-existing drugs.’
It is now accepted, however, that this approach is ineffective in targeting many of the complex
underlying mechanisms of certain diseases. In fact, recent data suggests that new molecular
entities based on novel structures are almost three times more likely to be designated
‘breakthrough therapy’ status.’ As such, it is clear that expanding the chemical diversity of the
drug discovery pipeline is a critical target in tackling the continuing challenges facing modern

medicine.

The medicinal chemist’s ‘toolbox’ has traditionally consisted of the six elements that
are predominant in life: C, H, N, O, S and P. The use of atypical elements is therefore a direct
pathway to areas of unexplored chemical space that presents exciting new opportunities in drug
discovery. The element boron can play a vital role in this regard, where its incorporation into
drug design is a unique avenue to developing new molecular scaffolds and unlocking novel

modes of action.

Boron in Medicine

Despite its rich chemistry, boron is comparatively less prominent in the function of living

organisms. It is an essential micronutrient for plants, where it helps maintains cell wall

1



integrity,® but its role in human and animal physiology is not completely understood.” In fact,
the unfamiliarity of boron to biological systems makes its inclusion in bioactive molecules a
viable strategy to increase the metabolic stability of drugs and hinder the ability of pathogens
to develop resistance.® Many simple boron compounds, such as boric acid, are known to be

non-toxic and are thus viable candidates for compounds intended for use in vivo.’

While boric acid has been used for over a century as a mild antiseptic and eye wash,
boron derivatives have been largely overlooked in the design of bioactive molecules until
recently. A boron-containing compound entered the clinic for the first time in 2003, when the
proteasome inhibitor bortezomib (1) was approved by the FDA for the treatment of multiple
myeloma. The incorporation of a boronic acid group was crucial in transforming early lead
compounds in this class into an effective clinical candidate. Notably, the empty p-orbital of
boron allows it to form a strong but reversible covalent bond with the oxygen lone-pair of the
threonine residue at the proteasome active site,'? leading to a 100-fold increase in inhibitory
effect over related aldehyde analogues.!! In contrast, the interactions between boron and soft
nucleophiles such as sulfur are rather weak, a key reason behind the excellent selectivity of 1

for the 20S proteasome over off-target cysteine proteases. '

— (@) ~PN
N \( HO™~ “OH
Cl

1 2
Bortezomib (2003) Ixazomib (2015)
Multiple myeloma treatment Multiple myeloma treatment
OH Naw OH H oo
B AN B S N/, B\
F 0 ° "'/)J\OH
3 4 5
Tavaborole (2014) Crisaborole (2016) Vaborbactam (2017)
Anti-fungal medication Dermatitis treatment B-lactamase inhibitor

Figure 1. FDA-approved boron-containing pharmaceuticals along with their year of approval
and intended use.



The clinical success of bortezomib sparked an increased interest in the use of boron in
medicine, with several other boron-containing compounds approved for clinical use in the
following years. Ixazomib (2), another boronic acid-based proteasome inhibitor, achieved FDA
approval in 2015 for the treament of multiple myeloma and has overcome many of the
limitations of bortezomib, including its dose-limiting toxicity and patient-developed drug
resistance.!? Benzoxaboroles, the cyclic conjugates of phenyl boronic acids, also emerged as
valuable pharmacophores with the clinical success of tavaborole (3), an anti-fungal medication
approved for the treatment of onychomycosis in 2014. This drug relies on the strong affinity of
benzoxaboroles for diols,!* forming a tetrahedral boronate adduct with the terminal adenosine
in '/RNA that prevents protein synthesis and ultimately terminates the fungal infection.!'*
Notably, organic analogues and non-cyclised boronic acids derivatives were found to be
completely inactive.!> Crisaborole (4) was discovered by the same company following a screen
of boron-containing compounds,'® and is now approved for use as an anti-inflammatory in the

treatment of atopic dermatitis.

Vaborbactam (5), the most recent FDA-approved boron-containing drug, is another
excellent demonstration of the unique abilities of boron in bioactive agents. Vaborbactam is
administered as part of a cocktail to treat gram-negative bacterial infections, where it functions
as an inhibitor of B-lactamase enzymes that otherwise degrade and, as result, neutralise the
antibiotics it is co-administered with.!” In this case, the cyclisation of the boronic acid was a
crucial modification as it locks the hydroxyl groups into a position that is optimal for enzyme
complexation.'® Furthermore, off-target interactions with serine proteases are prevented as
these enzymes cannot accommodate the more sterically demanding structure, making the

compound exceptionally selective.

The success of these agents has demonstrated the potential of increasing chemical
diversity in drug screens and the important role that boron can play in medicinal chemistry. In
fact, it has even inspired some companies to repurpose their collections of Suzuki coupling
reagents into fragment libraries intended for biological testing.!® The chemistry of boron,
however, extends beyond boronic acids and their derivatives and offers yet more opportunities

for the drug discovery pipeline that have, to date, not been fully harnessed.

Carboranes

In certain situations, boron participates in unusual multicentre, multi-electron bonds that

underpin the molecular structures of polyhedral (hetero)boranes. These cluster compounds,
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ranging in structures composed of 4 vertices to as many as 16,2° were first studied in the early
1900s and have attracted great interest for their use in catalysis, polymers, energy storage as

well as in medicine.?'*

One of the most important sub-classes of boron cluster compounds are the carboranes,
in which one or more of the boron atoms has been replaced by a carbon. The most well-studied
of these, the dicarba-closo-dodecaboranes, are icosahedral clusters with two carbon and ten
boron atoms. Dicarba-c/oso-dodecaboranes are remarkably stable; they are not susceptible to
oxidation and resist degradation under even extremely acidic conditions.”> Even high
temperatures do not degrade these compounds, but rather cause isomerisation between the three
possible configurations of a closo-C2Bi1oHi2 cluster: closo-1,2-carborane (1,2-dicarba-closo-
dodecaborane(12)), where the carbon atoms are located at the adjacent 1 and 2 positions,
rearranges to closo-1,7-carborane (1,7-dicarba-closo-dodecaborane(12)) at 400-500 °C,2°
which finally forms the thermodynamic product, closo-1,12-carborane (1,12-dicarba-closo-

dodecaborane(12)), above 600 °C (Figure 2).?’

closo-1,2-carborane closo-1,7-carborane closo-1,12-carborane
(1,2-dicarba-closo-dodecaborane(12)) (1,7-dicarba-closo-dodecaborane(12))  (1,12-dicarba-closo-dodecaborane(12))
H -

7,8-dicarba-nido-undecaborate(1-) 7,9-dicarba-nido-undecaborate(1-) 2,9-dicarba-nido-undecaborate(1-)

Figure 2. Structures of the three possible dicarba-c/oso-dodecaborane isomers and their
respective deboronated, nido-compounds. The connecting lines are used to represent atom
connectivity within the cluster and are not indicative of an electron pair forming a covalent
bond. C—H units are represented in black (e) and B—H units in white (0).
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The relative positioning of the carbon atoms in these isomers effects subtle but
important changes in their properties. Although carbon is not conventionally regarded as an
electron-withdrawing element, it is considerably more electronegative than boron and therefore
has an inductive effect on its electropositive neighbours. As a result, a charge dipole is present
across the cage of the carbons-adjacent closo-1,2-carborane, which is substantially less
prominent in closo-1,7-carborane and non-existent in the highly symmetric closo-1,12-
carborane.?® Another consequence of this inductive effect is that the boron atoms adjacent to
both carbons of the cluster are especially electron-poor, rendering them susceptible to attack
by certain nucleophiles. This nucleophilic attack results in the regioselective removal of the
most electrophilic boron vertex (in a process known as 'deboronation'), producing a negatively
charged, open-cage nido-carborane which is much more hydrophilic than its closo- isomer. The
configuration of the carbon atoms in closo-1,2-carborane make it particularly prone to this
reaction, whereas closo-1,7-carborane is much more resistant. The corresponding
transformation of closo-1,12-carborane has only been achieved under extremely forcing
conditions.?” While deboronation is often considered a nuisance when attempting to synthesise
closo-carborane derivatives, this transformation is a powerful method of attenuating the
properties of carborane compounds (vide infra), and nido-carboranes have been studied as

interesting compounds in their own right.

Carboranes in Medicinal Chemistry

Because of their high boron-content, carboranes (and other boron clusters) first garnered
attention in medicine as potential boron neutron capture therapy (BNCT) agents. This treatment
involves irradiating a patient with thermal neutrons that are poorly absorbed by endogenous
nuclei and takes advantage of the comparatively high neutron capture cross-section of the
boron-10 isotope.*® Provided a boron-rich agent can be selectively delivered to the desired
biomolecular target, absorption of the neutrons by the boron-10 nuclei results in localised
release of therapeutically-useful radiation, thereby creating a targeted treatment. While several
agents, including the related borane sodium mercaptoundecahydro-closo-dodecaborate
(Na2B12H11SH, BSH), were explored,®! clinical results were mixed and suffered from
difficulties in selectively delivering a clinically relevant concentration of boron-10 nuclei to

the target in a non-toxic manner.>



More recent research has focused on using carboranes as novel pharmacophores in
bioactive molecules. A number of features make them attractive in this regard. The clusters are
highly lipophilic due to their non-polar, hydridic B-H bonds, and their 3-dimensional volume
(slightly larger than the sweep of a rotated phenyl ring)*? allows for increased hydrophobic
interactions with key protein structures. The nature of the B—H bonds in the clusters also allows
the formation of unique 'dihydrogen' bonds involving nearby proton donors of amino acid
residues located in protein receptors (e.g. B-H---H-N).3*> Owing to their inorganic nature, they
are also naturally inert to many of the mechanisms responsible for drug metabolism and are
thus kinetically stable under biological conditions.>* Finally, the facile and regioselective
deboronation reaction provides a powerful late-stage modification method that makes the
carborane derivative more water-soluble and allows for more electrostatic interactions. While
no carborane derivative has progressed to clinical trials to date, there is a rich literature that

demonstrates the utility of these unique properties in designing biologically-active compounds.

An important example of the use of carboranes as hydrophobic bioisosteres is their
incorporation into oestrogen receptor (ER) agonists. Oestrogens are hormones that modulate a
range of physiological functions by binding to the intracellular oestrogen receptors, ERa and
ERB.>> While ERP is known to supress tumour progression,*® the endogenous ligand 17p-
oestradiol (6) has been shown to accelerate proliferation of breast cancer cells, an effect linked
to ERa activation.’’® Because of this, the design of selective ERP agonists is seen as a
promising avenue in breast cancer treatment. The structural similarity of the ERa and ERf
ligand-binding cavities makes this a challenging task, with only two amino acid substitutions

differentiating the subtypes.*

Figure 3. Structures of endogenous (6) and carborane-containing (7, 8 and 9) oestrogen
receptor ligands. @ = C; o = B-H.



Noting that the oestrogenic activity of 6 is in part due to hydrophobic interactions of its
cyclohexyl rings with the ligand binding domain, Endo ef al. designed compound 7, which
replaced these rings with a closo-1,12-carborane cluster.*® This compound exhibited 10-fold
greater ERa activity than 6, explained by the enhanced van der Waals interactions of the larger
carborane in the hydrophobic pocket of the receptor.*! Later studies by the same group focused

on achieving ER selectivity,*>*

with compound 9 being found to have almost 60 times greater
affinity for ERP over ERa,** albeit with reduced overall potency. Recent work by another
research team led to the discovery of 8, which is 200 times more selective for ERf and has low

nanomolar potency,*> making it a promising pre-clinical drug lead.
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Figure 4. Structures of the carborane-containing carbonic anhydrase (CA) inhibitors 10 and 11
along with their inhibitory constants (A) and the binding pose of a nido-carborane derivative
in the CAIX active site, showing a strong dihydrogen (B—H:---H-N) bond between the
carborane cage and enzyme (B). Figure adapted from reference 49. @ = C; o = B-H.

The utility of carboranes as pharmacophores has been further demonstrated in the
development of novel inhibitors of carbonic anhydrases (CA). This family of enzymes has long
been a therapeutic target for a range of disorders, but selective inhibition of CAIX is of
particular interest as it is overexpressed in many tumour types.*® Brynda et al. designed a series
of carborane compounds, such as 10, containing the sulfamide functional group common to
many known CA inhibitors.*” Many of these compounds were unselective but effective
inhibitors, due in part to the van der Waals interactions of the carborane cage with hydrophobic

amino acid residues. Importantly, these compounds demonstrated the first confirmed example



of dihydrogen bonding, with analysis of the nido-carborane derivative’s binding pose revealing
a H---H distance of 1.7 A between the B(6)-H of the cluster and N-H of an asparagine residue
(Figure 4).** Replacement of the lead compound’s sulfamide group with an extended propyl
sulfonamide structure resulted in a remarkable sub-nanomolar CAIX inhibitor (11) that is over

10° times less active on the CAII isoform.*

One final example of carborane use in bioactive compounds highlights the value of the
tuneable properties of these structures. During their design of COX-II selective inhibitors as
potential anti-inflammatories, Scholz et al. found that replacement of the 4-chlorophenyl ring
in indomethacin (12) with a carborane group (13) increased the inhibitory effect of the
compound.’® Unfortunately, the electron-withdrawing effects of the C-substituted carborane
cage destabilised the amide bond leading to hydrolysis and decomposition of the compound.!
In this case, a facile deboronation reaction gave the nido-derivative 14, which not only
stabilised the amide but produced a more water-soluble compound, creating a highly selective
COX-II inhibitor. We note that in such a case, reconfiguring the compound to its B-substituted
congener would be an alternative strategy, as the carborane would then be electron-donating,

stabilising the amide.

Figure 5. Structure of the COX inhibitor indomethacin (12) and its closo- (13) and nido-
carborane (14) analogues. ® = C—H (or C if substituted); o = B-H.

Despite many successful applications, carboranes have struggled to gain wide-spread
adoption, and their usage remains, in many ways, limited. While most examples of their use in
the literature focus on incorporating them into pre-established drugs, it is clear that many drug

discovery projects would benefit from using carborane compounds earlier in the lead discovery
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process. Fragment based drug discovery (FBDD), which has been used in recent years by
pharmaceutical companies to design drugs with specific properties or scaffolds, is an ideal

strategy to realise this.

Fragment-Based Drug Discovery

The predominant method of identifying lead compounds in the pharmaceutical industry is by
means of high-throughput screening (HTS). As part of this approach, libraries containing
hundreds of thousands of ‘drug-like’ compounds are tested in an assay for the desired target
and the most active compounds are subsequently modified to optimise activity and
pharmacokinetic properties. Advances in automation technologies have made HTS a powerful
method, accelerating the lead discovery phase of the drug discovery pipeline. There are,
however, several limitations associated with screening ‘drug-like’ compounds. The number of
possible structures increases exponentially with the number of atoms in a molecule, meaning
that vast numbers of compounds must be synthesised to effectively sample chemical space.
Furthermore, hit rates for HTS screens are often low, a consequence of the greater likelihood
of ligand-target mismatches when testing more complex molecules.’? Ultimately, the leads that
are discovered from HTS still require pharmacokinetic optimisation, a process that is

complicated with larger compounds and frequently results in a loss of potency.™

Protein
binding site
@ Screen Expand
; E—— —_—
Fragments Low-affinity hit Optimised
& (uM-mM binding) drug candidate

Figure 6. Schematic overview of the fragment-based drug discovery (FBDD) process.

FBDD is designed to address these shortcomings. In this approach, the compounds

screened are low molecular weight (<300 Da) ‘fragments’ which are prioritised based on how



efficiently they interact with the target. This is typically quantified using a metric called ligand
efficiency (LE),>* which is defined as:

k- AG  RTIn(Ky) _ RTIn(ICsp)
~  HAC HAC ~ HAC

where HAC is the number of constituent heavy atoms. In this way, only structures that interact
strongly with the target are selected, and rational expansion or linking of fragment hits
ultimately leads to a highly potent drug candidate.> In addition, because the range of molecular
complexity is smaller at these molecular weights, FBDD can more effectively sample chemical

space and has as a result become a powerful tool for generating leads for difficult targets.>®

FBDD continues to become increasingly popular in the pharmaceutical industry, with
numerous examples of its successful use. The G12C KRAS mutation, a notorious cancer drug
target previously thought ‘undruggable’, now has an inhibitor in the market (sotorasib)
developed through a fragment-guided program.’” Five other drugs used in the clinic have
fragment origins, and many others are in clinical trials.’® The development of one of these,

erdafitinib (18), provides an excellent example of the FBDD process (Figure 7).

In a collaboration seeking to develop an FGFR inhibitor with low off-target activity for
the similar kinase VEGFR2, Astex and Janssen Pharmaceuticals initiated a fragment screen
which identified quinoxaline 15 as a potent hit with a high ligand efficiency.”® A related
fragment (16) displayed higher inhibition of both kinases, and expansion of this fragment using
the amino vector found in 15 gave a compound (17) with greatly enhanced potency and
selectivity for FGFR3. Comparison of the protein-bound crystal structure of 17 and another
FGFR3 inhibitor developed previously indicated that further elaboration at the amine site could
give increased binding interactions. Exploration and optimisation of such derivatives
ultimately resulted in the selection of 18 (erdafitinib) as a clinical candidate, which is now a

first-in-class medication used for the treatment of bladder cancer.
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Figure 7. Overview of the fragment expansion and optimisation process involved in the
development of FDA-approved erdafitinib (18), highlighting the conserved structures from the
initial fragment hit. Figure adapted from reference 60.

The Present Study

The Rendina group recently began development of the world's first boron-based fragment
library intended to help design novel bioactive compounds. This library provides an excellent
means of exploring the under-utilised areas of chemical space that boron-containing
compounds occupy. There is a strong interest in harnessing the unique properties of carboranes
through an FBDD program, with which we have already seen promising results in other

projects.

During the expansion and diversification of this library, several difficulties were
encountered when using carboranes in this context. Part of the strength of an FBDD project
lies in the range and diversity of the fragments screened, which can be bolstered by purchasing
commercially-available compounds and applying well-established synthetic methods to

diversify them. While tremendous progress has been made in synthetic carborane chemistry in
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the past two decades, many of the transformations that are crucial to medicinal chemistry
remain difficult to apply to carboranes. This is particularly an issue with c/oso-1,2-carborane,
which has a propensity to deboronate under certain reaction conditions. The use of closo-1,7-
carborane, while attractive due to its greater stability, is limited due to the lack of methods to
functionalise certain vertices selectively. This thesis details our efforts to solve these issues
and, in so doing, show that carboranes can indeed be an effective basis for a fruitful FBDD

project.

In Chapter Two, we report our attempts to functionalise the previously inaccessible 4-
and 5-positions of closo-1,7-carborane, including the development of a first-of-its-kind
protecting group for carborane B-vertices. Using this protecting group, novel halogenated

carboranes are synthesised and fully characterised for the first time.

Chapter Three details an initial screen of a small library of carboranes against
myeloperoxidase (MPO), a promising new target for the treatment of a range of inflammatory
disorders. The synthesis of a range of low molecular-weight carboranes is presented with the
goal of expanding the chemical diversity of our fragment library. The Chapter ends with the

results of an assessment of the inhibitory abilities of these novel fragments.

In Chapter Four, a ‘hit’ fragment identified in the previous chapter is expanded upon.
We apply a range of cutting-edge carborane synthetic methods to create a suite of follow-up

fragments that have the potential to be further expanded into a new class of MPO inhibitors.
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Accessing Unusual
Carborane Vertices

One of the cornerstones of a successful medicinal chemistry project is having useful synthetic
tools to modify and expand a lead compound’s structure. In this way, a range of analogues can
be easily generated that allow investigation of structure activity relationships (SARs) and, as a
result, optimisation of the lead’s properties. Two criteria need to be met in order to achieve this:
(a) the ability to selectively functionalise different sites of the scaffold of interest, and (b) to
further install a variety of functional groups at these positions. These factors are of particular
importance for niche scaffolds such as carboranes, where the lack of such synthetic methods is

a barrier to their more widespread adoption.

The reactivity of carboranes can be broadly categorised into reactions that functionalise
the slightly Brensted acidic C—H vertices and those that modify the more hydridic B-H

vertices.

Functionalising Carboranes at Carbon Vertices

As mentioned previously, the C—H bonds of carboranes are slightly acidic (pKa 23.3, 27.9 and
30.0 for closo-1,2-, closo-1,7- and closo-1,12-carborane, respectively)®® and one or both can
be readily deprotonated using strong bases such as n-butyllithium or fluoride sources such as
tetrabutylammonium fluoride (TBAF).®! The resulting carbanion species can react with a range
of electrophiles to afford C-substituted carboranes. Using this strategy carboranyl carboxylic
acids,®” alcohols,%® amines®* and aldehydes® are all accessible and serve as important building
blocks to introduce carboranes into larger structures. While the degree of substitution is
mediated by the amount of base used, an equilibrium exists between the parent carborane and
its mono- and di-anionic forms when one equivalent of base is used (Scheme 1).%¢ As expected,

the more hydridic B-H groups in the carborane cage remain unchanged. Careful tuning of
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reaction conditions generally provides sufficient control to ensure mono- or di-substitution as
desired, however this effect is highly substrate dependent.®’ In cases where this proves difficult,
silyl groups can be installed onto one of the C-vertices which act as protecting groups that
block electrophilic addition to the second cage carbon atom.®®® These groups can then be
readily removed using a fluoride source or mildly basic conditions to furnish the desired mono-

substituted carborane.

Scheme 1. C-functionalisation of closo-1,2-carborane through substitution of its mono-anion
with an electrophile E*. The mono-anion disproportionates to a small degree in solution,
forming the di-anion and re-protonated closo-1,2-carborane. ® = C; o = B—H.

For closo-1,2-carborane, two other strategies are available to introduce C-substituents.
Deprotonation of closo-1,2-carboranes substituted with a good leaving group (halogen, triflate
or diazo group) and subsequent heating produces the metastable carboryne, which can be
considered as an inorganic equivalent of benzyne. The Xie group has pioneered use of this
species which opens the door to interesting structures through Diels-Alder type reactions and
other useful organic transformations.’® Alternatively, C-substituted closo-1,2-carboranes can
be prepared through insertion of a substituted alkyne into the nido-decaborane(14) cage (nido-
BioH14). Lewis bases such as acetonitrile or dimethyl sulfide are used as activators in these
reactions, however the yields of these alkyne condensation reactions are often poor, especially
when using electron-rich alkynes.”! Furthermore, many substituted alkynes can degrade the

decaborane cage, further limiting the utility of this reaction.
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Functionalising Carboranes at Boron Vertices

The B—H bonds in carboranes are entirely unaffected by the strong bases used to deprotonate
the carbon vertices and must be functionalised using different chemical means. While the Dsq
symmetry of closo-1,12-carborane renders all its boron vertices chemically equivalent, closo-
1,2- and closo-1,7-carborane each have four unique boron environments that require different
methods to access (Figure 8). The positioning of these vertices relative to the carbon atoms in

the cluster influences their properties, which can be exploited to functionalise certain sites

selectively.
40,22
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Figure 8. Graphical (left) and tabular (right) representation of the computationally calculated
ground-state charges for the boron vertices of closo-1,2- and closo-1,7-carborane.”

The boron atoms furthest away from the carbon vertices, i.e. B(9/12) for closo-1,2-
carborane and B(9/10) for closo-1,7-carborane, are least effected by the electron-withdrawing
effects of the carbons and are therefore the most electron-rich. This means that they are the first
to be attacked in electrophilic substitution reactions, where the use of a Lewis acid catalyst
such as AICl3 allows selective functionalisation at these sites (Scheme 2). Alkyl,”® benzyl™ and
amino’” groups can all be introduced in this manner. Halogenation, however, remains the most
useful reaction of this class as the resulting halogenated carboranes provide access to a range
of B-functionalised derivatives through transition metal catalysed cross-coupling reactions.
The addition of electron-poor transition metals such as palladium(II) also occurs selectively at
these vertices, which has recently been used to activate these sites and directly install certain

types of functional groups.”®"®
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Scheme 2. Functionalistion of closo-1,2-carborane at the B(9/12) positions and closo-1,7-
carborane at the B(9/10) positions through electrophilic substitution. € = C—H; o = B-H (or B
if substituted).

In contrast, the B-vertices adjacent to both carbons are exceptionally electron-poor and
can be targeted through two different methods (Scheme 3). Oxidative addition of electron-rich
transition metals is most favourable at B(3/6) for closo-1,2-carborane and B(2/3) for closo-1,7-
carborane due to their low electron-density, and the resultant activated boron vertex is amenable
to arylation,’”” amination,*® alkenylation®! and borylation.®? These reactions often have issues
with over-substitution and the range of functional groups that can be introduced is currently
limited. An alternative method to functionalise these sites involves using a strong base or
fluoride source to ‘deboronate’ the carborane cage, which removes the most electron-deficient
B—H unit (formally as BH?"). Subsequent abstraction of the bridging hydrogen with a strong
base gives the dicarbollide dianion, which can be recapped with a dihaloborane compound to

give B(3/6)- and B(2/3)-substituted closo-1,2- and closo-1,7-carboranes, respectively.33 86
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Scheme 3. Functionalisation of closo-1,2-carborane at the B(3/6) positions and closo-1,7-
carborane at the B(2/3) positions following oxidative addition of a transition metal centre [M]
(top) and through re-capping of the corresponding nido- species (bottom). @ = C—H; o = B-H
(or B if substituted by an exopolyhedral bond).
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The remaining six boron atoms in the carborane cage are the most challenging to
functionalise in a regioselective manner. As they possess intermediate electronic properties,
they are difficult to differentiate solely through their electronics. In unsubsituted carboranes,
sterics play little or no role in functionalisation of B—H (or C—H) groups and this attribute
cannot be exploited either. For closo-1,2-carborane, selected examples exist where pre-
functionalisation of its nido- derivative or of nido-decaborane(14) result in B(4/5/7/11)- and
B(8/10)-halogenated closo-1,2-carboranes following cage reconstruction (Scheme 4A and
B).8788 A more powerful method, however, is to use directing groups installed on other vertices
to guide the insertion of transition metals into these sites.®” Oxidative addition of an appropriate
agent into this complex and subsequent reductive elimination typically gives the desired
substituted carborane. This strategy has been particularly useful for functionalising closo-1,2-
carborane; for example, Xie and coworkers have pioneered the use of a C-carboxy directing
group to activate B(4/5/7/11) vertices which can be removed post-functionalisation or in situ
(Scheme 4C).”* 1% Once again, installation of halogen atoms provides the most synthetic
possibilities, however various structures can be installed directly. B(8/10)-functionalised closo-
1,2-carboranes have also been prepared using this method,'®> however the process is less
convenient as multiple synthetic steps are needed to install the directing group at the required

position.

Alternatively, B(5/12) and B(4/6/8/11) derivatives of closo-1,7-carborane have seen
little mention in the literature. Reports exist of their formation through temperature-induced
isomerisation of closo-1,2-carborane species or through transition-metal catalysed ‘cage-
walking’,!% !l however these methods are synthetically impractical due to the poor yields and
lack of control over which particular isomer is produced. The difficulty in functionalising these
two sites can be attributed to their similar electronic properties; there is very little difference in
the electron density of the two B—H environments, making selectivity based on electronics
highly inefficient. Moreover, a directing group strategy is complicated by the presence of three

different B-H environments adjacent to the C-position.
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Scheme 4. Literature methods used to functionalise: the B(8/10) position of closo-1,2-
carborane starting from nido-decaborane(14) (A); the B(4) and B(7) positions starting from
7,8-dicarba-nido-undecaborate (B); and the B(4/5/7/11) position using a carboxy directing
group (C). @ = C—H (or C if substituted); o = B—H (or B if substituted by an exopolyhedral
bond).

Nonetheless, access to these positions is highly desirable as they provide substitution
patterns that are otherwise unattainable for closo-1,7-carborane. This, in combination with its
greater resistance to deboronation reactions, would make closo-1,7-carborane an extremely
useful scaffold for a variety of research projects utilising boron clusters. Most importantly,
derivatisation of the C(12) position of a 5-functionalised closo-1,7-carborane would create a
carborane substituted at antipodal vertices (‘para-type’ substitution). This highly desirable
geometry is only otherwise accessible by functionalising both carbon atoms of closo-1,12-
carborane, where its exorbitant cost, commercial unavailability, and low synthetic yield often

precludes the use of this rare carborane isomer.

18



Chapter Aims

In our efforts to develop new bioactive carborane compounds, we have repeatedly encountered
the issue of the closo-1,2-carborane cage inadvertently degrading into the nido- species during
a number of chemical transformations. The avoidance of this facile decomposition pathway
precludes the use of many base and solvent combinations, especially at elevated temperatures,
which limits synthetic possibilities. This made us reconsider the use of closo-1,2-carborane and
turn to closo-1,7-carborane, which is much more stable and therefore amenable to a broader
range of transformations. Unfortunately, the lack of access to certain cage vertices limits its
utility as a scaffold in medicinal chemistry, and the development of methods to functionalise
the B(5/12) and B(4/6/8/11) sites of closo-1,7-carborane is of great importance. This Chapter

details our pioneering efforts on this front.

Use of a (Transient) Directing Group

Inspired by the recent surge of publications using directing groups to functionalise closo-1,2-
carboranes at unusual boron vertices, we sought to apply the same strategy to functionalise
closo-1,7-carborane. While these methods have been used to append a variety of functional
groups to the closo-1,2-carborane cage, the respective transformations on a closo-1,7-
carborane framework have been scarcely mentioned in the literature. This is likely due to the
electronic differences in boron environments that are in proximity to the carbon atoms in each
of the isomers. While closo-1,2-carborane has two unique boron sites directly adjacent to the
two carbons (B(3/6) and B(4/5/7/11)), closo-1,7-carborane has three: B(2/3), B(5/12) and
B(4/6/8/11). Furthermore, the adjacent positioning of the carbon atoms in closo-1,2-carborane
leads to the B(3/6) atoms experiencing a strong inductive effect, electronically differentiating
them from the B(4/5/7/11) environments. This effect is not as pronounced in the closo-1,7-
isomer, which is highlighted by comparing the calculated partial charges for these sites in the
respective cages (Figure 8). Crucially, the B(5/12) and B(4/6/8/11) sites have very similar
calculated charges. These factors make developing a regioselective methodology for closo-1,7-

carborane significantly more challenging.

Nevertheless, it was hoped that by a judicious choice of reaction conditions, informed
by results previously reported in the literature, we would be able to overcome these difficulties
and develop a method to functionalise the B(5/12) and B(4/6/8/11) sites of closo-1,7-carborane

selectively. Our goal, at first, was to install halogen atoms onto these vertices, as these can
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participate in a range of transition-metal catalysed reactions and could thus act as a springboard

to a vast array of novel, functionalised closo-1,7-carborane compounds.

Initial attempts at functionalising these vertices involved use of a carboxylic acid as the
directing group after attachment to the 1-position. This group is easily introduced through
deprotonation/lithiation of closo-1,7-carborane followed by nucleophilic addition of this
species to carbon dioxide.®> The Xie group were able to install halogen atoms onto the
B(4/6/8/11) sites of closo-1,2-carborane using this directing group and N-halosuccinimides as
the halogen source.”’ In their methodology, [IrC1.Cp*]. was used as the catalyst with silver

salts used as an additive to facilitate in sifu decarboxylation to prevent over-substitution.

When we applied these same conditions to 1-carboxy-closo-1,7-carborane (19) with
NBS as the halogen source (Scheme 5), we found that bromination occurred as in the closo-
1,2- case, however a mixture of products was observed. What appeared to be three distinct
products were attributed to closo-1,7-carborane brominated at the three different sites adjacent
to each carbon vertex, i.e. 5-bromo-closo-1,7-carborane (20), 4-bromo-closo-1,7-carborane
(21) and 2-bromo-closo-1,7-carborane (22). Comparisons of 'H and "B {'H} NMR resonances
with an authentic sample of 5-bromo-closo-1,7-carborane (vide infra) confirmed that this
compound was indeed formed in the reaction. Unfortunately, separation of these positional
isomers using flash chromatography on silica proved intractable due to their similar elution
times, irrespective of which eluent was used. Moreover, if a single isomer is desired for further
manipulations, these conditions would be unacceptable due to the formation of two unwanted

isomers in a similar proportion.

NBS, AgOAc
[{Cp*IrClo},] Br ?Jexq ; 4%‘ P‘%‘ﬁ Br
> o, o + r o o + & !
DCE, 100 °C ‘:‘i')“’\ %a“’\ %pA'
16 h
19 -CO, 20 21 22

Scheme 5. Bromination of closo-1,7-carborane using a carboxy directing group leading to a
mixture of isomers. ® = C—H (or C if substituted); © = B—H (or B if substituted).
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Literature reports have shown that the choice of catalyst, solvent and additive can have
significant effects on the selectivity of these directing group-based reactions.””!'>!3 In a
notable example, Cao and coworkers found that switching between silver triflate and silver
acetate additives allowed direct arylation at either electron-rich or electron-poor carborane B-
vertices, respectively.''* We tested a range of modifications to the reaction conditions such as
using different silver salts, halogen sources and metal catalysts as well as changing the solvent
and temperature of the reaction. Unfortunately, none of these modifications were successful in
achieving the desired transformation effectively. A combination of issues was encountered
during our attempts, including poor conversion of the starting material, disubstitution reactions,
incomplete decarboxylation during the reaction, along with continued difficulties in achieving
selectivity at a single boron site. The result of these reactions was usually a complex mixture

of products that resisted separation and made analysis of the constituents difficult. Ultimately,

it became clear that a different approach was required to achieve good selectivity.

It has been documented that substituents on the second C-position of the cage can assist
in driving the selectivity of these directing group reactions to more distant sites through steric
effects.!!>!1® While the second carbon in closo-1,7-carborane lies further away than in closo-
1,2-carborane, a sufficiently bulky group at this position should, in principle, hinder access to
the nearby B(3/6) sites. This, in turn, would promote substitution at the more distant B(5/12)
and B(4/6/8/11) positions, increasing the selectivity of the reaction. As mentioned previously,
silyl groups have been used as carborane C-site protecting groups due to their convenient
installation and ease of removal.®®® A silyl group with bulky substituents such as phenyl or
tert-butyl groups would therefore serve our needs well, as it can be readily removed post

halogenation.

A triphenylsilyl group was selected as the blocking group, which was installed onto
closo-1,7-carborane through a nucleophilic substitution reaction of commercially-available
triphenylsilylchloride and lithio-closo-1,7-carborane (Scheme 6). Installation of the carboxylic
acid directing group was achieved in the same manner as previously, this time using THF to
aid solubility, giving the desired product 25 in 51% overall yield. A single crystal X-ray
structure of compound 24 (Figure 9) was collected and solved by Dr Hunter Windsor (USyd).
The molecular structure of this compound shows partial eclipsing of the B(2/3) sites by one of

the phenyl groups of the silyl substituent.
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1. n-BuLi
VJAW _78°C, 1h 78°C,1h ?JAW
A g g A
e 2. Ph,ySiCl ; 2.CO, N\ Zaa e
RT, 16 h RT, 2 h o
THF THF
23 520 24 080 25

Scheme 6. Synthesis of compound 25 containing a sterically-bulky triphenylsilyl group
attached to one of the cage carbon atoms. @ = C—H (or C if substituted); o = B—H.

Unfortunately, when compound 25 was subjected to the directing-group assisted
halogenation conditions above, a complex reaction mixture was again produced. As before,
partial decarboxylation and conversion to the product made analysis of the crude reaction
mixture difficult, and attempts at separation were similarly unsuccessful. To investigate
whether this silyl blocking group was an effective strategy, an alternative approach was
devised. Yan and coworkers reported a directing group method where a substituted formyl-
closo-1,2-carborane converted into an imine in situ can effect palladium-mediated B—H
activation.!'® Notably, the palladium(II)-boron bonded complexes that are intermediates in
these reactions were isolable and could be fully characterised. With no potential issues of
decarboxylation or need to optimise conversion to the halogenated products, synthesis of a
palladacycle of triphenylsilyl carborane 24 was attempted to determine whether site selectivity

could be achieved.

Figure 9. The molecular structure of compound 24 determined using single-crystal X-ray
crystallography showing the steric crowding of some boron sites and the unobstructed B12 site.
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Synthesis of the di-substituted carborane 26 was achieved using a nucleophilic addition
reaction with methyl formate, followed by acid hydrolysis (Scheme 7). Subsequently, the 2-
aminophenol imine of this compound was readily formed at reflux in toluene with 3A
molecular sieves. Finally, addition of an equimolar quantity of palladium acetate to a toluene
solution of this imine resulted in complete consumption of the starting material within 12 hours
(Scheme 7). The TLC of the crude product showed the formation of two major carborane
products, and following chromatographic separation, two carborane palladacycles were
isolated. Both products displayed the expected aromatic peaks in their 'H NMR spectra but
differed more significantly in their !'B{!H} spectra. Notably, the first of these showed 6 distinct
peaks, which suggests a palladacycle bonded through a boron vertex that lies on the symmetry
plane of the cage. Only a B(5/12) bonded compound would satisfy this requirement and this
product is therefore assigned as compound 28. The other major product showed 10 peaks in its
UB{'H} spectrum, which would be expected of both a B(4/6/8/11) or a B(2/3) bound
palladacycle. While we were unable to grow suitable crystals for X-ray analysis and insufficient
material was available to characterise this compound using 2D COSY ("'B{'H}-'"'B{'H})
NMR spectroscopy, this compound is tentatively assigned as the B4-substituted palladacycle

29 due to the expected steric hindrance making Pd—B(2/3) bond formation unfavourable.

H,N OH
1. n-BulLi
-78°C,1h 3A MS
2. Methyl formate 100 °C, 12 h
3. HCI PhMe
THF
24 69%
SiPh,

Pd(OAc),

LR PhMe, RT
Ph3P—>Pé( D D 12 h
0
28

Scheme 7. Synthesis of the sterically-bulky formyl-closo-1,7-carborane 26 and the isolable
imine palladacycle complexes 28 and 29. The reaction produced two major products that could
not be fully characterized but are assigned to the above isomers. ® = C—H (or C if substituted);
o = B—H (or B if substituted).

29
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Although these compounds demonstrate that the triphenylsilyl group can influence
which B-H site of closo-1,7-carborane is activated by a transition metal centre, it does not
completely resolve selectivity issues. An optimisation of reaction conditions including
changing the amine and phosphine ligand used might improve results, but complete
regioselectivity and access to both isomers through orthogonal conditions seemed unlikely.
Ultimately, it was decided that a new approach was needed to effectively functionalise these

positions.

A Novel Protecting Group for Carborane B-Vertices

During our attempts to develop new methods for the functionalisation of carboranes at C-
vertices, we were seeking to attach amines directly to the cage using carboranes bearing C—X
bonds as the electrophiles in cross-coupling reactions (Scheme 8). Using palladium or copper
catalysts in these reactions, it was found that instead of isolating the desired cross-coupling
product, these reaction conditions resulted in cleavage of the C—X bond and provided only the
parent, unsubstituted carborane. These results provided us with an inspiration for another
application: considering the ease of halogenation of the B(9/10) positions of closo-1,7-
carborane, a method of removing them would allow the exciting possibility of using halogens
as protecting groups for the boron vertices of carboranes. In this way, the most electron-rich
sites of the cage would be blocked, allowing electrophilic substitution at the ‘intermediate’
boron atoms as the next-most electron-rich vertices. Subsequent removal of the protecting
groups would provide closo-1,7-carborane substituted only at these difficult to access sites. To
our knowledge, no protecting groups exist for carborane boron vertices and this approach

would constitute the first such example.

R [Cu] or [Pd] ?JAW
%v;’\ X ' HN‘Rz 16 h, 80 °C é’é ' VAW
i-PrOH

X=1,Br quant. not detected

Scheme 8. Attempted cross-coupling of C-halo-carboranes with amine nucleophiles leading to
cleavage of the C—X bond. @ = C—H (or C if substituted); o = B-H.
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Naturally, carborane B—X bonds are chemically very different to their carbon bonded
counterparts, experiencing an electron-donating effect from the cage rather than an electron-
withdrawing one. When the same conditions shown in Scheme 8 were applied to 9-iodo-closo-
1,2-carborane as a test substrate, the starting material was recovered unchanged. This is
unsurprising, as the B—I bond in carboranes is unusually stable when compared to that in an
aryl iodide. Notably, many researchers have tried (and failed) to isolate or characterise
oxidative addition complexes of halocarboranes with palladium,!!”!2° likely because the
formation of these complexes is reversible and thermodynamically disfavoured. This explains
the often-sluggish reactivity of halocarboranes in transition metal catalysed cross-coupling
reactions, where carefully tuned conditions are required to achieve satisfactory yields. While
some literature reports on palladium-catalysed cross-coupling reactions with carboranyl
halides do note dehalogenated carboranes as side-products, the conversions are generally low
and thus this would not serve as an effective deprotection method. Alkali metals are also known
to cause cleavage of carborane B(3)-X bonds,''® however dehalogenation of the less reactive
9-halo-carboranes is only known to occur with sodium in liquid ammonia,'?' conditions that
are likely intolerant of other functional groups installed on the cage. In their paper investigating
B-I bond activation, Vifias et al. reported a handful of conditions where nickel and palladium
complexes in stoichiometric quantities removed an iodine atom from the 3-position of closo-
1,2-carborane.''® When we applied these conditions to 9-iodo-closo-1,2-carborane however,
we found that no dehalogenation reaction had occurred. Again, this example demonstrates the
decreased reactivity of B-X bonds connected to more electron-rich boron vertices of the cage.
In further research, we screened a range of conditions that are used to dehalogenate organic

aromatic compounds but were met with a similar lack of success.

Finally, we noticed a series of papers published by the Xie group which showed
activation of B—I bonds using palladium or nickel catalysts with concomitant photoirradiation
(Scheme 9).!22712% In these reactions, the transition metal catalyst serves to form a photo-active
carborane complex (A) that generates a B-centred carboranyl radical (B) following
photoexcitation in a single-electron transfer (SET) process. Addition of this radical into the
C=C bond of a (hetero)aryl compound gives radical C, which upon oxidation by Pd(I) species
through another SET and deprotonation of the resultant carbocation D gives the (hetero)aryl-
coupled carborane (E). While the authors make no mention of deiodinated side products in
these papers, we hypothesised that hydrodehalogenation could occur if carboranyl radical C

were to be reduced through the abstraction of a hydrogen atom from an appropriate source.
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Base Pd,(dba),
L
[Pd(0)Ln]
E D
SET
hv hv
[Pd(DILA] [Pd(0)L,(30)]
A
¢ hv
SET

L = (p-FCeHa)sP ‘
Base = Cs,CO;4 @

Scheme 9. Proposed catalytic cycle of the palladium catalysed photoinduced coupling of aryl
compounds with iodocarboranes developed by Xie and co-workers. Compound B is proposed
as an intermediate to de-iodination in our deprotection conditions. ® = C-H; o = B-H (or B if
substituted).

We thus applied similar conditions to 9-iodo-closo-1,2-carborane (30) without a
(hetero)aryl coupling partner, using a UV (A = 365 nm) LED as light source and the more
readily available triphenylphosphine as ligand. Under these conditions, mostly starting material
was recovered but a small amount of deiodinated product was observed in the 'B{'H} NMR
spectrum of the crude reaction mixture. Encouraged by these results, we changed the solvent
from acetonitrile to THF, which is a more effective hydrogen atom source due to its lower bond
dissociation energy.'>> To our delight, complete conversion of the starting material was

observed after 24 h allowing almost quantitative recovery of ‘deprotected’ closo-1,2-carborane.
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Nickel was also found to be an effective catalyst in this reaction, and [NiCly(PPhs).] was
selected as the active complex in our optimised conditions (Scheme 10) due to its low cost and
ease of synthesis. Preliminary control experiments found that no conversion occurred when the
reaction was repeated at reflux without UV irradiation, indicating that this reaction likely
follows a similar radical-based mechanism to that previously reported by Xie and coworkers.'*
Starting material was also recovered in the absence of a metal catalyst, confirming that a
complex such as A (Scheme 9) is the photoactive species rather than 9-iodo-closo-1,2-
carborane itself. While one cannot definitively confirm that THF is the hydrogen atom source
in this reaction, it seems likely given the increased conversion following the change in solvent
from acetonitrile. Repeating this reaction in deuterated THF would allow confirmation of this
by assessing the degree of deuterium incorporation into the carborane cage in the 'B{'H}

NMR spectrum of the product.

[Ni(PPh3),Cl,]

Zn, TPP
?JA\\‘ hv (365 nm, 20 W) ?J“kq
W KA
| %é ’ THF, RT Qé
24 h
30 95% 31

Scheme 10. Optimised conditions for the deiodoniation of 9-10do-closo-1,2-carborane. ® = C—
H; o = B-H (or B if substituted).

Intriguingly, Xie and coworkers note in one of their papers that bromo- and
chlorocarboranes were found to be inactive under these photo-mediated coupling conditions. '
This may reflect the weaker covalent bonds that iodine forms compared to bromine and
chlorine, which in turn makes C—I bonds more reactive in many transition-metal mediated
reactions. Despite this, modern catalyst and ligand systems have made organobromides (and
chlorides) viable and competent electrophiles in cross-coupling reactions. In fact, work in the
Spokoyny group has demonstrated that B-bromocarboranes can participate in these reactions
and even outperform their iodo- counterparts when electron-rich, biarylphosphine ligands are
used. 101111267128 Thig makes bromocarboranes effective precursors to a diverse range of
carboranes substituted at cage B-sites. We wished to harness the difference in reactivity of B—

I and B-Br bonds in these photo-mediated reactions to access carboranes brominated at unusual
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boron vertices. Pleasingly, when 9-bromo-closo-1,2-carborane was subjected to the optimised
deiodination conditions, the starting material remained unchanged even after prolonged
reaction times. With a suitable boron-vertex protecting group now in hand and the
orthogonality of B—Br bonds under these conditions demonstrated, we turned toward

synthesising a range of novel bromocarborane isomers.

Synthesis of Previously Unknown Carborane Isomers Using a Blocking Strategy

While many of the positional isomers of bromo- closo-1,2-, closo-1,7- and closo-1,12-
carborane have been synthesised, four others have remained elusive to date. The first of these,
8-bromo-closo-1,2-carborane, has never been reported despite the synthesis of the closely
related 8-iodo-closo-1,2-carborane by Hawthorne and coworkers in 2012.%8 This route, which
spans four steps, is somewhat tedious, uses highly toxic nido-decaborane(14) as a starting
material and affords the product in only 19% overall yield. An alternate pathway to accessing
this vertex would therefore be highly desirable. A similar situation exists for the second
unknown isomer, where the publication of a route to 2-iodo-closo-1,7-carborane over a decade

ago has not been followed by a synthesis of the brominated analogue.'?’

The other two unknown isomers, 4-bromo-closo-1,7-carborane and 5-bromo-closo-1,7-
carborane, have only been reported as products in the thermal isomerisation of 9-bromo-cl/oso-
1,2-carborane or palladium-catalysed ‘cage-walking” isomerisation of the same
compound.'%!!! Importantly, their separation or characterisation was not reported, and even if
successful would provide these isomers in very low yields. To the best of our knowledge,
installation of halogens or any other functional groups at these sites in a carborane cage in a
selective manner has never been reported. A regioselective synthesis of these isomers would
therefore not only constitute their first isolation but would also provide unprecedented access
to closo-1,7-carboranes functionalised at these sites for application in drug design and materials

science.
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Synthesis of 8-Bromo-closo-1,2-Carborane

Of these unknown isomers, 8-bromo-closo-1,2-carborane (32) was chosen as the first target.
Our vision for its synthesis consisted of a three-step procedure: protection of the most
electrophilic sites of the closo-1,2-carborane cage (positions 9 and 12) with iodine followed by
bromination of the 8-vertex as the next most electrophilic site, and finally removal of the iodine

protecting groups (Scheme 11).

<N Deprotect Brominate Protect <N
32 33 34 31

Scheme 11. Proposed retrosynthetic strategy for 8-bromo-closo-1,2-carborane (32) through
iodine-protected closo-1,2-carborane intermediates. ® = C—H; o = B—H (or B if substituted).

Iodination of the most electrophilic boron vertices of carboranes is generally a straight-
forward procedure, with well-established literature methods using molecular iodine and either
a strong Lewis acid such as aluminium trichloride or a strongly oxidising mixture of acetic,
nitric and sulfuric acids to effect the transformation.!*%!3! These produce the desired product
in excellent yield and selectivity. In the case of closo-1,2-carborane however, the B(9/12) and
B(8/11) positions have somewhat similar electron densities, and while mono-iodination
produces mainly the 9-isomer with only small amounts of the 8-isomer, di-iodination is known
to produce a mixture of 8,9- (35) and 9,12-substituted (34) products.'3? In our hands, the 9,12-
substituted product constituted around 87% of the crude product mixture regardless of the
conditions used (Scheme 12). Separation of the isomers proved futile and would therefore,
following bromination, provide a mixture of 8-bromo- and 9-bromo-closo-1,2-carborane.
These isomers have very similar properties and fail to separate using common preparative

purification techniques. Further development of the protection procedure was thus required.
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Scheme 12. Initial attempted synthesis of 9,12-protected closo-1,2-carborane (34) using
conventional iodination conditions producing an inseparable mixture containing 8,9-diiodo-
closo-1,2-carborane (35) and 8,10-diiodo-closo-1,2-carborane (36). ® = C—H; o = B—H (or B
if substituted).

Initial attempts at solving this issue involved protecting an additional boron vertex to
create a tri-iodinated carborane. This, in principle, would convert the three isomers produced
in the di-iodination reaction to only two unique isomers: 8,9,10-triodo-closo-1,2-carborane
(38) and 8,9,12-triiodo-closo-1,2-carborane (37) (Scheme 13). The first of these, produced
from the 8,10-diiodo derivative, should only form as a minor impurity, as its parent forms only
a trace amount of the starting reaction mix. The major product after bromination would
therefore be expected to be 8-bromo-9,10,12-i0do-closo-1,2-carborane. Unfortunately, when
iodination of the isomeric mixture of diiodo-closo-1,2-carborane was attempted with one
equivalent of iodine a new issue was unexpectedly encountered: formation of the trisubstituted
species was always accompanied by significant amounts of the tetra-substituted 8,9,10,12-
tetraiodo-closo-1,2-carborane as well as unreacted diiodo-closo-1,2-carborane. This resulted in

the subsequent bromination step yielding a complex mixture of products which proved to be

&2
P LA

34 35 36 37 38

intractable.

. J trace major trace

Y
97%

Scheme 13. Expected isomer distribution resulting from the iodination of an isomeric mixture
of diiodo-closo-1,2-carborane. The reaction instead produces a mixture of di-, tri- and tetra-
iodinated closo-1,2-carboranes. ® = C—H; o = B—H (or B if substituted).
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Following these attempts, we became aware of recent publications by Chen and co-
workers reporting convenient methods of carborane halogenation using N-halosuccinimides in
1,1,1,3,3,3-hexaflouro-2-propanol (HFIP) with triflic acid as a catalyst.!3*!** Notably, the
authors reported excellent isomer selectivity for a range of mono- and dihalogenated
carboranes using these conditions. When we implemented these conditions, the desired 9,12-
diiodo-closo-1,2-carborane (34) formed in 93% yield (Scheme 14) with no evidence of 8-
substituted isomers in the NMR spectra of the reaction product. This method is operationally

simple and gives a product of sufficient purity following a simple work-up procedure.

NIS
PJ%W TfOH (cat.)
Qﬂé ; HFIP, RT
24 h
93%
31 34

Scheme 14. Regioselective synthesis of 9,12-protected closo-1,2-carborane using literature
conditions.!3* @ = C—H; o = B-H (or B if substituted).

With an effective method to protect the 9,12-positions in place, we moved onto
brominating the next most electrophilic site. In this case, bromination of other boron vertices
is not a concern, as the B(4/5/7/11) and B(3/6) sites are substantially less electrophilic than the
B(8/10) vertices. Using NBS as the brominating reagent in HFIP with triflic acid as catalyst
furnished compound 33 in 63% yield (Scheme 15). While this is a relatively low yield for
reactions of this type, the rest of the reaction mass consists of unreacted starting material that
can be recovered easily. Moreover, no attempts were made to optimise these conditions; an
increased loading of triflic acid or higher reaction temperatures would likely drive this reaction

to completion.

NBS
TfOH (cat.)

HFIP, RT
24 h
63%

Scheme 15. Synthesis of 8-bromo-9,12-diiodo-c/oso-1,2-carborane. ® = C—-H; o = B-H or B
if substituted.
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Finally, completion of the overall synthetic route was achieved by removing the iodine
atoms using the optimised deprotection conditions described earlier (Scheme 16). To our
delight, the iodine atoms were completely removed with no evidence of concomitant removal
of the bromine substituent, giving the deprotected product 8-bromo-closo-1,2-carborane (32)
in near quantitative yield. The "H NMR spectrum of the product showed a single cage C—H
resonance at 3.62 ppm as expected for a symmetrically substituted product. The !'B{'H} NMR
spectrum consisted of 7 peaks corresponding to the 7 boron environments, with the 'H-coupled
"B NMR spectrum showing a lone singlet at -5.4 ppm which is assigned to the bromine
substituted 8-position. Using this fact along with the relative integrals and a 2D 'B-!"B COSY
NMR spectrum (Figure 10) allowed complete, unambiguous assignment of each boron peak

and confirmed the identity of the product.

[Ni(PPh3),Cl5]

Zn, TPP
hv (365 nm, 20 W) J&
AW
THF, RT Br v
96 h
95%
33 32

Scheme 16. Deprotection of compound 33 using our previously-tested conditions. @ = C—H; o
= B-H (or B if substituted).

This three-step process is straight-forward and produces the desired isomer in 57%
overall yield, which is a significant improvement on Hawthorne’s method of synthesising the
related 8-i0odo-closo-1,2-carborane. As a result, 8-substituted derivatives of closo-1,2-
carborane can now be conveniently and effectively prepared. In their report on the synthesis of
8-i0do-closo-1,2-carborane, Hawthorne and co-workers showed that deboronation of this
compound proceeds selectively and solely at the 3-position (which, in this case, is non-
equivalent to the 6-position). We have found that the deboronation reaction is similarly
selective in the case of 8-bromo-closo-1,2-carborane (Scheme 17). Recapping of this
deboronated species with, for example, boron tribromide would provide access to ‘para-type’
substitution on closo-1,2-carborane (compound 40). Similarly, a cobalt bis-dicarbollide

complex (COSAN) formed from this brominated nido-carborane (41) would be substituted at
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opposite ends of the complex — an unusual substitution pattern — which could open up

interesting new avenues for functional molecules utilising COSAN frameworks.'*>

JA\k TBAF
A ——

Y THF, RT
Br 4h

32 39 ?AVA‘

41

Scheme 17. Deboronation of 8-bromo-closo-1,2-carborane and potential synthetic operations
to transform the resulting nido-carborane (39) into interesting carborane-based frameworks.
= C—H; o = B—H (or B if substituted by an exopolyhedral bond).
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C 1 d AEG B10
D 2 d AB,EF B(4/7)
E 2 d ACD,G B(5/11)
F 1 d B,D B3
32
G 1 d GCE B6

Figure 10. The 2D ""B{'H}-!"B{'H} COSY NMR spectrum of 8-bromo-closo-1,2-carborane
(32) and its peak assignments. The cross-peaks between peaks D and F are difficult to see due
to the presence of nearby signals. ® = C—H; o = B—H (or B if substituted).
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Synthesis of 5-Bromo-closo-1,7-Carborane

Our next target was the elusive 5-bromo-closo-1,7-carborane (20) isomer. The most
electrophilic positions on closo-1,7-carborane are the B(9/10) sites, with published
computational data generally showing similar charge densities for the B(5/12) and B(4/6/8/11)
sites.”? Although there is some disagreement in the literature on which site is substituted after
the B(9/10) positions are occupied, more recent papers indicate that the B(5/12) position is
preferentially functionalised by halogens.!*® Our own preliminary DFT calculations on 9,12-
diiodo-closo-1,7-carborane showed that the B(5/12) positions have slightly more partial
negative charges than the B(4/6/8/11) sites and would thus be the expected site of attack in a
bromination reaction. We therefore envisaged a process to make 5-bromo-closo-1,7-carborane

(20) similar to that which we used to synthesise 8-bromo-closo-1,2-carborane (Scheme 18).

JA\¥ Deprotect & Brominate ] !& Protect JA\\

43 23

Scheme 18. Proposed retrosynthetic strategy for 5-bromo-closo-1,7-carborane (20) through
iodine-protected closo-1,7-carborane intermediates. ® = C—H; o = B—H (or B if substituted).

Installation of two protecting iodine groups is straightforward for closo-1,7-carborane.
Because the B(9/12) positions are substantially more electron-rich than any of the other boron
sites, iodination is completely selective under electrophilic halogenation conditions. Thus,
when closo-1,7-carborane was heated with two reactive equivalents of iodine in a mixture of
acetic, nitric and sulfuric acids, 9,10-diiodo-closo-1,7-carborane (43) was rapidly obtained as

the sole product in almost quantitative yield (Scheme 19).

l5, HySOy,
/> HNO, /AN
m 5 m‘.ﬁ
AcOH, 100 °C |
15 min
23 96% 43

Scheme 19. Synthesis of 9,10-protected closo-1,7-carborane using conventional iodination
conditions. @ = C—H; o = B-H (or B if substituted).
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The next stage of the process, bromination of 9,10-diiodo-closo-1,7-carborane, proved
substantially more troublesome. Over the course of the project, almost 50 different conditions
were tested, a subset of which are shown in Table 1. Conditions commonly used to brominate
carboranes, using molecular bromine and aluminium trichloride as a Lewis acid in DCM,
resulted in complete recovery of the starting material (Entry 1). Other Lewis acids tested also
showed no effect, even in equimolar quantities or when heated for prolonged periods in a higher
boiling solvent (Entries 2—4). When we tried using bromine in the acid mixture used to iodinate
the cluster in the previous step (Entry 5), we were pleased to find that most of the starting
material was consumed. However, a portion of the carborane material decomposed under these
conditions. While carboranes are known to be sensitive to bases and certain nucleophiles,
undergoing deboronation and potentially further oxidative degradation, they generally display
excellent stability in acidic environments, even under rather harsh conditions. In these
reactions, formation of molecular iodine was observed along with C—H resonances
corresponding to 9-iodo-closo-1,7-carborane in the 'H NMR spectrum of the crude product,
indicating that dehalogenation of the starting material had occurred to some extent. Moreover,
we observed a significant upfield shift of some resonances in the boron NMR of the crude
product, indicative of the formation of B-O or B—N bonds. These species were only observed
when nitric acid was used in the reaction (Entries 6 and 7), which has been previously used
under highly acidic conditions to synthesise B-hydroxy carboranes.'*”'* On this basis, we
propose that the mechanism in Scheme 20 may account for the formation of hydroxylated
carboranes under these conditions. Further investigations into this side-reaction may prove
interesting but were deemed beyond the scope of this project due to time constraints.
Adjustments to temperature, reaction time and relative acid concentrations proved somewhat
effective in limiting the amount of decomposition, but no product conversion was observed

under these conditions (Entry 8).
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Table 1. Optimization of reaction conditions for the synthesis of compound 42. @ = C-H; o =
B-H (or B if substituted).

Conditions

43 42
Entry Br"source® Solvent® Additive T(inég) T(ilrlr)le ‘;R;:l;i;c
1 Br DCM AlCI3 40 16 NC
2 Br, DCE AlCl3 100 16 NC
3 Br, DCE FeCl3 100 16 NC
4 Br DCE HgCl» 100 16 NC
5 Br, AcOH  H2SO4/HNOs (50% v/v) 120 8 :
6  NBS H,SO4 HNO3 (50% v/) 100 8 '
7 Br, H2SOq4 - 100 8 NC
8 Br AcOH H>SO4/HNO;3 (33% v/v) 80 16 NC
9 NBS H>SO4 - RT 24 0.9%
10 NBS H2S04 - 60 16 1.7
11 NBS H>SO4 — 100 16 3.1%
12 NBS(3eq) HaSO4 - 100 16 5.1
13 NBS(3eq) H2SOq TBAB 100 16 4.6
14  NBS(3eq) H2SO4 TfOH (cat.) 100 16 6.11
15 TBCA H2S04 - 60 16 0.97
16  NBS HFIP TfOH (cat.) RT 16 NC
17 NBS HFIP TfOH (cat.) 60 16 0.6
18 NBS TfOH - RT 120 0.9
19 NBS TfOH — 60 4 2.0

2 Used in one molar equivalent unless otherwise specified.

® DCE = 1,2-dichloroethane; HFIP = hexafluoroisopropanol; TfOH = triflic acid.

¢ Determined by '"H NMR. NC: no conversion; *: Deiodinated starting material and other side products observed.
¥: 4-bromo isomer also observed.
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Scheme 20. Proposed mechanism for the formation of hydroxylated carborane side-products
in the acid-mediated bromination of compound 43. @ = C—H; o = B—H (or B if substituted).

Ultimately, we decided to explore alternative bromination conditions. The electron-
poor nature of the closo-1,7-carborane cage coupled with the electronically deactivating and
sterically demanding iodine substituents necessitated the use of extremely forcing conditions.
A report in the literature on the effective bromination of highly deactivated aromatic substrates
using NBS in concentrated sulfuric acid seemed a promising starting point.'** When these
conditions were applied to 9,10-diiodo-closo-1,7-carborane (Entry 10), a significant portion of
the material was converted to the desired product. Importantly, there was no evidence of
decomposition or side product formation that had plagued our previous attempts.
Unfortunately, small amounts of what is likely to be the 4-isomer were also evident in the
UB{'H} NMR spectrum of the crude product, with two other cage C—H resonances evident in
the '"H NMR spectrum. Using an excess of NBS and increasing the temperature improved the
conversion (Entries 11 and 12), but separation of the isomers proved troublesome. Addition of
the phase transfer agent tetrabutylammonium bromide (TBAB) seemed to improve selectivity
slightly but reduced the conversion of the reaction (Entry 13). The addition of triflic acid
improved conversion but also resulted in increased formation of the 4-isomer (Entry 14),
whereas using tribromoisocyanuric acid (TBCA) as the brominating reagent had the opposite

effect (Entry 15).

Using the bromination conditions reported by Chen and coworkers'** for less
substituted carboranes proved ineffective for this substrate with only starting material
recovered after 24 hours (Entry 16). Increasing the reaction temperature to 60 °C, however,
resulted in conversion to the product in approximately 35% yield by NMR (Entry 17).
Crucially, no evidence for the formation of other isomers was found, with the only other
carborane resonances evident in the 'H and ""B{'H} NMR spectra arising from unreacted

starting material. Running the reaction in neat triflic acid gave minimal product at room
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temperature even after several days (Entry 18), but heating at 60 °C improved the conversion

to almost 70% without compromising selectivity (Entry 19).

Ultimately, we were unable to increase the conversion of the reaction beyond 70%.
Interestingly, working-up the reaction and applying the same conditions to the partially
converted product resulted in further reaction and increased the yield of the desired product.
Decomposition of NBS under these conditions evidently occurs before bromination of the
substrate is complete. Unfortunately, the same effect could not be achieved when additional

NBS was added to the reaction mixture after the initial reaction period.

Although purification of compound 42 is achievable, due to the similar polarities of
product and starting material, we often found it more convenient to isolate the crude product
and proceed to the deprotection without further purification. In this way, any non-brominated
carborane is converted to the parent closo-1,7-carborane, which was easily separable from the
deprotected 5-bromo-closo-1,7-carborane. When the trisubstituted carborane 42 was purified
before proceeding, deprotection of this compound gave, following purification by flash
chromatography on silica, 5-bromo-closo-1,7-carborane (20) in nearly quantitative yield

(Scheme 21).

[Ni(PPh3),Cl,]

Zn, TPP
Br ?J‘AW hv (365 nm, 20 W) Br ?JAW
N X
| QP[’\ THF, RT Qé
72 h

42 95% 20

Scheme 21. Deprotection of compound 42 using our previously optimised de-iodination
conditions giving 5-bromo-closo-1,7-carborane (20). ® = C—H; o = B—H (or B if substituted).

The 'H NMR spectrum of 20 showed two distinct cage C—H resonances at 3.31 ppm
and 2.95 ppm, reflecting the loss of equivalency of these vertices. Although these peaks could
not be spectroscopically assigned to their respective positions, the downfield resonance is likely
that of the C—H adjacent to the bromine (C1 position) which experiences a strong electron-
withdrawing effect due to the adjacent electronegative bromine atom. The "B{'H} NMR

spectrum showed 6 distinct peaks as expected of this structure, where the bromine substituent
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lies on a plane of symmetry bisecting the C1, B5, B12 and C7 positions. Notably, the peak at
-4.8 ppm is assigned to the B—Br boron as it presents as a singlet in the non-decoupled boron
spectrum of the compound. The other '"B{'H} NMR resonance with a relative integral of one
can therefore be assigned to the B(12) position. Using this knowledge, the remaining boron
peaks were assigned based on their cross-peaks in the 2D "B{'H}-""B{'H} COSY spectrum
(Figure 11) of the compound, which completely agrees with the connectivity expected for the

desired isomer.

40



>
w
(9]
o
m
-

=
1 (ppm)

L -10

f2 (ppm)

Peak Integral =~ Mult. Cross-peaks Assignment

A 1 s CD B5
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Figure 11. The "B{'H}-!''B{'H} COSY NMR spectrum of 5-bromo-closo-1,7-carborane (20)
and its peak assignments. The circled cross-peaks are of low intensity and have been overlayed
from a zoomed-in view of the spectrum. @ = C—H; o = B-H (or B if substituted).
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Towards the Synthesis of 4-Bromo-closo-1,7-Carborane

The synthesis of the third unknown carborane isomer, 4-bromo-closo-1,7-carborane
(21), proved to be the most challenging. Initially, we used a similar approach to that used in the
previous two cases. While the previous synthesis involved selective bromination of the 5-
position of closo-1,7-carborane following protection of the B(9/10) positions, in this case we
sought instead to further protect this site along with the identical 12-position. In this manner,
the next site of substitution should be one of the four identical B(4/6/8/11) vertices, which are
substantially more electronegative than the last remaining B(2/3) site (Scheme 22). Thus,
closo-1,7-carborane was reacted with four equivalents of iodine under the same halogenation
conditions as described previously. In this case, heating the reaction at 120 °C in a sealed
system for several hours was required to achieve the complete consumption of iodine.
Unfortunately, the presence of four sterically demanding and electron-withdrawing iodine
groups makes the tetra-iodinated closo-1,7-carborane (46) an extremely poor substrate for
electrophilic reactions. The cage is so deactivated and sterically crowded that despite using
extremely harsh conditions, no evidence of bromine incorporation at all was seen in numerous
attempts. Ultimately, it became clear that this strategy was futile, and an alternative approach

was required.

. %‘1 Deprotect Brominate Protect ] P’%ﬁ
LV — - Ea
21 45 46 23

Scheme 22. Initially proposed retrosynthetic approach to 4-bromo-closo-1,7-carborane
through doubly-protected closo-1,7-carborane intermediates. ® = C—H; o = B-H (or B if
substituted).

A promising strategy is altering the nature of the cage itself — thereby changing the
electronic properties of each vertex — before reverting to the original closo-1,7-carborane cage.
The most obvious and straightforward example of this is the deboronation of the cluster into
7,9-dicarba-nido-undecaborate before eventual recapping to reform the closo- cage. In 2014,
Hawthorne and coworkers showed that following deboronation of closo-1,7-carborane,

iodination of the resulting 7,9-dicarba-nido-undecaborate under electrophilic substitution
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conditions gave the 8-iodo isomer selectively in nearly quantitative yield.!* Following
recapping with dichloroborane-dioxane complex, the authors were able to isolate 2-iodo-closo-
1,7-carborane. This work demonstrated that selective removal of a boron vertex modifies the
electronics of the cage to the point where a greater amount of electron density is located at the
open face, making it available for electrophilic substitution reactions. Indeed, following
deboronation of closo-1,2-carborane, the first two sites of the resulting nido-carborane cage to
be substituted in halogenation reactions are the boron atoms located at the open face of the
cage.!*1!*2 By analogy, we expected that the other two boron atoms making up the open face
of 7,9-dicarba-nido-undecaborate would be the next most nucleophilic. Following cage
recapping, these equivalent sites would make up two of the four B(4/6/8/11) positions, and
could therefore provide regioselective access to mono- or di-substituted c/oso-1,7-carborane at

these positions (Scheme 23).
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Scheme 23. Alternative retrosynthetic approach to 4-bromo-closo-1,7-carborane (21) through
nido-carborane intermediates. @ = C-H; o = B-H (or B if substituted by an exopolyhedral
bond).

The required precursor, 7,9-dicarba-nido-undecaborate (50), was thus generated
through deboronation of closo-1,7-carborane using TBAF as the fluoride source (Scheme 24).
These well-established conditions furnished the desired nido-carborane as the

tetrabutylammonium salt, '’

which is conveniently soluble in many organic solvents. While
this compound and its derivatives slowly oxidise under ambient conditions, storage under
vacuum or at lower temperatures (-20 °C) allows them to be kept for at least a week with only
minimal decomposition. Protection of the 8-position of 50 by installation of an iodine at this
vertex was attempted using the literature procedure of Hawthorne et al. previously
mentioned.'? In our hands, aluminium trichloride proved to be a poor Lewis acid for this
transformation, with yields rarely exceeding 50% even with higher catalyst loadings or

extended reaction times. Following a small Lewis acid screen, we found that iron(I1I) chloride

and mercury(Il) chloride were most effective in this transformation. Iron(Ill) chloride was
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selected as the Lewis acid of choice due to its lower toxicity and the greater ease of purification

of the resultant product, which could be isolated in 96% yield (Scheme 24).

HO TBA@ HO TBA®
.{%}q TBAF r..ﬂ- l2, FeCls | ‘-16?".
L T A - AV
\Zd THF, RT 24 DCM, 40 °C N2
4 h 4h
23 98% 50 96% 49

Scheme 24. Synthesis of 8-protected 7,9-dicarba-nido-undecaborate (49). « = C-H; o = B-H
(or B if substituted by an exopolyhedral bond).

With the protected nido- species in hand, we turned to installing the desired bromine
onto the cage. Initially, conditions similar to those used for iodination were used, however these
proved too forcing and resulted in a mixture of products containing di-brominated species
(identified by ESI-LRMS), reflecting the greater electrophilicity of bromonium ions. Lowering
the reaction temperature and slow addition of bromine prevented di-substitution (Scheme 25),
however the "B{'H} NMR spectrum of the crude reaction mix showed minor impurities
indicating the formation of other isomers. Surprisingly, the major product of this reaction
showed only 6 resonances in its decoupled boron NMR spectrum, indicating bromination had
occurred elsewhere to the open face. If substitution had occurred at one of the desired B(10/11)
sites, the loss of cage symmetry would result in 9 distinct boron environments. Moreover, a
doublet of doublets of integration two was observed in the non-decoupled "B NMR spectrum
of this compound, a coupling pattern characteristic of boron atoms connected to both an endo-
and exopolyhedral proton, confirming that the B(10/11) sites remained unsubstituted in the
major product of this reaction. The only isomers that could account for the symmetry displayed
in the boron NMR spectra of this compound are I1-bromo-8-iodo-7,9-dicarbo-nido-
undecaborate and 6-bromo-8-iodo-7,9-dicarbo-nido-undecaborate, with 2D "B{'H}-"B{'H}
COSY NMR experiments confirming that the 6-isomer (51) was in fact the major product.
Following recapping and deprotection, this isomer would give closo-1,7-carborane brominated
at the 9-position. As this isomer is easily accessible through other methods, no further attempts

were made to purify this compound or optimise its synthesis.
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Scheme 25. The major product 6-bromo-8-iodo-7,9-dicarbo-nido-undecaborate (51) of the
bromination of nido-carborane 49 along with the expected 10-isomer (grey, 48). « = C—H; o =
B—H (or B if substituted by an exopolyhedral bond).

We next tried to further modify the electronics of the cage so as to encourage
bromination at the desired site. When treated with a strong base, nido-carboranes lose their
bridging proton and form doubly negatively-charged dicarbollide ions. Most salts of these
compounds are unstable when exposed to air and moisture, however they can react with
electrophiles in situ to form substituted monoanionic nido-carboranes. Importantly, it has been
shown that 7,9-dicarba-nido-undecaborate can be sequentially deprotonated and substituted
with methyl iodide, ultimately forming a nido-carborane that is permethylated only at the boron
atoms of the open face.!** It was anticipated that generation of the dicarbollide of compound

49 would result in a species that favoured incorporation of electrophilic Br' at its open face.

When a THF solution of 49 was treated with two equivalents of n-butyllithium (Scheme
26), monitoring of the reaction mixture with NMR spectroscopy revealed complete
consumption of the starting material and formation of a new set of boron resonances. While
complete assignment of these peaks could not be achieved due to the overlap of many of the
signals, the '"B{'H} spectrum shows a significant upfield shift of one of the boron resonances
that is characteristic of a dicarbollide anion. Furthermore, comparison of this spectrum with
that of the dilithio salt of the parent dicarba-7,9-nido-undecaborate dicarbollide (53) reported
in the literature showed clear differences,'** indicating that transmetalation of the iodine had
not occurred and the desired dicarbollide (52) was formed (Figure 12). When the dicarbollide
solution was quenched with bromine (Scheme 26), the reaction rapidly decolourised and NMR
indicated complete consumption of the dicarbollide. However, the 'B{'H} NMR spectrum of
the crude product showed formation of the previously formed 6-bromo isomer 51 as the main
product. Evidently, delocalisation of the negative charge throughout the cluster is sufficient to
retain the 6-position as the most electron-rich site, yet it is interesting that other electrophiles

substitute at different positions when added to similar dicarbollides. Proposed mechanisms for
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these reactions involve insertion of the alkyl group into the bridging position, followed by
rearrangement (Scheme 27), and it is likely that bromine reacts in a different manner. Reaction
of dicarborallide 52 with alkyl halides would provide further insight into this reaction and its

mechanism but this was beyond the scope of this project.

HOG TBA@ 20 2 Li® HO TBA@
U\ — A — 1N -Br
5 min 1h
49 52 51

Scheme 26. Synthesis of the lithium dicarbollide of 8-iodo-7,9-dicarbo-nido-undecaborate (52)
and its subsequent bromination. ® = C—H; o = B—H (or B if substituted by an exopolyhedral
bond).

49

52

53

1 (ppm)

Figure 12. Comparison of the ''"B{'H} NMR spectra of 8-iodo-7,9-dicarba-nido-undecaborate
(49, —) and the two dicarbollides Li2(8-1-7,9-C2BoH10) (52, —) and Li2(7,9-C2BoH11) (53, —
). The spectrum of 53 was adapted from a literature report.'*’
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Scheme 27. Proposed literature mechanism for the alkylation of 7,9-dicarbabollides.!* The
alkyl group first inserts into the bridging position of the open face forming a three-centre two-
electron bond with two boron vertices. Rearrangement of one of the boron atoms followed by
abstraction of the newly formed bridging proton with a base forms the B(10)-substituted 7,9-
dicarba-nido-undecaborate after reprotonation. ® = C—H; o = B—H (or B if substituted by an
exopolyhedral bond).

As the second most electrophilic vertex in 7,9-dicarba-nido-undecaborate is evidently
the 6-position, efforts turned to installing a second protecting iodine group at this position to
see whether further substitution would provide access to the desired B(10/11) sites of the nido-
framework. Because iodination of boron vertices is more straightforward and selective for
closo-1,7-carboranes, we initially hoped to access the doubly protected compound through
deboronation and subsequent iodination of 9-iodo-closo-1,7-carborane (54). This procedure,
however, produces two isomers in approximately equal proportion as the B3 and B6 vertices
are no longer equivalent (Scheme 28). Despite repeated attempts, we were unable to separate
these isomers using preparative chromatographic methods, and a mixture of these would make
future synthetic steps intractable. Instead, we opted to use the diiodo species 43, which upon

deboronation gives quantitatively a single isomer 57 that has two undesirable substitution sites

protected (Scheme 29).
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approx. 1:1 ratio
Scheme 28. Deboronation of compound 54 which produces an approximately equal ratio of

the 1-iodo isomer (55) and 6-iodo isomer (56). ® = C—H; o = B-H (or B if substituted by an
exopolyhedral bond).
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The next step was to further protect the 8-position that would presumably be the most
electrophilic position of the nido- cluster. Naturally, the addition of two electronegative iodine
atoms makes the cage less susceptible to electrophilic substitution, and the conditions used to
iodinate the parent nido-carborane (iodine with AlCl; or FeCls catalyst) returned mostly starting
material. Heating for extended periods in a higher boiling solvent (1,2-dichloroethane) and
using the more electrophilic iodine monochloride improved conversion but resulted in
increased by-product formation. We ultimately found that mercury(Il) chloride was the most
effective Lewis acid used in this reaction, with almost complete conversion of starting material
achieved when 57 was heated at reflux in DCM with molecular iodine (Scheme 29). The main
product of this reaction showed 6 peaks in its "B{'H} NMR spectrum, indicative of a
compound with a symmetry plane that can only result from iodination at the 8-position.
Unfortunately, the !'B{'H} NMR spectrum also showed evidence of the formation of another
isomer in small amounts, which co-eluted with the main product in all chromatographic
conditions tested. While it may be possible to further optimize these reaction conditions to
minimize formation of the minor isomer, this route was abandoned due to concerns over the

likely difficulties in brominating such an electron-poor cluster in the subsequent step.

TBAF I, HgCl,
—_—
THF, RT DCM, 40 °C
1h 4h
95%
43 57 58

(major product)

Scheme 29. Synthesis of triply-protected S8 following regioselective deboronation of
compound 43. The formation of 58 was accompanied by small amounts of an uncharacterized
regioisomer. ® = C—H; o = B-H (or B if substituted by an exopolyhedral bond).

Protection of the B6 position of the nido- cluster was therefore achieved by iodination
of compound 49. Similar to our attempts at bromination, this reaction was not completely
regioselective and preparative separation of the resultant isomers was unachievable. As a result,
a range of conditions were screened in an attempt to drive the selectivity of the substitution.
Acid-mediated or oxidative conditions, such as those used for iodination of closo-carboranes,

could not be used as they result in cage closure to C2BoHi3 species and degradation of the
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cluster,'* respectively. Because of this, we continued with the Lewis acid catalysed approach
used previously, varying the solvent, Lewis acid, iodine source and temperature. The range of
choice in solvent for this reaction is limited by the tendency of nido-carboranes to form stable
adducts with Lewis basic compounds such as acetonitrile and THF under these conditions. 47148
We found, however, that solvent has little effect on this reaction and that the choice of Lewis
acid was again the most important factor. Iron(III) chloride proved to be the most effective,
with iodination being almost completely selective at the 6-position when it was used in
conjunction with molecular iodine in DCM at reflux (Scheme 30). The ''B {'"H} NMR spectrum
of this compound showed the 6 resonances expected of compound 59, which has a plane of
symmetry bisecting the two vertices substituted by iodine. The non-decoupled boron NMR
spectrum shows singlets at -14.4 ppm and -40.4 ppm, identifying these peaks as the two B-I
environments. It also shows a doublet of doublets at -19.2 ppm indicative of unsubstituted
boron atoms connected to a bridging proton. The 2D "B{'H}-!'B{'H} COSY NMR spectrum

(Figure 13) displays all the cross-peaks expected of compound 59 and allows complete

assignment of the boron resonances.

HO TBA® HO TBA
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Scheme 30. lodination of compound 49 giving the doubly protected nido-carborane 59. e =
C-H; o = B-H (or B if substituted by an exopolyhedral bond).

With compound 59 in hand, focus shifted to identifying the most electron-rich vertex
that would be the site of further halogenation. Although there was insufficient time to trial
bromination of this substrate and characterise the resulting product, a test iodination reaction
of this compound was performed (Scheme 31). With spectra of tri-iodinated compound 58
collected from an orthogonal synthesis, the 'B{'H} NMR peaks could be compared to
determine whether substitution at the B1 position had occurred. Pleasingly, no peaks
corresponding to compound 58 were observed in the ''B{'H} NMR of the iodination reaction,
indicating that substitution occurred at one of the other three boron environment pairs. Two of

these environments (B(10/11) and B(3/4)), following recapping and deprotection, would give
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the desired 4-substituted closo-1,7-carborane, while the remaining environment (B(2/5)) would
yield closo-1,7-carborane substituted at the 5-position, which was synthesised previously. All
of these isomers would show 9 peaks in their ''"B{'H} NMR spectra due to a loss of symmetry,
and thus no information could be gleaned from this. A lack of material of sufficient purity
precluded analysis of the non-decoupled spectrum or by two-dimensional methods. While
further work is needed on this front, this appears to be a viable route to synthesising 4-bromo-

closo-1,7-carborane.

Ho TBA” Ho TBA” Ho TBA” Ho TBA”
| vﬁ 2 FeCh | "ﬂ OR | "ﬂ ! OR | "ﬂ
A\ /AN AW AE AW A A\ AN
&é DCM, 40 °C Qé N %9 ) | Qé
6 h
59 60 61 62

Scheme 31. Test iodination of 59 showing the 3 possible isomers that match the peak pattern
shown in the "'B{'H} NMR spectrum of the crude product. Peaks corresponding to the 1-
substituted isomer (58) were not visible. @ = C-H; o = B-H (or B if substituted by an
exopolyhedral bond).

While a new synthesis of 4-bromo-closo-1,7-carborane could not be demonstrated in
this work, it should be noted that the substitution pattern of 59 makes it an interesting precursor
to other compounds. Recapping this compound with dichloroborane-dioxane complex would
lead to the disubstituted 2,9-diiodo-closo-1,7-carborane (Scheme 32), where the two iodine
atoms are on opposite vertices of the cage. This compound would be a useful precursor to
‘para-type’ substituted compounds using a closo-1,7-carborane framework, and is a continuing

subject of research in the Rendina group.

59 63

Scheme 32. Proposed synthesis of 2,9-diiodo-closo-1,7-carborane (63) through the recapping
of compound 59. e = C—H; o = B-H (or B if substituted by an exopolyhedral bond).
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Figure 13. The "B{'H}-'""B{'H} COSY NMR spectrum of 6,8-diiodo-7,9-dicarba-nido-
undecaborate(1-) (59) and its peak assignments. The circled cross-peaks are of low intensity
and have been overlayed from a zoomed-in view of the spectrum for clarity. @ = C-H; o = B—
H (or B if substituted by an exopolyhedral bond).
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Towards the Synthesis of 2-Bromo-closo-1,7-Carborane

While functionalisation of the B(2/3) position of closo-1,7-carboranes does not require the use
of a protecting group, 2-bromo-closo-1,7-carborane has never been reported. A synthesis of the
related 2-iodo-closo-1,7-carborane was recently published,'?” however no attempt at obtaining
the bromo- derivative was mentioned in this report or, to the best of our knowledge, any other
report. Because of the utility of B-bromocarboranes in cross-coupling reactions, a synthesis of

this compound was also attempted.

The published route to 2-iodo-closo-1,7-carborane involves initial iodination of 7,9-
dicarba-nido-undecaborate (50) before recapping of the product with dichloroborane-dioxane
complex. Using this approach as a template, we first attempted to synthesise the brominated
nido-carborane 64 under similar conditions. In contrast to the iodination reaction, bromination
of the cage was complete within minutes, producing a mixture of products. Reducing the
reaction temperature and switching from aluminium(III) chloride to iron(III) chloride improved
selectivity, but side-products remained. Further investigations found that this reaction could
proceed without a Lewis acid catalyst, which increased selectivity further. Ultimately, we found
that using NBS as the brominating reagent in acetonitrile provided mild enough conditions that

the desired 8-bromo isomer was formed cleanly in almost quantitative yield (Scheme 33).

HO TBA® HO TBA@
NBS ,___.‘
N\ —_— Bri/
Q,‘;‘ ; MeCN, RT Q,‘;‘ ”
16 h
50 95% 64

Scheme 33. Optimised conditions for the bromination of compound 50. ¢ = C—H; o = B-H (or
B if substituted by an exopolyhedral bond).

This compound displayed the expected 6 peaks in its '"B{'H} NMR spectrum with a
singlet in the non-decoupled spectrum at -2.6 ppm corresponding to the B—Br vertex. Every
other resonance is split by its connected proton, including a doublet of doublets at -22.4 ppm
that confirms the open face of the cage remains unsubstituted. The position of substitution was

confirmed by 2D "B{!H}-!'B{'H} COSY NMR spectroscopy as well as a single crystal X-ray
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structure. Due to time constraints, we were unable to complete the recapping of this compound

(Scheme 34), however work on completing this step continues in the Rendina group.

®
Br TBA 1,,Bu|_.> Br
EA L

64 22

Scheme 34. Proposed synthesis of 2-bromo-closo-1,7-carborane (22) through the recapping of
compound 64. @ = C—H; o = B-H (or B if substituted by an exopolyhedral bond).

Summary and Outlook

This chapter has demonstrated for the first time how iodine atoms can act as protecting groups
for carborane boron vertices, and in so doing allow the synthesis of carboranes brominated at
previously inaccessible sites. The previously unknown compounds 8-bromo-closo-1,2-
carborane (32) and 5-bromo-closo-1,7-carborane (20) were synthesised using this protecting
group strategy and significant progress was made in the synthesis of the similarly novel 4-
bromo-closo-1,7-carborane (21) and 2-bromo-closo-1,7-carborane isomers (22). This work
represents an important step in expanding the synthetic possibilities of carboranes, a key factor
in increasing their adoption as structural frameworks for a variety of applications. The next
chapters focus on the use of carboranes within a fragment-based drug discovery project,

illustrating their utility in this context.
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3

Targeting a Haem
Enzyme with a Unique
Carborane Fragment
Library

Previous research in the Rendina group has found that incorporating carboranes into the
structures of known inhibitors of the haem enzyme indoleamine 2,3-deoxygenase 1 (IDO1),
which plays a number of key roles in cancer immunity, can enhance their potency.'** More
recently, a small and unique library of low molecular weight carboranes were screened for their
ability to inhibit IDO1."° A large proportion of these compounds displayed a strong affinity
for the enzyme, especially when compared to organic compounds of comparable MW.
Encouraged by these results, we sought to extend our assessment of this boron fragment library
to other biological targets, focusing on another haem enzyme known as myeloperoxidase

(MPO).

Myeloperoxidase

Myeloperoxidase is a mammalian haem enzyme that catalyses the production of hypohalous
acids and a range of organic free radicals. When neutrophils ingest pathogens as part of immune
response, MPO is released into the resultant phagosome where the products of its catalytic
cycle serve as potent microbicidal agents.!>! If MPO escapes into the extracellular
environment, however, its highly oxidising products cause damage to host tissues.!*>!>* The
products of this damage have been detected in a vast range of disorders characterised by

155 theumatoid arthritis'*® and

inflammation, including atherosclerosis,'** Alzheimer’s disease,
cancer.!”” There is particularly compelling evidence implicating MPO in cardiovascular
disease.!** 1% Inhibition of this enzyme’s activity would decrease oxidative stress associated

with these conditions and may ultimately allow for their treatment.

54



The majority of the reactive species released by MPO are produced through two
catalytic cycles (Figure 14). In its ‘native’ form, the iron centre of MPO exists in a +3 oxidation
state, which is oxidised by hydrogen peroxide to form the highly reactive ferryl-oxo haem
species, Compound 1.!°" When chloride or other (pseudo)halides such as thiocyanate are
abundant, MPO reverts to its resting state through the halogenation cycle, oxidising these
halides to their respective hypohalous acid.!é> The ‘native’ enzyme can also be regenerated
through the peroxidase cycle, in which small organic substrates are converted to free radicals
in a single-electron oxidation.'®* The resulting iron(IV) species, Compound I, is less reactive
but can oxidise many physiological compounds such as tyrosine and hence reform the resting,

ferric MPO.'%4

Halogenation cycle

OoX X
. o
Fed* = \ O=Fe?*
'Native' MPO Compound |
H,0, H,O
-0, L
+ R Peroxidase cycle RH
+0;
: RH R
Oy : Fe? +e O=Fe**
Compound lll . Compound I
: H,0
\
H20,
Fe?*

Ferrous MPO

Figure 14. The catalytic cycles of myeloperoxidase. The major route involves initial oxidation
of native MPO by H>0> to Compound I. Hypohalous acid production occurs through the
halogenation cycle, where a (pseudo)halide (X") is oxidised, resulting in the regeneration of
resting MPO. Alternatively, the enzyme may proceed through the peroxidation cycle, which
involves single electron oxidation of an organic substrate (RH) or another small molecule to
form Compound II. This form can recycle to native MPO through another oxidation reaction.
Superoxide (O ') and other radicals mediate cycling through other states.
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Attenuation of MPO’s activity may be achieved through a few mechanisms.!%®> Some
anti-inflammatory drugs such as mefenamic acid inhibit this enzyme because they outcompete
physiological compounds for oxidation but react poorly with Compound II, effectively forcing
the enzyme into an inactive state.'®® These ‘Compound II trappers’ are ultimately ineffective
inhibitors as many physiological substances can reduce the enzyme, regenerating its active
form. ‘Compound III pushers’, which reduce MPO to its ferrous state following oxidation, are
similarly ineffective as the active enzyme is regenerated through various pathways. Inhibitors
of greater physiological relevance include suicide substrates and tight binding reversible

inhibitors.

The first of these agents are the only class of MPO inhibitors to have progressed into
clinical trials, all of which are based on a 2-thiouracil core (Figure 15). These compounds
function as irreversible inhibitors of the protein, forming a covalent thioether bond with one of
the pyrrole rings of the MPO haem group following oxidation by the enzyme (Figure 16).'7-168
This modification of the enzyme renders it permanently inactive. For the most part, clinical
evaluation of these agents has seen only minimal success, largely due to a lack of patient
outcomes or unexpected drug-drug interactions.'®!7 Most recently, mitiperstat (68) has been

171

investigated in clinical trials for the treatment of heart failure,’’* chronic obstructive pulmonary

disease'’? and non-alcoholic fatty liver disease.!”

(0] (0] 0]
H H H
HNTY, N HN HNTY, N> HNTY, N
Y Z Y
s)\N S)\N S)\N N S)\N
. T v 0
O\( NH»> Cl (0] Cl : NH»>
65 66 67 68
Verdiperstat PF-06282999 AZD5904 Mitiperstat

Figure 15. Irreversible MPO inhibitors that have progressed through human clinical trials.
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Figure 16. Mode of action of 2-thiouracil irreversible inhibitors (R) involving modification of
the MPO haem group following oxidation by Compound I.

Tight binding reversible inhibitors, on the other hand, form strong, non-covalent
interactions with the protein without being oxidized. The high affinity of these compounds for
the enzyme allows them to outcompete physiological MPO substrates and inhibit enzyme
activity by blocking the active site. A key example of this class is the hydroxamate HX1 (69),'"*
which is the most potent MPO inhibitor reported to date, with a measured ICso of 5 nM. The
clinical potential of this inhibitor, however, is limited due to the instability of its hydroxamic
acid functional group under biological conditions.'®> Another example of a potent reversible

inhibitor reported in the literature is shown in Figure 17.

69 70
ICs0 =5 nM ICs0 = 14 nM

Figure 17. Two potent (nM) and reversible MPO inhibitors reported in the literature.!’+!7
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Structurally, MPO is a large protein (ca. 150 kDa) consisting of two identical protomers linked
by a disulfide bridge. The haem active site is located within a deep cavity that is surrounded at
its entrance by a hydrophobic pocket consisting of the Phe99, Phe366 and Phe407 residues, as
well as the chain carbons of Arg239. Hydrophobic structures, such as the
bis(trifluoromethyl)phenyl group of 69, are known to bind to this region and restrict substrate
access to the catalytic haem group. Because of their hydrophobic nature and size, closo-

carboranes are ideal candidates to target this pocket and serve as a new class of structural

frameworks in the design of novel MPO inhibitors.

Figure 18. Close-up view of the active-site entrance of MPO. Residues are coloured based on
their hydrophobicity (red is hydrophobic, white is hydrophilic). Image rendered in PyMol.

Chapter Aims

Given MPQO’s implication in the oxidative damage associated with a range of disorders,
designing effective inhibitors of this enzyme is critical to further understanding and treating
these inflammatory conditions. Unfortunately, all inhibitors reported thus far have failed to
meet therapeutic needs. With the promise that carborane derivatives have shown in our
previous work with IDO1, we assessed our library of carborane fragments against MPO with
the goal of developing novel inhibitors through a fragment-based approach. In this Chapter, the
results of a preliminary screen of a set of low molecular weight carborane fragments are

reported, as well as initial efforts to expand and diversify this library. Further, a robust,
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physiologically relevant bioassay was adapted for use with fragment-like compounds and was

used to determine the inhibitory activity of the expanded set of fragments.

Synthesis

C-Substituted Carboranes

While a selection of low molecular weight carboranes were available in our unique boron-
based fragment library, additional syntheses were required to broaden the range of structures
and hence increase the breadth of chemical space explored. As such, initial syntheses in this
project focused on making small batches of chemically distinct carboranes using known
methods. Further to this, efforts were directed at expanding the scope of these reactions and we
endeavoured, where possible, to extend the range of viable substrates for these transformations.
The initial goal was to derive most of these fragments from closo-1,2-carborane, as it is the

most affordable and readily-available isomer.

As mentioned in Chapter Two, deprotonation of carborane C-vertices followed by
nucleophilic addition with an appropriate electrophile is a well-established method of
synthesising C-substituted carborane derivatives. This approach served as a cornerstone for our
library, with a set of diverse derivatives synthesised using literature procedures and adaptions
thereof (Table 2). Here, the focus was on installing chemically distinct functional groups that
can bind to protein residues in different manners. For some of these derivatives, both the closo-
1,2- and closo-1,7- isomers were synthesised to determine whether cage isomerism affected
biological activity. All of the compounds in Table 2 showed the expected increase in peaks in
their '"B{'H} NMR spectra relative to the parent carborane, a result of the partial loss in
symmetry of the cage. The presence of a single cage C—H resonance of integration equal to one

in each 'H NMR spectrum confirmed mono-substitution.

In a similar set of reactions, a collection of carborane secondary alcohols were
synthesised through a facile nucleophilic addition to the corresponding aldehyde with
carborane monoanion. In the case of closo-1,2-carborane and select aldehydes, this
transformation can be effected using excess TBAF in a simple one-pot operation (Scheme
35).5! No disubstitution occurs under these conditions, and a short reaction time precludes
significant amounts of cage deboronation. The compounds were isolated as racemic mixtures

in all cases, and no attempts were made to resolve the enantiomers at the screening stage.
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Table 2. C-substituted carboranes prepared by nucleophilic substitution reaction with a
deprotonated carborane.®! 64176177 ¢ = C—H (or C if substituted); o = B-H.

@ or @ Electrophile R oR R

Fragment structure®

Electrophile - -
closo-1,2- isomer closo-1,7- isomer
0] 0]
/2" “OH /N> 0H
Carbon dioxide DAY DAY
71 (96%) 19 (97%)
Ny S0 Ry N0
Methyl formate ».’;VAS ».’;VAS
(followed by acid hydrolysis) 2 7
72 (92%) 73 (89%)
/2>y “OH /N5 0oH
Paraformaldehyde M M
74 (84%) 75 (60%)
.(& OH
Trimethyl borate B:y& B
(followed by oxidation) N
76 (69%)
] V.JA%.‘ SH
Elemental sulfur Qvé -
77 (88%)
AN,
Tosyl azide PAVA B
(followed by reduction) N
78 (74%)

“ Isolated yields given in parentheses.



Interestingly, these compounds showed more than 6 peaks in their 'B{'H} NMR spectra,
indicative of a complete loss of symmetry in the cage. This matches the data reported in the

literature for compounds of this type,'”®

although no explanation is given for this unexpected
result. The reasons for this are presently unclear, although it is possible that an intramolecular
dihydrogen bonding interaction between the hydroxyl group and one of the B(3,6)-H atoms of

the cage is causing the loss in symmetry.

0 &
oy U O
<IN

N TBAF 79 (89%) 80 (42%)

R — R =
%é THF, RT RSN N
15 min |
31 =
81 (64%)

Scheme 35. Synthesis of carborane secondary alcohols from the respective aldehydes. ® = C—
H (or C if substituted); o = B-H.

Aminomethyl carborane 85 is a useful synthon and desirable fragment. While a number
of routes to this compound are feasible, the most straightforward is its synthesis from nido-
decaborane (82) and propargyl phthalimide (83) using a Gabriel reaction (Scheme 36). In this
reaction, the amine group is installed in its phthalimide protected form since free amines are
known to cause decomposition of the nido-decaborane cage. Silver(I) salts have been found to
be useful catalysts in these types of condensation reactions, coordinating to the alkyne and
slowing their degradation due to hydroboration,'” hence improving yields. In this case, the
addition of silver nitrate to the reaction was found to have little effect. Regardless, the insertion
of this particular alkyne into nido-decaborane is rather high yielding, and compound 84 was
isolated in 63% yield. Acetonitrile is used in this reaction as a Lewis base to form the more
reactive bis(acetonitrile) decaborane adduct in situ. Phthalimides are traditionally deprotected
to the desired amine using hydrazine in an alcoholic solvent, however there is disagreement in
the literature as to whether these conditions cause deboronation when applied to compound

84.%0 In our hands, an excess of hydrazine hydrate in ethanol at room temperature indeed
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caused conversion of most of the product to the respective nido-carborane derivative. Instead,
Soloway et al. reported a milder method of deprotection involving initial reduction of the
phthalimide followed by acid hydrolysis of the resulting amide.'®! Applying these conditions
without first isolating the reduced intermediate allowed collection of the desired amine 85 as

its hydrochloride salt in excellent yield.

0] 0]
H H
| I MeCN
v S
G PhMe, 110 °C

4 h

63%
82 83 84

1. NaBH,, AcOH

.J& NH i-PrOH, RT, 4 h
RA T
2. HCI, AcOH,

i-PrOH, RT, 4 h
85 84%

Scheme 36. Synthesis of aminomethyl carborane 85 from nido-decaborane. ® = C—H (or C if
substituted); © = B—H (or B if substituted by an exopolyhedral bond).

B-Substituted Carboranes

We also sought to synthesise B-substituted carborane derivatives, both as a means of generating
more fragments for the boron library and to further develop new synthetic methods for closo-

1,2-carborane in particular.

Palladium catalysed cross-coupling reactions are powerful methods of synthesising
biaryl compounds, however the equivalent transformations using carborane electrophiles are
much less developed. The Suzuki reaction, for example, is ubiquitous in organic chemistry but
has had limited application in carborane chemistry. Select aryl groups have been attached to
closo-1,7- and closo-1,12-carborane,'¥>!%3 but only one report exists of a closo-1,2-carborane
Suzuki coupling.'®* Even so, the scope of the reaction was limited and functionalisation was

only possible at the most electron poor B(3/6) vertex. To the best of our knowledge, a B(9/12)
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coupled product has never been realised. In our attempts at achieving this, we experienced

similar failures even when using a variety of state-of-the-art Pd catalyst systems.

The use of more nucleophilic coupling partners has emerged as a viable alternative to
achieving these sorts of transformations. For example, Negishi coupling of iodocarboranes
with aryl zinc reagents has recently been reported as a convenient method of generating B-aryl
carboranes.'® Coupling of heteroaromatic zinc reagents, however, was not attempted in this
report. Previous efforts in the literature demonstrate some success with such substrates, '
however, the reaction was never attempted with closo-1,2-carborane and yields for the closo-
1,7-carborane derivatives were often low. Using the newly reported method, we synthesised 9-
phenyl-closo-1,2-carborane (86) in excellent yield as described in the literature (Scheme 37).
When the same conditions were used with 3-bromo-pyridine as the organozinc precursor, the
coupling product 87 was also obtained, albeit in a slightly reduced yield. Using the even more
electron poor 2-chloro-pyrimidine returned mostly starting material under these conditions
with only trace amounts of the product detected by NMR spectroscopy. Clearly, heteroarylzinc
reagents can be competent nucleophiles in these reactions, but further optimisation is needed

to achieve broader substrate scope.

30
CoBry, TFA, Zn
CH,=CHCH,CI Pd(PPh3);Cl; A
R—Br - R-ZnX DAY
MeCN, RT MeCN, RT R N
1h 16 h
R =
51 AN N
N | g
AN N
86 (97%) 87 (72%) 88 (trace)

Scheme 37. Pd-catalysed Negishi coupling of 9-iodo-closo-1,2-carborane (30) with in situ
generated (hetero)aryl zinc reagents. X = Br or Cl; @ = C—H; o = B—H (or B if substituted).
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Although installation of benzyl groups onto the B-positions of carboranes can be
achieved through Kumada and Negishi coupling of B-iodocarboranes with benzylic Grignard

187.188 2 more direct method is the electrophilic substitution of B—H

and organozinc reagents,
vertices with benzyl bromides. Using equimolar amounts of aluminium trichloride, benzyl
groups with electron-withdrawing substituents can be readily installed.”* Other alkyl halides
have also been introduced using this method,”>'*° leading us to attempt the substitution of
closo-1,2-carborane with N-(bromomethyl)phthalimide (89) as a method of accessing B-
aminomethyl carboranes. Unfortunately, using the same conditions as before returned only
starting materials. More forcing conditions (e.g. reflux in 1,2-dichloroethane) gave a complex

mixture of carborane species, attributed to various poly-chlorinated closo-1,2-carboranes based

on the upfield shift of the Ccage—H peaks and the absence of a new methylene resonance.

P‘(‘vﬁ O AICI, O {%
o, o + +’ 3 !

L N Br DCE, 80 °C N Qé
O 16 h ')

31 89 90

Scheme 38. Attempted synthesis of B-phthalimidomethyl closo-1,2-carborane 90 through
electrophilic substitution. ® = C—H; o = B-H (or B if substituted).

The Buchwald-Hartwig reaction has become a mainstay in organic and medicinal
chemistry as a robust and versatile method of generating C—N bonds. The first example of this

0’190

reaction involving carboranes was reported in 201 when Hawthorne and coworkers

demonstrated the coupling of B-iodocarboranes with select amide nucleophiles using a biaryl
phosphine ligand. The Spokoyny group expanded upon this work in a series of papers,!1%-126:127
showing improved coupling performance when B-bromocarboranes were utilised as the
electrophile. More recently, Mu and coworkers reported a method with extended substrate
scope,!?® focusing on disubstituted derivatives. In some of these papers, however, coupling
with closo-1,2-carboranes was either not reported or performed poorly. In particular, examples
of substitution at the electron-rich sites of closo-1,2-carborane, i.e. B(9/12), is lacking.
Optimising these reactions is difficult due to the steric demands of the carborane cage and

slower oxidative addition of a palladium centre into an electron-rich B-X bond. Furthermore,

the strong bases and higher temperatures that are often used to drive sluggish couplings can be
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detrimental as they promote the facile deboronation reaction of closo-1,2-carboranes. The
coupling of various N-nucleophiles was of particular interest to us as they are common motifs
in medicinal chemistry. As such, we attempted to optimise the B-N coupling of 9-bromo-closo-

1,2-carborane with aniline as a model substrate (Table 3).

Table 3. Attempted optimization of the Pd-catalysed coupling of 9-bromo-closo-1,2-carborane
with aniline. @ = C—H; o = B—H (or B if substituted by an exopolyhedral bond).

?JA\“ Conditions {A\‘q 4 i
- O T O ER - EE
r Q”‘;\ ' NH, N Qﬂé QV;‘,\ B
H
91 92 93 94
. b c Temp. Time  Product ratio

Entry  Pd Source/ligand Solvent °C) (h) (91/93 / 94)°
1 SPhos-Pd-G3/SPhos (5/5) Dioxane 70 3 7617/ 17
2 SPhos-Pd-G3/SPhos (5/5) DME 80 4 90/5/5
3 Pd(OACc)2/95 (10/20) Dioxane 70 8 100/0/0
4 Pd(OACc)2/95 (10/20) Dioxane 100 16 100/0/0
5 Pd(OACc)2/95 (10/20) DME 100 16 0/46/54
6 Pd(OACc)/95 (10/20) DME 80 8 80/20/20

4 All reactions were run using 4 eq. of K3PO4 under an atmosphere of dry nitrogen in a sealed tube.
® Loading of catalyst and ligand are given in brackets as mol%. 95 = (2-OMe-CsH.)3)P.

¢ DME = 1,2-dimethoxyethane; dioxane = 1,4-dioxane.

4 Determined using ''B{'H} NMR.

We initially trialled the conditions detailed by Spokoyny et al.,'*® using SPhos-Pd-G3
as the palladium precatalyst and 1,4-dioxane as solvent (Entry 1). Under these conditions,
approximately 10% conversion of the starting material to the desired product was observed by
B {'H} NMR spectroscopy, along with formation of a significant amount of a nido-carborane
species. Changing the solvent to DME (Entry 2) lowered the conversion slightly but reduced
the amount of deboronation by over one-half. We next attempted the conditions used by Mu
and coworkers to synthesise disubstituted B-N bonded carboranes,'?® with tris(2-
methoxyphenyl)phosphine and palladium acetate as the ligand and palladium source in DME

(Entry 5). In this case, complete consumption of the starting material was observed, with a
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downfield shifted singlet at -2.5 ppm in the "B NMR representing the newly formed B-N
bond. Unfortunately, the decomposed nido-carborane was found in approximately equal
proportion to the product. Lowering the temperature and reaction time (Entry 6) led to reduced
decomposition but an equal reduction in conversion. Changing the solvent to 1,4-dioxane
(Entries 3 and 4) resulted in complete stalling of the reaction with only starting material present
in the crude NMR spectrum. When we applied the best conditions (Entry 5) to a reaction with
morpholine as the nucleophile (Scheme 39), only the deboronated decomposition product was
obtained, reflecting the greater basicity of this substrate. Notably, the ''B {'"H} NMR resonances
of the nido- species were consistent between the reactions of the two different substrates,
revealing that the decomposition product results solely from the starting material and that the
coupling product is more stable to deboronation. Using the weakly basic pyrazole as the
coupling partner gave the desired product, albeit at a lower yield compared to aniline. While
these results show that these reactions are possible with electron-rich bromo-closo-1,2-
carboranes, further optimisation is required. In particular, a ligand and catalyst combination

that is active at lower temperatures is needed, especially when using more basic coupling

partners.

H Py

& s

(2-OMe-CgHy)3P
.r!%k“ Pd(OAC)z, K3PO4 .P.J%W 96 (0%)
N\ > W\ R =

Br Qr)‘;\ DME, 100 °C R Q”‘;\ Y

16 h C N

=N

91

97 (48%)

Scheme 39. Optimised conditions for the Buchwald-Hartwig coupling of 9-bromo-closo-1,2-
carborane (91) with amine nucleophiles. ® = C—H; o = B—H (or B if substituted).

Amide and Ester Derivatives

Because of the high binding affinity of carborane carboxylic acids and esters (vide
infra), a small set of esters and amides were synthesised as expansions of these fragments. To
make these compounds, we initially trialled conditions using peptide coupling reagents,

however these provided the desired products in unsatisfactory yields. Eventually, we turned to
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using the carborane acyl chloride 98 as the activated precursor. This was conveniently prepared
in situ using oxalyl chloride and a catalytic amount of DMF, which we found to be a superior
chlorinating agent to thionyl chloride and phosphorus trichloride. The resulting acyl chloride
could be substituted with various alcohols and amines to give the desired amides and esters
(Scheme 40). Originally, 1-carboxy-closo-1,2-carborane was used as the starting material in
these reactions, but deboronation of the cage under these basic conditions reduced yields and
led us to use closo-1,7-carborane instead. In the case of ester 99, it was found that the more
nucleophilic sodium phenoxide was required to obtain the phenyl ester in sufficient yield.
When diamines were used as the nucleophiles, a mixture of mono- and disubstituted products
were obtained even in the presence of large excesses of amine. Disubstituted amines are
common side product of these reactions,'”! and in this case served as a convenient method of
synthesising additional derivatives. No attempts were made to optimise a route to
monosubstituted amines, however Boc-protection of one of the amino groups followed by

eventual acid deprotection is a well-established method in achieving mono-acylated diamines.

Other carborane derivatives used in this Chapter were synthesised and provided by

Thomas Carraro (USyd).
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Biological Evaluation of Fragments

Preliminary Surface Plasmon Resonance Screen

Surface plasmon resonance (SPR) is a technique that is widely-used in FBDD programs to
determine the binding affinity of compounds to a biological target. Briefly, the protein of
interest is immobilised onto the surface of a sensor chip, onto which polarised light is directed.
The angle of this reflected light is dependent on the refractive index of the surface, which in
turn is influenced by interactions at the metal-protein interface. When a solution of the analyte
(e.g. a fragment) is allowed to flow across the detector surface, binding events with the protein
cause a change in refractive index. Measuring the intensity of reflected light therefore allows

determination of the analyte’s affinity to the protein in the form of a binding constant (Kp).

The SPR measurements for this project were performed by Dr Lorna Wilkinson-White
(USyd). A small sample of carboranes was screened to provide initial direction for syntheses,
the results of which are presented in Table 4. Compounds were screened in a buffer containing
either 1% v/v or 5% v/v DMSO to aid their dissolution. The Kp values obtained from these two
datasets were mostly comparable, with select compounds showing improved affinity at 5% v/v
DMSO due to their increased solubility. In many cases, Kp values could not be determined due
to poor surface behaviour at higher concentrations. In these situations, the response measured
is due, at least in part, to non-specific interactions of the ligand with either the protein or sensor
surface, and a binding constant determined from the sensorgram would not be a true reflection

of the compound’s ability to bind to the protein.

Many of the carbonyl compounds showed strong binding to MPO in this screen.
Notably, the carboxylic acid derivatives (19 and 71) and the formyl derivative 72 all had
calculated Kp values much higher than expected for compounds of such low molecular weight.
In these cases, it is likely that the compound is binding to the protein at multiple sites, leading
to a Kp value that is not reflective of a single molecule’s binding affinity. Expansion of such a
fragment, even in an optimal manner, would not result in the expected associated increase in
Kb, as the additional binding modes would lose viability. Despite this, ester derivatives 118,
119 and 120, which can be considered expansions of the carboxylic acid fragments, all showed
reasonable binding affinity, indicating that functionalisation at this site is well tolerated. A
carboxylic acid at the beta position of the cage (121) showed reduced binding affinity, but the
corresponding methyl ester (122) was a more potent binder relative to the alpha-cage ester.

Rearrangement of the compound to a B-substituted carboxylic acid (113) also reduced binding
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ability, perhaps a result of diminished dihydrogen bonding capabilities in the B-substituted
derivative. The di-substituted carborane 123 showed a binding response, but a Kp could not be
determined. This implies that substitution ortho- to the carboxylic acid is well tolerated but
also gives credence to the theory that 71 and related derivatives are promiscuous binders. The
two carboxamides (114 and 115) were rather strong ligands independent of whether the site of
substitution was a carbon or boron vertex and expansion of this fragment into a hydroxamic
acid (117) had little effect on affinity. Finally, the B-acetyl carborane 116 did not bind to the

protein, emphasising the importance of a hydrogen bond donor.

From the other simple carborane derivatives, neither 9-nitrile-closo-1,7-carborane (110)
or 9-amino-closo-1,7-carborane (109) bound to the protein. 1-Hydroxy-closo-1,2-carborane
(76) showed strong binding, with the 9-hydroxy derivative (111) having an even lower Kp
value. A binding constant for the methyl ether of this derivative (112), on the other hand, could

not be determined.

Many of the aromatic derivatives tested were poor binders of MPO, with carboranes
bonded directly to phenyl (125), tolyl (126) or nitrophenyl (134) groups showing very weak or
no binding at all. The remaining aryl carboranes (124, 127, 128, 129, 131, 132 and 133) gave
sensorgrams from which binding constants could not be determined. One exception was the
anisole derivative 130 with an impressive Kp of 98 + 18 puM, although a large discrepancy in
this value was observed when tested at 1% v/v DMSO. The C-benzyl carborane 135 did not
bind, whereas the related nitrobenzyl fragment 136 was a potent binder. Finally, of the
heteroaromatic substituted carboranes, the 2-pyridyl (137) and triazole (140) fragments showed
poor surface behaviour and the pyrazine fragment 138 did not bind. Pyrimidine 139, however,
was a rather strong binder, showing that highly specific heteroatom positioning is required to

make a good ligand.
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Table 4. Experimentally-determined binding constants of carborane fragments using SPR.

Kp (uUM)
Compound Structure
1% DMSO 5% DMSO
EA
109 /3 No bindi
. %é o binding
e/
110 ».’ivi‘.a No binding
e 7
N =~
76 PJ%W > 421 + 60 216+22
A
111 KA 119+6 ~
HO™ ¢~
112 Plexﬁ "
A\ /8 ND -
19 607 356
71 f
113 260 + 31 -

* Poor surface behaviour at higher concentrations.

T Kpis stronger than expected for a compound of this size; it is likely binding to the protein multiple times.

ND: Kp could not be determined.



Table 4. (continued)

Kp (uUM)
Compound Structure
1% DMSO 5% DMSO
TN
72 IS f
114 194+ 13 164 £ 13
115 204 + 47 -
116 No binding
117 206+ 13 ND’
118 333 £45 326 £62
119 169+ 16 -

* Poor surface behaviour at higher concentrations.
T Kpis stronger than expected for a compound of this size; it is likely binding to the protein multiple times.
ND: Kp could not be determined.
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Table 4. (continued)

Kp (uUM)
Compound Structure
1% DMSO 5% DMSO

120 - 153 +£20
121 P‘%‘ﬁ > 580 + 50 147 £ 21

Qé 0
122 PJ%W ™ 288 + 36

Qé 0
123 Binding observed”
124 ND*
125 No binding
126 No binding Weak binding

* Poor surface behaviour at higher concentrations.

T Kpis stronger than expected for a compound of this size; it is likely binding to the protein multiple times.
ND: Kp could not be determined.
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Table 4. (continued)

Kp (uUM)
Compound Structure
1% DMSO 5% DMSO

127 ND*

128 ND"

129 ND*

130 752 + 87" 08+ 18
131 ND*

132 ND*

133 ND*

* Poor surface behaviour at higher concentrations.
f Kp s stronger than expected for a compound of this size; it is likely binding to the protein multiple times.
ND: Kp could not be determined.
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Table 4. (continued)

Kp (uUM)
Compound Structure
1% DMSO 5% DMSO

134 No binding
135 PJ%W O No bindi

2\ s o binding —

A
136 PJ%W O 123+6°

2\ /A - _

%é NO,
137 ND*
138 No binding
139 410+ 35 -
140 ND*

* Poor surface behaviour at higher concentrations.
T Kpis stronger than expected for a compound of this size; it is likely binding to the protein multiple times.
ND: Kp could not be determined.
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In vitro Inhibition Assays

While SPR provides information on whether a fragment binds to a certain protein, this does
not necessarily correlate to its ability to affect the function of this protein. In the case of
enzymes, for instance, a compound may bind to a region where its effect on the enzyme’s ability
to catalyse reactions is limited or even non-existent. These compounds are not useless; linking
these structures to fragments that do effect enzyme function can be a powerful method of
expanding hits and generating potent structures. On the other hand, binding affinity is not a
prerequisite for a potent inhibitor. In the case of MPO, many inhibitors exert their mode of
action following oxidation by the enzyme (vide supra), a mechanism which would not be
captured under the conditions of SPR as hydrogen peroxide is not present in the assay solution.
As such, identifying which compounds inhibit the enzyme was an important objective in this
project. To this end, we assessed our initial fragment library, along with some additionally
synthesised compounds informed by the SPR results, in two in vitro assays that assess a

compound’s effect on MPO’s ability to produce oxidants.

One of the most common methods used to test MPO’s activity is the taurine chloramine

assay,!”?

in which HOCI produced by the enzyme is captured as taurine chloramine. This
compound oxidises iodide to hypoiodous acid which in turn is able to oxidise the chromophore,
TMB (3,3',5,5'-tetramethylbenzidine), to its light-absorbing diimine (Scheme 41). Thus,
determining the absorbance of this species provides a measure of the enzyme’s catalytic activity

and, as a result, the inhibitory effect of the tested carborane fragment.

This assay is indiscriminate in identifying inhibitors; Compound II trappers or
Compound III pushers will register as hits even though they would have limited effect in vivo.
A multi-substrate assay has recently been proposed as a more robust method of detecting
physiologically relevant inhibitors.'®> This assay determines enzymatic activity by measuring
the rate at which TNB (5-thio-2-nitrobenzoic acid) is bleached to its colourless dimer by the
oxidants produced by MPO. Importantly, urate and tyrosine are included in the buffer to mimic
the conditions of extracellular environments. Both compounds effectively reduce Compound
II to native ferric MPO, 64! thereby negating the effects of Compound II trappers. Urate is
also an effective reductant of free radicals,'** preventing their reduction of MPO to its ferrous

form and therefore accumulation of Compound III (vide supra; Figure 14).
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o DT

TMB TMB diimine

Scheme 41. Capture of HOCI by taurine and its resultant detection by oxidation of iodide and
TMB to a blue product.

For this project, the multi-substrate assay was used as the primary method to test
inhibition of most fragments. Some compounds were also tested under the taurine chloramine

assay to help interpret the results of the SPR screen.

Although the methods reported for these assays are effective for drug-like molecules,
screening fragment libraries requires adjustments to these conditions. Of primary concern is
the solubility of the small fragments; because of their low potency, they must be tested at
concentrations approaching 1 mM, at which point the water solubility of many small molecules
is limited. This is particularly important for mono-substituted c/loso-carboranes, where the cage
is inherently hydrophobic. A common method of increasing the solubility of hydrophobic
compounds is addition of DMSO to the assay medium, with concentrations between 5-10%
v/v used as the upper limit to preserve protein integrity. For many of the carborane fragments
assessed in this thesis, even 10% v/v DMSO proved insufficient in dissolving them at a
concentration of 500 uM. Addition of 0.01% v/v of the non-ionic surfactant Polysorbate 20
resolved this issue, allowing dissolution of most fragments up to a concentration of 1 mM in
the assay medium supplemented with 5% v/ DMSO. While Polysorbate 20 has been shown to

195 jts effect at this concentration is minimal. Furthermore, each

stimulate MPO activity,
fragment was tested against a negative control with inhibition being measured relative to the

activity of MPO in an inhibitor-free medium. Finally, the inhibitory effect of a literature
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inhibitor HX1 (5) and some selected water-soluble fragments were comparable when tested in

the presence and absence of Polysorbate 20, confirming the validity of the measurements.

The results of these assays are presented in Table 4. Fragments were initially screened
at a concentration of 500 uM and the percent inhibition relative to the uninhibited enzyme was
determined. Some fragments were screened at lower concentrations due to their poor solubility

or at higher concentrations if their inhibition at 500 pM was found to be low.

C-substituted carboxylic acid 71, which was a strong binder in the SPR assays, was also
found to be a potent inhibitor, inhibiting more than 50% of enzyme function at a concentration
of 500 uM. Expansion of this structure into esters and amides, however, generally resulted in
decreased performance. Methyl, ethyl and phenyl esters 118, 119 and 99 did not inhibit the
enzyme at all in the multi-substrate assay. Similarly, the propyl, nitrophenyl and benzyl esters
120, 100 and 101 as well as the beta-cage carboxylic acid 121 had only minor effects on the
enzyme. Some of these fragments were, however, potent inhibitors in the taurine chloramine
assay, indicating that these derivatives can act as Compound II pushers or Compound III
trappers. Of the amides synthesised, most performed poorly, with 103 showing low inhibition
and 105 having no effect on the enzyme. Conversely, the ortho-phenylenediamine amide 104
showed comparable activity to the parent carboxylic acid (66%) at half the concentration. The
almost complete reduction of potency of 123 compared to 71 shows that large substituents are
not tolerated when installed adjacent to the carboxylic acid. Positioning of the carboxy group
on the cage also had a profound effect, with B-substituted carboxylic acid 113 being completely
inactive. This again may be due to a reduced ability to form dihydrogen bonds, but given the

stark difference in activity electronic effects may also be in play.

Many of the phenyl carboranes, as in the SPR screen, performed poorly in the inhibition
assays. Most derivatives showed no or very low inhibition in the multi-substrate assay (126,
127,128, 129, 130, 133 and 124), even despite strong binding affinity in the SPR screen in the
case of 130. An exception to this trend is fragment 131, containing an aromatic primary amine,
which significantly slowed HOCI production at this concentration (48% inhibition). The
pyrimidine fragment 139 showed promise in the taurine chloramine assay, but along with
heteroaromatic derivatives 138 and 137 did not inhibit MPO in the multi-substrate assay.
Similarly, the benzyl carboranes 135 and 136 were both inactive, however the extended chain

derivative 142 was a reasonable inhibitor.
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Of the other fragments, C-hydroxy carborane 76 appeared to be a Compound II
pusher/Compound III trapper, acting as a strong inhibitor in the taurine chloramine assay but,
along with its methyl ether 112, showed no activity in the multi-substrate assay. Compound 81
was similarly inactive. Cage-substituted amines 109 and 78 had comparably low inhibition,
while nitrile 141 was somewhat more active. The related aminomethyl carborane 85 was a very

potent inhibitor, with a percent inhibition of 54% at 500 uM.

Out of the compounds assessed in this work, 104, 131 and 85 were the best performing
and full dose-response curves were generated using the multi-substrate assay (Figure 19). 85
has a calculated ICso of 133 & 14 uM, and its curve shows good dose behaviour, reaching almost
complete inhibition of the enzyme at a concentration of | mM. Fragment 131 has a similar ICso
of 124 + 14 puM, however its effect approaches a limit at just above 60% inhibition. This
behaviour reflects that of the related compound 4-bromo-aniline and is likely a result of an
inability to completely restrict substrate access.!®> The dose-response curve of compound 104
(ICs0~=75 uM) also has a plateau above a concentration of 125 uM, however the limit is reached
more abruptly. In this case, this is attributed to the poor solubility of the compound at higher
concentrations. An important metric when comparing hit fragments is their ligand efficiency
(LE), which quantifies their potency relative to heavy atom count. Of these fragments, 85 has
the highest LE of 0.39, highlighting its impressive inhibition despite its low structural
complexity. Although 104 has a lower 1Cs, its LE (0.26) is not as high revealing a less efficient
use of increased molecular size. Fragment 131 has a similar LE of 0.29, and while not as
promising as 85, should also be considered as a useful starting point for the design of an MPO

inhibitor.
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Table 5. Experimentally-determined ICso values of carborane fragments from two different

MPO inhibition assays.

% Inhibition at 500 pM

Compound Structure - - -
Taurine chloramine Multi-substrate
109 IS - 14%
HN™ N
A5y O
76 P 1 91% No inhibition
EA
112 PJ‘% hib
A\ /s - No inhibition
71 — 55%
113 — No inhibition
(@]
118 &Ny 07 - No inhibition
DA
(0]
119 PJ%W o - No inhibition
A
O
98% 10%*

120 &y Yo7

* Percent inhibition at 1000 uM.
 Percent inhibition at 250 uM.
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Table 5. (continued)

% Inhibition at 500 uM

Compound Structure :
Taurine chloramine Multi-substrate
121 PJ%W > 86% 13%*
X X 0 0
BA
123 9% -
124 9% -
126 — No inhibition
127 — No inhibition
128 - No inhibition
129 — No inhibition

* Percent inhibition at 1000 uM.
 Percent inhibition at 250 pM.
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Table 5. (continued)

% Inhibition at 500 uM

Compound Structure : : :
Taurine chloramine Multi-substrate

130 No inhibition —
131 94%* 48%
133 26%" No inhibition

135 N — No inhibiti
M o inhibition

136 A O No inhibition -
N

O,

137 No inhibition —

138 20% No inhibition

* Percent inhibition at 1000 pM.
T Percent inhibition at 250 uM.
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Table 5. (continued)

% Inhibition at 500 uM

Compound Structure : : :
Taurine chloramine Multi-substrate

|
139 PJ%W SN 85% No inhibition

85 %VA - 54%

0]
NS /Q — %t
104 B_‘ﬁ".ﬁ N 66%

141 L{\%E g — 29%

78 VQ',‘:‘S - 13%

142 — 25%

101 N>y N0 52% 16%
58 )

* Percent inhibition at 1000 pM.
T Percent inhibition at 250 uM.
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Table 5. (continued)

Compound Structure

% Inhibition at 500 uM

Taurine chloramine

Multi-substrate

99
(@]

100 N>y N0
?H

81 AN

105

103

NO,

58%

No inhibition

No inhibition

38%

No inhibition

22%

* Percent inhibition at 1000 uM.
 Percent inhibition at 250 uM.
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ICs0 =133 £ 14 uyM
LE=0.39

% Inhibition
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Concentration (mM)
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80

NH,

% Inhibition

104
ICs0 = 75 uM
LE = 0.26

0.0 0.5 1.0
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% Inhibition

131
ICs0 =124 + 14 uyM
LE=0.29

0.0 0.5 1.0
Concentration (mM)

Figure 19. Dose-response curves and calculated ICso values of hit fragments 85, 104 and 131
measured using the multi-substrate assay. Data points represent the mean of 3 measurements;

errors and error bars are SEMs.
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Summary and Qutlook

This Chapter detailed the synthesis of a set of low molecular weight carboranes and subsequent
studies on their ability to bind and inhibit MPO. Even with a small library, three hit compounds
(85, 104 and 131) were identified, demonstrating that carboranes are a promising structural
framework for designing ‘first-in-class’ MPO inhibitors. All of these fragments would serve as
suitable leads for an expanded FBDD project, with 85 being particularly promising. In the next
Chapter, this preliminary work will be built upon as we attempt to optimise this structure into

a more potent MPO inhibitor.
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4

Optimisation and
Expansion of a Lead
Fragment

In the previous chapter, we identified three carborane fragments that were relatively potent
(uM) MPO inhibitors. Of these compounds, 85 is particularly promising due to its high ligand
efficiency, reasonable water solubility and convenient two-step synthesis from nido-
decaborane(14). For these reasons, it was chosen as the lead fragment to be expanded upon in

this project.

As this is a novel lead, no experimental data on the binding mode of this or related
compounds is available in the literature. Some insights can, however, be inferred from the
results of Chapter Three. Given that the other fragments that performed well in the inhibition
assay also contain primary amines, it is likely that this functional group facilitates strong
interactions with amino acid residues near MPO’s active site. The cage-substituted amine
fragments showed a reduction in potency compared to 85, indicating that the steric bulk of the
carborane cage is not well tolerated close to the binding site and that some degree of
conformational freedom is required. The increased distance of the cluster from the active site
may also allow it to better interact with the hydrophobic region located at the entrance of the
active-site cavity. Enzyme-inhibitor complexes reported in the literature show similar binding
modes, where hydrophilic functional groups bind to the haem propionate arms and adjacent
hydrophilic residues while more lipophilic sections of the inhibitor are oriented towards the

surface of the protein.!7+1%

In order to investigate these aspects, efforts were directed towards synthesising a small
library of compounds that could provide important structure activity relationships (SARs).

Compound 85 contains three vectors for synthetic elaboration (Figure 20):
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1. The amino group, which can be modified through a vast range of transformations, most
readily through direct substitution of the nitrogen atom;

2. The methylene C—H groups, while not directly accessible from the parent fragment, can
be functionalised through modifications in the preceding synthesis;

3. The other vertices of the carborane cage, which are open to functionalisation through
either electrophilic (B-vertices) or nucleophilic (C-vertex) reactions. While there are in
principle 6 unique boron environments and an additional carbon atom where
substitution can occur, if only one substituent is added onto the cage there are three
unique geometrical arrangements that can be formed (i.e. ortho-, meta- and para- to the

carbon atom functionalised with the aminomethyl group).

Cage substitution TN NH. Amine extension

Figure 20. The three possible extension vectors of fragment 85. @ = C—H (or C if substituted);
o =B-H.

Because of the lack of information on how compound 85 binds to MPO, attempts were
made to expand the lead fragment at all of these three sites, with a focus on developing the
synthetic methodology used to access these positions. In this way, a deeper understanding of
what structures are tolerated at certain positions can be established, which can potentially lead
to a useful pharmacophore model for an MPO inhibitor. Moreover, these methods will provide
a template for future synthetic efforts aimed at improving the function and potency of this

fragment.
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Functionalisation at the Carborane Cage

Substitution at the Free C—H Position

Given the importance of the primary amine functionality for the inhibition of MPO, extension
of compound 85 further away from this site (i.e. at another vertex of the cluster) may provide
access to new ligand-protein interactions without compromising binding of the -NH> group.
As mentioned previously, three geometric arrangements are possible for disubstituted
carboranes. The most straightforward route to accessing all of these is to functionalise the
second C-vertex of the respective closo-1,2-, 1,7- and 1,12-carborane isomers of the lead
fragment. Although this will introduce slight differences in polarity due to the altered
arrangement of carbon vertices, only minor differences in activity were observed between

isomers in our previous work.

Substitution at carborane C-vertices involves their initial deprotonation with a strong
base. The amine protons of fragment 85 are also somewhat acidic and therefore require
protection to avoid potential cross-reactivity issues. The precursor to this fragment is the
phthalimide 84, which conveniently provides a protected form of the lead fragment without
additional synthetic efforts. The carbonyl groups of this protecting group, however, are
susceptible to addition by nucleophilic bases such as n-butyllithium. Deprotonation of the cage
C-H group in compound 84 must therefore be achieved using an alternative base, for which

the bulky, non-nucleophilic lithium diisopropylamide (LDA) was chosen.

Using this base, hydroxylation of the second C-position (usually a high-yielding
reaction) was attempted to test the viability of this method (Scheme 42). Under these
conditions, a mixture of products was produced. The first of these was identified as compound
144, which is formed as a result of intramolecular attack of the carborane anion into one of the
phthalimide carbonyl groups (Scheme 43). This assignment was made based on the
disappearance of the cage C—H resonance in the 'H NMR spectrum of the compound, along
with a loss in symmetry of the aromatic region. Furthermore, the transformation of the
methylene peak into an AX doublet of doublets is indicative of diastereotopic protons at this
site. This type of reaction has been observed with similar carborane phthalimide derivatives
and is a result of the proximity of the adjacent C-site."®® A second product from this reaction
was also isolated which could not be identified. The alkyl resonance of this compound is split
into a doublet, indicating addition of a hydroxyl group at this site. A loss in symmetry in the

aromatic region, however, is not consistent with this product. For all of the reaction products,
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no substitution of the phthalimide ring was observed, with the "H NMR spectra of all reactions

displaying four protons in the aromatic region.

0 1. LDA, -78 °C 0
N 1 h, THF
XA -
D\ ZNe) 2. B(OMe);
3. H202, AcOH
84 143

Scheme 42. Attempted hydroxylation of 84 at the free carborane C—H vertex. @ = C—H (or C
if substituted); o = B—H.

144

Scheme 43. Proposed mechanism for the formation of side-product 144 following
deprotonation of 84 and an acidic workup. @ = C—H (or C if substituted); o = B-H.

Following the synthesis of the closo-1,7-carborane isomer of the starting phthalimide
(154, vide infra), the same transformation was attempted on this substrate. In this case,
intramolecular attack of the phthalimide was not observed and a small amount of the desired
product was produced. Efforts at improving the yield by using other bases such as sodium
hydride and potassium hexamethyldisilizane (KHMDS), however, proved to be ineffective.
The use of other protecting groups was briefly considered, but this route was ultimately

abandoned in favour of another strategy.
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Substitution at Carborane B-Sites

In fragment 85, the B—H vertices are also available for functionalisation with a second
substituent. These are most readily and diversely functionalised through Pd-catalysed cross-
coupling reactions following installation of a bromine or iodine atom at the desired site.
Depending on the position of the halogen, different geometries relative to the amine chain can
be achieved. A divergent synthesis is the most convenient method of generating a range of
substituted derivatives, and so protection of the primary amine is also required in this case to
prevent side reactions under cross-coupling conditions. The phthalimide group again served as

a convenient solution for this strategy.

Initially, closo-1,2-carborane was chosen as the boron framework from which expanded
fragments would be derived. Substitution adjacent to the phthalimide chain can be achieved by
halogenation of the B(3/6) sites through a deboronation/recapping process, whereas meta- and
para-type substitution is accessible through the B9 and B12 sites (Figure 21). Because one of
the C-sites is substituted, electrophilic halogenation provides a mixture of the latter two, which

would require separation to achieve the desired geometries in a pure form.

0 0 0
&y N N &N N
VQV)} Ro@ o@ R VQ‘VA o@

Figure 21. The three possible geometries of a disubstituted carborane achieved through 1,3-
substitution (left), 1,9-substitution (centre) and 1,12-substitution (right) of closo-1,2-carborane.
e = C—H (or C if substituted); o = B—H (or B if substituted).

R

Initial efforts focused on synthesising the meta- and para-substituted synthons.
Installation of iodine and bromine atoms was achieved using two different methods (Scheme
44). The phthalimide group of compound 84 is remarkably stable to strongly acidic conditions
and the iodinated derivatives were obtained using conditions previously used in Chapter Two.
Substitution occurred preferentially at the carborane cage rather than the phenyl ring, with the
B9- (145a) and BI12-substituted (145b) isomers being generated in approximately equal
proportion by 'H NMR spectroscopy. Bromination was effected using an alternative method

involving NBS and a catalytic amount of triflic acid in HFIP which generated a similar mixture
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of isomers (146a and 146b). Unfortunately, separation of the isomers could not be achieved
using flash column chromatography in either case. This is consistent with literature reports of
similar disubstituted closo-1,2-carboranes,!”” where the ability to separate these positional
isomers is dependent on the nature of the functional groups at these sites. It was anticipated

that replacement of the halogen atoms with other structures in the following steps would allow

O
£y

for resolution of the constituent isomers.

94%
(0]
145a 145b
o /s i /AN i
(b) /23" N /RN N
— KA % + A %
75% D\ Zalle Br~ ¢ O

146a 146b

Scheme 44. Bromination (top) and iodination (bottom) of compound 84, producing
approximately equal proportions of B9- and B12-substituted carborane derivatives. (a) Iy,
HNO3/H2SO4, AcOH, 60 °C, 3 h; (b) NBS, TfOH (cat.), HFIP, RT, 24 h. « = C-H (or C if
substituted); o = B-H (or B if substituted).

As such, cross-coupling of these compounds was performed without further
purification. Substrate selection for these reactions was aimed at maximising the structural
diversity of the compounds produced. Generation of aryl, alkyl and benzyl derivatives was
envisioned through Negishi couplings with the iodinated derivatives 145a and 145b, a
transformation which is effective for the parent 9-iodo-closo-1,2-carborane.'®> Kumada
couplings, which have also been used to functionalise carborane B-vertices,'*® are not suitable
in this case due to the ability of Grignard reagents to react with the phthalimide carbonyl
groups. Alternatively, the bromocarborane mixture 5 was intended as a precursor to B-
heteroatom substituted compounds, which are also accessible through Pd-catalysed cross-

coupling reactions. As a test reaction, Negishi coupling of phenylzinc bromide using conditions
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described in Chapter Three was attempted.'®> While this reaction is robust and high-yielding
when 9-iodo-closo-1,2-carborane is employed as the electrophile, only starting material was
recovered when the isomeric mixture 145 was used as the coupling partner (Scheme 45).
Similar results were observed with other aryl halides or when a benzyl zinc reagent was used.
Difficulties were also encountered when B-N and B—O bond formation was attempted with the
bromo-substituted synthons. In these cases, deboronation of the base-sensitive closo-1,2-
carborane cage was the primary issue, although conversion to the desired product was also
largely unsuccessful. Sodium azide was the only effective substrate in these reactions, with
incorporation of the functional group being achieved in 78% yield with remarkably little

accompanying decomposition to the nido- species (Scheme 46).

NPhth NPhth NPhth
Pd(PPh3),Cl,
+ R—ZnBr —_— X
MeCN, RT
16 h
145a: R'=H; R%2=| R = Ph, 4-OMe-Ph, Bn

145b: R'=1: RZ=H

Scheme 45. Attempted Negishi coupling of aryl and benzyl zinc reagents with mixrture 145. @
= C—H (or C if substituted); © = B—H (or B if substituted). NPhth = phthalimide.

(a) /2>y NPhth NPhth
—_— +
AW
78% NI 7
146a: R' = H; RZ2 = Br 147a 147b

146b: R' = Br; R?=H

Scheme 46. Pd-catalysed cross coupling of mixture 146 with sodium azide. (a) NaN3 (2 eq.),
SPhos-Pd-G3 (5 mol%), SPhos (5 mol%), K3;POs (2 eq.), DME, 80 °C, 3 h. ¢ = C-H (or C if
substituted); o = B-H (or B if substituted). NPhth = phthalimide.

Because of the low reactivity of the halogenated synthons in these reactions, direct B—
H functionalisation of compound 84 was explored as an alternative strategy for modifying the

B(9/12) sites. Hydroxyl groups have been installed at these positions using nitric acid as the
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OH source in HFIP.!** Compound 84 is somewhat deactivated compared to unfunctionalized
closo-1,2-carborane, with these conditions resulting in minimal conversion to the desired
product. Repeating this reaction in neat triflic acid, however, gave compounds 148a and 148b
in 87% yield (Scheme 47). No deprotection of the phthalimide group was observed, although
a small amount of a nitrated phthalimide side-products (148c and 148d) were detected.
Separation of this compound was not necessary as it was removed along with the phthalimide

group in the following deprotection step.

NO,
07 N\~ 0 07 N\~ 0 07 N\~ 0 07 N\~ 0
N (a) N> NS> DS

&R &R &R R
Qvé 87% Qv;':\ ' HO Qvé ' R1 Qvé
OH R?

84 148a 148b 148c: R'=0OH: R2=H
148d: R' = H: R2 = OH

Scheme 47. Direct hydroxylation of compound 84 giving a mixture of B9- and B12-hydroxy
carboranes along with phthalimide-nitrated side products. (a) HNOs3 (1.2 eq.), TfOH, RT, 16 h.
e = C—H (or C if substituted); o = B—H (or B if substituted).

Incorporation of amine nucleophiles was achieved using a Pd-mediated electrophilic
substitution reaction (Scheme 48). Mildly-acidic compounds such as sulfonamides react
directly in these reactions, whereas more basic nucleophiles such as morpholine require pre-
activation through generation of their N-benzoyloxy derivatives.”® In accordance with their
reactivity, benzenesulfonamide and methanesulfonamide were incorporated into the carborane
cage of compound 84 in good yields. Conversely, benzophenone imine (152, an ammonia
equivalent) and N-benzoyloxy morpholine (151) did not react under these conditions, again
reflecting the deactivating effect of the phthalimide group on the cluster. Issues with site-
selectivity were also apparent for the successful substrates, with small amounts of BS-
substituted product being obtained along with the expected B9- and B12-functionalised
compounds. This was evident in the 'H and "B {'H} NMR spectra of the purified product which
showed three CH; and three B—OH resonances, respectively. Separation of these regioisomers
using flash chromatography proved to be unsuccessful, and further issues were encountered

when deprotection of the phthalimide was attempted. The standard method involving reduction
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with sodium borohydride followed by acid hydrolysis resulted in almost complete
deboronation of the carborane cage compounds. While decomposition could be minimised by
using ethylenediamine in isopropanol as an alternative deprotection method, significant losses
of the product to the respective nido- compound could never be completely avoided. Taken
together, these issues made the use of a closo-1,2-carborane framework intractable, and any

further work in this direction was abandoned.

0
O
o NPhth NPhth NPhth
@) A T <A
80%
149a 149b 149¢
11
—S-NH;,
NPhth NPhth NPhth
(@)
_—
61%
84
150a 150b 150c
NPhth
(@)
> R = NH2 or N(CHchz)zo
/ NH
BzO-N. O  OR P§
—/ Ph” “Ph
151 152

Scheme 48. Pd-catalysed direct B-H functionalisation of compound 84 with various
nucleophiles, producing mixtures of B8-, B9- and B12- substituted products. (a) Pd(OAc): (10
mol%), AgOAc (2.5 eq.), HFIP, 70 °C, 48 h. @ = C—H (or C if substituted); o = B-H (or B if
substituted). NPhth = phthalimide.
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As a result of our successful synthesis of the unprecedented 5-bromo-closo-1,7-
carborane (Chapter Two), the preparation of antipodally-functionalised closo-1,7-carborane
compounds became possible. Following lithiation of 5-bromo-closo-1,7-carborane and
subsequent nucleophilic addition to methyl formate, two regioisomers (1-formyl-5-bromo-
closo-1,7-carborane and 1-formyl-12-bromo-closo-1,7-carborane) were produced which were
separated by means of flash chromatography. Using this approach, a route to ortho- and para-
substituted phthalimidomethyl closo-1,7-carboranes can be envisioned (Figure 22).
Additionally, a meta-substituted species is easily accessible through functionalisation of both
the C1 and B(9/10) positions. The use of a closo-1,7-carborane framework has several

advantages over the isomeric closo-1,2-carborane in this context:

1. The cluster is far more resistant to cage deboronation;

2. Halogenated closo-1,7-carboranes are better substrates in cross-coupling reactions
and;

3. The difficulties in separating the very similar B9- and B12-substituted closo-1,2-

carboranes are avoided.

The use of this carborane isomer in generating difunctionalised follow-up fragments
was therefore investigated. Because the nido-decaborane-alkyne condensation reaction cannot
deliver the closo-1,7-carborane isomer of fragment 85, an alternative synthetic strategy had to

be devised for its synthesis.

0] 0] 0]
N R ey N Ny N

Figure 22. The three possible geometries of a disubstituted carborane achieved through 1,5-
substitution (left), 1,9-substitution (centre) and 1,12-substitution (right) of closo-1,7-carborane.
e = C—H (or C if substituted); o = B—H (or B if substituted).

Utilising a closo-1.7-Carborane Framework

Our initial strategy was to produce the phthalimide-protected compound 154 from N-

bromomethylphthalimide (153) and monolithiated closo-1,7-carborane in a facile Sx2 reaction
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(Scheme 49). However, this method provided the desired mono-substituted product in only

20% yield, along with a similar amount of the disubstituted product.

0 0
N BN n-BuLi, -78 °C Aoy N
%VA« + - A
N o THF, RT, 16 h D \Ze
20%
23 153 154

Scheme 49. Synthesis of 154 through a nucleophilic substitution of N-
bromomethylphthalimide with closo-1,7-carborane. ® = C—H (or C if substituted); o = B—H.

As a result, a change in approach was devised involving synthesis of phthalimide 154
using the known compound 1-hydroxymethyl-closo-1,7-carborane (75, Scheme 50). This
compound has been previously synthesised in an approximately 2:1 ratio with the doubly
substituted carborane through reaction of lithio-closo-1,7-carborane with paraformaldehyde.'*’
In order to avoid formation of the undesired disubstituted by-product, an optimised method
was developed wherein 1-formyl-closo-1,7-carborane (73) was first generated (Scheme 50), a
reaction which is known to be highly selective for mono-substitution.® The resulting crude

product could then be directly reduced with sodium borohydride to afford the desired alcohol
75 in 87% yield.

1. n-BulLi
IS 2. PFA Aoy X0 NaBH, N>y >0H
N — —. KX
78 °C Qv'é MeOH, RT ‘:‘@
Et,0, 1 h 4h
23 73 87% 75

(not isolated)

Scheme 50. Synthesis of compound 75 through a (pseudo) one-pot formylation and reduction
procedure. @ = C—H (or C if substituted); o = B—H.

Initial attempts to convert this species into compound 154 involved a reaction with
phthalimide under Mitsunobu conditions (Scheme 51), however this method gave very low
yields of the product. As a result, efforts turned towards converting the alcohol into a better

leaving group that could participate in an Sn2 reaction with phthalimide. Thus, 1-bromomethyl-
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closo-1,7-carborane (156) was synthesised through a modification of a literature method using
triphenylphosphine dibromide as the brominating reagent,?’° with chlorobenzene being used as

a substitute for the carcinogenic benzene solvent (Scheme 52).

o PPh, O
/Doy 0H DIAD IS N
< THF, 16 h D\ Ze
o]
75 155 154

Scheme 51. Attempted synthesis of compound 154 through a Mitsunobu-type reaction with
hydroxymethyl-closo-1,7-carborane (75). ® = C—H (or C if substituted); o = B-H.

Unfortunately, this species proved rather unreactive in the alkylation of phthalimide
(Scheme 52). Reactions performed in THF or acetonitrile at reflux with potassium carbonate
as a base returned only starting material, even after extended periods (24-48 h). Using 18-
crown-6 as a phase-transfer catalyst in toluene at reflux resulted in consumption of the starting
material, however the product formed was the respective nido- species, consistent with the
documented ability of crown ethers to facilitate cage deboronation.?’! Clearly, a more reactive
electrophile was required for this transformation, with the corresponding triflate ester identified

as a promising candidate due to the exceptional stability of the triflate anion.

Br2 O
Aoy on PP, N
2\ /s - A\ + HN —
E&@éﬁ PhCI !S%gg
4h ¢
88%
75 156 155
0
TN N
154

Scheme 52. Attempted synthesis of compound 154 through alkylation of phthalimide with 1-
bromomethyl-closo-1,7-carborane (156). Several conditions for the alkylation reaction were
tested but none were successful. @ = C—H (or C if substituted); o = B-H.
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The triflate ester (157) was synthesised in excellent yield using a known procedure by
treating 75 with triflic anhydride and pyridine (Scheme 53).2°2 The closo-1,2-carborane isomer
of this compound has been shown to react with phthalimide and potassium carbonate in THF
to produce the alkylation product in 50% yield after 30 hours.?*® In our hands, the closo-1,7-
carborane derivative was obtained in substantially lower yields under similar conditions, while
heating at 100 °C in diglyme formed the undesired nido- species. Using the polar aprotic solvent
acetonitrile resulted in improved conversion, but the best results were achieved when the
alkylation was performed using potassium phthalimide in DMF. These conditions furnished the
desired product without concomitant decomposition, allowing the synthesis of compound 154

in excellent yield and purity with minimal purification (Scheme 53).

Tf,0 o
/N> oH pyridine /RN 0Tt
R — + KN —
RT, DCM »%V;‘,\
2h o
88%
75 157 158

O
N>y N K2COs
DAY
DMF, 50°C,4 h

93%

154

Scheme 53. Preparation of closo-1,7-carborane phthalimide 154 using the triflate ester 157. @
= C—H (or C if substituted); o = B—H.

Subsequent bromination of phthalimide 154 under electrophilic conditions in HFIP
readily provided the 1,9-disubstituted synthon 159 (Scheme 54). The "B{'H} NMR of this
compound (Figure 23) displays ten peaks, reflecting the complete loss of cage symmetry
following bromine incorporation. An alternative route to this compound involving the same
synthetic steps as above but using 9-bromo-closo-1,7-carborane as starting material was also
validated. This method afforded the product in similar overall yield but would also be suitable
for the synthesis of the 1,5- and 1,12-disubstituted isomers of compound 159 if 5-bromo-closo-

1,7-carborane were used as the precursor.
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O NBS o

PJA\W N TfOH (cat.)
"i‘x’é G HFIP, RT, 24 h

75%

154 159

Scheme 54. Bromination of compound 154 to produce the 1,9-disubstituted closo-1,7-
carborane synthon 159. @ = C—H (or C if substituted); o = B—H (or B if substituted).

5 (ppm)

Figure 23. The !'B{'H} (top) and ''B (bottom) NMR spectra of disubstituted carborane 159.
The singlet at -6.4 ppm is representative of the B—Br vertex.
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The closo-1,7-carborane synthon 159 was subsequently used as a precursor to
synthesise a set of 1,9-disubstituted derivatives (Scheme 55). Surprisingly, this compound was
somewhat susceptible to cage deboronation under the conditions used to achieve B-N and B—
O coupling of 9-bromo-closo-1,7-carborane.'?%!?” Reactions involving sodium tert-butoxide or
basic substrates such as morpholine or imidazole were particularly vulnerable to
decomposition. Even the synthesis of the 9-hydroxy derivative, which utilises a mixture of
weakly basic aqueous potassium phosphate and dioxane as the solvent, resulted in the
formation of significant amounts of nido-carborane compounds. Less basic substrates such as
sulfonamide and aniline derivatives as well as sodium azide were less problematic in this sense

and their syntheses were optimised without any associated cage deboronation being observed.

Conditions

159
R =
Hﬂrllw T
0 Y T
HN_ 7
\© S OH N,
o)
160 (89%)2 161 (73%)° 162 (35%)° 163 (63%)°
I
aw — o 0N =0
N ! m
o ) w
o \ \ K
164 (trace)d® 165 (0%)? 166 (trace)d® 167 (0%)?

Scheme 55. Pd-catalysed cross coupling of 159 with various nucleophiles. * Nucleophile (1.5
eq.), PA(OAc)2 (10 mol%), (2-OMe-CsHa4)3)P (10 mol%), K3PO4 (3 eq.), DME, 100 °C, 20 h;
® Nucleophile (1.5 eq.), SPhos-Pd-G3 (5 mol%), SPhos (5 mol%), KsPO4 (2 eq.), DME, 100
°C, 16 h; © SPhos-Pd-G3 (5 mol%), SPhos (5 mol%), 1,4-dioxane/1 M K3POy (aq,), 80 °C, 1 h;
4 Nucleophile (2 eq.), SPhos-Pd-G3 (5 mol%), SPhos (5 mol%), K3POu (2 eq.), 1,4-dioxane,
80 °C, 4 h; © nido-Carboranes constituted the bulk of the reaction mixture. ® = C-H (or C if
substituted); © = B—H (or B if substituted).
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The work presented in this chapter clearly demonstrates that the phthalimide group has
a deactivating effect on the cluster in these reactions and sensitises it to cage deboronation.
Although the reasons for this are unclear, the use of a different protecting group may alleviate
some of these problems. An alternative synthon, the benzophenone imine-protected 169, was
therefore synthesised (Scheme 56) and assessed. While this compound displayed greater
resistance to cage deboronation than the respective phthalimide, NMR conversions to the
coupling products were not substantially different. Due to the low yielding synthesis of this
compound and its difficult purification, further optimisation of its use in these reactions could

not be achieved within the timeframe of this project.

NaOAc

MeCN, 80 °C
16 h
47%

168 152 169

Scheme 56. Synthesis of another 1,9-disubstituted closo-1,7-carborane synthon (169)
containing an alternative protecting group. ® = C—H (or C if substituted); o = B-H (or B if
substituted).

Expansion and Optimisation of the Amine Warhead

Given the stark difference in activity of fragment 85 and the ‘on-cage’ amine 78, the synthesis
of longer chain derivatives was carried out to further investigate the effects of chain length on
inhibitory activity. In contrast to the methyl linked derivative 84, the ethyl and propyl
phthalimides have been synthesised from closo-1,2-carborane in reasonable yields.?** Thus,
nucleophilic  substitution of lithio-closo-1,2-carborane  with the respective N-
bromoalkylphthalimide in DME gave the desired protected amines 172 and 173 in 34% and
62% yield, respectively (Scheme 57).
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?J‘.k‘ n-BulLi
N/ * N g o)
Qé B DME, RT
o) 16 h
31 170:n =1 172 (34%): n = 1
171:n=2 173 (62%): n = 2

Scheme 57. Synthesis of extended chain amines from closo-1,2-carborane and the respective
N-bromoalkylphthalimide. ® = C—H (or C if substituted); o = B—H.

Modifications to the amine end group were also briefly investigated. The hit fragment
104 can be seen as an example of such a modification of fragment 85 resulting from substitution
at the amino group and addition of a carbonyl group at the methylene position. The improved
ICso but lower LE of this compound led us to probe the necessity of the carbonyl group through
the synthesis of compound 175 (Scheme 58). This was achieved by treating triflate 174 with
an excess of ortho-phenylenediamine in acetonitrile. The yield of this reaction is low in part
due to deboronation of the cage, which would be mitigated if the respective closo-1,7-carborane
triflate (157) was used. In a similar manner, protected O-substituted hydroxylamine 176 was
synthesised (Scheme 59), of which the deprotected compound would constitute both an

extension and modification of the linker.

H,N NH,
A OTf NaOAc /AN NQ
IS - H
MeCN, RT, 24 h "“\@ NH;
24%
174 175

Scheme 58. Synthesis of expanded amine fragment 175 from carborane triflate 174. @ = C—H
(or C if substituted); o = B-H.
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Q,‘;‘ ; DMF, RT, 16 h Q')“’\ )
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174 176

Scheme 59. Synthesis of expanded amine fragment 176 from carborane triflate 174. @ = C—H
(or C if substituted); o = B-H.

As a follow-up to the synthesis of diamine 175, benzimidazole 178 was also prepared
(Scheme 60). This was achieved through a one-pot process involving imine condensation of 1-
formyl-closo-1,2-carborane (72) and ortho-phenylenediamine (177), followed by FeCls
catalysed cyclisation and oxidation.?> The secondary amine is conserved in this structure,
however, cyclisation of the other amine locks it into a specific configuration. Such
conformational restrictions can reduce the entropic penalty of enzyme binding if the resultant
conformer resembles the bioactive one, thereby increasing the fragment’s potency. Inhibition
data for this compound will therefore provide further insights into the binding mode of these

compounds.

4& Xo FeCls
M Q PhMe, air

HoN NH, 110 °C, 24 h
70%

72 177 178

Scheme 60. Synthesis of the benzimidazole-substituted carborane 178 through a tandem
condensation and oxidative cyclisation reaction between formyl closo-1,2-carborane 72 and
ortho-phenylenediamine. @ = C—H (or C if substituted); o = B-H.

Expansion at the Methylene Position

Because of their ease of synthesis (see Chapter Three), hydroxymethyl carboranes were chosen

as precursors to derivatives of compound 85 functionalised at the methylene position. The
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hydroxyl group in these compounds can readily be converted into good leaving groups, which
can further alkylate N-nucleophiles. Using the 3-pyridyl derivative 81 as a prototype, reaction
with thionyl chloride or triflic anhydride afforded the chloro and triflate derivatives,
respectively, in excellent yields (Scheme 61). Triflate 179 was chosen as the intermediate for
further transformations due to its greater reactivity and lessened need for harsh reaction
conditions. Nucleophilic substitution of this compound with aqueous ammonia in DMF
furnished the desired amine in 76% yield. In contrast to alcohol 81, the methine C—H resonance
in the "TH NMR spectrum of compound 180 presented as a singlet, reflecting a lack of spin-spin
coupling with the fast-exchanging, adjacent amine protons. The presence of the amine group
was further confirmed by a broad singlet at 6.0 ppm that disappeared following addition of

D>0 due to deuterium exchange of the protons.

Tf,0
pyridine NH3 (aq.)
RT, DCM v/ RT, DMF
2h 16 h
81 88% 179 76% 180

Scheme 61. Synthesis of l-aminomethyl(pyridin-3-yl)-closo-1,2-carborane 180 from the
triflate ester of alcohol 81. @ = C—H (or C if substituted); o = B-H.

Although there was insufficient time to produce other representatives of this class of
compounds, the synthesis of compound 180 demonstrates that this is an effective approach to

expansion of the lead fragment at this site.

Summary and Outlook

In this chapter, preliminary expansion and optimisation of lead fragment 85 was performed. To
this end, methods for the synthetic elaboration of this structure at three different vectors were
developed, which will serve as guides for future syntheses of derivatives for this project. A set
of diverse follow-up fragments were generated using these methods, however, time constraints
precluded the deprotection and subsequent biological assessment of these compounds. These
assays will be performed in due course, the results of which will provide critical insights into
structure activity relationships and facilitate the evolution of fragment 85 into a potent MPO
inhibitor.
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Conclusions and
Future Work

At the start of this thesis, a lack of structural diversity was identified as a key potential pitfall
in the development of novel bioactive agents. In our view, carboranes present an exciting
solution to this problem, offering a range of opportunities in medicinal chemistry that are
unattainable with traditional organic structures. Their use in this context, however, has been
hindered by the difficulty in regioselective functionalisation of certain positions of the cage.
The principal goal of this work was to address this limitation and to further demonstrate that
carboranes can be used as effective structural frameworks for future fragment-based drug

discovery projects.

Chapter Two detailed our attempts at functionalising unusual boron sites of closo-1,2
and closo-1,7-carborane. As part of this work, a first-of-its-kind protecting group for carborane
B-vertices was developed and its use fully validated. The iodine protecting group is easily
installed and can be removed in a mild and highly selective manner. As a result of this
pioneering work, two completely novel brominated carborane isomers were synthesised and
characterised for the first time (Figure 24), and substantial progress was made towards the

synthesis of two additional and, until now, never before synthesised isomers.

</ Br e AN
A KA
Br
32 20
8-bromo-closo-1,2-carborane 5-bromo-closo-1,7-carborane

Figure 24. Two novel bromo-carborane isomers synthesised in Chapter Two. @ = C-H; o = B—
H (or B if substituted).
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Our novel protecting group strategy can provide further opportunities in the field of
carborane synthetic chemistry. It may be used, for example, as a blocking group to alter the
substitution site of directing group-based carborane syntheses, thus further expanding the scope
of these methodologies. Moreover, while the electron-withdrawing iodine atoms deactivate the
cage towards further electrophilic substitution, nucleophilic substitution at the other boron
vertices should, in principle, be facilitated. The Xie group have previously reported
nucleophilic substitution of electron-deficient carborane B—H units with Grignard reagents and

other nucleophiles, 2’6208

with the steric profile of substituents at the C-positions dictating site
selectivity. In such reactions, the use of the iodine protecting group could provide a powerful

method to further control the final site(s) of substitution (Scheme 62).

DMPS
R‘l =H DMPS
>
R2MgX
E DMPS
: DMPS
Lemmm e e e - >
R'=1

R? = alkyl, aryl, NRR'

Scheme 62. The direct nucleophilic substitution of carborane B—H bonds developed by Xie
and coworkers. The dimethylphenylsilyl (DMPS) groups attached to the C-vertices of the cage
block the adjacent boron sites and direct substitution at the B(9/12) positions (top). Protecting
these positions with iodine groups could alter the site of substitution (bottom). ® = C—H (or C
if substituted); o = B—H (or B if substituted).

In Chapter Three, the synthesis of a set of carborane-based fragments was undertaken
with a focus on expanding the scope of some of the underlying synthetic chemistry. Subsequent
biological testing using SPR and in vifro inhibition assays revealed that several of these
compounds bind to and inhibit MPO, the most potent of which are shown in Figure 25. These
fragments are exceedingly potent for their size and complexity, with potencies in the UM range

(cf. organic fragments which are typically mM binders). Additionally, they have inhibitory
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activities under physiologically relevant conditions and would make for promising lead

structures in the development of novel MPO inhibitors in the future.

BA
131 85 104
ICso = 124 + 14 M ICs0 = 133 + 14 uM ICso = 75 pM
LE = 0.29 LE = 0.39 LE = 0.26

Figure 25. Fragment hits identified in Chapter Two and their corresponding ICso values and
ligand efficiencies. ® = C—H (or C if substituted); o = B-H.

The synthetic elaboration of one of these fragments (85) was detailed in Chapter Four.
Methods for accessing all three possible expansion vectors of this compound were developed,
leading to the synthesis of a small library of expanded compounds. Biological testing of the
completed follow-up fragments will be reported in due course and will inform further efforts

at expanding fragment 85.

Future work should be directed towards determining whether these compounds act as
tight-binders or irreversible inhibitors, which can be achieved through a two-step form of the
assay used in this work. In this case, the protein is immobilised and washed following the initial
assay and its inhibitory activity is reassessed. Only substrates which permanently modify the
haem group of the enzyme will continue to inhibit its function. Co-crystallisation of fragment
85 and its derivatives with MPO would provide further insights into their binding mode by
means of X-ray protein crystallography, allowing rational expansion of these compounds into

highly potent inhibitors.

With the newfound ability to substitute previously-inaccessible sites of the carborane
cage and recent advances in their functionalisation, the potential applications of carboranes in
medicinal chemistry are vast. This thesis has demonstrated only a fraction of this potential; it
is our hope that continued progress in carborane chemistry will drive mainstream adoption of
these fascinating frameworks in drug design, where they can undoubtedly serve as an
invaluable tool in tackling the increasingly complex challenges faced by modern medicine and

chemical biology.
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6

Experimental

General Considerations

All reactions requiring an inert atmosphere are indicated and were performed according to
conventional Schlenk techniques using dry nitrogen or argon, as specified. All other reactions
were performed in air without precautions to exclude atmospheric moisture or oxygen. Room

temperature (RT) was 23-24 °C, unless otherwise stated.

Materials

Solvents used for moisture-sensitive reactions (DCM, toluene, acetonitrile, DCE, THF, diethyl
ether) were of HPLC grade, or equivalent, and dried by standing over activated 4A molecular
sieves for 24 h. DMF was dried by performing this procedure and decanting the solvent onto a
fresh batch of activated molecular sieves. Sieves were activated at 300 °C for 24 h and allowed
to cool to RT under dynamic vacuum before use. All other solvents were of technical grade or
above and used without further treatment. Petroleum benzine used in all procedures consisted
of hydrocarbons boiling between 40—60 °C at standard pressure. All precursor chemicals were
available commercially and used without purification unless otherwise stated. nido-
Decaborane(14), closo-1,2-carborane and closo-1,7-carborane were purchased from KatChem
(Czechia) or Boron Specialities (US). Cobalt(I) bromide, tribasic potassium phosphate and
sodium acetate were dried at 150 °C under dynamic vacuum for 1 h before use.
Triphenylsilylchloride was recrystallised from n-hexane at -78 °C before use. SPhos-Pd-G3
was prepared as described in the literature.’?” MPO was obtained from Merck or Planta

(Vienna, Austria).

Analytical thin layer chromatography (TLC) was performed using Merck silica gel 60
F254 aluminium plates. Carborane-containing compounds were visualized by spraying with an

acidified PdCl; stain (~1% w/v in 1 M HCI) and heating until black spots appeared.
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Instrumentation

All NMR spectra were recorded at 300 K on either a Bruker AVANCE 300 ('H at 300 MHz,
B at 96 MHz and !*C at 75 MHz), Bruker AVANCE 111 400 ('H at 400 MHz, ''B at 128 MHz),
Bruker AVANCE III 500 or Bruker NEO 500 ('H at 500 MHz, ''B at 160 MHz and '*C at 125
MHz). Signals (8) are reported in ppm. 'H and '*C NMR spectra were referenced to the residual
solvent peaks. '"B{'H} and !'B spectra were referenced automatically by the spectrometer
software according to the unified chemical shift scale by means of the lock frequency of the
solvent. Peak multiplicities have been abbreviated as: s (singlet), d (doublet), dd (doublet of
doublets), ddd (doublet of doublets of doublets), t (triplet), tt (triplet of triplets), dt (doublet of
triplets), td (triplet of doublets), q (quartet), sx (sextet), m (multiplet) and br (broad).

Low-resolution mass spectra (LRMS) were recorded using atmospheric pressure

chemical ionisation (APCI) on an AmaZon SL equipped with a Finnigan LCQ ion trap.
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Synthesis

1-Triphenylsilyl-1,7-dicarba-closo-dodecaborane(12) (24)

closo-1,7-Carborane (98.9 mg, 686 pmol) was added to an oven-dried, two-neck flask and the
flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous THF (2 mL) and the resultant solution was cooled to -78 °C, to which n-butyllithium
(1.6 M in hexanes, 0.47 mL, 0.75 mmol) was added dropwise. The solution was stirred at the
same temperature for 15 min before being warmed to 0 °C, at which point a solution of
triphenylchlorosilane (206.1 mg, 699 umol) in THF (2 mL) was added. The solution was stirred
at RT for 16 h, during which it turned pale yellow. The solvent was removed in vacuo and
petroleum benzine (5 mL) was added to the residue. The precipitate was removed by filtration,
washed with petroleum benzine (5 mL) and the combined filtrates were reduced in vacuo. The
crude product was loaded onto Celite filter-aid and purified by means of flash chromatography
on silica (100% petroleum benzine to 15% DCM in petroleum benzine) to afford closo-1,7-
carborane (37% recovery) and give 24 (144 mg, 52%) as colourless prisms. 'H NMR (300
MHz, CDCls): 8 7.64 (d, J="7.4 Hz, 6H, Ar-H), 7.48 (t,J="7.4 Hz, 3H, Ar—-H), 7.39 (t, J="7.4
Hz, 6H, Ar-H), 3.36-1.08 (br m, 10H, B-H), 2.94 (s, 1H, Ccage—H); "B{'H} NMR (96 MHz,
CDCl3): 6 -3.9 (2B), -8.9 (2B), -10.6 (2B), -11.7 (2B), -14.8 (2B).
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1-Carboxy-7-triphenylsilyl-1.7-dicarba-closo-dodecaborane(12) (25)

Compound 24 (106 mg, 263 umol) was added to an oven-dried, two-neck flask and the flask
was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous THF (2.5 mL) and the resultant solution was cooled to -78 °C, to which n-
butyllithium (1.5 M in hexanes, 450 pL, 675 pmol) was added dropwise. The solution was
stirred at the same temperature for 15 min before carbon dioxide gas was bubbled into the
reaction mixture. The solution was stirred vigorously -78 °C for 1 h and then for a further 30
min after warming to RT. Upon completion, the solvent was removed in vacuo and water (10
mL) was added to the residue. The aqueous layer was extracted with petroleum benzine (2 % 5
mL) and the extracts combined to recover any unreacted starting material. The aqueous layer
was acidified (pH 1-2) with 3 M HCI to precipitate the product, which was extracted with ether
(3 x 5 mL). The combined organic extracts were dried over sodium sulfate, filtered, and
reduced in vacuo. The residue was redissolved in toluene (1 mL), reduced in vacuo and the
solids dried over P2Os to give 25 (115 mg, 98%) as colourless needles. "TH NMR (500 MHz,
CDCl3): 6 7.64 (d, J= 7.4 Hz, 6H, Ar-H), 7.48 (t, /= 7.4 Hz, 3H, Ar-H), 7.40 (t, J = 7.4 Hz,
6H, Ar-H), 5.97 (br s, I1H, COOH), 3.51-1.52 (br m, 10H, B-H); "B{'H} NMR (160 MHz,
CDCl3): 8 -2.1 (1B), -4.0 (1B), -9.1 (4B), -10.5 (2B), -13.4 (2B); *C{'H} NMR (125 MHz,
CDCl): 6 166.9, 137.4, 130.7 (two overlapping signals), 127.9, 73.5, 64.0; LRMS (APCI):
m/z 446.43 [M - H] (calcd for C21H26B1002S1 446.26).
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1-Formyl-7-triphenylsilyl-1.7-dicarba-cl/oso-dodecaborane(12) (26)

Compound 24 (79.9 mg, 198 umol) was added to an oven-dried, two-neck flask and the flask
was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (5 mL) and the resultant solution was cooled to -78 °C, to which n-
butyllithium (1.6 M in hexanes, 150 pL, 240 pmol) was added dropwise. The solution was
stirred at the same temperature for 15 min before methyl formate (50 pL, 0.81 mmol) was
added to the reaction mixture in one portion. Stirring was continued for 1 h at -78 °C before
the reaction was quenched slowly with 1 M HCI (1 mL) and allowed to warm to RT. The ether
was removed in vacuo and water (4 mL) was added to the residue. The aqueous layer was
extracted with petroleum benzine (4 X 5 mL) and the combined extracts were dried over sodium
sulfate, filtered and reduced in vacuo. The crude product was loaded onto Celite filter-aid and
purified by means of flash chromatography on silica (100% petroleum benzine to 20% DCM
in petroleum benzine) to give 26 (58.9 mg, 69%) as a colourless oil which solidified on standing
into a waxy, colourless solid. '"H NMR (500 MHz, CDCl;3): 8 8.98 (s, 1H, CHO), 7.64 (d, J =
7.4 Hz, 6H, Ar—H), 7.49 (t,J=7.4 Hz, 3H, Ar—H), 7.41 (t, /= 7.4 Hz, 6H, Ar—H), 3.42-1.62
(br m, 10H, B-H); "B{'H} NMR (160 MHz, CDCl3): § -3.4 (2B), -8.7 (2B), -10.1 (2B), -10.5
(2B), -14.3 (2B); 3C{'H} NMR (125 MHz, CDCl;): 5 186.1, 137.4, 130.7, 130.6, 128.0, 80.2,
64.9; LRMS (APCI): m/z 430.42 [M - H] (calcd for C21H26B100Si 430.27).
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1-((2-Hydroxyphenyl)imino)methyl-7-triphenylsilyl-1.7-dicarba-c/oso-dodecaborane(12) (27)

SN OH

Compound 26 (24.8 mg, 57.6 pmol), 2-aminophenol (6.3 mg, 58 pumol) and 3A molecular
sieves (50 mg) was added to an oven-dried, Schlenk tube and the tube was evacuated and back-
filled with nitrogen three times. The solids were suspended in anhydrous toluene (1 mL) and
the reaction was stirred at 100 °C for 12 h. The yellow solution was allowed to cool to RT,
filtered through Celite filter-aid and washed through with petroleum benzine (3 x 3 mL). The
filtrate was reduced in vacuo to give 27 (25.0 mg, 83%) as an orange oil which was used
without further purification. '"H NMR (300 MHz, CDCls): & 7.74-7.61 (m, 6H, Ar-H), 7.52—
7.35 (m, 9H, Ar-H), 7.29-7.10 (m, 2H, Ar-H), 7.06-6.91 (m, 1H, Ar—H), 6.85-6.74 (m, 1H,
Ar-H), 3.71-1.13 (br m, 10H, B-H). The OH signal was not observed likely due to proton
exchange, and the imine CH signal was not observed likely due to overlap with aromatic

protons; "B{'H} NMR (96 MHz, CDCly): § -3.3 (2B), -8.7 (3B), -10.3 (3B), -14.1 (2B).
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9-lodo-1,2-dicarba-closo-dodecaborane(12) (30)

LN

closo-1,2-Carborane (111 mg, 770 umol) and iodine (97.7 mg, 385 pumol) were dissolved in
acetic acid (10 mL) and a mixture of concentrated nitric acid and concentrated sulfuric acid
(1:1 v/v, 10 mL) was added. The dark purple solution was stirred at 60 °C for 15 min, during
which time the solution decolourised. The solution was cooled to 0 °C and the reaction mixture
was poured into ice water (20 mL). The solids were collected by filtration, washed thoroughly
with water, and dried in vacuo to give 30 (192 mg, 92%) as a colourless powder. '"H NMR (300
MHz, CDCl3): & 3.87 (s, 1H, Ccage—H), 3.66 (s, 1H, Ccage—H), 3.59—1.22 (br m, 9H, B-H);
HB{TH} NMR (96 MHz, CDCl3): § -0.9 (1B), -7.4 (2B), -12.9 (2B), -13.4 (2B), -14.7 (2B), -
16.6 (1B). The characterisation data matches that reported in the literature.'**

9.12-Diiodo-1,2-dicarba-closo-dodecaborane(12) (34)

Triflic acid (approx. 30 puL, 0.34 mmol) was added to closo-1,2-carborane (108 mg, 746 pmol)
and NIS (354 mg, 1.57 mmol) dissolved in HFIP (1 mL) and the dark brown mixture was stirred
vigorously at RT for 24 h. The solvent was evaporated and water was added to the reaction
residue. The solids were collected by filtration, washed thoroughly with water, and dried in
vacuo to give 34 (274 mg, 93%) as a colourless powder. '"H NMR (300 MHz, CDCl;): § 3.97
(s, 2H, Ccage—H), 3.84-1.38 (br m, 8H, B-H); '"B{'H} NMR (96 MHz, CDCl3): § -5.7 (2B), -
12.9 (4B), -14.3 (4B). The characterisation data matches that reported in the literature.'>*

115



8.9.10.12-Tetraiodo-1,2-dicarba-closo-dodecaborane(12) (181)

closo-1,2-Carborane (253 mg, 1.76 mmol) and iodine (895 mg, 3.53 mmol) were added to a
thick-walled glass vessel and dissolved in acetic acid (30 mL). A mixture of concentrated nitric
acid and concentrated sulfuric acid (1:1 v/v, 30 mL) was added and the vessel was sealed with
a PTFE screw top. The dark purple solution was stirred at 120 °C for 3 h, which soon lightened
to a pale-red suspension before eventually turning an orange colour. The solution was cooled
to 0 °C, the vessel was opened and the reaction mixture was poured into ice water (60 mL).
The solids were collected by filtration, washed thoroughly with water, and dried in vacuo to
give 181 (1.08 g, 95%) as a colourless powder. "TH NMR (300 MHz, CDCl3): & 5.57 (s, 2H,
Ceage—H), 4.51-1.79 (br m, 6H, B-H); "'B{'H} NMR (96 MHz, CDCl3): §-9.3 (2B), -11.8 (4B),
-15.5 (2B), -18.7 (2B). The characterisation data matches that reported in the literature.?!°

9-Bromo-1.2-dicarba-closo-dodecaborane(12) (91)

LS
Triflic acid (~5 pL) was added to closo-1,2-carborane (84.4 mg, 585 pmol) and NBS (108 mg,
607 umol) dissolved in HFIP (5 mL) and the mixture was stirred at RT for 1 h. The solvent was
recovered from the reaction mixture by distillation at atmospheric pressure and water was
added to the reaction residue. The solids were collected by filtration, washed thoroughly with
water, and dried in vacuo to give 91 (123 mg, 94%) as a colourless, microcrystalline solid. 'H
NMR (500 MHz, CDCl3): § 3.61 (s, 2H, Ccage—H), 3.11-1.47 (br m, 9H, B-H); "B{'H} NMR
(160 MHz, CDCl3): 6 0.0 (1B), -1.7 (1B), -8.4 (2B), -13.5 (2B), -14.5 (2B), -15.7 (2B). The

characterisation data matches that reported in the literature.'>*
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9-lodo-1,7-dicarba-closo-dodecaborane(12) (54)

closo-1,7-Carborane (102 mg, 709 pmol) and iodine (90.8 mg, 358 pumol) were dissolved in

acetic acid (10 mL) and a mixture of concentrated nitric acid and concentrated sulfuric acid
(1:1 v/v, 10 mL) was added. The dark purple solution was stirred at 60 °C for 15 min, during
which time the solution decolourised. The solution was cooled to 0 °C and the reaction mixture
was poured into ice water (20 mL). The solids were collected by filtration, washed thoroughly
with water, and dried in vacuo to give 54 (181 mg, 94%) as a colourless powder. '"H NMR (300
MHz, CDCl3): 8 3.76-1.16 (br m, 9H, B-H), 3.04 (s, 2H, Ccage—H); "B{'H} NMR (96 MHz,
CDCl3): 8 -5.4 (2B), -8.2 (1B), -11.8 (2B), -13.0 (2B), -16.8 (1B), -18.9 (1B), -23.5 (1B). The

characterisation data matches that reported in the literature.!>*

9.10-Diiodo-1,7-dicarba-closo-dodecaborane(12) (43)

closo-1,7-Carborane (256 mg, 1.77 mmol) and iodine (450 mg, 1.77 mmol) were dissolved in

acetic acid (40 mL) and a mixture of concentrated nitric acid and concentrated sulfuric acid
(1:1 v/v, 30 mL) was added. The dark purple solution was stirred at 100 °C for 15 min, during
which time the iodine completely dissolved and the solution lightened to a pale-orange colour.
The solution was cooled to 0 °C and the reaction mixture was poured into ice water (70 mL).
The solids were collected by filtration, washed thoroughly with water, and dried in vacuo to
give 43 (670 mg, 96%) as a colourless powder. 'H NMR (500 MHz, CDCls): § 3.82-2.07 (br
m, 8H, B-H), 3.15 (s, 2H, Ccage—H); "B{'H} NMR (160 MHz, CDCl5): § -4.2 (2B), -11.9 (4B),
-18.7 (2B), -20.6 (2B); "B NMR (160 MHz, CDCls): § -4.2 (d, /=171 Hz, 2B), -11.9 (d, J =
171 Hz, 4B), -18.7 (d, J = 185 Hz, 2B), -20.6 (s, 2B). The characterisation data matches that

reported in the literature. '3
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9-Bromo-1,7-dicarba-closo-dodecaborane(12) (182)

Br Qv;;\

Triflic acid (approx. 50 pL, 0.6 mmol) was added to closo-1,7-carborane (509 mg, 3.53 mmol)
and NBS (660 mg, 3.71 mmol) dissolved in HFIP (30 mL) and the mixture was stirred at RT

for 1 h. The solvent was recovered from the reaction mixture by distillation at atmospheric
pressure and water was added to the reaction residue. The precipitate was collected by filtration,
washed thoroughly with water, and dried in vacuo to give 182 (732 mg, 93%) as a colourless,
microcrystalline solid. "H NMR (500 MHz, CDCls): 8 3.35-1.98 (br m, 9H, B-H), 3.00 (s, 1H,
CeageH); "B{'H} NMR (160 MHz, CDCls): § -6.1 (3B), -9.2 (1B), -12.7 (2B), -14.0 (2B), -17.8
(1B), -21.1 (1B). The characterisation data matches that reported in the literature.'3*

8-Bromo-9,12-diiodo-1,2-dicarba-closo-dodecaborane(12) (33)

Triflic acid (approx. 30 pL, 0.34 mmol) was added to compound 34 (123 mg, 311 umol) and
NBS (55.6 mg, 312 pumol) dissolved in HFIP (1 mL) and the dark orange/brown mixture was
stirred vigorously at RT for 24 h. The solvent was evaporated and water was added to the
reaction residue. The aqueous layer was extracted with DCM (3 x 5 mL) and the combined
organic extracts were dried over sodium sulfate, filtered and reduced in vacuo before being
loaded onto Celite filter-aid. The crude product was purified by means of flash chromatography
on silica (33% DCM in petroleum benzine) to give recovered 34 (40.6 mg, 33%) and 33 (92.4
mg, 63%) as a colourless, microcrystalline solid. '"H NMR (500 MHz, CDCl3): & 4.05 (s, 2H,
Ceage—H), 3.62-2.06 (br m, 7H, B-H); "B{'H} NMR (160 MHz, CDCl3): 5 -4.1 (1B), -6.6 (1B),
-12.1 (2B), -12.7 (2B), -13.9 (2B), -15.6 (1B), -18.5 (1B); "B NMR (160 MHz, CDCl3):  -4.1
(s, 1B), -6.6 (d, J=160.2 Hz, 1B), -12.1 (s, 2B), -12.7 (d, J = 192 Hz, 2B), -13.9 (d, J = 187
Hz, 2B), -15.6 (d, J = 182 Hz, 2B), -18.5 (d, J = 185 Hz, 2B); *C{'H} NMR (125 MHz,
CDCls): 6 50.5; LRMS (APCI): m/z 473.98 [M] (calcd for C2HoB10Brl> 473.89).
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8-Bromo-1.2-dicarba-closo-dodecaborane(12) (32)

P

Compound 33 (74.0 mg, 156 umol), triphenylphosphine (16.4 mg, 62.5 umol), zinc dust (10.7
mg, 164 umol), [NiCl2(PPh3)2] (10.3 mg, 15.7 umol) and caesium carbonate (102.6 mg, 315

umol) were placed in an oven-dried Schlenk tube and the vessel was evacuated and back-filled
with nitrogen three times. Anhydrous THF (2 mL) was added to the vessel and the tube was
sealed with a J. Young valve under a counter flow of nitrogen. The pale-green solution quickly
changed colour to a deep-red, and the reaction was stirred at RT under irradiation with UV light
(365nm, 20 W LED, 1 cm away) for 48 h. After this time, fresh portions of triphenylphosphine,
zinc dust and [NiClx(PPhs);] were added to the tube and the reaction was irradiated for a further
48 h. Upon completion, the reaction mixture was diluted with DCM (3 mL), filtered, reduced
in vacuo and loaded onto Celite filter-aid. The crude product was purified by means of flash
chromatography on silica (100% petroleum benzine to 20% DCM in petroleum benzine) to
give 32 (32.7 mg, 95%) as a colourless powder. "H NMR (500 MHz, CDCl3): & 3.62 (s, 2H,
Ceage—H), 3.28—1.43 (br m, 9H, B-H); "B{'H} NMR (160 MHz, CDCl3): 5 -1.1 (2B, B(9/12)),
-5.4 (1B, BY), -10.0 (1B, B10), -13.1 (2B, B(4/7)), -14.3 (2B, B(5/11)), -14.8 (1B, B3), -19.2
(1B, B6); "B NMR (160 MHz, CDCl3): & -1.1 (d, J= 153 Hz, 2B, B(9/12)), -5.4 (s, 1B, BY),
-10.0 (d, J = 154 Hz, 1B, B10), -13.1 (d, /= 170 Hz, 1B, B(4/7)), -14.3 (d, J = 174 Hz, 2B,
B(5/11)), -14.8 (d, J = 189 Hz, 1B, B3), -19.2 (d, J = 180 Hz, 1B, B6); 3C{!H} NMR (125
MHz, CDCI3): 6 53.3; LRMS (APCI): m/z 222.16 [M - H] (calcd for C2H11B1oBr 222.10).
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5-Bromo-9.10-diiodo-1.7-dicarba-closo-dodecaborane(12) (42)

BI’

Triflic acid (0.5 mL) was added to a mixture of compound 43 (49.7 mg, 126 umol), NBS (24.3

mg, 137 umol) at 0 °C. The deep-red/brown solution was heated at 60 °C for 4 h, during which
time it decolourised and solids precipitated. The solution was cooled to 0 °C and the reaction
mixture was slowly added into ice water (5 mL). The solids were collected by filtration, washed
thoroughly with water, and dried at the pump before being loaded onto Celite filter-aid. The
crude product was purified by means of flash chromatography on silica (10% DCM to 20%
DCM in petroleum benzine) to give and 42 (40.7 mg, 68%) as a colourless powder. "H NMR
(500 MHz, CDCl3): 6 3.90-2.14 (br m, 7H, B-H), 3.61 (s, 1H, Ccage—H), 3.19 (s, 1H, Ccage—H);
HB{TH} NMR (160 MHz, CDCls): & -2.9 (1B), -4.4 (1B), -10.6 (2B), -12.7 (2B), -18.8 (4B);
B NMR (160 MHz, CDCl3):  -2.9 (s, 1B), -4.4 (d, J= 172 Hz, 1B), -10.6 (d, J = 175 Hz,
2B), -12.7 (d, J = 172 Hz, 2B), -18.7 (d, J = 182 Hz, 2B), -19.0 (s, 2B); PC{'H} NMR (125
MHz, CDCl3): & 58.0, 50.4; LRMS (APCI): m/z 473.90 [M - H]™ (calcd for C2HoB10Brl>
473.89).
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5-Bromo-1.7-dicarba-closo-dodecaborane(12) (20)

B r

Compound 42 (34.2 mg, 72.0 umol), triphenylphosphine (11.5 mg, 43.8 umol), zinc dust (5.8

mg, 89 umol), [NiClo(PPhs)2] (7.1 mg, 11 umol) and caesium carbonate (47.4 mg, 145 umol)
were placed in an oven-dried Schlenk tube and the vessel was evacuated and back-filled with
nitrogen three times. Anhydrous THF (2 mL) was added to the vessel and the tube was sealed
with a J. Young valve under a counter flow of nitrogen. The pale-green solution quickly
changed colour to a deep red, and the reaction was stirred at RT under irradiation with UV light
(365 nm, 20 W LED, 1 cm away) for 48 h. After this time, fresh portions of triphenylphosphine,
zinc dust and [NiClx(PPhs)2] were added to the tube and the reaction was irradiated for a further
48 h. Upon completion, the reaction mixture was diluted with DCM (3 mL), filtered, reduced
in vacuo and loaded onto Celite filter-aid. The crude product was purified by means of flash
chromatography on silica (100% petroleum benzine) to give 20 (15.2 mg, 95%) as a colourless
powder. "TH NMR (500 MHz, CDCI3): & 3.31 (s, 1H, Ccage—H), 3.07-1.61 (br m, 9H, B-H),
2.95 (s, 1H, Ceage—H); "B{'H} NMR (160 MHz, CDCls):  -4.8 (1B, B5), -6.8 (1B, B12), -9.9
(2B, B(9/10)), -11.7 (2B, B(4/6)), -13.8 (2B, B(8/11)), -17.0 (2B, B(2/3)); ''B NMR (160 MHz,
CDCl): 6 -4.8 (s, 1B, BYS), -6.8 (d, /=166 Hz, 1B, B12), -9.8 (d, J= 153 Hz, 2B, B(9/10)), -
11.7 (d, J= 170 Hz, 2B, B(4/6)), -13.8 (d, J= 167 Hz, 2B, B(8/11)), -17.0 (d, J = 183 Hz, 2B,
B(2/3)); LRMS (APCI): m/z 222.23 [M - H] (calcd for C2H11B10Br 222.10).
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Tetrabutylammonium 7.9-dicarba-nido-dodecahydridoundecaborate(1-) (50)

N

closo-1,7-Carborane (160 mg, 1.11 mmol) was dissolved in a THF solution of
tetrabutylammonium fluoride (1 M, 5.0 mL, 5.0 mmol), forming a clear, light-yellow solution.
The reaction was stirred at RT for 4 h, at which point TLC showed complete conversion of
starting material. DCM (15 mL) was added, and the organic phase was washed with water (3
x 15 mL). The organic layer was dried over sodium sulfate, filtered, diluted with n-heptane (5
mL) and reduced in vacuo. The resulting waxy solid was suspended in petroleum benzine (5
mL) and the liquids decanted off. The product was dried under vacuum over P>Os to give 50
(410 mg, 98%) as a free-flowing, colourless powder. 'TH NMR (300 MHz, CDCl3): § 3.19 (m,
8H, TBA-CH>»), 3.00—0.50 (br m, 8H, B-H), 1.63 (m, 8H, TBA-CH>»), 1.44 (sx, J = 7.3 Hz,
8H, TBA-CH>»), 1.32 (s, 2H, Ccage—H), 1.01 (t, J= 7.3 Hz, 12H, TBA-CH3), -2.15 (br s, 1H, B—
H-B); "B{'H} NMR (160 MHz, CDCl3):  -4.6 (2B), -5.9 (1B), -21.6 (2B), -22.6 (2B), -34.3
(1B), -35.4 (1B). The characterisation data matches that reported in the literature.?!!
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Tetrabutylammonium 8-iodo-7.9-dicarba-nido-undecahydridoundecaborate(1-) (49)

N S
| '%vé‘ \/\/N@/\/

Compound 50 (220 mg, 585 umol) and anhydrous iron(III) chloride (99.2 mg, 612 umol) were
added to an oven-dried Schlenk tube which was evacuated and backfilled with nitrogen three
times. Anhydrous DCM (2.5 mL) was added, creating a clear, yellow-green solution. Iodine
(149.7 mg, 591 pumol) was then added, and the dark-purple solution was stirred at 40 °C for 4
h. Over the course of the reaction, the solution lightened and black solids precipitated. The
solution was diluted with DCM (5 mL), washed with a 1 M NaOH solution (5 mL) and then
with a I M HCI solution (5 mL). The organic layer was dried over sodium sulfate, filtered and
reduced in vacuo before being loaded onto Celite filter-aid. The crude product was purified by
means of flash chromatography on silica (100% CHCl3 to 5% MeOH in CHCI3) to give 49 (281
mg, 96%) as a colourless powder. "TH NMR (500 MHz, acetone-de): & 3.45 (m, 8H, TBA-CH.>),
2.85—0.10 (br m, 8H, B-H), 1.84 (m, 8H, TBA-CH>), 1.50 (s, 2H, Ccage—H), 1.45 (sx, J = 7.4
Hz, 8H, TBA-CH>»), 0.99 (t, J= 7.4 Hz, 12H, TBA-CH3), -2.27 (br sep, 1H, B-H-B); "B{'H}
NMR (160 MHz, acetone-ds): 6 -4.8 (2B), -15.4 (1B), -19.4 (2B), -22.4 (2B), -33.0 (1B), -36.0
(1B); "B NMR (160 MHz, acetone-ds): & -4.8 (d, J= 149.8 Hz, 2B), -15.4 (s, 1B), -19.4 (d, J
=149.9 Hz, 2B), -22.4 (dd, Js-u = 133.3, Js-u B = 55 Hz, 2B), -33.0 (d, J = 142.6 Hz, 1B), -
36.0 (d, J= 140.6 Hz, 1B). The characterisation data matches that reported in the literature.!?
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Tetrabutylammonium 5-bromo-8-iodo-7.9-dicarba-nido-decahydridoundecaborate(1-) (51)

NS
| ’Br \/\/N@/\/

Compound 49 (31.6 mg, 62.8 umol) and anhydrous iron(IIl) chloride (12.2 mg, 75.2 umol)
were added to an oven-dried Schlenk tube which was evacuated and backfilled with nitrogen
three times. Anhydrous DCM (1 mL) was added, creating a clear, yellow-green solution, which
was cooled to -78 °C. A solution of bromine (10.1 mg, 63.2 pmol) in DCM (0.5 mL) was then
added dropwise, and the solution was allowed to warm to RT over 30 min. The solution was
diluted with DCM (5 mL), washed with a I M NaOH solution (5 mL) and then with a 1 M HCI
solution (5 mL). The organic layer was dried over sodium sulfate, filtered and reduced in vacuo
to give a crude mixture of 51 and its isomer(s) (30.2 mg, 83%) as a colourless, gummy solid.
Characterisation data follows for the major product, which was identified as the title compound.
TH NMR (500 MHz, CDCl3): 6 3.01 (m, 8H, TBA-CH>), 1.78 (m, 8H, TBA-CH>), 1.42 (sx, J
=7.4 Hz, 8H, TBA-CH>»), 0.99 (t,J = 7.4 Hz, 12H, TBA-CH3), -1.40 (br s, 1H, B-H-B). Ccage—
H not observed, B-H signals indistinguishable from baseline; "B{'H} NMR (160 MHz,
CDCl3): 6 -2.9 (2B), -14.9 (1B), -19.0 (2B), -19.8 (2B), -24.1 (1B), -30.5 (1B); "B NMR (160
MHz, CDCl3): 6 -2.9 (d, J = 153 Hz, 2B), -14.9 (s, 1B), -19.0 (d, J = 147 Hz, 2B), -19.8 (dd,
Js-n =119 Hz, Jgn-B = 54 Hz, 2B), -24.1 (s, 1B), -30.5 (d, J = 144 Hz, 1B).
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Tetrabutylammonium 5.8-diiodo-7.9-dicarba-nido-decahydridoundecaborate(1-) (59)

S NP
I/I \/\/N@/\/

Compound 49 (40.3 mg, 80.0 umol) and anhydrous iron(III) chloride (16.7 mg, 103 pmol) were
added to an oven-dried Schlenk tube which was evacuated and backfilled with nitrogen three
times. Anhydrous DCM (1 mL) was added, creating a clear, yellow-green solution, which was
cooled to -78 °C. lodine (20.4 mg, 80.4 pmol) was then added, and the dark purple solution
was stirred at 40 °C for 6 h. Over the course of the reaction, the solution lightened and black
solids precipitated. The solution was diluted with DCM (5 mL), washed with a 1 M NaOH
solution (5 mL) and then with a 1 M HCI solution (5 mL). The organic layer was dried over
sodium sulfate, filtered and reduced in vacuo before being loaded onto Celite filter-aid. The
crude product was purified by means of flash chromatography on silica (50% DCM in
petroleum benzine to 100% DCM) to give 59 (45.9 mg, 91%) as an off-white powder. 'H NMR
(500 MHz, CDCI3): 6 3.19 (m, 8H, TBA-CH2>), 1.83 (s, 2H, Ccage—H), 1.66 (m, 8H, TBA-CH>),
1.48 (sx,J=17.3 Hz, 8H, TBA-CH>), 1.05 (t, /= 7.3 Hz, 12H, TBA-CH3), -1.30 (br s, 1H, B—
H-B). B-H signals indistinguishable from baseline; "B{'H} NMR (160 MHz, acetone-ds): &
-2.8 (2B), -14.4 (1B), -18.3 (2B), -19.2 (2B), -29.7 (1B), -40.2 (1B); "B NMR (160 MHz,
acetone-de): 6 -2.8 (d, /=157 Hz, 2B), -14.4 (s, 1B), -18.3 (d, /= 154 Hz, 2B), -19.2 (dd, Js-
n= 134 Hz, Jg-u-8 = 53 Hz, 2B), -29.7 (d, /=151 Hz, 1B), -40.2 (s, 1B).

125



Tetrabutylammonium 1.5-diiodo-7.9-dicarba-nido-decahydridoundecaborate(1-) (57)

HO

and 0

Compound 43 (49.9 mg, 126 pmol) was dissolved in a THF solution of tetrabutylammonium
fluoride (1 M, 0.65 mL, 650 umol), forming a clear, light-yellow solution. The reaction was
stirred at RT for 1 h, at which point TLC showed complete conversion of starting material.
DCM (10 mL) was added, and the organic phase was washed with water (3 x 10 mL). The
organic layer was dried over sodium sulfate, filtered, diluted with n-heptane (3 mL) and
reduced in vacuo. The resulting waxy solid was suspended in petroleum benzine (3 mL) and
the liquids decanted off. The product was dried under vacuum over P>Os to give 57 (75.0 mg,
95%) as a free-flowing, colourless powder. '"H NMR (300 MHz, CDCls): § 3.8-0.2 (br m, 7H,
B-H), 3.27 (m, 8H, TBA-CH>), 1.66 (m, 8H, TBA-CH»), 1.46 (sx,J=7.3 Hz, 8H, TBA-CH»),
1.02 (t,/=7.3 Hz, 12H, TBA-CH3), -1.08 (br s, 1H, B-H-B), Ccage—H not observed likely due
to signal overlap; "B{'H} NMR (160 MHz, CDCls): 5 -1.6 (2B), -4.3 (1B), -18.7 (2B), -19.0
(2B), -33.2 (1B), -37.0 (1B); "B NMR (160 MHz, CDCl3): 8 -1.6 (d, J= 159 Hz, 2B), -4.3 (d,
J=140Hz), -18.7 (d,J= 144 Hz), -19.0 (dd, J value not calculated due to signal overlap, 2B),
-33.2 (s, 1B), -37.0 (s, 1B).
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Tetrabutylammonium 1.6.8-triiodo-7,9-dicarba-nido-nonahydridoundecaborate(1-) (58)

Compound 57 (33.7 mg, 53.7 umol) and mercury(II) chloride (15.9 mg, 58.6 pmol) were added
to an oven-dried Schlenk tube which was evacuated and backfilled with nitrogen three times.
Anhydrous DCM (1 mL) was added, creating a clear, yellow-green solution, which was cooled
to -78 °C. Iodine (13.7 mg, 54.0 umol) was then added, the tube was sealed with a J. Young
valve and the dark purple solution was stirred at 40 °C for 4 h. Over the course of the reaction,
the solution became almost colourless. The solution was filtered through Celite filter-aid,
washed through with DCM (3 x 1 mL) and the filtrate was reduced in vacuo. The crude product
was being loaded onto Celite filter-aid before being purified by means of flash chromatography
on silica (50% DCM in petroleum benzine to 100% DCM) to give an inseparable mixture of
58 and its isomer(s) (31.8 mg, 79%) as an off-white powder. Characterisation data follows for
the major product, which was identified as the title compound. "B{'H} NMR (160 MHz,
acetone-ds): & 4.9 (1B), -4.8 (2B), -17.3 (2B), -19.0 (2B), -33.4 (1B), -38.6 (1B); "B NMR
(160 MHz, acetone-ds): 6 4.9 (s, 1B), -4.8 (d, /=160 Hz, 2B), -17.3 (d, J= 159 Hz, 2B), -19.0
(dd, Jg-n = 129 Hz, Js-nu-B = 48 Hz, 2B), -33.4 (s, 1B), -38.6 (s, 1B).
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Tetrabutylammonium 8-bromo-7.9-dicarba-nido-undecahydridoundecaborate(1-) (64)

AN
Br .’-,‘yé‘. \/\/N\@/\/

Compound 50 (19.2 mg, 51.1 umol) was dissolved in acetonitrile (1 mL) in air and the solution
was cooled to 0 °C. NBS (9.6 mg, 54 umol) was added and the clear yellow solution was stirred
at RT for 6 h. The now nearly colourless solution was reduced in vacuo and loaded onto Celite
filter aid. The crude product was purified by means of flash chromatography on silica (50%
DCM in petroleum benzine to 100% DCM) to give 64 (22.1 mg, 95%) as a colourless powder.
TH NMR (500 MHz, acetone-dc): 6 3.44 (m, 8H, TBA-CH2>), 2.73—0.25 (br m, 8H, B-H), 1.83
(m, 8H, TBA-CH>), 1.43 (sx,J= 7.4 Hz, 8H, TBA-CH>), 1.39 (s, 2H, Ccage—H), 0.98 (t, /=7.4
Hz, 12H, TBA-CH3), -2.21 (br sep, 1H, B-H-B); "B{'H} NMR (160 MHz, CDCls): § -2.6
(IB), -6.8 (2B), -19.8 (2B), -22.4 (2B), -33.1 (1B), -37.1 (1B); "B NMR (160 MHz, CDCI3):
0-2.6 (s, 1B), -6.8 (d, J= 150 Hz, 2B), -19.8 (d, J = 149 Hz, 2B), -22.4 (dd, Jg-n = 136, Jp-H-
B =51 Hz, 2B), -33.1 (d, /= 141 Hz, 1B), -37.1 (d, J= 139 Hz, 1B).

Lithium 8-10do-7.9-dicarba-nido-decahydridoundecaborate(2-) (52)

20 ) Li@

Compound 49 (10.8 mg, 21.5 umol) was placed in an oven-dried NMR tube and placed under
an atmosphere of dry nitrogen. Anhydrous THF (0.4 mL) was added followed n-butyllithium
(1.6 M 1n hexanes, 40 pL, 64 pmol). The solution was left to stand for 15 min, during which
time solids precipitated and settled to the bottom of the tube. The tube was then sealed and
placed in an NMR spectrometer. NMR data was collected unlocked and by shimming using the
'"H NMR resonances of THF solvent. The product decomposes rapidly in air and was used in
situ for further reactions. "B{'H} NMR (128 MHz, THF-Hs): § -17.1 (2B), -20.9 (4B), -24.9
(2B), -43.4 (1B); "B NMR (128 MHz, THF-Hg): & -17.1 (d, J = 143 Hz, 2B), -20.9 (m, 4B), -
249 (d,J=119 Hz, 2B), -43.4 (d, /=134 Hz ,1B).
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1-Carboxy-1,2-dicarba-closo-dodecaborane(12) (71)

closo-1,2-Carborane (297 mg, 2.06 mmol) was added to an oven-dried, two-neck flask and the
flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (10 mL) and the resulting solution was cooled to -78 °C, to which n-
butyllithium (1.6 M in hexanes, 1.35 mL, 2.16 mmol) was added dropwise. The solution was
stirred at the same temperature for 15 min before carbon dioxide gas was bubbled into the
reaction mixture. The solution was stirred vigorously -78 °C for 1 h and then for a further 30
min after warming to RT. Upon completion, the solvent was removed in vacuo and water (10
mL) was added to the residue. The aqueous layer was extracted with petroleum benzine (2 x
10 mL) and the extracts combined to recover any unreacted closo-1,2-carborane. The aqueous
layer was acidified (pH 1-2) with 3 M HCI to precipitate the product, which was extracted with
ether (3 x 10 mL). The combined organic extracts were dried over sodium sulfate, filtered and
reduced in vacuo to give 71 (371 mg, 96%) as a colourless powder. '"H NMR (300 MHz,
CDCl3): 8 9.25 (brs, 1H, COOH), 4.04 (s, 1H, Ceage—H), 3.42—1.04 (br m, 10H, B-H); "B{'H}
NMR (96 MHz, CDCl3) 6 -2.3 (2B), -8.7 (2B), -11.9 (4B), -13.5 (2B). The characterisation

data matches that reported in the literature.5
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1-Carboxy-1,7-dicarba-closo-dodecaborane(12) (19)

closo-1,7-Carborane (404 mg, 2.06 mmol) was added to an oven-dried, two-neck flask and the
flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (15 mL) and the resulting solution was cooled to -78 °C, to which n-
butyllithium (1.6 M in hexanes, 1.80 mL, 2.88 mmol) was added dropwise. The solution was
stirred at the same temperature for 15 min before carbon dioxide gas was bubbled into the
reaction mixture. The solution was stirred vigorously -78 °C for 1 h and then for a further 30
min after warming to RT. Upon completion, the solvent was removed in vacuo and water (15
mL) was added to the residue. The aqueous layer was extracted with petroleum benzine (2 x
15 mL) and the extracts combined to recover any unreacted closo-1,2-carborane. The aqueous
layer was acidified (pH 1-2) with 3 M HCl to precipitate the product, which was extracted with
ether (3 x 15 mL). The combined organic extracts were dried over sodium sulfate, filtered and
reduced in vacuo to give 19 (510 mg, 97%) as a colourless powder. 'TH NMR (300 MHz,
CDCl3): 6 9.13 (br's, 1H, COOH), 3.98-1.17 (br m, 10H, B-H), 3.03 (s, 1H, Ccage—H); ""B{'H}
NMR (96 MHz, CDCls): 6 -4.9 (2B), -6.6 (2B), -10.6 (2B), -11.1 (2B), -13.2 (2B), -15.6 (2B);
BC{TH} NMR (75 MHz, CDCls): 6 167.6, 71.3, 55.0. The characterisation data matches that

reported in the literature.?!?
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1-Formyl-1,2-dicarba-closo-dodecaborane(12) (72)

/2 S0

closo-1,2-Carborane (174 mg, 1.21 mmol) was added to an oven-dried, two-neck flask and the

flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (5 mL) and the resulting solution was cooled to -78 °C, to which n-
butyllithium (1.5 M in hexanes, 800 pL, 1.20 mmol) was added dropwise. The solution was
stirred at the same temperature for 15 min before methyl formate (0.2 mL, 3 mmol) was added
to the reaction mixture in one portion. Stirring was continued for 1 h at -78 °C before the
reaction was quenched slowly with 1 M HCI (5 mL) and allowed to warm to RT. The product
was extracted with ether (3 X 5 mL) and the combined extracts were dried over sodium sulfate,
filtered and reduced in vacuo. The crude product was loaded onto Celite filter-aid and purified
by means of flash chromatography on silica (100% petroleum benzine to 10% DCM in
petroleum benzine) to give 72 (192 mg, 92%) as a waxy, colourless solid. 'TH NMR (300 MHz,
CDCls): § 9.27 (br s, 1H, CHO), 4.05 (s, 1H, Ccage—H), 3.32-1.28 (br m, 10H, B-H); 'B{'H}
NMR (96 MHz, CDCl): 6 -1.7 (2B), -8.7 (2B), -12.2 (2B), -12.6 (2B), -13.6 (2B). The

characterisation data matches that reported in the literature.®
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1-Formyl-1,7-dicarba-closo-dodecaborane(12) (73)

TN N0

closo-1,7-Carborane (108 mg, 749 pmol) was added to an oven-dried, two-neck flask and the

flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (3 mL) and the resultant solution was cooled to -78 °C, to which n-
butyllithium (1.6 M in hexanes, 490 pL, 784 pumol) was added dropwise. The solution was
stirred at the same temperature for 15 min before methyl formate (0.2 mL, 3 mmol) was added
to the reaction mixture in one portion. Stirring was continued for 1 h at -78 °C before the
reaction was quenched slowly with 1 M HCI (3 mL) and allowed to warm to RT. The product
was extracted with ether (3 X 3 mL) and the combined extracts were dried over sodium sulfate,
filtered and reduced in vacuo. The crude product was loaded onto Celite filter-aid and purified
by means of flash chromatography on silica (100% petroleum benzine) to give 73 (115 mg,
89%) as a waxy, colourless solid. 'H NMR (300 MHz, CDCI3): & 9.05 (s, 1H, CHO), 3.44—
1.06 (br m, 10H, B-H) , 3.08 (s, 1H, CcaeeH); "B{'"H} NMR (96 MHz, CDCl3): § -6.2 (2B), -
10.2 (2B), -12.5 (4B), -16.3 (2B). The characterisation data matches that reported in the

literature.®
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1-Hydroxymethyl-1.2-dicarba-closo-dodecaborane(12) (74)

/2> “OH

closo-1,2-Carborane (148 mg, 1.03 mmol) and paraformaldehyde (32.8 mg, 1.09 mmol) were
dissolved in THF (2 mL) and TBAF (1 M in THF, 3.1 mL, 3.1 mmol) was added in one portion.

The mixture was stirred at RT for 30 min, during which time the cloudy solution cleared and
became pale yellow. The reaction was quenched with saturated aqueous NH4Cl (5 mL) and the
mixture was extracted with ether (5 mL). The organic layer was washed with brine (5 mL),
dried over sodium sulfate, filtered and reduced in vacuo. The crude product was loaded onto
Celite filter-aid and purified by means of flash chromatography on silica (5% ethyl acetate in
petroleum benzine to 30% ethyl acetate in petroleum benzine) to give 74 (150 mg, 84%) as an
oily solid which solidified into a colourless solid upon cooling to -196 °C and drying under
reduced pressure. 'H NMR (300 MHz, CDCl3): 6 4.10 (s, 2H, CH>), 4.00 (s, 1H, Ccage—H),
3.31-1.11 (br m, 10H, B-H); "B{'H} NMR (96 MHz, CDCl3): § -3.0 (1B), -5.4 (1B), -9.5
(2B), -11.7 (2B), -13.2 (4B); LRMS (APCI): m/z 173.22 [M - H] (caled for C3H14B10O

173.20). The characterisation data matches that reported in the literature.!”
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1- Hydroxymethyl-1.7-dicarba-closo-dodecaborane(12) (75)

OH

closo-1,7-Carborane (249 mg, 1.72 mmol) was added to an oven-dried, two-neck flask and the

flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (3 mL) and the resulting solution was cooled to -78 °C, to which n-
butyllithium (1.5 M in hexanes, 1.15 mL, 1.73 mmol) was added dropwise. The solution was
stirred at the same temperature for 15 min before methyl formate (0.3 mL, 5 mmol) was added
to the reaction mixture in one portion. Stirring was continued for 1 h at -78 °C before the
reaction was quenched slowly with 1 M HCI (3 mL) and allowed to warm to RT. The formyl-
carborane was extracted with ether (3 x 5 mL) and the combined extracts were dried over
sodium sulfate, filtered and reduced in vacuo. The residue was dissolved in methanol (10 mL),
cooled to 0 °C and sodium borohydride (261 mg, 6.90 mmol) was added portion-wise. The
heterogeneous mixture was stirred at RT until complete reduction of the aldehyde (monitored
by TLC; eluent 10% DCM in petroleum benzine). The methanol was removed in vacuo and 1
M HCI (5 mL) was added to the residue. The aqueous layer was extracted with ether (3 x 5
mL) and the combined organic extracts were dried over sodium sulfate, filtered and reduced in
vacuo. The crude product was loaded onto Celite filter-aid and purified by means of flash
chromatography on silica (100% petroleum benzine to 15% ethyl acetate in petroleum benzine)
to give 75 (260 mg, 87%) as a colourless powder. 'TH NMR (300 MHz, CDCl;3): 6 3.81 (s, 2H,
CHa), 3.26-1.21 (br m, 10H, B-H), 2.96 (s, 1H, Ccage—H); "B{'"H} NMR (96 MHz, CDCl3): §
-4.7 (1B), -9.1 (1B), -10.7 (2B), -11.9 (2B), -13.3 (2B), -15.9 (2B); LRMS (APCI): m/z 173.19
[M - H] (caled for C3H14B10O 173.20). The characterisation data matches that reported in the

literature.”!3
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1-Hydroxy-1.2-dicarba-closo-dodecaborane(12) (76)

OH

closo-1,2-Carborane (78.3 mg, 543 pmol) was added to an oven-dried, two-neck flask and the

flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (2 mL) and the resulting solution was cooled to 0 °C, to which n-
butyllithium (1.6 M in hexanes, 350 pL, 560 pmol) was added dropwise. The solution was
stirred at the same temperature for 15 min before trimethyl borate (80 puL, 720 pmol) was added
to the reaction mixture in one portion. The reaction was allowed to warm to 0 °C over 1 h at
which point a 1:1 mixture of 30% aqueous H>O> and acetic acid (0.5 mL) was added. The
reaction was stirred at RT for 16 h, after which It was quenched by slowly adding saturated
NaHSOs solution (1 mL) and 10% NaOH solution (2 mL). After 1 h, the mixture was diluted
with water (2 mL) and the aqueous layer was extracted with ether (3 x 5 mL). The combined
organic extracts were dried over sodium sulfate, filtered and reduced in vacuo. The crude
product was loaded onto Celite filter-aid and purified by means of flash chromatography on
silica (10% ethyl acetate to 20% ethyl acetate in petroleum benzine) to give 76 (59.8 mg, 69%)
as a colourless powder. '"H NMR (300 MHz, CDCl3): 4 4.69 (OH), 3.97 (CcageH), 3.19-1.04
(br m, 10H, B-H); "B{'H} NMR (96 MHz, CDCl3): 6 -3.8 (1B), -12.3 (7B), -14.6 (2B). The

characterisation data matches that reported in the literature.®’
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1-Mercapto-1.2-dicarba-closo-dodecaborane(12) (77)

WA
closo-1,2-Carborane (88.6 mg, 614 pumol) was added to an oven-dried, two-neck flask and the
flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous THF (2.5 mL) and the resulting solution was cooled to 0 °C, to which n-butyllithium
(1.6 M in hexanes, 490 pL, 784 umol) was added dropwise. The solution was stirred at the
same temperature for 15 min before elemental sulfur (20.3 mg, 79.1 umol) was added to the
reaction mixture in one portion. The clear, yellow solution was stirred at RT for 2 h, after which
time the solvent was removed in vacuo. Ether (3 mL) was added to the residue and the organic
layer was washed with 1 M HCI (3 mL). The aqueous layer was extracted with ether (2 x 3
mL) and the combined organic extracts were dried over sodium sulfate, filtered and reduced in
vacuo. The crude product was loaded onto Celite filter-aid and purified by means of flash
chromatography on silica (100% petroleum benzine) to give 77 (95.0 mg, 88%) as a waxy,
colourless solid. "TH NMR (300 MHz, CDCl5): 8 3.98 (s, 1H, SH), 3.82 (s, 1H, Ccage—H), 3.45—
1.27 (br m, 10H, B-H); "B{'"H} NMR (96 MHz, CDCls): & -0.6 (1B), -5.8 (1B), -8.7 (4B), -
10.6 (2B), -12.0 (2B); LRMS (APCI): m/z 175.14 [M - H] (calcd for CoH12B10S 175.16). The

characterisation data matches that reported in the literature.!”’
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1-Amino-1,2-dicarba-closo-dodecaborane(12) (78)

closo-1,2-Carborane (76.4 mg, 530 pmol) was added to an oven-dried, two-neck flask and the
flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (5 mL) and the resultant solution was cooled to 0 °C, to which n-
butyllithium (1.6 M in hexanes, 700 pL, 1.12 mmol) was added dropwise. The mixture was
stirred at the same temperature for 15 min before a solution of benzyl azide (143 mg, 1.07
mmol) in diethyl ether (2 mL) was added dropwise. The reaction was stirred at RT for 3 h,
during which time the solution darked to a vibrant red/orange colour. Glacial acetic acid (5 mL)
was added, causing the colour to disappear and solids to precipitate before a clear, pale-yellow
solution formed. The ether was removed in vacuo and the remaining acetic acid solution was
heated at 90 °C for 2 h. The acetic acid was removed under a stream of nitrogen and the residue
was suspended in diethyl ether (5 mL) and filtered. The solids were washed with ether (2 x 5
mL) and the filtrate was reduced in vacuo. The crude product was loaded onto Celite filter-aid
and purified by means of flash chromatography on silica (10% DCM in petroleum benzine) to
give 78 (62.2 mg, 74%) as a colourless powder. "H NMR (300 MHz, CDCls): 6 3.79 (s, 1H,
CeageH), 2.91 (s, 2H, NH>), 3.35-1.42 (br m, 10H, B-H); "B{'H} NMR (96 MHz, CDCl;): & -
2.3(2B),-10.4 (2B), -11.2 (2B), -12.5 (2B), -13.7 (2B). The characterisation data matches that

reported in the literature.®*
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General procedure for the synthesis of hydroxy((hetero)aryl)methyl carboranes (General

Procedure A)

closo-1,2-Carborane (1 equiv.) and the respective (hetero)aryl aldehyde (1.1 equiv.) were
dissolved in THF (0.4 M) and TBAF (1 M in THF, 3 equiv.) was added in one portion. The
mixture was stirred at RT for 30 min, during which time the cloudy solution cleared and became
pale yellow. The reaction was quenched with saturated aqueous NH4Cl and the mixture was
extracted with diethyl ether. The organic layer was washed with brine, dried over sodium
sulfate, filtered and reduced in vacuo. The resulting residue was loaded onto Celite filter-aid
and purified by means of flash chromatography to give the desired hydroxy((hetero)aryl)

carborane.

1-Hvydroxy(phenyl)methyl-1,2-dicarba-closo-dodecaborane(12) (79)

& C

This compound was prepared according to General Procedure A using closo-1,2-carborane
(38.2 mg, 265 pumol) and benzaldehyde. Purification by means of flash chromatography on
silica (5% ethyl acetate to 30% ethyl acetate in petroleum benzine) gave 79 (59.0 mg, 89%) as
colourless needles. '"H NMR (300 MHz, CDCl3): & 7.42-7.37 (m, 3H, Ar-H), 7.37-7.30 (m,
2H, Ar-H), 5.27 (s, 1H, CH), 3.82 (s, 1H, Ccage—H), 3.19-1.08 (br m, 10H, B-H); "B{'H}
NMR (96 MHz, CDCl3): 6 -3.3 (1B), -4.2 (1B), -8.6 (1B), -9.1 (1B), -11.0 (1B), -12.4 (2B), -
12.9 (1B), -14.0 (1B), -14.3 (1B). The characterisation data matches that reported in the

literature.!
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1-Hydroxy(pyridin-3-yl)methyl-1.2-dicarba-closo-dodecaborane(12) (81)

This compound was prepared according to General Procedure A using closo-1,2-carborane
(42.1 mg, 292 umol) and 3-pyrdinecarboxaldehyde. Purification by means of flash
chromatography on silica (10% ethyl acetate to 40% ethyl acetate in petroleum benzine) gave
81 (46.5 mg, 64%) as a colourless microcrystalline solid. 'H NMR (300 MHz, acetone-ds): &
8.61 (d,J=2.3 Hz, 1H, Ar-H), 8.57 (dd, /=4.8, 1.6 Hz, 1H, Ar-H), 7.84 (dt, J= 7.9, 2.0 Hz,
1H, Ar-H), 7.41 (dd, J=17.9, 4.8 Hz, 1H, Ar-H), 6.30 (d, /= 5.1 Hz, 1H), 5.50 (d, /=4.9 Hz,
1H), 4.79 (s, 1H, Ccage—H), 3.13—1.02 (br m, 10H, B-H); "B{'H} NMR (96 MHz, acetone-dp):
0 -3.8 (1B), -4.7 (1B), -9.3 (2B), -11.9 (3B), -13.0 (1B), -13.8 (2B). The characterisation data

matches that reported in the literature.>'*

1-Hydroxy(thiophen-2-yl)methyl-1.2-dicarba-closo-dodecaborane(12) (80)

OH
</, S
PA%A‘ |/

S\

This compound was prepared according to General Procedure A using closo-1,2-carborane
(39.9 mg, 277 umol) and 2-thiophenecarboxaldehyde. Purification by means of flash
chromatography on silica (20% DCM to 40% DCM in petroleum benzine) gave 80 (29.8 mg,
42%) as a colourless oil. '"H NMR (300 MHz, CDCl3): 6 7.35 (dd, J=5.1, 1.3 Hz, 1H, Ar-H),
7.09-6.97 (m, 2H, Ar-H), 5.54 (s, 1H, CH), 3.87 (s, 1H, Ccage—H), 3.45-1.05 (br m, 10H, B—
H), 3.06 (s, |H, OH); "B{'H} NMR (96 MHz, CDCl3): § -3.4 (1B), -4.2 (1B), -8.7 (1B), -9.1
(1B), -11.0 (1B), -12.4 (2B), -13.0 (1B), -14.0 (2B); LRMS (APCI): m/z 255.21 [M - H]”
(calcd for C7H16B10OS 255.19).
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N-(Propargyl)phthalimide (83)

Phthalimide (3.56 g, 24.2 mmol) and potassium carbonate (8.61 g, 62.3 mmol) were suspended
in DMF (25 mL) and propargyl chloride (3.5 mL, 49 mmol) was added. The brown
heterogeneous solution was heated at 50 °C for 16 h, becoming clearer and yellow as the
reaction progressed. Upon completion, water (125 mL) was added and the mixture was cooled
to 0 °C and filtered. The solids were washed with water (3 x 20 mL), followed by toluene (3 x
5 mL) and finally petroleum benzine (3 x 10 mL). The solids were dried in vacuo at 50 °C to
give 83 (3.33 g, 74%) as a colourless powder. "TH NMR (500 MHz, CDCls): 6 7.87 (dd, J =
5.4, 3.1 Hz, 2H, Ar-H), 7.73 (dd, J = 5.5, 3.0 Hz, 3H, Ar-H), 4.45 (d, J = 2.5 Hz, 2H, CH>),
2.22 (t, J = 2.5 Hz, 1H, C=CH); B¥C{'H} NMR (125 MHz, CDCl3): & 167.1, 134.3, 132.1,
123.7,77.3, 71.6, 27.1. The characterisation data matches that reported in the literature.?!
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1-Phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12) (84)

AN
@)

S\

Caution! nido-Decaborane(14) is a solid with a foul odour that is very toxic by inhalation and
can be absorbed through the skin. It should only be handled in a fume-hood and transported
in sealed containers. Any glassware/items that come into contact with decaborane must be
soaked in methanol for 24 h in order to decompose the borane. Because crude samples can
explode upon heating under some conditions, all reactions involving heating of decaborane
must be performed behind a blast shield. Concentration of solutions containing decaborane or

crude reaction mixtures must always be performed in a fume-hood.

nido-Decaborane(14) (378 mg, 1.85 mmol) was added to an oven-dried two-neck flask and the
flask was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous acetonitrile (2 mL) and the solution was stirred at reflux for 1 h. The reaction was
cooled to RT and propargyl phthalimide (704 mg, 3.80 mmol) was added under a counterflow
of nitrogen followed by anhydrous toluene (10 mL). The resulting mixture was stirred at reflux
for 16 h. Upon completion, the reaction was cooled to 0 °C and ethanol (10 mL) was added.
The reaction was stirred at RT for 24 h to destroy any remaining decaborane. The solvents were
then removed under a flow of nitrogen and the residue suspended in ethanol (5 mL). The
mixture was cooled to 0 °C, filtered and the solids washed with ice-cold ethanol (2 x 5 mL)
followed by ice-cold petroleum benzine (5 mL). The solids were collected and dried in vacuo
to give 84 (354 mg, 63%) as a colourless powder. "TH NMR (500 MHz, CDCl3): 8 7.91 (dd, J
=5.5,3.1 Hz, 2H, Ar-H), 7.80 (dd, J=5.5, 3.0 Hz, 2H, Ar-H), 4.38 (s, 2H, CH>), 3.99 (s, 1H,
Ceage—H), 2.92-1.52 (br m, 10H, B-H); "B{'H} NMR (160 MHz, CDCl3): 6 -1.0 (1B), -4.8
(IB), -9.7 (2B), -11.3 (2B), -12.6 (4B); BC{'H} NMR (125 MHz, CDCl3): 8 167.3, 135.0,
131.3, 124.3, 73.3, 60.1, 42.6; LRMS (APCI): m/z 304.27 [M + H]" (caled for C11Hi7B10NO:

304.23). The characterisation data matches that reported in the literature.?!¢
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1-Aminomethyl-1.2-dicarba-closo-dodecaborane(12) hydrochloride (85)

&3 “NH, HCI

Compound 84 (98.4 mg, 324 pmol) was suspended in a 4:1 mixture of isopropanol and water
(2 mL) and sodium borohydride (35.9 mg, 949 umol) was added. The reaction was stirred at
RT until complete consumption of the starting material (monitored by TLC; eluent 20% DCM
in petroleum benzine). The solvents were removed in vacuo and the solids suspended in water
(1 mL). The mixture was centrifuged and the supernatant was decanted off. The remaining
solids were dissolved in a 4:1:1 mixture of acetic acid, water and concentrated HCI (2 mL) and
the mixture was stirred at 80 °C for 2 h. The solvents were removed in vacuo and the resultant
residue was suspended in chloroform (1 mL). The solids were collected by filtration, washed
with a small amount of chloroform (0.5 mL) and dried at the pump to give the hydrochloride
salt of 85 (56.9 mg, 84%) as a colourless powder. '"H NMR (300 MHz, DMSO-ds): 6 8.79 (3H,
NH:"), 5.42 (s, 1H, CeageH), 3.80 (s, 2H, CH»), 3.22-0.93 (br m, 10H, B-H); "B{'H} NMR
(96 MHz, DMSO-dp): 6 -2.6 (1B), -4.8 (1B), -9.6 (2B), -11.9 (4B); LRMS (APCI): m/z 174.31
[M - H] (calcd for C3Hi5B1oN 174.23). The characterisation data matches that reported in the

literature. '®!

General procedure for the Negishi coupling of iodocarboranes (General Procedure B)

Anhydrous cobalt(Il) bromide (0.2 equiv.) and zinc powder (7 equiv.) were added to an oven-
dried Schlenk tube and the tube was evacuated and back-filled with nitrogen three times. The
solids were dissolved in anhydrous acetonitrile (0.4 M) to give a blue mixture, to which allyl
chloride (1 equiv.) and TFA (catalytic amount) were added. The resulting dark-orange mixture
was stirred at RT for 15 min after which time the appropriate (hetero)aryl halide (1.1 equiv.)
was added. The mixture was stirred for a further 1 h before compound 30 (1 equiv.) and
[PACIL>(PPh3)2] (0.025 equiv.) were added under a counterflow of nitrogen and the reaction was
stirred at RT for 16 h. Upon completion, the mixture was filtered through Celite filter-aid and
the filter cake was washed with ethyl acetate. The combined filtrates were reduced in vacuo,
loaded onto Celite filter-aid and purified by means of flash chromatography to give the desired
B-(hetero)aryl carborane.
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9-Phenyl-1.2-dicarba-closo-dodecaborane(12) (86)

This compound was prepared according to General Procedure B using 30 (204 mg, 754 pumol)
and bromobenzene. Purification by means of flash chromatography on silica (10% ethyl acetate
in petroleum) gave 86 (161 mg, 97%) as colourless needles. '"H NMR (500 MHz, CDCls): &
7.41-7.36 (m, 2H, Ar-H), 7.25-7.19 (m, 3H, Ar—H), 3.61 (s, 1H, Ccage—H), 3.51 (s, 1H, Ccage—
H), 3.15-1.49 (br m, 9H, B-H); "B{'"H} NMR (160 MHz, CDCIl3): § 7.8 (1B), -2.1 (1B), -8.6
(2B), -13.7 (2B), -14.2 (2B), -15.3 (2B); "B NMR (160 MHz, CDCl3): § 7.8 (s, 1B), -2.1 (d, J
=150.2 Hz, 1B), -8.6 (d, J = 151.0 Hz, 2B), -13.7 (d, J = 162.2 Hz, 2B), -14.2 (d, J = 162.2
Hz, 2B), -15.3 (d, J = 182.2 Hz, 2B); LRMS (APCI): m/z 221.28 [M + H]" (calcd for CsHi6B1o

221.23). The characterisation data matches that reported in the literature.'’

9-(Pyridin-3-y1)-1,2-dicarba-closo-dodecaborane(12) (87)

This compound was prepared according to General Procedure B using 30 (125 mg, 462 umol)
and 3-bromopyidine. Purification by means of flash chromatography on silica (10% ethyl
acetate in petroleum benzine to 30% ethyl acetate in petroleum benzine) gave 87 (73.4 mg,
72%) as a colourless powder. "TH NMR (300 MHz, CDCls): § 8.58 (s, 1H, Ar-H), 8.50-8.37
(m, 1H, Ar—H), 7.67-7.56 (m, 1H, Ar—H), 7.56-7.42 (m, 1H, Ar-H), 3.55 (s, 1H, Ccage—H), 3.47
(s, IH, Ceage—H), 3.13-0.98 (br m, 9H, B-H); '"B{'H} NMR (160 MHz, CDCl3): § 3.1 (1B), -
2.8 (1B), -8.9 (2B), -13.6 (2B), -14.5 (2B), -15.3 (2B); "B NMR (160 MHz, CDCl3): 3.1 (s,
1B), -2.8 (d, 1B), -8.9 (d, 2B), -13.6 (d, 2B), -14.5 (d, 2B), -15.3 (d, 2B).
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General procedure for the B-N coupling of 9-bromo-closo-1.2-carborane

(General Procedure C)

Anhydrous tribasic potassium phosphate (4 equiv.) was added to an oven-dried Schlenk tube
and the tube was heated at 150 °C under vacuum for 15 min. The tube was cooled to RT and
compound 91 (1 equiv.), the chosen palladium source (0.05—0.10 equiv.) and chosen ligand
(0.05-0.20 equiv.) were added as solids. The tube was evacuated and backfilled with nitrogen
three times before the N-nucleophile was added (injected as a liquid or added under a
counterflow of nitrogen if a solid). Anhydrous solvent (0.3 mL) was added followed and the
tube was sealed at the J. Young valve and stirred in a preheated oil bath at the required
temperature for the specified time. Upon completion, the reaction was cooled to RT and filtered
through a short pad of Celite filter-aid. The filter cake was rinsed with ethyl acetate and the
combined filtrates were reduced in vacuo. An NMR spectrum of the crude product in CDCl3

was taken and crude yields were determined using the !'B{'H} NMR spectrum.

Benzyl 1.7-dicarba-closo-dodecaborane(12)-1-carboxylate (101)

Compound 19 (40.5 mg, 215 pmol) and caesium carbonate (77.1 mg, 237 umol) were dissolved
in acetonitrile (3 mL) and benzyl bromide (32 pL, 0.27 mmol) was added. The resultant mixture
was heated at reflux for 16 h, after which time the solvent was removed in vacuo. The residue
was dissolved in DCM (10 mL), washed with water (2 x 10 mL) and then brine (10 mL). The
organic layer was dried over sodium sulfate, filtered and reduced in vacuo before being loaded
onto Celite filter-aid. The crude product was purified by means of flash chromatography on
silica (100% petroleum benzine to 100% DCM) to give 101 (37.6 mg, 63%) as a colourless
solid. "TH NMR (500 MHz, CDCl3): § 7.41-7.33 (m, 3H, Ar-H), 7.32-7.27 (m, 2H, Ar-H),
5.15 (s, 2H, CH>), 3.38-1.48 (br m, 10H, B-H), 3.00 (s, 1H, CcageH); "B{'"H} NMR (160 MHz,
CDCl3): 6 -4.8 (1B), -6.9 (1B), -10.6 (2B), -11.3 (2B), -13.3 (2B), -15.6 (2B); {'H} NMR (125
MHz, CDCl): & 161.6, 134.5, 128.7, 128.6, 127.7, 72.3, 69.0, 54.7; LRMS (APCI): m/z
277.20 [M - H] (calcd for C1oH1sB1002 277.22).
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General procedure for the synthesis of carboranyl esters and amides (General Procedure D)

Compound 19 (1 equiv.) was added to an oven-dried, two-neck flask and the flask was
evacuated and back-filled with nitrogen three times. The solids were dissolved in anhydrous
DCM (0.1 M) and the solution was cooled to 0 °C before oxalyl chloride (1.1 eq.) and a
catalytic amount of DMF were added. Brief effervescence resulted and the solution was
allowed to stir at RT for 1 h, after which conversion to the acid chloride was complete. In a
separate oven-dried flask, the respective alcohol or amine (3 equiv.) was added and the flask
was evacuated and back-filled with nitrogen three times. Anhydrous DCM (0.3 M) was added
followed by triethylamine (3 equiv.) and the solution was cooled to 0 °C. The prepared acid
chloride solution was then added dropwise and the resulting solution allowed to stir at RT for
16 h. The solution was diluted with DCM, washed with water three times, dried over sodium
sulfate and reduced in vacuo. The resultant residue was loaded onto Celite filter-aid and

purified by means of flash chromatography to give the desired ester or amide.

Phenyl 1.7-dicarba-closo-dodecaborane(12)-1-carboxylate (99)

S

This compound was prepared according to General Procedure D using 19 (55.0 mg, 266 pmol)
and sodium phenoxide. Purification by means of flash chromatography on silica (100%
petroleum benzine to 100% DCM) gave 99 (33.5 mg, 48%) as a colourless powder. "H NMR
(300 MHz, CDCl3): 6 7.45-7.34 (m, 2H, Ar-H), 7.32-7.22 (m, 1H, Ar—H), 7.13-7.02 (m, 2H,
Ar-H), 3.70-1.01 (br m, 10H, B-H), 3.08 (s, 1H, CcageH); "B{!H} NMR (96 MHz, CDCl3): 8
-4.7 (2B), -6.6 (2B), -10.6 (2B), -11.1 (2B), -13.1 (2B), -15.5 (2B); LRMS (APCI): m/z 265.27
[M +H]" (calcd for CoHi6B100O2 265.22). The characterisation data matches that reported in the

literature !’
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4-Nitrophenyl 1,7-dicarba-closo-dodecaborane(12)-1-carboxylate (100)

G
NS

LR O

This compound was prepared according to General Procedure D using 19 (50.3 mg, 267 pmol)
and 4-nitrophenol. Purification by means of flash chromatography on silica (100% petroleum
benzine to 100% DCM) gave 100 (62.2 mg, 75%) as an off-white powder. "H NMR (500 MHz,
CDCh): 6 8.21 (d, J = 9.2 Hz, 2H, Ar-H), 7.20 (d, J = 9.1 Hz, 2H, Ar-H), 3.41-1.36 (br m,
10H, B-H), 3.04 (s, 1H, CcageH); "B{'H} NMR (160 MHz, CDCls): § -4.7 (2B), -6.3 (2B), -
10.4 (2B), -11.2 (2B), -13.0 (2B), -15.5 (2B); 3C{'H} NMR (125 MHz, CDCl3): § 158.7,
153.6, 145.0, 124.4, 120.9, 70.1, 54.0; LRMS (APCI): m/z 310.27 [M + H]" (caled for
CoH15B10NO4 310.21).

Butyl 1.7-dicarba-closo-dodecaborane(12)-1-carboxylate (102)

O
0N
A

This compound was prepared according to General Procedure D using 19 (56.4 mg, 300 pmol)
and 1-butanol. Purification by means of flash chromatography on silica (100% petroleum
benzine to 100% DCM) gave 102 (66.7 mg, 91%) as an off-white powder. "H NMR (500 MHz,
CDCl): 6 4.12 (t,J= 6.5 Hz, 2H, O—CH>), 3.30-1.04 (br m, 10H, B-H), 2.99 (s, 1H, CcageH),
1.61 (p, J = 6.8 Hz, 2H, CH>»), 1.36 (q, J = 7.5 Hz, 2H, CH>), 0.93 (t, / = 7.4 Hz, 3H, CH3);
HB{TH} NMR (160 MHz, CDCl3): § -4.9 (1B), -7.0 (1B), -10.7 (2B), -11.3 (2B), -13.4 (2B), -
15.7 (2B); BC{'H} NMR (125 MHz, CDCls): & 161.9, 72.7, 67.6, 54.8, 30.4, 19.1, 13.7,
LRMS (APCI): m/z 243.27 [M - H] (calcd for C7H20B1002 243.24).
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N-(Pyrimidin-2-vyl)-1.7-dicarba-closo-dodecaborane(12)-1-carboxamide (103)

This compound was prepared according to General Procedure D using 19 (100 mg, 531 umol)
and 2-aminopyrimidine. Purification by means of flash chromatography on silica (50% DCM
in petroleum benzine to 100% DCM) gave 103 (14.0 mg, 10%) as a colourless, microcrystalline
solid. "TH NMR (500 MHz, CDCls): § 8.63 (d, J = 4.8 Hz, 1H, Ar-H), 8.22 (s, 1H, NH), 7.09
(t, J=4.8 Hz, 1H, Ar-H), 3.45-1.02 (br m, 10H, B-H), 3.09 (s, 1H, CcagcH); "B{'H} NMR
(160 MHz, CDCl3): 6 -5.9 (1B), -7.1 (1B), -10.7 (2B), -11.5 (2B), -12.9 (2B), -15.4 (2B);
BC{'H} NMR (125 MHz, CDCl3): 8 158.7, 157.4, 156.6, 117.9, 75.9, 55.3; LRMS (APCI):
m/z 266.31 [M + H]" (calcd for C7H;5B10N30 266.23).

N-(2-Aminophenyl)-1.7-dicarba-closo-dodecaborane(12)-1-carboxamide (104)

0]
e ye

This compound was prepared according to General Procedure D using 19 (100 mg, 531 pmol)

and ortho-phenylenediamine. Purification by means of flash chromatography on silica (100%
petroleum benzine to 100% DCM) gave 104 (92.3 mg, 62%) as an off-white powder. '"H NMR
(500 MHz, CDCl3): 6 7.53 (s, 1H, NH), 7.32 (d, /= 7.9 Hz, 1H, Ar-H), 7.06 (t, /J=7.7 Hz, 1H,
Ar-H), 6.86-6.78 (m, 2H, Ar-H), 3.85-1.33 (br m, 10H, B-H), 3.09 (s, 1H, CcageH); "B{'H}
NMR (160 MHz, CDCI3): 6 -5.8 (1B), -7.4 (1B), -10.7 (2B), -11.4 (2B), -13.0 (2B), -15.5 (2B);
BC{IH} NMR (125 MHz, CDCl3):  158.7, 139.6, 127.7, 124.6, 124.2, 120.5, 118.8, 75.8,
55.2; LRMS (APCI): m/z 279.33 [M + H]" (calcd for CoHisB10N2O 279.25).
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N.N'-(1,2-Phenylene)bis(1,7-dicarba-closo-dodecaborane(12)-1-carboxamide) (106)

Iz

This compound was isolated as a byproduct in the preparation of 104 as an off-white powder
(58.9 mg, 25%). '"H NMR (500 MHz, CDCl3): & 7.89 (s, 2H, NH), 7.36-7.31 (m, 2H, Ar-H),
7.28-7.23 (m, 2H, Ar-H), 3.46-1.63 (br m, 20H, B-H), 3.10 (s, 2H, CeageH); "B{'H} NMR
(160 MHz, CDCls): 6 -5.7 (4B), -7.1 (4B), -10.6 (4B), -11.5 (4B), -13.0 (4B), -15.5 (4B);
BC{'H} NMR (125 MHz, CDCls): & 159.8, 129.7, 127.7, 125.9, 75.2, 55.3; LRMS (APCI):
m/z 449.45 [M + H]" (calcd for C12H23B20N20; 449.42).

N-(2-Hydroxyethyl)-1.7-dicarba-closo-dodecaborane(12)-1-carboxamide (105)

This compound was prepared according to General Procedure D using 19 (100 mg, 531 umol)
and ethanolamine. Purification by means of flash chromatography on silica (100% DCM) gave
105 (86.4 mg, 71%) as a colourless, microcrystalline solid. 'TH NMR (500 MHz, CDCls): §
6.28 (s, 1H,NH), 3.70 (t, /= 5.1 Hz, 2H, CH>»), 3.41-3.34 (m, 2H, CH>), 3.27-1.48 (br m, 10H,
B-H), 3.03 (s, 1H, CcageH); "B{"H} NMR (160 MHz, CDCl3): 8 -5.8 (2B), -7.5 (2B), -10.8
(2B), -11.6 (2B), -13.2 (2B), -15.6 (2B); BC{'H} NMR (125 MHz, CDCl3): 6 161.1, 75.5, 61.4,
55.1,43.2; LRMS (APCI): m/z 232.30 [M + H]" (calcd for CsH17B1oNO> 232.23).
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N.N'-(Propane-1,3-diyl)bis(1,7-dicarba-closo-dodecaborane(12)-1-carboxamide) (108)

This compound was prepared according to General Procedure D using 19 (100 mg, 531 umol)
and 1,3-diaminopropane. Purification by means of flash chromatography on silica (100%
petroleum benzine to 100% DCM) gave 108 as colourless needles (150 mg, 68%). The mono-
acylated amine was also produced but could not be isolated in sufficient purity. 'H NMR (500
MHz, CDCls): 6 6.41 (br t, 2H, NH), 3.26-1.49 (br m, 20H, B-H), 3.15 (q, J = 6.3 Hz, 4H.
CH>), 3.03 (s, 2H, CcageH), 1.62-1.54 (m, 2H, CH>); "B{'H} NMR (160 MHz, CDCl5): § -5.7
(IB), -7.5 (1B), -10.8 (4B), -11.6 (4B), -13.2 (4B), -15.7 (4B); ¥C{'H} NMR (125 MHz,
CDCl3): 8 160.3, 74.4, 53.9, 35.8, 28.3; LRMS (APCI): m/z 415.55 [M + H]" (calcd for
CoH30B20N202 415.44).
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12-Iodo-1-phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12) and
9-i0do-1-phthalimidomethyl-1,2-dicarba-closo-dodecaborane(12) (145a + 145b)

84 (292 mg, 963 umol) and iodine (123 mg, 485 umol) were dissolved in acetic acid (30 mL)
and a 1:1 mixture of concentrated nitric and concentrated sulfuric acid (3 mL) was added. The
dark purple solution was heated at 60 °C for 3 h or until complete consumption of the starting
material (monitored by TLC; eluent 25% ethyl acetate in petroleum benzine). The now
colourless solution was added to ice cold water (100 mL) and filtered. The solids were washed
well with water and dried thoroughly at the pump to give an inseparable mixture of 145a and
145b (390 mg, 94%) as a colourless powder. "H NMR (500 MHz, CDCls): § 7.95-7.89 (m,
4H, Ar-H (isomers 1 and 2)), 7.85-7.79 (m, 4H, Ar-H (isomers 1 and 2)), 4.39 (s, 2H, CH»
(isomer 1)), 4.30 (s, 1H, , CcageH (isomer 1)), 4.28 (s, 2H, CH> (isomer 2)), 4.10 (s, 1H, , CcageH
(isomer 2)), 3.34-1.51 (br m, 9H, B-H, isomers 1 and 2); "B{'H} NMR (160 MHz, CDCI5):
50.6,-3.3,-8.0,-10.9, -11.7, -12.4, -15.5, -17.5; "B NMR (160 MHz, CDCl3): § 0.6 (d), -3.3
(d), -8.0 (d), -10.9 (d), -11.7 (d), -12.4 (d), -15.5 (s, B-I (isomer 2)), -17.5 (s, B-I (isomer 2));
BC{'H} NMR (125 MHz, CDCl3): 8 167.20, 167.16, 135.18 (two overlapping signals), 131.20,
131.19, 124.40, 124.39, 73.8, 70.1, 60.8, 56.2, 42.8, 42.3; LRMS (APCI): m/z 430.12 [M +
H]" (caled for C11Hi6B10INO, 430.13).
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12-Bromo-1-phthalimidomethyl-1.2-dicarba-c/oso-dodecaborane(12) and
9-bromo-1-phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12) (146a + 146b)

Triflic acid (~150 pL, 1 equiv.) was added to a solution of 84 (443 mg, 146 mmol) and NBS
(263 mg, 1.48 mmol) dissolved in HFIP (10 mL) and the reaction mixture was stirred
vigorously at RT for 24 h. Upon completion, HFIP was recovered by distillation and water was
added to the reaction residue. The aqueous layer was extracted with DCM (2 x 10 mL) and the
combined organic extracts were dried over sodium sulfate, filtered and reduced in vacuo. The
crude product was loaded onto Celite filter-aid and purified by means of flash chromatography
on silica (10% to 35% ethyl acetate in petroleum benzine over 15 CVs) to give an inseparable
mixture of 146a and 146b (418 mg, 75%) as a colourless powder. 'H NMR (500 MHz, CDCls):
0 7.95-7.89 (m, 2H, Ar—H (isomers 1 and 2)), 7.85-7.79 (m, 2H, Ar—H (isomers 1 and 2)), 4.39
(s, 2H, CH> (isomer 1)), 4.35 (s, 2H, CH> (isomer 2)), 4.06 (s, 1H, CcageH (isomer 1)), 4.03 (s,
1H, CcageH (isomer 2)), 3.34—1.51 (br m, 9H, B-H, isomers 1 and 2); "B{'H} NMR (160 MHz,
CDCl3): 6 1.3,-0.2,-0.7, -4.0, -8.8, -11.4, -12.0, -12.3, -13.5; "B NMR (160 MHz, CDCl3): §
1.3 (s, B-Br (isomer 1)), -0.2 (d), -0.7 (s, B-Br (isomer 2)), -4.0 (d), -8.8 (d), -11.4 (d), -12.0
(d), -12.3 (d), -13.5 (d); *C{'H} NMR (125 MHz, CDCls): § 167.20, 167.16, 135.2 (two
overlapping signals), 131.2 (two overlapping signals), 124.39, 124.37, 72.1, 66.3, 59.1, 52.2,
42.4,41.9; LRMS (APCI): m/z 383.14 [M + H]" (caled for C11H16B10BrNO> 383.14).
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12-Azido-1-phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12) and
9-Azido-1-phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12) (147a + 147b)

Gl
@)

Anhydrous potassium phosphate tribasic (25.7 mg, 121 pumol) was added to an oven-dried
Schlenk tube and the tube was heated at 150 °C under vacuum for 15 min. The tube was cooled
to RT and compound 146 (19.1 mg, 50.0 umol), sodium azide (7.8 mg, 0.12 mmol), SPhos (1.7
mg, 4.1 pmol) and SPhos-Pd-G3 (2.6 mg, 3.3 umol) were added as solids. The tube was
evacuated and backfilled with nitrogen three times before anhydrous DME (0.3 mL) was added.
The tube was sealed at the J. Young valve and stirred in a preheated oil bath at 80 °C for 3 h.
Upon completion, the reaction was cooled to RT and filtered through a short pad of Celite filter-
aid. The filter cake was rinsed with ethyl acetate (3 x 0.5 mL) and the combined filtrates were
reduced in vacuo. The resulting residue was loaded onto Celite filter-aid and purified by means
of flash chromatography on silica (10% DCM to 50% DCM in petroleum benzine) to give an
inseparable mixture of 147a and 147b (13.5 mg, 78%) as a pale-red oil. 'TH NMR (300 MHz,
CDCl): 6 7.97-7.87 (m, 4H, Ar-H), 7.87-7.77 (m, 4H, Ar—H), 4.45 (s, 2H, CH>»), 4.38 (s, 2H,
CH>), 3.98 (s, 1H, Ccage—H), 3.86 (s, 1H, Ccage—H), 3.42-0.88 (br m, 20H, B-H); "B{!H} NMR
(96 MHz, CDCI3): 6 9.2 (1B), 6.9 (1B), -2.1 (1B), -6.0 (1B), -10.5 (5B), -13.1 (5B), -14.0 (6B);
LRMS (APCI): m/z 345.28 [M + H]" (caled for C11H16B10N4O2 345.24).
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12-Hydroxy-1-phthalimidomethyl-1,2-dicarba-closo-dodecaborane(12) and
9-hydroxy-1-phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12) (148a + 148b)

Compound 84 (51.8 mg, 171 pumol) and nitric acid (12 mg, 0.19 mmol) were suspended in
triflic acid (0.5 mL) and the mixture was stirred vigorously at RT for 16 h. Upon completion,
the reaction was slowly added to ice-cold water (5 mL) before saturated aqueous NaHCO3
solution (5 mL) was added dropwise. The aqueous layer was extracted with ethyl acetate (3 %
5 mL) and the combined organic extracts were dried over sodium sulfate, filtered and reduced
in vacuo. The crude product was loaded onto Celite filter-aid and purified by means of flash
chromatography on silica (10% ethyl acetate to 50% ethyl acetate in petroleum benzine) to give
an inseparable mixture of 148a and 148b (47.5 mg, 87%) as a colourless powder. A small
amount of product nitrated at the phthalimide phenyl ring was identified by NMR. 'H NMR
(500 MHz, acetone-ds): 6 7.97-7.89 (m, 8H, Ar-H), 4.67 (s, 1H, OH), 4.60 (s, 2H, CH»), 4.51
(s, IH, OH), 4.46 (s, 1H, Ccage—H), 4.44 (s, 2H, CH>), 4.31 (s, 1H, Ccage—H), 2.90—1.42 (br m,
20H, B-H); "B{'H} NMR (160 MHz, acetone-de): 6 15.8, 14.3,-3.5, -6.8, -10.6, -12.9, -14.4,
-15.1,-15.8,-16.3; "B NMR (160 MHz, acetone-ds): & 15.8 (s, B-O (isomer 1)), 14.3 (s, B-O
(isomer 2)), -3.5 (d), -6.8 (d), -10.6 (d), -12.9 (d), -14.4 (d), -15.1 (d), -15.8 (d), -16.3 (d);
LRMS (APCI): m/z 320.31 [M + H]" (caled for C11Hi7B10NO3 320.23).
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N-Benzovloxymorpholine (151)

Caution! Benzoyl peroxide is potentially explosive and can cause fires without external
ignition, especially in its pure form. The solid isolated in the first step should be used

immediately.

Benzoyl chloride (0.35 mL, 3.0 mmol) was dissolved in diethyl ether (1 mL) and the resulting
solution was cooled to 0 °C before hydrogen peroxide (30 wt% in water, 0.17 mL, 1.7 mmol)
was added dropwise. The solution was stirred at this temperature for 10 min before NaOH (0.15
g, 3.8 mmol) in water (1 mL) was added dropwise. The biphasic solution was stirred vigorously
for 20 min at RT causing a colourless precipitate to appear. The solids were collected by
filtration, washed with water (3 X 1 mL) and diethyl ether (3 x 0.5 mL) and dried at the pump.
The crude benzoyl peroxide was used in the next steps immediately without further

purification.

Benzoyl peroxide (264 mg, 1.09 mmol) and K;HPO4 (286 mg, 1.64 mmol) were added
to an oven-dried flask and the flask was evacuated and back-filled with nitrogen three times.
Anhydrous DMF (4 mL) was added before morpholine (120 pL, 1.39 mmol) was added to the
stirring solution in one portion. The suspension was stirred at RT for 16 h. Deionized water (5
mL) was added and the contents were stirred vigorously for several minutes until all solids
dissolved. The aqueous layer was extracted with ethyl acetate (3 x 10 mL) and the combined
organic extracts were washed saturated NaHCOj3 solution (2 x 10 mL). The organic layer was
dried over sodium sulfate, filtered and reduced in vacuo before being loaded onto Celite filter-
aid. The crude product was purified by means of flash chromatography on silica (25% ethyl
acetate to 50% ethyl acetate in petroleum benzine) to give 151 (50.1 mg, 22%) as a colourless
powder. "TH NMR (500 MHz, CDCls): § 8.05-7.96 (m, 2H, Ar-H), 7.63-7.51 (m, 1H, Ar-H),
7.50-7.38 (m, 2H, Ar-H), 4.06-3.79 (m, 4H), 3.45 (d, J = 10.1 Hz, 2H), 3.13-2.97 (m, 2H);
BC{'H} NMR (125 MHz, CDCl3): & 164.7, 133.3, 129.6, 129.2, 128.6, 66.0, 57.1. The

characterisation data matches that reported in the literature.?'®

154



Benzophenone imine (152)

Benzophenone (1.01 g, 5.55 mmol) and bis(trimethylsilyl)amine (2.3 mL, 11 mmol) were
added to an oven-dried flask and the flask was evacuated and back-filled with nitrogen three
times. TBAF (1.0 M in THF, 560 pL, 560 umol) was added and the flask was stirred at RT for
16 h. The volatiles were removed in vacuo and the crude product was loaded onto Celite filter-
aid and purified by means of flash chromatography on silica gel (2% ethyl acetate to 15% ethyl
acetate in petroleum benzine + 1% TEA) to give 152 (602 mg, 60%) as an orange oil. '"H NMR
(500 MHz, CDCl3): 6 9.14 (br s, 1H, NH), 7.64-7.54 (m, 4H, Ar-H), 7.54-7.36 (m, 6H, Ar—
H); BC{'H} NMR (125 MHz, CDCl3): & 178.6, 139.1, 130.6, 128.6, 128.5. The

characterisation data matches that reported in the literature.?!’

General procedure for the direct amination of closo-carboranes (General Procedure E)

Carborane (1 equiv.), N-nucleophile (2.5 equiv.), silver(I) acetate (2.5 equiv.) and palladium(II)
acetate (10 mol%) were placed in a vial and dissolved in HFIP (0.2 M). The vial was capped
and the heterogeneous solution was stirred at 70 °C for 48 h. After this time, the volatiles were
removed, the residue was suspended in ethyl acetate and filtered through a short pad of Celite
filter-aid. The filtrate was washed with saturated aqueous NaHCO3; solution and the aqueous
layer was extracted with ethyl acetate twice. The combined organic extracts were dried over
sodium sulfate, filtered and reduced in vacuo. The crude product was loaded onto Celite filter-

aid and purified by means of flash chromatography on silica.

155



12-Benzenesulfonamido-1-phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12) and

9-benzenesulfonamido-1-phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12) and

8-benzenesulfonamido-1-phthalimidomethyl-1.2-dicarba-closo-dodecaborane(12)

(149a + 149b + 149¢).
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This compound was synthesised according to General Procedure E using compound 84 (50.4

O

mg, 166 pmol) and benzenesulfonamide. Purification by means of flash chromatography on
silica (100% DCM) gave an inseparable mixture of 149a, 149b and 149¢ (61.2 mg, 80%) as a
colourless powder. 'TH NMR (500 MHz, CDCl3): 6 7.94-7.88 (m, 2H, Ar—H (isomers 1,2 and
3)), 7.88-7.76 (m, 4H, Ar—H (isomers 1,2 and 3)), 7.54-7.36 (m, 3H, Ar—H (isomers 1,2 and
3)),4.67 (s, IH, NH (isomer 1)), 4.62 (s, |H, NH (isomer 2)), 4.55 (s, 1H, NH (isomer 3)), 4.38
(s, 2H, CH> (isomer 2)), 4.32 (s, 2H, CH> (isomer 3)), 4.30 (s, 1H, CH> (isomer 1)), 3.92 (s,
1H, CcageH (isomer 1 and 2)), 3.83 (s, 1H, CcageH (isomer 3)), 2.98-1.43 (br m, 9H, B-H,
isomers 1,2 and 3); "B{'H} NMR (160 MHz, CDCls): § 6.8, 4.4, 0.1, -2.0, -5.2, -5.8, -10.3, -
12.5,-13.5,-14.4; "B NMR (160 MHz, CDCl3): § 6.8 (s, B-N (isomer 1)), 4.4 (s, B-N (isomer
2)), 0.1 (s, B-N (isomer 3)), -2.0 (d), -5.2 (d), -5.8 (d), -10.3 (d), -12.5 (d), -13.5 (d), -14.4 (d);
BC{'H} NMR (125 MHz, CDCl3): § 167.19, 167.15, 167.14, 142.26, 142.19, 142.02, 135.1
(three overlapping signals), 132.2, 132.1 (two overlapping signals), 131.24, 131.20 (two
overlapping signals), 128.81, 128.77, 128.73, 127.08, 127.07, 127.0, 124.33, 124.30 (two
overlapping signals), 69.9, 64.9, 60.5, 57.0, 56.6, 50.6, 42.49, 42.45, 41.4; LRMS (APCI): m/z
459.27 [M + H]" (caled for C17H22B10N204S 459.24).
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12-Methanesulfonamido-1-phthalimidomethyl-1.2-dicarba-c/oso-dodecaborane(12) and

9-methanesulfonamido 1-phthalimidomethyl-1,2-dicarba-closo-dodecaborane(12) and

8-methanesulfonamido-1-phthalimidomethyl-1,2-dicarba-closo-dodecaborane(12)

(150a + 150b + 150¢)
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This compound was synthesised according to General Procedure E using 84 (51.4 mg, 169
umol) and methanesulfonamide. Purification by means of flash chromatography (100% DCM
to 20% ethyl acetate in DCM) gave an inseparable mixture of 150a, 150b and 150c¢ (41.1 mg,
61%) as a colourless oil. '"H NMR (500 MHz, CDCls): § 7.93-7.88 (m, 4H, Ar-H (isomers 1,2
and 3)), 7.83-7.78 (m, 4H, Ar—H (isomers 1,2 and 3)), 4.47 (s, 1H, NH (isomer 1)), 4.43 (s,
2H, CH> (isomer 2)), 4.42 (s, 1H, NH (isomer 2)), 4.38 (s, 2H, CH> (isomer 3)), 4.37 (s, 2H,
CH: (isomer 1)), 4.32 (s, 1H, NH (isomer 3)), 4.02 (s, 1H, Ccage—H (isomer 1 and 2)), 3.91 (s,
1H, Ccage—H (isomer 3)), 3.08-1.44 (br m, 9H, B—H, isomers 1,2 and 3), 2.96 (s, 1H, CHs
(isomer 1)), 2.93 (s, 3H, CH3 (isomer 2)), 2.90 (s, 3H, CH3 (isomer 3)); "B{'H} NMR (160
MHz, CDCL): § 6.9, 4.5, 0.3, -1.9, -5.5, -10.2, -12.3, -13.4, -14.1; "B NMR (160 MHz,
CDCl): 6 6.9 (s, B-N (isomer 1)), 4.5 (s, B-N (isomer 2)), 0.3 (s, B-N (isomer 3)), -1.9 (d), -
5.5 (d), -10.2 (d), -12.3 (d), -13.4 (d), -14.1 (d); BC{'H} NMR (125 MHz, CDCl3): 6 167.23,
167.22,167.20,135.13,135.12,135.0, 131.3,131.21, 131.17, 124.35, 124.33 (two overlapping
signals), 70.1, 64.8, 60.5, 57.2, 56.6, 50.5, 42.50, 42.26, 41.96, 41.95, 41.9, 41.4; LRMS
(APCI): m/z 397.24 [M + H]" (caled for C12H20B10N204S 397.22).
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General procedure for the synthesis of triflate esters of hydroxymethyl carboranes (General

Procedure F)

The appropriate hydroxymethyl carborane was added to an oven-dried Schlenk tube and the
tube was evacuated and back-filled with nitrogen three times. A solution of pyridine (1 equiv.)
in anhydrous DCM (0.3 M) was added and the solution was cooled to 0 °C. Triflic anhydride
(1.1 equiv.) was added dropwise and the reaction was stirred at RT for 2 h. The reaction was
diluted with DCM and washed with saturated NaHCO3 solution and water. The organic layer
was dried over sodium sulfate, filtered and reduced in vacuo before being purified by means

of flash chromatography on silica.

1-((((Trifluoromethyl)sulfonyl)oxy)methyl)-1.2-dicarba-closo-dodecaborane(12) (174)
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This compound was synthesised according to General Procedure F using 74 (134 mg, 769
umol). Purification by means of flash chromatography (100% petroleum benzine to 10% DCM
in petroleum benzine) gave 174 (211 mg, 90%) as a colourless oil which solidified upon cooling
to -20 °C. 'H NMR (300 MHz, CDCl3):  4.79 (s, 2H, CH»), 3.79 (s, 1H, CcageH), 3.44-1.31
(br m, 10H, B-H); "B{'H} NMR (96 MHz, CDCl3): § -1.6 (1B), -3.4 (1B), -8.7 (2B), -11.6
(2B), -12.7 (4B). The characterisation data matches that reported in the literature.?%’
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1-((((Trifluoromethyl)sulfonyl)oxy)methyl)-1.7-dicarba-closo-dodecaborane(12) (157)
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This compound was synthesised according to General Procedure F using 75 (248 mg, 1.42
mmol). Purification by means of flash chromatography (100% petroleum benzine) gave 157
(385 mg, 88%) as a colourless oil which solidified upon cooling to -20 °C. "H NMR (500 MHz,
CDCl3): 8 4.53 (s, 2H), 3.04 (s, 1H, Ccage—H), 3.24-1.51 (br m, 10H, B-H); "B{'"H} NMR (160
MHz, CDCl3): 8 -4.5 (1B), -7.8 (1B), -10.2 (2B), -11.6 (2B), -13.0 (2B), -15.8 (2B); BC{'H}
NMR (125 MHz, CDCIl3): 6 118.6 (q,J=319.7 Hz), 74.8, 70.0, 55.5. The characterisation data

matches that reported in the literature.*?

9-Bromo-1-((((Trifluoromethylsulfonyloxy)methyl)-1.7-dicarba-closo-dodecaborane(12)
168

This compound was synthesised according to General Procedure F using 184 (262 mg, 1.04
mmol). Purification by means of flash chromatography (10% DCM in petroleum benzine to
30% DCM in petroleum benzine) gave 168 (211 mg, 90%) as a colourless oil which solidified
upon cooling to -20 °C. 'TH NMR (500 MHz, CDCls): & 4.55 (s, 2H, CH>), 3.12 (s, 1H, Ccage—
H), 3.57-1.70 (br m, 10H, B-H); "B{'H} NMR (160 MHz, CDCl3): § -4.1 (1B), -6.2 (1B), -
7.2 (1B), -9.0 (1B), -11.2 (1B), -12.4 (2B), -13.7 (1B), -16.7 (1B), -20.0 (1B); "B NMR (160
MHz, CDCL): 6 -4.1 (d, 1B, J= 169 Hz), -6.2 (s, 1B, B10),-7.2 (d, 1B, ,J= 171 Hz), -9.0 (d,
1B,,J=157Hz),-11.2 (d, 1B, ,J=198 Hz),-12.4 (d, 2B, ,J =198 Hz), -13.7 (d, 1B, J= 194
Hz),-16.7 (d, 1B, ,J= 184 Hz), -20.0 (d, 1B, , J= 184 Hz); *C{'H} NMR (125 MHz, CDCl3):
5 118.4 (q, J = 320.1 Hz, CF3), 74.0, 69.4, 54.5; LRMS (APCI): m/z 386.06 [M + H]" (calcd
for C4H12B10BrF;03S 386.07).
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1-(Pyridin-3-yl(((trifluoromethyl)sulfonyl)oxy)methyl)-1.2-dicarba-closo-dodecaborane(12)
179
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This compound was synthesised according to General Procedure F using 81 (29.0 mg, 115
pumol). The crude product was washed with petroleum benzine to give 179 (38.8 mg, 88%) as
an off-white powder which was used without further purification. H NMR (500 MHz,
acetone-ds): 6 9.00 (d, J=2.1 Hz, 1H, Ar-H), 8.98 (dd, J=5.5, 1.5 Hz, 1H, Ar-H), 8.56 (dt, J
= 8.1, 1.6 Hz, 1H, Ar—H), 8.08 (dd, J = 8.1, 5.5 Hz, 1H, Ar-H), 5.78 (s, 1H, O—CH), 4.89 (s,
1H, Ccage—H), 3.11-1.35 (br m, 10H, B-H); "B{'H} NMR (160 MHz, acetone-ds): 8 -3.6 (1B),
-4.4 (1B), -9.0 (1B), -9.5 (1B), -12.1 (3B), -12.9 (1B), -13.5 (1B), -14.2 (1B); BC{'H} NMR
(125 MHz, acetone-de): & 145.7, 143.8, 143.1, 140.3, 127.1, 121.8 (q, J = 320.4 Hz, CF3), 80.0,
71.7,61.3.

N-Hydroxymethylphthalimide (183)

HO

Distilled water (10 mL) was added to phthalimide (4.18 g, 28.4 mmol) and the mixture was
stirred at RT for 10 min. An aqueous solution of formaldehyde (~37 wt%, 2.7 mL, 36 mmol)
was added and the resulting heterogeneous solution was heated at 100 °C for 1.5 h, during
which it became clear. The reaction was cooled to 0 °C and the resulting precipitate was
collected by filtration, washed with cold water and dried at the pump to give 183 (4.84 g, 96%)
as a colourless powder. 'H NMR (500 MHz, CDCl3): & 7.89 (dd, J = 5.5, 3.1 Hz, 1H), 7.75
(dd,J=5.5,3.1 Hz, 1H), 5.26 (d, J=7.2 Hz, 1H), 3.41 (t, J= 7.9 Hz, 1H); ¥C{'H} NMR (125
MHz, CDCI3): 6 168.0, 134.6, 132.1, 123.9, 61.7. The characterisation data matches that

reported in the literature.?°
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N-Bromomethylphthalimide (153)
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N-hydroxymethylphthalimide (970 mg, 5.48 mmol) was suspended in hydrobromic acid (4 mL,
48% in water) and the heterogeneous solution was cooled to 0 °C. Concentrated sulfuric acid
(1.5 mL) was added dropwise and the solution was heated to 70 °C for 16 h. The reaction was
cooled to 0 °C and the solids were collected by filtration. The solids were washed with ice-cold
water (3 x 5 mL), 10% aqueous ammonium hydroxide (2 ° 3 mL) and ice-cold water (3 x 5
mL) again. The solids were dried at the pump and collected to give 153 (922 mg, 70%) as a
colourless powder. 'TH NMR (500 MHz, CDCl3): § 7.92 (dd, J = 5.5, 3.1 Hz, 2H), 7.79 (dd, J
= 5.5, 3.1 Hz, 2H), 5.48 (s, 2H); BC{'H} NMR (125 MHz, CDCls): § 165.9, 135.0, 132.0,

124.2, 31.3. The characterisation data matches that reported in the literature.??!
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1-Phthalimidomethyl-1.7-dicarba-closo-dodecaborane(12) (154)
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Compound 157 (385 mg, 1.26 mmol) and potassium phthalimide (255 mg, 1.38 mmol) were
suspended in anhydrous DMF (1 mL) and the mixture was stirred at 50 °C until the starting
material was consumed (monitored by TLC; eluent 10% DCM in petroleum benzine). The
reaction was diluted with ether (10 mL) and washed with water (3 x 10 mL). The organic layer
was dried over sodium sulfate, filtered and reduced in vacuo. The resultant solids were
suspended in ice-cold petroleum benzine (2 mL), filtered and washed with ice-cold petroleum
benzine (1 mL). The solids were dried at the pump and collected to give 154 (355 mg, 93%) as
colourless flakes. "TH NMR (500 MHz, CDCls): 6 7.88 (dd, J = 5.4, 3.1 Hz, 2H, Ar-H), 7.76
(dd,J=5.5,3.0 Hz, 2H, Ar-H), 4.11 (s, 2H, CH»), 2.94 (s, 1H, Ccage—H), 2.92—-1.52 (br m, 10H,
B-H); "B{'H} NMR (160 MHz, CDCl3): 6 -4.2 (1B), -9.1 (1B), -10.5 (2B), -11.1 (2B), -13.4
(2B), -15.5 (2B); 13C{'H} NMR (125 MHz, CDCl3): 4 167.2, 134.6, 131.6, 123.9, 74.0, 55.5,
41.6; LRMS (APCI): m/z 304.28 [M + H]" (calcd for C11H;7B1oNO; 304.23).
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9-Bromo-1-phthalimidomethyl-1.7-dicarba-closo-dodecaborane(12) (159)

Compound 168 (240 mg, 623 pumol) and potassium phthalimide (127 mg, 685 umol) were
suspended in anhydrous DMF (1 mL) and the mixture was stirred at RT until the starting
material was consumed (monitored by TLC; eluent 20% DCM in petroleum benzine). The
reaction was diluted with ether (10 mL) and washed with water (3 x 10 mL). The organic layer
was dried over sodium sulfate, filtered and reduced in vacuo. The resultant solids were loaded
onto Celite filter-aid and purified by means of flash chromatography on silica (50% DCM in
petroleum benzine) to give 159 (176 mg, 74%) as a colourless, microcrystalline solid. 'H
NMR (500 MHz, CDCI3): 6 7.90 (dd, J = 5.5, 3.0 Hz, 2H, Ar-H), 7.78 (dd, J = 5.5, 3.0 Hz,
2H, Ar-H), 4.13 (s, 2H, CH>), 3.51-1.62 (br m, 9H, B-H), 3.01 (s, 1H, Ccage—H); "B{'"H} NMR
(160 MHz, CDCl3): § "B NMR (160 MHz, CDCl3) § -3.8 (1B), -6.4 (1B), -8.5 (1B), -9.2 (1B),
-10.7 (1B), -11.8 (1B), -12.8 (1B), -14.1 (1B), -16.3 (1B), -19.6 (1B); "B NMR (160 MHz,
CDCl): 6 -3.8 (d, 1B), -6.4 (s, 1B, B9), -8.5 (d, 1B), -9.2 (d, 1B), -10.7 (d, 1B), -11.8 (d, 1B),
-12.8 (d, 1B), -14.1 (d, 1B), -16.3 (d, 1B), -19.6 (d, 1B); BC{!'H} NMR (125 MHz, CDCl5): &
167.1, 134.8, 131.5, 124.1, 73.5, 54.7, 41.4; LRMS (APCI): m/z 383.18 [M + H]" (calcd for
C11H16B10BrNO> 383.14).
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9-Phenylamino-1-phthalimidomethyl-1,7-dicarba-closo-dodecaborane(12) (160)

Anhydrous tribasic potassium phosphate (51.4 mg, 242 umol) was added to an oven-dried
Schlenk tube and the tube was heated at 150 °C under vacuum for 15 min. The tube was cooled
to RT and compound 159 (20.5 mg, 53.6 umol), tris(2-methoxyphenyl)phosphine (4.0 mg, 11
umol) and palladium(Il) acetate (1.4 mg, 6.2 pmol) were added as solids. The tube was
evacuated and backfilled with nitrogen three times before anhydrous DME (0.5 mL) was added
followed by aniline (7.5 pL, 82 pmol). The tube was sealed at the J. Young valve and stirred in
a preheated oil bath at 100 °C for 20 h. Upon completion, the reaction was cooled to RT and
filtered through a short pad of Celite filter-aid. The filter cake was rinsed with ethyl acetate (3
x 1 mL) and the combined filtrates were reduced in vacuo. The resulting residue was loaded
onto Celite filter-aid and purified by means of flash chromatography on silica (50% DCM in
petroleum benzine to 100% DCM) to give 160 (18.8 mg, 89%) as a colourless oil that
discoloured upon standing. '"H NMR (500 MHz, CDCls): & 7.89 (dd, J = 5.5, 3.0 Hz, 2H, Ar—
H), 7.77 (dd, J=5.5, 3.0 Hz, 2H, Ar-H), 7.15 (t, /= 7.6 Hz, 2H, Ar-H), 6.94 (d, /= 7.9 Hz,
2H, Ar-H), 6.76 (t,J=7.4 Hz, 1H, Ar—H), 4.11 (s, 2H, CH>), 3.38-1.46 (br m, 9H, B-H), 2.86
(s, 1H, Cecage—H); "B{'H} NMR (160 MHz, CDCl5): § 2.1 (1B), -5.0 (1B), -9.8 (1B), -11.2
(IB), -12.1 (1B), -13.3 (1B), -14.5 (1B), -15.6 (1B), -17.6 (1B), -21.7 (1B); "B NMR (160
MHz, CDCl3): § 2.1 (s, 1B, BY), -5.0 (d, 1B), -9.8 (d, 1B), -11.2 (d, 1B), -12.1 (d, 1B), -13.3
(d, 1B), -14.5 (d, 1B), -15.6 (d, 1B), -17.6 (d, 1B), -21.7 (d, 1B); BC{'H} NMR (125 MHz,
CDCl): 6 167.1, 146.5, 134.7, 131.6, 129.2, 124.0, 119.1, 116.6, 69.8, 51.3, 41.6.
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9-Methanesulfonamido-1-phthalimidomethyl-1.7-dicarba-c/oso-dodecaborane(12) (161)

Anhydrous potassium phosphate tribasic (31.3 mg, 147 umol) was added to an oven-dried
Schlenk tube and the tube was heated at 150 °C under vacuum for 15 min. The tube was cooled
to RT and compound 159 (23.0 mg, 60.2 pmol), methanesulfonamide (9.4 mg, 99 pmol), SPhos
(1.5 mg, 3.7 umol) and SPhos-Pd-G3 (2.7 mg, 3.5 umol) were added as solids. The tube was
evacuated and backfilled with nitrogen three times before anhydrous DME (0.3 mL) was added.
The tube was sealed at the J. Young valve and stirred in a preheated oil bath at 100 °C for 16
h. Upon completion, the reaction was cooled to RT and filtered through a short pad of Celite
filter-aid. The filter cake was rinsed with ethyl acetate (3 x 1 mL) and the combined filtrates
were reduced in vacuo. The resulting residue was loaded onto Celite filter-aid and purified by
means of flash chromatography on silica (100% DCM to 10% ethyl acetate in DCM) to give
161 (17.5 mg, 73%) as a colourless oil. '"H NMR (500 MHz, CDCl5): § 7.92-7.86 (m, 2H, Ar—
H), 7.80-7.75 (m, 2H, Ar-H), 4.48 (br s, IH, NH), 4.11 (s, 2H, CH>), 3.37-1.49 (br m, 9H, B—
H), 2.99 (s, 3H, CHz3), 2.94 (s, 1H, Ccage—H); "B{'H} NMR (160 MHz, CDCl3): 4 -0.5 (1B), -
49 (1B),-9.7 (1B),-11.0 (1B), -12.0 (1B), -13.1 (1B), -14.1 (1B), -15.2 (1B), -17.3 (1B), -20.5
(1B); "B NMR (160 MHz, CDCl3): 6 -0.5 (s, 1B, B9), -4.9 (d, 1B), -9.7 (d, 1B), -11.0 (d, 1B),
-12.0 (d, 1B), -13.1 (d, 1B), -14.1 (d, 1B), -15.2 (d, 1B), -17.3 (d, 1B), -20.5 (d, 1B); BC{'H}
NMR (125 MHz, CDCl3): 6 167.1, 134.8, 131.5, 124.1, 71.2, 52.4,42.0, 41.4; LRMS (APCI):
m/z 397.25 [M + H]" (caled for C12H20B10N204S 397.22).
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9-Hydroxy-1-phthalimidomethyl-1,7-dicarba-closo-dodecaborane(12) (162)

Compound 159 (24.9 mg, 65.1 umol), SPhos (1.2 mg, 2.9 umol) and SPhos-Pd-G3 (2.6 mg,
3.3 umol) were added to an oven-dried Schlenk tube and the tube was evacuated and backfilled
with nitrogen three times. Anhydrous dioxane (0.3 mL) was added followed by a deoxygenated
aqueous solution of potassium phosphate (1 M, 0.1 mL, 100 umol). The mixture was stirred
vigorously in a preheated oil bath at 80 °C for 1 h. Upon completion, the reaction was cooled
to RT and diluted with ethyl acetate (3 mL) and water (3 mL). The organic layer was collected
and the aqueous layer was further extracted with ethyl acetate (3 mL). The combined organic
extracts were dried over sodium sulfate, filtered and reduced in vacuo. The resulting residue
was loaded onto Celite filter-aid and purified by means of flash chromatography on silica (10%
ethyl acetate to 40% ethyl acetate in petroleum benzine) to give 162 (7.3 mg, 35%) as a
colourless powder. "TH NMR (500 MHz, acetone-ds): 6 7.96-7.88 (m, 4H, Ar-H), 4.49 (s, 1H,
OH), 4.10 (s, 2H, CH>), 3.39 (s, 1H, Ccage—H), 3.13-1.37 (br m, 9H, B-H); "B{'H} NMR (160
MHz, acetone-ds): & 9.5 (1B), -6.0 (1B), -10.7 (1B), -12.0 (1B), -12.7 (1B), -15.0 (2B), -17.2
(1B), -18.9 (1B), -25.9 (1B); "B NMR (160 MHz, acetone-dc): 8 9.5 (s, 1B, B9), -6.0 (d, 1B),
-10.7 (d, 1B), -12.0 (d, 1B), -12.7 (d, 1B), -15.0 (d, 2B), -17.2 (d, 1B), -18.9 (d, 1B), -25.9 (d,
1B); BC{'H} NMR (125 MHz, acetone-ds): & 167.8, 135.7, 132.5, 124.3, 69.1, 50.8, 42.3;
LRMS (APCI): m/z 320.28 [M + H]" (caled for C11Hi7B10NO3 320.23).
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9-Azido-1-phthalimidomethyl-1.7-dicarba-closo-dodecaborane(12) (163)

Anhydrous tribasic potassium phosphate (80.0 mg, 377 umol) was added to an oven-dried
Schlenk tube and the tube was heated at 150 °C under vacuum for 15 min. The tube was cooled
to RT and compound 159 (145 mg, 380 umol), sodium azide (52.3 mg, 804 umol), SPhos (11.2
mg, 27.3 umol) and SPhos-Pd-G3 (21.3 mg, 27.3 umol) were added as solids. The tube was
evacuated and backfilled with nitrogen three times before anhydrous DME (1 mL) was added.
The tube was sealed at the J. Young valve and stirred in a preheated oil bath at 100 °C for 16
h. Upon completion, the reaction was cooled to RT and filtered through a short pad of Celite
filter-aid. The filter cake was rinsed with ethyl acetate (3 x 1 mL) and the combined filtrates
were reduced in vacuo. The resulting residue was loaded onto Celite filter-aid and purified by
means of flash chromatography on silica (30% DCM to 50% DCM in petroleum benzine) to
give 163 (82.8 mg, 63%) as a pale-red powder. 'TH NMR (500 MHz, CDCls): & 7.92-7.87 (m,
2H, Ar-H), 7.81-7.75 (m, 2H, Ar-H), 4.12 (s, 2H, CH>), 3.37-1.22 (br m, 9H, B-H), 2.91 (s,
1H, Ceage—H); "B{!H} NMR (160 MHz, CDCl3): 4 1.9 (1B), -5.4 (1B), -10.1 (1B), -11.3 (1B),
-12.4 (1B), -13.0 (1B), -14.5 (1B), -15.3 (IB), -17.4 (1B), -21.3 (1B); "B NMR (160 MHz,
CDCl3): 6 1.9 (s, 1B, B9),-5.4 (d, 1B), -10.1 (d, 1B), -11.3 (d, 1B), -12.4 (d, 1B), -13.0 (d, 1B),
-14.5 (d, 1B), -15.3 (d, 1B), -17.4 (d, 1B), -21.3 (d, 1B); BC{'H} NMR (125 MHz, CDCl3): §
167.1, 134.8, 131.5, 124.1, 71.0, 52.1, 41.4; LRMS (APCI): m/z 345.24 [M + H]" (calcd for
C11H16B10N4O> 345.24).
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9-Bromo-1-(((diphenylmethylene)amino)methyl)-1,7-dicarba-closo-dodecaborane(12) (169)

Compound 168 (67.3 mg, 175 umol), benzophenone imine (35.9 mg, 198 pmol) and anhydrous
sodium acetate (53.5 mg, 652 umol) were suspended in anhydrous acetonitrile (1 mL) and the
mixture was stirred at reflux for 16 h. The solvent was removed in vacuo and ethyl acetate (5
mL) was added to the residue. The organic layer was washed with water (3 x 5 mL), dried over
sodium sulfate, filtered and reduced in vacuo. The resultant solids were loaded onto Celite
filter-aid and purified by means of flash chromatography on silica (25% toluene in petroleum
benzine to 50% toluene in petroleum benzine) to give 169 (176 mg, 47%) as a colourless oil.
'TH NMR (500 MHz, CDCl3): 8 7.84-7.78 (m, 4H, Ar-H), 7.63—7.55 (m, 2H, Ar-H), 7.52-7.45
(m, 4H, Ar-H), 4.30 (s, 2H, CH>), 3.43-1.64 (br m, 9H, B-H), 3.02 (s, 1H, Ccaee—H); 'B{'H}
NMR (160 MHz, CDCIl3): 6 -3.9 (1B), -6.5 (1B), -8.1 (1B), -9.3 (1B), -11.0 (1B), -12.4 (1B),
-12.7 (1B), -14.1 (1B), -16.6 (1B), -19.8 (1B); "B NMR (160 MHz, CDCl5): § -3.9 (d, 1B), -
6.5 (s, 1B, B9), -8.1 (d, 1B), -9.3 (d, 1B), -11.0 (d, 1B), -12.4 (d, 1B), -12.7 (d, 1B), -14.1 (d,
1B), -16.6 (d, 1B), -19.8 (d, 1B); BC{'H} NMR (125 MHz, CDCls): § 169.5, 137.8, 132.6,
130.2, 128.4, 72.5, 64.0, 54.3; LRMS (APCI): m/z 417.17 [M + H]" (calcd for C16H22B10BrN
417.20).
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N-(2-Bromoethyl)phthalimide (170)

(0}
Br/\/N
(e

N-(2-hydroxyethyl)phthalimide (676 mg, 3.54 mmol) was added to an oven-dried flask and the
flask was evacuated and back-filled with nitrogen three times. PBr3 (1.0 mL, 11 mmol) was
added and the mixture was heated at reflux for 30 min. The reaction was cooled, poured onto
ice water and the solids were collected by filtration. The crude product was loaded onto Celite
filter-aid and purified by means of flash chromatography on silica (5% ethyl acetate to 20%
ethyl acetate in petroleum benzine) to give 170 (148 mg, 17%) as a colourless powder. 'H
NMR (500 MHz, CDCI3): 6 7.88 (dd, J = 5.5, 3.1 Hz, 2H, Ar-H), 7.75 (dd, J= 5.5, 3.0 Hz,
2H, Ar-H), 4.11 (t, J = 6.7 Hz, 2H, CH>), 3.62 (t, J = 6.8 Hz, 2H, CH>). The characterisation

data matches that reported in the literature.???

169



1-Phthalimidoethyl-1.2-dicarba-closo-dodecaborane(12) (172)

'

N

Compound closo-1,2-carborane (73.7 mg, 511 umol) was added to an oven-dried, two-neck
flask and the flask was evacuated and back-filled with nitrogen three times. The solids were
dissolved in anhydrous DME (2 mL) and the resulting solution was cooled to -78 °C, to which
n-butyllithium (1.5 M in hexanes, 340 pL, 510 pmol) was added dropwise. The mixture was
stirred at the same temperature for 15 min before a solution of N-(2-bromoethyl)phthalimide
(131 mg, 514 pmol) in anhydrous DME (2 mL) was added dropwise. The reaction was stirred
at RT for 16 h, before the mixture was reduced in vacuo. Water (3 mL) was added to the residue
and the aqueous layer was extracted with diethyl ether (2 x 3 mL). The combined organic
extracts were dried over sodium sulfate, filtered and reduced in vacuo. The crude product was
loaded onto Celite filter-aid and purified by means of flash chromatography on silica (30%
DCM to 70% DCM in petroleum benzine) to give 172 (54.9 mg, 34%) as colourless prisms.
'TH NMR (300 MHz, CDCl5): 6 7.84 (dd, J= 5.4, 3.1 Hz, 2H, Ar-H), 7.74 (dd, /= 5.5, 3.1 Hz,
2H, Ar-H), 3.80 (t, J = 8.4 Hz, 2H, CH>), 3.75 (s, 1H, Ccage—H), 3.33—1.12 (br m, 10H, B-H),
2.58 (t, J = 8.4 Hz, 2H, CH»); "B{'H} NMR (96 MHz, CDCls): § -2.1 (1B), -5.2 (1B), -9.0
(2B), -11.7 (2B), -12.2 (1B), -12.7 (2B). The characterisation data matches that reported in the

literature.>%*
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1-Phthalimidopropyl-1.2-dicarba-closo-dodecaborane(12) (173)

TN N

Compound closo-1,2-carborane (58.1 mg, 192 pumol) was added to an oven-dried, two-neck
flask and the flask was evacuated and back-filled with nitrogen three times. The solids were
dissolved in anhydrous DME (2 mL) and the resultant solution was cooled to -78 °C, to which
n-butyllithium (1.5 M in hexanes, 270 puL, 405 umol) was added dropwise. The mixture was
stirred at the same temperature for 15 min before a solution of N-(2-bromopropyl)phthalimide
(110 mg, 410 pmol) in anhydrous DME (2 mL) was added dropwise. The reaction was stirred
at RT for 16 h, before the mixture was reduced in vacuo. Water (3 mL) was added to the residue
and the aqueous layer was extracted with diethyl ether (2 X 3 mL). The combined organic
extracts were dried over sodium sulfate, filtered and reduced in vacuo. The crude product was
loaded onto Celite filter-aid and purified by means of flash chromatography on silica (30%
DCM to 70% DCM in petroleum benzine) to give 173 (82.5 mg, 62%) as a colourless powder.
'TH NMR (300 MHz, CDCl3): 6 7.86 (dd, J= 5.4, 3.1 Hz, 2H, Ar-H), 7.74 (dd, J= 5.5, 3.1 Hz,
2H, Ar-H), 3.66 (t, J = 6.9 Hz, 2H, N-CH>), 3.60 (s, 1H, Ccage—H), 3.23—1.12 (br m, 10H, B—
H),2.28 (t,J=8.1 Hz, 2H, Ccage—CH>), 1.93-1.81 (m, 2H, C-CH>—C); "B{'H} NMR (96 MHz,
CDChl): ¢ -2.2 (1B), -5.6 (1B), -9.2 (2B), -11.6 (2B), -12.1 (1B), -13.0 (2B). The

characterisation data matches that reported in the literature. '8!
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1-((2-Aminophenyl)amino)methyl-1.2-dicarba-closo-dodecaborane(12) (175)

SN N/©

Compound 174 (32.0 mg, 104 pmol), ortho-phenylenediamine (40.1 mg, 371 umol) and
sodium acetate (20.4 mg, 318 umol) were suspended in anhydrous acetonitrile (1 mL) and the
reaction was stirred at RT for 16 h. The solvent was removed in vacuo, ethyl acetate (5 mL)
was added and the organic layer was washed with water (3 X 5 mL). The organic layer was
dried over sodium sulfate, filtered and reduced in vacuo. The crude product was loaded onto
Celite filter-aid and purified by means of flash chromatography on silica (10% ethyl acetate to
50% ethyl acetate in petroleum benzine) to give 175 (6.7 mg, 24%) as an off-white powder. 'H
NMR (300 MHz, CDCl3): 6 6.87-6.78 (m, 1H, Ar—H), 6.79-6.74 (m, 2H, Ar-H), 6.66—6.60
(m, 1H, Ar-H), 3.87 (s, 2H, CH>), 3.81 (s, 1H, Ccage—H), 3.35-1.01 (br m, 10H, B-H); 'B{'H}
NMR (96 MHz, CDCI3): 6 -2.3 (1B), -5.2 (1B), -9.2 (2B), -11.5 (2B), -13.0 (4B).

1-((Phthalimido)oxy)methvyl-1.2-dicarba-closo-dodecaborane(12) (176)

0]
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Compound 174 (22.1 mg, 72.2 umol), N-hydroxyphthalimide (16.1 mg, 98.7 umol) and KoCO3
(15.8 mg, 114 umol) were suspended in anhydrous DMF (1 mL) and the reaction was stirred
at RT for 16 h. The reaction was diluted with ether (5 mL) and washed with brine (5 mL) and
water (2 x 5 mL). The organic layer was dried over sodium sulfate, filtered and reduced in
vacuo. The crude product was loaded onto Celite filter-aid and purified by means of flash
chromatography on silica (10% DCM to 50% DCM in petroleum benzine) to give 176 (2.6 mg,
11%) as a colourless oil. 'H NMR (300 MHz, CDCls): 8 7.91-7.83 (m, 2H, Ar-H), 7.83-7.75
(m, 2H, Ar-H), 4.62 (s, 2H, CH>), 4.57 (s, 1H, Ccage—H), 3.33-0.84 (br m, 10H, B-H); "B{'H}
NMR (96 MHz, CDCIs): 6 -2.5 (1B), -3.9 (1B), -8.9 (2B), -11.7 (2B), -12.8 (4B).
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1-(1H-Benzo[d]imidazol-2-yl)-1.2-dicarba-closo-dodecaborane(12) (178)

Compound 72 (32.5 mg, 189 umol) and ortho-phenylenediamine (21.6 mg, 200 umol) were
dissolved in anhydrous toluene (1 mL) and anhydrous iron(III) trichloride (5.9 mg, 36 umol)
was added. The reaction was stirred vigorously in an open flask at reflux for 24 h. Upon
completion, the reaction was allowed to cool to RT and reduced in vacuo. The crude product
was loaded onto Celite filter-aid and purified by means of flash chromatography on silica (1%
ethyl acetate to 15% ethyl acetate in petroleum benzine) to give 178 (34.6 mg, 70%) as a
colourless powder. 'H NMR (300 MHz, CDCls): & 9.31 (s, 1H, NH), 7.74-7.65 (m, 1H, Ar—
H), 7.50-7.41 (m, 1H, Ar—H), 7.42-7.27 (m, 2H, Ar-H), 4.73 (s, 1H, Ccage—H), 3.41-1.05;
HB{TH} NMR (96 MHz, acetone-ds): & -3.5 (2B), -9.2 (2B), -10.5 (2B), -11.9 (2B); LRMS
(APCI): m/z 260.28 [M + H]" (caled for CoHisBioN2 261.24). The characterisation data

matches that reported in the literature.?%
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1-Amino(pyridin-3-yl)methyl-1.2-dicarba-closo-dodecaborane(12) (180)

Compound 179 (35.0 mg, 91.3 umol) was dissolved in DMF (0.5 mL) and a solution of
ammonia in methanol (6.5 M, 60 uL, 0.39 mmol) was added. The dark-yellow solution was
stirred at RT for 16 h before saturated NaHCO3 (3 mL) was added. The aqueous layer was
extracted with ethyl acetate (5 mL) and the organic layer was washed with brine (2 x 3 mL).
The organic layer was dried over sodium sulfate, filtered and reduced in vacuo. The crude
product was loaded onto Celite filter-aid and purified by means of flash chromatography on
silica (10% ethyl acetate to 50% ethyl acetate in petroleum benzine) to give 180 (17.4 mg,
76%) as an off-white powder. "H NMR (300 MHz, CDCl3): 6 8.61 (d, J=2.3 Hz, 1H, Ar-H),
8.57 (dd, J=4.8, 1.6 Hz, 1H, Ar-H), 7.84 (dt, /= 8.0, 2.1 Hz, 1H, Ar-H), 7.41 (dd, J="7.9,
4.8 Hz, 1H, Ar—H), 6.44 (br s, 1H, NH>»), 5.51 (s, IH, NH>—CH), 4.80 (s, 1H, Ccage—H); 3.27—
1.05 (br m, 10H, B-H); "B{'"H} NMR (96 MHz, CDCls): 5 -3.9 (1B), -4.8 (1B), -9.6 (2B), -
11.9 (3B), -13.0 (1B), -13.8 (2B).
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9-Bromo-1-hydroxymethyl-1,7-dicarba-closo-dodecaborane(12) (184)

Compound 182 (340 mg, 1.52 mmol) was added to an oven-dried, two-neck flask and the flask
was evacuated and back-filled with nitrogen three times. The solids were dissolved in
anhydrous diethyl ether (3 mL) and the resulting solution was cooled to -78 °C, to which n-
butyllithium (1.6 M in hexanes, 1.0 mL, 1.6 mmol) was added dropwise. The solution was
stirred at the same temperature for 15 min before methyl formate (0.3 mL, 5 mmol) was added
to the reaction mixture in one portion. Stirring was continued for 1 h at -78 °C before the
reaction was quenched slowly with 1 M HCI (3 mL) and allowed to warm to RT. The formyl-
carborane was extracted with ether (3 x 5 mL) and the combined extracts were dried over
sodium sulfate, filtered and reduced in vacuo. The residue was dissolved in methanol (5 mL),
cooled to 0 °C and sodium borohydride (284 mg, 7.51 mmol) was added portion-wise. The
heterogeneous mixture was stirred at RT until complete reduction of the aldehyde (monitored
by TLC; eluent 25% DCM in petroleum benzine). The methanol was removed in vacuo and 1
M HCI (5 mL) was added to the residue. The aqueous layer was extracted with ether (3 x 5
mL) and the combined organic extracts were dried over sodium sulfate, filtered and reduced in
vacuo. The crude product was loaded onto Celite filter-aid and purified by means of flash
chromatography on silica (10% ethyl acetate to 30% ethyl acetate in petroleum benzine) to give
184 (266 mg, 69%) as a colourless powder. '"H NMR (500 MHz, CDCl;3): 6 3.84 (s, 2H, CH>),
3.47-1.63 (br m, 9H, B-H), 3.02 (s, 1H, Ccage—H); "B{'H} NMR (160 MHz, CDCl3): § -4.2
(1B),-6.6 (1B), -8.5 (1B), -9.5 (1B), -11.3 (1B), -12.7 (2B), -14.1 (1B), -16.8 (1B), -20.0 (1B);
B NMR (160 MHz, CDCl3): 6 -4.2 (d, J= 167.0 Hz, 1B), -6.6 (s, 1B), -8.5 (d,J=171.1 Hz,
1B),-9.5(d,J=153.2 Hz, 1B), -11.3 (d, J=175.5 Hz, 1B), -12.7 (d, /= 183.6 Hz, 2B), -14.1
(d,J=175.5 Hz, 1B), -16.8 (d, J = 183.5 Hz, 1B), -20.0 (d, /= 182.1 Hz, 1B); BC{'H} NMR
(125 MHz, CDCI3): 6 65.1, 54.2, Ccage—CH2 not observed; LRMS (APCI): m/z 254.16 [M +
H] ™ (calcd for C3H13B10BrO 254.12).
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In vitro MPO inhibition assays

Taurine chloramine assay

This assay was adapted from a procedure described in the literature.'®> The reactions were
performed at 24 °C in clear flat-bottomed 96-well plates at a final reaction volume of 210 pL.
The assay buffer was a 20 mM phosphate buffer at pH 7.4 containing NaCl (140 mM) and
taurine (5 mM) supplemented with DMSO (5% v/v) and Polysorbate 20 (0.01% v/v). Stock
solutions of fragments were prepared in DMSO immediately before use. MPO (10 nM) was
incubated with the buffer containing the fragment at RT for 5 min. Reactions were initiated by
adding H>0> (50 uM) to each well and thoroughly mixing the contents. After 6 min, the reaction
was terminated by adding catalase (20 pg/mL final concentration). The final reaction solution
was then thoroughly mixed with a developing solution (50 pL) containing TMB (2 mM),
sodium iodide (100 uM) and DMF (10% v/v) dissolved in 400 mM acetate buffer at pH 5.4.
After 5 min, the absorbance of this solution at 650 nm was recorded. Percent (%) inhibition

was determined by comparing the absorbance with an uninhibited reaction.

Multi-substrate assay

This assay was adapted from a procedure described in the literature.'s> The reactions were
performed at 24 °C in clear flat-bottomed 96-well plates at a final reaction volume of 200 pL.
The assay buffer was a 20 mM phosphate buffer at pH 7.4 containing NaCl (140 mM), NaSCN
(50 uM), tyrosine (50 uM), urate (200 uM) and bovine serum albumin (1 mg/ml) supplemented
with DMSO (5% v/v) and Polysorbate 20 (0.01% v/v). Stock solutions of fragments were
prepared in DMSO immediately before use. MPO (7.5 nM) was incubated with the buffer
containing the fragment at RT for 5 min and TNB (50 pM) was added. Reactions were initiated
by adding H>O: (50 uM) to each well and thoroughly mixing the contents. The loss of TNB
absorbance at 412 nm was monitored at 15 s intervals for 10 min. The rate of reaction was
calculated by fitting a line to the linear portion of the graph. Each reaction was run in parallel
with an identical reaction without MPO to determine protein-independent bleaching, which
was subtracted from the final rate. Percent (%) inhibition was determined by comparing the

rate of the reaction with an uninhibited reaction.
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