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ABSTRACT OF THE DISSERTATION

Vertex-Selective Functionalization of Icosahedral Boron Clusters
by
Rafal Miroslaw Dziedzic
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2019

Professor Alexander M. Spokoyny, Chair

Icosahedral boron clusters (e. g. C2B1oH12, [CB11H12]Y, [B12H12]%) are aromatic molecules that can
serve as 3-dimensional scaffolds in molecular materials. Vertex-selective functionalization of
boron cluster B—H bonds allows tuning of the electronic properties and spatial arrangement of
boron cluster-bound moieties. Vertex-selective functionalization of icosahedral boron clusters is
desirable for making complex molecules based on boron cluster scaffolds. Thus new
functionalization methods for boron clusters are needed which can append a variety of functional
groups with atomic precision. Vertex-specific functionalization of polyhedral boranes is possible
by leveraging the anisotropic electron density and inductive effects of the icosahedral boron
clusters to control the site of functionalization. By adapting existing palladium-catalyzed cross-
coupling chemistry to polyhedral boranes we are able to form B—O, B—N, and B—C bonds with
amines, heterocycles, alkoxides, boronic acids, and small nucleophiles (e.g. —F, “OH, —NH, and
—CN). Our discovery of Pd-catalyzed isomerization (“cage-walking”) of bromo-meta-carborane



(9-Br-m-C2B10H11) into four Br-m-C;B10H11 regioisomers enables synthesis of several regioisomer
products from a single starting material. Incorporation of the cage-walking process into Pd-
catalyzed cross-coupling allows synthesis of all four boron-vertex (B(9), B(5), B(4), and B(2))
functionalized meta-carborane regioisomers from 9-Br-m-C:BioH1u1. Additionally, vertex-
selective functionalization enables tuning of physical properties, such as melting point and
electrochemical behavior, that expand the utility of polyhedral boranes to new application. We are
interested in tuning the chemical stability and weak coordination properties of polyhedral borane

anions for ionic liquid electrolytes and flow-battery applications.
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Chapter 1. Metal-Catalyzed Cross-Coupling Chemistry with Polyhedral Boranes

This chapter provides a review of metal-catalyzed cross-coupling reactions with a variety of
polyhedral boranes. In particular, it focuses on the versatility, limitations and future outlook of

palladium-catalyzed cross-coupling for synthesizing new boron cluster molecules.

This article is a reprint of Dziedzic, R. M.; Spokoyny, A. M. Metal-Catalyzed Cross-Coupling
Chemistry with Polyhedral Boranes. Chem. Commun. 2019, 55 (4), 430-442. DOI:

10.1039/C8CC08693A with permission from the Royal Society of Chemistry.



Metal-catalyzed cross-coupling chemistry with
polyhedral boranes

*ab

Rafal M. Dziedzic & *® and Alexander M. Spokoyny
Over the past several decades, metal-catalyzed cross-coupling has emerged as a very powerful strategy
to functionalize carbon-based molecules. More recently, some of the cross-coupling methodologies
have been adapted to inorganic compounds including boron-rich clusters. The development of this
chemistry relies on the ability to synthesize halogenated boron-rich clusters which can serve as
electrophilic cross-coupling partners with nucleophilic substrates in the presence of a metal catalyst.
While the cross-coupling chemistry with boron-clusters is conceptually reminiscent of that of its
hydrocarbon counterparts, several key aspects including the spheroidal bulk of clusters and the distinct
nature of boron-halogen/boron—heteroatom bonds make this chemistry unique. The utility of metal-
catalyzed cross-coupling can be extended to several classes of polyhedral boranes including neutral and
anionic carboranes, metallaboranes, and carbon-free boranes. Importantly, cross-coupling enables a
suite of boron—heteroatom (C, N, O, P, S) couplings to prepare boron cluster-based systems that can be
used for ligand design, medicinal chemistry, and materials applications.

“ Department of Chemistry & Biochemistry, University of California, Los Angeles,
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Introduction

Metal-catalyzed cross-coupling is a powerful method for con-
structing larger molecules by covalently bonding molecular
fragments.'”” These reactions play an important role in organic
synthesis due to the adaptability of metal catalysts to specific
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Fig. 1 Generalized Pd-catalyzed cross-coupling of a representative halo-
carborane (halogen is attached onto the B(9) position of a meta-carborane
cluster). OA = oxidative addition, TM = transmetallation, RE = reductive
elimination.

molecules including complex aromatic compounds and unsaturated
hydrocarbons. Among such reactions, palladium-catalyzed cross-
coupling between an electrophile and a nucleophile has shown
broad utility in synthesis. Pd-Catalyzed cross-coupling generally
features three elementary steps: oxidative addition of an electrophile,
transmetallation of a nucleophile, and coupling of the electrophile
and nucleophile by reductive elimination, Fig. 1.

In the 1950s researchers discovered a new class of boron-
rich molecules characterized by 3-center-2-electron bonds that
stabilize polyhedral borane structures into cage-like (closo-)
structures, Fig. 2.° Formation of closo-polyhedral boranes
results in a 3-dimensional (3D) c-aromaticity that is considered
a 3-dimensional analog of 2-dimensional aromatic molecules
(e.g:, benzene). At the onset of the discovery of polyhedral boranes,
a fundamental interest pertaining to the reactivity of these clusters
has emerged. Several reactions observed with aromatic hydro-
carbons, such as electrophilic and nucleophilic substitution,

AT 4@ A

VaX P/\,’F Ava (I ViwA(l

"\‘// S \[/_ =~ jV.J qﬁp-

[CBgH1o]" [B1oH10l* [CBy1Hy2]™ [512"'1232'
ortho- meta- para-
C2B1oH12 C2B1gH12 C2B1gH12

Fig. 2 Polyhedral borane clusters that can serve as precursors to electro-
philic substrates that can be subsequently used in metal-catalyzed cross-
coupling.

have been subsequently applied to boron clusters. This similar
reactivity led to investigations into whether polyhedral boranes
can undergo metal-mediated reactions like Pd-catalyzed cross-
coupling reactions of aryl halides. Reactions of ortho/meta-carborane
with Hg(CF;COO0), in triflic acid yielded [Hg(CF;COO)(9-B-o/m-
C,B1oH11)] carboranyl compounds reminiscent of the early work
by Heck with arylmercury species.”'® Following these results,
successful Pd-catalyzed cross-coupling of B-iodo-carboranes
with Grignard reagents established an early precedent for using
metal-catalyzed cross-coupling to derivatize polyhedral boranes.

This article will describe how metal-catalyzed cross-coupling
has been developed, and deployed, to a broad subset of poly-
hedral boranes. Emphasis is placed on principles that are
applicable to many compositions of polyhedral boranes. First,
we will present how metal-catalyzed B-C coupling with various
polyhedral boranes establishes the broad utility of cross-coupling
for different polyhedral borane compositions. Then, the various
metal-catalyzed B-N, B-O, and B-P couplings highlight the nuances
of using polyhedral boranes as cross-coupling partners.

Polyhedral boranes as substrates

Ten- and 12-vertex closo-boranes have garnered attention due to
their stability and synthetic accessibility. Their 3D aromaticity
also imparts high thermal and chemical stability that makes
these polyhedral boranes interesting for molecular building
blocks and for scaffolds in supramolecular materials such as
metal-organic frameworks,"" macrocycles,'>'* dendrimers,
and covalent nanoparticle cores.'® Ten- and 12-vertex closo-
boranes exist as neutral, anionic and dianionic molecules
depending on the composition of the boron-cluster core. The
commonly encountered 10-vertex closo-boranes are [ByoHyq]”~
and [CBoH,,]'"; and the common 12-vertex closo-boranes are
[B12H1,]*, [CB11H1,]', and three isomers (ortho-, meta-, para-)
of C,B10H;,, Fig. 2. These 3D aromatic molecules are frequently
compared to benzene, but they are more sterically similar to
adamantane.'>"” For example, ortho-C,B;0H;, has a calculated
van der Waals volume of 148 A®, whereas benzene has a volume
of 79 A* and the non-aromatic adamantane has a volume of
136 A®.*>'® The larger volume and c-aromaticity of polyhedral
boranes require additional consideration when using them as
replacements for phenyl or adamantyl moieties."®

Polyhedral boranes also possess exohedral o-bonds that
allow covalent bonding between a boron cluster core and other
molecular fragments. The electronic coupling between exohedral
moieties and the boron cluster core can be engineered by the boron-
cluster composition; this tunability presents exciting opportunities
for designing the electronic properties of polyhedral borane-based
materials.

Controlled engineering of borane-based materials relies on
precise ways of covalently attaching molecular fragments to the
boron-cluster core. For polyhedral boranes that contain a cage
heteroatom, such as a carbon vertex in closo-C,B,,H;, or [closo-
CBquZ]l’, the C-H vertex proton is much more acidic compared
to the hydridic B-H vertices."® The higher acidity of the C-H proton
allows it to be deprotonated with a strong base and the resulting C™
vertex can undergo Sy2 reactions with electrophiles to produce



carbon substituted polyhedral boranes. Such Sy2 reactions are used
to selectively append functional groups to the carbon vertices of
neutral and anionic carboranes. However, this functionalization
approach is not useful for [B;oH;o*  and [B;,H;,]* ", which have
no C-H vertices, or when seeking to attach a functional group to a
boron vertex.

Inductive effects can be transmitted through polyhedral
boranes to exohedral functional groups.'® In terms of electronic
effects, the more electronegative carbon vertices of carboranes
(e.g. closo-C,B1oHy, [cl0s0-CBoH ]~ or [closo-CBy;1Hy,]" ") have
an electron withdrawing effect, whereas bonding to the boron
vertices produces an electron donating effect. The downside to the
facile Sn2 substitution of C-H vertices is that the carboranyl
fragment always acts as an electron withdrawing group and the
electron donating effects of the polyhedral boranes are not conferred
to the exohedral moiety. Thus, a diverse set of methods that allow
functionalization of the boron vertices are critical to fully capture the
utility of polyhedral boranes in hierarchal designs.

B-H functionalization

Direct B-H functionalization methods provide new synthons
for studying 3D aromaticity in molecular systems. Among these
methods, reactions of electrophiles (E') with the electron-rich
B-H vertices of polyhedral boranes form a variety of B-E bonds.
Halogenated polyhedral boranes can be readily synthesized by
the reaction of elemental halogens with polyhedral boranes in
the presence of a Lewis acid catalyst (AICl; or FeCl;), Fig. 3.
These halogenation reactions also produce polyhalogenated boranes
that serve as important entry-points to metal-catalyzed cross-
coupling. Cage reconstruction is an additional approach to
synthesizing halogenated boranes; it involves reacting an open
(nido-)polyhedral borane with BX; or BH,X (X = F, Cl, Br, or I) to
install a B-X vertex and form a closo- structure, Fig. 3. Both
electrophilic and cage reconstruction methods can be applied to
produce polyhalogenated compounds.

Metal-catalyzed B-vertex functionalization

Of the known polyhedral boranes, the 12-vertex carboranes
have the largest number of cross-coupling reactions demon-
strated. Carboranes containing two carbon vertices, C,B;oH;,,
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are neutral molecules with 3 isomers named by the distance (ortho-,
meta-, para-) between the carbon atoms, Fig. 2.°° The anisotropic
c-aromaticity of carboranes is often leveraged in different metal-
catalyzed functionalization routes to install various functional
groups onto different boron vertices of polyhedral boranes.*!

Two forms of metal-catalyzed functionalization prevail in
the literature: (1) metal-catalyzed B-H activation,”* > and (2)
metal-catalyzed cross-coupling at B-X (X = Br or I) bonds. Metal-
catalyzed B-H activation strategies often feature a directing
group bound to the boron cluster which coordinates an electro-
philic metal center near a B-H vertex and promotes B-H bond
cleavage.”** In contrast, metal-catalyzed cross-coupling relies
on electron-rich metals to perform oxidative addition into B-X
bonds, Fig. 1. These two methods are complementary because
they target electronically different vertices. For example, metal-
catalyzed B-H activation can be used to halogenate vertices that
do not readily undergo electrophilic halogenation or to create
nucleophilic cross-coupling partners for metal-catalyzed cross-
coupling.

One advantage of metal-catalyzed cross-coupling is that it
allows coupling wherever a halogen can be installed. This
leverages the breadth of polyhedral borane halogenation reactions
to create a vast library of potential substrates. Successful cross-
coupling reactions with Grignard reagents were performed in the
presence of Pd and Ni catalysts under conditions closely resem-
bling those used for aryl iodides. Early on, a view emerged that
carboranes are a 3-dimensional analog of benzene because of
their aromaticity, susceptibility to electrophilic alkylation and
halogenation, and metal-catalyzed cross-coupling. This led to
the development of functionalization reactions that closely
resemble those of carbon-based aromatic molecules. However,
further development of polyhedral borane cross-coupling
calls for methods that account for their distinct electronic and
steric properties.

Boron-halogen bond activation

Most reports of polyhedral borane cross-coupling target the
weakest boron-halogen bond which is a B-I bond, whereas
other B-X (X = F, Cl, or Br) bonds were originally dismissed as
too unreactive, Fig. 4.>*%° The lack of reactivity in B-bromo and

Polyhalogenated Polyhedral Boranes

2,11-12-p-C2B1gH10

[Co(C,BgHgl3)2]"

(left) Electrophilic halogenation of ortho-carborane and cage-reconstruction of ortho-carborane by deboronation and subsequent “recapitation”.

(right) Examples of polyiodinated polyhedral boranes used in Pd-catalyzed cross-coupling.
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B-chloro polyhedral boranes in cross-coupling reactions was
attributed to the stronger B-X bonds, compared to aryl C-X bonds,
which prevented oxidative addition of B-bromo-carboranes. This
difference in B-X bond strength allowed radiolabelling of carbor-
anes with “®Br and "°F because the resulting B-bromo- and B-fluoro-
carboranes do not undergo oxidative addition in the presence of
commonly used Pd catalysts.*>*® A survey of the catalyst systems
used in cross-coupling of carboranes reveals that the majority
of Pd-catalyzed reactions use a small set of phosphine ligands,
mainly triphenylphosphine (PPhjy).

The reactivity of B-bromo-carboranes in Pd-catalyzed cross-
coupling was finally overcome by using electron-rich dialkyl
biaryl phosphines, which are known to activate C-Cl and C-OTf
bonds of many carbon-based molecules, Fig. 4. Now, the
difference in reactivity among B-X bonds presents heterofunc-
tionalization pathways through catalyst-controlled sequential
cross-coupling.®”

Metal-catalyzed B—C bond formation

Despite the narrow scope of catalysts examined for polyhedral
borane cross-coupling, a variety of B-C coupling reaction types
have been demonstrated. The first reports of polyhedral borane
cross-coupling feature reactions of B-iodo-carboranes and
Grignard reagents in the presence of Pd catalysts.>®*™*! After-
wards, Neigishi-type reactions were shown to produce B-C sp®
and B-C sp® bonds with 5- and 6-member heterocycles.*”
Sonogishira-, Heck-, and Suzuki-type cross-coupling reactions
were also demonstrated on carboranes. Many of these reactions
were adapted to polyhedral boranes with different sizes, com-
positions, and charge. Most importantly, the body of work on
polyhedral borane B-C coupling reveals general rules and
trends that can inform cross-coupling methods on several
classes of polyhedral boranes.
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Fig. 5 Pd-Catalyzed Kumada cross-coupling with 9-1-0-C;B1oH11.
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Kumada- and Neigishi-type coupling

Cross-coupling with Grignard reagents using Pd and Ni catalysts
found [Ni(PPh),] to be extremely inactive compared to [Pd(PPh;),].*®
This type of Pd-catalyzed cross-coupling is often used to couple alkyl,
aryl, vinyl, and alkynyl groups to B-iodo-boranes. Typical reactions
use ethereal solvents such as Et,0 and THF, and [Pd(PPh;),Cl,] or
[PA(PPh;),] as the catalyst Fig. 5.%%°%%" These reactions require
several hours, or days, of refluxing depending on the Grignard
reagent used. Cross-coupling of aryl, vinyl, and alkynyl substrates
is more efficient than cross-coupling of alkyl groups. When using
alkylmagnesium halides as the cross-coupling partner, reduction of
B-iodo-carboranes (C,B;oH;;1) to their parent carborane (C,B;oH;5)
was observed. Analogous reduction of aryl halides in the presence of
Pd catalysts has been observed.”™ Importantly, reaction kinetics
for this type of cross-coupling chemistry can be improved when
precatalysts featuring biaryl ligands are used.*®

The resulting low yields and long reaction times are attributed
to palladium hydride complexes that may form by B-hydride
elimination from alkylpalladium intermediates. Hawthorne and
co-workers reported that addition of Cul as a co-catalyst signifi-
cantly improved reaction yields by reducing the propensity
toward carborane reduction.*”*”*® Several types of metal-catalyzed
cross-coupling reactions of B-iodo-carboranes with alkynes
using Grignard reagents to form B-C bonds are known.*® Later,
Hawthorne and co-workers demonstrated the adventitious role
of a Cul co-catalyst when using alkynyl Grignard reagents.***®
Importantly, these early cross-coupling methodology techniques
were used to prepare rod-like carborane molecules in a step-wise
iterative manner.*®

Milder cross-coupling reactions using organozinc reagents
demonstrated coupling of heterocycles to p- and m-carboranes
using [Pd(PPh;),Cl,], [Pd(PPh;),], and [Pd(dppb)Cl,], Fig. 6.**
Notably, this allowed coupling of B-iodo-carboranes with an
unprotected ethynyl steroid, 17-o-ethynylestradiol, to produce the
B-C coupled product despite the presence of two alcohol groups
that could have led to B-O coupled products.®® An additional
advantage of using organozinc reagents is that they do not rely on
a base to generate the nucleophilic cross-coupling partner. This
allows the use of 9-I-0-C,B;0H;; as a cross-coupling partner which is
more prone to deboronation than 9-I-m-C,B,oH;;.”" Deboronation is
a particular issue for ortho-carboranes because the resulting anionic
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Fig. 6 Pd-Catalyzed Neigishi cross-coupling with 9-1-m-C,B1oH1;.

nido-carboranes can act as chelating ligands that could sequester
the metal catalyst from the reaction pool.

Sonogishira-, Heck-, and Suzuki-type coupling

Beletskaya et al. reported Sonogishira-type reactivity when
coupling B-iodo-carboranes and acetylene derivatives in the
presence of Cul and [Pd(PPh;),Cl,] as catalysts and pyrrolidine
as the solvent, Fig. 7.*> The push to develop mild transmetallation
reagents extended to B-C bond formation through Heck coupling
of olefins, Fig. 7.°> However, 2-vinylpyridine, butyl acrylate and
acrylonitrile did not react, presumably due to slow coordination of
the olefins to Pd. This work features the use of a Pd(n) palladacycle
(Herrmann’s catalyst) as a precatalyst to generate the catalytically
active Pd(0) species. This was found to greatly increase the product
yield by extending the lifetime of the catalyst system and points to
a long standing problem with catalyst stability during carborane
cross-coupling.

Interest in bench-stable transmetallation agents led to the devel-
opment of cross-coupling with aryl boronic acid nucleophiles.’**
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Fig. 7 (top) Pd-Catalyzed Sonogishira and Kumada cross-coupling of
acetylenes with 9-1-0-C,BjoHy;. (bottom) Pd-Catalyzed Heck cross-
coupling of styrenes with 2-1-p-C,B1oH1;.
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Fig. 8 (top) Pd-Catalyzed Suzuki cross-coupling of arylboronic acids
with 2-1-p-C,B1oHy;. (bottom) Pd-Catalyzed “cage-walking” and Suzuki
cross-coupling of p-tolylboronic acid with 9-Br-m-C,B1oH;; to produce
2-p-tolyl-m-C,BoHy;.

Cross-coupling of aryl boronic acids was reported with
2-I-p-C,BjoH;; in the presence of CsF and Pd,dbas/dppb,
Fig. 8.7 Suzuki cross-coupling of PhB(OH), with 9-11m-C,B;oH;
and 2-1-0-C,B;oH;; was also reported using [Pd(PPhs),] as the
catalyst and K,CO; as a base in toluene.**” Importantly, these
cross-coupling reactions were demonstrated using arylboronic
acids (4-NO,, 3-NO,, 3-CN, 3-CHO) that are not compatible
with the previously mentioned Kumada and Neigishi reaction
conditions.>* More recently, the Suzuki coupling of p-tolyl boronic
acid with 9-Br-m-C,B;0H;; produced 2-p-tolyl-m-C,B,0H;; via the
“cage-walking” isomerization mechanism, vide infra. These Suzuki
cross-coupling reactions employ inorganic bases such as F~ or OH ™
to facilitate the transmetallation step,” but these bases are strong
nucleophiles that can lead to deboronation of o- and m-C,B;0H;;
during cross-coupling.®"**

Metal-catalyzed B-C coupling reactions with metallaboranes

In addition to carboranes, polyhedral boranes with transition
metals as vertices are known to participate in halogenation
reactions. Examples of metal-catalyzed cross-coupling also
extend to various iodinated metallaboranes, heteroboranes,
and anionic closo-borates. Many of these reactions feature
cross-coupling of B-I bonds to form B-C bonds using methods
similar to those reported for the neutral carboranes. Among the
many metallacarboranes reported, metal bis(dicarbollide)s have
garnered the most attention due to their simple preparation, high
stability and redox activity.”>® Metal bis(dicarbollide)s can be
prepared by deboronation of carborane and the subsequent reaction
of the resulting nido-carborane with a metal salt precursor.
Metal-catalyzed cross-coupling can be applied in two ways to
metal bis(dicarbollide) synthesis. First, B-iodo-carborane can be
functionalized and deboronated, then the resulting dicarbollides
can be assembled from the functionalized nido-carboranes."””®
Second, iodinated metal bis(dicarbollides) can be subjected to
Kumada and Neigishi coupling to form B-C bonds, Fig. 9.°°°
Cross-coupling of [8-1-3-3'-Co(1,2-C,BoH;0)(1/,2-C,BoH; )]~
with alkynes under Sonogishira conditions produced a tethered
dicarbollide through an intramolecular B-H activation.®”®
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Fig. 10 Pd-Catalyzed Sonogishira cross-coupling of acetylenes with
iodo-metallatricarbadecaborane.

A structurally similar metallaborane, the metallatricarbadecaboranyl,
is also susceptible to Sonogishira coupling of trimethylsilyl, ester,
and ferrocenyl acetylenes, Fig. 10.%”

Similar metal-catalyzed cross-coupling methods have been
applied to less common metallaboranes. Neigishi coupling was
demonstrated on the 6-vertex pentagonal-pyramidal nido-carboranes
to attach ethynyl groups to the boron vertices.***” The resulting
[Cp*Co(2,3-C,B,H3)] compounds were assembled into dimeric
and trimeric multi-metallic compounds to study the electronic
coupling between the [Cp*Co(2,3-C,B,H3)] metal-centers. Selective
functionalization of different boron vertices of the (2,3-C,B,H,)
ligands allowed subtle tuning of the electronic coupling between
[Cp*Co(2,3-C,B,H;)] metal centers.®*” In that work, two [Cp*Co(2,3-
C,B,H;)] units were linked through a diethynyl bridge at two
different boron vertices to form B(5)-B(5') and B(7)-B(7’) bound
dimers. Cyclic voltammetry revealed that the B(7)-B(7') bound
dimer has more Co-Co electronic communication than the
B(5)-B(5’) bound dimer, further demonstrating the utility of precise
B-vertex functionalization in the context of hierarchal design.

Metal-catalyzed B-C coupling reactions with polyhedral borane
anions

Anionic polyhedral boranes are interesting compounds for
applications in catalysis, as weakly coordinating anions, and
as ionic materials such as ionic liquids, liquid crystals, or
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Fig. 11 (top) Pd-Catalyzed Kumada cross-coupling with [12-1-CBy;Hy]*~.
(bottom) Halide selective Pd-catalyzed Kumada cross-coupling with
[7-1-12-X-CByiHyol*™ (X = F, CL or Br).

electrolytes. The anionic [CB;;Hy,]'~ and dianionic [B;,H;,]”"
boranes are isoelectronic with the neutral C,B,,H;, carboranes,
and they exhibit higher reactivity towards electrophiles and
halogens than the neutral carboranes.®® Anionic polyhedral
boranes also undergo Kumada and Neigishi coupling of alkyl,
aryl and alkynyl groups in the presence of [Pd(PPh;),Cl,] and
[Pd(PPh;),] catalysts, Fig. 11.°°7* The reaction conditions used
for cross-coupling with anionic polyhedral boranes closely
resemble those reported for the neutral carborane cross-coupling,
although the poor solubility of the anionic polyhedral boranes
in organic solvents such as Et,O and toluene can lead to slower
catalytic reactivity.

The 10- and 12-vertex monocarborane anions are also com-
patible with Grignard and organozinc reagents, which allows
Pd-catalyzed cross-coupling of alkyl, alkenyl, alkynyl, and aryl groups.
The 10-vertex [CBoHy,]'~ carborane anions bearing amino-, diazo-,
sulfonium-, and carboxylate groups tolerate Pd-catalyzed cross-
coupling with alkyl groups using hexylmagnesium bromide
and hexylzinc chloride as nucleophiles. In addition to B-C bond
formation, cross-coupling of the Pd catalyst phosphine ligand
to form B-P bonds was observed when the alkylzinc or alkyl-
magnesium halide was not present in excess.”®”"

Kumada reactions also function with the dianionic [B;oHoI]*~
and [B12H111]Z’ as the cross-coupling electrophiles to produce
B-C bound alkyl and phenyl groups, Fig. 12.”>”® The metal-
catalyzed B-C coupling reactions were adapted to the charge
compensated 9-1-1,7-(Me,S),-B;,Ho with similar efficiency.”®
Contrary to previous reports, a Cul co-catalyst was not necessary
to achieve a high yield; however, the Grignard reagents used
in this study did not possess any p-hydrogens that can undergo
B-hydride elimination as described previously.
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Fig. 12 (top) Pd-Catalyzed Kumada cross-coupling with [I-BjoHy;]%.
(bottom) Halide selective Pd-catalyzed Kumada cross-coupling with the
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Interestingly, nido-4-1-7-Me;N-7-CB,oHy; was successfully coupled
with allylmagnesium bromide in the presence of [Pd(PPh;),] to yield
nido-4-CH,~CHCH,-7-Me;N-7-CB;oH,,.°® This represents a rare
example of cross-coupling using a nido-carborane since they
are known to coordinate Pd in an n’-fashion that can poison the
metal catalyst.”” %"

Lastly, cyanation of polyhedral boranes is of interest because
the -CN group can be converted to other valuable synthons
such as amides and amines. No direct electrophilic B-CN coupling
methods have been reported, thus cyanation of polyhedral boranes
proceeds via metal-catalyzed cross-coupling®*>** or nucleophilic
displacement of phenyliodonium reagents.** Notably, cyanation of
[12-1-1-CB;;H;4,]"~ with CuCN can proceed at 250 °C in the absence
of a Pd catalyst, albeit use of Pd(PPh;),Cl, reduces the reaction time
from 120 minutes to 15 min at 180 °C.** Likewise, in the early
studies by Trofimenko at DuPont, researchers showed that
perhalogenated B;,- and B;y-based clusters can undergo partial
substitution with cyanide when these compounds were irradiated
with high-power UV light.*® No follow-up of this work has been
reported since and the generality of photo-mediated polyhedral
borate reactivity remains to be explored further.

Metal-catalyzed B—N, B-O, B-S, B-P
bond formation

The reports of B-C bond formation establish that Pd-catalyzed
cross-coupling can be applied to several types of polyhedral
boranes and many of the strategies used in aryl halide cross-
coupling can be adapted to polyhedral boranes. Progress
in metal-catalyzed boron-heteroatom coupling in polyhedral
boranes closely tracks with the development of new catalyst
systems for aryl halide cross-coupling. In the past two decades
Buchwald-Hartwig amination reactions have demonstrated a
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Fig. 13 (top) Pd-Catalyzed Buchwald-Hartwig reaction with 9-I-m-
C5B1oH1; the inset shows commonly used phosphine ligands for metal-
catalyzed B-N, B-O, and B-P coupling.

high substrate tolerance, and many effective ligand designs have
been developed.” In comparison, most reports of Pd-catalyzed
B-C coupling in polyhedral boranes employ triphenylphosphine
or similar phosphines such as P(o-Tol); and Ph,P(CH,),PPh,
{n = 1-3}. The recent emergence of metal-catalyzed B-N, B-O,
and B-P coupling reactions has been driven by advances in catalyst
ligand design. While these catalysts were originally developed for
aryl-based systems, the selection of these catalysts for boron clusters
is not straightforward, further underscoring the distinct electronic
and steric properties of polyhedral boranes, Fig. 13.

Metal-catalyzed B-N and B-O coupling

The first report of catalytic carborane aminations was demon-
strated on 2-I-p-C,B,oH;; with imidazole, morpholine, and aromatic
amines using Pd,dbay/BINAP as the catalyst and Na‘BuO as a
base.®” Coincidently, B-OH coupling was observed as a significant
by-product of these reactions which likely formed due to residual
moisture present in the reagents (base or solvent). This report also
examined the efficacy of other catalyst ligands such as PR;, IMes,
and dialkyl biaryl phosphines and found that they were also capable
of catalyzing B-N coupling, albeit with much lower yields. Later, the
catalytic amidation of several B-iodo-C,B,H;; isomers was reported
using the dialkyl biaryl phosphine (DavePhos) and K;PO, as
the base.®

These works illuminate the critical role of the phosphine
ligand in facilitating metal-catalyzed B-N coupling. When
BINAP is used, a strong base (NaH) and day-long reaction times
are required, whereas using DavePhos allows for a milder



base (K3PO,4) and only 2 hour reaction times. More importantly,
a screening of dialkyl biaryl phosphines revealed that di‘butyl
biaryl phosphines were particularly ineffective and it likely
explains why the dialkyl biaryl phosphines examined by Beletskaya
were not as effective as BINAP in amination reactions. Using the
dicyclohexyl biaryl phosphines, SPhos and XPhos, allowed B-N and
B-O coupling of B-bromo-carboranes with a diverse set of coupling
partners.””® In order for B-bromo-carborane cross-coupling to
occur it was important for the Pd precursor and phosphine ligand
to be deployed as a precatalyst complex instead of using separate
Pd(0) and phosphine sources.”” A similar dependence on the
catalyst precursor was observed in Heck coupling of styrenes with
2-1-p-C,BoHyy, vide supra.>®

Pd-Catalyzed B-O coupling reactions are operationally similar
to B-N amination and amidation reactions. When using the BINAP
ligand a strong base was required which limited the substrate
scope to carboranes that are resistant to deboronation.” In
contrast, using SPhos allowed B-O coupling at the B(3) position
(the position most susceptible to deboronation by strong nucleo-
philes) of 3-Br-0-C,BoH;.>” Moreover, the B-OH coupling reaction
occurs in a 1:1 mixture of 1,4-dioxane : H,0O, and these conditions
can be further adapted to B-CN coupling using K,[Fe(CN),] as a
mild CN~ source, vide supra.””

Metal-catalyzed B-P and B-S cross-coupling

Forming boron-heteroatom bonds allowed the study of carboranes
as tuneable functional groups. Although there are examples of B-P
bond formation in polyhedral boranes, these routes require high
temperatures or multi-step synthesis. The first Pd-catalyzed B-P
coupling was observed via B-H activation of [ByoHyo]>” and
[Bi,Hy, >~ by [Pd(PMe,Ph)Cl,] which exchanged a B-H hydride
for a PMe,Ph ligand.”" The resulting product was a mixture of
mono- and disubstituted charge compensated phosphonium
boranes, [1-PMe,-Ph-B;,H;4]' ™ and 1,7-(PMe,Ph),-B;,H;,. Similar
reactions with [Pd(SMe,)Cl,] produced sulfonium boranes (1,7-
(Mezs)z‘BuHm)-Ql

The first metal-catalyzed B-P cross-coupling in polyhedral
boranes was observed as a by-product in Neigishi reactions
when a 10-vertex B-iodo-carborane, [12-I-1-COOH-1-CBgH,]' ™,
was coupled with a PCy; ligand producing the zwitterionic
12-PCy;-1-COOH-1-CBoHg.”® Later, metal-catalyzed B-P cross-
coupling with neutral carboranes was demonstrated between
9-I-m-C,B,,H;; and diphenylphosphine using a Pd,dba;/DIPPF
catalyst system.’” As with previous reports that use Pd,dba; the
reaction was sluggish with a 36 hour reaction time at 120 °C.
Whether or not the resulting carboranyl phosphines further
catalyzed the consumption of 9-I-m-C,B;,H;; was undetermined.
The B-bound carboranyl phosphines were much better electron
donors than the C-bound isomers as determined from the
decreased 1{CO] in trans-Rh(PRs),(CO)Cl, again showcasing the
electron donating effects of bonding through the boron vertices
of carboranes. These studies established the electron donating
effects of the 9-meta-carboranyl substituent in the context of
phosphine ligands and demonstrated that this substituent
is more electron-donating than the majority of alkyl-based
functional groups currently available.

B-S coupling via metal-catalyzed cross-coupling is a relatively
new addition to the polyhedral borane chemists’ toolbox.”® This
is because polyhedral borane B-H vertices can be converted to
B-S groups through electrophilic routes.”* However, this limits
the study of thio-carboranes to the vertices susceptible to
electrophilic substitution. Pd-Catalyzed cross-coupling of B-iodo-
carboranes with HSSi('Pr), enables installation of a protected thiol
group at electron-rich and electron-poor boron vertices.”* Self-
assembled monolayers of 3-SH-0-C,B,,H;; and 9-SH-0-C,B;0H;4
were deposited on gold and the static water contact angle of the
SAMs was measured. The 3-SH-0-C,B;oH;; SAM produced a
contact angle of 80° versus the 9-SH-0-C,B;oH;; SAM contact
angle of 62°. This difference in contact angle is attributed to the
orientation of the acidic C-H protons of 9-SH-o-carborane SAMs
forming hydrogen bonds with the water droplet which leads
to a smaller contact angle. There are a number of unexplored
synthetic opportunities remaining for a broader utilization of
metal-catalysed cross-coupling for the synthesis of boron clusters
with appended thiol and other chalcogen units that would be
valuable as building blocks for materials assembly.

Mechanistic considerations of
metal-catalyzed polyhedral borane
cross-coupling

Choosing a catalyst system

Clearly, new catalyst systems beyond Pd(PPhs), {n = 1-3} were
required to facilitate boron-heteroatom metal-catalyzed cross-
coupling, and an effort was made to use phosphine ligands
which can enforce a cis-coordination at the Pd-center. Phosphine
ligands such as dppb, DIPPF, BINAP, and XantPhos were found
to facilitate a variety of B-N, B-O, and B-P bond forming
reactions.’”%7:8%:90:92:95 Notably, these works feature a broader
catalyst screen which showed that electron-rich ligands such as
dialkyl biaryl phosphines, PCy;, P‘Bus, and IMes have some
activity towards B-N and B-O bond formation.®” Furthermore, we
demonstrated that, with an appropriately electron-rich ligand,
B-bromo-carboranes can be excellent cross-coupling substrates.®”
This advance is also attributed to the use of Pd(u) palladacycle
precatalysts, which deploy the active catalyst species without
releasing inhibitory ligands such as dba.’®®” The dba ligand is
known to coordinate to palladium phosphine complexes thereby
supressing the rate of oxidative addition to aryl halides. A similar
effect is likely in play during cross-coupling chemistry when halo-
carboranes are used as coupling partners and it would work
against the presumably slow oxidative addition into B-Br bonds
of B-bromo-carboranes.®”

Oxidative addition and transmetallation

As mentioned before, most polyhedral borane cross-couplings
use B-iodo-boranes, while B-bromo- and B-chloro-boranes, until
recently, have been viewed as too unreactive. Attempts at isolating
oxidative addition compounds of B-iodo-carborane with Pd
complexes were unsuccessful, presumably due to the equilibrium
strongly disfavouring oxidative addition.>* Surrogate oxidative



addition complexes were prepared with Pt, and a pseudo-oxidative
addition Pd-Hg bimetallic complex provided clues about the
possible nature of catalytically relevant intermediates®®

The calculated Connolly volume of carboranes is ~30%
larger than that of benzene and they are spherical, as opposed
to planar aromatic molecules.”'®% This means that carboranes
are a much more sterically demanding substrate at the catalyst
site than their planar aromatic analogues. Several reports of
Pd-catalyzed amination of carboranes feature similar dialkylbiaryl
phosphine ligands albeit with dramatically different results.>”*”"
Phosphines with ~Bu groups showed poor conversion of B-I to B-N
bonds,*” whereas phosphines with cyclohexyl groups gave complete
conversion in a matter of hours instead of days.*”%%%°

Although electron-rich dialkyl biaryl phosphines have been
used as ligands in B-bromo-carborane Pd-catalyzed cross-coupling,
these Pd catalysts have not been able to activate the B-Cl bond of
B-chloro-carboranes. Despite the inability to perform oxidative
addition into B-Cl bonds, stoichiometric studies of the above
mentioned Hg-Pd bimetallic complex show that B-chloro-
carboranes can undergo Pd-catalyzed transmetallation to form
B-N bonds.”® This is based on a proposed oxidative addition
complex that could form upon extrusion of Hg from the Hg-Pd
bimetallic complex. The proposed oxidative addition complex
quickly reductively eliminates B-chloro-carborane. However, in
the presence of excess nucleophile, transmetallation can occur
resulting in the formation of a B-N bond. This suggests that the
oxidative addition complex formed with B-chloro-carborane
is unstable and quickly reductively eliminates the B-chloro-
carborane unless it is trapped by a nucleophile.

Catalyst systems that can perform oxidative addition into
C-Br and C-Cl bonds exhibit much higher metal-catalyzed cross-
coupling efficiency than aryl iodides. It is believed that weaker
Pd-Br and Pd-Cl bonds enable faster transmetallation at the
expense of slower oxidative addition rates. The lack of isolable
carborane oxidative addition complexes has made the study of
carborane transmetallation rates challenging.*® Despite this,
slow transmetallation with B-iodo-carboranes has been implicated
in several cross-coupling reactions. As mentioned above, Heck
coupling of styrenes bearing electron withdrawing groups with
2-I-p-C,B;0H;; required much longer reaction times and some
did not participate in the reaction at all.>®

Isomerization via cage-walking

The use of dialkyl biaryl phosphine ligands for Pd-catalyzed
cross-coupling of B-bromo-carboranes led to the recent discovery
of a unique isomerization mechanism, “cage-walking”, similar
to the chain-walking isomerization observed in carbon-based
molecules.® The “cage-walking” isomerization enables metal-
catalyzed cross-coupling to occur at vertices far from the initial
location of B-Br bond activation, Fig. 15. This ‘“off-cycle”
mechanism is currently the only way to attach functional groups
at the B(5) and B(4) positions of meta-carborane without relying
on thermal isomerization processes. Whether the “cage-walking”
mechanism was operative depended on the steric hindrance
produced at the Pd metal center by the phosphine ligand. Using the
bulkier XPhos ligand produced significantly more “cage-walking”

regioisomers than the smaller DavePhos and SPhos ligands which
showed cross-coupling mostly at the B(9) position.

Besides relying on ligand sterics, the “cage-walking” regioisomer
distribution can be shifted from favouring B(9) to favouring B(2)
substitution by changing the steric profile at the nucleophilic
position of the cross-coupling partner. In a reactivity comparison
between two phenols, 3,5-dimethylphenol and 2,6-dimethylphenol,
the more sterically hindered 2,6-dimethylphenol yielded the
B(2) isomer as the major product while the less hindered 3,5-
dimethylphenol yielded an equal distribution of regioisomers.

The isomer distribution is believed to depend on the trans-
metallation step, where steric bulk at the Pd center impedes
transmetallation and allows the “cage-walking” process to generate
more reactive B-bromo-carborane isomers, Fig. 14. Since the
carboranyl fragment has an anisotropic electron distribution,
as the carborane ‘“‘cage-walks” to electron deficient vertices,
B(2) vs. B(9), it produces an increasingly cationic Pd metal center
that is more likely to overcome the steric repulsion between the
catalyst complex and the nucleophilic cross-coupling partner.

Metal-catalyzed cross-coupling of polyhalogenated boron
clusters

Aside from their unique 3D aromaticity and chemical stability,
the spherical shape of polyhedral boranes presents a molecular
scaffold for building three-dimensionally defined constructs.
For example, functionalization of three vertices that share a
common face creates a tripodal architecture that is not easily
accessible with typical organic building blocks. Interest in
creating polysubstituted polyhedral boranes led to the exploration
of Pd-catalyzed cross-coupling methods for attaching several
functional groups onto polyhalogenated boranes.

Pd-Catalyzed cross-coupling of disubstituted carboranes was
first reported for the Kumada cross-coupling of B-diiodo-carboranes,
L-C,B1oH10,*"*® then extended to anionic®®’*”* and dianionic
boranes.”*®> Later Hawthorne and co-workers reported the
Pd-catalyzed methylation of hexaiodo cobalt bis(dicarbollide) with
MeMgBr to produce hexamethyl cobalt bis(dicarbollide), Fig. 16.>
The most metal-catalyzed cross-coupling reactions performed on a
single polyhedral borane substrate was reported for the [1-H-CBgly]' ™
anion where all nine B-I bonds were cross-coupled with methyl-
magnesium bromide in the presence of [Pd(PPhs),Cl,] over the
course of 10 days."® These examples demonstrate the feasibility
of functionalizing an entire face of a polyhedral borane using
cross-coupling reactions. Such Pd-catalyzed polysubstitution was
applied to B-tetraiodo-ortho-carborane (8,9,10,12-1;-0-C,B;,Hg) to
synthesize 8,10-Ph,-9,12-1,-0-C,B;0Hg and 8,9,10,12-(allyl),-o-
C,B,0Hg. Noteworthy was the selective arylation of the B(8) and
B(10) vertices when using phenylmagnesium bromide as a cross-
coupling partner.'®" This selectivity was attributed to the steric bulk
of the phenyl substituents which may have prevented functionaliza-
tion of the more sterically hindered B(9) and B(12) vertices. Similar
steric restrictions were observed for the Pd-catalyzed cross-coupling
of the hexaiodo monocarborane anion, [1-Ph-7,8,9,10,11,12-I5-
CB,;Hs|, where cross-coupling occurred at the less sterically
congested B(7-11) positions, but not at the B(12) position, to
yield [1-Ph-7,8,9,10,11-(tolyl)5-12-I-CB;,H5] ."*
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Fig. 14 Proposed cross-coupling cycle for the formation of “cage-walking”
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j\ R-B(2)

J.‘j{
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K-Br

products, Step (i) oxidative addition, Step (ii) “cage-walking” isomerization,

Step (iii) transmetallation, Step (iv) reductive elimination. X-ray crystal structures of “cage-walking” regioisomers of B-3,5-dimethylphenoxy-m-C,BoH1;.

5 mol%
[XPhosPd]

Four Regioisomers
precatalyst
—_—

VA < 4 S
HR, KsPOs . E - %

1,4-dioxane i
3h,80°C R

Fig. 15 Four regioisomers of R-meta-carborane produced by Pd-catalyzed
“cage-walking".

Recently we demonstrated the first example of a sequential
metal-catalyzed B-C coupling at a B-I vertex followed by B-O
coupling at a B-Br vertex by using different phosphine ligands
for Pd-catalyzed B-I and B-Br bond activation, Fig. 16.%” In this
work [Pd(PPh;),Cl,] was used to selectively perform Kumada
B-C coupling at the B-I vertex of 9-1-10-B-m-C,B;oH;, to produce
9-Et-10-Br-m-C,B;0H;o which was then subjected to Buchwald-
Hartwig B-O coupling at the B-Br vertex using [SPhosPd] to
produce 9-Et-10-(0-3,5-dimethylphenoxy)-m-C,B10Ho.

An alternative approach to heterodifunctionalization may be
realized by relying on a chelate effect to limit the number of
functional groups that get installed. Such a chelate effect is
believed to limit Pd-catalyzed B-O coupling of OH ™ to a single
B-Br vertex of 9,10-Bry-m-C,B;0H;o to produce the monohydroxy-
lated compound 9-Br-10-OH-m-C,B,0H;, whereas coupling
of 3,5-dimethylphenolate afforded the disubstituted product,
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11 mol%
[Pd(PPhs),Cl5]
14 mol% Cul
_
Me-Mg-Br
THF, reflux
4 mol%
[Pd(PPhg),Cla]
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THF, reflux
R= \?f/“}\\\
5 mol%
Jg(g';ﬁ [SPhosPd]
314 5 Eracatal!st = S
Et-Mg-Br HOAr, K'BuO
Et,0 Dioxane

Et Et OAr

[3.3'-commo-(8,9,12-15-

Br

Fig. 16 Pd-Catalyzed methylation of

(top)
CoC,BgHg),l. (middle) Pd-Catalyzed alkylation of 8,9,10,12-14-0-C,B1oHs
to produce 8,9,10,12-(allyl)4-0-C,B1oHsg. (bottom) Sequential Pd-catalyzed
B-I then B—Br bond cross-coupling of 9-1-10-Br-m-C,BoH10.

9,10-(0-3,5-dimethylphenoxy),-m-C,BM;oH;0.>” This difference
in reactivity may also be due to the steric bulk of the phenolate,
which may reduce the propensity towards chelating the Pd
center, and the possible deprotonation of the hydroxyl group of



9-Br-10-OH-m-C,B;0H;, may lead to a stronger chelate effect.
Alternatively, chelation of a metal catalyst to a polyhedral
borane can allow functionalization of B-H vertices adjacent to
the chelating moiety. This approach was used to install five aryl
groups onto [1-COOH-CB,;H;;]'~ at B-H vertices adjacent to the
carboxylic acid directing group via metal-catalyzed B-H activation.*®
Similar metal-catalyzed B-H polyfunctionalization strategies were
reported for 10- and 12-vertex polyhedral boranes.>**"**

Conclusions and outlook

Metal-catalyzed cross-coupling is emerging as a powerful
method for installing functional groups at the boron vertices
of polyhedral boranes. A large body of work has demonstrated
that cross-coupling strategies are applicable to several classes
of polyhedral boranes.'” Subsequently, metal-catalyzed cross-
coupling of polyhedral boranes enabled their use in materials
science, organometallic chemistry, surface science, and medicinal
chemistry, Fig. 17. For example, the vertex specificity of metal-
catalyzed cross-coupling allowed the synthesis of a linear cobalt
bis(dicarbollide) used to construct metal-organic frameworks with
high methane uptake capacity."" Additionally, the vertex specific
cross-coupling was used to control the dipole moment orientation
of surface adsorbed carborane thiols and carboxylic acids on Au
and Ge surfaces, respectively.”*'*" Using polyhedral boranes as
surface ligands allowed nearly defect free self-assembly and tuning

dipole

mome.r.!tld\x :

Fat

R'=H
= 4-OCHj
4-CH,
4-Cl
4-CF,
3,5-(CF3)2

Fig. 17 (A) Functionalized o-carborane thiols and carboxylic acids used
for self-assembled monolayers on gold and germanium surfaces, respectively.
(B) A linear cobalt bis(dicarbollide) used for constructing metal-organic
frameworks. (C) Arylated nickel bis(dicarbollide)s used as redox shuttles in
dye-sensitized solar cells.

of surface properties such as work function and wettability.
Similarly, the vertex specific cross-coupling of B-iodo-carboranes
enabled synthesis of a panel of carborane-based anesthetics
(“boronicaines”) analogous to lidocaine to study their molecular
docking characteristics relative to lidocaine and an adamantyl-
based analog. Noteworthy was the ability to control the duration
and efficacy of the boronicaine isomers which surpassed those of
their phenyl- and adamantyl-based analogues.'*®

Furthermore, the broad functional group tolerance of metal-
catalyzed cross-coupling allowed the study of structure-activity
relationships in arylated nickel bis(dicarbollide) redox shuttles
in dye-sensitized solar cells. Researchers showed that tuning
the inductive effects of the aryl groups attached to the cobalt
bis(dicarbollide) cage can tune the electrochemical Ni"™" redox
couple and the resulting open circuit voltage of dye-sensitized
solar cells.”” Recently, our group demonstrated control of the
linkage isomerism of a bis(o-carborane) ligand to preferentially
bind in a k*-B,C-binding mode in phosphorescent Pt(i) coordi-
nation complexes by addition of ethyl groups to bis(o-carborane)
to form B-tetraethyl-bis(o-carborane), 9,9',12,12'-Et,-1,1"-bis-
(0-C,B1oH,)."*® Such differences in the k*> binding mode of
bis(o-carborane) (k*B,C- vs. k>-C,C-bound) manifest as subtle
differences in the electrochemical redox potential and lumines-
cent properties of Pt(i) coordination complexes.'®”

Many of the new cross-coupling methods for polyhedral
boranes leverage the growing number of aryl halide cross-
coupling catalysts to generate B-C, B-N, B-O, B-S, and B-P
bonds. These examples of metal-catalyzed boron-heteroatom
coupling may provide clues in the future to generate B-B and
B-Si bonds comparable to the C-B and C-Si bonds reported for
aryl halides. Notably, while carborane species with exopoly-
hedral B-B bonds were recently synthesized via a B-H activation
route,'%® B-Si analogues have remained elusive. Progress in these
topics opens opportunities for preparing polyhedral borane
nucleophilic cross-coupling partners'®® and the possibility of
cross-coupling polyhedral boranes with each other providing
access to a new class of linked polyboranes. Another outstanding
challenge in polyhedral borane cross-coupling chemistry is the
inactivity of B-Cl bonds and B-OTf bonds toward oxidative
addition. And a new question arises: what type of catalyst system
has the right electronic and steric features to activate B-Cl and
B-OTf bonds? We note that Ni-based catalyst systems have been
recently developed to activate strong bonds in organic substrates
(e.g. C-N, C-O) and these and/or similar methods could be
applied to solve this issue.'® """ Furthermore, metal-mediated
photoredox catalysis on boron cluster electrophiles has not been
reported, albeit such reaction manifolds are well documented in
the 2D aromatic molecule literature.'*

It is important to recognize that B-halo-carboranes are
similar, but different, from their 2D aromatic aryl halides. In
the context of metal-catalyzed cross-coupling the spheroidal
steric bulk and stronger B-X (X = Cl, Br, I) bonds differentiate
polyhedral borane cross-coupling from hydrocarbon cross-coupling.
Although this difference in reactivity stymied polyhedral borane
cross-coupling, it also gives rise to functionalization strategies that
are not readily accessible in hydrocarbon chemistry. Namely, the
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orthogonal reactivity toward B-X bonds with different catalysts
and “cage-walking”” isomerization open avenues to new boron
cluster molecules and advance our ability to use polyhedral
boranes as scaffolds for unique three-dimensionally defined
building blocks.
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Chapter 2. B-N, B-O, and B-CN Bond Formation via Palladium-Catalyzed

Cross-Coupling of B-Bromo-carboranes

This chapter describes the conditions necessary to activate boron-bromine bonds of B-Bromo-
carboranes, such as 9-Br-1,7-dicarba-closo-dodecaborane, by using palladium(0) ligated by
dialkyl biaryl phosphine ligands. It is the first report of B-bromo-carboranes participating in
palladium-catalyzed cross-coupling, whereas all previous reported methods of palladium catalyzed

cross-coupling were only successful with B-iodo-carboranes.

Chapter 2 is a reprint of Dziedzic, R. M.; Saleh, L. M. A.; Axtell, J. C.; Martin, J. L.; Stevens, S.
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ABSTRACT: Carboranes are boron-rich molecules that
can be functionalized through metal-catalyzed cross-
coupling. Here, for the first time, we report the use of
bromo-carboranes in palladium-catalyzed cross-coupling
for efficient B—N, B—O, and unprecedented B—CN bond
formation. In many cases bromo-carboranes outperform
the traditionally utilized iodo-carborane species. This
marked difference in reactivity is leveraged to circumvent
multistep functionalization by directly coupling small
nucleophiles (-OH, -NH,, and -CN) and multiple
functional groups onto the boron-rich clusters.

Icosahedral carboranes are boron-rich molecular clusters that
are often described as three-dimensional (3D) analogs to
benzene.' Their unique delocalized 3D aromatic bonding, high
stability, and potential for site-selective functionalization make
them attractive building blocks for tunable pharmacophores,
unique ligand scaffolds, and building blocks for materials
applications.” Further development of these and other
applications with carboranes requires efficient methods for
cluster synthesis and functionalization, where ultimately each
individual vertex can be specifically addressed."

Over the past S0 years, palladium-catalyzed cross-coupling
has emerged as a powerful synthetic method for creating new
molecules.® In particular, the emergence of designer ligands
(beyond PPh;) for Pd-catalyzed cross-coupling dramatically
expanded the scope of electrophile substrates beyond aryl
iodides.” These new catalyst systems demonstrated a clear
ability to cross-couple aryl-bromides and aryl-chlorides, thereby
facilitating transformations of synthetically challenging sub-
strates. Among existing ligand platforms, biaryl phosphine
ligands significantly increased the efficacy of Pd-catalyzed C—C,
C—N, and C—O bond formation.*

Despite these advances in catalyst design for aromatic
substrates, effective methodologies for metal-catalyzed B—N,
B—O0 and B—C cross-coupling in carboranes are lacking. In fact,
only B-iodo-carboranes have been used in Pd-catalyzed cross-
coupling thus far.> Yet, analogy between carboranes and arenes
provides a clear hypothesis that other B-functionalized
electrophiles, beyond B-iodo-carboranes, may be competent
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cross-coupling partners. Here we report our discovery
validating this hypothesis by demonstrating for the first time
that B-bromo-carboranes can be efficient electrophiles for B—
N, B—O, and B—CN bond formation in Pd-catalyzed cross-
coupling. Furthermore, we show conditions where these B-
bromo-carboranes are superior to the iodinated congeners
enabling the synthesis of previously inaccessible B-substituted
carboranes. This chemistry is furthermore attractive given the
greater synthetic accessibility of B-bromo-carboranes compared
to their iodo-based congeners (see s1).!

Hawthorne and co-workers recently reported Pd-catalyzed
amidation of 9-I-m-carborane (I-mCB) utilizing the biaryl
phosphine ligand DavePhos (L1, Figure 1) To test our
hypothesis, we replaced I-mCB with the bromo-carborane
congener, 9-Br-m-carborane (Br-mCB), as a substrate under
the reported cross-coupling conditions. However, our initial
attempts at cross-coupling trifluoroacetamide with Br-mCB
proved unsuccessful. Rapid formation of Pd metal was observed
without any consumption of Br-mCB. We postulated that the
Pd(0) precursor (Pd,dba,, dba = dibenzylideneacetone) was
not efficiently forming the catalytically active species [L1Pd’].
To resolve this issue, we employed a commercially available
Pd(II) precatalyst (Figure 1B inset), which has been previously
shown to dramatically improve catalytic activity across a large
pool of aryl-based substrates and catalytic conditions.®
Importantly, this change tremendously improved the catalytic
conversion of Br-mCB producing la in nearly quantitative
conversion within 2 h (Figure 1A). This discovery demon-
strates for the first time that one can efficiently activate a
relatively inert B—Br bond in a carborane with electron-rich Pd-
based species supported by a biaryl phosphine ligand (Figure
1B).

This example demonstrates the potential competence of Br-
mCB toward cross-coupling (Figure 1B), which does not have
any literature precedent. This advance was also appealing given
that Br-mCB can be synthesized in a fraction of the time (1 h)
that is required for the synthesis of I-mCB (1 day). We
therefore investigated the scope of Pd-catalyzed cross-coupling
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Figure 1. (A) General amidation conditions (inset, GC-MS yield of 1a
from Br-mCB and I-mCB using different palladium precursors). (B)
Proposed catalytic cycle employing biaryl phosphine ligands (step i,
oxidative addition; step ii, transmetalation; step iii, reductive
elimination).

of Br-mCB with other nucleophiles utilizing biaryl-ligand
containing precatalysts.

To further probe the scope of B—N bond formation using
Br-mCB, we evaluated several conditions and substrates for Pd-
catalyzed amination. Using morpholine as a substrate (2a,
Figure 2), we evaluated the cross-coupling efficiency of three
precatalysts featuring L1, SPhos (L2), and XPhos (L3) ligands
(see SI). For this transformation, L2 afforded complete
consumption of Br-mCB and a high amount of B—N coupling
product 2a as determined by GC-MS analysis. Evaluation of
various bases indicated the superior performance of K'BuO for
forming 2a. Importantly, Br-mCB showed superior cross-
coupling efficiency compared to I-mCB for the formation of 2a
(Figure 2A). Using these optimized conditions, cross-coupling
of Br-mCB proceeds with primary, secondary, aromatic, and
heterocyclic amines in nearly quantitative conversion affording
the corresponding B—N compounds (2b—2e, Figure 2B and
SI).

In general, cross-coupling using unprotected mtrogen rich
heterocyclic substrates is known to be challengmg Amination
of halocarboranes has only been shown on the 2-I-p-carborane,
which is a significantly more reactive substrate than Br-mCB.”
The cross-coupling methodology we developed addresses this
issue for the first time in the context of m-carborane chemistry
since, to the best of our knowledge, 2e represents the first
product resulting from the direct cross-coupling of an
unprotected five-membered heterocycle with a B-halo-m-
carborane.

The versatility of Br-mCB as a cross-coupling partner can be
further seen from its efficient reaction with challenging
nucleophiles. For example, Br-mCB cross-couples with
ammonia producing 2c (Figure 2B), whereas previously 2c

could only be prepared by lengthy hydrolysis of 1a"
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Figure 2. (A) General amination and alkoxylation conditions (inset,
GC-MS yield of 2a obtained from Br-mCB and I-mCB). (B)
Amination scope using Br-mCB and X-ray crystal structure confirming
B—N bond formation. (C) Alkoxylation scope using Br-mCB and X-
ray crystal structure confirming B—O bond formation (ellipsoids at
50% probability and H atoms omitted for clarity). GC-MS yields, and
isolated yields in parentheses. *K'BuO used as a base except for: 2e,
anhydrous K;PO,; 2f, 1 M aqueous K3PO,; 2g, NaOCH,.
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Importantly, our method represents the first example of a
direct cross-coupling leading to 2c and is enabled by the
previously unrecognized reactivity of Br-mCB when using
biaryl phosphine supported Pd-based catalysts.

During the course of our amination studies, we observed B—
OH coupling with Br-mCB (2f, see SI) when nonanhydrous
bases were used. This is remarkable, given that the only
example of a Pd-catalyzed carborane B—O bond formation was
reported on 2-I-p-carborane. Importantly, the I-mCB congener
was previously deemed too unreactive.™

Based on these observations, we developed a new cross-
coupling protocol enabling the direct coupling of water,
methanol, trifluoroethanol, and 3,5-dimethylphenol with Br-
mCB (2f-2i, Figure 2C).

This constitutes the first reported Pd-catalyzed cross-
coupling leading to a B—O bond formation with m-carborane
substrates. Significantly, a control reaction where I-mCB was
used as a substrate led to a significantly lower conversion to 2i
(Figure 2A). This Pd-catalyzed route is also superior to the
exisiting method for formmg related B—O compounds utilizing
carborane B-halonium salts.” Additionally, 2f can be readily
converted to 2g by deprotonation with NaH and followed by
treatment with Mel, demonstrating the added synthetic utility
of 2f.



The versatility of Br-mCB cross-coupling with small
nucleophiles led us to investigate B—CN bond formation.
Cyanide is known to be a difficult cross-coupling partner in
metal catalysis due to its propensity toward binding to
catalytically active species, resulting in their deactivation.”
Recently several groups reported efficient protocols for
cyanation of aromatic substrates using K,[Fe(CN)4] as a
mild cyanide source.”™® Pd-catalyzed cyanation of Br-mCB
using K,[Fe(CN),] with an L3-based precatalyst led to the
formation of 9-CN-m-carborane in a nearly quantitive
conversion (3a, Figure 3A). This example represents the first

A :
; 5mol% [L3Pd] ﬁ/ {: 10
s mol% 4
S KaFe(CN)g] \/ Y, S5
I, — s
" 1:1 H,0O:dioxane ; 50
36 h, 100 °C 2
w R 25
3a 0 2
B 94% (61%) X=Br X=I
B(9)
‘ ) Uge)cny = 100 Hz

T T T T
5 0 -5 -10-15 20 ppm 126

Figure 3. (A) Cyanation protocol; GC-MS yield of 3a obtained from
Br-mCB and I-mCB (isolated yield in parentheses). (B) X-ray crystal
structure, "B and C{'H} NMR spectra of 3a (ellipsoids at 50%
probability and H atoms omitted for clarity).

direct cyanation of a halogenated derivative of dicarba-closo-
dodecaborane. Importantly, cross-coupling activity of the I-
mCB species under these conditions is dramatically diminished
compared to Br-mCB (Figure 3A).

The ability to append multiple functional groups is crucial to
developing carboranes for new and existing materials.”'"""
While polyfunctionalization of arene-based electrophiles via
cross-coupling is well-established, similar methods for carbor-
anes are rare.”'° Our methodology can be applied toward
disubstitution cross-coupling chemistry. Specifically, 9,10-Br,-
m-carborane (4a) can be functionalized with two bulky 3,5-
dimethylphenolate substituents (4c, Figure 4). Interestingly,
under B—OH cross-coupling conditions (vide supra), 4a
undergoes exclusive monosubstitution to produce 4d.

In addition, given the pronounced orthogonal reactivity of
B—Br versus B—I bonds in cross-coupling, our methodology
can be used to heterofunctionalize mixed halo-carborane
substrates. We leveraged the selectivity of PdCl,(PPh,), for
B—I bond functionalization to produce 9-Br-10-Et-m-carborane
(4e) from 9-Br-10-I-m-carborane (4b, Figure 4 and SI).

Selective Pd-catalyzed cross-coupling of the B—Br moiety in
4e with L2-containing precatalyst yields the heterofunctional-
ized 9-O-(3,5-Me,C4H;)-10-Et-m-carborane (4f). This trans-
formation represents the first metal-catalyzed B-heterofunction-
alization of dicarba-closo-dodecaborane via cross-coupling
demonstrating that B-Br-carboranes offer an additional pathway
for multifunctionalization. These experiments also suggest that
our methodology is amenable to sterically encumbered
carborane-based electrophiles.

Ortho-carboranes are the most challenging substrates in
cross-coupling methodologies, since these species undergo
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Figure 4. Difunctionalization conditions and X-ray crystal structure
confirming B—O bond formation. X-ray crystal structure (ellipsoids at
50% probability and H atoms omitted for clarity); see SI for detailed
conditions. GC-MS yields, and isolated yields in parentheses.

facile deboronation in the presence of nucleophiles.'> Our
conditions are sufficiently mild and enable the cross-coupling of
3-Br-o-carborane (Br-oCB, see SI for details) with amine and
alcohol substrates that are not strongly nucleophilic (Sa—Sb,
Figure S). Using 3-Br-o-carborane in this case is preferred, given
its higher conversion efficiency and ease of preparation
compared to the 3-I-o-carborane analogue.

5b
77% (64%)

>95% (61%)

Figure S. Alkoxylation and amination of ortho-carboranes using Br-
oCB (ellipsoids at 50% probability and H atoms omitted for clarity).
GC-MS yields, and isolated yields in parentheses.

In summary, we discovered that B-bromo-m-carboranes
undergo efficient Pd-catalyzed B—N, B—O, and B—CN cross-
coupling enabled by precatalysts featuring electron-rich biaryl
phosphine ligands. The higher reactivity of Br-mCB likely
stems from faster transmetalation (Figure 1B, step II) due to a
weaker Pd—Br bond compared to Pd—I congener. This is
consistent with previously observed trends in palladium-
catalyzed transformations using aryl halide electrophiles and
Pd-based catalysts supported by bulky electron-rich phosphine
ligands."*'* The use of B-bromo-carboranes allows direct
access to previously unknown B-functionalizations of these
clusters. In addition, judicious use of Pd-catalyst systems with
either iodo- or bromo-functionalized carborane was used to
access unprecedented heterofunctionalized species. This
approach is also amenable to o-carborane, which is the most
challenging carborane substrate. Notably, this cross-coupling
chemistry is complementary to the recently developed efforts in
directed B—H functionalization strategies'> and, if successfully



combined, may provide unprecedented densely functionalized
.16 . !

carborane species. ” Further expansion of this methodology to

other cross-coupling chemistry'~ along with a full mechanistic

investigation'® is currently underway in our laboratory.
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Chapter 3. Cage-Walking: Vertex Differentiation by Palladium-Catalyzed

Isomerization of B(9)-Bromo-meta-carborane

This chapter describes the discovery of a Pd-catalyzed isomerization mechanism (cage-walking)
that allows synthesis of all possible boron-functionalized regioisomers of B-bromo-carborane from
9-Br-1,7-dicarba-closo-dodecaborane. When the cage-walking mechanism is operative in parallel
with a cross-coupling mechanism the B-bromo-carborane regioisomers react preferentially at the
B(2) position to make B(2) substituted cross-coupling products. The tandem cage-walking/cross-
coupling process allows synthesis of B(2)-, B(4)-, B(5)- and B(9)-functionalized regioisomers of

1,7-dicarba-closo-dodecaborane.

Chapter 3 is a reprint of Dziedzic, R. M.; Martin, J. L.; Axtell, J. C.; Saleh, L. M. A.; Ong, T. C;
Yang, Y. F.; Messina, M. S.; Rheingold, A. L.; Houk, K. N.; Spokoyny, A. M. Cage-Walking:
Vertex Differentiation by Palladium-Catalyzed Isomerization of B(9)-Bromo-Meta-Carborane. J.
Am. Chem. Soc. 2017, 139 (23), 7729-7732. DOI: 10.1021/jacs.7b04080 with permission from the

American Chemical Society.
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ABSTRACT: We report the first observed Pd-catalyzed
isomerization (“cage-walking”) of B(9)-bromo-meta-car-
borane during Pd-catalyzed cross-coupling, which enables
the formation of B—O and B—N bonds at all boron
vertices (B(2), B(4), B(S), and B(9)) of meta-carborane.
Experimental and theoretical studies suggest this isomer-
ization mechanism is strongly influenced by the steric
crowding at the Pd catalyst by either a biaryl phosphine
ligand and/or substrate. Ultimately, this “cage-walking”
process provides a unique pathway to preferentially
introduce functional groups at the B(2) vertex using
B(9)-bromo-meta-carborane as the sole starting material
through substrate control.

Isomerization mechanisms such as chain-walking via p-
hydride elimination/reinsertion and aryne-based rearrange-
ments (Figure 1A) are ubiquitous in metal-catalyzed trans-
formations of organic molecules."”” Through judicious choice of
catalyst design, these mechanistic pathways can be biased to
form specific regioisomers. Thus, metal-catalyzed isomerization

R R B-hydride
Lbd | = |pa elimination:
h R R “chain-walking”

benzyne-type
intermediate

H This Work:

H H
“cage-walking”
\‘«/<‘il)\\—\ 2 N
137 —— Lpd \P/ SET)
< 20/ |@=c Ole
o ' O=BH 0=80)

Figure 1. (A) Pd-catalyzed olefin isomerization through f-hydride
elimination and arene regioisomer formation through a proposed
benzyne intermediate. (B) Pd-catalyzed isomerization of meta-

carboranyl through “cage-walking”.
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control can provide a means of incorporating functional groups
in molecules at positions remote from where initial bond
activation occurs.' ™

Boron clusters are unique molecular scaffolds that feature
three-dimensional (3D) electronic delocalization.” Specifically,
in the case of icosahedral carboranes (C,B;,H;,) this
delocalization is nonuniform.” This charge distribution makes
carboranes an interesting alternative to classical carbon-based
structural building blocks such as aryl and alkyl groups.®
Because of their inherent robustness, carboranes can be
promising molecular building blocks for applications ranging
from pharmacophores to photoactive materials.” Ultimately,
vertex-specific functionalization routes (vertex differentiation)
are critical for constructing carborane-containing molecules and
materials.”*

Recent developments in carborane functionalization have
relied on several metal-catalyzed routes, including B—H
activation (either directed or undirected) and cross-coupling
of halogenated carborane electrophiles at both C and B
vertices.”” Even so, these approaches provide limited access to
rational, vertex-specific B—H functionalization. Surprisingly,
metal-catalyzed isomerization reactivity commonly observed
with classical organic substrates (vide supra) has never been
reported for any boron cluster systems, including carboranes.
Herein we disclose our discovery of a Pd-catalyzed activation of
B(9)-bromo-meta-carborane (Br—B(9)), which can undergo
subsequent “cage-walking”, leading to the formation of B(2)-,
B(4)-, B(5)-, and B(9)-functionalized clusters in the presence
of a suitable nucleophile (Figure 1B).

Recently we reported the Pd-catalyzed cross-coupling of Br—
B(9) to generate B(9)—O and B(9)—N bonds with a wide
range of substrates.” This cross-coupling relied on biaryl
phosphine ligands to generate monoligated palladium(0)
species ([LPd]) capable of undergoing oxidative addition
into the B—Br bond of Br—B(9). To our surprise, during the
course of subsequent investigations, when the DavePhos (L1)
or SPhos (L2) ligand was replaced with the bulkier XPhos

Received: April 25, 2017
Published: May 25, 2017



A e —0
cy, =L3 2% i
cyh \\‘ S 55
P £
Pry J
O " R1
{_>-pr R1-B(9)
ipy B(4)
[==2  [L3Pd] Precat = =
/BB hr1, kopo, /,\ﬁé 5 @
' ) < - T
N7 " adioxane < \‘, J//- \157_< /R
C 2h, 80 °C o -
Br R1s k1 R1-B(4)
Br-B(9) %o R1-B(5) r1
O=B(9)
@®=C-H: O=B(4)
O=BH: O=B(5)
O=8B(2) e

1

B B NMR
Cao i,

B(2)

C X-ray crystal structures
®

» R1-B(9)

R1-B(2)

-

Figure 2. (A) Reaction conditions that result in the formation of R1-meta-carborane regioisomers. (B) ''B NMR spectra of the isolated regioisomers.
Singlet resonances (no ''B—'H coupling) corresponding to the B—O-bonded vertex are labeled; all other resonances correspond to doublet
resonances arising from '"B—"H couplings. (C) Single-crystal X-ray structures of R1-B(n), n =2, 4, 5, 9 (ellipsoids drawn at 50% probability and H

atoms omitted for clarity).

congener (L3) in the presence of alcohol or amine substrates,
we consistently observed not one but rather three distinct peaks
with identical m/z by gas chromatography—mass spectrometry
(GC—MS). For example, using 3,5-dimethylphenol (R1) as a
cross-coupling partner with Br—B(9), we observed several
products with identical m/z (see the Supporting Information
(SI)). Upon chromatographic separation of the reaction
mixture on silica gel, we identified four distinct R1-carborane
compounds by !'B, 'H, and '*C NMR spectroscopy (Figure 2).
The isolated carborane-containing molecules show a distinct
downfield singlet in the ''B NMR spectrum corresponding to
R1 bound at a B(2), B(4), B(S), or B(9) vertex of meta-
carborane (R1-B(2), R1-B(4), R1-B(5), and R1-B(9),
respectively). Although we were unable to chromatographically
separate R1—B(5) and R1—B(4), we identified the isomer ratio
as 15:85 by ''B and '"H NMR spectroscopy: R1—B(4) is C;-
symmetric, resulting in 10 ''B NMR resonances (one singlet
and nine doublets), whereas R1—B(5) contains a mirror plane,
resulting in six ''B NMR resonances (one singlet and five
doublets). Thus, the more intense singlet at ~3 ppm (Figure
2B) is assigned to the dominant pattern of R1—B(4). Similarly,
two sets of 'H and *C NMR resonances corresponding to R1—
B(5) and R1—-B(4) were observed in a 15:85 signal ratio for
the CH aromatic and aliphatic regions, respectively (see the SI).
These structural assignments are further supported by single-
crystal X-ray diffraction studies of the four regioisomers (Figure
2C). Interestingly, R1—B(4) is the only monofunctionalized
meta-carborane regioisomer that exhibits chirality. R1—B(4)
crystallized as two distinct polymorphs, with both polymorphs
containing equal amounts of the two enantiomers in the unit
cell. Chiral HPLC analysis further supports the presence of two
R1-B(4) enantiomers in the isolated mixture (Figure S12).
To further assess the generality of this isomerization process,
we examined three biaryl phosphine ligands and several
substrates to generate B—O- and B—N-bound carborane
regioisomers (Figure 3). Consistent with our previous report,
[L1Pd] and [L2Pd] generate B(9) isomers almost exclusively
with O- and N-based nucleophiles.9 However, [L3Pd]
generates appreciable amounts of regioisomers under the
same conditions. Noteworthy was the presence of bromo-
meta-carborane regioisomers when the cross-coupling reactions
were stopped early, indicating that isomerization of Br—B(9)
occurs in addition to the cross-coupling reaction. Furthermore,
Br—B(9) forms bromo-meta-carborane isomers in the presence
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Figure 3. Reaction conditions for forming B-functionalized meta-
carborane isomers using different substrates (R1—R3) and biaryl
phosphine ligands (L1—L3). Yields were obtained by GC—MS. See
the SI for full experimental conditions.

of [L3Pd] precatalyst and triethylamine, implying that
isomerization can occur prior to transmetalation of a cross-
coupling partner and subsequent reductive elimination of the
B-functionalized meta-carborane. Hence, this metal-catalyzed
isomerization may provide a convenient pathway to B(2)-,
B(4)-, and B(S)-functionalized meta-carborane species that
circumvents laborious and often low-yielding protocols such as
deboronation/capitation or thermal isomerization strat-
egies.w’11

Since bromo-meta-carboranyl isomerization can occur before
all of the carborane regioisomers are depleted by cross-coupling
(vide supra), we hypothesized that the isomerization process
might operate separately from the main cross-coupling cycle.
To further explore the isomerization mechanics, we attempted
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to inhibit transmetalation by increasing the steric bulk of the
cross-coupling partner, thereby allowing the active catalyst
species to operate in the isomerization pathway for a longer
time (Figure 4, step II). Indeed, cross-coupling reactions using
bulky L3 and sterically congested 2,6-dimethylphenol (R3)
yielded R3—B(2) as the major product (Figure 3). As a control
experiment, equimolar amounts of 3,5-dimethylphenol (R1)
and 2,4,6-trimethylphenol (R3’, a variant of R3 to permit
separation of the products by GC—MS) were reacted with Br—
B(9) in the presence of [L3Pd] and K;PO, in 1,4-dioxane at 80
°C (Figures S5 and S6). GC—MS analysis of the reaction
mixture showed complete consumption of Br—B(9) with R1-
meta-carborane isomers as the major products, suggesting that
the size of the nucleophile is linked to the rate of product
formation. Since oxidative addition is likely rapid in this
process,'> it appears that by decreasing the rate of trans-
metalation and/or reductive elimination one can increase the
yield of the B(2) regioisomer (Figure 4B). This type of Pd-
catalyzed remote vertex functionalization is unprecedented and
demonstrates the utility of a metal-catalyzed route to meta-
carborane vertex differentiation. Importantly, it contrasts with
known thermal rearrangements that are limited to thermally
resistant functional groups (above 300 °C) and produce isomer
mixtures with B(2) substituted meta-carboranes as the minor
product.''

We attribute this difference in reactivity between “cage-
walking” (when using L3) and cross-coupling exclusively at the
B(9) vertex (when using L1/L2) to steric crowding at the Pd
center. The combination of a sterically demanding ligand and
nucleophile appears to inhibit transmetalation,” allowing the
catalyst to operate through several “cage-walking” steps before
re-entering the traditional cross-coupling cycle (vide supra). On
the basis of these observations, we propose a Pd-catalyzed
“cage-walking” mechanism for isomerization of Br—B(9)
(Figure 4B). Beginning with the oxidative addition complex
[LPdBr—B(9)], an open Pd(II) coordination site is generated
by bromide dissociation™! (Figure 4, step II-a) to form [LPd—
B(9)]*. Consistent with this hypothesis, cross-coupling experi-
ments between Br—B(9) and R3 in the presence of
tetrabutylammonium bromide show decreased Br—B(9)
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consumption and decreased formation of R3-meta-carborane
(Figure S7). These experiments suggest that bromide
dissociation is an important step in the overall cross-coupling
process.'* After bromide dissociation, two possible “cage-
walking” pathways were envisioned for the formally cationic
[LPd—B(9)]*: (1) deprotonation of an adjacent B—H vertex to
form a B(4),B(9)-bound carborane species that isomerizes
upon reprotonation to form [LPd—B(4)]* (Figure S9) and (2)
a Pd-mediated B—H activation that leads to an intramolecular
P-hydride shift (Figure S10). Deuterium labeling experiments
in which 2,6-Me,C¢H,OD was used as the nucleophile did not
result in deuterium incorporation at any B—H vertex, as judged
by GC—MS and *H and "'B NMR spectroscopy, likely ruling
out isomerization pathway 1. However, with the deuterated
congener of Br—B(9), 9-Br-10-D-meta-C,B,(H;,, and 2,6-
Me,CsH,OH as the nucleophile, we observed five B—*H
resonances in the *H{!'B} NMR spectrum of R3—B(2),
indicating deuterium scrambling across the carborane B—H
framework (Figure 4A). We postulate that this f-hydride shift
exchanges the B(10) deuterium with an adjacent B(S) proton
and enables “cage-walking” to form [LPd—B(4)]" (Figure 4B,
step II'b). The “cage-walking” process can occur again to
generate [LPd—B(2)]* (Figure 4B, step II-c). Similar reports of
metal-catalyzed carborane B—H activation processes have been
reported;”'>'® however, they are limited to B—H vertices
adjacent to carborane-bound directing groups, whereas the
presently reported “cage-walking” accesses all of the meta-
carborane B—H vertices from one starting point in a diversity-
oriented fashion.

Through the “cage-walking” process, the carboranyl fragment
eventually binds the Pd center through the most electron-
deficient boron vertex, B(2), resulting in a more electrophilic
Pd center that can overcome the steric repulsion between the
cationic [LPd—B(2)]* and the anionic cross-coupling partner.
Density functional theory (DFT) calculations (B3LYP/
LANL2DZ 6-31G* and M06/SDD/6-311++G**, SMD(1,4-
dioxane)) on [LPd—B(9)]*, [LPd—B(4)]*, and [LPd—B(2)]*
indicate that [LPd—B(2)]* has the most cationic Pd center,
which likely results in a lower transmetalation barrier due to a
stronger electrostatic attraction between the Pd center and the



phenoxide nucleophile (Figures S13—S16). Furthermore, the
AG of B—O and B—N bond formation decreases accordingly,
B(9) > B(S) ~ B(4) > B(2), for the cross-coupling between
Br—B(9) and R1—R3. Similar electronic effects of substrate
and ligand were observed in Pd-catalyzed aryl halide cross-
coupling."”

In summary, we have discovered the first example of metal-
catalyzed isomerization (“cage-walking”) of meta-carboranyl
fragment. The isomerization process appears to operate in
conjunction with a classical cross-coupling mechanism, leading
to a distribution of carborane regioisomers. The rate of cross-
coupling relative to “cage-walking” can be adjusted to achieve
selective B-vertex functionalization. We have demonstrated this
selectivity by controlling the steric crowding at the Pd center by
appropriate choice of catalyst ligand and cross-coupling
substrate. Preliminary studies have shown that this “cage-
walking” strategy can be applied to carborane B(2)—Cary1 bond
formation using an arylboronic acid (Figure S17). Overall, this
approach provides a unique pathway to vertex differentiation of
boron clusters.
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Chapter 4. Off-Cycle Processes in Pd-Catalyzed Cross-Coupling of Carboranes

This chapter details how off-cycle processes in Pd-catalyzed cross-coupling, such as cage-walking
or deboronation, affect the overall reaction efficiency, regioisomer distribution and by-product
formation. It also outlines a general approach to controlling the tandem cage-walking/cross-

coupling process so that it can be adapted to a broad set of cross-coupling partners.

Chapter 4 is a reprint of Dziedzic, R. M.; Axtell, J. C.; Rheingold, A. L.; Spokoyny, A. M. Off-
Cycle Processes in Pd-Catalyzed Cross-Coupling of Carboranes. Org. Process Res. Dev. 2019,
139 (23), 7729-7732. DOI: 10.1021/acs.oprd.9b00257 with permission from the American

Chemical Society.
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ABSTRACT: Off-cycle processes in a catalytic reaction can dramatically influence the outcome of the chemical transformation
and affect its yield, selectivity, rate, and product distribution. While the generation of off-cycle intermediates can complicate
reaction coordinate analyses or hamper catalytic efficiency, the generation of such species may also open new routes to unique
chemical products. We recently reported the Pd-mediated functionalization of carboranes with a range of O-, N-, and C-based
nucleophiles. By utilizing a Pd-based catalytic system supported by a biarylphosphine ligand developed by Buchwald and co-
workers, we discovered an off-cycle isomerization process (“cage-walking”) that generates four regioisomeric products from a
single halogenated boron cluster isomer. Here we describe how several off-cycle processes affect the regioisomer yield and
distribution during Pd-catalyzed tandem cage-walking/cross-coupling. In particular, tuning the transmetalation step in the
catalytic cycle allowed us to incorporate the cage-walking process into Pd-catalyzed cross-coupling of sterically unencumbered
substrates, including cyanide. This work demonstrates the feasibility of using tandem cage-walking/cross-coupling as a unique
low-temperature method for producing regioisomers of monosubstituted carboranes.

KEYWORDS: off-cycle, catalysis, carboranes, cage-walking, deboronation

B INTRODUCTION

Since the discovery of metal-catalyzed cross-coupling,
researchers have observed off-cycle processes in the manipu-
lation of hydrocarbon-based molecules (e.g., metal-mediated /-
hydride elimination and chain-walking).' ™ While off-cycle
processes may lead to catalytically inactive byproducts that
hamper the efficiency of catalytic cycles,** understanding these
off-cycle processes is critical for improving the reaction
selectivity and suppressing detrimental reaction pathways.
Off-cycle processes in metal-catalyzed reactions can have utility
as alternate reaction pathways that enable new or nonintuitive
reactivity in synthesis."~"?

An appealing aspect of off-cycle processes is the isomer-
ization of a substrate molecule into regioisomers that cannot
be easily synthesized."> Such isomerization reactions are
particularly useful when studying structure—activity relation-
ships among isomers because these reactions can help identify
lead compounds from a single reactant.'*

We and others have recently been expanding the application
of Pd-based cross-coupling methodology to three-dimensional
(3D) icosahedral carborane substrates.>~>” These compounds
possess several unique spectroscopic features such as NMR-
active !'B and '°B nuclei, IR- and Raman-active B—H bond
stretching modes, and distinct ''B/'°B isotopic patterns in
mass spectrometry, enabling detection of icosahedral boranes
by a variety of analytical methods.** " In particular, the three
isomers (ortho, meta, and para) of dicarba-closo-dodecabor-
anes (o/m/p-C,B;oH,,) are of interest because of their
commercial availability and their utility as 3D scaffolds in
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molecular design. The o- and m-C,BoH,, isomers both have
pronounced dipole moments, four sets of chemically
inequivalent B—H vertices, and one set of chemically
equivalent C—H vertices. The variety of substituted
regioisomers available to carboranes allows them to act as
electronically distinct, isosteric functional groups (Figure 1).
The electronic diversity among carborane regioisomers has
enabled tuning of their hydrophobicity, pharmacological
properties, photoluminescence, and surface chemistry.*>
Among the presently available boron vertex functionalization
methods, metal-catalyzed transformations enable the installa-
tion of the broadest class of chemical groups. These metal-
catalyzed methods can be loosely grouped into (1) directed
B—H activation and (2) cross-coupling at B—X bonds (X = Br,
1).>*% While B—H activation methods often target the
electron-deficient B—H vertices (those closest to the carbon
vertices),*™” cross-coupling at B—X bonds can occur at
electron-rich and electron-poor boron vertices.*® Thus, direct
and selective synthesis of halocarborane regioisomers is the
main challenge for synthesizing the corresponding regioiso-
meric carborane products via metal-catalyzed cross-coupling.
The two strategies are reminiscent of methods used for the
functionalization of aromatic and heteroaromatic hydrocarbon
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Figure 1. Electrostatic potential maps of m-carborane and
adamantane and molecular volumes based on the Connolly solvent-
excluded volume using a 1.4 A probe sphere (see the Supporting
Information for computational details).

congeners and are complementary in their nature. However,
despite the prevalence of metal-catalyzed isomerization
chemistry for hydrocarbon molecules, the methodology for
accessing all four boron-substituted regioisomers for icosahe-
dral carboranes is still fundamentally underexplored.

In the case of m-carborane (mCB), facile electrophilic
halogenation occurs at the electron-rich B(9)—H vertex to
produce 9-Br-m-carborane (Br-B(9)). However, synthesis of
the other regioisomers (S-Br-m-carborane, Br-B(S); 4-Br-m-
carborane, Br-B(4); and 2-Br-m-carborane, Br-B(2)) is more
challenging. For example, deboronation and halogenation
followed by boron vertex reinsertion enable the synthesis of
some non-B(9)-vertex halogenated regioisomers." 240 Alter-
natively, thermal isomerization of Br-B(9) occurs at temper-
atures >300 °C and produces a statistical distribution of 9/5/
4/2-bromo-m-carborane (Br-mCB) isomers.*' ~** The thermal
isomerization process is one of the few methods to synthesize
Br-B(5) and Br-B(4). The difficulty associated with synthesiz-
ing these mCB regioisomers is perceived as a significant

obstacle to the study of carborane-based molecules and their
regioisomers.

We recently reported the discovery of an off-cycle Br-mCB
isomerization process (“cage-walking”) that bypasses the need
to synthesize the B(9/5/4/2) Br-mCB regioisomers for
subsequent cross-coupling to form B(9/5/4/2)-functionalized
mCB regioisomers.*> The cage-walking process isomerizes the
Br-B(9) substrate into all four Br-mCB regioisomers (Figure
2). This tandem cage-walking/cross-coupling process allows
Br-B(9) to serve as a precursor to B(9/5/4/2)-substituted
mCB. The selectivity for cross-coupling at the B(S), B(4), and
B(2) vertices appears to be driven by the increased
electrophilicity of the Pd(II) center when the carborane is
bound through the more electron-poor (B(2) > B(4) > B(S))
boron vertices.* However, to date the utility of the tandem
cage-walking/cross-coupling process has been limited to
sterically hindered nucleophiles. Thus, we set out to (1)
understand the reaction conditions necessary to access the
cage-walking process and (2) identify methods for controlling
the cross-coupling of sterically unencumbered nucleophiles.

B RESULTS AND DISCUSSION

Cage-Walking Isomerization by [LPd]. In order to
integrate the cage-walking process into various Pd-catalyzed
cross-coupling reactions, we set out to identify the reaction
components that facilitate Pd-catalyzed Br-B(9) isomerization.
In our previous studies we used an [XPhos-Pd-G3] precatalyst
to generate the active [XPhosPd] catalytic species.”® This
method required the use of an exogenous base to deprotonate
the precatalyst, which produced [XPhosPd] by reductive
elimination of a carbazole molecule.”® To evaluate whether
cage-walking occurs in the absence of precatalyst byproducts,
we prepared the [XPhosPd] catalyst by using [Pd(cod)-
(CH,Si(CHjy)5),] (cod = 1,5-cyclooctadiene) as an alternative
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Figure 2. Proposed tandem cage-walking/cross-coupling cycle. The red box encapsulates the cage-walking process, and the blue box encapsulates
the cross-coupling process. Deleterious off-cycle pathways are shown on the right side of the tandem cage-walking/cross-coupling, and the inset
shows the single-crystal X-ray diffraction crystal structure of [XPhosPd(nido-CB)]. Steps: (i) oxidative addition; (i) cage-walking; (iii)
transmetalation; (iv) reductive elimination; (v) deboronation of Nu-B(2) by base; (vi) aggregation of palladium into palladium particles; (vii)

ligation of [XPhosPd] by nido-CB.



Pd° source in the presence of dialkylbiarylphosphine ligands.*”
Similar to the [XPhos-Pd-G3] precatalyst system, we observed
cage-walking when Br-B(9) was treated with a solution of
[XPhosPd] at 80 °C (Figure 3), suggesting that the cage-
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0, Cy.
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Additive /K, R!
\‘ 1,4-dioxane \‘/ \k 2
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Figure 3. GC—MS yields of Br-mCB regioisomers produced by Pd-
catalyzed cage-walking starting with Br-B(9).

walking process is independent of the presence of the base and
likely proceeds via unimolecular isomerization. Since there is
no oxidant in the reaction mixture strong enough to facilitate a
Pd(II)/Pd(IV) cycle, we believe that the cage-walking process
likely does not involve a Pd(IV) intermediate (see Figure S12
for proposed cage-walking mechanisms). Examination of other
dialkylbiarylphosphine ligands (RuPhos, L2; CyJohnPhos, L3)
revealed that the cage-walking process is not exclusive to the
XPhos ligand. However, the total isomer yield is highest when
XPhos (L1) is used. Notably, we did not observe cage-walking
isomerization of 9-I-m-carborane in the presence of 5 mol %
[XPhos-Pd-G3] precatalyst with K;PO, in 1,4-dioxane at 80
°C.

Next, we examined whether certain additives could affect the
amounts of Br-mCB isomers formed during cage-walking
(Figure 3). We found that presence of Lewis bases or excess
bromide reduces the relative ratios of cage-walked Br-mCB
isomers. For example, addition of 4-dimethylaminopyridine
(DMAP) or ("Bu,N)Br reduced the yield of B(2/4/5) Br-
mCB isomers from 21% to 10% and 1%, respectively. These
observations would be consistent with a catalytically relevant
([XPhosPd(mCB)]*) intermediate for the cage-walking
process in which the formally cationic Pd center bears a
vacant coordination site (Figures 2 and S12). In order to probe
this mechanistic hypothesis further, we focused on additives
that might promote Pd—Br bond cleavage in [XPhosPd-
(mCB)Br] to yield an [XPhosPd(mCB)]" species with a
vacant coordination site that we suspect is responsible for the
activation of an adjacent B—H bond and subsequent cage-
walking. Importantly, the total yield of B(2/4/5) Br-mCB
isomers can be increased from 20% to 26% by addition of
Ca(OH), to the cage-walking reaction. This increase in the
yield of Br-mCB isomers is attributed to the ability of layered
hydroxides to intercalate anions and form OH---Br interactions
that may promote the formation of [XPhosPd(mCB)]*.** W
also found that the identity of the base (including those soluble
in organic media, e.g, triethylamine) had little effect on Br-
B(9) isomerization, and only 1 equiv of base (relative to
[XPhos-Pd-G3] precatalyst) was needed to form the
[XPhosPd] complex. This set of experiments demonstrates
how certain additives or reaction byproducts can affect the
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cage-walking process and the overall distribution of mCB
regioisomers.

Tandem Cage-Walking/Suzuki—Miyaura Coupling. In
our initial study of tandem cage-walking/cross-coupling with
phenols, we observed that the combination of a sterically
encumbered biarylphosphine ligand and a sterically encum-
bered substrate generate a higher percentage of B(2)
regioisomers than their less hindered counterparts.*> For
example, under otherwise identical conditions, tandem cage-
walking/cross-coupling of 3,5-dimethylphenol with Br-B(9)
gave a 30% yield of B(2)-substituted mCB, whereas the bulkier
but electronically comparable 2,6-trimethylphenol gave a 76%
yield of B(2)-substituted mCB.** This pronounced selectivity
for cage-walking was attributed to the substrate control
engendered by the sterics of the phenol moiety that can
modulate the rate of transmetalation. We hypothesized that
such steric control may not be necessary in the case of other
substrates such as arylboronic acids, where the electronic
properties of the aryl substituent can dictate the rate of
transmetalation. For example, the tandem cage-walking/
Suzuki—Miyaura coupling of p-tolylboronic acid with Br-
B(9) produced the p-tolyl-B(2) isomer as the major product.*
This suggests that certain transmetalating agents can mitigate
the nucleophilicity of the cross-coupling partner and allow the
relative rates of cage-walking and transmetalation to be
competitive with each other.

We surveyed the steric and electronic effects of —F and
—OCH; substituents on the efficacy of tandem cage-walking/
Suzuki—Miyaura cross-coupling. Generally, we found that
electron-rich arylboronic acids (p/m/o-methoxyphenylboronic
acid) produced more B-aryl-m-carborane (Aryl-mCB) than
electron-poor arylboronic acids (p/m/o-fluorophenylboronic
acid) (Figure 4). The presence of an ortho substituent appears
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Figure 4. GC—MS yields of carborane-containing species produced
during tandem cage-walking/Suzuki—Miyaura cross-coupling.

to have an inhibitory effect on the cross-coupling of o-
methoxyphenylboronic acid but has a beneficial effect for o-
fluorophenylboronic acid. Although both functional groups are
ortho-directing, the increased steric bulk of the —OCHj; group
near the nucleophilic site may inhibit transmetalation and lead
to less Aryl-mCB formation. Conversely, electron-poor
arylboronic acids resulted in lower Aryl-mCB yields and
more byproduct formation (vide infra). These differences in
Aryl-mCB yield may be due to the reduced nucleophilicity of
the arylboronic acid, which would make transmetalation of the
aryl moiety more difficult. Additionally, arylboronic acids
bearing Lewis basic groups such as 4-cyanophenylboronic acid
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Figure S. (left) Optimization of the tandem cage-walking/cross-coupling cyanation reaction. The bar graph indicates GC—MS yields of the cyano-
m-carborane regioisomers for each reaction entry. (right) GC—MS reaction monitoring of cyano-m-carborane (CN-mCB) regioisomers produced

during tandem cage-walking/cross-coupling.

and 3-pyridylboronic acid did not result in cross-coupling. The
presence of Lewis basic groups in 4-cyanophenylboronic acid
and 3-pyridylboronic acid can suppress the cage-walking
process, which may prevent the formation of the more
elecargophilic B(2)-bound [XPhosPd(mCB)]* catalyst spe-
cies.

In addition to the formation of Aryl-mCB, we also observed
the formation of B-hydroxy-m-carborane regioisomers (OH-
mCB) and B-fluoro-m-carborane (F-mCB) as a byproduct of
the tandem cage-walking/cross-coupling (Figure 4). While the
formation of OH-mCB was observed previously by us and
others”**° and is likely due to the presence of adventitious
moisture in the system, the formation of F-mCB by cross-
coupling of nucleophilic fluoride is rare.”” Neither of these
byproducts are surprising given the larger thermodynamic
driving force for the formation of B—O and B—F bonds relative
to C—O and C—F bonds.>" This contrasts with Suzuki—
Miyaura cross-coupling reactions, where off-cycle C—O and
C—F bond formation is rarely observed even under aqueous
reaction conditions. Notably, arylboronic acids with electron-
withdrawing groups resulted in more OH-mCB than electron-
rich arylboronic acids. The formation of OH-mCB may be due
to transmetalation of the hydroxyl group from the boronic acid
or from OH-containing byproducts resulting from its
decomposition.

During the isolation of the Aryl-mCB compounds, we
identified an air- and chromatographically stable ruby-colored
compound that formed as a byproduct of the Suzuki—Miyaura
cross-coupling reactions. Chromatographic isolation followed
by spectroscopic analysis (!B, 'H, and *'P NMR spectrosco-
py) suggested a species containing a metal-bound phosphine as
well as a boron-cluster-containing fragment. Single-crystal X-
ray crystallography of this material revealed a Pd-based
complex containing an XPhos ligand bound in a «*-P,C
fashion. The coordination sphere of the Pd center is completed
by a dicarbollide ligand ([nido-7,9-C,BsH;;]*~, nido-CB)
bound in an #° fashion. On the basis of the nature of the
phosphine and nido-CB ligands, the formal oxidation state of
the Pd center in [XPhosPd(nido-CB)] is +2. Deboronation of
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carboranes is known to occur by nucleophilic attack at the
electron-poor boron vertices of carboranes (Figure 2, step
v).>*7** Small nucleophiles such as F~ and OH™ can cause
deboronation of R-mCB in situ to form the #°-[nido-7,9-
C,BoH,,]™ ligand, which after deprotonation binds to the
[XPhosPd] complex (vide infra).>>**>* To probe this pathway
further, an independent synthesis of the [XPhosPd(nido-CB)]
complex was accomplished by the reaction of ("Bu,N)[nido-
7,9-C,BoH ,] with the [XPhos-Pd-G3] precatalyst. We found
that [XPhosPd(nido-CB)] is not an active catalyst in carborane
cross-coupling reactions, likely because of the greater
coordinative saturation of the Pd center by the nido-CB ligand
and the inability to regenerate Pd° from this species under the
reaction conditions.”*~>*

A unique aspect of [XPhosPd(nido-CB)] is the lack of an
exohedral functional group on the nido-CB ligand despite the
use of functionalized carborane substrates. This suggests that
cage-walking to the B(2) vertex may also activate the
carborane toward deboronation and lead to deactivation of
the [XPhosPd] catalyst by the formation of [XPhosPd(nido-
CB)] (Figure 2, step vii). One possible decomposition route
may be cage-walking/cross-coupling of OH™ or F~ at the B(2)
vertex to generate a B(2)-X'-carborane (X' = OH, F) that is
more easily deboronated than B(2)-R-carborane (R = H,
aryl).>>7>%°°7%! Previous studies of carborane deboronation
indicate that coordination of several nucleophiles to a B—H
vertex is necessary to remove a boron vertex from the
carborane cagtz.54'59‘60 Thus, off-cycle coupling of a small
nucleophile such as OH™ or F~ at B(2) may activate the B(2)-
X'-carborane (X’ = OH, F) toward deboronation and
formation of nido-CB. This highlights the intricacies of using
carborane substrates in cross-coupling, particularly in the
presence of small nucleophiles, which can turn a substrate into
a catalyst poison. Importantly, this mode of decomposition is
distinctly different from the classical cross-coupling chemistry
of aryl-based species and necessitates high Pd catalyst loadings.

Tandem Cage-Walking/Cyanation. Our studies of Br-
mCB isomerization and tandem cage-walking/Suzuki—
Miyaura coupling have so far revealed that tandem cage-



walking/cross-coupling is possible with sterically unencum-
bered nucleophiles. With these observations in mind, we set
out to integrate the cage-walking cycle into Pd-catalyzed cross-
coupling of a small nucleophile (CN~). If successful, the
resulting cyano-m-carborane (CN-mCB) regioisomers can be
useful synthons in materials and medicinal chemistry.’>*>®

Cross-coupling of cyanide is a challenging transformation in
general because of the strong affinity of the CN™ ligand to
Pd(II), which leads to the formation of catalytically inactive
species.”* Efforts to prevent catalyst poisoning have previously
focused on reducing and constantly maintaining a small
amount of CN™ in the reaction mixture.”> For our trans-
formation, we chose Zn(CN), as a cyanide source and
transmetalation agent because of its strong CN™ binding
affinity to Zn(II), which prevents the formation of free CN~ at
high Zn(CN), concentrations. Additionally, the redox non-
activity and weak binding of phosphine ligands to Zn(II)
decreases the likelihood of [XPhosPd] oxidation or phosphine
sequestration.66

Although Zn(CN), is insoluble in most organic solvents
because of the bridging u* coordination of CN™ across zinc
centers, formin§ Zn—CN—Zn-based coordination polymers in
the solid state,”” Zn(CN), can be solubilized in alkaline and
ammoniacal environments.**~"> However, alkaline conditions
may lead to undesirable OH-mCB formation or deboronation,
as observed with the Suzuki—Miyaura cross-coupling reactions
(vide supra). Alternatively, trialkylamines are suitable ligands
for Zn(CN), because they do not inhibit Br-mCB cage-
walking, do not readily participate in the cross-coupling
reaction, and can partially solubilize Zn(CN),.%”" Initially we
used NEt; as a base to activate the [XPhos-Pd-G3] precatalyst
and solubilize Zn(CN),, which led to a modest yield (<30% by
GC—-MS) of CN-mCB isomers (Figure S, entry 1).
Importantly, despite the low yield of CN-mCB, the CN-
B(2) and CN-B(4) regioisomers were produced as the major
CN-mCB products, validating our original hypothesis that
under well-designed conditions small nucleophiles can be
competent substrates in the discovered cage-walking process.

We then explored whether bidentate alkylamine ligands
could increase the yield of CN-mCB by increasing the
solubility of Zn(CN), and promoting transmetalation of the
CNT anion from Zn to Pd. Use of N,N,N’,N’-tetramethyle-
thylenediamine (TMEDA) as a ligand for Zn(CN), increased
the overall yield of CN-mCB regioisomers (65% by GC—MS),
but the improvement in the CN-mCB yield also increased the
amount of CN-B(9) relative to the B(2/4/5) CN-mCB
regioisomers (Figure S5, entry 3). Switching to a larger
bidentate alkylamine ligand, N,N,N’,N’-tetraethylethylenedi-
amine (TEEDA), significantly decreased the amount of CN-
B(9) relative to the B(2/4/5) CN-mCB regioisomers (Figure
S, entry 7), but it also decreased the overall CN-mCB yield
(<5% by GC—MS). This shows that increasing the steric bulk
of the transmetalating agent to promote tandem cage-walking/
cross-coupling can have deleterious effects on the overall cross-
coupling efficiency. In addition to using alkylamines, we also
examined whether a N-donor heterocycle could increase the
CN-mCB yield by increasing the solubility of Zn(CN),. The
use of 4-(N,N-dimethylamino)pyridine (DMAP) as a ligand
for Zn(CN), significantly increased the yield of CN-mCB
(74% by GC—MS), but the isomer distribution was mostly
CN-B(9) (Figure S, entry 2). We attribute this difference in
regioisomer distribution to suppression of the cage-walking
pathway through reversible coordination of DMAP to
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[XPhosPd(mCB)]* and the increased lability of CN~ when
Zn(CN), is ligated by the stronger N-donor DMAP ligand.

Despite improvements in the overall yield of CN-mCB
regioisomers, we were unable to obtain complete conversion of
Br-B(9) into CN-mCB regioisomers. As the tandem cage-
walking/cross-coupling reaction proceeded, we observed
darkening of the reaction mixture until a black/gray slurry
formed within the first hour of the reaction. GC—MS analysis
of a model cage-walking/cyanation reaction showed a gradual
decay in the conversion of Br-mCB to CN-mCB until the
reaction progress plateaued after ~3 h (Figure S). This
suggests that the incomplete conversion of Br-mCB to CN-
mCB is partially due to Pd° aggregation to form black Pd’
particles, which are not effective catalysts for carborane cross-
coupling (Figure 2, step vi).

Suspecting that accumulation of Br~ may inhibit further
conversion of Br-mCB to CN-mCB, we examined whether
addition of alkali metal salts could improve the CN-mCB yield
by sequestering Br~. Addition of Cs,COj; or Li(OTf) increased
the overall yield of CN-mCB regioisomers without inhibiting
the cage-walking process, whereas KOAc had an opposite
effect that predominantly produced CN-B(9) (Figure S, entry
9). The differences in regioisomer yield with different alkali
metal salts and N-donor ligands may be due to the speciation
of Zn(CN), into mono-, di-, tri-, and tetracyanozincate
species.””*~7® The formation of various zinc cyanide species
due to ligation by additives and reaction byproducts may alter
the rate of CN™ transmetalation and account for the various
CN-mCB regioisomer distributions observed throughout this
study. Overall, through our optimization studies we developed
several conditions to selectively control the incorporation of
the cage-walking process into catalytic cross-coupling with
small nucleophiles. In particular, if deactivation of the cage-
walking process is desired, the addition of a Lewis base (e.g.,
DMAP; Figure S, entry 2) effectively favors B(9) coupling.
Alternatively, if the cage-walking process is desired, care should
be taken to reduce the amount of Lewis basic species (e. g,
Bronsted base or halide counterion) that can bind the
proposed [XPhosPd(mCB)]* intermediate that leads to
isomerization of Br-mCB.

B CONCLUSIONS

Off-cycle processes in carborane cross-coupling were examined
for their role in affecting tandem cage-walking/cross-coupling
and in suppressing catalyst activity. The cage-walking process
was studied in the absence and presence of a cross-coupling
partner to identify conditions leading to tandem cage-walking/
cross-coupling. We found that Pd-catalyzed cage-walking
occurs with several dialkylbiarylphosphine ligands and that
the cage-walking process can be enhanced or suppressed by the
presence of additives such as Ca(OH), or DMAP, respectively.
These insights allowed us to identify substrate transmetalation
strategies for tandem cage-walking/cross-coupling reactions
with sterically unencumbered nucleophiles such as arylboronic
acids and cyanide. The results reported here demonstrate the
feasibility of using sterically unencumbered substrates in
tandem cage-walking/cross-coupling to synthesize B-substi-
tuted carborane regioisomers. These studies further highlight
the importance of the bulky biaryl-based phosphine ligands
originally developed by Buchwald and co-workers in transition
metal catalysis by extending their application to organomimetic
clusters.
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Chapter 5. Reversible Silver Electrodeposition from Boron Cluster

lonic Liquid Electrolytes

This chapter describes our work on creating a boron cluster based ionic liquid electrolyte for
electrodeposition of silver films for controlling the properties (e.g. infrared transmissivity) of

electrochemical cells.

Chapter 5 is a reprint of Dziedzic, R. M.; Waddington, M. A.; Lee, S. E.; Kleinsasser, J.; Plumley,
J. B.; Ewing, W. C.; Bosley, B. D.; Lavallo, V.; Peng, T. L.; Spokoyny, A. M. Reversible Silver
Electrodeposition from Boron Cluster lonic Liquid (BCIL) Electrolytes. ACS Appl. Mater.
Interfaces 2018, 10, 6825-6830. DOI: 10.1021/acsami.7b19302 with permission from the

American Chemical Society.

Additional supporting information IS available free of  charge from

https://pubs.acs.org/doi/abs/10.1021/acsami.7b19302.
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ABSTRACT: Electrochemical systems offer a versatile means for

creating adaptive devices. However, the utility of electrochemical i Voltage On
deposition is inherently limited by the properties of the electrolyte. \ Mirror Forms’ F =
The development of ionic liquids enables electrodeposition in high- I\ = m i\ / =
vacuum environments and presents opportunities for creating Mirror Dissolves \
electrochemically adaptive and regenerative spacecraft components.
In this work, we developed a silver-rich, boron cluster ionic liquid
(BCIL) for reversible electrodeposition of silver films. This air and (CH2)3 A
moisture stable electrolyte was used to deposit metallic films in an " &‘f Ag\{ + [AgBryJ"
electrochemical cell to tune the emissivity of the cell in situ, @> % |
demonstrating a proof-of-concept design for spacecraft thermal control. “ Red/Ox
gap p g i3 Source
Boron Cluster lonic Liquid
KEYWORDS: electrodeposition, ionic liquids, infrared transparent electrochemical cell, carboranes, boron clusters
lectrodeposited metallic structures are ubiquitous in presenting new opportunities for electrodeposition in high
modern technologies (e.g., batteries, protective coatings, vacuum and hostile environments such as electron microscopes
displays, and mlCI‘OChlPS) and emerging technologles such as and plasma chambers.*
resistive memory and reconfigurable electronics.” The broad Tonic liquids (ILs), salts with low melting points (typically
utility of electrochemically deposited structures grows as new <100 °C), combine the high ion solubility of aqueous media,
electrolytes enable electrodeposition in increasingly challenging the chemical flexibility of organic solvents, and low volatility

environments. Controlled reversible electrodeposition of
metallic structures offers tunable optical properties and
electrical conductivity along with the ability to adapt the
electrochemical system to changing application needs. This
adaptability is appealling in the context of reconfigurable

electronic components which could extend a device’s lifetime . 56 o .
S . cationic component.”™ This disparity is largely due to the
through in situ restructuring.

Early electrodeposition methods used aqueous. electrolytes synthetic availability of cationic molecular scaffolds such as
because of the solubility of common metal ions." The ammonium, phosphonium, and heterocyclic motifs. Con-
development of nonaqueous electrolytes has enabled safe versely, ionic liquids in which the anionic component

electrodeposition of water sensitive metals for new electro-

and wide electrochemical windows achievable with molten
salts.” The versatility of ILs is increased by tailoring the cation—
anion pairs for individual applications.” Yet, despite the
numerous cation—anion pairs that can form ionic liquids,
much of ionic liquid tunability is achieved by modifying the

chemical applications such as high density energy storage.’ Received: December 22, 2017
Additionally, electrodepostion from ionic liquids has emerged Accepted: February 6, 2018
as a potential alternative to organic solvent electrolytes, Published: February 6, 2018
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engenders the IL properties are scarce and the anions are
seldlom amenable to additional functionalization.””'® Further-
more, the relative instability of commonly used IL anions limits
the longevity of IL-based electrochemical devices. This
becomes especially problematic when designing systems
which require prolonged operation time. Therefore, we sought
to develop an ionic liquid that contains a highly stable and
easily tunable anionic component. Such “anion-based” ILs
could use the metal of interest as the cation and enable high
metal loadings suitable for rapid electrodeposition. Anionic
polyhedral boranes represent a class of modular molecular
building blocks suitable for designing “anion-based” boron
cluster ionic liquids (BCILs).""'> Their robust boron-cluster
framework provides an anionic scaffold amenable to tuning of
melting point, solubility, and redox potential."*** In this work,
we set out to develop an all-ionic electrolyte suitable for
reversible deposition of silver films. Specifically, we describe an
all-ionic electrolyte to reversibly deposit silver films for the
purpose of controlling infrared (IR) emission from an
electrochemical cell as a means of actively regulating thermal
emission. This technology complements existing approaches to
controlling thermal emission from spacecraft surfaces.">™"*
Importantly, BCILs represent a critical component allowing
these devices to perform reliably without having to exclude air
and moisture, common contaminants that are introduced
during electrochemical device assembly that are difficult to
remove.

Silver films play an important technological role as electrical
conductors and optical coatings. Silver offers unique advantages
over other transition metals because of its high spectral
reflectivity, high electrical conductivity, and corrosion resist-
ance.'”” These qualities make silver an attractive metal for
tuning the properties of spacecraft surfaces. Additionally, the
low volatility of IL electrolytes offers a means of performing
electrodeposition in high vacuum environments. Because of its
positive reduction potential, only small voltages are required to
electrodeposit silver from ionic salt precursors." Electro-
deposition of silver was historically performed using cyanide-
based electrolytes due to the formation of stable Ag(CN),'™
complexes." However, the toxicity of aqueous cyanide baths
lead to the development of silver electrodeposition from ILs
and organic solvents.”** These nonaqueous electrolytes were
suitable for reversible silver electrodeposition and served as
proof-of-concept works for electrochemically modulated optical
films.”'7>* The reversibility in these systems is attained from
the halide-trihalide redox couples (X7/X;7, X = Cl, Br, or
1)>** and stable [AgX,]~ complexes.”® Despite these advances,
reversibility in all-ionic electrolytes was limited only to a
handful of ILs. The majority of these, however, still generate
unstable, volatile, or corrosive decomposition products (Figure
1A).*7?® In this report, we detail our work on creating an
electrolyte for silver deposition containing a stable anion
amenable to additional functionalization.

We developed a salt metathesis reaction between 1-butyl-3-
methyl-imidazolium bromide, [BMIM]Br, and silver mono-
carborane, Ag[HCB, H,,], to generate a boron cluster ionic
liquid, BCIL-1, with high silver content (Figure 2A). The
parent carborane salt can be easily synthesized via a salt
metathesis reaction between Cs[HCB, H,;] and AgNO; with
an 82% vyield (see the Supporting Information) This ionic
liquid features an inert ionic matrix of [BMIM]® and
[HCB, H,,]” ions with [AgBr,]” ions acting as the primary
redox species (Figure 2A). Dialkylimidazolium cations and
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Figure 1. (A) some decomposition products of commonly used ionic
liquid anions. (B) a representative monocarborane anion used in this
work.

monocarborane anions were selected due to their electro-
chemical stability and weakly coordinating characteristics
suitable for designing an inert ionic matrix”® The BCILs
were enclosed between two FTO electrodes to form a
transparent, two-electrode electrodeposition cell (Figure 2A).
One FTO electrode was set as the working electrode while the
other was set as both the counter and reference electrode.
Cyclic voltammograms (CVs) show a reduction peak
corresponding to reduction of silver complexes to form silver
deposits at the working electrode (Figures 2 and 3).
Electrodeposition begins at —1.5 V vs FTO with a distinct
current loop occurring in the cathodic region which indicates a
nucleation-limited deposition.”® Reversing the polarity of the
electrochemical cell toward +0.3 V vs FTO leads to dissolution
of the silver deposits at the working electrode back into the
electrolyte. It was also observed that halide and metal ion
addives can affect the rate of the silver deposition and etching
(Figure 2B and Figure 3). A general feature of these IL based
electrolytes is an excess of halide, X~ (X = Br or Cl), to Ag".
Typically, X":Ag" ion ratios of 2.5:1 were sufficient to fully
dissolve the silver salts at room temperature. The excess halide
promotes the formation of AgBr,'™ species and provides
additional halide ions to access the halide-trihalide (X~/X;™)
redox couple.

As the composition of the electrolyte, with a fixed halide
concentration, is varied from chloride-rich to bromide-rich the
potential for silver electrodeposition shifts to less cathodic
potentials (Figure 3). This dependence on halide identity in the
BCIL provides a simple method for tuning the onset of silver
reduction and the current density of silver electrodeposition.
Similar irreversible behavior in previously reported optical
modulation devices were resolved by adding Cu(II) salts. >
Related studies on the effects of CuBr, in [BMIM]Br ionic
liquids found that CuBr, complexes were effective at etching
copper films.* Likewise, addition of 10 mol % CuBr, (relative
to Ag") to BCIL-1 dramatically improved the reversibility of
the ionic liquid formulation, generating BCIL-2 (Figure 2B).
Noteworthy was the change in film dissolution dynamics,
wherein silver films deposited in the presence of Cu(Il) were
readily removed and exhibited larger oxidative currents (Figures
2B and 3).

Previously, it has been shown that water content present in
ILs during their ambient handling can alter the reversibility of
silver deposition.”® Importantly, BCIL-2 containing devices
placed into a 98% humidity chamber did not experience
alterations in device performance (Figure S2). CV experiments
showed identical operating currents even after 4 days at these
conditions. Such water tolerance enabled an easy benchtop
assembly. Despite the electrochemical and moisture stability of
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Figure 2. (A) Formation of BCIL-1 by mixing [BMIM]Br with Ag[HCB H,,]. Inset shows the elementary steps associated with silver
electrodeposition in BCIL-1. (B) Representative cyclic voltammogram (100 mV/s) of BCIL-2, Red and blue arrows indicate forward (deposition)

and reverse (dissolution) potential sweep direction, respectively.
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Figure 3. Two-electrode cyclic voltammograms (100 mV/s) of BCIL-
1 without CuBr, additive. Increasing the Br™:Cl™ ratio increases the
electrodeposition current. Red and blue arrows indicate cathodic and
anodic sweep direction, respectively. Green areas indicate the
composition dependent FTO | [AgX,]”, X3~ | Ag” | FTO process,
red dashed lines indicate the maximum electrodeposition current
density at —2.3 V vs FTO counter electrode.

BCIL-2, a gradual decrease in electrodeposition current was
observed during electrochemical cycling of BCIL-2 cells
(Figure S4). After leaving the electrochemical cell overnight
at room temperature, the electrodeposition current through the
cell decayed and redox features became indistinguishable
(Figure 4A). Visual inspection of the electrolyte showed partial
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crystallization of the BCIL. Heating the cell to 60 °C for 1 hour
dissolved the visble crystallites thereby restoring the cell to the
original performance. This ultimately suggests that formation of
small crystallites leads to reduced ion mobility and electro-
deposition current.

Contrary to prevailing approaches of changing the physical
properties of ILs by altering the cation, we sought to inhibit
crystallite formation by functionalizing the monocarborane
anion. A third electrolytic mixture, BCIL-3, was prepared using
a monocarborane functionalized with a sec-butyl group
appended on the carbon vertex of the boron-rich cluster
(Figure 4B). After the electrochemical cell containing BCIL-3
was kept at room temperature for 24 hours, the deposition
currrents were comparable to those obtained from freshly
prepared BCIL-3 suggesting that, at this time scale, no
obeservable crystallization occurs and hence the device
performance remains unaffected. Heating of the BCIL-3 cell
to 60 °C for 1 hour further increased the electrodeposition
current and eliminated the hysteresis current loop completely
(Figure 4B).

The quality of the electrodeposited films was monitored
using a 633 nm laser to correlate the film growth to the
electrochemical behavior of the cells. Extended electrochemical
cycling of a BCIL-3 cell revealed a decay in reflectance change
(Figure 4C), likely due to partial crystallization of BCIL-3.
These effects were mitigated by heating the cell every 40 cycles
(Figure 4C) to restore reflectance changes of up to 80%.

The silver film electrodeposition from BCIL-3 can reach
maximum reflectance within ~3 s when applying a —2.5 V
cathodic potential, and it can be quickly removed by reversing
the polarity of the electrochemical cell to +2.5 V (Figure 4C).
Oxidative etching of the electrodeposited silver film is likely
accelerated by electromigration of halides toward the working
electrode and subsequent removal of electrodeposited silver as
solvated silver halide anions.”’>* Applying a voltage (—1.8 V)
for 450 s produced a thick film which could be analyzed by
scanning electron microscopy (SEM).32 Consistent with
nucleation-limited deposition, the silver deposits grow as a
film of silver crystallites approximately SO0 nm in diameter
(Figure S). EDX elemental mapping shows two types of silver-
containing deposits, an underlying Ag film with AgBr crystals
on top of the film. The AgBr deposits likely formed during the
washing of the working electrode, as described previously.*'
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Figure 4. (A) Two-electrode cyclic voltammograms (100 mV/s) of BCIL-2 after equilibrating at ambient conditions overnight and after heating the
equilibrated cell to 60 °C, top and bottom, respectively. (B) Two-electrode cyclic voltammograms (100 mV/s) of BCIL-3 after equilibrating at
ambient conditions overnight and after heating the equilibrated cell to 60 °C, top and bottom, respectively. Red and blue arrows indicate cathodic
and anodic sweep direction, respectively. (C) Change in reflectivity (Ap) at 633 nm of BCIL-3 electrochemical cell during extended “freeze—thaw”
cycling and during a single deposition-dissolution cycle, top and bottom, respectively. The electrochemical cell was regenerated every 40 cycles by

heating to 60 °C.

Figure S. (A) Scanning electron micrographs and EDX elemental
mapping of BCIL-3 working electrode after deposition of a silver film.
(B) Magnified scanning electron micrographs and EDX elemental
mapping showing a silver film beneath AgBr deposits.

Having identified a suitably resilient electrolyte capable of
depositing silver films, we set out to control the IR transmission
of the electrochemical cell by depositing a metallic film. From
the law of conservation of energy, the sum of the absorption/
emission (a/e), transmission (7), and reflection (p)
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interactions of an incident electromagnetic wave must sum to

unity (eq 1)

a+p+r=1l=¢ec+p+r1 (1)
a=¢
As such, a perfect blackbody radiator (@ = &€ = 1) is not

reflective (p = 0) because the absorption term dominates eq 1.
Conversely, a perfectly reflective surface (p = 1) would not
absorb/emit energy (a = ¢ = 0). Thus, the emissivity (¢) of a
fixed transparency object can be altered by changing the surface
reflectivity (p) (eq 2).

@)

Similarly, electrodeposition of a reflective film onto an IR
emitter would block the IR emission of the underlying IR
sources (e.g, electrolyte and counter electrode), see the
Supporting Information for demonstration.">™"*** Such
variable emissivity materials serve as the basis for adaptive
surfaces for spacecraft thermal control. However, environ-
mental instability and slow switching times limit their
widespread application.

Metal-rich, all-ionic electrolytes can offer the vacuum stability
of solid-state materials and rapid deposition rates of liquid
electrolytes. A proof-of-concept IR transparent electrochemical
cell was fabricated by enclosing BCIL-3 between two IR
transparent conductors composed of a 200 nm ITO film
deposited onto a sapphire (AL,O;) window which is IR
transparent up to ~6 ym (1667 cm™). The electrochemical cell
was mounted in an FTIR spectrometer with the working
electrode facing the detector and IR transmission spectra were
collected for the electrochemical cell in the unplated and plated
states (Figure 6). Electrodeposition of a metallic ilm reduced
the IR energy transmission (1500—4000 cm™") from 16% in the
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Figure 6. (A) schematic of IR transparent electrochemical cell. (B)
FTIR transmission spectrum of BCIL-3 IR transparent cell before and
after silver film electrodeposition.

dissolved state to 8% in the deposited state, indicating that the
deposition of a reflective film blocked the emission of the
underlying IR sources (see the Supporting Information for
energy transmission calculation). Strong absorption at ~3000
and ~2400 cm™ is attributed to the imidazolium and carborane
ions, respectively. Although the longevity of the IR transparent
cell was limited by the ITO electrode instability (Figure S3), it
showcases the potential liquid-based technologies achieveable
with ionic liquids.

In summary, we prepared a stable, all-ionic electrolyte
designed around the weakly coordinating carborane framework
for reversible electrodeposition of silver films. The metal-rich
electrolyte enables rapid, reversible silver electrodeposition.
Meanwhile, the ionic composition presents opportunities for
electrodeposition in extreme environments (such as high
temperature and low pressure). We demonstrate the utility of
this electrolyte in electrochemically modulated optical devices.
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Chapter 6. Synthesis of Weakly Coordinating Dodecaborate-based
Anions for lonic Liquids and Electrolytes
6.1 Introduction

Anionic polyhedral borates are renowned for their ability to serve as robust, weakly
coordinating anions.}~® These properties make polyhedral borates interesting components in ionic
materials such as ionic liquids and solid electrolytes.*® In particular, persubstituted icosahedral
borates, [B12R12]*", are known for their electrochemical stability, stability to acids and bases, and
weakly coordinating nature due to the delocalized 3-dimensional aromaticity.? Despite their
weakly coordinating nature, ionic liquids based on polyhedral boranes do not exhibit the low
melting points such as those observed for bis(trifluorosulfonyl)imide or cyanimide containing

ionic liquids.*>7°

The higher melting points of dodecaborate-based ionic liquids may be due to their dianionic
(2-) charge and icosahedral symmetry. The dianionic charge of dodecaborate can lead to higher
lattice energies when compared to the lattice energies of salts composed of singly-charged anions.
One approach to reducing the coulombic attraction between the cations and the dodecaborate
anions is to appending a formally cationic functional group such as ammonium, sulfonium, or
phophonium group to the dodecaborate which results in a charge-compensated monoanionic
dodecaborates.'®12 Another strategy for lowering the melting point of dodecaborate-based salts is
to install alkyl chains which are believed to disrupt crystal packing by increasing the structural
anisotropy of the anion.'>* Alternatively, dodecaborate-containing ionic liquids can be formed

by using long-chain alkyl imidazolium cations to further disrupt crystal packing.
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In previous studies of dodecaborate-based ionic liquids, halogenation of the exohedral B—H
bonds to B—X bonds (X = F, CI, Br, or 1) is used to increase the chemical stability of the
dodecaborate anions against oxidative degradation.*® Despite the body of work on chlorinated
dodecaborates, only a handful of chlorination techniques are reported.!+16-18 Although chlorination
of PBs using chlorine gas is simple, the corrosive nature of Cl> gas requires specialized gas fittings
and safety protocols that can discourage synthesis of unique chlorinated dodecaborates for new
applications. Alternative chlorination methods use highly corrosive SbCls as a chlorinating agent
or use SO2Cl, in refluxing acetonitrile to produce Cl2 gas in situ.'®° Furthermore, the products of
acid catalyzed hydroxylation and amination of dodecaborate in aqueous media require extensive
drying prior to using SO.Cl, as a chlorinating agent.?%2! This chapter describes the large scale,
one-pot synthesis of [B12Clo(OH)3]*>~ which can serve a versatile precursor in dodecaborate-based

ionic liquids, electrolytes, flow-batteries, and weakly coordinating anions.
6.2 One-pot Hydroxylation and Chlorination of [B12H12]*

In order to create a weakly coordinating anionic matrix for ionic liquid applications we
sought to increase the anisotropy of the dodecaborate anion by appending alkyl groups to the boron
cluster through B—O—C linkages. Furthermore, halogenation of the unfunctionalized B—H vertices
would further delocalize the negative charge of the dodecaborate anion and increase the oxidative
stability of the dodecaborate anions. We chose to investigate the [B12Clg(OH)s]*~ anion for ionic
liquids and weakly coordinating anions because it has three hydroxyl groups that can be further
functionalized. Notably, previous studies observed that addition of alkyl groups to the
monohydroxyl [B12Cl11(OH)]*" anion decreased the melting point of its imidazolium salts relative

to their perchlorinated [B12Cl2]*~ analogs.'*
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Upon synthesis of the [B12Hs(OH)3]* anions we encountered great difficulty in isolating
the dry salts for chlorination with SO.Cl,. In fact, the original report of the acid-catalyzed
hydroxylation of [Bi2Hi2]** required large hydrophobic cations such as MePPhs* and
bis(triphenylphosphino)iminium (PPN*) to precipitate the product.?’ Likewise, our attempts to
precipitate the [B12Ho(OH)s]*>~ with various organic cations (HNEts*, NBus* and MePPhs*) were
unsuccessful. The presence of hydroxyl groups on the [Bi2Hg(OH)s]*~ anion enables hydrogen
bonding interactions that prevent precipitation of [Bi2Hg(OH)3]*>~ salts. The high solubility of
[B12H9(OH)s]*™ in water makes the chlorination with SO,Cl; tedious because residual water can
cause degradation of SO2Clzgy. Despite the hazardous nature of Cl gas, Cl2 sources are often found
in household items such as bleach and pool cleaners. In particular, hypochlorous acid (HOCI), the
main active ingredient in bleach, decomposes to Cl» gas and water in the presence of acid. Thus,
addition of NaOClsg) to an acidic solution of [B12He(OH)s]*~ creates Cl, gas that reacts leads to

chlorination of the [B12Ho(OH)3]?* anion, Figure 6.1. After chlorination, the [B12Clo(OH)3]*" anion

readily precipitates as HNBus*, NBus* and MePPhs* salts from the aqueous reaction medium.
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Figure 6.1: Schematic of the one-pot hydroxylation/chlorination procedure for synthesizing amino- and
hydroxy-dodecaborate anions and their subsequent chlorinated derivatives.
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6.3 Functionalization of [B12Clo(OH)3]*

With the [B12Cls(OH)s]* salts in hand, we proceeded to alkylate the clusters using a
previously reported method that uses a superbasic KOH/DMSO mixture to deprotonate the
hydroxyl groups.#?2 However, we found that the alkylation reactions proceeded slowly and often
did not produce fully alkylated products. This may be due to two factors: 1) the steric bulk of the
chlorine atoms near the B—OH vertices inhibits Sn2 reactivity and 2) the high pKa of the B-OH
group requires a superbasic reaction medium to produce a small amount of reactive
[B12Clg(OH)201%. The long reaction times and partial conversion prompted us to search for a better

reaction system,

2- B,,Cl,(OR);]*
B-H 7 eq R-Br R —l 8oy .r[n/:zz= :§(55 0):-;.1)2 -
O Bl 20 eq NaH 8 :
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Figure 6.2: Schematic for the alkylation of (NBu.)2[B12Cls(OH)s] in dimethoxyethane which requires a
phase transfer agent (NBu.)Br to improve the solubility of the (NBus)2[B12Cls(OH)s] salt. The inset shows
the electrospray ionization — mass spectrum of the alkylated products [Bi2Cls(OCsHi1)s]* and
[B12Cls(OCsH11)3(OH)]* which forms due to a [B12Cls(OH)4]*~ impurity.

Our attempts to use a stronger base such as K'BuO in refluxing DME yielded trace amounts
of alkylated [B12Clg(OH)3]*>". We resorted to using NaH as a strong, non-nucleophilic base in
dimethoxyethane (DME) to deprotonate the [B12Clo(OH)3]*", however the poor solubility of the
[B12Clo(OH)3]* in organic solvents, along with the steric blocking, only afforded partially
alkylated [B12Clg(OH)3]*". Analysis of the unsuccessful reactions revealed the presence of 1-

hexene by GC—MS suggesting that that steric bulk surrounding the active B—O vertex causes

competition between Sp2 and E2 when reacting with 1-bromohexane. To remedy these issues, we
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used (NBuas)Br to overcome the poor solubility of [B12Cls(OH)s]*~ in organic solvents, Figure 6.2.
This combination of additives allowed us to achieve complete alkylation within 14 hours, as
opposed to the 7+ day alkylation in superbasic KOH/DMSO mixtures. Having developed a
versatile method for synthesizing (NBus)2[B12Cls(O"Hex)z], the melting point of the salt was
measured with differential scanning calorimetry and an optical melting point apparatus which
showed melting occurring at ~83 °C, Figure 6.3. In contrast, the monoalkoxylated
(NBus)2[B12Cl11(OR)] (R = propyl, octyl, or dodecyl) do not melt below 300 °C, which highlights

the effect of appending multiple alkoxy groups to lower the melting point.**

TBA,[B,,Cly(OHex)s]

m/z = 376.0612 0.6

optical m.p.
90-92 °C

—

0.3
-0.64
I~
\ | dehydration
T 1 0.9

T T T T T T T T 1
380 390 40 -20 0 20 40 60 80 100 120 140
Yi 4 Temperature (°C)

% intensity
Heat Flow (mW)

40
[B1,Cls(OR)S]* 7
.\
0
m

m/z = 376.0612 0

360 37

Figure 6.3: The electrospray ionization — mass spectrum of [B12Cls(O"Hex)s]*>~ and the differential scanning
calorimetry of (NBu4)2[B12Cle(O"Hex)s] which shows melting at ~83 °C.

While developing the alkylation procedure for [B12Cls(OH)s]*~ we sought to resolve the
poor solubility of the [B12Clg(OH)s]* in organic solvents by using acetonitrile as a polar, aprotic
solvent. Although acetonitrile readily dissolves [B12Clg(OH)s]*™ salts, it is not compatible with
NaH due to reduction of the nitrile group its subsequent reaction with alkyl halides. Thus, we
employed potassium bis(trimethylsilyl)amide (KHMDS) as a strong, non-nucleophilic base that is
capable of deprotonating the BOH group without generating by-products of acetonitrile reduction.

Reaction of (NBus)2[B12Cle(OH)s] with 1-bromohexane and KHMDS in acetonitrile resulted in

45



quantitative conversion of B—OH to B—OSi(CHs)s groups, Figure 6.4. In contrast, reaction of
(NBu4)2[B12Clg(OH)3] with KHMDS in acetonitrile without alkyl bromide lead to partial silylation
of the hydroxyl groups. This difference in reaction outcome suggested that formation of neutral
HN(Si(CHa)3)2 and (CsH11)N(Si(CHa)s)2, formed via deprotonation of B—OH groups and Sn2
alkylation with 1-bromohexane respectively, act as the active silylation reagent. Indeed, reaction
of (NBua)2[B12Clg(OH)3] with HN(Si(CHs3)a3)2 in acetonitrile resulted in quantitative conversion of

B—OH to B—OSi(CHs3)3 groups.
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Figure 6.4: Electrospray ionization — mass spectra of (NBu4)2[B12Clg(OH)s3] silylation reactions. Top,
reaction of (NBu4)2[B12Cls(OH)3] with KN(Si(CHs)3)2 (KHMDS) and 1-isopentylbromide. Middle, reaction
of (NBU4)2[812C|9(OH)3] with (KHMDS). Bottom, reaction of (NBU4)2[812C|9(OH)3] with HN(Si(CHa)a)z
(HMDS).

(H3C)sSi0O Si(CH3)s

6.4 Electrochemical Analysis

Perfunctionalized dodecaborates can exhibit reversible oxidation events corresponding to

the 2—/1— and 1-/0 oxidation states. For perhalogenated [B12X12]*" clusters, the oxidation potential
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for the 2—/1— redox couple shifts to less positive potentials as X = 1 > Br > Cl| > F. This shift in
redox potential is attributed to a combination of c-withdrawing effect and n-backbonding of the p-
orbitals of the X substituent to the boron cluster cage.?® Similarly, [B12(OR)12]*” (R = alkyl or
benzyl) species have much lower oxidation potentials due to increased n-backbonding of the

oxygen lone pairs and diminished o-withdrawing effects due to the presence of the R group.

Electrochemical analysis of (NBuas)2[B12Clo(OH)3] and (NBuas)2[B12Cls(O"Hex)s] did not
display any reduction waves corresponding to a 2—/3— reduction event, however an oxidation peak
was observed at voltages greater than +1.1 V vs Fc/Fc*, Figure 6.5. The oxidation of the
[B12Clg(OH)3]? anion (+1.2 V vs Fc/Fc*) is not reversible, as evidenced by the lack of a reduction
wave on the reverse voltage scan. In contrast, the oxidation of the [B12Clo(O"Hex)s]? anion (+1.1
V vs Fc/Fc*) is cathodically shifted by ~0.1 V and it is reversible, as evidence by the presence of
a reduction wave on the reverse voltage scan. A second oxidation event corresponding to the 1-/0
oxidation is not observable due to decomposition of the electrolyte above +1.8 V. The cathodic
shift in the oxidation potential of (NBuas)2[B12Clo(O"Hex)s], relative to (NBua)2[B12Clg(OH)s], is
due to reduced s-withdrawing effects of the alkoxy group compared to a hydroxyl group. The high
cathodic stability of the [B12Clg(OH)3]*~ and [B12Clg(O"Hex)s]* anions, along with the reversible
oxidation of the [B12Clo(O"Hex)s]*>~ anion, presents new opportunities for boron cluster based

electrolytes and flow-batteries.
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Figure 6.5: Cyclic voltammograms (left) and square wave voltammograms (right) of (NBus)2[B12Cls(OH)s]
(top) and (NBua)2[B12Cls(O"Hex)s] (bottom) in acetonitrile. 0.1 M (NBu4)[PFs] supporting electrolyte 0.01
M analyte in acetonitrile, 0.1 V/s sweep rate. Glassy carbon working-electrode, Pt counter-electrode, Ag
wire reference electrodes. All potentials are referenced to Fc/Fc*.

6.5 Experimental Details
Synthesis of (NBus)2[B12Cls(OH)s]

6 g Cs2B12H12 was mixed with 54 mL H»O in a 200 mL Schlenk flask and cooled 0 °C in
an ice bath. 66 mL of H.SO4 was slowly added using an addition funnel to the rapidly stirring,
cooled reaction mixture (this is to limit heating of the reaction and prevent formation of
[B12Hs(OH)4]%). Then the reaction mixture was fitted with an air-cooled reflux condenser and
gradually heated to 110 °C over the course of ~15 minutes and left stirring at 110 °C for 20 hours.
1B NMR of aliquots of the reaction mixture diluted in H>O were collected to measure production
of [B12Hs(OH)s]%. The reaction mixture was cooled to room temperature and 240 mL of 5.5-6%

NaOCIl(aq) was added dropwise by using an addition funnel. After addition of the NaOCI solution,
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the reaction mixture was stirred for 1 hour at room temperature and then heated to 100 °C for 2
hours to fully chlorinate the [B12Hs(OH)3]?. The reaction progress was determined by electrospray
ionization — mass spectrometry (ESI-MS) and was consistent with our previous reports of

[B12Clo(OH)3])* synthesis.

Upon completion of the chlorination reaction, the reaction was cooled to room temperature
and 2 g of Na2S»03-5H.0 was added to the rapidly stirred reaction mixture to reduce the residual
chlorine gas to chloride ions. Next, 12 g of (NBus)Br was added slowly to the rapidly stirring
reaction mixture to precipitate (NBua)2[B12Cls(OH)s]. The (NBuas)2[B12Clo(OH)3] was collected on
a fritted glass filter frit and washed with excess water. Next, the (NBua)2[B12Clg(OH)3] was
dissolved in a minimal amount of CH,Cl», dried with MgSOs, filtered through 2 cm of Celite, and
dried by rotary evaporation to yield an off-white waxy solid. The waxy solid was transferred onto
a fritted glass filter frit, washed with hexanes, and dried to yield 10 g (78%) of a powdery white
solid. H NMR (500 MHz, MeCN-Ds): & 3.09 (t, 16H), 1.61 (q, 16H) 1.37 (q, 16H), 0.98 (q,

24H); 1B NMR (160 MHz): § -9.6 (s, 3B), -16.0 (s, 6B), -17.7 (s, 3B).

OH 2
2cs* ] z 1
RN 54% H,S0, a 1) Hel
AR _ o AVt
LA 20h, 110 °C ) :_\7/,;;/ 2) 6% NaoCl
EN\7Z HO™ 1/ Ho 3 [NBuger

"B NMR

Single crystal X-ray
diffraction structure of
[B1,Cls(OH);]2- anion

. . . . r r . . . . . Y r T T T T T T T T T T T "
s 40 30 20 10 ©0 -0 -20 -30 -40 ppm 0 40 30 20 10 o -0 20 30 40 ppm

Figure 6.6: Reaction scheme for one-pot synthesis of [B1.Cls(OH)s]* anion. B NMR spectra for
[B12Ho(OH)3)* (left) and [B12Clg(OH)s]*> (right) anions. Inset shows single crystal X-ray diffraction
structure of (MePPhs),[B12Cls(OH)s] prepared by precipitating the [B12Clg(OH)3]* anion with (MePPhs)Br
and recrystallized by evaporation of acetone from a solution of (MePPhs);[B12Clg(OH)3] in a water:acetone
mixture (pink = B, green = ClI, red = O, light pink = H atoms)
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Synthesis of (NBua4)2[B12Cls(O"Hex)s]

250 mg of (NBuas)2[B12Cls(OH)s] and 185 mg (NBu4)!l was added to an oven dried reaction tube
and transferred into an N> filed glovebox. 120 mg of NaH and 5 mL of anhydrous dimethoxyethane
(DME) was added into the reaction tube and sealed with a PTFE lined septum cap. The reaction
tube was brought outside of the glovebox, 400 uL of 1-bromohexane was injected through the
septum cap and the reaction was heated at 80 °C for 14 hours. Upon completion, the NaH was
guenched with a few drops of water and the DME was removed by vacuum evaporation to yield a
white waxy solid which was washed with three 5 mL portions of water followed by washing with
three 5 mL portions of hexanes. The remaining solid was dissolved in dichloromethane (DCM),
load onto a 3 cm tall plug of silica gel, washed with 5 mL of DCM, and the remaining product was
eluted with a 50%:50% (v/v) mixture of acetone:DCM, which upon drying yielded 300 mg of a
clear oil that turned waxy upon drying under vacuum. *H NMR (500 MHz, MeCN-Ds): § 3.91 (t,
6H), 3.09 (t, 16H), 1.61 (g, 16H), 1.43 (m, 6H), 1.37 (q, 16H), 1.33-1.24 (m, 18H), 0.98 (g, 24H),

0.89 (t, 9H); 1B NMR (160 MHz): & -8.5 (s, 3B), -13.7 (s, 6B), -15.7 (s, 3B).

50



600000

376.0327
2. . 500000 -
OH
2 TBA*
—I NaH, R-Br 400000 4
TBAI = .4 !. 300000 -
DME \
HO H 80°C,14 h ‘V 2000001
100000 -
R = Et, "Bu, "Hex
B-H , T
i 380 40

ion counts

O B-cI 30% yield o ‘aa;/z 2
Qs
|
"B NMR ‘ “ 'H NMR
} Ihuﬁl
. JU V \‘\ A N
% 1 8w @ % 4 pm T T T T o

Figure 6.7: Reaction scheme for alkylation of the [B1,Cls(OH)s]*~ anion. !B NMR (bottom left) and H
NMR (bottom right) spectra of (NBus)2[B12Cls(OH)s]. Inset shows electrospray ionization — mass spectra
(negative mode) of the [B1.Clg(O"Hex)s]* anion.

Synthesis of (NBu4)2[B12Clo(O(Si(CH3)3)s]

983 mg of (NBua4)2[B12Cls(OH)3] was added to an oven dried reaction tube and transferred
into an N2 filed glovebox. 800 mg of K[N(Si(CHas)3)2] (KHMDS) and 5 mL of anhydrous
acetonitrile (MeCN) was added into the reaction tube and sealed with a PTFE lined septum cap.
The reaction tube was brought outside of the glovebox, 3.6 mL of 1-bromo-3-methylbutane was
injected through the septum cap and the reaction was heated at 70 °C for 14 hours. ESI-MS showed
97% conversion of the [B12Clo(OH)3]*>  anion into the [B12Clg(O(Si(CHs)s)s]*~ anion. Similar
reactions without any alkyl bromide (1-bromo-3-methylbutane) showed <5% conversion of the

[B12Clo(OH)3])*" anion into the [B12Clg(O(Si(CHs)s)3]* anion.

983 mg of (NBua)2[B12Cls(OH)3] was added to an oven dried reaction tube and transferred
into an N2 filed glovebox, 5 mL of anhydrous acetonitrile (MeCN) was added into the reaction

tube and sealed with a PTFE lined septum cap. The reaction tube was brought outside of the
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glovebox, 75 uL of HN(Si(CHz)3)2 (HMDS) was injected through the septum cap and the reaction
was heated at 70 °C for 14 hours. ESI-MS showed 97% conversion of the [B12Cls(OH)3]*~ anion

into the [B12Cle(O(Si(CHs)s)s]?~ anion.

The reaction mixture was evaporated to dryness to yield a white waxy solid. The solid was
washed with three 5 mL portions of water. The resulting solid was dissolved in ethyl acetate and
washed with a saturated NH4Cl solution. The ethyl acetate layer was collected, dried with MgSO4,
filtered and evaporated to dryness to yield 950 mg of white solid. 'TH NMR (500 MHz, MeCN-
Ds): 6 3.09 (t, 16H), 1.61 (g, 16H) 1.37 (q, 16H), 0.98 (q, 24H), 0.07 (s, 27H); :B NMR (160

MHz): & -9.9 (s, 3B), -16.0 (s, 6B), -18.1 (s, 3B).
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Figure 6.8: 'H NMR (left) spectra of (NBus)2[B12Cls(OSi(CHs)s)s] and electrospray ionization — mass
spectra (right, negative mode) of the [B12Cls(OSi(CHs)s)s]*~ anion. Additional peaks at 321 and 345 m/z
correspond to [B12Clg(OSi(CHs)s)s]* and [B12Cls(OSi(CHz3)s)s(OH)]* anion

Cyclic Voltammetry

All cyclic voltammetry data was collected utilizing a glassy carbon working electrode,
platinum counter-electrode and Ag wire reference. Both pure (NBus)2[B12Cls(OH)s] and

(NBu4)2[B12Clg(O"Hex)s] were dissolved in N2 purged acetonitrile to 0.01 M in a supporting 0.1
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M electrolyte of tetrabutylammonium hexafluorophosphate. All potentials are referenced to

Fc/Fc*. All solutions were stirred prior to collection of CV and left unperturbed during collection

of the measurement.
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