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Abstract
Previous work in the Juhasz Lab had explored the palladium catalyzed Kumada
coupling as a method to functionalize the 1-carba-closo-dodecaborate(-) anion (also
known as CB11-) at the 12-boron vertex. In this presented research, several other
palladium catalyzed reactions were tested to varying degrees of success. A Suzuki-style
coupling with arylboronic acids failed to produce any desired product. A Heck-type
coupling had high turnover of starting material into desired product but with moderate
quantities of inseparable byproducts. A novel reaction that used a palladium catalyst and
silver acetate to put an acetyl group on the cluster was also discovered and explored.
These findings offer new insights to the reactivity of the CB11- cluster and future
strategies for synthesizing derivatives.

v

Introduction
The element boron has peculiar properties compared to other nonmetals like
carbon and nitrogen despite being neighbors on the periodic table. Boron is notable for
forming valence-deficient compounds such as BF3 or B(OH)3 which formally have only
six electrons associated with the central boron atom, violating the well-known octet rule.
Boron has one of the lowest electronegativities of all non-metal elements, even less than
hydrogen (according to the Pauling scale). This means that the electron density in a B-H
bond is mostly on the hydrogen and can serve as sources of hydride (e.g., NaBH4).
Polyboron compounds have unusual bonding configurations because they can easily
donate electron density and do not need a conventionally filled octet. The simplest such
compound, diborane (B2H6) has an unusual type of bonding first explained by LonguetHiggins and Bell in 1943, who described the bonding across the bridging hydrogens as
highly delocalized across multiple centers, as opposed to other hypotheses of hydrogenbonding or electrostatic interactions (Fig. 1).1 These delocalized bonds have 3 centers but
only 2 electrons (3c-2e) and have since been commonly called “banana bonds.”

Fig. 1. The structure of diborane, first initially proposed by Longuet-Higgins and Bell
(left), and then the commonly accepted structure with 3-center, 2-electron “banana
bonds” (right).
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The extreme extension of this type of bonding combines multiple boron atoms to
form cluster compounds called boranes or carboranes (i.e. where a boron vertex is
exchanged for a carbon atom). In borane or carborane clusters, the electron density is
delocalized into molecular orbitals that extend over the entire cage. A few clusters (such
as B5H9 and B10H14) had been known by 1954 when William Lipscomb used 3c-2e
bonding to describe some properties of the cages, such as dipole moments and bond
distances.2 In the same report, he proposed that the B12H12 icosahedron would likely not
be stable because its unfilled orbitals would contort to reduce degeneracy and rip the
cluster apart. A B12 icosahedral borane would have been noteworthy because elemental
boron often has icosahedra in its lattices.3 The year after Lipscomb’s paper, LonguetHiggins corroborated that the B12H12 cluster would be unstable, but suggested that a
B12H122- anionic cluster could exist.4 Shortly afterwards, in 1960 Pitochelli and
Hawthorne isolated K2B12H12 and other salts, demonstrating the cluster’s existence and

Fig. 2. The structures of icosahedron-based carboranes. Lines show connectivity, not
classical 2-center 2-electron bonding. In the parent carborane each vertex has a
hydrogen attached, which is not shown here.
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stability.5 Following identification of B12H122-, the synthesis of isoelectronic clusters
C2B10 and CB11- were reported in 1963 and 1967 respectively (Fig. 2).6,7

Applications of Boron Clusters
As researchers were beginning to investigate the electronic properties of borane
clusters, the US military was attempting to use boranes as a combustion source. In the
1950s, boron hydrides were explored as potential fuels or fuel additives because they had
a high density of hydrogen.8 Ideally, a liquid boron hydride could serve as a high density
fuel for rocket or jet propulsion, and diborane B2H6(g), pentaborane B5H9(l), and
decaborane B10H14(s) were all considered as “zip fuels”. Much of the existing supply of
decaborane still comes from manufacturing during this period. However, these
experiments were abandoned due to the toxicity of the fuel and its byproducts.9
Today, one of the reasons boranes are important is as a source of 10B. Of the two
isotopes of boron (10B and 11B), 10B is less common and only 19.8% abundant. However,
the 10B isotope is interesting because it can capture and react with a neutron. While
normally it would require a high density of boron atoms to ensure that a 10B atom is
present, boron clusters are statistically guaranteed to have at least one 10B atom per
cluster and therefore require fewer equivalents of compound to interact with the target. .
Carboranes have been used as standards to measure the quantity of boron for possible
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neutron-capturing materials. For example, m-carborane has been used to test the
efficiency of plastic scintillators with mono-borylated benzene as an additive.10 Hot wire
chemical vapor deposition can use o-carborane as a precursor to form sheets of boron
carbide films that act as neutron-detecting semiconductors.11 The most famous use of
carboranes is as a 10B source for the potential medical treatment Boron Neutron Capture
Therapy (BNCT).
The specific reaction of 10B with a neutron is as follows:
10

B + 1n → α + 7Li + 2.39 eV

The kinetic energy released sends the two particles flying, destroying anything in
their path for up to 10 μm—approximately the size of a single cell. As a medical
treatment, BNCT would theoretically selectively destroy cancer cells—if the uptake of a

Fig. 3. The two clinically used BNCT agents, L-BPA and BSH, as well as mannitol,
which can improve uptake through the blood-brain barrier.
compound is higher in cancerous cells than normal cells, then the destruction of those
cells would not affect others nearby. This selectivity is generally considered to be ideally
a 3:1 ratio of tumor to blood (T/B) and tumor to normal cell (T/N), and at least 20-35
ppm of 10B in the tumor. As of yet, only two agents for BNCT have been used in clinical
trials, L-borophenylalanine (BPA) and sodium borocaptate (BSH) (Fig. 3).12 BPA is a
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variation of the amino acid phenylalanine, and takes advantage of the fact that cancerous
melanoma cells require extra tyrosine compared to normal cells; BPA resembles tyrosine
and is therefore more selective (1.1-3.6 T/B and 1.1-2.9 T/N) for cancerous cells.
However, as it only has a single boron atom, five equivalents of non-10B enriched BPA
are necessary for every cancerous cell to have the reaction occur, and boron levels are
only 1.8-34.8 ppm. BSH is the disodium salt of a variation on the B122- cluster, modified
only with a thiol group on one vertex. Because BSH is a borane cluster, the levels of
boron in treated tumors have been measured as high as 84.2 ppm. BSH passively
accumulates in tumors and it is believed that the way the tumor interacts with the bloodbrain barrier prevents it from entering healthy brain cells. When combined with
hyperosmotic agents like mannitol to further disrupt the blood-brain barrier, BSH
selectivity has been measured at 12.3 T/N. However, while these agents drastically
increase the amount of agent absorbed by tumorous cells, they may also increase the
amount of boron absorbed by healthy brain tissue and lead to dangerous side effects.
BSH is also relatively toxic and difficult to administer due to its poor solubility in water.
Neither BPA nor BSH are ideal BNCT agents.
Beyond the two clinically tested compounds, there are many boron cluster
compounds that have been designed to be biologically relevant either for BNCT or other
uses. One attempt was made to improve the selectivity of BSH by adding the basic
structure of an L-amino acid.13 Derivatives of ferrocene that incorporate a carborane
cluster have been designed as a probe for cancer cells.14 The specific structures of ocarborane and p-carborane have been exploited to serve as pharmacophores and mimic
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steroidal groups to serve as agonists for a wide variety of receptors. O-carborane was
used to improve a competitive inhibitor of Protein Kinase C, which is strongly activated
in tumorous cells.15 Crucially, potency of the inhibitor was greatly increased by a
hydrophobic chain attached the 2-position that ran along the outside of the protein
surface.. Another group synthesized an analogue for vitamin D hormone that contained
o-carborane and remained functionally active.16 The acidity of the C-H bond in
Fig. 4. 17β-estradiol (left), an
estrogen agonist, compared to
a designed compound
incorporating p-carborane as a
non-polar building block (right).
Modified from Endo et al.

o-carborane replaced a hydroxyl group in the original site, keeping the analogue as
similar as possible. Multiple studies have used p-carborane as a building block for steroid
receptor agonists. Variants of progesterone and estrogen have used p-carborane to mimic
the non-polar, cylindrical, linear shape of the steroids, but without being steroids
themselves (Fig. 4).17,18 There continue to be efforts to incorporate carboranes into the
design of many biologically relevant molecules.19
Beyond being 10B carriers, icosahedral carboranes have appeared in a number of
other applications. M-carborane has been used as a malleable linker molecule in a metalorganic framework (MOF) because of its unique properties as a spherical, unreactive,
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hydrophobic building block.20 O-carborane has similar properties and has been used for
developing bulky but unreactive phosphine ligands.21 While not as common today,
anionic boron clusters were used to extract radioactive cations (e.g., 90Sr2+, 137Cs+)
because they were highly resistant to oxidation by concentrated nitric acid—a property
shared by few organic compounds.22 Finally, the delocalized electron density and
molecular orbitals on carboranes causes a number of unique interactions with redox
reactions or photoluminescence centers.23 Metallocarboranes (which incorporate metals
in place of a vertex) are an entirely separate field and take advantage of the tuning effects
of the carborane clusters on redox potential. O-carborane has also been shown to have
interesting effects when attached to fluorophores, often leading to an electron transfer to
the cage and quenching fluorescence. The icosahedral carboranes, and particularly the
neutral C2B10 clusters, have been extensively studied and applied across numerous fields.
The CB11- cluster has been applied in significantly fewer ways, and most of its
applications are concerned with its mono-anionic nature. Derivatives of the CB11- cluster
have been shown to be the strongest acids known to mankind. As pKa loses most of its
meaning outside of an aqueous environment, one of the common ways to measure acidity
is by the ability to protonate extremely non-basic substances. For example, one scale
(Hammett acidity function) measures the ability of a superacid to protonate a
nitroaniline.24 Based on this scale, the strongest known acid is fluoroantimonic acid
H2F-SbF6, which combines an extremely strong Lewis acid with an extremely strong
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Bronsted acid and is strong enough to protonate H2.25 H[CHB11F11] can protonate CO2.26
Based on this argument, CB11- based superacids are stronger than any other known acid.
The reason for the exceptional acidity of CB11- cluster based acids is the extremely nonnucleophilic and non-basic nature of the anion. The negative charge is highly delocalized,
and the electron-withdrawing effects of the bonded fluorines remove any desire for the
carborane to coordinate with the ejected proton. The CB11- structure also lacks any lone
pairs or π-electrons that could act as nucleophiles or bases; even the σ-electrons are held
closely to the skeleton of the cluster. This same principle has been applied to use CB11based compounds as weakly coordinating anions to stabilize crystals of highly unstable
cations.27 Going further, the alkyl cation associated with the CB11- counter anion can
serve as an extremely strong alkylating agent.28 While the negative charge on the CB11cluster must formally balance out the positive charge of H+ or a cation, it remains remote
enough to treat its counterion as pure of a cation as possible. While all five icosahedral
carborane spread their electrons across the skeleton of the cluster, CB11- is unique among
them because of its singular negative charge.
A few other uses for the CB11- cluster have been explored, many of which are
shared by its brethren. The CB11- cluster has also been considered for use as an electrolyte
in high voltage batteries like the B122- cluster.29 Anionic boron clusters have the
advantage of being highly unreactive while being soluble in organic solvents. The CB11cluster has also been considered for bulky ligand design like the C2B10 clusters in
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situations where the anionic nature could be beneficial.30 The CB11- cluster is theoretically
capable of many of the same uses as its icosahedral cousins. It has a few unique
properties and different reactivity but has not been studied to the same extent as the other
four icosahedral boron clusters.

Properties of Icosahedral Boron Clusters
The applications of boron clusters came from their unique composition, structure,
and stability. Icosahedral clusters are some of the most stable known molecules, and
B12H122- is considered the most stable small molecule. 31 These boron clusters are highly
heat resistant (up to 800°C) and are difficult to decompose through chemical reagents like
strong oxidizers (e.g., HNO3). The reason for this is the clusters’ extreme charge and
electron delocalization best characterized as three-dimensional σ-aromaticity. The
simplest 2-D aromatic structure is benzene and possesses equidistant bond lengths,
magnetic properties due to a ring current, and a large HOMO-LUMO gap that confers
reactive stability. The 3-dimensional boranes share these properties.
Accounting for the electrons in icosahedral carboranes follows the Wade-Mingos
rules for clusters, which for a closo-structure with n vertices attribute 2n+2 electrons to
the skeleton and 2n electrons to the normal bonds to hydrogens at each vertex.32 For a 12vertex-closo structure, this requires 50 electrons total, of which 24 go to 2c-2e B-H or
C-H bonds on each vertex and the remaining 26 go to the interior. Each boron vertex
brings 3 electrons, each hydrogen brings 1 electron, and each carbon brings 4 electrons.
For the B12H122- cluster, this would total to only 48 electrons (36 from B, 12 from H) so 2
30
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additional electrons are needed—hence the dianionic status. For C2B10H12, each carbon
brings an additional electron to equal 50. These electrons are shared in skeletal molecular
orbitals and delocalized across the entire cluster.
Despite not having any π-bonds, the
clusters show the same properties as 2-D aromatic
compounds. There is little bond variation in bond
length across the cluster. For CB11- the distances
between atoms are all either 1.7 Å or 1.78 Å,
depending on if they are B-C or B-B connections,
respectively.33 The nuclear independent chemical
shift (NICS) was calculated to be -34.36 ppm.34 A
highly negative NICS means the compound has
strong magnetic shielding due to a ring current;
benzene has an NICS(1) of -29 to -33, depending
on the basis set used.35 Non-aromatic or anti-

Fig. 5. The calculated depiction
of the HOMO{-6} for CB11H12-,
which splits the electron density
in five-fold symmetry with
multiple layers up and down the
cluster. Like benzene, the
electrons circle around the
molecule to generate a ring
current and bestow a magnetic
moment.

aromatic compounds would have neutral or
positive NICS values, respectively. The HOMO-LUMO gap of CB11H12- is suggested to
be roughly 6 eV and the wavelength of light necessary to elicit an electronic transition is
about 200 nm.36 In comparison, the HOMO-LUMO gap of benzene is considered to be
approximately 5.5 eV and absorbs at 260 nm.37 The HOMO{-6} of CB11H12- shows the

33
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delocalization of the skeletal orbitals as well as the development of the ring current due to
these motions (Fig. 5).
Fig. 6. The natural
atomic charges of
each atom in
CB11H12-,
reproduced from
Douvris and
Michl.36

While B12H122- is a true
icosahedron and has entirely
identical vertices, there is a slight
electronegativity difference
between carbon and boron that
give C2B10 and CB11- clusters
different electron density at each

vertex. The carbons are inclined to hold more negative charge while the hydrogens are
effectively neutral (Fig. 6).38 After this, the borons farther from the carbon (the 7-11 ring
and 12 position) carry the remainder of the negative charge.
The different symmetries of the five icosahedral clusters mean they have different
reactivity patterns. Obviously, the B12H122- cluster has no favorability towards any one
boron vertex, so reactions tend to favor mono-, di- (opposite the first vertex), or peraddition to the cluster. Similarly, p-carborane has D5d symmetry with all 10 boron
vertices being identical. In contrast, m-carborane, o-carborane, and CB11- all have dipoles
and differentiation across the vertexes. Electrophilic reagents will react with vertices in a
specific order on all three clusters. Here, electrophilic reagents are used as an example,
but this general trend holds for many other types of reagents.

38

Zharov, I.; Weng, T.; Orendt, A.; Barich, D.; Penner-Hahn, J.; Grant, D.; Havlas, Z.; Michl, J. J. Am.
Chem. Soc. 2004, 126, 12033.

11

Fig. 7. The numbering scheme of the 4 relevant icosahedral carboranes, reproduced
for emphasis and reader’s satisfaction. Red vertices are carbon, blue vertices are
boron. The most electrophilically active boron vertices are shown in dark blue. For
p-carborane, all boron vertices are equally active.
The reactivity of o-carborane’s boron vertices is broken up into four groups. The
9, 12 pair is activated first (conventionally, mono-substituted derivatives are stated as the
lower number, e.g. 9-iodo-o-carborane), which are the two boron vertices farthest away
from the carbons. After this, the 8, 10 pair is activated and then the four equivalent
vertices 4, 5, 7, and 11. Finally, the 3 and 6 vertices, which are the two borons connected
to both carbon atoms, are mostly resistant to electrophilic substitution.39 The same
reactivity pattern is observed for m-carborane, with the 9, 10 pair farthest away from the
carbon atoms activated first, followed by the 4, 6, 8, and 11 positions, then the 5 and 12
pair. Finally, the 2 and 3 boron vertices (electronically equivalent and connected to both
carbon vertices) are resistant to electrophilic attack.40
This general reactivity pattern, of boron vertices farthest away from the carbon
atoms being electrophilically activated, is consistent with the CB11- cluster. As it has C5v
symmetry, the two rings each have five equivalent vertices. For electrophilic attack, the
12-position is the most active, followed by the lower ring, positions 7-11.

39
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Conventionally, a di-substituted compound would be annotated 7, 12. Additionally, it is
common for such di-substituted compounds to form given excess reagents because the 7position is only slightly less active than the 12-position. Tri-substitution is substantially
less-common, likely due to either steric effects or subsequent de-activation once one
position is modified. The 2-6 upper ring is resistant to electrophilic substitution and
requires extremely strong reagents to functionalize.41

Known Reactions of the CB11- cluster
While the other icosahedral carboranes have been extensively studied, there are
only a few main strategies to functionalize the CB11- cluster. One of the easiest strategies
is to deprotonate the slightly acidic carbon vertex with a strong base like n-butyllithium
to yield a highly reactive carbanion that can be used as a nucleophile for an SN2 reaction.
The versatility of this method has led to the creation of many derivatives of C-substituted
CB11-, a list that will not be repeated here.42
Another approach to modifying the CB11- cluster is to use strong reagents to
perfunctionalize all eleven boron vertices, or slightly weaker reagents to functionalize the
lower six. The superacids HCHB11Cl11 and HCHB11F11 are examples of this strategy.43
This tactic avoids the possibility of creating mixed isomers of partially derivatized
compounds because there is a large difference in reactivity between the 2-6 and 7-11
rings. Reagents strong enough to activate all vertices of the cluster are relatively rare and
tend towards the extreme. For example, to periodinate the CB11- cluster, I2 is insufficient

41

Korbe, S.; Shreiber, P.J.; Michl, J. Chem. Rev. 2006, 106, 5208-5249.
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43
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and the cluster must be submerged in liquid ICl, a much stronger electrophile.44 To use I2
to iodinate just the lower half of the cluster requires the use of microwave heating.
Methyl triflate (MeSO3CF3) can permethylate the cluster; lower positions can optionally
be protected through prior partial halogenation to give partially methylated derivatives.45
These halogens can also be selectively removed later through strong reducing agents.46
The methyl groups can also be fluorinated through the use of the extremely strong
reagents including K2NiF6 to give the rather unhappy trifluoromethylated derivative.47
Finally, the cluster has been perhydroxylated by using hydrogen peroxide, although the
product is not terribly stable.48 Perfunctionalized CB11- derivatives are difficult to make
and not an ideal starting point for making stable biologically relevant molecules.
It should also be noted that one group has developed a method for functionalizing
the 2-6 upper ring by using a directing/activating group attached to the carbon vertex and
a transition metal catalyst. This technique has been used to add a number of functional
groups, including halogens, alkenes, and nitro groups.49 These reactions will be discussed
more in depth below, as the reaction conditions are relevant to the presented research.
The third and final major strategy for adding to the CB11- cluster is to specifically
target the 12-position, which is the most active to electrophilic reagents. The simplest and
most common reaction uses I2 in glacial acetic acid to monoiodinate at the 12-position.50
The electron density of dihalogens is fluid and can build up on one of the halogen atoms

44

Juhasz, M.A.; Matheson, G. R.; Chang, P.S.; Rosenbaum, A.; Juers, D.H. Syn. React. Inorg. Metal. Org.,
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45
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and render the other electron deficient and a moderate electrophile, as if it were X+. This
is the same principle that describes halogen bonding. This can then target the electron
rich boron cage, leading to the formation of the halogenated derivative and HX as a
byproduct (Fig. 8).
As described above, the use of a stronger electrophile (e.g., ICl) leads to
polyaddition. This method has been replicated with other monohalogenated derivatives
with Br2 and Cl2. Alternatively, electrophile-induced nucleophilic substitution (EINS)
uses a strong acid to activate the B-H bond at the 12-position and allow a nucleophile to
replace the hydrogen. This method has been used with HF and with 80% aqueous sulfuric
acid to give the fluorinated and hydroxylated derivatives, respectively.
Fig. 8. Synthesis of the
monoiodinated CB11cluster, using I2 as an
electrophile. Curved arrows
show the general
movement of electrons and
do not represent a
concerted mechanism.
The Juhasz Lab has developed two strategies to introduce organic functional
groups to the 12-position once it has been iodinated. The first way is to make a nitrile
derivative through a copper-promoted cross-coupling reaction with cyanide.51 Once the
12-CN derivative is formed, it can be hydrolyzed to give the 12-carboxylic acid
derivative and then treatment with PCl5 or SOCl2 gives the acid chloride, which can be
transformed into the ester with another step. However, attempts to form ketones or other
useful alkyl functional groups by attacking the nitrile derivative with standard

51
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nucleophilic reactions failed, even with Grignard or alkyllithium reagents (Fig. 9).52 The
12 position is highly resistant to nucleophilic attack, which extends to the attached
carbon; the nitrile derivative also appears to deactivate nearby borons from reaction.53

Fig. 9. A graphical summary of reactions with the nitrile derivative CB11H11CN-.
Further nucleophilic reaction with the nitrile must go through the carboxylic acid
intermediate, as it is resistant to all reactions except hydrolysis. Modified from
Shaff.51
The alternative to this path is to use the iodinated derivative as a base for
palladium cross-coupling reactions. One reaction, based on Kumada coupling, has been
shown to replace 12-I with 12-R, where R is a number of alkyl derivatives by using a
palladium catalyst in tandem with a Grignard reagent. This method was first reported in
1999 by Gruner and Michl, who succeeded in attaching a variety of simple saturated
alkyl or aryl groups.54 This method was later improved on by the Finze group by using a
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microwave reactor instead of conventional heating, reducing the reaction time from 2
days to a few hours while using less catalyst and attaining higher % yields.55
Additionally, they expanded the scope of the reaction to include alkynes and some
functionalized alkanes and aryl groups. The report showed that the reaction could tolerate
SiMe3 and OMe, in addition to alkenes, alkynes, and phenyl groups. Interestingly, both
the Michl group and the Finze group also developed zwitterionic derivatives as an
afterthought through these processes, the tropylium derivative and
triphenylphosphinylated derivative, respectively. However, the scope of this reaction is
limited by the Grignard reagent because few other functional groups can be permitted to
exist in the reaction mixture. Any carbonyl, hydroxy, or even slightly acidic derivative
cannot be made in one step using this method.
To summarize, the 12-position is theoretically the most activated of the 11 boron
vertexes on the CB11- cluster, but there are only a few known reactions that functionalize
this vertex. Adding an iodine is a relatively routine procedure, but the cyanation path is
unreactive and the Kumada coupling is limited in scope. The rest of this work will
describe attempts to circumvent the problems associated with these two methods through
the use of other cross-coupling reactions with a broader scope than the Kumada reaction.
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Results and Discussion
The synthesis of starting materials CsCB11H12 and CsCB11H11I proceeded through
a well-studied procedure. Their synthesis is described in the Experimental Section. Three
reactions were explored as methods to add useful functional groups to the CB11- cluster.

Suzuki Reaction
The Suzuki-Miyaura reaction is possibly the cross-coupling reaction with the
broadest scope and therefore the highest upside. The reaction combines an aryl halide
with an organoboronic acid and exchanges the halide on the aryl group for the alkyl
group originally on the boronic acid (Fig. 10).56 The reaction is catalyzed by a number of
palladium sources, commonly Pd(PPh3)4 or Pd(PPh3)2Cl2, in combination with a weak
base such as CO32- or F-. Since its conception in 1979, it has been considered one of the
most versatile tools in the synthetic organic chemist’s arsenal.
Fig. 10. The mechanistic cycle of the Suzuki
reaction. Palladium undergoes a redox cycle
from 0→II→0, first oxidatively inserting into the
alkyl halide. It then transmetalates with the boric
acid to exchange the halide ligand for the second
alkyl group before reductively eliminating to
form the C-C bond. Commonly, an activating
base is used to coordinate with the boric acid and
make it a borate, such as RB(OH)2F-. In the
borate form, the R group is more reactive and the
transmetalation step is easier.
The premise behind using the Suzuki reaction on a carborane is to treat the B-I
bond like an aryl halide. Aryl halides are the ideal substrate for the Suzuki reaction and
the carborane possesses σ-aromaticity. While the specific nature of its aromaticity is
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different from that of benzene, unlike with electrophilic aromatic substitution, the
presence of pi bonds is not necessary in the Suzuki reaction. In terms of reactivity, C-I
bonds are more activated than C-Br or C-Cl bonds and the bottom vertex of the cluster
has the ideal halogen attached. While the B-I bond would be more polar than the mostly
non-polar C-I bond, the difference should not be enough to prevent the reaction from
occurring.
There also had been several previous attempts at using the Suzuki reaction on
other icosahedral carboranes. Eriksson et al. published a very successful Suzuki reaction
on 2-iodo-p-carborane using a system with Pd2(dba)3, 1,4-Bis(diphenylphosphino)butane
(abbreviated dppb), CsF, and DME.57 Eriksson was able to achieve 90%+ yields with
multiple types of arylboronic acids using Pd2(dba)3 as a palladium catalyst and dppb as an
additional ligand. A few years later, the Endo group reported a Suzuki coupling on 3iodo-o-carborane with a different set of reaction conditions.58 Their synthesis used
Pd(PPh3)4, K2CO3, and a very specific solvent mixture of 10:1 toluene : methanol. While
their synthesis had lesser yields (<70%), o-carborane is a highly relevant substrate
because of its similarity to CB11-. Their conditions may have been different but were still
relatively normal for the wide variety of Suzuki reactions. Additionally, after the present
research had been conducted the Cao group published a Suzuki coupling at the 4-position
on o-carborane.59 To obtain this regioselectivity, they required a directing group to be
pre-placed on a different boron atom. Their reaction used Pd(MeCN)4(BF4)2, which is an
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unusual catalyst and also the only Pd(II) species of the three reactions. The Suzuki
reaction is common and versatile so it is unsurprising to find multiple attempts on other
clusters.
Fig. 11. A general reaction scheme for the desired Suzuki reaction. This uses
phenylboronic acid, but theoretically any boronic acid derivative could be used.
The palladium catalyst and activating base are generalized here because multiple
parameters could work.

While previous work in the Juhasz lab had attempted a few example reactions
several years prior, none of them were successful.60 The template reaction used
CsCB11H11I (on a 0.05 mmol/20mg scale) and phenylboronic acid as a coupling pair
because the 12-Ph compound had already been characterized by NMR and MS and was
known to be stable. A variety of commercially available Pd(II) catalysts were screened.
Given the ubiquity of the Suzuki reaction, it was deemed prudent to focus on
commercially available supplies instead of the arduous task of designing custom ligands.
Based on the Eriksson paper, CsF and DME were initially chosen as the base and solvent,
respectively. DME is a common solvent for palladium cross-coupling reactions because it
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can stabilize charged species despite being relatively nonpolar and can also reduce Pd(II)
to the active species Pd(0) in situ.61 Fluoride is a gentle base that would not decompose
the cluster and CsF is a fluoride salt that is soluble in DME. Instead of performing the
reaction under reflux conditions, a microwave reactor was used to speed up the reactions.
MWI (Microwave Irradiation) drastically decreases the time for a reaction to occur,
allowing conditions to be screened faster and with the ability to force reactions to occur
under harsh conditions. Even if the conditions were too harsh, if some quantity formed
product and some decomposed it would still signal that the reaction was possible, and
conditions could be scaled back to optimize the yield.
However, despite the strong conditions, no reaction was found with the Pd(II)
catalysts under any composition of ligands. Using Pd(0) compounds, such as Pd2(dba)3 or
Pd(PPh3)4 with a variety of added ligands, did not lead to improvement. Reactions were
monitored by 11B NMR and HPLC-MS, and all data reported only the presence of
starting material and boric acid derivatives. Other conditions were also varied to little
avail. K2CO3 and tBAF only led to the partial formation of unwanted side products. THF
and diglyme (other ether-based solvents) did not work, and neither did DMF or toluene:
methanol mixtures. Finally, the reaction was attempted under reflux conditions, which
also failed (Fig. 12).
It should be noted that not only were the reactions unsuccessful, but they were
completely unreacted. If even 10% of the starting material appeared to be converted into
the desired compound it would be detectable by NMR or MS, and the reaction conditions
could be optimized from there. However, none of these reactions showed the slightest
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hint of a Suzuki product. Based on these results, a conventional Suzuki reaction is not
possible for the 12-I-CB11H11- cluster. If it is possible at all, it would require a highly
unorthodox set of reaction conditions to overcome whatever problem prevented the
reaction in these experiments.

Fig. 12. A table of tested Suzuki coupling conditions. None of them led to the
formation of any amount of product, as determined by 11B NMR and HPLC-MS.
After establishing that the Suzuki reaction fails on the 12-I-CB11H11- cluster, the
next question is to explain why. One test was run on the CB11I11- to see if it might react at
a different position, but it was unsuccessful—it is also possible that the steric effect of the
other iodines prevented the reaction. A review of the literature of Suzuki cross-couplings
on carboranes returned surprising results. A good protocol for the Suzuki reaction has not
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been developed for either 9-iodo-o-carborane or 9-iodo-m-carborane even though they
are the easiest to synthesize of the monoiodo derivatives (through the same electrophilic
reaction to form 12-I-CB11-). Zakharkin et al. attempted both and were completely
unsuccessful with o-carborane and had middling results with m-carborane.62 They
concluded that the reaction with carboranes occurs in a much different way than with
organohalogen compounds and seems to preferentially de-iodinate the cluster. Another
group studied the reaction with 9-iodo-m-carborane in depth and concluded that
arylboronic acids were not nucleophilic enough to conduct the transmetalation step.63
They argued that the oxidative addition of palladium into the B-I bond was highly
reversible, so if the arylboronic acid was not highly reactive (like the Grignard compound
in a Kumada coupling), the palladium would reductively eliminate to reform the B-I
bond.
Another argument against the Suzuki reaction occurring on 12-I-CB11- is based on
electronic effects. The successful Suzuki reactions occurred on 2-p-carborane and 3-ocarborane, both of which are boron vertices adjacent to the carbons. Unsuccessful
reactions occurred on 9-o-carborane or 9-m-carborane, the vertices farthest away from the
carbons. The latter two systems are far more similar to 12-I-CB11- than the former two
and share similar reactivity towards electrophilic reagents. Without knowing more about
the exact mechanism of the reaction, it is difficult to explain why the Suzuki failed on
electron rich boron vertices, but it may be that the electronics of the cluster render the
oxidative addition relatively unfavorable at those locations. This theory combines the
electronics argument with Marshall’s thoughts about the reversibility of the palladium
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insertion to suggest why the Suzuki reaction fails. However, it also leaves open the
possibility of other reactions succeeding by reacting with the desired intermediate before
it reverts, offering other potential cross-coupling reactions.

Heck Reaction
After conceding defeat on the Suzuki reaction, efforts turned to finding a similar
reaction that also could use palladium to derivatize the 12-position of the CB11- cluster.
Helpfully, Eriksson had published another cross-coupling on 2-p-carborane, in this case
the Heck reaction, another of the three reactions that won the Nobel Prize in Chemistry in
2010 (alongside the Suzuki and Negishi reactions). Furthermore, there were other
examples in the literature showing Heck couplings with 9-o-carborane. Based on the
hypothesis of similar reactivity between 9-o-carborane and 12-CB11-, the Heck reaction
seemed promising.
The Heck reaction is remarkably similar to the Suzuki reaction and predates it by
a little under a decade. Instead of an arylboronic acid, Heck coupling uses an alkene as a
nucleophile by coordinating the π-bonds to the palladium (Fig. 13). After oxidative
insertion, the alkyl palladium complex undergoes a syn addition onto the alkene, and then
β-hydride elimination removes the palladium and reforms the double bond. The result is
the attachment of an alkene to the alkyl group in place of a halide, nearly always in the
trans-configuration (due to steric hindrance) and the release of HX into solution. Like the
Suzuki, the Heck reaction also requires the use of an activating base, but for a different
function. While the activating base in the Suzuki reaction activated the arylboronic acid,
the base in the Heck reaction is responsible for the reductive elimination of palladium
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back to its starting state of Pd(0) and one equivalent is used up each reaction cycle.64 The
catalytic species is Pd(0) and a small quantity of alkene can easily reduce the Pd(II)
catalyst to the active species; any amines or phosphines present as base or ligand can do
the same.
Fig. 13. The Heck mechanistic cycle. The reductive elimination is caused by the base,
which is used up in each reaction cycle. If the Heck reaction is done on C-H bonds, a
palladium hydride species is formed in the final steps instead of palladium halide.
This does not change the mechanism.

As stated above, there were several other examples of Heck couplings on
carboranes. Eriksson’s work showed the addition of a variety of styrene derivatives to
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2-iodo-p-carborane.65 Interestingly, the reaction proceeded in poor yield until they used a
complicated palladacyle catalyst that is common in Heck reactions (Herrmann’s catalyst).
Their synthesis initially used conditions similar to the Suzuki (CsF and DME) before
eventually optimizing the reaction with Ag3PO4 and DMF. The Cao group also
demonstrated a Heck reaction on 9-o-carborane (noniodinated) by activating the B-H
bond.66 While C-H bond functionalization is a difficult endeavor, it is significantly easier
with B-H bonds due to the difference in polarity. Palladium-hydride complexes are
reasonably common and are often the products of such a reaction, until the base removes
the hydride and allows it to form H2. The reaction by the Cao group used the common
and readily available Pd(OAc)2 as a catalyst with silver acetate (AgOAc) as a base in
THF. Not only does silver help dissolve ions in organic solvents, it also sequesters
halides to encourage the reaction.67 The reaction from the Cao group had relatively poor
yields (<70%) and no control of addition to the symmetry-equivalent 8 and 9 positions,
but it worked with a wide variety of alkene substrates, including both styrene derivatives
and acrylate derivatives.
There was also a reported Heck reaction for the metallocarborane based on ocarborane, but with the 3-position of two carboranes replaced with a cobalt atom bridging
the two clusters.68 While the electronics of the cobaltocarborane are certainly different
from o-carborane or any of the icosahedral carborane systems, the reaction proceeded in
moderate to good yields through an unusual catalytic system. This reaction, from the
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Teixidor group, used PdCl2(PPh3)2, CuI, and 2,6 lutidine as a base in DMF. The base was
chosen because it is non-nucleophilic and has a higher boiling point than triethylamine,
so less would evaporate over the course of the reaction. The previous reactions in the
literature offered both strong support of a potential Heck reaction and a multitude of
possible starting conditions (Fig. 14).
Furthermore, while research was ongoing on our variant of the Heck reaction, a
report was published on a palladium catalyzed alkenylation for the CB11- cluster—but on
the 2-6 ring. The Duttwyler group conducted a five-fold cascade alkenylation on a
prefunctionalized CB11- cluster on the 2-6 ring.69 Their reaction used the carboxylated
1-COOH-CB11H11- cluster and Pd(OAc)2 and AgOAc in acetonitrile with a variety of
alkenes to give penta-alkenylated derivatives. The carboxylic acid was necessary to serve
as a directing group and activate a region of the cluster that normally would be resistant
to reaction. This strategy had previously been exploited by the Duttwyler group to add
multiple other functional groups to the 2-6 ring, including aryl, chloro, amino, and
alkenyl functional groups.48 The last three of these were developed using the initial
version of the reaction, which used rhodium catalysts and AgSbF6 instead of palladium or
silver acetate.
Three major motifs were identified from these successful literature reactions.
Pd(II) compounds, and particularly Pd(OAc)2, were successful catalysts. Even
Herrmann’s catalyst is bridged by two acetates acting as ligands. Palladium acetate also is
a very stable, cheap, and commercially available catalyst. Second, the use of silver salts
as a base seems important. Silver salts are normally used in Heck reactions to avoid
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Fig. 14. Literature reports of Heck-type couplings on carboranes. Each vertex
otherwise unlabeled has a hydrogen atom attached (e.g., the substrate for the
Beletskaya group reaction is C2B10H11I). The catalyst in the Beletskaya group
reaction is Herrmann’s catalyst.

28

alkene isomerization and prioritize certain mechanisms. While this is not the main
concern for the reaction with carboranes, all three reports on icosahedral carboranes used
silver salts as the scavenging base. Finally, there is a possibility of a “cascade” reaction
once one of the vertices is alkenylated. A cascade reaction occurs when the addition of an
alkene group activates the rest of the molecule, encouraging the addition of a second (or
more) alkene group. Duttwyler used this to encourage complete alkenylation of the 2-6
ring. The Teixidor group observed this as well; while they initially intended solely to
perform the reaction on the monoiodinated metallocarborane, they often saw diaddition to
the equivalent hydrogenated vertex on the second cluster. Selectively halogenating only
one boron vertex does not stop this process because B-H bonds are also somewhat
reactive. Several of these motifs also appear in this presented work.
Fig. 15. A generalized reaction scheme for the desired Heck reaction. Styrene is used
as a coupling partner here as an example, ideally any alkene could be used. The
palladium catalyst and silver base is generalized here.

Initial conditions for the first trials of the Heck reaction drew heavily on the Cao
group report, and used AgOAc as a base, Pd(II) catalysts, styrene as a coupling agent,
and DME as a solvent under reflux at 80ºC. Results were immediately seen by 11B NMR
and HPLC-MS. From HPLC-MS, a consistent peak with a m/z = 245 was identified as the
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product given its isotopic distribution and similar retention time to other carboranes. In
samples with partially unreacted starting material the product eluted after CB11H11I-, in
line with the theoretical assumption that the C8H7 group is less polar than the iodide (Fig.
16). Later peaks, with m/z = 347 and m/z = 449, were identified as the distyreneated and
tristyreneated clusters, respectively.

Fig. 16. An anionic HPLC-MS spectra of the Heck reaction products. Each peak is
labeled with its m/z ratio and its integrated area. The predominant peak (r.t. ~ 8.5 min)
is monostyreneated product. Parent carborane (CB11H12-), distyreneated carborane,
and tristyreneated carborane are the other major side products.

The 11B NMR spectra was also supportive of the interpretation of the main
product being the mono-functionalized styreneated cluster (Fig. 17). The two rings of
borons, 2-6 and 7-11, appeared as doublets centered at -12.5 and -16.5 ppm, respectively.
A peak originally visible in the starting material, asinglet at -17 ppm, disappeared after
reaction. In its stead, a singlet at +1 ppm arose. Based on the NMR shifts of the 12-PhCB11H11- cluster, known through the Kumada coupling, the 12-position boron appears at
approximately +1 ppm when bonded to a carbon substrate. Several other catalysts, bases,
and solvent systems were attempted before ultimately returning to the combination of
Pd(OAc)2, AgOAc, and DME. Of the commercially available palladium catalysts,
Pd(PPh3)2Cl2, PdCl2, Pd(PPh3)4, and Pd2(dba)3 were tested in the initial rounds of
screening. Both Pd(OAc)2 and Pd(PPh3)2Cl2 succeeded with relatively high yield at a 20

30

Fig. 17. The processed 11B NMR spectra of the Heck reaction product (rxn ID
ER-059). The doublets at -12.3 and -16.4 ppm correspond to the 7-11 and 2-6
rings respectively and are broadened due to overlapping peaks with side products.
The peak at +1.0 ppm corresponds to product, while the peak at -4.7 ppm is
theorized to be distyreneated material. The peaks around -6.6 ppm may be a
doublet from CB11H12- or may be from tri-styreneated material or from 7monostyreneate

d material.
mg scale, but Pd(OAc)2 responded better to attempts to scale the reaction to 50 mg or
more. As these were highly stable Pd(II) catalysts, it was seen as unnecessary to continue
optimizing the palladium catalyst. One experiment was attempted using silver phosphate
as the base but gave poor results, likely due to the dubious solubility of silver phosphate
in DME. Attempts to run the reaction with only silver acetate (no palladium catalysts)
produced a small amount of products, so silver acetate was deemed necessary for the
reaction. Finally, THF and DME saw similar results and were interchangeable. After
Duttwyler published his synthesis of a similar reaction, multiple attempts with
acetonitrile were made. In some respects, acetonitrile was beneficial because it improved
the solubility of many of the reagents. It also was much easier to dry than ether solvents
and required only molecular sieves in lieu of a full distillation. However, the use of
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acetonitrile was ultimately abandoned in favor of the lower boiling point of the ether
solvents. This lower boiling point was crucial to allow for its removal before or during
extraction/separation steps. The final relevant Heck reaction used 1.5 eq styrene, 3 eq.
AgOAc, and 0.01 eq. Pd(OAc)2.
Fig. 18. The standard Heck reaction conditions and reagents.

Styrene was the main coupling partner for nearly all of these test reactions.
Styrene is one of the most common test subjects for Heck reactions, as seen in the
Eriksson paper and others. The phenyl ring on styrene serves as an electron donating
group and improves its coupling ability. The strength of this donation can be modified by
functionalizing the styrene at the para position, so 4-NO2 or 4-F styrene are common
secondary test subjects. Acrylates serve as π-donors with an electron withdrawing group
so ethyl acrylate was used as a comparison. However, reactions with ethyl acrylate
showed little product (~5% conversion) even after extended periods of heating and large
quantities of reagents.
After the initial screening of catalysts provided a standard reaction (Fig. 18),
efforts shifted to scaling up the reaction to isolate a product. The reaction appeared to
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scale up well to a 200 mg (0.5 mmol) scale by MS, showing styreneated material as the
major product and small quantities of both starting material and distyreneated product.
This MS data was generally taken on crude material—both MS and NMR data could be
taken prior to any workup. Several different types of workups are explored in depth
below.
The reaction flask was invariably coated in some black precipitate that was
assumed to be a combination of palladium black, silver metal, and silver salts. This
material was filtered out via either filter paper or celite, using additional solvent to wash
through. In initial procedures, the addition of diethyl ether and water was used to force a
separation. After vigorous shaking, the black precipitate moved into the aqueous layer
and could be removed. It was assumed that the styreneated carborane would strongly
prefer the diethyl ether over the water layer, and MS corroborated this assumption. After
extraction into ether solvent, the ether was rotovaped off to give what in most cases was
an orange/red/yellow oily or waxy substance. Later experiments added large quantities of
Et4NBr after filtration through celite. The filtrate was then rotovaped down to produce
similar orangish residues.
From this product containing residue, a variety of column chromatography
techniques were used to try to purify monostyreneated material. It appears that
styreneated carboranes are visible by TLC under UV light, so column chromatography
should theoretically work very well. The main solvent systems were variants on 80%
dichloromethane (DCM) and 20% acetonitrile. DCM is a common solvent for column
chromatography, but monostyreneated material appears to travel poorly in pure DCM.
10% acetonitrile seemed to be necessary to force it to eventually move, while 33% led to
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Fig. 19. The HPLC-MS spectra of a fraction taken from column chromatography of a
200 mg (0.5 mmol) scale Heck-type reaction. The peak at ~8.8 min corresponds to
monostyreneated material, while the peak at ~10.2 min corresponds to distyreneated
material. The column was run first with 10:1 DCM: acetonitrile and slowly varied to
increased concentrations of acetonitrile.
flushing the column. Additionally, loading the column first with hexane before switching
to the main solvent mixture seemed potentially valuable for removing any leftover
styrene in the reaction mixture. The first columns run on samples were full length, nonflash columns. Unfortunately, while fractions could be isolated with >80% product, there
inevitably remained some quantity of either parent carborane or distyreneated material
(see Fig. 19, 20). While some of these column reports appear promising, no single
fraction in any column showed separation between mono and distyreneated material.
Attempts to evaporate these fractions down to more pure material refused to yield

Fig. 20. The HPLC-MS spectra of a fraction taken from column chromatography of
a 100 mg (0.25 mmol) scale Heck-type reaction. The first major peak occurs at
approximately 7.3 min and corresponds to monostyreneated material, while the
second peak at ~10 min corresponds to distyreneated material. The column was
only 1/3 length (4.5 cm long) and run with pure DCM.
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anything of quality or quantity necessary to conduct a successful recrystallization. No
solvent system was able to separate the mono and distyreneated material, which would be
necessary in purified material for crystallographic analysis.
Furthermore, the mono-iodinated material was even more inseparable from
monostyreneated material than the distyreneated carborane. While mono- and distyreneated carborane were inseparable by column chromatography, they were clearly
separated by HPLC-MS. However, monoiodinated and monostyreneated carborane have
overlapping peaks in HPLC-MS spectra (Fig. 21). Attempts to under-react the cluster (by
using <1 equivalent of styrene or reducing the temperature) were also unsuccessful in
preventing the formation of distyreneated product.

Fig. 21. An HPLC-MS spectra of a crude reaction mixture (300 mg, 0.75 mmol
scale). The first major peak (r.t. ~5.5 min) corresponds to CB11H11I- starting
material, which overlaps with CB11H11C8H7- product. The third (r.t. ~6 min)
corresponds to a mono-iodinated, monostyreneated product, which occurs in several
samples as a very minor product. The other minor product (r.t. ~6.5 min) is
distyreneated material. While mono- and di-styreneated material show up
separately, the iodinated carborane has very similar polarity to the styreneated
material and have similar retention times.
Given that monoiodinated material was inseparable from monostyreneated
material, the next plan was to use non-iodinated (CB11H12- ) as the starting material,
which is theoretically separable by HPLC-MS, likely separable by column
chromatography, and even potentially separable by extraction. The feasibility of this
reaction is derived partially from the literature reports of B-H activated Heck-type
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reactions, as well as the ease of activating the 7-position which led to distyreneation in
the first place. Reactions with CB11H12- were partially successful. The reaction produces
styreneated material, but also tends to produce distyreneated (and tri, and tetra…)
material while still leaving some amount of parent carborane in solution. The reaction is
partially but not strongly selective for the 12 position. It is also possible that the 12styrene acts as an activating group to encourage distyreneation at the 7-position over B-H
activation at a second carborane. Therefore, attempting to react CB11H12- with < 1
equivalent of styrene is not a viable method for producing a mixture containing solely
CB11H12- and CB11H11C8H7-. However, the activation of a B-H bond by cross-coupling
still represents a notable achievement because it offers the possibility of cutting the
monoiodination step out of the synthesis.
Finally, even ignoring the issue of separating the mono and distyreneated
carborane, the crude mixture was incredibly difficult to clean of all reactants. The
products of each column fraction remained contaminated by unknown substances which
eluded all attempts at identification. The final attempts at isolating CB11H11C8H7- focused
on removing all of the byproducts and used up reagents from the crude mixture to create
what theoretically should be a mixture of carborane products. While the procedure was
only used on a reaction with CB11H12- (to test at a 1 mmol scale), future attempts to use
this procedure should likely be used with iodinated starting material (which was in short
supply at the time). A proposed procedure is listed in the Experimental Section, but the
premise behind it will be explained here.
The example reaction can be run with 1 eq. CsCB11H11I, 1.5 eq. styrene, 3 eq.
AgOAc, and 0.01 eq. Pd(OAc)2 in clean DME under an argon atmosphere at 80ºC for 90
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minutes. The argon atmosphere likely is not necessary but could theoretically preserve
the catalyst for longer. After the reaction is cooled to room temperature, the crude
material can be filtered through celite (prepped with DME) to remove solid precipitates
like palladium black, unwanted silver salts, or polymerized styrene. All carborane
products should remain in solution during this step. Then, equal quantities of water and a
highly nonpolar solvent (e.g., hexane) are added to the filtrate and separated. This step
should remove any excess styrene to the unwanted hexane layer, while all carboranes
should remain in the aqueous layer. The water filtrate should then be evaporated to
remove as much DME as possible, leaving the carboranes in solution with multiple other
products. After this, adding aqueous ammonium hydroxide and aqueous
phenyltrimethylammonium chloride should keep all remaining metal ions in solution
while precipitating the carboranes as ammonium salts. The ammonium hydroxide is
useful to solubilize any silver salts, as silver forms a highly soluble coordination complex
with ammonia. The chloride salt of the ammonium ion is useful to avoid precipitating out
PdBr2, which is possible if the more common Et4NBr salt would be used. After these
have been added to solution, the solid carborane salts should be able to be filtered out of
solution and collected. Additional washing should not dissolve any significant quantity of
the carborane salts from solution.
Unfortunately, while many of these procedures are theoretically sound, none of
them succeeded in isolating the styreneated carborane. NMR and HPLC-MS give strong
evidence that the product was created, but isolation is difficult. Not only are there issues
with purifying the crude to a solution of purely carboranes, but the different carborane
products are incredibly difficult to separate by conventional chromatography means.
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Future work should likely focus on using preparatory HPLC to isolate monostyrenated
product, as it has already been demonstrated that mono- and di-styreneated material can
be separated with a known method.

Acylation Reaction
When these procedures failed to produce significant results, an attempt at running
a Suzuki reaction with silver acetate as a base produced unexpected results. The reaction
listed below (Fig. 22) was analyzed by HPLC-MS and found to consume all starting
material and form a single product with m/z = 185 and an isotopic distribution indicative
of carborane.
Fig. 22. The scheme for the
reaction that intended to
form the Suzuki
product, but actually
made a mystery product
with m/z = 185.

This product corresponded to a mass of no known carborane compound, so we
were immediately intrigued. Follow up NMR of the crude compound showed the
disappearance of the 12-I peak at ~ -17 ppm, retention of the two doublets representing
the 2-6 and 7-11 rings, and a new singlet peak at approximately 0 ppm. Other peaks in
the spectra were identified as boric acid derivatives and were considered inconsequential.
Given the retention of 5-fold symmetry in the NMR data (the two rings only produced
two peaks), it did not appear that the cluster itself had decomposed or otherwise ejected
or incorporated a new vertex. Therefore, some substituent of the cluster must have
changed. Assuming that the substituted functional group replaced the iodine, the new
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functional group had a mass of 43. Furthermore, the location of the singlet in the NMR
spectra suggested that a carbon was bonded to the 12-position (Fig. 23). Alkylated
carboranes are known to have such a peak; 12-Ph-CB11H11- has a singlet at +2 ppm.70
From this information, it was hypothesized that the resulting product was 12COCH3CB11H11-, or the acylated carborane. A number of other theorized compounds,
based on what was present in solution, were discarded due to either incorrect masses or

Fig. 23. NMR spectra of a crude sample following an acylation reaction (rxn ID
ER-115). The absence of a singlet at -19 ppm indicates complete conversion of
starting material. The peak at -1.1 ppm is assumed to be product, based on integration
(50% yield). The peaks at +2 ppm and +29 ppm are belived to be boric acid
derivatives and can be ignored. A small doublet is present at ~(-9) ppm and
corresponds to phosphinylated byproduct (CB11H11PPh3). The roughness around -6
ppm is probably a doublet corresponding to parent carborane CB11H12-.
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incorrect NMR spectra (Fig. 24). While
it was considered that a dimer of the
cluster could have formed with a mass of
370, the isotope pattern would be
different by MS. A compound with 22
boron atoms would have different
isotopic ratios than a compound with 11
boron atoms. Additionally, an IR
spectrum taken of a mostly pure sample
of the compound gave an intense band at
approximately 1600 cm-1, which is
consistent with the carbonyl stretching

Fig. 24. A table of theorized
compounds produced from the
unknown reaction and their masses.
The first 7 are known compounds, and
the next 4 are theorized. Only the
acylated compound (last entry) has the
correct m/z and a theoretically matching
NMR spectrum.
Compound
m/z
CB11H12CB11H11ICB11H10I2CB11H11OAcCB11H11OHCB11H11PhCB11H11PPh3
CB11H12-(CH3CN)
CB11H11B(OH)2(CB11H11)2O
(CB11H11)2CH3CHOO
CB11COCH3-

143
269
395
201
159
219
Invisible
184
187
150
172
185

frequency on the acyl group.
Unfortunately, the data has been lost and cannot be reproduced here, but the spectra had
several notable features. The sample had been in contact with ethyl acetate, but the same
stretching mode in ethyl acetate appears elsewhere (approx. 1750 cm-1), making it
unlikely to be from cross-contamination. Second, 1600 cm-1 is unusually low for a C=O
stretching mode. A theoretical calculation (B3LYP/6-31+G(d)) gave an estimate of 1649
cm-1. However, the difference between the calculated and experimentally determined IR
stretch of the same bond in the similar compound 12-COOH-CB11H11- was also shifted by
a similar amount (computational 1716 cm-1, experimental 1653 cm-1).71 Therefore, IR
appears to corroborate the existence of the acylated product (Fig. 25).
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Fig. 25. The acetylated carborane.

After theorizing the existence of an acylated
carborane, the next step was understanding how
it was formed. While acyl compounds are a
staple of organic syn thesis, there has been no
synthesis of 12-COCH3CB11H11-. The bestknown method for acylation, Friedel-Crafts
acylation, has not been attempted with the CB11cluster. The most bizarre part of this reaction is
the absence of an electrophilic acyl group. It is
much more likely that the reaction proceeds
through a palladium catalyzed reaction, and

experiments have shown that the reaction does not proceed in the absence of palladium.
Given the delocalized π-bond between the carbon and oxygens in acetate, it is unlikely
that palladium would oxidatively add into a C-O bond to form the acyl group and an oxy
(O2-) ligand. Acyl cross-couplings are relatively rare because it requires the palladium to
be in contact with a carbon that is generally considered partially positive. Ironically, the
few examples of acyl cross-coupling reactions come from a variant on the Suzuki
reaction to couple an arylboronic acid with an acyl group.72 Many of these reactions
proceed via activating an acyl halide or an anhydride. The step of a palladium oxidatively
inserting into the C-O bond of an anhydride is known in the literature and also logically
makes a great deal more sense, as it forms an acetate ligand instead of an oxy-ligand.73
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Buchspies, J. and Szostak, M. Catalysts 2019, 9, 53.
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It is possible to draw a mechanism to produce anhydride from two equivalents of
acetate, but the process requires activating one of the acetates first. Normally, the alpha
carbon would be protected from nucleophilic attack (from the second acetate) due to the
Fig. 26. One possible mechanism for the formation of the palladium-acyl active
species. While this is drawn in basic conditions, it is also possible that it occurs
under acidic conditions. Here, one equivalent of phenylboronic acid is shown
activating the first acetate for nucleophilic attack (dotted line).

The borate intermediate is likely stabilized through H-bonding with other
equivalents of boric acid.
abundance of negative charge on the oxygens. Fortunately, there are multiple reagents in
the solution that could act as activators. Boronic acids can serve as electron acceptors for
an acetate group or a second equivalent of palladium could also bind an acetate as
another ligand. Based on this, a possible mechanism for the formation of a palladiumacyl intermediate is shown above (Fig. 26). However, it is also very possible this reaction
proceeds through formation of an acyl iodide intermediate, which could also undergo
palladium insertion. Based on the literature from the Suzuki reaction, cross-coupling
reactions on electrophilically sensitive carborane vertices require strongly reactive
coupling partners. Once the intermediate is formed, it should be highly reactive and able
to perform the cross-coupling with the carborane reagent.
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Before discussing the process of optimizing conditions for the reaction, a few
other experiments gave noteworthy information about the mechanism and/or process.
One experiment that used no boronic acid gave only 50% product (CB11H11COCH3-) and
50% starting material (CB11H11I-). Another that used boric acid (B(OH)3) gave product,
but with a higher amount (~15-20% by MS) of common side products (acetate-carborane
CB11H11OAc- and hydroxy-carborane CB11H11OH-). This gives evidence that the addition
of boric acid as an electron acceptor helps speed the reaction up. Second, starting the
reaction with acetic anhydride and no source of acetate also can produce a product with a
mass of 185 as the dominant product. Using silver nitrate (AgNO3) and acetic anhydride
gave a plurality of the alleged acylation product, but also copious amounts of starting
material, acetate-carborane, and what is believed to be di-acylated carborane based on
mass. Switching to silver phosphate reduced the amount of side products but reduced the
yield to ~30% (the remainder being unreacted parent carborane). It is believed that silver
phosphate is only moderately soluble in DME, which is why the reaction is incomplete.
Based on these reactions, it seems very possible that the reaction could proceed from an
anhydride intermediate. Additionally, given how much cleaner the reaction is with
acetate instead of anhydride, it is likely that any critical intermediate is much more
reactive than anhydride.
The final experiment is perhaps the most concerning because it gives moderately
strong evidence that the unknown product is not, in fact, acylated carborane. Attempting
to use silver benzoate monohydrate instead of silver acetate still gave a major product
with a m/z = 185 (albeit with a much higher amount of side products). Theoretically,
switching the acetate for benzoate should have given the product CB11H11COPh-, with a
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mass of 247. There also should not be any way of forming acetate from benzoate, short of
some very bizarre reaction with the ether solvent. We have no explanation for what could
cause this result but consider it too noteworthy to exclude.
Surprisingly, the first set of reaction conditions appears to be the optimal set up
for the acylation product. Using acetonitrile instead of an ether solvent (DME or THF)
did not work and gave numerous unknown side products. Reacting on the CB11H12cluster instead of the monoiodinated cluster left mostly starting material and <10%
conversion. As previously mentioned, switching from phenylboronic acid to boric acid
increased the number of side products. For future work, it may be worthwhile to identify
boronic acids with more electron withdrawing groups to encourage the formation of
borate intermediates with acetate.
Pd(PPh3)4 was the only successful palladium catalyst. The problem with using
Pd(PPh3)4 is that the phosphine can couple to the carborane in limited quantities, forming
the formal zwitterion CB11H11PPh3.74 This product is invisible by anionic HPLC-MS but
can be identified in 11B NMR by the doublet at approximately -8.8 ppm (splitting caused
by 11B-31P coupling). This was discovered when attempts to isolate crystals of the
acylated compound accidentally isolated crystals of this cluster instead. Under normal
circumstances, that crystal structure would be reported here, but due to the current
situation, access to the X-ray crystallography data has been barred (see Spring 2020).
However, as 0.1 eq. palladium catalyst can give at maximum 40% conversion to this
product, it is assumed that a low quantity of palladium catalyst (goal 1%) and proper
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separation (as this should have very different properties and solubilities than the acyl
compound) will allow the acylated compound to be isolated despite small quantities of
phosphinylated material. Column chromatography using DCM appears to flush
phosphinylated carborane through the column, while the cesium salt of the acylated
compound is slow to move in DCM.
Three other palladium catalysts were tested and each had moderate to severe
problems that render them unsuitable for the reaction. Some common palladium catalysts
like Pd(PPh3)Cl2 were not attempted because they still have phosphines, so some
phosphinylated material would still form. When Pd2(dba)3 was used, the result was an
unclean mixture of starting material, parent carborane, product, and what appears to be
dba attached to the cluster based on MS data (peak with m/z = 418). It is somewhat
surprising that this occurred, but it is theoretically possible for dba to do some sort of
Heck-type coupling to the cluster. PdCl2 is a common Pd(II) catalyst, but just a short time
in the microwave rendered a mix of mostly starting material and a few known
byproducts. A significant proportion of the starting material appears to have been
disproportionated into CB11H12- and CB11H10I2-, a process that has been observed on
multiple other occasions and is described in more detail in a later section. Other than
those three byproducts, HPLC-MS suggests there was small amounts of some
hydroxylated, chlorinated, and possibly phenylated products. Using Pd(OAc)2 gave a
similar, but simplified result. Palladium acetate returned a mixture of parent carborane,
hydroxylated carborane, and what is believed to be phenylated carborane. Neither of
these two returned significant quantities of acylated product. However, the presence of
phenylated carborane is extremely interesting because that is the expected product of the

45

Suzuki reaction. There is no reason why the reactions could not create the Suzuki
coupling product—each has an arylboronic acid, a palladium catalyst, and the
halogenated carborane. While the reactions with these Pd(II) compounds do not cleanly
produce Suzuki product, further study into this process is highly encouraged.
The acylation reaction can be performed at up to a 100 mg (0.25 mmol) scale and
completed after reflux at 70ºC for about 1 hour. While this reaction can be done via
MWI, it is not necessary and using MWI limits the scale of the reaction. A full
experimental is provided in the appendix. One note is that increasing the quantity of
carborane seems to produce a side product with m/z = 327 according to HPLC-MS. This
mass might correlate to some sort of dimer, as 327 = 142 + 185 (the combined masses of
CB11H11 and CB11H11COCH3). The isotope ratio seems to correlate with a compound
containing 22 boron atoms, and it is possible that it picks up an extra proton from the
HPLC solution to hold a 1- charge. However, the structure of such a dimer is a mystery
and no evidence for such a compound can be found from NMR data.
The workup procedure for the acylation reaction was explored but not fully
optimized due to a lack of time. Once the crude mixture has been cleaned and filtered
through a short silica column, the only major concern is removal of boric acid
derivatives. First, the crude mixture can be filtered through celite to remove insoluble
silver salts and palladium material, much like in the Heck reaction. Afterwards, this
material can be evaporated to dryness via rotovap. From here, there are two methods to
remove side products and unwanted reagents. The first is to use a silica column or plug to
clean the material. After dissolving the dried residue in a few drops of reagent acetone, a
short silica column prepped with DCM can be run through with a moderate quantity of
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DCM to remove any phosphinylated material. The cesium salt of the acylated carborane
does not go through when exposed to DCM, but the zwitterionic phosphinylated
compound appears nonpolar enough to dissolve in DCM. Rinsing the column with
reagent acetone produces a fraction with the acylated compound. However, this is not
clean and must be purified further. The recommended purification from this point is to
dry the fraction, then separate the residue between ethyl acetate and 10% NH4OH(aq)
while adding PhMe3NCl(aq). The ammonium salt will send all carboranes into the organic
layer, while the ammonium hydroxide will force boric acid derivatives into the aqueous
layer when they become borate-like. Ammonium hydroxide also provides ammonia,
which should complex with any remaining silver in solution to form the extremely
soluble [Ag(NH3)2]+. The resulting material in the ethyl acetate layer should theoretically
be purified. For obtaining crystals, it is suggested that ethanol could be a good solvent to
dissolve a small amount of powder in before letting evaporate slowly.
Overall, there is strong evidence of the formation of the acylated product and its
isolation should be relatively simple in the next several years. The silica plug is known to
remove the phosphinylated compound, which is the only major byproduct of the reaction.
However, the ability to extrapolate the reaction to other substrates is unknown. The
failure to form the benzoate derivative is troubling because it suggests there are multiple
important unknown things about the mechanism. Producing a crystal structure of the
isolated acetylated compound is of the utmost importance to continue the research.
Finally, some of the failures of experiments to form the acylated compound offer
hints as to how to get the Suzuki reaction to work. Reactions with PdCl2 and Pd(OAc)2
seem to produce small but visible amounts of Suzuki-coupling product. If this reaction
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indicates that Pd(0) catalysts form the acylated compound, while Pd(II) catalysts form the
Suzuki product, it would be an incredible tool for further functionalization. The use of
silver salts as a way to activate the iodine at the 12-position of the CB11- cluster should
absolutely be explored further, as it appears to encourage a number of otherwise difficult
reactions.

Disproportionation Reaction
Early on in this research I discovered an odd process where mono-iodinated
cluster would disproportionate into some quantity of non-iodinated cluster and an equal
quantity of di-iodinated cluster. This is most apparent by mass spectrometry. While the
starting material would show a single peak with m/z = 269, reaction mixtures that
theoretically had no reaction would show an additional two smaller peaks at m/z = 143
and m/z = 395 (Fig. 27). In 11B NMR, this would show as two very small peaks, a singlet
Fig. 27. Two HPLC-MS spectra that seem to clearly show disproportionation. While
the major peak is of unreacted starting material, two nearly equivalent peaks show
non-iodinated and diiodinated carborane. This amount is far in excess of anything that
already existed in the initial reagent, suggesting that some sort of reaction occurred to
cause disproportionation.
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at ~(-23 ppm) corresponding to the 7-I and one doublet at ~(-5) ppm (corresponding to
the known CB11H12-, with 1H-11B coupling).
Based on the lack of other byproducts in the mixture, it seems unlikely that this
process occurs by extruding a vertex of the cage or otherwise drastically changing its
shape. It is definitely possible for palladium to insert into the B-I bond or B-H bond and
then eliminate itself to swap the two. Furthermore, it would be very easy to end up with
some quantity of 7-I CB11H11I- that is not seen. The 7-I monoiodinated cluster has the
same mass, so HPLC-MS would not distinguish the two, and if there is non-iodinated and
di-iodinated cluster in the same solution, the peaks for NMR would not be
distinguishable. However, disproportionation occurs in small quantities even when the
carborane is heated on its own. Applying extreme heat and conditions (MWI >175ºC or
reflux for >24 hours) showed the same spectroscopic evidence despite occurring in either
diglyme or water, with absolutely no other reagents. Less material disproportionated
without palladium to catalyze the reaction, but a non-zero amount did. The
disproportionation reaction is not useful for anything but is worth keeping in mind. It is
possible to occur in any reaction mixture where competing reactions do not occur and
mostly serves as a nuisance. For the future, it is worth keeping these details in mind
because the reaction is likely to continue showing up in future work.
Fig. 28. The disproportionation of monoiodinated cluster into diiodinated and
noniodinated cluster.
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Conclusion
These projects show new methods for functionalizing the CB11- cluster through
palladium cross coupling reactions. The Heck reaction is a way of not only adding a
relevant functional group to the cluster, but also to the hydrogenated parent cluster. The
acylation reaction also proceeds through an exciting unknown mechanism and adds a
highly useful functional group to the cluster. Additionally, the two test coupling partners
for these reactions, styrene and the acetyl group, represent two hitherto unsynthesized
novel compounds. While isolating these molecules has been more difficult than initially
expected, much progress has been done preparing a strategy for future work. Finally,
while attempts to use the Suzuki reaction did not lead to a successful project, data from
the acylation reaction shows some amount of hope for a future reaction.
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Experimental Section
Instrumentation and General Procedures
All NMR spectra (11B and 1H) were collected using a Bruker Advance III
spectrometer with frequencies of 400.12 MHz (1H) and 128.37 MHz (11B). NMR spectra
were taken in solution or with wet acetone. HPLC-MS was run using an Agilent 1220
Infinity LC with a 1620 Quadrapole Mass Selective Detector on a C8 column.
Compounds were separated with a gradient of A) 0.1% acetic acid in H2O and B) acetic
acid in acetonitrile using a method labeled Carboranes Best Separation 20 minutes
Sequence. Mass spectra were collected by ESI-MS on an Agilent 1620 Quadrapole MS in
negative ion mode ranging over m/z = 120-2000. Microwave reactions were performed in
a Biotage initiator reactor in sealed vials ranging from 0.-0.5 mL to 10-20 mL. Reflux
reactions were run under an argon atmosphere. Ether solvents (THF and DME) were
dried and distilled with sodium metal and benzophenone. Glassware was dried in an oven
before use and cooled under argon.

Reactions
Decaborane (B10H14) →
7-Trimethylamine-7-carba-nido-undecaborane (7-(CH3)3N-CB10H12)
(rxn ID ER-001)
Decaborane (12.24 g, 0.10 mol) was slowly dripped with a 200 mL aqueous
solution of NaOH (4.63 g, 0.12 mol) and NaCN (5.48 g, 0.11 mol). Then, HCl
(conc. 50 mL) was added and HCN gas was removed by effervescence. A
solution of NaOH (41.54 g in 150 mL water) and then dimethylsulfate (33 mL)
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were slowly added over a 24 hour period. A white precipitate formed and was
recrystallized from acetonitrile, 8.63 g collected (45% yield). 11B NMR δ: 1.6[d,
1B, 1J(11B, 1H) = 156 Hz], -9.2[d, 2B, 1J(11B, 1H) = 150 Hz], -13.5[d, 2B, 1J(11B,
1

H) = 136 Hz], -22.0[d, 2B, 1J(11B, 1H) = 136 Hz], -25.6[d, 1B, 1J(11B, 1H) = 142

Hz], -32.5[d, 2B, 1J(11B, 1H) = 150 Hz].
7-Trimethylamine-7-carba-nido-undecaborane (7-(CH3)3N-CB10H12) →
Cesium carba-nido-undecaborate [Cs+][CB10H13-]
(rxn ID ER-002)
7-Trimethylamine-7-carba-nido-undecaborane (8.63 g, 0.045 mmol) was refluxed
with sodium metal (6.02 g, 0.26 mol) in dry THF (500 mL) under argon for three
weeks. When 11B NMR indicated the reaction was complete, the solution was
quenched with ethanol (10 mL) and then water (50 mL) was added. HCl (conc.,
20 mL) was added to turn the solution acidic. CsCl(aq) was added and then the
salt was recrystallized out of solution. Two crops of product (2.502 g, 0.009 mol)
were collected (20% yield). 11B NMR δ: -1.1[d, 1B, 1J(11B, 1H) = 150 Hz], 11.8[d, 4B, 1J(11B, 1H) = 150 Hz], -22.9[d, 2B, 1J(11B, 1H) = 140 Hz], -26.6[d, 1B,
1

J(11B, 1H) = 135 Hz], -31.6[d, 1B, 1J(11B, 1H) = 135 Hz].

Cesium Carba-nido-undecaborate [Cs+][CB10H13-] →
Cesium carba-closo-dodecaborate [Cs+][CB11H12-]
(rxn ID ER-004)
Cesium Carba-nido-undecaborate (2.502 g, 0.009 mol) was refluxed with
Triethylamineborane Et3NBH3 (3.99 g, 0.035 mol) at 186ºC for two days. The
remaining triethylamineborane was removed by trap to trap distillation at 200ºC
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over 45 minutes. The remaining solid was cooled, then toluene (75 mL) and
methanol (1mL) was added. Hexanes (100 mL) were added and then the solution
was chilled in an ice bath until precipitate formed. The solid was vacuum filtered
out, dried, and then recrystallized from water and NaOH(aq). The resulting crystals
were collected (1.210 g, .0044 mol, 49% yield). 11B NMR δ: -8.14[d, 1B, 1J(11B,
1

H) = 122.4 Hz], -14.1[d, 5B, 1J(11B, 1H) = 138.9 Hz], -16.2[d, 5B, 1J(11B, 1H) =

155.4 Hz].
Cesium carba-closo-dodecaborate [Cs+][CB11H12-] →
Cesium 12-Iodocarba-closo-dodecaborate [Cs+][CB11H11I-]
(rxn ID ER-087)
Cesium carba-closo-dodecaborate (1.5075 g, 0.0055 mol) was combined with
solid iodine (5.355 g, 0.222 mol) in glacial acetic acid (50 mL). The solution was
stirred at room temperature for 4.5 hours and then quenched with saturated
sodium sulfite (Na2SO3, ~2M, 50 mL). Upon addition the solution turned yellow.
The solution was then rotovaped at 60ºC and turned white/clear. The solid was
then dissolved in 50 mL of water and CsCl(aq) (2.6 g, 0.015 mol) was added and
crystals were collected (0.7g, 0.0018 mol, 31% yield). 11B NMR δ: -10.6[d, 5B,
1

J(11B, 1H) = 136.5 Hz], -15.1[d, 5B, 1J(11B, 1H) = 151 Hz], -16.8[s, 1B].
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Example Suzuki Reaction via MWI
Cesium 12-Iodocarba-closo-dodecaborate [Cs+][CB11H11I-] →
Cesium 12-phenyl-carba-closo-dodecaborate [Cs+][CB11H11Ph-]
(rxn ID ER-026)
Cesium 12-iodocarba-closo-dodecaborate (19.1 mg, 0.048 mmol) was combined
with phenylboronic acid (9.6 mg, 0.079 mmol, 1.6 eq),
tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) (4.7 mg, .0051 mmol, 0.1
eq), 1,1'-bis(diphenylphosphino)ferrocene (dppf) (5.0 mg, .0090 mmol, 0.2 eq),
and CsF (40.7 mg, 0.268 mmol, 5 eq) in DMF (2 mL). The reaction mixture was
microwaved at 60ºC for 1 hour. 11B NMR and HPLC-MS showed no sign of
reaction.

Example Suzuki Reaction via reflux
Cesium 12-Iodocarba-closo-dodecaborate [Cs+][CB11H11I-] →
Cesium 12-phenyl-carba-closo-dodecaborate [Cs+][CB11H11Ph-]
(rxn ID ER-038)
Cesium 12-iodocarba-closo-dodecaborate (28.2 mg, 0.070 mmol) was combined
with phenylboronic acid (14.1 mg, 0.116 mmol, 1.6 eq),
tetrakis(triphenylphosphine)Palladium(0) Pd(PPh3)4 (8.2 mg, .0070 mmol, 0.1
eq), and CsF (28.0 mg, 0.184 mmol, 2.5 eq) in DME (2 mL). The reaction mixture
was refluxed at 90ºC under argon for 25 min. 11B NMR and HPLC-MS showed
no sign of reaction.
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Example Heck Reaction on Iodinated Precursor
Cesium 12-Iodocarba-closo-dodecaborate [Cs+][CB11H11I-] →
Cesium 12-styrene-carba-closo-dodecaborate [Cs+][CB11H11C8H7-]
(modified from rxn ID ER-092, ER-086)
Cesium 12-iodocarba-closo-dodecaborate (97.6 mg, 0.24 mmol) was combined
with styrene (34.4 μL, 0.3 mmol, 1.2 eq), silver acetate (147.0 mg, 0.88 mmol,
3.67 eq), and palladium acetate (1.0 mg, .004 mmol, 0.02 eq) in DME (10 mL).
The solution was refluxed at 70ºC for 3.5 hours. The reaction mixture was filtered
through celite prepped with acetonitrile, and then diethyl ether (20 mL) and water
(20mL) were added. The solution was vigorously shaken and separated into two
layers. The ether layer was separated and the water layer was rinsed further with
ether (3x20 mL). The ether layers were collected and evaporated down fully to a
white residue. This residue was placed into a silica plug (4.5 cm long) prepared
with pure DCM. Several fractions were collected and analyzed by 11B NMR and
HPLC-MS. 11B NMR δ: 1.9[s, 1B (92% yield)], -3.9[s, 1B (29% yield)], -11.6[d,
5B, 1J(11B, 1H) = 140 Hz], -15.6[d, 5B, 1J(11B, 1H) = 146 Hz], -18[s, 1B (9%
yield).
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Example Heck Reaction on Hydrogenated Precursor
Cesium 1-closo-dodecaborate [Cs+][CB11H12-] →
PhMe3N 12-Styrene-carba-closo-dodecaborate [PhMe3N+][CB11H11C8H7-]
(rxn ID ER-097, ER-076)
Cesium 1-closo-dodecaborate (278.2 mg, 1.00 mmol) was combined with styrene
(172.2 μL, 1.49 mmol, 1.5 eq), silver acetate (676.3 mg, 4.05 mmol, 4 eq), and
palladium acetate (10.9 mg, .049 mmol, 0.05 eq) in DME and refluxed at 80ºC for
16 hours. The crude mixture was filtered through celite prepped with DME.
Hexane (20 mL) and water (20 mL) were added and separated. Ph(CH3)3NCl(aq)
(0.9536 g, 5.56 mmol) was added to the water layer and then the solution was
rotovaped to dryness. The solid residue was rinsed with ammonium hydroxide
(30%, 10 mL) three times. 11B NMR δ: 1.0[s, 1B], -4.6[s, 1B], -6.8[d, 1B, 1J(11B,
1

H) = 115 Hz], -12.2[d, 5B, 1J(11B, 1H) = 145 Hz], -16.2[d, 5B, 1J(11B, 1H) = 146

Hz].
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Example Acylation Reaction
Cesium 12-Iodocarba-closo-dodecaborate [Cs+][CB11H11I-] →
Tetraethylammonium 12-acetyl-carba-closo-dodecaborate[Et4N+][CB11H11COCH3-]
(rxn ID ER-115)
Cesium 12-iodocarba-closo-dodecaborate (101.1 mg, 0.25 mmol) was combined
with silver acetate (136.4 mg, 0.82 mmol, 3.25 eq), phenylboronic acid (86.3 mg,
0.71 mmol, 3 eq), and tetrakis(triphenylphosphine)palladium(0) (28.3 mg, 0.024
mmol, 0.1 eq) in DME and heated at 70ºC for 45 min. The crude material was
filtered through celite and then rotovaped to dryness. The residue was dissolved in
20 drops of reagent acetone and then passed through a silica plug (4.5 cm,
prepped with DCM) in two fractions, one (15 mL) with DCM and one (15 mL)
with reagent acetone. The second fraction was evaporated, dissolved in water, and
then combined with a solution of tetraethylammonium bromide (107.0 mg, 0.5
mmol, 2 eq). The solid residue was then collected, dissolved in a minimum of
acetone and water, and then left to evaporate slowly to form crystals. 11B NMR
and MS were collected on the material beforehand. 11B NMR: -1.5[s, 1B (67%
yield)], -7.31[s, 1B (6% yield)], -12.5[d, 5B, 1J(11B, 1H) = 134 Hz], -16.0[d, 5B,
1

J(11B, 1H) = 150 Hz].
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Appendix A: Reaction Table
Rxn ID

Starting
Target
Compound Compound

Catalyst

Adduct(s)

Notes

ER-001

B10H14

Step 1

ER-004

7-(CH3)3NCB10H12
CsCB10H13

NaCN
(CH3)2SO4
Na0

NaOH

ER-002

7-(CH3)3NCB10H12
CsCB10H13
CsCB11H12

Et3NBH3

ER-005

CsCB11H12

CsCB11H11I

I2

CH3COOH

ER-006

CB11H11I-

CB11H11Ph-

PdCl2(PPh3)2

ER-007

CB11H11I-

CB11H11Ph-

PdCl2(PPh3)2

ER-008

CB11H11I-

CB11H11Ph-

Pd(OAc)2

ER-009

CB11H11I-

CB11H11Ph-

Pd(OAc)2

PhB(OH)2
CsF
PhB(OH)2
CsF
PhB(OH)2
CsF
CsF

ER-010

CB11H11I-

CB11H11Ph-

Pd(OAc)2

ER-011

CB11H11I-

Disproportionation MWI

ER-012

CB11H11I-

Disproportionation MWI

ER-013

CB11H11I-

CB11H11Ph-

ER-014

CB11H11I-

CB11H11Ph-

ER-015

CB11H11I-

CB11H11Ph-

ER-016

CB11H11I-

CB11H11Ph-

Pd(PPh3)4

ER-017

CB11H11I-

CB11H11Ph-

ER-018

CB11H11I-

CB11H11Ph-

ER-019

CB11H11I-

CB11H11Ph-

ER-020

CB11H11I-

CB11H11Ph-

Pd2(dba)3
dppb
Pd2(dba)3
Dppb
Pd2(dba)3
Dppb
Pd2(dba)3
Dppb

PdCl2
dppb
PdCl2
Dppf
PdCl2
dppb
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Step 2
Step 3

Suzuki
Suzuki
Suzuki
Suzuki
Suzuki
200ºC

PhB(OH)2
CsF
PhB(OH)2
CsF
PhB(OH)2
CsF
CB11H12
PhB(OH)2
CsF
PhB(OH)2
CsF
PhB(OH)2
CsF
PhB(OH)2
K2CO3
PhB(OH)2
CsF
DMF

Suzuki
Suzuki
Suzuki
Suzuki
Suzuki
Suzuki
Suzuki
Suzuki

Rxn ID

ER-023

Starting
Target
Compound Compound
B10H14
7-(CH3)3NCB10H12
7-(CH3)3N- CsCB10H13
CB10H12
CB11H11ICB11H11Ph-

ER-024

CB11H11I-

CB11H11Ph-

ER-025

CB11H11I-

CB11H11Ph-

ER-026

CB11H11I-

CB11H11Ph-

ER-027

CB11H11I-

CB11H11Ph-

ER-028

CB11H11I-

CB11H11Ph-

ER-029

CB11H11I-

CB11H11Ph-

Pd(PPh3)4
dppb

ER-030

CB11H11I-

CB11H11Ph-

PdCl2(PPh3)2

ER-031

CB11H11I-

CB11H11Ph-

Pd2(dba)3
dppb

ER-032

CB11H11I-

CB11H11Ph-

PdCl2

ER-033

CB11H11I-

CB11H11Ph-

Pd(PPh3)4

ER-034

CB11H11I-

CB11H11Ph-

Pd(PPh3)4

ER-035

CB11H11I-

CB11H11Ph-

Pd(PPh3)4

ER-036

CB11H11I-

CB11H11Ph-

PdCl2
dppb

ER-021
ER-022
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Catalyst

Adduct(s)

Notes

NaCN
(CH3)2SO4
Na0

NaOH

Step 1

Pd2(dba)3
Dppb
Pd2(dba)3
Dppb
Pd2(dba)3
Dppf
Pd2(dba)3
Dppf
Pd(PPh3)4
In toluene and
methanol (5:1)
Pd(PPh3)4

PhB(OH)2
CsF
PhB(OH)2
CsF
PhB(OH)2
CsF
PhB(OH)2
CsF
PhB(OH)2
CsF

Suzuki

PhB(OH)2
K2CO3
(5:1)
PhB(OH)2
CsF
(5:1)
PhB(OH)2
CsF
(5:1)
PhB(OH)2
CsF
(5:1)
PhB(OH)2
CsF
(5:1)
PhB(OH)2
CsF
(5:1)
PhB(OH)2
CsF
(10:1)
PhB(OH)2
tBAF
THF
PhB(OH)2
tBAF
(10:1)

Suzuki

Step 2

Suzuki
Suzuki
Suzuki
Suzuki

Suzuki
Suzuki
Suzuki
Suzuki
Suzuki
Suzuki
Suzuki
Suzuki

Rxn ID

Catalyst

Adduct(s)

Notes

ER-037

Starting
Target
Compound Compound
CB11H11ICB11H11Ph-

Pd(PPh3)4

Suzuki

ER-038

CB11H11I-

CB11H11Ph-

Pd(PPh3)4

PhB(OH)2
CsF
(5:2)
PhB(OH)2
CsF
Reflux

ER-039

CB11H11I

Disproportionation

ER-040

CB11H11I

Disproportionation

ER-041

CB11H11I-

CB11H11Ph-

Pd(PPh3)2Cl2

ER-042

CB11H11I-

CB11H11Ph-

Pd2(dba)3

ER-043

CB11HI11-

ER-044

CB9H9I-

CB9H9Ph-

ER-045

CB11H11I-

Disproportionation H2O

ER-046

CB11H11I-

Disproportionation H2O

MWI

ER-047

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-048

CB11H11I-

CB11H11C8H7-

Pd(PPh3)Cl2

ER-049

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-050

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-051

CB11H11I-

CB11H11C8H7-

PdCl2

ER-052

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-053

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-054

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-055

CB11H12-

CB11H11C8H7-

Pd(OAc)2

Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc

180ºC

Pd2(dba)3
Pd(PPh3)Cl2
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Suzuki

KI

180ºC

PhB(OH)2
CsF
Reflux
PhB(OH)2
CsF
Reflux
PhB(OH)2
CsF
Reflux
PhB(OH)2
CsF

Suzuki
Suzuki
Suzuki on
I11
Suzuki

Heck
Heck
Heck
Heck
Heck
Heck
Heck
Heck
Heck

Rxn ID

Catalyst

Adduct(s)

Notes

ER-056

Starting
Target
Compound Compound
CB11H11ICB11H11C8H7-

Pd(OAc)2

Heck

ER-057

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-058

CB11H11I-

CB11H11C8H7-

Pd(PPh3)Cl2

ER-059

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc

CB11H11C8H7-

ER-060

Heck
Heck
Heck
x10 scale
Workup
testing
Heck

ER-061

CB11H11I-

CB11H11C5H8O2-

Pd(OAc)2

Ethyl
acrylate
AgOAc

ER-062

CB11H11I-

CB11H11C5H8O2-

Pd(PPh3)4

Heck

ER-063

CB11H11I-

CB11H11C5H8O2-

Pd(OAc)2

ER-064

CB11H11I-

CB11H11C5H8O2-

Pd(OAc)2

ER-065

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-066

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

Ethyl
acrylate
Ag3PO4
Ethyl
acrylate
AgOAc
Ethyl
acrylate
AgOAc
Styrene
AgOAc
Styrene

ER-067

CB11H11I-

CB11H11C8H7-

Heck

ER-068

CB11H11I-

CB11H11C8H7-

ER-069

CB11H11I-

CB11H11C8H7-

Styrene
AgOAc
Styrene
AgOAc
Styrene

ER-070

CB11H11I-

CB11H11C8H7-

Heck

ER-071

CB11H11I-

CB11H11C8H7-

Pd2(dba)3

ER-072

CB11HI11-

CB11H(C8H7)11-

Pd(OAc)2

ER-073

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-074

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

Styrene
Ag3PO4
Styrene
Ag3PO4
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc

Pd(OAc)2
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Heck
Heck
Heck
Heck

Heck
Heck

Heck
Heck
Heck
Heck

Rxn ID

Catalyst

Adduct(s)

Notes

ER-075

Starting
Target
Compound Compound
CB11H11ICB11H11C8H7-

Pd(OAc)2

Heck

ER-076

CB11H12-

CB11H11C8H7-

Pd(OAc)2

ER-077

CB11H12-

CB11H11C8H7-

Pd(OAc)2

ER-078

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
MeCN
Styrene
AgOAc
Ethyl
acrylate
AgOAc
Styrene
AgOAc
MeCN
Styrene
AgOAc
MeCN
Styrene
AgOAc
MeCN
Styrene
AgOAc
CuI
Styrene
AgOAc
Styrene
AgOAc
MeCN
CH3COOH
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc

Heck

ER-079

Pd(OAc)2

ER-080

CB11H11I-

CB11H11C5H8O2-

Pd(OAc)2
MeCN

ER-081

CB11H12-

CB11H11C8H7-

Pd(OAc)2

ER-082

CB11H12-

CB11H11C8H7-

Pd(OAc)2

ER-083

CB11H12-

CB11H6(C8H7)6-

Pd(OAc)2

ER-084

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-085

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-086

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-087

CsCB11H12

CsCB11H11I

I2

ER-088

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-089

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-090

CB11H12I-

CB11H11C8H7-

Pd(OAc)2

ER-091

CB11H11I-

CB11H11C8H7-

Pd(OAc)2

ER-092

CB11H11I-

CB11H11C8H7-

Pd(OAc)2
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Heck
Heck
Heck

Heck
Heck
Heck
Heck
Heck
Heck
Heck

Heck
Heck
Heck
Heck

Rxn ID

Catalyst

Adduct(s)

Notes

ER-093

Starting
Target
Compound Compound
CB11H12CB11H11C8H7-

Pd(OAc)2

Heck

ER-094

CB11H12-

CB11H11C8H7-

Pd(OAc)2

ER-095

CB11H12-

CB11H11C8H7-

Pd(OAc)2

ER-096

CB11H11I-

CB11H11Ph-

Pd(PPh3)4

ER-097

CB11H12-

CB11H11C8H7-

Pd(OAc)2

ER-098

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-099

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

Styrene
AgOAc
Styrene
AgOAc
Styrene
AgOAc
PhB(OH)2
AgOAc
Styrene
AgOAc
PhB(OH)2
AgOAc
AgOAc

ER-100

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

KOAc

Acylation

ER-101

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

Acylation

ER-102

CB11H11I-

CB11H11COCH3-

PhB(OH)2
AgOAc
PhB(OH)2
AgOAc

ER-103

CB11H11I-

CB11H11COCH3-

Pd(OAc)2

Acylation

ER-104

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-105

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-106

CB11H12-

CB11H11COCH3-

Pd(PPh3)4

ER-107

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-108

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
MeCN
PhB(OH)2
AgOAc
PhB(OH)2
NH4OAc
PhB(OH)2
AgOAc

ER-109

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-110

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-111

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

Silver Benzoate

Sodium
Benzoate
Pd(PPh3)4

ER-112
ER-113

CB11H11I-

CB11H11COPh-
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Heck
Heck
Acylation
Heck
Acylation
Acylation

Acylation

Acylation
Acylation
Acylation
Acylation
Acylation
Acylation

AgOAc
PhB(OH)2
AgOAc
B(OH)3
AgOAc
AgNO3
PhB(OH)2
AgOBz

Acylation
Acylation

Acylation

Rxn ID

Catalyst

Adduct(s)

Notes

ER-114

Starting
Target
Compound Compound
CB11H11ICB11H11COCH3-

Pd(PPh3)4

Acylation

ER-115

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-116

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-117

CsCB11H12

CsCB11H11I

I2

PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
CH3COOH

ER-118

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

Acylation

ER-119

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

Acetic
Anhydride
Acetic
Anhydride
AgNO3

ER-120

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

Acylation

ER-121

B10H14

ER-122

CB11H11I-

7-(CH3)3NCB10H12
CB11H11COCH3-

NaCN
(CH3)2SO4
Pd(PPh3)4

Acetic
Anhydride
AgOAc
NaOH

Acylation

ER-123

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-124

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-125

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-126

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-127

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-128

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-129

CB11H11I-

CB11H11COCH3-

Pd2(dba)3

ER-130

CB11H11I-

CB11H11COCH3-

PdCl2

ER-131

CB11H11I-

CB11H11COCH3-

Pd(OAc)2

ER-132

CB11H11I-

CB11H11COCH3-

Pd(OAc)2

Acetic
Anhydride
AgOAc
PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
Acetic
Anhydride
Ag3PO4
PhB(OH)2
AgOAc
Acetic
Anhydride
AgOAc
PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
AgOAc
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Acylation
Acylation

Acylation

Step 1

Acylation
Acylation
Acylation
Acylation
Acylation
Acylation
Acylation
Acylation
Acylation
Acylation

Rxn ID

Catalyst

Adduct(s)

ER-133

Starting
Target
Compound Compound
CsCB11H12 CsCB11H11I

I2

CH3COOH

ER-134

CsCB11H12

CsCB11H11I

I2

CH3COOH

ER-135

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-136

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-137

CB11H11I-

CB11H11COPh-

Pd(PPh3)4

ER-138

CB11H11I-

CB11H11COPh-

Pd(OAc)2

ER-139

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

ER-140

CB11H11I-

CB11H11COCH3-

Pd(PPh3)4

PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
PhB(OH)2
AgOBz
PhB(OH)2
AgOBz
PhB(OH)2
AgOAc
PhB(OH)2
AgOAc
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Notes

Acylation
Acylation
Acylation
Acylation
Acylation
Acylation

Appendix B: Selected Spectra
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Isotopic Ratios of compound with m/z = 185 and compound with m/z = 327
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