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INTRODUCTION

The technological advancements of the 21% century had a profound impact on all aspects
of human life on Earth. The modern world has been shaped by technological innovations in
transportation, communication, health care, security, the energy sector, and space exploration. This
has made life on Earth easier, and at the moment, everyone enjoys the benefits of these
technologies. In today's world, which is all about speed and efficiency, there is always a quest for
novel technologies. As a consequence, it is important to develop new materials that can be used in

both current and future technologies.

1. Batteries, energy storage, and space exploration

Innovative energy technologies that provide reliable and sustainable energy storage and
conversion play a significant role in current technological advancements. Uninterrupted power
supply is necessary for the proper operation of many modern devices, and it is critically important
in achieving the goals of space missions of the European Space Agency (ESA). To ensure a
continuous power supply, the basic energy technology used in space exploration combines a
primary energy source (photovoltaics or radioisotope-based electric generator) and an energy
storage system (batteries) [1].

Several types of batteries, including primary, secondary, and nuclear batteries, are utilized
in space exploration, and their use varies depending on the mission requirements [2]. For instance,
nuclear batteries are used in interplanetary missions, where the availability of sunlight is limited.
Commonly used rechargeable batteries in space exploration include Ag-Zn batteries
(characteristics: high specific energy, compact size, super discharge performance, and stable

voltage), Ni-Cd batteries (characteristics: require low maintenance and are suitable for short-



duration missions), and Ni-H> systems (characteristics: long cycle life and a calendar life >15 years
in GEO operation) [2-4]. The operation of these batteries in space frequently faces challenges, such
as temperature and gravity fluctuations, the presence of high-energy particles, radiation
environments, and hard ultraviolet light [5]. Despite the fact that some of these batteries have been
successfully employed in numerous missions, such as earth observation missions,
telecommunication satellite missions, astronomy missions, interplanetary missions, etc., the
majority of conventional batteries suffer from their large size, low energy density, poor
performance at extreme temperatures, electrolyte leakage, capacity loss, corrosion of the battery
components, and short lifespan [4-8]. A study on the satellite failures between 2000 and 2016
carried out in 2019 revealed that battery defects caused more failures than thrusters [9].

With the increasing demand for a reliable energy technology in space research, Li-ion
batteries (LIBs) have received considerable interest due to their high energy density, lightweight,
and increased life span [10-11]. In 2001, Li-ion batteries were used for the first time in ESA’s
Proba-1 [12], a technology demonstration satellite and currently, they are emerging as the primary
energy source for spacecrafts, launch vehicles, interplanetary missions, and the space station [13-
15]. LIBs have several advantages over the conventional batteries in space applications due to their
developed technology, lightweight (a 50% weight reduction over Ni-Hz is possible with less
volume required), and much lower thermal dissipation. Most of the currently available LIBs
operate in the temperature range of 25 to 60 °C. Therefore, they are not suitable for the outer space
missions that require battery operation at extreme temperature ranges (such as in Mercury, Mars
or Venus missions). Most LIBs are susceptible to irreversible electrode/electrolyte reactions and a
variety of electrolyte-related safety issues (including leakage, volatility, flammability, and

decomposition) above 80 °C, which eventually lead to battery failure [16]. The stability and



performance of the LIBs under extreme temperatures largely depend on the type of electrolyte
employed. To overcome the current technical challenges, it is critical to develop new materials for
use in advanced energy storage and conversion systems.

This Dissertation focuses on addressing some of these issues by using anionic boron
clusters as the key structural element for photoactive and ion conductive ionic liquid crystals
(ILCs). The Dissertation comprised of two parts. The first part of the Dissertation (Part A) is
concerned with the [closo-BioH10]* anion and photoactive ILCs derived from it. Part B is focused
on the [closo-1-CB11H12]  anion as the key structural element of Li-ion conductive ILCs for battery

applications. Boron clusters and their applications are reviewed in the sections below.

2. Boron clusters

The capacity of boron to create bonds and structures has resulted in an intriguing class of
compounds known as boron hydrides. Boron has a ground state valence shell electronic
configuration 2s22p*. Unlike carbon, which forms chains and rings through covalent bonds with
other atoms, boron having only three electrons in its valance shell chooses to form a cluster pattern
by covalently bonding to itself. The most ubiquitous structure is the icosahedral B12 unit present in
all three polymorphs of elemental boron, which demonstrates the unique bonding characteristics
of the boron atom [17].

closo-Boranes, such as [closo-BsHs]?, [closo-BioHi0]?, [closo-BiHi2]* etc., are
fascinating class of compounds that are tri-dimensional frameworks of covalently bonded boron
hydrides with characteristic non-classical bonding [18]. Its distinctive properties include the
skeleton structure with three-center two-electron bonds, electron delocalization in the o-
framework, and excellent chemical, electrochemical, and thermal stability [19]. Huckel's

aromaticity rules are used to explain the stability of these compounds. Therefore, boron clusters
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are excellent prospects for the development of a variety of cutting-edge functional materials with
unique properties.

In 1912, Alfred Stock and his co-workers successfully synthesized and characterized the
first boron hydrides [20]. Subsequently, this research helped to comprehend a revolutionary
bonding principle and herald a new era of structural chemistry. The simplest boron hydride is
borane BHs. The boron center in this derivative has only six valence electrons, which violates the
octet rule. The diborane B2Hs is yet another derivative that does not satisfy the octet rule. A total
of 12 valence electrons are involved in bonding in this derivative: six from the two boron atoms
and six from the hydrogen atoms. Only four hydrogen atoms make typical covalent bonds with the
boron atoms in this derivative, while the remaining two hydrogen atoms are shared by the two
boron atoms through B—-H-B bridges (Figure 1) [21]. Later, Lipscomb and co-workers described
this B-H-B bridge (B-B-B bridge in the case of closo-boranes) as a three-center two-electron
(3c2e) bond, which connects three atoms through a pair of delocalized electrons [22]. This
represents the basic concept of bonding in all polyhedral boron hydrides, including the 10- and 12-

vertex boron clusters (structures A-E and F-J, respectively) shown in Figure 2.

Bridge hydrogen

H

”"B/H\ }Terminal
~N,, -

H/ H \H Hydrogens

}

Bridge hydrogen

Figure 1. The structure of BoHe with bridging B-H-B bonds and terminal B—H bonds.

Allard's (1932) and also Pauling and Weinbaum's (1934) research on metal hexaborides
unveiled the first closed boron polyhedra with the generic formula MBs [23-24]. Longuet-Higgins

and Roberts used the MO theory to investigate the existence of this closed network of highly stable
4



electronic arrangements in hexaborides [25]. In addition, their research on the B> icosahedron
revealed that the prototypical borane [closo-Bi2H12]* (F, Figure 2) and other boranes with the
general structural formula (BH)» would only be stable as dianions (BH)n?. Hawthorne and
Pitochelli subsequently synthesized the closo-dodecaborate anion F and analyzed it using X-ray
diffraction, which reaffirmed the earlier conclusion regarding its structure [26]. Further research
revealed the [closo-BioH10]* anion (A, Figure 2) as well as other deltahedral boranes, [closo-
B1:H11]?%, [closo-BgHg]?, [closo-BsHs]%, [closo-B7H7]*, and [closo-BeHs]? [27].

10-vertex series

g3 ¢ a &

BioH10>  CBgHyp™ 0-CoBgHyg m-CyBgHqg  p-CoBgHyg
A B C D E

12-vertex series
2-

ByoH1p% CBiyHy2™  0-CyBygH1p m-CoBigHqa p-CoByoHyy
F G H | J

Figure 2. Structures of 10- and 12-vertex closo-boranes. The circles in the structure represent a

CH vertex, and all other vertices are BH groups.

Prefixes, including closo-, nido-, and arachno- are used to describe the structural motifs of
stable boranes [27]. The closo- represents the covalent network of polyhedral boranes that is closed.
Nido- and arachno- boron clusters have one and two missing vertices of the closed network,
respectively, and therefore have an additional pair of bridging hydrogen atoms (in the former) or

two pairs (in the latter) [28]. Later on, Wade's rule established a common relationship between the
5



members of these three types of boron clusters and their number of skeleton electrons. According
to this rule, there should be n+1 MOs in closo-borane, n+2 MOs in nido-borane, and n+3 MOs in
arachno-borane [29].

Current research focuses primarily on boron clusters with 10 or 12 vertices, which are also
of interest to investigation in this Dissertation. In addition to [closo-BioH10]%> (A) and [closo-
B12H12]> (F), several 10- and 12-vertex boron clusters exist with heteroatoms present in their
closed skeletal structure (Figure 2). Carboranes and metallaboranes are only two such subclasses,
although there are many others [30]. The 12-vertex carborane [closo-1-CBiiHi2]” (G) is
obtained by replacing a “BH” vertex in the prototypical borane F with a “CH™ group. Similarly,
other neutral carborane derivatives are known, such as [closo-C2B1oH12], in which two “BH”
vertices in F are replaced by two “CH™ groups. This derivate exists in three distinct isomeric
forms: 1,2-carborane (H), 1,7-carborane (1), and 1,12-carborane (J). Commonly encountered 10-
vertex carborane derivatives include [closo-1-CBgHio]™ (B) and the three isomers of [closo-

C2BsgH10] (C, D, and E).

3. Application of boron clusters in contemporary technologies

Due to the unique properties of the closo-boron clusters, their chemistry is notably distinct
from that of their organic counterparts. Boron clusters did not receive the attention they deserved
as true building blocks for functional materials for a long time due to the lack of understanding of
their chemistry and encountered functionalization challenges. Over the last few decades, scientists
have made significant advances in understanding the fundamental chemistry of boron clusters and
in synthesis of their derivatives. Consequently, this paved the way for the development of a number
of fascinating new materials with properties that can be tuned for specific applications. Some of

the applications of boron clusters in contemporary technologies are discussed below.
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3.1 Biomedical application of boron clusters

Boron neutron capture therapy (BNCT) for the treatment of tumors is one of the most
significant applications of boron clusters in the medical field [31]. In this technique, the 1°B isotope
of boron with a high neutron cross section of 3840 barns (it is a measure of the ability to absorb
thermal neutrons) uptaken by the neoplastic cell captures a thermal neutron and undergoes
radioactive decay to produce an alpha particle, 'Li nucleus and a gamma photon, thereby providing
a localized lethal dose for selective destruction of the malignant cells. For successful BNCT
applications, there must be high selectivity and sufficient concentration of boron in the targeted
cell, which continues to remain a challenge. The introduction of boron clusters with a high
concentration of the 1°B isotope as a boron carrier compound significantly improved BNCT. In a
recent study, magnetic nanocomposites containing carborane cages were found to provide a high
198 isotope concentration in tumor cells [31b]. Carbohydrates, nucleic acids, proteins and amino
acids conjugated with boron clusters are among new boron carrier molecules investigated for
BNCT treatment [32].

Recently, boron clusters were utilized in developing of carrier molecules for transport of
hydrophilic cargo molecules, such as cationic and neutral peptides, amino acids, neurotransmitters,
vitamins, antibiotics, and drugs across liposomal membranes [33]. Boron clusters have additional
medical applications in biosensors, targeted drug delivery, the treatment of cancer and HIV, and
the investigation of protein-biomolecular interactions [34]. The amphiphilicity, lipophilicity, or
hydrophilicity of different boron clusters, as well as their capacity for non-covalent interactions,
such as ionic interactions and dihydrogen bond formation, made it possible to design drugs with

tunable interactions with biological targets. Additionally, the chemical stability of the boron



clusters makes them biologically stable and minimizes the toxicity. Their resistance to high

ionizing radiation is important for the development of radiopharmaceutical agents [35].

3.2 Significance of boron clusters in material science

Boron clusters are being explored in several areas of material science. They are
characterized by aromaticity of their three-dimensional o-framework and this property is being
explored, for example, in the development of luminescent materials with tunable photophysical
properties [36]. Multiple studies demonstrated that the incorporation of 12-vertex neutral
carboranes into m-conjugated systems significantly increased emission intensity and its quantum
yield. Such derivatives, particularly meta- and para-carborane were found to be suitable for the use
in organic light-emitting diodes [37] and light-emitting polymeric materials [38]. Due to its shape,
ortho-carborane hinders =-staking which limit aggregation-induced quenching [39]. By
incorporation of a sterically bulky monocarborate anion [closo-1-CB11H12]  onto a bidentate ligand
platform, high-performance phosphorescent materials have been synthesized recently [40]. The
availability of various carborane clusters enables the emission properties to be tailored to meet
specific requirements.

Carboranes have been used in the development of polymers with improved thermal and
electrochemical stability. Carborane-based polymers, such as phenylene ether carboranylene
ketone (PECK), have demonstrated high thermal stability with minimal mass loss even at
temperatures as high as 1000 °C [41]. Also, incorporation of carborane into the structure of
conducting organic polymers (COPs) enhanced their thermal stability and resistance to
overoxidation [42-43]. Such materials are potential substitutes for conventional metal and

inorganic semiconductors.



Boron clusters, particularly 12-vertex carboranes, are used in the development of thermally
stable coordination polymers and metal-organic frameworks (MOFs). The empty space within
MOFs can accommodate guest molecules and counterions. Zn(Il) and Co(ll)-based MOFs
containing the para-carborane derivative have demonstrated gas-absorption properties [44-45], and
such molecules are important in zeolite applications.

Nanoscience is another significant field of study involving boron clusters. Nanoparticles
composed of boron clusters have been found to have a wide range of applications, including those
in the medical field. When used in BNTC, magnetic nanocomposites containing carborane cages
were found to provide high boron concentration in tumor cells, which is key for a successful BNTC
[33b]. Carboranes are also used to develop molecular architectures, such as rods [46] and boxes
[47] for nanomachines and molecular electronics. The development of nanomachines is of high
interest because they could perform tasks at the molecular level in a similar manner as conventional
machines in the macro scale. Several nano vehicles, such as nonocars, nanoinchworms, and
nanocaterpillars have been demonstrated, in which para-carborane serves as the wheels [48-49].
These nanovehicles are propelled by a photochemical process at 365 nm wavelength. In this
spectral region, para-carborane does not absorb light and has no quenching effect on the
photochemical process. Consequently, para-carborane replaced fullerenes previously used in
nanovehicles, which operate on the same principle.

Boron clusters and their derivatives are promising candidates for nonlinear optical
applications (NLOs). When interacting with an external electromagnetic field, NLO-active
materials generate a field with a modified pulse and frequency. These materials are crucial for
contemporary technological applications involving data storage and retrieval, optical switching and

limiting, image processing, and optical communication. Theoretical investigations on several



derivatives of boron clusters revealed large nonlinear optical responses, with hyperpolarizabilities
ranging from 8.6 to 1226 x 10 cm® esu [50]. Their high hyperpolarizability tends to be
associated with the degree to which the HOMO of the polyhedral boron hydrides mixes with the =
system of the substituent.

Other applications of boron clusters involve advanced catalysts, coordination chemistry for
the development of dianionic ligands and ligand substituents by the utilization of a 6-bound cluster
via its C vertex, and covalently bound spectator substituents to enhance the stability of radicals

[51].

3.3 Boron clusters in liquid crystals

Boron clusters are of particular interest for the synthesis of liquid crystals due to their three-
dimensional geometry, effective charge delocalization, high polarizability, and chemical and
thermal stabilities. Several boron clusters, such as [closo-BioH10]?, [closo-1-CBgHio]", and [closo-
C2B1oH12], were substituted with organic groups in such a way to form rod-like molecules
exhibiting liquid crystal-like behavior. Such a combination resulted in several classes of unique
quadrupolar and ionic liquid crystals that are suitable for application in NLO materials, molecular

electronics, and photovoltaics.

3.3.1 Liquid crystals

An intriguing observation made by the Austrian botanist Friedrich Reinitzer in 1888
regarding the melting of cholesteryl benzoate led to Otto Lehmann's investigation of this
phenomenon and the discovery of liquid crystallinity [52-54]. Liquid crystals (LCs) are soft,
functional materials that exist in a distinct phase of matter between the solid and liquid states
(Figure 3). This thermodynamically stable intermediate phase, also known as the "fourth state of

matter"”, possesses anisotropy of its properties found in the solid, and fluidity characteristic of a
10



liquid [52-57]. Due to these reasons, a LC phase is commonly referred to as a mesophase and the

molecules capable of forming a mesophase are known as mesogens.

The most fascinating aspect of LCs is their ability to form self-organized anisotropic
structures that combine order and mobility. Because of the ability of LCs to align in different
directions, to switch orientations, and to change properties in response to external stimuli, such as
an electric field, heat, mechanical force, and so on, they are appealing components of modern
technologies [58-62].

Increasing order

Solid Liquid crystal  Liquid Gas

Figure 3. Schematic diagrams of molecular order present in different states of matter.

Depending on how the mesophases are obtained, LCs are typically classified as either
thermotropic or lyotropic [52-54]. The thermotropic liquid crystalline phase is formed by heating
of a mesogen to a specific temperature. Thermotropic LCs are further classified as disc-like, rod-
like, and bent-core based on the geometry of the LC molecule. The formation of lyotropic liquid-
crystalline phases is attained by preparing solutions of LCs in solvents of appropriate concentration.
On the basis of their constituents, LCs may be organic, ionic, or organometallic. Thermotropic
ionic LCs necessitate special consideration in the context of my research on anionic boron clusters

[63-64]. lonic liquid crystals (ILC) are ion pairs composed of an anion and a cation, and they
11



combine the properties of both ionic liquids (ionic conductivity, wide electrochemical window,
high thermal stability, low vapor pressure, etc.) and liquid crystals (dynamic molecular order, self-
assembling ability, birefringence, anisotropic physical properties, etc.).

Thermotropic LC phases are referred to as enantiotropic, when they show a LC phase on
both heating and cooling temperature scans. Liquid crystals (LCs) with a monotropic phase, on the
other hand, exhibit the liquid crystal phase only when cooled from the isotropic liquid phase [53].
The general molecular design of a thermotropic liquid crystal consist of a central rigid core and at
least one flexible chain surrounding the rigid core [54]. Formation of the mesophase is also
influenced by the shape, geometry, the extent of non-covalent interactions, nano-segregation, self-

assembly, and self-organization.

% -
0 W
Q% -

Nematic Smectic A Smectic C

Figure 4. Schematic diagrams of commonly observed phases in road like liquid crystals.

LC phases are designated as nematic (N), smectic (Sm), columnar (Col), B phase (B stands
for a banana phase formed by a bow-shaped or bent-core mesogen), etc. based on the type of
arrangement of molecules in the mesophase [52-54]. Based on the strength of non-covalent
interactions, such as van der Waals forces, hydrogen bonding, hydrophobic interactions, dipolar
interactions, and charge transfer interactions, liquid crystals are able to self-organize and self-

assemble into different phases. Typically, molecules with a rod-like shape and a bent core
12



molecular architecture exhibit smectic and nematic phases (Figure 4). In addition, bent-core
molecules display columnar phases, which are characteristic of disc-shaped molecules. Disc-
shaped molecules rarely exhibit nematic phases (discotic nematic, Np).

In this research, the rod-like LCs are of particular interest. As the name suggests, they have
the shape of a rod and are composed of one or two aromatic rings connected directly or via a linker,
and alkyl chains at the terminal positions of the rigid core (Figure 5). The properties of LC are
determined by the number of rings, the presence of lateral substituents in the rings, the type and

nature of linking groups, the length and nature of alkyl chains, the presence of polar groups, etc.

Rigid core

AN
4 A

Terminal chains Terminal chains
| L A ST
! / T
Linking group B B Linking group

Lateral substituents

Figure 5. General schematic of rod-like liquid crystal molecules.

The nematic phase is the least ordered mesophase, as only orientational order without
positional order is present. In the smectic phase, in addition to the long-range orientational order,
molecules also possess some short-range positional order. In this phase, molecules self-organize to
form a layered structure with well-defined boundaries between them. Based on the molecular
arrangement within the layers of the smectic phase, they are further classified as SmA, SmC, SmF,
Sml, SmBrex, etc. SmA and SmC are the least ordered smectic phases and there is no positional
correlation between the molecules within the layer or between the layers. Molecules, when
arranged in layers with their long molecular axis perpendicular to the layer plane, form the

orthogonal SmA phase. The SmC phase is a tilted analogue of the SmA phase, with a similar
13



arrangement of molecules and a tilt of their long molecular axis with respect to the layer plane.
Similarly, molecules in the SmF and Sml phases also have a tilted orientation, but in addition they
have a hexagonal arrangement within the layers. SmBhex has an orthogonal orientation similar to

that of the SmA phase, but with an additional hexagonal order within the layers [52-53, 56].

3.3.2 Liquid crystals derived from boron clusters

The availability of several boron clusters, such as [closo-BioH10]* (A), [closo-1-CBgH1o]
(B), [closo-1,10-C2BgH10] (E), [closo-1-CB11H12]” (G), and [closo-1,12-C2B1oH12] (J, Figure 2)
with varying electronic properties enabled the development of liquid crystals with intriguing

properties (Figure 6) [65].

R R R Qt 9.
o
R R’
R R R’ Q*
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—S* R —N* R
Vi VI VIl IX

Figure 6. Representation of general structures of classes of liquid crystals derived from boron
closo-clusters. Q" represents an onium fragment, such as quinuclidinium, pyridinium, or

sulphonium, and R represents any suitable organic fragment.

When neutral para-carboranes, [closo-1,12-C2B1oH12] (J) and [closo-1,10-C2BsH10] (E)
were used as structural elements in liquid crystalline materials (type | and Il), they were found to

have a detrimental effect on the smectic phase stability in favor of the nematic phase, when
14



compared to their organic analogues benzene, cyclohexane, and bicyclo[2.2.2]octane [66]. 1,12-
Disubstituted derivatives of ortho-carborane also formed liquid crystalline materials (type III) with
a moderate dipole moment [67]. meta-Carborane (1) was used in the synthesis of liquid crystalline
molecules with bent-core molecular architecture (type V) [68].

closo-Decaborate anion [closo-BioH10]> (A) was investigated in the context of the
formation of highly quadrupolar zwitterionic liquid crystals (type V). Several 1,10-disubstituted
pyridinium and sulfonium derivatives were synthesized, and the effect of lateral polar interactions
between the negatively charged boron cluster and the positively charged pyridinium groups on their
LC phase stability was investigated [69]. Also, a study conducted on a homologous series of 1,10-
disubstituted 4-alkoxypyridinium zwitterions of the anion A demonstrated the effect of this strong
lateral polar interaction in the formation of a new type of lamellar phases, which are not typical for
calamitic molecules [70]. These quadrupolar materials are of particular interest as NLO materials.

Carboranes [closo-1-CBgH10]” (B) and [closo-1-CB11H12]” (G) have been extensively
studied in the context of the development of polar and ionic liquid crystals. Several zwitterionic
liquid crystals (type VI and VIII) were prepared by proper disubstitution of the monocarboranes
with an onium fragment (quinuclidinium, pyridinium or sulphonium) in the antipodal boron atom
and an organic fragment linked to the apical carbon atom through -COO- or —CH>CH>— groups
[71-75]. These derivatives are suitable for use in the electro-optics and liquid crystal display
industries due to their high longitudinal dipole moments. Some of these compounds were
discovered to be efficient positive A¢ additives to nematic hosts. Appropriately disubstituted
monocarborane derivatives with at least three rings in their structure and a positive counter ion (N-
alkyl-4-alkoxypyridinium) resulted in ionic liquid crystals (type VII and IX) [72,76-78]. Such

derivatives are examples of materials with anion-driven mesogenicity. Li* salts of these
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monocarborane derivatives are being studied in the context of electrolytes for Li-ion battery
applications, and this will be discussed in detail in Part B of this Dissertation.

Despite possessing a variety of attractive characteristics, including the Dsg molecular
symmetry and a high-lying HOMO [72], the [closo-BioH10]* anion (A) did not receive enough
attention as a component in functional materials because of the challenges with its
functionalization. Several 1,10-disubstituted dinitrogen, pyridinyl, and acetonitrile derivatives of
the cluster have already demonstrated its capacity for efficient interaction with n-substituents [79-
81]. Due to this feature, it is possible to adjust the electronic properties of the cluster derivatives so
that they conform to the requirements of specific applications. It is expected that 1,10-difunctional
derivatives of the [closo-B1oH10]* anion will find numerous fascinating applications in areas, such
as molecular electronics, semiconductors, NLO materials, and photovoltaics. As a result, it is
essential to further develop the chemistry of the [closo-BioH10]?> anion, and the first part of this
Dissertation (Part A) is devoted entirely to the functionalization of the [closo-BioH10]* anion in

order to facilitate the development of novel ionic functional materials.
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GOALS AND OBJECTIVES

The overall goal of this PhD Dissertation was to develop self-organizing molecular
materials based on boron clusters specifically designed for modern technological needs in energy
storage and conversion. This Dissertation is divided into two parts, namely Part A and Part B, each

focusing on separate aspects of this program.

The 1,10-difunctional derivatives of the [closo-BioHio]> anion are attractive for the
synthesis of self-organizing rod-like materials with controlled electronic properties, photophysical
behavior, and the degree of intramolecular electronic interactions. Part A of the Dissertation
investigated the fundamental chemistry of the 1,10-difunctionalized derivatives of the closo-
decaborate anion [closo-BioH10]* in order to facilitate the development of new ionic functional
materials. The main objective was to investigate the bis-phenyliodonium zwitterion [closo-BioHs-
1,10-(IPh).] as a convenient precursor for the efficient synthesis of the known dicarboxylic acid
derivative [closo-BioHs-1,10-(COOH),]> and the unknown dihydroxy derivative [closo-BioHs-
1,10-(OH).]* and their utilization as building blocks for the design of novel ionic liquid crystal
materials with tunable intermolecular charge transfer. Tunability of the intermolecular charge in
ILCs was achieved by modifying the energies of the HOMO of the anion and the LUMO of the
cation by judicious choice of the substituents. Nanosegregation of the charged and aliphatic apolar
regions in the ordered phase of ILCs can facilitate charge transport, and they are suitable for use in

photovoltaics.

Boron clusters are advantageous for use as lithium salts in electrolytes due to their improved
performance. Part B of the Dissertation focused on a project funded by the European Space Agency

(ESA) for the development of electrolytes for use in lithium-ion battery applications in space
27



exploration. The main goal of the project was to obtain a parallelly aligned liquid crystalline solid
polymer electrolyte based on a [closo-1-CB11Hi2]™ anion derivative with enhanced ion mobility
through the formation of ion conducting channels and planes and to test its performance in a
CR2032 type coin cell battery. In order to achieve this, a new LC electrolyte system was
investigated, in which the anion of the Li* salt is a 1,12-disubstituted [closo-CB11H12]" derivative
that is structurally similar to the molecules of the LC host, exhibiting smectic C and nematic phases.
This project involved several stages of development, including extensive synthesis and
characterization of the liquid crystalline electrolyte samples, parallel alignment of the electrolyte
samples using different surface treatment methods, photopolymerization of the parallelly aligned
liquid crystalline electrolytes to generate the solid polymer electrolyte films, and finally cell

assembly and battery testing.
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PART A

Development of novel functional materials based on 1,10-

disubstituted [closo-BioH10]* anion derivatives

Part A of the Dissertation is dedicated to the fundamental chemistry of the closo-decaborate
anion ([closo-B1oH10]%) and its utilization in the design of novel ionic functional materials with
tunable photophysical behavior. Since the [closo-BioH10]? anion is the main focus of this part of
the Dissertation, it begins with a review (Chapter A1) which discusses recent developments in the
synthesis of 1,10-disubstituted derivates of the anion in the context of application in material
science. Chapter A2 deals with the synthesis, structural analysis, and functional group
interconversions of [closo-BioH10]? derivatives. The synthesis and photophysical properties of a
series of photoactive ionic liquid crystalline derivatives based on the [closo-BioH10]> anion are

described in Chapter A3.



CHAPTER A1l

Chemistry of the 1,10-disubstituted derivatives of the closo-

decaborate anion ([closo-BioH10]?)

1.1 Introduction

The unique properties of the boron clusters [1-4] make them attractive structural elements for
the development of functional materials with properties that could be used in modern technological
applications, such as NLO materials [5-9], = linkers in molecular electronics [10], and
photovoltaics [11]. Among them, the closo-decaborate anion, [closo-BioH10]? (A, Figure 1) is
exceptional [1,2] and over the last six decades since its first synthesis [12] by Hawthrone and
Pitochelli in 1959, derivatives of the anion A have been the subject of many investigations and
revealed many unique properties of the cluster. It has the Dsg molecular symmetry and exhibits 3D
c-aromaticity [2-4,13,14]. The structure of the bicapped square antiprism with 5-coordinated apical
and 6-coordinated equatorial boron atoms contains three-center two-electron bonds [15]. The two
negative charges in the cluster are fully delocalized through its three-dimensional ¢ framework,
which makes the cluster nucleophilic. As a consequence, the exo-polyhedral hydrogen atoms can
be replaced by various electrophilic substituents. The high laying HOMO (Figure 1) [5], orbital
symmetry, and its energy level make the anion A interactive with the apical n-substituents
[5,10,16]. Therefore, the 1,10-disubstituted derivatives of the anion A are attractive for the
synthesis of functional materials with controlled electronic properties, photophysical behavior, the

degree of intramolecular electronic interactions, and charge transfer.
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LUMO+1, E =2.949 eV LUMO, E=2.410eV  Degenerate HOMO, E = -6.029 eV

Figure 1. Structure of the closo-decaborate anion with selected MO contours and energies obtained

at the CAM-B3LYP/def2TZVP//B3LYP/def2TZVP level of theory in CH.Cl. dielectric medium.

Until recently, 1,10-difunctionalization of anion A was poorly developed, while materials
containing this structural element potentially offer several new properties. Access to derivatives of
the [closo-BioH10]> anion (A) with apical substituents is difficult because most substitution
reactions take place almost exclusively at the equatorial position leading to [closo-BioHe-2-X]?
derivatives [1,2,17]. The mechanism of the substitution reaction (electrophilic, radical, or
electrophile-induced nucleophilic substitution) and electron density distribution within the cluster
determine the formation of the substitution product, whether it is equatorially or apically
substituted. Due to this reason, the introduction of the first substituent can lead to a mixture of
isomeric products.

During the 1960s, work by Knoth gave access to the dinitrogen derivative [closo-BioHs-
1,10-(N2)2] (), which was the first practical precursor to 1,10-difunctional derivatives of the [closo-
B1oH10]?* cluster (Scheme 1) [18,19]. This dinitrogen derivative 1 was prepared in 15-25% yield by
treating anion A with excess of nitrous acid followed by the reduction of the resulting intermediate
with NaBH4 in methanol or with zinc and hydrochloric acid. This method has the drawback of
forming an explosive intermediate and a low overall yield of 15-25% due to the formation of
undesired and unstable equatorial isomers. Similar to other derivatives of the anion A, derivative I

was also found to exhibit hydrolytic and oxidative stability unusual for a boron hydride derivative.



Itis a colorless, crystalline solid, stable towards air, water, dilute acid and base, and is not oxidized
by alcoholic silver nitrate. It sublimes readily at 100 °C in vacuo and is soluble in common organic
solvents, including benzene. It begins to decompose at about 125 °C in a sealed tube [18]. N2
groups in | were efficiently replaced by variety of nucleophiles, such as NHs, pyridines, and CO to

yield the corresponding 1,10-disubstituted products with the general structure 1 [9,18,19].

1. HNO, o o
2. Zn/HCI + j + Nu j
e N2 N2 —>Nu Nu

15-25%

2— 2- 2— 2=
[ArNL]*[BF4 + C,H5COONa + Nut
S N=N—Ar > N,—> Nut
A

92% 44%
2 Il 3

PhI(OAc), (2 eqiv.) 2— 2—
70% aq. AcOH . ! . =\
> Phl IPh ——Phl Nu? N2

82-94% u

27
n 4 \ j

j Nu = CN, CO, pyridine,
Nu@m MeCN, SCN, OAc, efc.

Scheme 1. General methods for the synthesis of 1,10-disubstituted derivatives of the [closo-

B1oH10]* anion.

In 1965, Hawthorne et al. reported a facile azo coupling reaction between anion A and aryl
diazonium cation to form the apically substituted azo-dye [closo-B1oHs-1-NH=N-Ar] (2, Scheme
1) [20,21]. Thus, a reaction of aryldiazonium tetrafluoroborates or hexafluorophosphates
with anion A in acetonitrile solutions gave the corresponding apically substituted azobenzene

derivatives 2 up to 92% yield (Scheme 1). These derivatives were found to be highly colored dyes.



Intramolecular charge transfer in azobenzene dyes was investigated and solvent and substituent
effects were determined. Azo-dye 2 was easily converted to the monodinitrogen derivative [closo-
B1oHo-1-N2] (1) by treating it with sodium propionate in acetonitrile, which served as a general
intermediate for the mono- and heterodisubstituted derivatives (general structures 3 and 5
respectively, in Scheme 1) of anion A by sequential introduction of the substituents at the apical
positions.

For the next few decades, not much progress has been made in the chemistry of the apically
substituted derivatives of the anion A and it has remained unexplored, mainly due to the difficulties
with introducing of functional groups at the apical positions, demanding reaction conditions, and
low yields.

A recent discovery by Kaszynski et al. has solved this long-standing problem and provided
a convenient and general method for the regioselective functionalization of the anion A exclusively
at the apical position through the bis-phenyliodonium zwitterion [closo-BioHs-1,10-(1Ph)2] (111,
Scheme 1) [22]. The zwitterion 111 was synthesized by reacting a solution of [closo-BioH10]*
2[NH4]" (A[NHa4]) with solid PhI(OAc). in 70% aqueous acetic acid. Analysis of the reaction
mixture revealed that [PhI]* electrophile is fully selective for the apical position of the anion A and
I11 was obtained in 82-90% vyield as the sole product. Derivative 111 appeared to be stable and did
not show any decomposition under ambient conditions over several months. Similarly, mono-
phenyliodonium derivative 1V was obtained in 60-65% yield by reacting Phl(OAc). with a solution
of A[NHa4] in 30% aqueous acetic acid [23]. Here, the selectivity for the mono-phenyliodination
of A was achieved by controlling the concentration of acetic acid, which in turn affected the
solubility of the derivative 1V formed in the reaction medium: it precipitates before being reacted

with another equivalent of [PhI]*.



In contrast to the formation of monodinitrogen intermediate 11, the electrophilic
phenyliodine species, such as Phl(OAc),, was found to be the most selective electrophile
exclusively giving the apically substituted product, and consequently, high yields of I11. The main
difference between the two methods lies in selectivity of the electrophilic substitution of the anion
and also in the mechanism of the replacement of the leaving group in the intermediate. Thus, the
substitution of the N2 group in | involves heterolysis of the N-B bond and formation of highly
reactive boronium ylide 6, which is trapped with a nucleophile. Consequently, this mechanism is
an analogous to that of Sn1 reaction. In contrast, the substitution of the nucleophile in
phenyliodonium zwitterion 1V proceeds through the heterolysis of the I-B bond and formation of
boronium ylide 6, formation of the 10-1-3 intermediate 7, or by the formation of 9-1-2 intermediate
8. depending on the reaction conditions and nature of the nucleophile (Figure 2) [22]. Charge
nucleophiles, such as CN™and AcOr, and weak nucleophiles, such as MeCN and thiane, react with
IV, the reactions proceed through the formation of 10-1-3 intermediate and boronium ylide,
respectively, to yield the corresponding substituted product 3. Phenyliodonium zwitterion 1V

efficiently undergoes SET from the Grignard reagent, resulting in the iodo derivative 9.

2— 2—

P AN =\

> —> Nu
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nucleophiles 6 3

2— 2-
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Phi > |
Charged 7 -IPh
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—————> Ph + RM]"t —————
SET route -Ph*

8 9

Figure 2. Possible pathways for phenyliodonium group replacement with nucleophiles in 1V.



The reactions of zwitterions I and 11 with various nucleophiles provided pyridinium [9,24],
sulfonium [24], carbonyl [18,25], nitrile [26], and other derivatives [21,23,27,28]. These
derivatives gave unprecedented access to functionalized closo-borate and new classes of materials,
such as liquid crystals [9,24,27], photonic materials [28], and metal complexes [29].

So far, reviews on the chemistry of anion A summarized various synthetic methods for
obtaining the parent anion, its properties, salts and complexes, and the exo-polyhedral substitution
of various atoms and groups on the boron cluster [1,30,31]. This review exclusively concentrates
on the progress made in the chemistry of the 1,10-disubstituted derivatives of the anion A and their

properties.

1.2 Preparation and reactivity of 1,10-disubstituted functional group

derivatives

1.2.1 Derivatives with the Boron-Carbon bond

Until now, several derivatives of the anion A with a carbon atom substituted at the apical
positions have been prepared and 1,10-dicarbonyl derivative [closo-BioHs-1,10-(CO)2] (10) is
among the first such derivatives. Initially, this derivative was obtained in 55-75% yield by the Sn-
1-type displacement of the N2 groups in [closo-B1oHg-1,10-(N2)-] (1) by carbon monoxide under
140 °C and 1000 atm pressure (Scheme 2) [18,19]. This derivative is a formal anhydride of the
diacid [closo-BioHs-1,10-(COOH),]* (11), a potentially useful building block for a variety of
materials. In water, the carbonyls in 10 are found to be in equilibrium with the carboxyl group.
Also, reactions of 10 with amines and alcohols gave the corresponding amides (12) and esters (13)

respectively (Scheme 2) [18].
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Scheme 2. Synthesis of [closo-BioHs-1,10-(CO)2] (10) from [closo-BioHs-1,10-(N2)2] (1) and its

reactions [18].

Interestingly, reduction of 10 using LiAlH4 resulted in the 1,10-dimethyl derivative 14
(Scheme 2). Isocyanate derivative 15 was obtained by treating derivative 10 with NaNa.
Unfortunately, accessibility of the 1,10-dicarbonyl derivative 10 using this method is limited by
high-pressure conditions (1000 atm) for its synthesis and low overall yields of 10-15%.

A recent work has solved this long-standing problem and provided a convenient access to
the 1,10-dicarbonyl derivative 10 and the diacid 11 using the readily available dinitrile
derivative [closo-BioHs-1,10-(CN)2]* (16, Scheme 3) [25]. An initial attempt to prepare the diacid
11 through the hydrolysis of dinitrile 16 was not successful due to the high electron density on the
CN group and its low electrophilicity [26]. However, N-methylation of 16 with CF3SOs3Me
occurred smoothly and the resulting bis-zwitterion [closo-BigHs-1,10-(CNMe)2] (17) was easily
hydrolyzed in a two-step process to give the diacid 11 in a 30% overall yield [25], which is almost
a double of the previous method [18]. Zwitterionic acid anhydride 10 was obtained, when a solution

of diacid 11 was passed through an ion-exchange resin followed by evaporation of the solution to



dryness. The resulting acid anhydride 10 in a reaction with NaOEt in EtOH gave the known diethyl

ester 13b in 62% overall yield. However, this ester was found to be hydrolytically unstable.

2— MeOTf, CH2C|2 2—
j 0°Ctort,16h + j +
NC CN — """ » Me-NC CN-Me
67%
16 17 | 1. aq. NaOH, MeCN, 50 °C, 10 min.

. 2. Con.HCI, 15 min
94% 3. ag. NaOH 50 °C, vaccum, 20 min.
4. Con.HCI, CH5Cl,, [NBug]*Cl, 5 min.

2— 2[NBuy]*  [NBug]*[OH]" 2— 2[NBugJ*
MeCN, rt +
HOOC COOH «————0C COOH
guant. yield
" 18| jon exchange resin,

guant. yield H,0,/MeCN 6:4

-Hzo
2— 2|NEt,]* 1. NaOEt, EtOH 2—
j 2. [[NEtg]*CI + j +
EtOOC COOEt <—————— OC co
62%

13b 10

Scheme 3. Synthesis of acid 11 and carbonyl derivative 10 from [closo-B1oHs-1,10-(CN)2]% (16)
[25].

Furthermore, the addition of methylamine to zwitterion 17 cleanly gave the bis-ylide 19 in
76% vyield (Scheme 4). Crystal structures for several of these derivatives were obtained using

single-crystal XRD [25].

2- MeNH, (40% in EtOH) 2-
" MeHN NHMe
+ + MeCN e /-
Me-NC CN-Me T» +) ot
’ MeHN NHMe
17 19

Scheme 4. Reaction of [closo-BigHs-1,10-(CNMe)2] (17) with methylamine [25].

The dinitrile derivative [closo-B1oHs-1,10-(CN)2]% (16) was efficiently synthesized in 62—
67% vyield by the reaction of the bis-phenyliodonium derivative Il with [NEt4]*CN~ in MeCN

(Scheme 5) [26]. The solubility of the [closo-BioHs-1,10-(CN)2]* 2[NEt]* (16[NEt4]) salt in

9



organic solvents was improved by exchanging the [NEts]" cation for [NBu4]™ using Dowex

exchange resin.

2-  [NEty]Y[CN]", MeCN, 2— 2[NEt,]*

+ + 65°C,24h
Phl IPh ——— > NC CN
62-67%

n 16
Scheme 5. Synthesis of the [closo-B1oHs-1,10-(CN)2]* derivative (16) [26].

Dinitrile 16 was surprisingly resistant to hydrolysis and found to be unaffected on most
classical reaction conditions. Stronger reducing reagents such as LiAlH4, NaBH4-BF3sEt,0, and
LiAIH4—BFsEt20 gave partial conversion of the dinitrile to a complex mixture of products. The
inertness of the C=N groups in 16 was ascribed to the extensive delocalization of the negative
charge from the {closo-B10}? cluster. The availability of high negative charge density on the C=N
bond has been explored in the context of metal complexes (see section 1.6: Metal complexes based
on [closo-BioH10]% anion). Single-crystal XRD analysis of [closo-BioHs-1,10-(CN)2]% 2[NPrs]*
(16[NPr4]) provided more insight into the molecular structure of this derivative [26].

Derivatives of the anion A with aryl substituents at the apical positions were obtained by
the Pd(0)-catalyzed cross-coupling reactions of [closo-BioHs-1,10-12]>" (20) and [closo-BioHs-1-
11> (9). Thus, a reaction of 20 with 4-MeOCgsH4MgBr in the presence of 2 mol% PEPPSI-IPr
catalyst gave the 1,10-diaryl derivatives [closo-BioHs-1,10-(CsHsOR)2]* (21) in 60-75% yield
(Scheme 6) [26]. Similarly, monoaryl derivative 22 was also synthesized in 75-88% yield from the
iodo derivative 9 [26,27]. These aryl derivatives were explored in the context of ionic liquid
crystalline derivatives (see section 1.4: Self-organizing materials based on the [closo-BioH10]*

anion).

10
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Scheme 6. Synthesis of the aryl derivatives of anion A [27].

1.2.2 Derivatives with the Boron-Oxygen bond

Monosubstituted hydroxy derivative [closo-BioHe-1-OH]?* (23) was obtained by heating an
aqueous solution of [closo-B1oHg-1-N2]™ (11) and NaOH. However, some amounts of [B(OH)4]
were also formed as a product of cage degradation. This was overcome by carrying out the reaction
in a mild alkaline aqueous solution of NaF, and triphenylbenzylphosphonium salt of the hydroxy

derivative 23 was isolated in 83% yield (Scheme 7) [32].

2— NaF, H,0, 2—

@7 NZ reflux @ o
83%

Il 23

Scheme 7. Synthesis of the monohydroxy derivative [closo-BioHs-1-OH]? (23) [32].

Apical dihydroxy derivative [closo-BioHs-1,10-(OH)2]> (26) remained unknown until a
recent work demonstrated a convenient and efficient preparation of this derivative starting with
bis-phenyliodonium zwitterion [closo-B1oHs-1,10-(IPh)2] (111, Scheme 8) [26]. Thus, thermolysis
of 111 in DMF gave the bis-DMF adduct [closo-B1oHs-1,10-(OCHNMe»).] (24a) isolated in 72—
80% yield, which upon hydrolysis with aqueous [NBus]*[OH] in MeCN yielded the formate ester
[closo-BioHs-1,10-(OCHO)2]* (25a) instead of the expected dihydroxy derivative. Further

experiments revealed the inertness of 25a to solutions of KOH in MeOH/H20. Finally, treatment
11



of 25a with diluted HCI in MeOH gave the dihydroxy derivative obtained in the protonated form
[closo-B1oHs-1,10-(OH2).] (26-2H) in 68-72% yield (Scheme 8). The solid-state structure of
derivatives 24a, 25a, and 26-2H were determined by single-crystal X-ray analysis. Analysis of the
experimental C=0 vibrational frequencies showed a markedly lower force constant in 25a than in
the hydrocarbon analogs, which was well reproduced with DFT calculations [26]. This indicates
an effective electronic interaction between the cluster and the substituents, which in turn lowers

the bond order.

27

DMF or DMA 2-
+
Ph|L@7|ph 90 °C, 12h SN Sern
————Me,NRCO e -
72-80% 2 2 aR=H

m b, R = CHy
24
84.900¢ [NBu,]*[OH]
Y7 MeCN, 80 °C
5 2[NBu4]+2
- HCI, MeOH, o - 0
+ j + 0.5h. I j [l
H,0 OH, «——— R—C—-0 O—C—R a,R=H
68-72% b, R = CH,
26-2H 25

Scheme 8. Synthesis of the bis-oxonium derivative [closo-BioHs-1,10-(OH.)2] (26-2H) [26].

Similarly, [closo-B1oHs-1,10-(OH>).] (26-2H) was synthesized in comparable yields from
the DMA adduct [closo-B1oHs-1,10-(OCMeNMez)] (24b), which was obtained by the thermolysis
of 111 in MeCONMe, (DMA, Scheme 8) [25]. Dihydroxy derivative 26 was found to be prone to
oxidation and was unstable in most organic solvents. Only the solid-state of the protonated form
26-2H was found to be stable. Its synthetic utility was demonstrated by a successful acylation
reaction with CeHsCOCI in THF in the presence of excess NaH under argon atmosphere (Scheme
9). Despite sensitivity of esters to acid, the [NBu4]* cation in [closo-BioHs-1,10-(OCOCgHs)2]*
2[NBua]" (27a[NBus]) was successfully exchanged for [NEts]* cation using Dowex exchange resin

[26].

12



Ester derivatives [closo-BioHs-1,10-(OCOC11H23)2]> (27b) and [closo-BioHs-1,10-
(OCOCsH40Ci12H25)2]* (27c) were also synthesized using the same esterification method
described above (Scheme 9) [27]. All ester derivatives were found to be unstable towards acidic
conditions including silica gel. Therefore, pure derivatives were obtained in about 70% and 60%
yields respectively using column chromatography on basic alumina. Derivatives 27b and 27¢ were

investigated as ionic liquid crystals (see section 1.4.2: lonic liquid crystals of [closo-BioH10]%).

2- RCOCI, NaH, THF, o 2- o

+@+ A, 2h N @ M
H20 OH; ——— > R—C-0 O—C—R
60-70%
26-2H 27 a,R=CgHsg
b, R = C11H23,

c,R= CGH4OC12H25

Scheme 9. Synthesis of ester derivatives from bis-oxonium derivative 26-2H [26,27].

1.2.3 Derivatives with the Boron-Nitrogen bond

Several new compounds with the boron-nitrogen bond were synthesized from the
dinitrogen derivative 1. A variety of nucleophiles, such as ammonia, pyridine, acetonitrile, and 4-
alkoxypyridine, readily displaced the dinitrogen groups in | to give the corresponding [closo-
B1oHs-1,10-(Nu).] species (structures 28, 29, 30, and 31, respectively, in Scheme 10) [18,19].
Derivative 28 on alkylative cyclization with tribromide CsH11C(C2H4Br)s resulted in the
diguinuclidinium derivative 32 obtained in 25% yield. N-protonated diacetamide 33 was obtained
by evaporating a solution of 30 in aqueous acetonitrile. Dinitrogen derivative I, when treated with
NaNs, gave the monosubstituted product 34. Hydrazinium derivative 35 was obtained by refluxing
a solution of I in 98% hydrazine.

1,10-Disubstituted 4-alkoxypyridinium (31) and pentylquinuclidinium (32) derivatives

(Scheme 10) were explored in the context of liquid crystals and their thermal and physical
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properties were investigated (see section 1.4.1: Zwitterionic quadrupolar liquid crystals of [closo-
BioH10]*) [9]. Hydrolytic and thermal instability have been observed for these bis-onium
derivatives. Also, these 1,10-disubstituted bis-onium derivatives were found to be

configurationally unstable above 200 °C, and they rearrange into other isomers [9].

CsHy1 C(C2H4BN)3,
2— K>COg3, 18-crown-6,

NHa, 200 °C,

1000psi  + SN+ MecN

—————H,N NH; Hu CsHu
92% 25%

Pyridine, reflux,

2- (240 N
W L :*@ )
N, Ny — e

MeCN, 150 °C, 2—
35h + j + Ag. MeCN + j +
—=  » MeCN NCMe ———— > MeOCH,N NH,COMe
37%
33
4- ORC5H4N
30% A\ /
NaNg, Ag. EtOH,
reflux, 3 days + j
= N N3

34
27

NoHy, reflux, 25h 4 +
L > H3N NH,;—NH,

35

Scheme 10. Synthesis of derivatives with the boron-nitrogen bond from the dinitrogen derivative

[closo-B1oHs-1,10-(N2)2] (1) [9,18,19].

Azobenzene [closo-BioHe-1-NH=N-Ar]" (2) on reduction with basic zinc dust, basic
hydrosulfite, or tin in acidic methanol gave the corresponding ammonium derivative [closo-BioHo-
1-NHs]™ (36). Alkylative cyclization of 36 with tribromide CsH11C(C2H4Br)s provided the
quinuclidinium derivative 37 in 90% yield [9]. Further reactions of the ammonium derivative 36
with a second equivalent of aryldiazonium ion resulted in the azo-dye [closo-B1gHe-1-(NH3)-10-
N=NAr] (38) isolated in 32% yield (Scheme 11) [20]. However, this reaction was slower compared
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to the reaction of aryldiazonium ion with anion A, because the ammonium group in 36 renders the
anion less reactive towards the electrophilic attack. Derivative 38 was isolated as an ether-soluble
solid protonated both on the azo and amino groups, or as a mono anion, with only the azo group
being protonated. 1,10-Diammonium derivative [closo-BioHs-1,10-(NHz)2] (28) was obtained in

48% vyield by reduction of 38 with tin in 30:70 hydrochloric acid-methanol solvent (Scheme 11).

2— NaBH,, o
j + ag. MeOH, rt j +
N=CH—Ar —> NH,—CH,—Ar
H Quant. yield
39 40

ArCHO, MeOH, 67-88%
5% aqg. NaOH,

rt,2h
2- 2- 2-
j + Reduction j +  [ArN,]T[BF4] + j +
N=N—Ar —— > NH; — =~ " H3N N=N—Ar
H 7% 32% :
2 36 38
CsH11C(CoH4BI)3,
90% | K,COg, 18-crown-6, 48% | Reduction
MeCN
2- 2-
=\ =\
N CgHyp H3N NH;
37 28

Scheme 11. Synthesis of new derivatives from azobenzene derivative [closo-BioHe-1-NH=N-Ar]

(2) [9,20,33].

Also, ammonium derivative 36, on reaction with benzaldehydes ArCHO (Ar = Ph, 2-
CeHsOMe, 4-CeHsNHCOMe), gave the corresponding Schiff bases (39) in 67-88% yield.
Reduction of 39 with NaBH4 resulted in the corresponding benzylamino derivatives (40) in
quantitative yields (Schemell) [33]. Derivatives 39 and 40 are important for the use in medicine

[33].
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A recent work demonstrated a new potential and efficient method for the synthesis of
ammonium derivative 28 by basic hydrolysis of the acetamidinium zwitterion [closo-B1oHs-1,10-
(acetamidinium)z] (41, Scheme 12) [34]. Acetamidinium zwitterion was obtained in 61% yield by

treating [closo-B1oHg-1,10-(IPh)2] (111) with acetamidine in MeCN at 80 °C.

2— Acetamidine,

27
+ +  MeCN,80%c  HaN + MNH2 10K, MeoH + +
Phi IPh ——— >:N N:< —————> H3N NH3
H
61% H CHs
4

I HsC

Scheme 12. Synthesis of the [closo-Bi1oHs-1,10-(NHz3)2] (28) [34].

Mongeot and co-workers synthesized several bulky tertiary amine derivatives from [closo-
B1oHo-1-N2] (I1) in a two-step process (Scheme 13) [35]. Initially, derivative 11 on reaction with
primary and secondary ammines resulted in the corresponding ammonium derivatives 42 and 43,
respectively. The subsequent reactions of 42 and 43 with alkyl halides resulted in the tertiary

ammine derivatives 44 and 45.

NH,R, o R'X, KOH, 2-
120-130 °C j + propanol, reflux j n
> NH,R — > NR',R
44
o NHR,, 42 2- R'X, KOH, 2-
j . 120-130 °C j + propanol, reflux j +
N, > NHR, —m——> NRR',
43 45
[ 2- 2= o
RCN, reflux j + Water, 90 °C j H, Il
— N=C—R ——>» ll\l—C—R
46 47 H

Scheme 13. Synthesis of the hydrophobic monoanions of [closo-BioH10]* (A) from [closo-BioHs-

1-NoJ (1) [35].

They also reported the nitrile derivatives [closo-B1oHg-1-NCR] (46) {R = CH3, (CeHs).CH}

formed from a solution of derivative Il in alkyl nitrile under reflux. These nitrile derivatives were
16



found to be thermally stable, however they easily hydrolyzed to [closo-BigHe-1-NH2.COR] (47) in
hot water (Scheme 13).

When a solution of [closo-B1oH10]* anion (A) in aqueous MeCN was treated with aliphatic
and aromatic nitro compounds (RNO2, where R = Et, n-Pr, i-Pr, t-Bu, Ph), a mixture of nitration
products was formed (Scheme 14) [36]. The 1,10-disubstituted nitro derivative [closo-BioHg-1,10-
(NO2)2]* (48) was successfully isolated from the crude mixture in yields up to 7% by ion exchange
chromatography on diethylaminoethyl (DEAE) cellulose support. The NMR spectrum for this
derivative exhibits the characteristic pattern for 1,10-disubstituted closo-decaborane cluster with a
strong downfield shift of the apical boron atoms at +17.3 ppm. The X-ray crystal structure was
determined for this molecule. The IR and Raman spectra showed strong NO stretching vibration at

1384 and 1425 cm™.
Ag. MeCN j
NO, } om@mz
7%
= 2_ UV light 48
g
50%
I 2—
A Visible light j

49

Scheme 14. Synthesis of nitro derivatives of the anion A [36,37].

A more selective way was found to obtain the nitro derivative of the anion A, which
involved a radical mechanism [37]. In this method, irradiation of a solution of the [closo-B1oH10]*
2[PPh4]* (A[PPh4]) salt in nitroalkane (RNO2, where R = Et, n-Pr, i-Pr, t-Bu) led to the formation
of substituted derivatives and the degree of substitution depended on the radiation energy (Scheme
14). Thus, under irradiation with the visible light, the reaction gave mainly the monosubstituted

product [closo-BioHe-1-NO,]%~ (49), while under irradiation with UV light, the reaction gave the
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disubstituted derivative 48 isolated in approximately 50% yield. The structures of these anions

were determined by X-ray crystallography [37].

1.2.4 Derivatives with the Boron-Sulfur bond

Several derivatives of the anion A with the boron-sulfur bonds are also known.
Dimethylsulfonium derivatives [closo-B1oHgs-1-SMe2] (50) and [closo-BioHs-1,10-(SMe2)2] (51)
were obtained in good yields, when hydrogen chloride was passed through a solution of anion A
in dimethyl sulfoxide at 40-60 °C (Scheme 15) [38]. Pure dimethylsulfonium derivative 50 was
isolated in 77% by separation from its equatorial isomer by recrystallization from water. Although
apical substitution predominates during the synthesis of the derivative 51, its pure form was
isolated only in 56% yield by column chromatography of a crude mixture containing its 1,6-isomer.
When excess dimethyl sulfoxide was used as a solvent, the ratio of these products varied with
reaction time. The preferential formation of 51 in 65% yield occurs when acetic acid was used as
the solvent regardless of stoichiometry or reaction time. Both derivatives 50 and 51 were found to
be chemically stable towards moderate acidic and basic conditions, and neither of the zwitterions
was oxidized by silver nitrate. Heating 51 at 230 °C for 45 minutes resulted in its partial

rearrangement to [closo-BioHs-2,7(8)-(SMez)2] (2.8% yield).

2— Me,SO, H, o— o
j 40-60 °C j + Me,SO, H* + j +
- SMe, ———> SMe, SMe,
77% 56%
A 50 51

Scheme 15. Synthesis of dimethylsulfonium derivatives of the anion A [38].

When anion A was treated with equimolar amounts of Pb(SCN), in CH2Cl2, a mixture of
equatorially and apically monosubstituted thiocyanate (52) derivatives in the ratio 60:40 was

obtained. Separation of the pure isomers was accomplished using an ion-exchange chromatography
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on diethylaminoethyl cellulose support. The almost exclusive formation of apically disubstituted

thiocyanate derivative (53) was observed with two equivalents of Pb(SCN). (Scheme 16) [39].

2- 2- 2-

N PbsCN), CHCl, SN =\
R SCN + NCS SCN + Isomers

A 52 53
Scheme 16. Synthesis of the thiocyanate derivatives of anion A [39].

Another derivative to be mentioned in this section is the thiol derivative [closo-BioHo-1-
SH]? (55), which was obtained by basic hydrolysis of [closo-BioHs-1-SCH=NMe,]" (54) formed
by heating of [closo-BioHs-1-N2]” (1) with N,N-dimethylthioformamide (Scheme 17) [40]. Thus,
refluxing of a solution of derivative 54 in aqueous acetone with excess [NMes]*[OH]" or aqueous
CsOH for several hours gave 55 in 15% yield after fractional crystallization from hot water. S-
alkylation of 55 using MesSI under hydrolytic condition resulted in S-methylated derivative [closo-
B1oHe-1-S(CHa)2] (50) in 32% yield. Alkylative cyclization of 54 with dibromide derivative
CsH11CH(C2H4Br)2 under hydrolytic conditions in the presence of [NMes]'[OH] ‘5H20 gave the

thianium derivative 56 in 53% yield.

2= N(Me),HCS, 2-

N+ 0 N NMe,]*[OH j
N, 103°C S—C=N+ © [NMe,J*[OH]
73% HoY, 15%

] 54

C5H11CH(C2H4BI’)2,

53%
[NMe]*[OH]", MeCN

32% | MesSl, H,0

2= 2=

GO G

56 50
Scheme 17. Synthesis of derivatives with the boron-sulfur bond from [closo-B1oHg-1-N2]” (1) [9,

40].
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Bis-thianium derivative [closo-BioHs-1,10-(SCsHs-CsHa1)2] (57) was obtained in 18%
yield by the thermolysis of [closo-BioHs-1,10-(N2)2] (1) in 4-pentylthiane (Scheme 18) [9].

4-CgH11C5HgS

2- o
+ + 120°C + +
Ny Ny — 3 CcHy; S S CsHyy
18%
57

Scheme 18. Synthesis of bis-thianium derivative 57 from [closo-B1oHs-1,10-(N2)2] (1) [9].

1.2.5 Derivatives with Boron-Halogen bond

Halogenation was one of the first attempted reactions of the [closo-B1oH10]? anion (A) and
several halogenated derivatives have been synthesized and investigated. Most of the halogenation
reactions resulted in a mixture of derivatives with different substitution levels preferably at the
equatorial positions, which was separated fully or partially by tedious electrophoresis or ion-
exchange chromatography [41].

Isomerically pure apically substituted iodo derivatives [closo-BioHge-1-11% (9) and [closo-
B1oHs-1,10-12]* (20) were obtained in 90-95% yield by treating the corresponding phenyliodonium
zwitterions [closo-BigHe-1-1Ph]™ (1V) and [closo-BioHs-1,10-(1Ph)2] (I111) with n-BuLi in THF
(Scheme 19) [23]. The solid-state structure for the [closo-BioHs-1,10-12]*>" 2[NPrs]* (20[NPr4])
was determined by X-ray diffraction analysis. lodo derivatives 9 and 20 were found to be useful
synthetic precursors and they were used in Pd(0)-catalyzed cross-coupling reactions [23,27] to
make new functional materials of the anion A (see Scheme 6).

Although iodo derivatives appear to be the only useful halogenated precursors for the 1,10-
disubstituted derivatives of the anion A through the Pd(0)-catalyzed cross-coupling reactions,
derivatives of the anion A substituted with fluorine, chlorine, and bromine are also known [41].

Fluorination of anion A resulted in a mixture of products and 1,10-disubstituted fluoro derivative
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[closo-B1oHs-1,10-F,]* was isolated in a low yield (3% yield). The crystal structure of [closo-
B1oHs-1,10-F2]% 2[Ph4P]"3CH.Cl, was determined [41a]. Chlorination and bromination of the
[closo-B1oH10]% gave a complex mixture of products with different substitution level [closo-BioH1o-
«Cl]? (x = 1-10) and [closo-BioH10xBr]?> (x = 1-6). lodination of the anion A resulted in a
complex mixture of iodo derivatives due to the inability to control the degree of cage iodination

combined with the stereochemistry of the anion [41b-41c].

2— 1.n-BuLi, THF, -10°C,1h

+ N 2 EARS =\
PhI >
90-95%

2— 2[NR,J*

v 9
] 2= ., LnBuli, THF -10°C,1h 7 2— 2INR,J*
Ph|L@—|ph 2. [NRJ*X" o ﬁg}i |
90-95%
Il 20

Scheme 19. Synthesis and reactions of iodo derviavtives of [closo-B1oH10]* anion [23].

1.3 Preparation of 1,10-heterodisubstituted derivatives

Heterodisubstitution at the apical positions of the [closo-BioH10]>~ anion (A) provides more
options to effectively tune the electronic properties of its derivatives. Such derivatives are expected
to exhibit photophysical properties that are relevant to modern technological applications. Recent
development in the closo-decaborate anion chemistry has provided access to a variety of such
derivatives, which are unsymmetrically substituted at the apical positions via a multistep synthesis
process.

Dinitrogen derivative [closo-BioHs-1-SMe»-10-N2] (58) was one of the first such
derivatives synthesized. It was obtained in 30% yield by reaction of [closo-BioHg-1-SMez]™ (50)

with nitrous acid, followed by the reduction of the precipitated explosive intermediate with NaBH4

21



in methanol [38]. An improved yield of 64% for the dinitrogen derivative 58 was obtained by

replacing HCI with AcOH in the reaction (Scheme 20).

1. NaNO,, HCI
2. NaBH,, MeOH

30% v -
.

+ g Pyridine, reflux, N N
_ N Me, 16h
2 1. NaNO,, AcOH 2 221 s C5H5N4@>SMGZ
n 64%
SMe, 2. NaBH,, MeOH ﬁ 58 0
64% 59

50 1. NaNO,, HCl 2= Me,S0,, 10% NaOH, 2=
+ + + +
%Hsm@smz efc MesN@weZ
60 61

Scheme 20. Synthesis of heterodisubstituted derivatives of the [closo-B1oH10]*~ anion from [closo-

B1oHo-1-SMez]™ (50) [38]

Derivative 58 was also obtained by treating [closo-BioHe-1-SMe>] with aryldiazonium
salts in acetonitrile followed by treatment with sodium propionate in acetonitrile [38]. The
dinitrogen in 58 was subjected to a displacement reaction to obtain derivatives such as [closo-
B1oHs-1-SMe»-10-NCsHs] (59) in good yields [38]. Another derivative to be mentioned here is the
ammonium derivative [closo-BioHs-1-SMe2-10-NHj3] (60), which was obtained by the reduction
of [closo-B1oHs-1-SMe»-10-NO] with Zn and HCI [38]. Derivative 60 on refluxing with dimethyl
sulfate in the presence of 10% NaOH solution resulted in [closo-BioHs-1-SMe2-10-NMes] (61,
Scheme 20) [38].

The above two strategies for the selective preparation of apically substituted dinitrogen
derivative were used for making other heterodisubstituted derivatives of the anion A by a sequential
introduction of the substituents. In such an approach, thianium derivative 56 was diazotized to

provide [closo-Bi1oHs-1-(SCsH4-CsH11)-10-N2] (62) in 40-55% yield, which was thermolyzed with
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4-alkoxypyridines at 120 °C giving heterodisubstituted derivatives [closo-B1oHg-1-(SCsH4-CsH11)-

10-(NCsH4OR)] (63a-63e, Scheme 21) [9].

2- 1. HNO,

j + 2. Zn/HCI +
S C5 11 —  »N 2 C5H11
40-55%
56
4-RO-C5H,N
120 °C
N+ +
RO / N S C5H11
63

a, R=CgHs

b, R = C/Hs

c,R= Cngg

d, R= CHch(Me)C2H5-(S)
e, R= CH(Me)CGng-(S)

Scheme 21. Synthesis of the heterodisubstituted derivative [closo-BioHs-1-(SCsH4-CsH11)-10-

(NCsH4OR)] (63) [9]

In a similar way, quinuclidinium derivative 37 was diazotized to give the corresponding

dinitrogen derivative 64 in 40% yield. Thermolysis of 64 with 4-alkoxypyridines at 120 °C resulted

in pyridinium derivatives 65a-65e (Scheme 22) [9].

7 2- 1. HNO,
+ 2. Zn/HCl
G- i G
40%
37
4-RO-CsHyN
120 °C

:
65

a, R = CgHs

b, R= C7H15

c,R= Cngg

d, R= CH2CH(Me)C2H5'(S)
e, R = CH(Me)CgH13-(S)

Scheme 22. Synthesis of heterodisubstituted derivatives from quinuclidine ring derivative 37 [9].

Recent work on closo-decaborate anion chemistry

have explored the phenyliodonium

zwitterion method to obtain several apically heterodisubstituted derivatives with the general

formula [closo-BioHs-1-X-10-Y]?> (Scheme 23). Synthesis of the derivative [closo-BioHs-1-
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(CeH40OC12H25)-10-(OCOC11H23)]% (70) was achieved in a multistep sequence of reactions starting
from [closo-BioHe-1-1Ph]™ (1V) [27]. Derivative 22b (synthesis in Scheme 6) was selectively
substituted at the B(10) position using PhI(OACc)2 and the resulting unstable iodonium intermediate
[closo-B1oHg-1-(CeH4OC12H25)-10-1Ph]” (66) was thermolyzed in dry DMF to obtain adduct
[closo-BioHs-1-(CsH4OC12H25)-10-(OCHNMe2)]” (67). The latter was isolated by column
chromatography in 35-43% yield based on the derivative 22b. Subsequent treatment of the DMF
adduct 67 with [BusN]*[OH] gave [closo-B1oHs-1-(CeH4OC12H25)-10-OCHO]? (68) in 93% yield,
which upon treatment with aqueous HCI provided an unstable oxonium intermediate [closo-B1oHs-
1-(CsH40C12H25)-10-OH,]% (69). Acylation of 69 with C11H23COCI in the presence of NaH in
THF resulted in the ester 70 in 34-40% yield. Compound 70 was investigated as ionic liquid

crystalline derivatives (see section 1.4.2: lonic liquid crystals of [closo-BioH10]%).

=~ 2- PhI(OAc),

oo { YA E oo T

22b 66

DMF
35-43% 90 °C, 12 h
- [NBU,][OH]

LN _Mecn.ao'c N
C12H250 O ‘»Al(b OCHO - C1oH250 ‘»Al(b OCHNMe;
68 lHCI, MeOH, 67
05h
27

= 2— . ] CuMaCOCLNar, y 0
{CHHZSO O {ﬁﬁ(\& OHZI THI:";r+;/oh,cle%o O {ﬁi‘; O—C—CyHas

69 70
Scheme 23. Synthesis of heterodisubstituted derivative [closo-BioHs-1-(CsHaOC12H25)-10-

(OCOC11Hz3)]* (70) [27].

Synthetic utility of the phenyliodonium derivatives of the anion A has also been explored
in preparation of several new heterodisubstituted photonic materials (Scheme 24) [28]. Thus,

reaction of [closo-BioHe-1-1Ph]” [NBus]* (IV[NBua4]) with [NBus]*[CN] at 55 °C in MeCN gave
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the mono substituted derivative [closo-BioHs-1-CN]?> 2[NBus]* (71a) in 60-55% yield. The
subsequent reaction of this derivative with Phl1(OAc)2 in a MeCN solution resulted in [closo-B1oHs-
1-CN-10-1Ph] [NBu4]* (72a) and this derivative was reacted with excess pyridine to provide the
expected pyridinium derivative [closo-B1oHs-1-CN-10-NCsHs]" [NBus]* (73a). In a similar way,
IV[NBu4] was reacted with [NBua]"Ns and the azide [closo-BioHo-1-N3]> 2[NBua]* (71b) was
isolated by column chromatography in 95% vyield. Azide 71b was subsequently converted to
phenyliodonium [closo-B1oHs-1-N3-10-1Ph] [NBuas]* (72b) and reacted with pyridine to obtain
[closo-BioHs-1-N3-10-NCsHs]” [NBus]* (73b) in 55% yield for the two-step process. lodo
derivative [closo-BioHs-1-1-10-NCsHs]" [NBu4]* (73c) was obtained in 49% overall yield by
reacting [closo-BioHs-1-1-10-1Ph]" [NBu4]* (72c) with pyridine. Derivative 72c was conveniently
synthesized by treating [closo-BioHs-1-IPh]" [NBua]* (IV[NBu4]) with n-BuL.i followed by treating

the resulting [closo-BioHe-1-11% 2[NBus]* (9[NBu4]) with PhI(OAC)z.

2— PhI(OAc), (1 eqiv.)

=\]~ MecCN j top,  Pyridine, 80 °C
X 66-91% X -

71 a.X=CN 2 Aa Xx=CN,b.X=N
b. X =Ng c.X=l,d X= OAc3 aX CN, b. X =Ng
c.X=1,d. X=0Ac
e. X =SCN f. X =Br e X = SCN. . X = Br
[NBu,J*[X]", MeCN, 9. X =N g.X=Ny h. X =H
60-55 % ?
55°C, 16 h 16-75% | [INR4I*[X]", MeCN,
55 °C, 16 h
2* 2-

&) N
Phl Phi IPh

Pyridine, 80 °C / \+
Morpholin, 85 °C 76%

2* PhI(OAC),, ACOH/H,0, 2-
° + j +
H 0°C,0.5h Jd N Ph
\ / 30% __/
74 75

Scheme 24. Synthesis of the heterodisubstituted photonic materials of the [closo-BioH10]* anion

from phenyliodonium zwitterions [28].
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Alternatively, heterodisubstituted derivatives were synthesized efficiently from the
phenyliodonium zwitterion 111 (Scheme 24) [28]. Reaction of the zwitterion 111 with [AcO] gave
monosubstituted product [closo-BioHg-1-OAc-10-1Ph] [NEts]" (72d) with high selectivity, which
was reacted with excess pyridine to yield the desired product [closo-BioHs-1-OAc-10-NCsHs]
[NEts]" (73d) in 74% vyield. A similar reaction of 111 with 1.5 equivalents of [NEts]" [SCN]" in
MeCN at 60 °C resulted in a mixture of products, from which [closo-BigHs-1-SCN-10-1Ph]
[NEts]* (72€) was isolated by column chromatography in 16% yield. Subsequent thermolysis of
72e in pyridine solution gave [closo-B1oHs-1-SCN-10-NCsHs]" [NEt:]* (73e) in 78% yield. Bromo
derivative [closo-B1oHg-1-Br-10-NCsHs]™ (73f) was obtained in 56% overall yield from derivative
I11 in the same two-step sequence reaction with 75% yield for each [closo-B1oHs-1-Br-10-1Ph]
(72f) and [closo-BioHg-1-Br-10-NCsHs]~ (73f). Derivatives [closo-BioHs-1-N3-10-NCsHs]
[NBu4]" (73b) and [closo-B1oHs-1-Br-10-NCsHs] [NEts]" (73f) were also obtained through a one-
pot preparation method without purification of the intermediate monoiodonium derivatives [closo-
B1oHs-1-N3-10-IPh]" [NEt]* (72b) and [closo-BioHs-1-Br-10-IPh]" [NEts]* (72f). The final
products 73b and 73f were obtained in 64% and 68% overall yields respectively based on II1.
Derivative [closo-B1oHs-1-CN-10-NCsHs]" [NBus]* (73a) was also obtained in this method and the
product was isolated by column chromatography in 53% yield.

Reaction of 1VV[NBu4] with neat morpholine at 85 °C followed by treating the resulted
complex mixture of products with Phl(OAc). in AcOH gave the bis-zwitterion [closo-BioHs-1-
morpholinium-10-1Ph] (75) in a 30% overall yield, after column chromatography (Scheme 24)
[28]. The subsequent reaction of this derivative with neat pyridine gave the pyridinium derivative
[closo-Bi1oHs-1-morpholinium-10-NCsHs] (76) in the protonated form in 76% vyield. The

deprotonated form of the derivative was found to be unstable.
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It was found that the presence of an onium substituent in the antipodal position facilitates
substitution of the [PhI]* group in the derivatives of the anion A, and thiocyanate derivative [closo-
B1oHs-1-SCN-10-NCsHs]” [EtzN]™ (73e) was alternatively obtained in an improved yield of
55% by the reaction of [closo-BioHs-1-IPh-10-NCsHs] (77) with [NEt]" [SCN] in MeCN

(Scheme 25) [28].

.
[NEt,]*[SCNJ", MeCN, INEG]D

2
55°C, 16 h N
> NCS N
. 55% N/
G0
Phl N | +
\_/ 1. EtOH, 110 °C, 2.5d [NMeI", _
77 2.MeCN, [NMe,4]*[OH]".5H,0 j +/
> EtO N
53% N/
78

Scheme 25. Synthesis of hetero substituted derivative from [closo-B1oHs-1-(IPh)-10-(NCsHs)] (77)

[28].

Refluxing of derivative 77 in a solution of EtOH for several days progressed slowly towards
a single product. But when the reaction mixture was heated to 110 °C in a pressure tube for 2 days,
77 was completely converted into the protonated product [closo-B1gHs-1-OHEt-10-NCsHs] (78-H)
isolated in 69% yield. Treatment of the product with [NMes]" [OH]-5H20 in MeCN resulted in the
non-protonated derivative [closo-B1oHg-1-OEt-10-NCsHs] (78) isolated in a 53% yield [28].

Selective nucleophilic substitution of derivative 111 with one equivalent of [NBus4]*
[CN] in MeCN gave the mononitrile derivative [closo-BioHs-1-CN-10-1Ph] (72a) in 50-55%
yield after column chromatography. 72a when treated with 5.0 equivalents of an azine in minimum

volume of MeCN at 80 °C gave the corresponding azine substituted derivatives (79a-79g) in 50-

78% yield (Scheme 26) [42].
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Scheme 26. Synthesis of azine substituted derivatives from [closo-BioHs-1-CN-10-1Ph] (72a)

[42].

Mono substituted pyridazine, pyrazine, and 2,6-dimethylpyridine derivatives were also
obtained in 25-60% vyield by treating 5.0 equivalents of the corresponding azines with [closo-

B1oHo-1-1Ph]” (1V) in MeCN at 80 °C (Scheme 27) [42].

PASE
2- Y—X
N+ WJ 80°C j +//_\
IPh H
22-50% J
v 80
a.X=H,Y=C,WLl=N,W2=CH
b.Y=N,W=C
¢.X=H,Y=C, W=CCHj,

Scheme 27. Synthesis of azine substituted derivatives from [closo-BioHge-1-1Ph]™ (1V) [42].

The nitrilium zwitterion [closo-BioHs-1-CNMe-10-IPh] (81, Scheme 28) [24], was
synthesized in 50-78% yield by the reaction of mononitrile 72a with CF3SOsMe. This zwitterion
was treated with aqueous NaOH in MeCN, followed by concentrated HCI, providing a mixture of
monoacid derivative [closo-B1oHs-1-COOH-10-1Ph]  (82) and its formal anhydride [closo-BioHs-
1-CO-10-1Ph] (83). The crude reaction mixture was then treated with NaHCOs3 and passed through
Dowex exchange resin, giving a 59% yield of pure 82 after precipitation with [NEts]"[OH]". After

collecting the pure 82, a mixture of 82 and 83 was also obtained by extracting the filtrate. Derivative
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82, when treated with dry pyridine resulted in a mixture of products from which 68% yield of pure
84 was collected after precipitation in CH2Clz/Hexane, followed by recrystallization from
MeCN/H20. Sodium salt 85 was obtained by passing a solution of 84 in MeCN through Dowex

ion exchange resin and then treating it with aqueous NaOH [43].

1. NaOH, MeCN, 60 °C,
25 min.
2- MeOTf, CH,Cl,, 2- 2. Conc. HCI, 10 min

N+ 0°C-rt, 20 h + N+ ,
NG - %MeNc@flPh 3. Aq. NaHCO3, CH,Cl,
50-78%
72a
Hooc@lph + 004@%

82 59%

68% | Pyridine, 80 °C
16 h

1. Dowex 50 (H*), MeCN

2NaOH.H0
HOOC ~—————— HOOC

Scheme 28. Synthesis and reactivity of the [closo-B1oHg-1-COOH-10-1Ph]" (82) derivative [43].
Reaction of dicarbonyl derivative 10 with ethylene diamine NH2CH2CH2NH. resulted in
the corresponding zwitterionic diamide 86 in a quantitative yield (Scheme 29) [25]. Subsequent
treatment of 86 with TMS polyphosphate resulted in the dehydrative cyclization of one of the amide
groups and loss of amino group from the second amide to give the corresponding monocarbonyl
derivatives 87 in 63% yield. Derivative 87 was smoothly converted to the corresponding monoacid
derivative 88 in 75% yield, when treated with [NBu4]" [OH]". Crystallization of 88 in ethanol gave
the corresponding ethyl ester as the only product. Reaction of 10 with other ethylene diamine

derivatives, such as MeNHCH.CH2NHMe gave similar results.
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Scheme 29. Reaction of dicarbonyl derivative 10 with ethylenediamine [25].

1.4 Self-organizing materials based on the [closo-BioH10]% anion

Liquid crystals (LC) are functional materials forming dynamic self-organized structures
with anisotropy of their properties (see section 2.4.1 of the Introduction). lonic liquid crystals (ILC)
exhibit a combination of properties of ionic liquids and LC. One such property of interest in ILC
is ion conduction, which is attractive for technological applications, for instance in electrolytes for
batteries and photovoltaic cells [44,45]. Chemistry of the [closo-BioH10]> anion (A), relevant to
liquid crystals has developed significantly in the last couple of decades and several zwitterionic
quadrupolar and ILC were synthesized [9,24,27]. The characteristic high thermal and oxidative

stability of the ILC based on anion A have vast potential for applications.

1.4.1 Zwitterionic quadrupolar liquid crystals

Several zwitterionic quadrupolar liquid crystal derivatives of the closo-decaborate anion A
substituted at the apical positions have been synthesized by the nucleophilic substitution either on
the dinitrogen derivative |1 or phenyliodonium zwitterion 111 by onium fragments, such as 4-
alkoxypyridinium (31) and 4-pentylthianium (63), (Figure 3) [9,24]. Investigation of the thermal
behavior of the homologous series of pyridinium zwitterion 31[n] revealed liquid crystalline and

crystalline lamellar phases with increasing lamellar behavior for longer alkyl chains. [24].

30



Derivative 31[8] exhibited only nematic (N) behavior. In addition to the N phase, crystalline
lamellar phases (Lamcr) were observed in higher homologs 31[10] and 31[12], and the N phase was
totally replaced by the Lamr phases in 31[16] and 31[18]. The stability of the crystalline and N
phases for these compounds has been found to be largely dependent on the polar intermolecular
interactions in the phase. Powder XRD investigation suggested sequential melting of the

crystalline phase and revealed more about the interlayer spacing and its temperature dependency.

27
&+ +
H2n+1CnO @N 4@» N& OCnrHan+1

31[n] n= 7,8, 10, 12, 14, 16, 18

2—
J \+ =\
RO N S CSHll a.R= C5H11
63

b.R= C7H15
c.R= Cngg

Figure 3. Zwitterionic quadrupolar liquid crystals based on [closo-BioH10]? anion [9,24].

Heterodisubstituted liquid crystalline derivatives were also prepared by a sequential introduction
of the onium fragments at the apical positions of the [closo-B1oH10]* cluster (Figure 3) [9]. In the
heptyloxypyridinium substituted derivative 63b, a broad-range enantiotropic nematic phase with a
clearing temperature of 160 °C was observed. When the heptyloxy unit in derivative 63b was
extended by two carbon atoms to form 63c, the phase transition temperature dropped by 6 K. The
melting point of derivative 63a with the pentyloxypyridinium moiety was 42 K higher compared

to derivative 63b with a negligible effect on the N-I transition.

1.4.2 lonic liquid crystals
Recent advancements in the boron cluster chemistry led to the development of the first ILC
derivatives of anion A with tunable intermolecular charge transfer (CT) absorption bands in the
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UV-visible range (Figure 4) [27]. In the general molecular design for ILC (Figure 4), ions have
mesogenicity inducing groups, which affect the level of the HOMO of the anion and the LUMO of
the pyridinium cations. In total four different anions (21b, 27b, 27c, 70) and five different
pyridinium cations were investigated as liquid crystalline ion pairs obtained by [BusN]* cation

exchange.

Anions Cations

)\ +
C12H250 Q {g‘} O OC12Hzs [NEU4]

21b —\ 4
o j 2- ﬁ C7H150 \ /N_C4H9
I —\4
C11H23—C—04@70_C_C11H23 b C6H1300C@N_C4H9

+
27b CaHirO—\  ,N—CiHo e
=\ =+
C12H2504©7C—04@—0—04©~0012H25 ¢ NC@N_C10H21
—\+
27¢ HCN—C12H25 f
e
N
CqHpz3—C—0 OC12Has
1123 ‘»A( O

Figure 4. ILC derivatives based on [closo-BioH10]* with tunable intermolecular charge transfer
[27].

Investigations revealed a broad range smectic A (SmA) phase with high clearing
temperatures (most of the compounds start decomposing above 200 °C) for all ion pairs. The
melting temperature of the ion pairs in series 27b was determined to be relatively low, increasing
in the order 27b[b] < 27b[e] < 27b[c] < 27b[f] < 27b[d] within the series. lon pair 27b[b] has been
found to exist in a smectic phase at room temperature. lon pairs of series 21b, 27c, and 70 with one
or two benzene rings in the anion’s core exhibited higher melting points, with the highest melting

temperatures to the smectic phase observed in ion pairs of series 21[b].
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Powder XRD and DSC analyses indicated that many ion pairs undergo a stepwise melting
to the SmA phase, with the initial melting of the alkyl chains and then the ionic cores as two
independent thermodynamic events. Analysis of the transition enthalpy to the SmA phases
suggested that ion pairs, such as 27b[e], 70[d], and 21b[f], may exist as solids with molten alkyl
chains at ambient temperature. The sheets of rigid arrangements of electroactive ions (due to the
charge transfer between donor anion and acceptor cation) observed in the intermediate phase with

melted alkyl chains are of general interest for organic semiconductors.

1.5 Photo active materials derived from [closo-BioH10]* anion

Photonic materials and devices play a critically important role in modern technological
applications. The unique properties of boron cluster derivatives make them excellent candidates
for such applications and many cluster derivatives were synthesized and explored. Among them,
anion A is exceptional and a recent work has demonstrated two series of heterodisubstituted photo
active derivatives (73a-73k and 89a-89d) based on the pyridinium derivative of anion A [closo-
B1oHe-1-NCsHs]', substituted either at the antipodal B(10) position with CN, OAc, N3, I, Br, SCN,
pyridine, OEt, and morpholine, or at the C(4) position of the pyridine ring with CN, COOEt, Me,

and OMe groups (Figure 5) [28].

+ +
[NR4] [NBu,|
2- 2- 2=
X N H X
\_/ \_/ \ 7/
73 73 89
a.X=CN,b. X=N; j. X = pyridinium a.Y=CN, b. Y =COOEt
c.X=1 d. X =0Ac k. X = morpholinium c.Y =Me, d.Y =OMe

e. X=SCN, f. X =Br
g.X=N,, h. X=H
i. X = morpholinium

Figure 5. Photoactive materials based on [closo-BioH10]? anion [28].
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Spectroscopic investigation supported with TD-DFT calculations revealed the tunability of
the intramolecular (w, 7*) CT absorption band for these derivatives in the UV-visible region, which
results from the significant substituent and solvent effects. The substituents on the pyridine ring
were found to affect the LUMO 2.4 times more strongly than substituents on the anion A impact
the HOMO. Several derivatives were found to fluoresce weakly in MeCN solutions at substantially
lower energies. Further studies revealed that most derivatives fluoresce in the solid state.

Aggregation-induced emission was also investigated for two representative derivatives [28].

1.6 Metal complexes based on the [closo-BigH10]? anion

The double negative charge associated with the [closo-BioHig]* anion (A) make its
derivatives suitable candidates for the preparation of metal complexes with low overall electric
charge, and hence greater stability of the oxidized species. One such a derivative is the [closo-
B1oHs-1,10-(CN)2]*" (16) with high electron density transferred from the cluster to the CN group
as a result of the effective electronic communication between them [26]. Recently, a diiron complex
[{(>Cp)(dppe)Fe}2{u2-(NC-B1oHs-CN)}] (91) was prepared in 76% yield by reacting [closo-
B1oHs-1,10-(CN)2]* 2[EtaN]" (16[EtsN]) with 2 equivalents of (n°-Cp)(dppe)FeCl (90) in CH,Cl.

(Scheme 30) [29].

@ ¢l0s0-B1oHg-1,10-(CN),J>-2[NEt +@ 2- /\
" o1 [oloso-BgHe-L 10CN) P 2INEL NS j Prof

/ AY
Php—Fe”  CHzCly reflux, 2 > Ph,P—Fe <—N= —=N—> Fe-PPh,
50-70% \ N
K/Pth K/Pth
90 91 @

Scheme 30. Synthesis of the diiron complex of [closo-BioHs-1,10-(CN)2]*~ (16) [29].

Electronic communication between the Fe centers in the complex 91 was investigated and

compared to that in the organic and carborane analogs. Despite significant differences in their
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electronic structures, the [closo-BioH10]* anion (A) and benzene derivatives demonstrated a
remarkable similarity in their ability to mediate electronic communication between two terminal
metal centers. This study also revealed that the anion A can more effectively communicate with
the m-substituents than the analogous carboranes. The observed particularly high effectiveness of
complex 91 was found to be associated with the strong electron-donating ability, effective metal-
bridge MO mixing, and extensive delocalization of the charge within the borane cluster, but not all
the way through to the other Fe center [29]. The c-aromatic [closo-BioHs-1,10-diyl]*” bridge was
also found to be a reasonably efficient transmitter of electron spin information between the Fe
centers, although it is not as good as the 1,4-phenylene. All these studies showed the potential for
applications of derivatives of anion A in metal complexes and opened the door for future
applications, such as in the construction of molecular electronic systems and in the assembly of

multifunctional MOFs.
1.7 Summary and outlook

In the recent decade, significant progress has been achieved in the chemistry of the [closo-
B1oH10]% anion (A), providing easy access to new functional materials. Among all the available
methods for apical functionalization of the anion A, the phenyliodonium zwitterion method was
found to be the most efficient and versatile. The synthetic utility of several derivatives was explored
in the context of developing photoactive materials, liquid crystals, and metal complexes,
demonstrating a vast potential for such derivatives. Extensive studies on derivatives of
anion A revealed several interesting properties that may find application, for instance, in solar cells,
NLO materials, photovoltaics, and electrolytes. Therefore, the development of such functional

materials is important and this offers a wide scope for future research.
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CHAPTER A2

Synthesis, structural analysis, and functional group interconversion
in the [closo-BioHs-1,10-X2]> (X = CN, [OCRNMez]*, OCOR, and
[OH:]") derivatives.

(L. Jacob, E. Rzeszotarska, A. Pietrzak, V. G. Young Jr., P. Kaszynski, Eur. J.
Inorg. Chem., 2020, 32, 3083-3093, DOI: 10.1002/ejic.202000456)

2.1 Introduction

For making ionic liquid crystals, typical connections are —OCO— and —O- groups.
Therefore, the investigations in this work primarily focused on the dinitrile derivative [closo-
B1oHs-1,10-(CN)2]*" and DMF adduct [closo-B1oHs-1,10-(OCHNMez)] as precursors to diacid
[closo-B1oHs-1,10-(COOH)2]% and dihydroxy derivative [closo-BioHs-1,10-(OH),]*". The dinitrile
and DMF adduct were obtained by the nucleophilic substitution on [closo-BioHs-1,10-(1Ph).] with
CN™ and DMF, respectively. The dihydroxy derivative (in the protonated form) was obtained in a
good yield through a series of functional group transformation of the DMF adduct. The diacid
derivative could not be obtained due to the inertness of the CN groups in [closo-BioHs-1,10-
(CN)2]* towards classical reaction conditions.

This work demonstrated the usefulness of [c/oso-B1oHs-1,10-(IPh);], for the synthesis of
1,10-disubstituted derivatives such as [closo-B1oHs-1,10-(CN)2]* and [closo-B1oHs-1,10-(OH),]>.
This work also involved a detailed structural and computational analyses of these newly
synthesized derivatives. These studies revealed a significant delocalization of the negative charge
density from the cluster to the substituents as a result of the high effectiveness of electronic

interactions between them. This was evident from the lower bond order in [closo-BioHs-1,10-
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(CN)2]* compared to the hydrocarbon analogues. The resistance to hydrolysis and reduction of the
dinitrile derivative is associated with its low electrophilicity. The high electron density available in
the dinitrile derivative makes it particularly interesting for the development of metal complexes.
The synthetic utility of [closo-B1oHs-1,10-(OH)2]* as a building block for the construction of self-
organizing materials was demonstrated by the preparation of [closo-B1oHs-1,10-(OCOCeHs)2]>.
My role in this project was to synthesize and characterize all compounds and conduct
hydrolysis studies. Ms. Edyta Rzeszotarska contributed to the project by synthesizing the dinitrile
derivative. Dr. Anna Pietrzak and Dr. Victor G. Young Jr. conducted the single crystal X-ray
analysis of the compounds. Prof. Piotr Kaszynski performed quantum mechanical calculations to

validate experimental findings.
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Interconversion in the [doso-B;gHg-1,10-X,]%~ (X = CN,
[OCRNMe,] ", OQOR and [OH,] ") Derivatives
Litwin Jacob,[@ Edyta Rreszotarska® Anna Fetrzak[*9 Mctor G Young . [ and

Fotr Kaszynski*acel

/Abstract: Derivatives [doso-BjgHs-1,10-(QN),]>~ and [doso-
BioHs-1,10-(O0HNMey),], efficiently obtained from [doso-BoHs-
1,10(IPn),] by nudeophilic subgtitution with O\F and DMK
were envisoned as precursors to diadd [doso-BygHs-1,10-
(@QOOH),]> and to dihydroxy derivative [doso-BoHs-1,10-
(OH),]%, respectively. Attempts at hydrolysis or reduction of the
dinitrile gave no reaction or complex mixtures of products In
ocontrast, the DMF adduct was deanly hydrolyzed to diformate

K[doso—&&t,—l,lO—((I]—Of‘ and subsequently to protonated

~

dihydroxy [doso-BjoHs-1,10-(OH,),]. The latter was O-acylated
with PhGOd. Qystal and molecular structures of five derivatives
were established by sngle crystal XRD methods and compared
to those for other [doso-B,gHs-1,10-%,]% derivatives Trends in
molecular geometry in the series and aso reactivity of the di-
nitrile and intermediates were corroborated and correlated with
DFT reaults (BBLYR' T2VP) by andlysis of bonding, charge distri-
bution and vibrational frequencies.

/

Introduction

The [doso-BigHh]? duster™ (A, Fgure 1) is a 3D ¢ aromatic
anion™ with high lying HOMO and symmetry and energy level
appropriate to interact with n substituents® Therefore its 1,10-
difunctional derivatives have been conddered as NLO materi-
ad®4 and n linkerd®! in molecular electronics. With respect
to its shape, the [doso-B,gHio]? anion and its diapica deriva
tives are attractive structural elements for designing self-orga-
nizing rod-like materids (liquid crystas) with controlled elec-
tronic and photophysical properties 9

Accessto derivatives of the [doso-B;gH; o]~ anion with apical
substituents is difficult; most substitution reactions (electro-
philic of dianion A and nudeophilid® of its protonated form,
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i —

—| b: X = NHz*
@ ¢: X = SCHNMe,*
d: X =CO*
A - Ea X =COOH

=\
Phi IPh = g:X=I
h: X = OH

1

Fgure 1. Sructures of the [doso-B,gH, ]~ anion and some symmetrical 1,10
disubstituted derivatives

[doso-ByoHi1]7) take place amost exdusively at the equatoria
position leading to [daso-BygHy-2-X%~ derivatives™ Bsdinitro-
gen derivative [doso-ByoHs-1,10-(N\,),] (1a, Hgure 1), albeit ob-
tained in low yields!” was the first convenient precursor to
other diapica derivatives Through aformal displacement of N,
1a reacts with a range of nudeophiles such as NHz[™! pyr-
idines 0.1 @J71 and Me,NOHI™! giving rise to 1,10-difunc-
tiona derivatives, which indude protonated diamine 1b, pro-
tected dimercaptan 1c, and 1,10-dicarbonyl derivative 1d. The
latter is of particular interest, since it is a forma anhydride of
1,10-dicarboxylic add 1e["@ a potentially useful building block
for a variety of materials Unfortunately, accessibility of 1d is
limited by high-pressure conditions (1000 atm) for its synthe-
ss[™! It should be mentioned, that a highly selective monodi-
azo coupling of anion A with ArN,* gave access to monodinitro-
gen derivetive [doso-B,oHy-1-(\L)[ ¥ which undergoes similar
reactions as the bisdinitrogen andogue 1a.*>9

Recently, we discovered a highly selective and high yield for-
mation of the bisphenyliodonium derivative [doso-BygHs-1,10-

© 2020 Wiley-VCH \erlag GmbH & Qo. KGaA, Weinheim
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(IPh),] (1f, Figure 1),1' which undergoes nucleophilic substitu-
tion reactions through the 10-I-3 intermediate,?*'%'" or effi-
cient dephenylation through the 9-I-2 intermediate!'"! and for-
mation of [closo-B;oHg-1,10-1,12~ (1g).'? This demonstrates a
great potential for 1f as a more efficient and convenient inter-
mediate than 1a to 1,10-difunctionalized derivatives of A. In
particular, we are interested in accessing diacid 1e and hitherto
unknown dihydroxy derivative 1h, which are attractive building
blocks for ionic liquid crystals with intermolecular charge trans-
fer properties.

Herein we report our investigation on preparation of dicarb-
oxylic acid 1e and the dihydroxy derivative 1h through substi-
tution reactions of 1f with the CN~ and DMF nucleophiles, re-
spectively, and subsequent functional groups transformations.
Synthetic work is accompanied by single crystal XRD analysis of
several derivatives. Their reactivity and {closo-B,o} cage geome-
try are analyzed in terms of the substituent effect and are aug-
mented with DFT calculations.

Results

Synthesis

The preparation of the dicarboxylic acid 1e was envisioned
through hydrolysis of the known!'3! dinitrile 1i using standard
organic-type transformations!'¥ (Figure 2).

2- 2- 2-
. ol s =N ™
Phl IPh &— NC CN <= HooC COOH
1t il 1o
Figure 2. Retrosynthetic analysis of preparation of diacid 1e.

Thus, a reaction of bis-phenyliodonium derivative 1f with
[Et,N]*CN~ in MeCN gave the dinitrile [closo-B;oHg-1,10-(CN),]*"
2[Et,N]* (1i[Et4N]) isolated in 62-67 % yield. The reaction was
conducted at 65 °C, since at higher temperatures the substitu-
tion reaction was complicated by formation of side products.
To increase solubility of the salt in organic solvents, the [Et,N]*
cation was exchanged with the Dowex resin for [BuyN]* and, for
obtaining single crystal XRD analysis (vide infra), for the [Pr,N]*
cation. Both salts, 1i[BusN] and 1i[PrsN], were obtained in
nearly quantitative yields.

Dinitrile 1i was surprisingly resistant to hydrolysis and none
of over a dozen typical methods routinely used in similar trans-
formations!'#®! gave the desired dicarboxylic acid 1e. Thus, reac-
tions of 1i[BuyN] with mineral acids (HCI and H,SO, in H,0,
MeOH and AcOH) in temperatures up to 100 °C were ineffective
and the starting 1i[Bu4N] was fully recovered. Similar difficulties
were reported for hydrolysis of [closo-1-CB;,H;4,-12-CN]™ (2)
which underwent smooth hydrolysis at 180 °C in HCl/H,0/AcOH
system in a microwave reactor.'” Analogous reaction of di-
nitrile 1i with aqueous H,SO, in AcOH at 150 °C gave a complex
mixture of products. This is consistent with the reported multi-
ple acetoxylation of the [closo-B;oH;]?~ anion at the equatorial
positions under similar conditions.['®! Dinitrile 1i was unaffected
by aqueous bases (NaOH or KOH).

Other reactions typically used to transform the nitrile group
to other functionalities were ineffective. Thus, reactions with

Eur. J. Inorg. Chem. 2020, 3083-3093 www.eurjic.org
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DIBAL"” or with LDBIPA!'®! in THF did not give the expected
aldehyde and the starting 1i[BuyN] was fully recovered.
Stronger reducing reagents gave partial conversion of 1i to a
complex mixture of products. For instance, after reaction with
LiAIH,4 in boiling THF, 1i[BusN] was recovered in 63 % from a
complex reaction mixture, while in reduction with NaBH,-
BF5-Et,01'?) or LiAlH,-BF5-Et,0 only inseparable mixtures of
products and starting 1i[BusN] were obtained. The observed
resistance to hydrolysis and reduction of the C=N groups in
1i parallels that reported!">*2% for the [closo-1-CB;,Hq;-12-CN]~
anion and is due to the extensive delocalization of the negative
charge from the {closo-B,} cluster (vide infra).

Transformation of bis-phenyliodonium derivative 1f to [closo-
B;oHs-1,10-(OH),]?~ (1h) was more successful, although equally
surprising. Thus, thermolysis of 1f in DMF solutions gave the
bis-DMF adduct [closo-B;oHg-1,10-(OCHNMe,),] (1j) isolated in
72-80 % yield (Scheme 1). Attempts at hydrolysis of 1j with
aqueous solutions of HCl at ambient or elevated temperatures
were unsuccessful and only unconsumed starting material was
recovered. Treatment of 1j with aqueous [BusN]*OH™ in MeCN
had, however, a different outcome and the hydrolysis product
was isolated as the [Bu,N]* salt. Detailed analysis demonstrated
that the product was the formate diester Tk[BugzN] obtained in
84-90 % yield, rather than the expected dihydroxy derivative
1h. This surprising outcome results from nucleophilic displace-
ment of the -NMe, substituent (after protonation) rather than
the {closo-B,0}-O~ during the nucleophilic attack of the OH~
anion on the iminium carbon atom {closo-B;,}-OCH=N*Me, in
1j. This results is in sharp contrast to previous reports on
smooth hydrolysis of analogous equatorial adducts of N-meth-
ylpyrrolidone (NMP)®?! and DMF,?" [closo-B;qHe-2-NMP]~ and
[closo-B1oHg-2-DMF]-, which upon treatment with NaOH yielded
[closo-B;oHo-2-OH]?~ in high yields. The observed difference in
behavior of these equatorial derivatives is presumably due to
the different negative charge distribution (different heteroatom
basicity) and different degree of electronic interactions of the
oxygen atom with the {closo-B,} cluster.

2- 2
N R . N
Phl IPh — = Me,;NCHO OCHNMe,

1t 1j

//t‘i) l i)
. 1%, iii) ] Q’H>:o
H204@0H2 D 0#0@70

1h-2H 1k

Scheme 1. Synthesis of 1h-2H. Reagents and conditions: i) DMF, 90 °C, 12 h;
ii) [BusN]*OH~, MeCN, 80 °C, 2 h; (iii) HCI, MeOH, 0.5 h.

Further experiments demonstrated inertness of the difor-
mate of 1k[BugN] to solutions of KOH in MeOH/H,0, which
again is in contrast to the reported smooth hydrolysis the anal-
ogous 2-formyloxy derivative.'® Surprisingly, treatment of the
diformate 1k[Bu,N] with diluted HCl in MeOH at ambient tem-
perature resulted in fast cleavage of the ester functionality
(Scheme 1). The desired product was isolated as protonated
dihydroxy derivative [closo-BioHg-1,10-(OH,),] (Th-2H) in 68—
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72 % yield, after passing the solution through an ion exchange
column and removing the solvent. Alternatively, crude reaction
mixture was crystallized from water giving a mixture of 1Th-2H
and [BuyN]*Cl~ in approximately 1:2 ratio and 58-68 % vyield.

Brief investigations of other reactions of the diformate 1j,
such as palladium catalyzed arylation of formate esters'?? to
form aryl esters or oxidation of the formate group with Tollens
reagent or Phl(OAc),, demonstrated the formation of complex
mixtures of products and were not pursued further.

Similar results were obtained, when DMF was replaced with
MeCONMe, (DMA) in reactions with bis-phenyliodonium deriva-
tive 1f (Scheme 2). The desired adduct, [closo-B;oHg-1,10-(OC-
MeNMe,),] (11), was obtained in 64-67 % yield by column chro-
matography. Treatment of 11 with [BusN]*OH™ in MeCN
smoothly led to the diacetate [closo-B,oHg-1,10-(OCOMe),]1%~
2[BuyNI* (1Tm[BugN]) isolated in 89-93 % vyield.

2-
i) + _| +
1f — Me,NMeCO OCMeNMe,

N 2L ii)

AcO@OAC

im

Scheme 2. Synthesis of diacetate Tm[Bu,N]. Reagents and conditions: i) DMA,
100 °C, 12 h; ii) [BuyNI*OH~, MeCN, 80 °C, 2 h.

Dianion 1h and even its protonated form 1h-2H are prone
to oxidation and are unstable in most organic solvents. Only
the solid-state form of 1h-2H was found to be stable. For this
reason, acylation of the dihydroxy derivative 1Th was conducted
in strictly anaerobic atmosphere. Thus, a reaction of CgHsCOCI
with 1h-2H in THF in the presence of excess NaH under argon
atmosphere resulted in the formation of the corresponding di-
benzoyloxy  derivative  [closo-B;oHg-1,10-(OCOPh),]>~  1n
(Scheme 3). To increase solubility of the disodium salt Th[Nal]
formed in situ from Th-2H and NaH, stoichiometric amounts

2- 2-
PN =~
H;0 OH, PhOCO OCOPh

1h-2H in

Scheme 3. Synthesis of diester Tn[BugN]. Reagents and conditions: i) NaH,
[BuyNI*Br~, PhCOCI, THF, Ar, rt, 2 h.

Table 1. Selected interatomic distances and angles for A and derivatives 1.1

of [BuyN]*Br~ were added. Alternatively, the co-crystalline Th-
2H:[Bu,4NIClI (vide supra) was used. Pure product 1Tn[Bu,N] was
isolated by column chromatography in about 40 % yield. The
[BuyN]* cation was exchanged for [Me4NI* by passing a solution
of 1n[BuyN] through an ion exchange column and treatment
of its acidic form 1n[H30] in H,O either with [Me,NI*CI~ or
[Me4N]*OH™-5H,0. Pure salt 1n[Me4N] was isolated in both
cases in about 70 % yield by filtration.

Crystal and Molecular Structures

Colorless orthorhombic crystals of 1i[PrsN] and monoclinic
crystals of 1k[BuyN] were obtained by slow evaporation of
MeOH/H,0 and acetone/H,0 solutions, respectively, at ambient
temperature. Similar approach to grow crystals of 1Th-2H from
its aqueous solutions repeatedly gave only thin microcrystals
unsuitable for conventional XRD analysis. Therefore, monoclinic
co-crystals 1Th-2H-[BugNICI were obtained by slow evaporation
of MeOH/H,0 solutions. Finally, monoclinic crystals of DMF ad-
duct 1j and triclinic crystals of bisphenyliodonium zwitterion 1f
were obtained by slow cooling of their MeCN solutions. Solid-
state structures of these crystals were determined by low tem-
perature single-crystal X-ray analysis. Results are shown in
Table 1 and in Figure 3, Figure 4, Figure 5, and Figure 6, while
detail of data collection and refinement are provided in the SI.

1f 1h-2H 1i 1k
Figure 3. Atomic displacement ellipsoid representation for 1f, Th-2H, 1i, 1j
and 1k. For geometrical dimensions see table 1 and the text. In 1f only one
symmetrically independent molecule is shown, while solvent MeCN molecule
in 1j, [BuyNICl in 1h-2H, and counterions in 1i and 1k, are omitted for clarity.
Atomic displacement ellipsoid diagram drawn at 50 % probability and the
numbering system according to the chemical structure.

ALQ]™ 1ald 14 19 1h-2H" 1i[PryN] 1j 1k[BugN] 109 1p
X = H N,* PhI* | H,0* CN [OCHNMe,]*  OCHO CsHsN* Me,S*
X-B - 1.499(2) 2.178(7) 2.180(5) 1.484(1) 1.566(13) 1.478(8) 1.469(2) 1.529(2) 1.866(2)
B(1)-B(2)avrg 1.701(3) 1.668(2) 1.67(1) 1.686(4) 1.683(6) 1.702(2) 1.689(4) 1.689(2) 1.685(4) 1.682(4)
B(1)--B(2-5)1" 1.100 1.006 1.029 1.059 1.056 1.088 1.059 1.069 1.056 1.049
B(2)-B(3) g 1.835(9) 1.881(6) 1.87(1) 1.857(4) 1.854(10)  1.852(1) 1.855(7) 1.850(8) 1.857(2) 1.859(7)
B(2)-B(6) aurg 1.813(6) 1.796(8) 1.81(1) 1.815(4) 1.810(11)  1.810(3) 1.811(7) 1.813(7) 1.812(6) 1.810(8)
B-B(1)-X 1303(12)  127(1) 128(2) 128.9(2) 129(2) 129.7(2) 129(2) 129.2(9) 128.8(18)  128.6(13)
B(1)--B(10) 3.717 3.494 3.56(1) 3.628 3.620 3.682 3.623 3.648 3.620 3.602

[a] All distances are in A and angles in degrees. Except for unique in each molecule distances B-X and the cage size B(1)-+B(10), all parameters are average
values and the esd refers to the distribution of individual values. [b] Q = 2,2’-bipyridinium, ref2% [c] Ref.??] [d] Average values for 3 unique molecules. [e]
Ref."? [f] Analyzed as a co-crystal with 2x[Bu,N]*CI". [g] Ref.?%! [h] Ref.?*! [i] The height of the square pyramid.
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1.16 H CN Pyt *SRp *IPh  *N, 3.80
1.12 ¢ 3.70
.
dBU)/AB&-SD - L daq }ABHO]
1.08 3.60
1.04 3.50
1.00 . 3.40
45 5.0 5.5 6.0 65

C—-H TH NMR shift /&

Figure 4. A correlation of geometrical parameters of the {closo-B,o} cage (pyr-
amid height B(1)-+B(2-5), blue dots, and length of the cage B(1)--B(10), red
diamonds) with "H NMR chemical shifts of C(1)-H in [closo-1-CBgHg-10-X]
derivatives. Best-fit lines: dggjy+gps = 1.42(4)-0.067(8) X dcaym, r* = 0.951;
g0y = 445(8)-0.15(1) X Sc(iy, 12 = 0.962.

Crystal systems of 1Th-2H-[BugNICl, 1j and 1k[Bu,N] contain
a single molecule in the asymmetric unit and 4 molecules in
the unit cell, while dinitrile 1i[PrgN] crystallizes in a tetragonal
system. In the latter, [closo-B;oHg-1,10-(CN),]?>~ and [Pr,N]* ions
are positioned on a 4-fold rotation axis and 2-fold rotation axis,
respectively. The symmetry of 1i results in 2 formula units in
the unit cell. In contrast, the asymmetric unit cell of 1f contains
3 symmetrically independent molecules, while that for 1j also
contains a molecule of crystallization solvent (MeCN).

Data in Table 1 show that the {closo-B,,} cage dimensions in
1f and Th-1k (Figure 3) are typical for {closo-B;,} derivatives as
exemplified with the parent A and derivatives 1a,?* 1g,l'? and
also [closo-1-ByoHg-1,10-(NCsHs)5] (10)24 and [closo-1-BoHs-
1,10-(SMe,),] (1p).2>1 Analysis of the data indicates that the
cage geometry responds to the nature of the apical substituent.
Thus, as observed before,*?2¢! the height of the square pyra-
mid, B(1)-+B(2-5), and the B(1)--B(10) increase with decreasing
electron withdrawing character of the substituent and in series
1 they are in the order N,* < *IPh < *SMe, < *OH, = CsHsN* <
[OCHNMe,]* < | < OCHO < CN < H (Table 1). An unusually
strong effect on the {closo-B,o} cage geometry is observed for
iodine-containing substituents, *IPh and I. This is consistent
with the previously reported higher-than-expected 'H NMR
chemical shifts of the C(1)-H in [closo-1-CBoHo-10-IPh].[2621 On
the other hand, {closo-B;,} cage contraction observed in the
1,10-dicyano derivative is smaller than expected on the basis of
the order of Hammett substituent parameters (CN > OCOR > | >
H).7! This discrepancy is presumably related to the particularly
effective electronic interactions between the sp-hybridized CN
group and C, symmetry apical boron atom.

It was noticed that the substituent effect on {closo-B,o} cage
dimensions correlates well with the 'H NMR chemical shifts of

1i[PraN]

1g[Pr4N]

Figure 6. Crystal packing of 1i[Pr4N] (top) and 1g[Pr4N] (bottom) viewed
along the a axis (a) and along the c axis (b).

the C(1)-H in [closo-1-CBgH4-10-X] derivatives?%?! (Figure 4) in-
dicating that similar electronic effects affect both the molecular
structure and spectroscopic properties in 10-vertex clusters.
This phenomenological correlation demonstrates consistency of
the substituent electronic effects within the 10-vertex clusters,
which are apparently different from those established in benz-
ene derivatives.

The B-O interatomic distance in derivatives Th-2H, 1j and
1k is about 1.48 A (Table 1). A comparison of 1j with the re-
ported?® structure for [closo-B;oHg-2-(OCHNMe,)]~ demon-
strates that the B-O distance (avg 1.478 A) in the former is
shorter by 0.012 A, while other dimensions of the OCHNMe,
group are essentially the same within the experimental error.
This difference in the B-O distance may result from different
steric requirements of the apical B(1) vs. equatorial B(2) posi-
tions, different electronic interactions with the {closo-Bo} clus-
ter at these two positions or the antipodal effect of the second
DMF substituent at the B(10) position in 1j. Similar comparisons
of the substituent position on its geometrical parameters in the
formyloxy derivatives 1k and [closo-B;oHs-2-(OCHO)I?~ are not
possible due to the significant positional disorder in the latter
structure.[2829

The interatomic distances B-C and C=N in the dinitrile 1i are
atypical and the former (avrg 1.566 A) is longer, while the latter
(avrg 1.084 A) is significantly shorter than those in structurally
similar boron cluster nitriles: 1.5420(3) A and 1.1640(3) in
[closo-BgHs-1-CNJ2-, Y 1.542(2) A and 1.157(2) in [closo-B;;H,o-
2-CNJ>,32 and 1.550(3) A and 1.133(4) in [closo-1-CBq H;q-12-
CNJ~.['>2 There is however a report of an unusually short C=N

¢ % N e ¢y

Figure 5. Undulating chain of Th-2H molecules connected through two CI~ anions running along the [101] direction. Atomic displacement ellipsoid diagram

drawn at 50 % probability.
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distance found in [closo-1-CB;;HMe;o-12-CN]~ anion (0.99(5)
A).29 The B-I distances (avrg 2.178(7) A) and B-I-C angles (avrg
98.2(3)°) in 1f are similar to those in other phenyliodonium de-
rivatives of closo-boranes.®3 The Phl groups in 1f are pseudo
syn to each other and oriented 1-21° (avrg 10(8)°) off the ideal
staggered conformation with respect to the {closo-B,,} cage.

Substituents [OCHNMe,]* and OCHO in 1j and 1k, respec-
tively, are planar and adopt pseudo-staggered orientation with
respect to the cage. The formate groups in 1k are about 12.5°
off the ideal staggered conformation and, consequently form
an interplanar angle of 20.7°. In derivative 1j one DMF substitu-
ent is nearly staggered (38.4° interplanar angle), while the sec-
ond is closer to the eclipsed orientation (10.9°) relative to the
{closo-Bo} cage.

The oxygen atoms in the two *OH, substituents in Th-2H
are pyramidalized and they are away from the plane, defined
by 3 substituents at each oxygen atom (H, H, and B), by 0.206
A and 0.253 A. Further analysis indicates that oxygen atom lone
pairs are about 19° and 29° off the ideal staggered orientation
with respect to the cage.

The crystal packing in 1Th-2H-[BugNICl is particularly note-
worthy. It shows that the CI~ ions are coordinated to both pro-
tons of each OH, group, which results in an undulating chain
of 1Th-2H molecules connected through two CI~ anions (Fig-
ure 5) with an average O---Cl distance of 2.94(3) A (-0.33(3) A
inside the Van der Waals separation). The average O-H distance
is 0.95(3) A, while for the Cl-H it is 2.00(6) A, which is -0.95(6)
A inside the Van der Waals separation or 0.725 A longer that
for the H-Cl bond in gas phase (1.2745 A).34

The supramolecular assembly of the dicyano derivative
1i[Pr,N] appears to be isostructural to that observed in diiodo
derivative 1g[Pr4N] (Figure 6). Unit cell dimensions a and b of
1i[Pr,N] and 1g[Pr4N] are nearly identical, while the ¢ dimen-
sion is longer, which results in unit cell similarity!>>! parameter
IT = 0.04. The observed structural differences result from the
substituent size (I vs. CN) and symmetry of the crystal structure
(1422 vs. PAnc).

Molecular Modeling

For a better understanding of the observed reactivity, molecular
geometries and electronic structures of selected derivatives 1
and some of their analogues (see the SI) were modeled at the
B3LYP/TZVP level of theory. The resulting wavefunctions were
subjected to NBO population analysis to obtain natural charges
and bond order indices. Computational results were compared
to the available experimental data and are shown in Table 2
and Table 3.

A comparison of geometries calculated in vacuo with experi-
mental B(1)---B(10) distances (Table 1) demonstrated good cor-
relation only for the anionic derivatives (A, 1g, 1i, 1k), while the
distances calculated for bis-zwitterions were typically too short
(except for 1a, Figure 7). This discrepancy is presumably due to
the calculated high concentration of the positive charge on the
atoms attached directly to the apical boron atoms, which gives
rise to the minimal charge separation preferred in vacuo. A me-
dium with a higher dielectric constant, such as that in the inves-
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tigated solid crystals of 1, would allow for charge diffusion and,
in consequence, expansion of the {closo-B,} cage, according to
the general trend in Table 1.

3.75 X=  *IPh +SMe, *DMF OCHO H
doer | Pyrt | CN
/)f —l 2-
3.70 <IN
| X=X
- -
3.65 B(1)-B(10)
3.60 | Ny
3.55 l /
| - - B < +0H,
.
3.50 T T T T 1 T T T 1
345 3.50 3.55 3.60 3.85 3.70 3.75
dxpp /A

Figure 7. A comparison of experimental (XRD) and computational (B3LYP/
TZVP) B(1)---B(10) distance in series 1: calculations in vacuo (blue diamonds),
best fit line: dprr = —1.32(57) + 1.35(16) X dygp, > = 0.926; calculations in PhCl
dielectric medium, (red circles), best fit line: dprr = 0.995(1) X dygp, r*> = 0.962.
The correlation does not include data for 1a and 1h-2H shown as black
squares.

The effect of dielectric strength of the medium on molecular
geometry and spectroscopic properties was investigated for
two zwitterions 1a and 1j using the PCM model®® and a set
of five solvents with the dielectric constant € ranging from 2.25
(benzene) to 78.39 (water).3”) Results demonstrate that the
B(1)-B(10) distance, chosen as the geometrical probe, expands
in both compounds with increasing value of € and 80 % of the
change is obtained for ¢ = 6 for 1a (A = 0.010 A) and ¢ = 7 for
1j (A = 0.039 A). The observed 4 times stronger dielectric me-
dium effect on the geometry of 1j than on 1a is due to the
resonance form 1j-Il, in which the positive charge is shifted
away from the oxygen atom (Figure 8).

H /Me H ’Me
ST NG 7 y=Ns
Me_ 5/4@79 Me Me, 0@70 Me
A R

Mé H 1 Mé H 1)l

Figure 8. Two resonance forms of 1j showing different distribution of the
positive charge. Contribution of 1j-1l is expected to be important in high &
media.

Further analysis demonstrates that the dielectric medium
also affects characteristic vibrational frequencies of functional
groups, albeit to small extent. For instance, the vy_y frequency
in 1a is shifted to higher energies by 15.5 cm™', while the C=N
in 1j by only 3.2 cm™ in water relative to vacuum with most of
the change taking place at about ¢ = 6-9. The vibrational fre-
quency change in 1a is substantial, while in 1j is comparable
to the experimental error. Since dielectric constant of solid com-
pounds 1 and their analogues may vary significantly due to
ionic or highly polar character of constituting molecules, dielec-
tric constant of 5.62 (PhCl) was chosen arbitrarily for further
investigation.

The B(1)---B(10) distance in structures 1 optimized in dielec-
tric medium of PhCl (¢ = 5.62) correlates much better with the
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Figure 9. Structures of related nitriles.

experimental data affecting mainly the geometry of the zwitter-
ions (Figure 7). The only outliers in this correlation are 1a and
1h-2H. In the latter, the *OH, group is coordinated with CI~
anions (Figure 5), which effectively diminishes the electron
withdrawing character of the substituent and leads to the
larger-than-calculated B(1)-+B(10) distance. The calculated size
of the {closo-B;,} cage in 1a remains larger than that reported
experimentally.?3 Assuming validity of the correlation in Fig-
ure 7, the expected B(1)---B(10) distances for 1a and 1h-2H are
3.549 A and 3.551 A, respectively. Also, selected experimental
geometrical parameters in series 1, such as B-X, C-O, C=0, C=
N, S-C, and I-C distances, correlate well with the DFT-values
calculated in PhCl dielectric medium.3”!

Analysis of structural data for 1i and 11 other related nitriles
revealed poor correlation of the calculated and experimental
C=N bond length, which all, except for 1i, are in a range 1.133—
1.164 A. On the other hand, the X-C distance is well reproduced
by the DFT calculations for all 12 derivatives with the worst
result for 1i (> = 0.969 for all and r? = 0.986 without 1i).”!

NBO population analysis demonstrates significant differences
in bonding and distribution of electron density in 1i and model
compounds representative for 12-vertex (2, Figure 9), aromatic
(3), aliphatic (4 and 5) and acetylene (6, Table 2) derivatives.
Thus, the bond order of the C=N group for 1i is the second
lowest in the series and it increases in the order C=C <{closo-
Bio} < benzene < {closo-CB;} < bicyclo[2.2.2]octane, which is
consistent with the expected strength of m-mt interactions in
these compounds. Analysis of the X-C bond demonstrates that
the bond order is generally lower in the boron cluster deriva-
tives than in the hydrocarbon analogues. It is slightly higher for
10-vertex derivative 1i than for the 12-vertex analogue 2, which
is in agreement with previous findings.*< Among the hydrocar-

CN

NC———CN

the bond length dc_cy governed by the carbon atom hybridiza-
tion and effectiveness of the s-m interactions: C=C > benzene
> bicyclo[2.2.2]octane. This relatively high effectiveness of elec-
tronic interactions between the {closo-B;,} clusters and the CN
group is also apparent from the distribution of the FMOs in 1i
shown in Figure 10.

E =-4.909 eV E=1.085eV

Figure 10. Contours and energies of frontier molecular orbitals for 1i obtained
at the B3LYP/TZVP level of theory in PhCl dielectric medium.

A consequence of the effective conjugation in dinitrile 1i is
significant delocalization of the negative charge density from
the cluster to the CN group (Table 2). Thus, the CN group in 1i
has the highest electron density in the series (-0.254e) with the
most negative N atom (-0.493e). Also, the electrophilicity of the
carbon atom is among the lowest in the series, which is consist-
ent with the observed resistance to hydrolysis and reduction.

IR Spectroscopy

Electronic interactions in derivatives of the [closo-B;qH;0]?” an-
ion and its analogues were probed using IR spectroscopy. Data
in Table 3 shows that the C=N stretching frequency in 1i (ve_y =
2183 c¢cm™) is significantly lower than that for the [closo-1-
CBq1Hq1-12-CNI™ (Veoy = 2215 cm™)'%a and hydrocarbon ana-
logues, and similar to those measured for [closo-B;,H;4-2-CN1*~

bon analogues the X-C bond order is, as expected, related to  (veey = 2180 c¢cm™)B32 and [closo-BgHs-1-CNJ>~  (Veeny =
Table 2. Selected molecular parameters for 1i and its analogues.'?!
1i 2 3 4 6
dey /A exp 1.084(20) 1.133(4)® 1.145(2)< 1.148(2)! 1.14te
caled 1.160 1.156 1.154 1.153 1.157
dy_cn /A exp 1.566(13) 1.550(3)! 1.441(1)) 1.475(2)1 137t
caled 1.527 1.552 1.430 1.460 1.362
Bond orderf!
C=N 2.851 2.898 2.864 2.907 2.765
X-C 0.995 0.982 1.091 1.029 1.198
Natural charge!?!
an -0.493 -0.435 -0.329 -0.371 -0.222
qc 0.239 0.238 0.293 0.333 0.209
Total natural charge
aqn + qc -0.254 -0.197 -0.036 -0.038 -0.013

[a] Obtained at the B3LYP/TZVP level of theory in PhCl dielectric medium for structures in Figure 9. [b] Ref.'>¥ [c] Ref.?®! [d] Data for 5-cyano-1,3-dehydroadaman-
tane (5) Ref* [e] Ref.%! [f] NBO analysis: Wiberg bond index. [g] NBO analysis: natural charge.
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Table 3. Selected molecular parameters for 1i and its analogues.

1@ [B1oHo-2-XI" [CByyHy1-12-XT Ph-X tBu-X
X v /em™! v /em™! v /em™! v /em™! v /em™!
C=N exp 2183 - 2215 22591 22361
calcd™® 2265 2265 2311 2334 2340
OC(H)=0 exp 1686 16971 - 173919 1723
calcd'® 1716 1716 1743 1802 1769
[OCH(=NMe,)]* exp 1671 - - - -
calcd™® 1704 1697 1700 - -

[a] Obtained in KBr. [b] In KBr; ref.">2l, [c] Film; reft'). [d] Film; ref3. [e] B3LYP/TZVP level of theory in PhCI dielectric medium. [f] In Nujol; ref?’, [g] Neat;

ref4l, [h] Neat; ref.[4!

2149 cm™").31 The order of experimental vibrational frequen-
cies, {closo-Bg} < {closo-B,o} = {closo-B;} < {closo-CB;,} < benz-
ene < R3C, generally follows that for bond order in the C=N
group (Table 2) and is well reproduced with DFT calculations
for a total of 10 diverse nitriles (r? = 0.987).137!

Analysis of experimental C=0 vibrational frequencies in
Table 3 demonstrates a markedly lower force constant in {c/oso-
B,o} derivatives, 1k and [closo-B;oHy-2-OCHO]?, than in the hy-
drocarbon analogues, which is well reproduced with DFT calcu-
lations. The observed trends in vibration frequencies are con-
sistent with those in 4-substituted benzonitrile (vc_y)“'" and
phenyl benzoate (vc_o)*?! derivatives, in which electron donat-
ing substituents reduce the bond order through the resonance
effect and shift the position of the stretching vibration band to
lower wavenumbers.

Discussion

Bis-phenyliodonium derivative [closo-B,qHg-1,10-(IPh),] (1f)
serves as a convenient starting material for preparation of 1,10-
disubstituted derivatives of the [closo-B;qH;0]?~ anion and two
such compounds have been obtained in high yields: dinitrile 1i
and bis DMF adduct 1j. Attempted hydrolysis of the former to
dicarboxylic acid [closo-B;oHg-1,10-(COOH),1*~ (1e) failed; it was
unreactive under standard conditions, while under forcing con-
ditions, used to hydrolyze [closo-1-CBy,H;,-12-CN]~ (2),1'%) a
complex mixture of products was observed, presumably related
to acetoxylation of the {closo-B;} cluster.'®

This difference in reactivity of the two nitriles is related to
high negative charge density on the CN group in 1i and hence
its low electrophilicity on one hand, and higher energy of the
HOMO in the {closo-B;o} cage (E = —4.91 eV in 1i) relative to
that in the {closo-CB;} anion (E = -7.37 eV in 2) on the other.
Consequently, the {closo-B,0} cage is more susceptible to proto-
nation and subsequent nucleophilic substitution reactions!'!
rather than hydrolysis of the nitrile group. This high electron
density on the CN group in 1i, resulting from effective elec-
tronic conjugation between {closo-B;,} and CN, is however de-
sired for formation metal complexes™® and these results will
be reported elsewhere.

The issue of an alternative synthesis of diacid 1e avoiding
CO under high pressure still remains open. One potentially at-
tractive approach to 1e is Pd-catalyzed carbonylation of the
readily available diiodide 1g,'? using CO surrogates.
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The bis-phenyliodonium 1f provides a convenient access to
the previously unknown dihydroxy derivative Th-2H; it is avail-
able in 4 steps from the parent dianion A and 40 % overall
yield. The only previously reported [closo-B;,Hy-1-OHI?~ was ob-
tained in 82 % yield by decomposition of monodinitrogen de-
rivative [closo-B;oHe-1-N,]™ in aqueous NaF,“” while the equato-
rial isomer [closo-B;oHy-2-OH]?>~ was easily prepared by alkaline
hydrolysis of the formate or acetate ester.['®! The readily avail-
able!'? [closo-B,oHe-1-IPh]™ offers a potentially alternative route
to the 1-hydroxy derivative following the sequence described
for Th-2H.

Conditions for hydrolysis of DMF adduct 1j to the dihydroxy
derivative Th-2H deserve some comments. Bis-zwitterion 1j is
resistant to dilute acids, while formate 1k is resistant to alkaline
hydrolysis, conditions used to convert equatorial isomers e.g.
N-methylpyrrolidinium 7 and 2-acyloxy 8,'®2" to 2-hydroxy
derivative 9 (Scheme 4). This striking difference in reactivity of
the 1- vs. 2-acyloxy derivatives suggests higher nucleophilicity
of the ester group at the B(1) than at B(2) position. Surprisingly,
DFT calculations did not reveal significant differences in the
electronic structures of the two isomers. All these synthetic re-
sults provide additional evidence of unusually strong impact of
boron clusters on reactivity of functional groups.

2 @ > OH > OCOR
RS

Scheme 4. Synthesis of [closo-B;oHe-2-OH]?~ from two precursors.

Single crystal XRD data permitted detailed analysis of trends
in the substituent effect on the {closo-B,o} cluster geometry.
Thus, analysis of experimental molecular structures in a series
of [closo-B;oHg-1,10-X,]?~ (1) demonstrated significant sensitiv-
ity of the apical position to the electronic nature of the substitu-
ent X: increasing withdrawal of electron density results in pro-
gressive contraction of the B(1)-+B(10) distance in the cluster.
Interestingly, the relative magnitude of the effect does not fully
follow the order of the Hammett substituent constants o, indi-
cating differences in interactions of substituents in benzene and
boron cluster derivatives. This substituent effect on the {closo-
B0} cluster dimensions correlates well with the effect on the
NMR spectra in derivatives of another 10-vertex cluster, {closo-
CBo}.
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The phenomenon of cage contractions is also well repro-
duced with the B3LYP/TZVP computational method. High corre-
lation of experimental and DFT-calculated values is obtained,
when geometry optimizations are performed in a dielectric me-
dium of a moderate strength. The inclusion of dielectric me-
dium is particularly important for zwitterions, in which the
charge separation (distribution) is medium-dependent, and
hence concentration of the positive charge at the atom at-
tached directly to the apical boron. This, in turn, impacts the
apical position geometry. These geometrical effects are better
seen in a series of compounds rather than in analyses of indi-
vidual molecular models. Vibrational frequencies are dielectric
strength dependent to a much smaller extent and this effect
can be neglected when compared with experimental data.

Conclusions

The bis-phenyliodonium derivative [closo-BoHg-1,10-(IPh),] (1f)
is convenient precursor for synthesis of 1,10-difunctionalized
derivatives of the [closo-B;oH;0]%>~ anion (A) such as dinitrile 1i
and dihydroxy derivative 1h-2H. While the former could not
be converted into the dicarboxylic acid 1e, it appears to be a
potentially attractive ligand for metal complexes with strong
binding nitrile. The dihydroxy 1Th-2H is considered as a new
type of building block for construction of self-organizing mate-
rials. This work is in progress.

Analysis of experimental and computational structural data
for a series of derivatives 1 revealed the importance of inclusion
of dielectric medium in geometry optimization of boron cluster
zwitterions. It also demonstrated that the substituent effect on
the cluster geometry does not fully follow the Hammett substit-
uent parameters oy, established for benzene derivatives.

Computational Details

Quantum-mechanical calculations were carried out using Gaus-
sian 09 suite of programs.'*®! Geometry optimizations were per-
formed with the B3LYP functional and Ahlrichs TZVP basis
set,1*?) which performed better than the standard 6-31G(2d,p)
basis set, using tight convergence limits and appropriate sym-
metry constraints. The nature of stationary points was con-
firmed with vibrational frequency calculations. Zero-point en-
ergy (ZPE) corrections were scaled by 0.9806. Population analy-
sis was performed with the NBO method. Solvent effects were
implemented with the PCM model®*®! using the SCRF(solvent=
name) keyword. More details are provided in the SI.

Experimental Section

General. The bis-iodonium zwitterion [closo-B;oHg-1,10-(IPh),] (1f)
was obtained using a literature procedure.'” NMR spectra were
obtained at 500 MHz ('H), 125.8 MHz ('3C) and 160.5 MHz (''B) in
[Dglacetone, CD3CN or D,O unless indicated otherwise. Chemical
shifts were referenced to the solvent ([D¢lacetone: 2.05 ppm for 'H
and 206.26 ppm for '3C; CD5CN: 1.94 ppm for 'H and 118.26 ppm
for '3C; D,0: 4.79 ppm for "H)*° and to an external sample of neat
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BF5-Et,0 in [Dglacetone, CDsCN and D,O (''B, & = 0.0 ppm). More
details are provided in the SI.

Preparation of [closo-B,oHg-1,10-(OH,),] (1h-2H). To a solution of
[closo-B1oHg-1,10-(OCOH),]%~  2[BusNI*  (1k[BugN], 500 mg,
0.72 mmol) in MeOH (6 mL) was added 6-7 drops of conc. HCl and
allowed to stir at room temperature for 30 minutes. The reaction
proceeded with initial bubbling and the progress was monitored
using TLC (SiO,, CH,Cly/MeCN, 3:2). The solvent was evaporated,
and the semi-solid residue was dissolved in water (8 mL) and the
solution was washed twice with CH,Cl, (2 x 5 mL). The aqueous
layer was passed through Dowex-50 cation exchange resin and
evaporated to give 80 mg (72 % yield) of 1h-2H as an off white
solid. The typical yield for the reaction was in a range 68-72 %: m.p.
95-100 °C dec.; 'H NMR (500 MHz, D,0) & 0.38 (q, J = 117 Hz, 8H);
"B NMR (160 MHz, D,0) 6 = -34.8 (d, J = 128 Hz, 8B), 14.7 (s, 2B);
IR (ATR) Vima x 3531 and 3385 (O-H), 2472 (B-H), 1210 cm™". Anal.
Calcd for Hy,B100,: H, 7.95. Calcd for H;,B;00,:1/2H,0: H, 8.13.
Found: H, 8.11.

Preparation of [closo-B,oHg-1,10-(OH,),]-[Bu,yNICI (1h-
2H-[Buy4NICl). The aqueous layer obtained as described above from
500 mg (0.72 mmol) of Tk[Bu,4N], was washed with CH,Cl,, concen-
trated and left for crystallization. The resulting crystals were filtered
and dried giving 350 mg (68 % yield) of the mixed salt 1h-
2H:[BuyNICl. The typical yield for the reaction was in a range 62—
68 %: m.p. 95-100 °C; "H NMR (500 MHz, D,0) 6 0.34 (q, J = 118,
8H), 0.91 (t, J = 7.5 Hz, 24H), 1.32 (sext, J = 7.4 Hz, 16H), 1.61 (giunt,
J =8.0 Hz, 16H), 3.15 (t, J = 8.7 Hz, 16H); '"B NMR (160 MHz, D,0)
8 -33.9 (d, J = 109 Hz, 8B), 15.5 (s, 2B); '*C NMR (125 MHz, D,0) &
12.8,19.1, 23.1, 58.0; IR (KBr) V;nax 3340 and 3210 (br, O-H), 2963 and
2875 (C-H), 2483 (B-H), 1483, 1197 ¢cm~'; HRMS ESI-TOF(-), calcd.
for BioH;00, m/z: 152.1611, found 152.1610. Anal. Calcd for
H15B1002°C3,H7,CIoN, (1:2 ratio): C, 54.28; H, 11.96; N, 3.96. Found:
C, 55.79; H, 13.67; N, 3.98.

Preparation of [closo-B,oHg-1,10-(CN),]>~ 2[Et,N]* (1i[EtsN]). To
a solution of [closo-B;oHsg-1,10-(IPh),] (1f, 200 mg, 0.38 mmol) in dry
MeCN (1 mL) was added [Et;N]*CN™ (179.0 mg, 1.14 mmol). The
heterogeneous mixture was stirred at 65 °C for 24 h giving a homo-
geneous orange solution. The solvent was evaporated, and the resi-
due was treated with cold MeOH. The resulting solid was filtered
and recrystallized from MeOH to give 110 mg (67 % yield) of
1i[Et4N] as a colorless microcrystalline solid. The typical yield for
the reaction was in a range 62-67 %: m.p. >250 °C; '"H NMR
(500 MHz, CD5CN) d 0.44 (q, J = 131 Hz, 8H), 1.22 (t, J = 7.3 Hz,
24H), 3.18 (g, J = 7.3 Hz, 16H); *C NMR (125 MHz, CDsCN) & 7.7,
53.0 (CN not observed); "B NMR (160 MHz, CD5CN) 6 = -24.4 (d,
J =130 Hz, 8B), -4.1 (s, 2B); IR (KBr) V., 2486 (B-H), 2183 (C=N)
cm™ (lit.'3! for 1i[Cs] in Nujol: 2175 cm™); HRMS ESI-TOF(-), calcd.
for CHgBoN,:Na m/z: 193.1516, found 193.1520. Anal. Calcd for
CigHagB1oN4: C, 50.43; H, 11.29; N, 13.07. Found: C, 50.21; H, 11.39;
N, 12.89.

Exchange of the [EtN]* cation and formation of 1i[BusN] and
1i[PryN] salts was accomplished by passing MeCN solution of
1i[Et4N] through Dowex-50 cation exchange resin column, adding
water removing MeCN and precipitation of the salt using appropri-
ate [R4N]*Br~. The yield was nearly quantitative.

1i[PrgN]: m.p. > 250 °C. Anal. Calcd for CygHgsB1oN4: C, 57.73; H,
11.93; N, 10.36. Found: C, 57.52; H, 11.85; N, 10.34.

1i[BuygN]: m.p. 170-175 °C. Anal. Calcd for C34HgoB1oN4: C, 62.52; H,
12.35; N, 8.58. Found: C, 62.19; H, 12.31; N, 8.41.

Preparation of [c/oso-B,oHg-1,10-(OCHNMe;),] (1j). A solution of
[closo-B4oHg-1,10-(IPh),] (1f, 500 mg, 0.95 mmol) in DMF (5 mL) was
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stirred at 80 °C for 12 h. DMF was removed under vacuum and the
oily residue was washed with Et,O to yield an off white solid. The
solid was recrystallized (MeCN) to give 180 mg (72 % yield) of pure
adduct 1j. The typical yield for the reaction was in a range 68-73 %:
m.p. > 250 °C; "H NMR (500 MHz, CD5CN) & 0.62 (q, J = 129 Hz, 8H),
3.30 (s, 6H), 3.33 (s, 6H), 8.81 (s, 2H); *C NMR (125 MHz, CD5CN)
O =36.0, 41.0, 168.5; "'B NMR (160 MHz, CD3CN) 6 = -30.6 (d, J =
129 Hz, 8B), 21.9 (s, 2B); IR (KBr) vy« 2478 (B-H), 1671 (C=N),
1331 cm™"; HRMS ESI-TOF(-), calcd. for CgH,1B;oN,O, m/z: 263.2534,
found 263.2534. Anal. Calcd for CgH55B1oN>O5: C, 27.47; H, 8.45; N,
10.68. Found: C, 27.51; H, 8.47; N, 10.59.

The XRD quality crystals were obtained by slow evaporation of
MeCN solution of 1j at ambient temperature.

Preparation of [closo-B,oHg-1,10-(OCHO),]*- 2[BuyN]*
(1k[BuyN]). To a suspension of [closo-B;oHg-1,10-(OCHNMe,),] (1j,
100 mg, 0.38 mmol) in MeCN (3 mL) was added 40 wt.-% aqueous
solution of [BuyN]J*OH™ (0.49 mL, 0.76 mmol). The reaction mixture
was stirred at 80 °C (to ensure full solubility of 1j) for 2 h to get a
turbid solution. The solvent was evaporated, and water was added
to the residue. The resulting precipitation was filtered and dried to
give 245 mg (94 % vyield) of 1k[BugN] as a white solid. The typical
yield for the reaction was in a range 81-94 %: m.p. 138-142 °C; 'H
NMR (500 MHz, [Dglacetone) 6 0.51 (g, J = 94 Hz, 8H), 0.97 (t, J =
7.3 Hz, 24H), 1.44 (sext, J = 7.4 Hz, 16H), 1.81 (quint, J = 7.8 Hz,
16H), 3.32 (pseudo t, J = 8.5 Hz, 16H), 9.07 (s, 2H); '*C NMR
(125 MHz, [Dglacetone) & 14.0, 20.4, 24.5, 59.4, 169.0; ''B NMR
(160 MHz, [Dglacetone) & -31.9 (d, J = 101 Hz, 8B), 16.6 (s, 2B); IR
(KBF) Vinax 2471 (B-H), 1686 (C=0), 1252 (C-O) cm~'; HRMS ESI-TOF
(=), calcd. for C;H,0B1004 m/z, 208.1510, found 208.1509. Anal. Calcd
for C34Hg,B1oN,04: C, 59.09; H, 11.96; N, 4.05. Found: C, 59.14; H,
12.03; N, 4.02.

XRD quality needle crystals were obtained by slow evaporation of
an acetone/water solution of Tk[BuyN].

Preparation of [closo-B,oHg-1,10-(0CMeNMe,),] (11). Following
the procedure above for 1j, a solution of 1f (500 mg, 0.95 mmol)
in DMA (5 mL) was stirred at 100 °C for 12 h. Volatiles were removed
in vacuo and the oily residue was separated by column chromatog-
raphy (SiO,, CH,Cl,/MeCN, 15:1 ratio) to give 180 mg (65 % yield)
of pure 1l as a white powder. The typical yield for the reaction was
in a range 64-67 %: m.p. > 250 °C; "H NMR (500 MHz, CD;CN) &
0.58 (q, J = 128 Hz, 8H), 2.89 (s, 6H), 3.31 (s, 6H), 3.35 (s, 6H); 3C
NMR (125 MHz, CD5CN) & 17.5, 38.5, 40.6, 178.2; ''B NMR (160 MHz,
CD3CN) 6 = -30.6 (d, J = 128 Hz, 8B), 19.6 (s, 2B); IR (KBr) v,ax 2480
(B-H), 1625 (C=N), 1262 cm™'; HRMS ESI-TOF(-), calcd. for
CgHa6B1oN,O, m/z: 292.2925, found 292.2936. Anal. Calcd for
CgHa6B1oN,05: C, 33.09; H, 9.02; N, 9.65. Found: C, 32.79; H, 9.11; N,
9.61.

Preparation of [closo-B,oHg-1,10-(0OCOMe),]>~  2[BuyNI*
(1m[BuyN]). Following the procedure for the preparation of difor-
mate 1k[BuyN], a solution of [closo-B;yHg-1,10-(OCMeNMe,),] (11,
100.0 mg, 0.34 mmol) in MeCN (3 mL) was treated with 40 wt.-%
aqueous solution of [BuyN]*OH™ (0.446 mL, 0.68 mmol). The mixture
was stirred for 1 h at r.t, while the progress of the reaction was
monitored with TLC (CH,Cl,/CH3CN, 8:2 ratio). When starting 1m
was no longer detected, the solvent was evaporated, and the resi-
due was extracted with CH,Cl,/water mixture. The organic layer was
dried (Na,SO,4) and solvents were removed to give 230 mg (92 %
yield) of salt Tm[BugN] as a white powder: m.p. 147-150 °C; 'H
NMR (500 MHz, [Dglacetone) & 0.45 (q, J = 107 Hz, 8H), 0.97 (t, J =
7.3 Hz, 24H), 1.43 (sext, J = 7.2 Hz 16H), 1.79 (quint, J = 7.7 Hz, 16H),
2.44 (s, 6H), 3.43 (t, J = 8.5 Hz, 16H); '3C NMR (125 MHz, [Dglacetone)
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5 14.0, 20.4, 23.0, 24.6, 59.3, 174.7; ''B NMR (160 MHz, [D¢lacetone)
9 =313 (d, J = 122 Hz, 8B), 16.8 (s, 2B); IR (ATR) Vynax 2462 (B-
H), 1671 (C=0), 1320, 1200, 713 cm~"; HRMS ESI-TOF(-), calcd. for
C4H14B1004 m/z: 236.1823, found 236.1833. Anal. Calcd for
C36HgsB10N204: C, 60.12; H, 12.05; N, 3.90. Found: C, 60.09; H, 12.11;
N, 3.94.

Preparation of [closo-B,oHg-1,10-(0COC¢Hs),1>~  2[BuyNI*
(1n[BuyN]). [closo-B,oHg-1,10-(0OH,),] (Th-2H, 40.0 mg, 0.26 mmol)
and [BuyN]*Br~ (186 mg, 0.58 mmol) was placed in a three-necked
round-bottomed flask (25 mL volume) and filled with Ar by three
pump-fill cycles. Dry THF (8 mL) was added followed by NaH
(37 mg, 1.58 mmol) and C¢HsCOCI (0.067 mL, 0.58 mmol) and the
reaction mixture was stirred for 2 h at r.t. under Ar atmosphere.
Reaction progress was monitored using TLC (SiO,, CH,Cl,/MeCN,
3:2). Water was added to quench excess NaH, THF was removed
with rotary evaporator and the residue was extracted with CH,Cl,/
water. The organic layer was dried (Na,SO,4) and solvent was evapo-
rated. The resulting crude product was purified by column chroma-
tography (SiO,, CH,Cl,/MeCN, 3:2) to give 89.0 mg (40 % yield) of
pure 1n[BugN] as a pale greenish solid. The typical yield for the
reaction was in a range 35-40 %: m.p. 210-215 °C dec; '"H NMR
(500 MHz, CD5CN) 6 0.41 (g, J = 120 Hz, 8H), 0.96 (t, J = 7.5 Hz,
24H), 1.34 (sext, J = 7.4 Hz, 16H), 1.58 (sext, J = 8.0 Hz, 16H), 3.07
(pseudo t, J = 8.6, 16H), 7.50 (t, J = 7.2 Hz, 4H), 7.55 (t, J = 6.5 Hz,
2H), 8.20 (d, J = 8.0 Hz, 4H); '3C NMR (125 MHz, CD5CN) & 13.8,
20.2,24.2,59.2,129.1, 130.3, 132.3, 135.1, 169.3; "'B NMR (160 MHz,
CD5CN) 0 -31.9 (d, J = 117 Hz, 8B), 16.0 (s, 2B); IR (KBr) Vpnay 2469
(B-H), 1670 (C=0), 1370, 1294 cm~'; HRMS ESI-TOF(-), calcd. for
Cy4H18B1004 m/z: 360.2136, found 360.2149. Anal. Calcd for
CasHooB1oN,04: C, 65.51; H, 10.76; N, 3.32. Found: C, 65.59; H, 10.81;
N, 3.40.

Instead of pure Th-H and [BuyN]*Br-, co-crystals 1h-H-2[BusN]Cl
can be to used to obtained diester Tn[BugzN] with a similar effect.

Preparation of [closo-B,oHg-1,10-(0COC¢Hs),1>2[Me, NI+
(1n[Mey4N]). A solution of Tn[Bug4N] (80.0 mg, 0.095 mmol) in MeCN
(5 mL) was passed through a Dowex-50 ion exchange column. Wa-
ter was added (10 mL), MeCN and some water were removed under
reduced pressure (water bath < 40 °C) and the aqueous phase was
extracted with CH,Cl,. Residual CH,Cl, was removed in vacuo and
excess [Me,4NI*Cl™ (or [Me4N]TOH™-5H,0) was added. The resulting
solution was cooled in an ice bath and the precipitated compound
was filtered and dried to give 35.0 mg, (72 % yield) of pure
(1n[Me4N]) as a white solid: m.p. >250 °C; 'TH NMR (500 MHz,
CDsCN) 6 0.47 (q, J = 114 Hz, 8H), 3.08 (s, 24H), 7.50 (t, J = 7.0 Hz,
4H), 7.56 (t, J = 7.3 Hz, 2H), 8.20 (d, J = 6.9 Hz, 4H); '3C NMR
(125 MHz, CD5CN) 6 = 56.1, 129.1, 130.2, 132.1,136.0, 168.7; ''B
NMR (160 MHz, CDsCN) & -31.7 (d, J = 125 Hz, 8B), 15.9 (s, 2B); IR
(ATR) Vmax 2468 (B-H), 1671 (C=0), 1321, 1201, 717 cm~". Anal. Calcd
for C55H45B10N,04: C, 52.15; H, 8.35; N, 5.53. Found: C, 52.04; H, 8.42;
N, 5.65.

X-ray data collection. Single-crystal X-ray diffraction measure-
ments for Th-2H and 1i[PrsN] were performed with a Rigaku Xta-
LAB Synergy, Dualflex, Pilatus 300K diffractometer, for 1j and
1k[Bu,N] with Rigaku XtaLAB SuperNova, Pilatus 200K diffractome-
ter, and for 1f with a Bruker APEX-Il CCD instrument. The measure-
ments were conducted at 100.0(1) K or 123(2) K (for 1f) using rather
the Cu-K, radiation (1 = 1.54184 A) or Mo-K, radiation (1 =
0.71073 A for 1f). The data was collected and processed using Crys-
AlisPro program or Bruker SAINT and APEX2 software (for 1f). Most
structures were solved with the ShelXT structure solution program
using intrinsic phasing, while 1f was solved by direct methods as
in ShelXS. All systems were refined by the full-matrix least-squares
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minimization on F2 with the ShelXL refinement software. All non-
hydrogen atoms were refined anisotropically. C-H and B-H
hydrogen atoms were generated geometrically and refined isotropi-
cally using a riding model. More details are provided in the SI.

Deposition Numbers 1036760 and 1990286-1990289 contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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CHAPTER A3

Tunable intermolecular charge transfer in ionic liquid crystalline
derivatives of the [closo-BioH10]* anion.
(L. Jacob, E. Rzeszotarska, M. Koyioni, R. Jakubowski, D. Pociecha, A. Pietrzak,

P. Kaszynski, Chem. Mater., 2022, 34, 6476-6491, DOI:
10.1021/acs.chemmater.2c01-165)

3.1 Introduction

Liquid crystallinity is a feasible method to impose self-organization of molecules in fluid
materials to achieve the anisotropy of the desired property. One such property of interest in ionic
liquid crystals (ILC) is charge transport, which is attractive for technological applications such as
photovoltaic cells, and electrochromic materials. ILC materials in which both ions are active and
exhibit intermolecular charge transfer (CT) have been rarely studied. Typically, the focus is on one
of the ions possessing the property of interest (e.g., photophysical or redox activity), while the

counterion is a spectator necessary for charge balance.

The primary objective of this research project was to develop ionic liquid crystal (ILC)
derivatives based on the [closo-BioH10]* anion with controlled intermolecular charge transfer. By
combining 1,10-disubstituted [closo-BioH10]*" anion derivatives with N-alkyl pyridinium cations
as charge compensators, four series of liquid crystalline ion pairs were prepared, and their thermal
and photophysical properties were investigated. Tunability of the intermolecular charge transfer in
these two-component ILC derivatives was achieved by modifying FMO levels in the cation and
the anion with appropriate substituents. This work demonstrated the first ionic liquid crystals based
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on [closo-B1oH10]% anion and a new paradigm of ionic liquid crystals exhibiting tunable low energy
intermolecular charge transfer bands. In addition, these derivatives are examples of molecules with

anion-driven mesogenicity.

Broad-range smectic A phase with a high clearing temperature and tunable intermolecular
charge transfer bands in the visible region was observed in all the ion pairs with substituted
pyridinium cations. XRD and DSC analysis revealed that many ion pairs undergo a stepwise
melting to the smectic A phase, with the initial melting of the alkyl chains and then the ionic cores
as two independent thermodynamic events. Analysis of the electronic structure revealed effective
electronic communication between the [closo-B1oH10]* anion with Ph and OR substituents. Also,
the position of CT bands correlates well with the calculated energy difference between relevant

FMOs and the o, parameters of the substituent on the pyridine ring for individual series.

Ms. Edyta Rzeszotarska, a former student, initiated this project. Although she succeeded in
synthesizing derivatives of series 4[12], there were difficulties in the synthesis of series 3[11,12].
Later on, Dr. Maria Koyioni took on this synthetic challenge and made progress in the synthesis.
Due to problems associated with the low overall yields and difficulties in purification and
optimization of the reaction conditions, further development of this project was hindered. Boron
cluster chemistry is often tough due to the difficulties in functionalization, unusual reactions,
involvement of the charged species, difficulties in purification, and lack of established reaction
conditions. In addition, extraction and purification of these inorganic-organic hybrid ionic
compounds require specialized knowledge and skills.

Dr. Mariya Koyioni entrusted me with this challenge, and | was able to successfully

synthesize and characterize all of the target compounds in series 3[11,12], 2[12], and 1[11]. | also
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resynthesized and characterized all derivatives in series 4[12]. Dr. Rafat Jakubowski contributed
to the project by synthesizing some of the intermediate compounds. | performed all UV-vis
spectroscopy (solution state and solid state) and polarized optical microscopy (POM) analyses. In
addition, Dr. Damian Pociecha instructed me on how to conduct powder XRD measurements,
which | performed on all liquid crystalline derivatives at Warsaw University. Dr. Anna Pietrzak
obtained single crystal XRD structures. Prof. Piotr Kaszynski performed quantum mechanical

calculations and validated the experimental findings.
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ABSTRACT: A new paradigm of ionic liquid crystals exhibiting , Cr

low-energy charge transfer bands is demonstrated. T hus, four series —l VR _

of ion pairs of 1,10-disubstituted derivatives of the [dogo-BoH 1] 2 Y@Y x@ﬁfmk
anion and substituted pyridinium cations were prepared and their

thermal and photophysical properties were investigated. All — t
pyridinium ion pairs form a smectic A (SmA) phase with clearing LuMO
temperatures above 200 °C and intermolecular charge transfer o0 /1
(CT) band in the solid and f uid states and in CH,Cl, solutions. —_

The CT band maximum is in the range of 320-510 nm and its ___Homo
position correlates with the dif erence in frontier molecular orbital

(FMO) energies of the ions (highest occupied molecular orbital

(HOMO) of the anions and the lowest unoccupied molecular orbital (LUMO) of the cations), which, in turn, correlate well with the
substituent @, parameters. Experimental results are augmented with extensive density functional theory (DFT) calculations and X-
ray dif raction (XRD) analyses.

.TRODUCTION Functional ionic liquid crystals’” (ILCs) are of increasing
importance for contemporary technologies mainly in the
context of ion transport in electrolytes, dye-sensitized solar
cells, and electrochromic materials.?®~*° Typically, the focus is
on one of the ions possessing the property of interest (eg,
photophysical or redox activity), while the counterion is a

Organic compounds exhibiting intermolecular charge transfer
(CT) phenomena'~* constitute an important class of materials
investigated in the context of organic solar cells, photo-
detectors, two-photon absorbers, and nonlinear optical
systems.“"é.One attractive approach to such materials involves spectator necessary for the charge balance. Consequently,
self-organizing behavior of two-component liquid  crystals materials in which both ions are active are rare and those
(LCs), in which one constituent acts as an electron donor exhibiting intermolecular CT are essentially negected.” We
and the other as an electron acceptor. "' Such materials of e report here the frst, to our knowledge, ionic liquid crystals
advantages over other CT binary systems by more facile and with tunable intermolecular CT bands based on the [doso-

reproducible preparation, predictable molecular organization, B1oH10l> anion.

and modular approach. For these reasons, binary donor— The [domBigH > anion®? (Figure 1) is a three-
acceptor (D-A) discotic LCs,'>™™* forming alternating dimensional (3-D) sigma aromatic system® with the Dyq
columns, have been investigated as organic sergi&onductors, molecular symmetry, a large highest occupied molecular

relatively ef cient anisotropic charge conductors, ™ and laser orbital—lowest unoccupied molecular orbital (HOMO-
addressable dichroics.”” These materials typically involve LUMO) gap rendering practical transparency above 200 nm,
electron—rich 1 systems, such as derivatives of tripheny- and a highlying doubly degenerate HOMO.™ The orbital
lene,">"®"°  hexabenzocoronene,'*"> and truxene® and symmetry allows for ef cient electronic interactions between
electron acceptors, for example, trinitrof uorenong,' 416182122 the anion and ™ substituents®® and intense intrarrplecular
naphthalenediimide,®® perylenediimide,'*"®  mellitictrii- cluster-to-rrsubstituent CT bands have been observed in some

mide,'*** and tetracyanoquinodimethane (TCNQ).2* It has

been demonstrated that the energy of the CT interactions in Received: ~ April 20, 2022 B
alternating D— A discotic LCs can be adjusted using a series of Revised:  June 2, 2022 ;¥~—=
electron donors and acceptors.**® While most ef ort in self- Published: July 12, 2022 G
organizing materials exhibiting low-energy CT behavior has P
been dedicated to discotic LCs, other types of such LCs, eg

calamitic and ionic, received little to no attention.

© 2022 The Authors. Published by
American Chemical Society https//doi.org/10.1021/acschemmater.2c01165

v ACS Publications 6476 Chem. Mater. 2022, 34, 6476- 6491
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Figure 1. Structures of the [closo-B;oH ;o] anion, its 1,10-disubstituted

9

derivatives 1[n]—4[n], and cations a—g. Each unsubstituted vertex

represents a BH fragment. The number in the brackets represents the alkyl chain length.

zwitterionic derivatives substituted at the apical positions.**™*

On the other hand, the high level of the HOMO in the [closo-
B,oH,o]*~ anion allows for CT interactions with certain
cations,” 041 2,2’—bipyridinium,‘m"‘2745
quinolinium,40 and phenanthroIinium,46 giving rise to colored,
yellow, and orange solids. These findings hint at an intriguing
possibility of unprecedented ionic LCs derived from the [closo-
ByoH}0)*™ anion and exhibiting CT phenomena.

Herein, we present a new paradigm in materials with

P TI 4
such as pyridinium,

intermolecular charge transfer: self-organizing ILC with
tunable intermolecular CT absorption bands in the visible
range. The ions are derived from [closo-B,yH,(]>~ anions and
N—alkyl pyridinium cations (Figure 1), in which substituents
modify the frontier molecular orbital (FMO) levels and
consequently the energy of the CT interactions. Thus, we
report the synthesis of four series of ionic liquid crystalline
derivatives 1[11]—4[12] (Figure 1) and the investigation of
their mesomorphic and photophysical properties. Anion [closo-
BygH}o]*™ was substituted with long mesogenicity—inducing
groups,*” which through electronic interactions affect the level
of the HOMO. Pyridinium cations b—f of approximately the
same length are substituted with groups exerting different
electronic effects on the pyridinium ring and its LUMO level
ranging from electron-donating (OR) to strongly electron-
withdrawing (CN). Paraquat derivative g was tested as the
most electron-poor (lowest LUMO) pyridinium cation. Liquid
crystalline properties of 17 jon pairs were investigated by
polarized light optical microscopy (POM), differential
scanning calorimetry (DSC), and powder X-ray diffraction
(XRD) measurements, while photophysical properties in
solutions and in the solid state were studied by electronic
absorption spectroscopy and density functional theory (DFT)
methods. Single-crystal XRD analysis of ion pair 4[7]b
(containing anion 4[7] and cation b, Figure 1) sheds light
on the molecular organization in the solid and in the ILC
phase.
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B RESULTS AND DISCUSSION

Synthesis. Preparation of 1[11]Ja and 2[12]a. The
requisite [Bu,N]" salts 1[11]a and 2[12]a were obtained by
esterification of dioxonium derivative®® [closo-B,oHg-1,10-
(OH,),] cocrystals with [Bu,N]*Cl~ (5:[Bu,N]Cl, Scheme
1) with the appropriate acid chloride. Alternatively, a mixture

Scheme 1. Synthesis of Diester Ion Pairs 1[11]a and
2[12]a"

2 [BugNICI 2

=
o

5-[Bu,N]CI

2[BuyNJ*
()

—— RCOO OOCR

1[11]a, R = Cy4Hyg

2[12]a, R = 4-C4,H,50CeH,

“Reagents and conditions: (i) NaH, RCOC], tetrahydrofuran (THF),
Ar, room temperature (rt), 2 h.

of pure S and [Bu/N]'Cl™ can be used instead of S
[Bu,N]CL* The presence of the [Bu,N]* cation in the
reaction mixture ensures solubility of the deprotonated § in the
reaction medium and the reaction with RCOCI. The resulting
esters were found to be unstable toward acidic conditions
including silica gel. Therefore, pure derivatives 1[11]a and
2[12]a were obtained in about 70 and 60% yields, respectively,
by column chromatography with basic alumina.

Preparation of 3[11,12]a. Unsymmetric derivative 3-
[11,12]a was obtained in a sequence of reactions shown in
Scheme 2. Thus, iodo derivative™ [closo-B,oHy-1-1]>~ (6a,
Scheme 2) was arylated with 4-C,H,;OC4H,MgBr in the
presence of 1 mol % PEPPSI-IPr catalyst, according to a
previously demonstrated procedure.*” Product 7a, obtained in
88% yield, was selectively substituted at the B(10) position
using PhI(OAc),, and the resulting unstable iodonium
intermediate 8a was thermolyzed in dry dimethylformamide
(DMF) giving adduct 9a, which was isolated by column
chromatography in 35-43% yield based on 7a. The

https://doi.org/10.1021/acs.chemmater.2c01165
Chem. Mater. 2022, 34, 6476—6491
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Scheme 2. Synthesis of Ion Pair 3[11,12]a"

2 oBu,NJ*

e\l

6a

i)

2 [BuNJ*

H26 {g OCyoHps =———

1a
2—

O,

X

cﬂHmcooOszst

3[11,12]a

l vi)
[BugNJ*

—‘ = [BusNJ*
Vs gy Wy

8a, X = Phl+

A

9a, X = Me,NCHO*

iv)
10a, X = HCHO

“Reagents and conditions: (i) 4-C;,H,;OC¢H,MgBr, PEPPSI-IPr, THF, reflux, 24 h; (i) PhI(OAc),, CH;CN, 10 °C, § h; (iii) DMF, 60 °C, 12 h;
(iv) [Bu,N]* HO™, CH,CN, reflux, 2 h; (v) HCl, MeOH, rt (vi) C;;H,3COCI, NaH, THF, rt, 2 h.

Scheme 3. Synthesis of Derivative 4[12]a“

2- 2—
—| 2[BugNI* ;) —|
- o Yoo

12a

2[Bu,yNJ*

4[12]a

“Reagents and conditions: (i) 4-C,,H,;OC4H,MgBr, PEPPSI-IPr, THF, reflux, 24 h.

subsequent treatment of 9a with [Bu,N]*OH™ gave 10a in
93% yield. Formate 10a was treated with aqueous HCl to give
unstable protonated 1-hydroxy intermediate 11a, which was
acylated with C;;H,;COCI in the presence of NaH giving
3[11,12]a in 34—40% yield.

Preparation of 4[n]a. Salt 4[12]a was prepared in about
60% yield by the cross-coupling reaction of diiodo derivative"’
[closo-B,oHy-1,10-1,]*~ (12a) with 4-C;,H,;OC4H,MgBr using
2 mol % PEPPSI-IPr catalyst (Scheme 3). For single-crystal
analysis, the shorter analogue, 4[7]a, was also obtained under
identical conditions.

Preparation of Pyridinium Cations. The requisite pyr-
idinium bromides b[Br]—f[Br] were obtained by N-alkylation
of substituted pyridines with appropriate alkyl bromides
(Scheme 4), as reported before for b[Br].*° Paraquat g[Br]
was obtained in an analogous way from 4,4’-bipyridyl.*’

Scheme 4. Synthesis of Pyridinium Salts b—f*
i Br
— 0] =\ .
X N — X N—R X =0C7H;5 CgHi7 H,
\_7 \ COOCgH;3, CN
b[Br] - f[Br] R = C4Hg, C1oHz1, Ci2Hzs

“Reagents and conditions: (i) RBr, MeCN, reflux. See the Supporting

Cation Exchange. The initially obtained colorless [Bu,N]*
salts, 1[11]a, 2[12]a, and 3[11,12]a, were converted to the
pyridinium ion pairs in a biphasic CH,Cl,/H,0 solvent
system, according to a general procedure.’’ Ion pair 1[11]g
containing the bipyridinium dication g was formed as an
insoluble dark-purple material, which decomposed above 250
°C without melting. Cation exchange for compound 4[12]a
was accomplished in MeOH by stirring with the appropriate
pyridinium bromide and subsequent filtering the precipitated
product. The resulting ion pairs were purified by repeated
recrystallization or precipitation from an appropriate solvent
under ambient conditions giving pure products in 80—90%
yields. Most ion pairs exhibited a color that depended on the
pyridinium cation.

Molecular and Crystal Structures. Colorless triclinic
crystals of ion pair 4[7]b were obtained by slow evaporation of
a CH,Cl,/acetone solution. The molecular structure of 4[7]b
along with pertinent geometrical parameters is shown in Figure
2. Crystallographic data collection and refinement details are
provided in the Supporting Information (SI).

The intracage dimensions in anion 4[7], such as the B—B
bond distances, are typical for this class of derivatives,
including the parent [closo-B;gH;o)?>” anion®™ and its 1,10-
disubstituted derivatives.*® The height of two square pyramids
in 4[7], B(1)---B(2—6), is 1.102 and 1.105 A, while the B(1)---

Information.
IJ/(

Figure 2. Atomic displacement ellipsoid representation for 4[7]b. Minor disordered atomic sites and pyridinium cations are omitted for clarity.

Pertinent distances: B(1)—C, 1.574(2) A; B(10)—C, 1.573(2) A; B(1)--B(10), 3.725(2) A; O(1)--0(2), 15.298(2) A.
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B(10) separation is 3.725(2) A. Although within 30, the
observed values appear to be larger than those found in the
parent anion [closo-B;gHjo]*” (1.100 and 3.717(4) A,
respectively) and its derivatives*® and are consistent*® with a
weak electron-donating effect of the alkoxyphenyl group
(Hammett 6, = —0.08).%

The benzene rings in 4[7] form pseudostaggered
orientations relative to the cage with the torsion angles of
0.5 and 9.1° away from the ideal staggered conformation.
Consequently, the two benzene ring planes form a 36.0°
interplanar angle. The CH,O fragments are coplanar with the
benzene ring. Both heptyl chains exhibit multiple gauche
conformations and one of them is positionally disordered.

The butyl and alkoxy chains in the pyridinium cation b are
oriented relative to the ring according to expectations
(orthogonal and coplanar, respectively) with both alkyl chains
exhibiting gauche conformations.

Analysis of crystal packing of 4[7]b demonstrates that
anions and cations are arranged in ionic planes, which are
separated by 17.5 A (Figure 3). This molecular arrangement is

17.5A

Figure 3. Partial crystal packing of 4[7]b (view along the g-axis) with
the ionic planes shaded. The distances between molecular long axes of
the anions are in the range of 8.7—10.8 A, and the distance between
the ionic layers is 17.5 A. Hydrogen atoms are omitted for clarity.

consistent with the propensity of the ion pair 4[7]b to the
formation of smectic liquid crystalline phases. In each ionic
layer, the negatively charged {B,,} clusters are separated by the
pyridinium cations pointing to the clusters with the positively
charged nitrogen atoms. There are four unique distances
between the long molecular axes of the anions with an average
of 9.8 A.

Liquid Crystalline Properties. Differential scanning
calorimetry (DSC) and polarized light optical microscopy
(POM) analyses revealed mesogenic behavior of all pyridinium
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ion pairs, and the results are presented in Table 1 and shown in
Figures 4—6.

The analysis demonstrates that all derivatives form smectic
phases®® (Sm) and undergo a transition to the isotropic liquids
(I) with decomposition typically above 200 °C (Table 1). For
this reason, it was hard to obtain well-developed textures for
detailed optical analyses. Only in the case of 1[11]e and
3[11,12]e, very brief heating above the clearing point and
immediate cooling allowed to minimize the decomposition and
resulted in the formation of a well-developed texture
characteristic for a smectic A (SmA) phase (Figure 4).
Shearing of these textures revealed large areas with
homeotropic alignment consistent with the SmA phase.

Ion pairs in series 1[11] exhibit relatively low melting
temperatures, which increase in the order b < e < ¢ < f< d. Ion
pair 1[11]b appears to exist as an Sm phase at ambient
temperature, while 1[11]d has the highest melting point in the
series (105 °C, Figure S and Table 1). Derivatives 1[11]d and
1[11]f exhibit two endotherms on heating (Figure S), which
correspond to a crystal—crystal (Cr—Cr) transition and, the
second with a lower enthalpy change, to the Cr—Sm transition.
Other series of ion pairs with one (3[11,12]) and two (2[12]
and 4[12]) benzene rings in the anion’s core have higher
melting points. Ion pairs of 4[12] with the most rigid core
typically have the highest temperatures of melting to the Sm
phase among all series.

DSC data combined with optical microscopy indicate that
some compounds undergo clearing with decomposition at
about 210 °C, while those with larger rigid cores, e.g., series
2[12], become isotropic with decomposition close to 300 °C.

To lower the clearing temperature of the ion pairs below
that of their thermal decomposition, binary mixtures of 1[11]c
with structurally similar organic nonionic compounds were
briefly investigated. Initial studies focused on mixtures of
1[11]c with hydroquinone dilaurate (H[11]), which structur-
ally resembles the anion. POM studies revealed phase
separation and poor miscibility for mixtures containing either
50 or 25 mol % H[11].

It was speculated that hydroquinone dibutyrate (H[3])
could be a more compatible additive, and a 50 mol % mixture
with 1[11]c was investigated. In this case, the mixture
exhibited a significantly lower SmA isotropic phase, however,
with a broad biphasic region: the smectic phase started to
appear at 207 °C, which was confirmed by the powder XRD
diffraction pattern together with POM analysis (Figure 6).

XRD Measurements. Powder XRD analysis of LC phases
obtained on heating confirmed smectic behavior of all
pyridinium ion pairs 1[11]—4[12]. X-ray diffraction patterns
revealed sharp commensurate peaks at low diffraction angles
and a diffuse scattering signal in the wide-angle region, which
evidence a simple lamellar structure with no long-range
positional order of molecules within the layers (Figure 7 and
the SI). This is consistent with the SmA phase identified on the
basis of sheering alignment. In all cases, the layer spacing d is
significantly smaller than the length of the dianions calculated
for their most extended conformations (Table 1). This is
presumably due to partial interdigitation I, which is in the
range of 30—50%. The highest interdigitation is observed in
series 2[12] (36—49%) and for ion pairs with cation e (I =
39—49%). In contrast, ion pairs containing the monosub-
stituted cation d exhibit the lowest in the series degree of
interdigitation (I = 32—38%). The XRD data for smectic
phases are consistent with molecular packing observed in the

https://doi.org/10.1021/acs.chemmater.2c01165
Chem. Mater. 2022, 34, 6476—6491
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Table 1. Thermal, Powder XRD, and Photophysical Data for Ion Pairs 1[n]—4[n]

Thermal properties * Powder XRD CT electronic absorption
Phase behavior Temp , . Aer k(:»rf
h c d g
Compound T /°C (AH /kImol™) /C d Lo 1 solid  CH,CI, AEgyo
/A A 1% m /nm eV
-
C”HZJCOO—@OOCCHHQG 1[11]
[4-C,H,;OCsH,N-1-Bu]*b Cr38 (43.1) SmA >230“ 80 230 3859 40 i 324 4.642
[4-C¢H,,CsH,N-1-Bu]*¢ Cr78 (46.2) SmA >290" 180 240 3859 38 343 374 4.291
[CsHsN-1-C,H,s1"d Cr, 75 (58.7) Cr, 105 (17.9) SmA >275" 120 263 3859 32 350 390 4.124
[4-C¢H,;O0CCsH,/N-1-Bu]* e Cr53(17.6) SmA >220h 120 236 3859 39 430 476 3.432
[4-NCCsH,N-1-Bu]* f Cr, 61 (40.9) Cr,96 (11.0) SmA >225" 120 254 3859 34 458 510 3.141
1 . 2 R
CyzNesO@COO ﬂ OOCOOC,QHQ; 2[12]
[4-C,H,;OC,H,N-1-Bu]*b Cr, 51 (214) Cr, 77 (12.5) SmA >250" 80 2791 5131 46 i i 4611
[C,HN-1-C,H,s]"d Cr, 97 (9.3) Cr, 167 (40.4) SmA >290h 180 328 5131 36 353 ! 4.093
[4-C¢H,;O0CCsH,N-1-Bu]* e Cr, 69 (5.2) Cr, 159 (25.4) SmA >250“ 180 263 5131 49 432 472 3.401
1 - 2 N
[4-NCCsH,N-1-Bu]* f Cr, 32 (3.5) Cr, 138 (13.6) SmA >235“ 160 31.1 5131 39 456 506 3.110
1 - 2 2
~i
[
m%woo@—@ocuﬂzs 3[11,12]
[C,HN-1-C,H,s]"d Cr 177 (27.0) SmA >210" 180 268 4251 37 3865 414 3.797
[4-C(H,;00CC;H,N-N-Bu]* e Cr, 84 (33.2) Cr, 129 (2.5) SmA >160h 80 247 4251 42 471F 515 3.105
1 - 2 -
[4-NCCH,N-1-Bu]* f Cr 50 (3.0) SmA >190" 130 268 4251 37  465¢ 530 2.814
~
£
W\ W an)
+ _Al - -
[4-CH;OCHN-1-Bul'b,n=7" ¢ 153 (25.4) Cr, 144 (22.7) SmA 200" - - - - 4.122
+ h i i
[4-C,H,;OC,H,N-1-Bu]*b Cr, 106 (32.7) Cr, 129 (20.7) SmA 5205 160 274 4667 41 4.122
[CsHN-1-C,H,s]"d Cr, 49 (4.0) Cr, 191 (23.1) SmA >215“ 180 29.1 46.67 38  402¢ 452 3.604
[4-C¢H,;O0CCsH,N-1-Bu]* e Cr, 104 (23.5) Cr, 128 (17.4) SmA >210h 110 277 46.67 41 496 580 2912
+ h
[4-NCCsH,N-1-Bu]* f Cr, 111 (17.8) Cr, 146 (11.3) SmA >160 130 30.1  46.67 36 524 582 2.621

“Peak temperature and change of enthalpy (in parentheses). Notation: Cr, crystalline; SmA, smectic A; I, isotropic phases. “Layer spacing.
“Molecular length measured as the H---H distance without van der Waals radii of the terminal atoms for models obtained with the B3LYP/def2SVP
method. dDegree of interdigitation I = 100% X (L — d)/L. “Maximum of absorption measured in the solid state, ca. 22 °C. /Maximum of
absorption recorded in CH,Cl, solutions (¢ ~10™* M). #AEpyo = Ejymo — Enomo for model compounds. Energies were obtained with the TD
CAM-B3LYP/def2TZVP//B3LYP/def2TZVP method in the CH,Cl, dielectric medium. For details, see the text. hClearing temperature with
decomposition determined by POM and DSC (50 K min™"). ‘CT band under ion absorption bands. /Nearly constant value (+0.05 A) in the
temperature range of 80—180 °C. KAfter deconvolution. ‘Data for derivative 4[7]b.

crystal structure of 4[7]b (Figure 3), which revealed a
significant overlap of aliphatic chains equivalent to about
48% of interdigitation.

Powder X-ray diffractograms of phases formed below the
SmA phase revealed their crystalline character, as evident from
multiple sharp reflections in the entire recorded 20 range (1—
25°). A detailed analysis of materials exhibiting trimorphism,
such as 1[11]d, suggests melting of alkyl chains at the Cr—Cr
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transition (for 1[11]d at 7S °C; Figure S), which is consistent
with diminishing sharp reflections and increased background
scattering at high angles (Figure 7). The second phase
transition involves melting of the ionic cores and formation of
the fluid SmA phase. This interpretation is consistent with the
observed enthalpies of transitions, which are significantly
higher for the first Cr—Cr transition than those for the second
Cr—SmA (77 and 23 kJ mol™ for 1[11]d). Similar results are

https://doi.org/10.1021/acs.chemmater.2c01165
Chem. Mater. 2022, 34, 6476—6491
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Figure 4. Optical textures for 3[11,12]e in polarized light obtained on cooling from the isotropic phase at 126 °C (left) and 98 °C (right) for

different areas of the sample.

cooling
-

heat Cry Crp SmA
flow

heating

e

[ T T [ I [ I I
20 40 60 80 100 120 140 160

Temperature /°C

Figure S. DSC trace of 1[11]d. The heating and cooling rates are 10
K min~". Notation: Cr, crystalline phase; SmA, smectic A phase.

documented for 1[11]f and 4[12]b (see the SI), and it is
believed that other systems exhibiting trimorphism on DSC
scans (2[12]b, 2[12]f, 3[11,12]e, 4[12]b, and 4[12]e; Table
1 and the SI) also undergo a stepwise melting process. Analysis
of enthalpy of transition to the SmA phases (Table 1) suggests
that some other ion pairs may exist at ambient temperatures as
solids with melted alkyl chains (e, 1[11]e, 3[11,12]d, and
4[12]f).

Analysis of temperature dependence of the layer spacing d is
also consistent with the stepwise melting of the solid. For
instance, the layer spacing in 1[11]d increases on heating in
the crystalline phases with a jump at the Cr—Cr phase
transition by 1.5 A to provide more space for mobile alkyl
chains (Figure 7). At the Cr—SmA phase transition d abruptly
decreases by 1.75 A due to melted ionic cores and the spacing
monotonously decreases with increasing temperature, which is
typical for a SmA phase. This pattern of increasing layer
spacing in crystalline phases and a steady decrease in SmA is
also observed for other investigated ion pairs.”*

Photophysical Properties. Electronic spectra of [Bu,N]*
ion pairs 1[11]a, 2[12]a, 3[11,12]a, and 4[12]a in MeCN
revealed no absorption above 400 nm. Derivative 1[11]a
exhibits only a single, high-energy absorption band with a
maximum at 226.5 nm (log & = 4.04) tailing to about 300 nm
(Figure 8). Changing the undecanoate substituent in 1[11] to
dodecyloxybenzoate in 2[12] resulted in the appearance of an
absorption maximum at 247 nm (loge = 4.53) and a broad,
intense absorption at 299 nm (after deconvolution)** tailing to
about 400 nm due to the presence of the aromatic
chromophore. Diaryl derivative 4[12]a exhibits a broad and
intense (log & = 4.42) absorption with a maximum at 277.5 nm
(Figure 8). The absorption spectrum of the unsymmetric
derivative 3[11,12]a displays the most complex pattern with
only one clear maximum at 273 nm (loge = 4.15) and three
shoulder absorptions. Deconvolution of the low-energy portion
of the spectrum gave two maxima at 270 and 294 nm.>*
Electronic absorption spectra of pyridinium bromides in
MeCN typically exhibit multiple maxima below 300 nm
(Figure 8 and the SI).

Similar results were obtained for the [Bu,N]* ion pairs and
the pyridinium bromides in CH,Cl,, which is transparent only
above 230 nm. Maxima of absorption were shifted at most by a
few nanometers and are generally less resolved, presumably
due to the aggregation of ion pairs in the low-dielectric-
strength solvent.

Analysis of pyridinium ion pairs in CH,Cl, solutions showed
absorption spectra, which were the sum of those of the
individual ions. At higher concentrations (¢ ~ 107" M), an
additional, low-energy band appeared, which could be ascribed
to intermolecular CT excitation and responsible for the color
of the solids. Figure 9 shows that the maximum of the CT
band in series 1[11] systematically moves to higher wave-
lengths from 324 nm for 1[11]b to 510 nm for 1[11]f A
similar phenomenon is observed in other series, and the results

Figure 6. Optical textures for the 1[11]c—H[3] 1:1 mixture in polarized light on cooling at 186 °C (left) and 130 °C (right).
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Figure 9. Normalized intermolecular charge transfer bands in
pyridinium ion pairs of anion 1[11] recorded in CH,Cl, with the
indicated A,,. The low-energy portion of 1[11]b (light blue) is
deconvoluted.

are collected in Table 1. These additional low-energy
absorption bands in pyridinium ion pairs of anions 1[11]—
4[12] are related to intermolecular charge transfer between
anion’s HOMO and cation’s LUMO.

Analysis of two ion pairs in MeCN solutions, 1[11]e and
4[12]e, revealed a hypsochromic shift of the CT bands relative
to those in CH,Cl, solutions by about 40 nm or 0.24 and 0.15
eV, respectively (Figure 10). This indicates a negative
solvatochromic effect in more polar MeCN (e = 35.9), when
compared to the lower dielectric strength CH,Cl, (¢ = 8.93),
due to greater stabilization of the highly ionic ground state.
This observation is consistent with solvent dependence of the
position of the CT band in methyl N-ethylpyridinium-1-
carboxylate iodide.>®
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Finally, photophysical properties of the pyridinium ion pairs
were investigated in the solid state. Absorption spectra
recorded for solid samples premelted between quartz plates
revealed intense CT bands with maxima positioned close to
those observed for solution spectra in MeCN. As shown for
series 3[11,12] in Figure 10, the CT band exhibits 20—25%
intensity of the principal absorption bands below 400 nm.
Maxima of the CT bands and the absorption edge are shifted
to higher energies by 0.28(2) and 0.25(3) eV, respectively,
relative to those recorded in CH,Cl,. Assuming a linear
relationship between the energy of the CT band and the
dielectric strength of the medium, it can be estimated that the
ions experience a mean dielectric strength & greater than 40 in
the solid state.

DFT Analysis. For a better understanding of the observed
photophysical effects, model anions and cations, in which the
long alkyl chains were replaced with Me (anions) and Et
(cations) groups, were investigated with the TD-DFT
method®® at the CAM-B3LYP/Def2TZVP//B3LYP/
Def2TZVP level of theory in MeCN and CH,Cl, dielectric
media.

Results for the model anions revealed several excitations
above 200 nm in which the lowest-energy excitations are
typically of low intensity (small oscillator strength) and involve
mainly the HOMO-LUMO transition. Anion 2[1] is
exceptional, and the lowest-energy excitation calculated at
260.6 nm has a large oscillator strength (f = 0.869) and
corresponds to the maximum observed for 2[12]a at 299 nm.
Unlike in other anions, this excitation in 2[12] has the
intramolecular charge transfer character from the {B,} cluster
to the benzoyl fragment, as evident from the density

https://doi.org/10.1021/acs.chemmater.2c01165
Chem. Mater. 2022, 34, 6476—6491
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distribution of the involved HOMO and LUMO (Figure 11).
Such CT processes are typically observed in pyridinium
zwitterions of closo-borates.*™*” Moderate- and high-oscillator-
strength excitations that could be matched to the experimental
absorption maxima in the other three anions are found as
states 7 and 8 in 1[1], state 2 in 3[1,1], and state 3 in 4[1]. A
comparison of these time-dependent density functional theory
(TD-DFT) excitation energies with experimental low energy
Amax Shows good correlation and systematic overestimation by
0.50(3) ev.™*

The distribution of the MO densities in the four anions (e.g,
FMO in Figure 11; see also the SI) indicates efficient
electronic coupling of the {Bj} cluster with the apical O
atoms in esters 1[1], 2[1], and 3[1,1] and with the phenyl
substituent in 3[1,1] and 4[1]. Thus, substituents on the
oxygen atoms (alkyl and acyl) and on the phenyl rings directly
attached to the boron cluster affect its electronic structure and
the energy of the HOMO of the anion. Similarly, substituents
at the C(4) position of the pyridinium cation affect the energy
of the LUMO. The relative positions of these two MOs define
the energy of the intermolecular CT band in the ion pairs.

Analysis of model anions 1[1]-4[1] and also those
containing two MeO (13[1]), MeO, and 4-MeOPh (14[1,1])
and two COOMe groups (15[1]) at the apical positions
demonstrates that the energy of the HOMO obtained in the
CH,Cl, dielectric medium depends on the substituent and
correlates well with the sum of Hammett 6, parameters®”
(Figure 12). Parameter o, for 4-MeOPhCOO was assumed to
be 0.10 on the basis of 5, for PhCOO (0.13),%* while the value
of 6, = 0.00 was used for AcO.% Similarly, the DFT-calculated
energy of the LUMO, E| 0, Of the cation is a linear function
of the o, parameter (Figure 12).

Correlations in Figure 12 indicate that the increasing
electron-donating character of the substituent on the {B,}
cluster increases the energy of the HOMO, while increasing
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sum of 6, parameters (for amons) Best fit lines: Ejopo = —5.70(5) —
0.84(12) X (6,5 + ), 7 = 0.90; Epgo = —1.79(4) — 1.57(11) X
Oy 1 = 0.98.

electron-withdrawing substituents decrease the energy of the
LUMO of the pyridinium cation. The substituent effect is
twice stronger for pyridinium than that for the {B,,} cluster, as
evident from the slopes of the correlations. A similar result was
found for pyrldmlum zwitterions of the {B,o} cluster exhibiting
intramolecular CT.*® The established correlations can be used
for predicting FMO energy levels of other ions on the basis of
Hammett o, parameters.

The EHOMO and Ejyyo energies calculated in the MeCN
dielectric medium are 0.59(3) eV lower and 0.33(1) eV higher,
respectively, than those obtained in CH,Cl,, and they exhibit
similar correlation with o, parameters.”” The resulting larger
calculated HOMO—-LUMO difference, AEgyo, in MeCN is

https://doi.org/10.1021/acs.chemmater.2c01165
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Figure 13. Left: absorption edge energy in CH,Cl, (red dots) and in the solid state (black squares) vs calculated HOMO—LUMO energy
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absorption edge in CH,Cl, for each series vs ¢, substituent parameter. Best fit lines: 1[11] 2

edge = 501(6) + 306(16) X 6, r* = 0.992; 2[12] A,y =

493(6) + 312(14) X 0y, r* = 0.996; 3[11,12] A.gqe = 525(9) + 372(19) X 6y, r* = 0.997; 4[12] Aegqe = 582(19) + 446(46) X 6, r* = 0.98.

consistent with the observed hypsochromic shift of the CT
band in MeCN relative to that in the CH,Cl, solutions.

The energy of the observed intermolecular CT band in the
pyridinium ion pairs is related to the ability of the anion to
donate an electron and the ability of the cation to accept an
electron, and, consequently, to the relative energy of the
HOMO and the LUMO of the ions. Indeed, the energies of
the CT band onset, E 4, and peak,** Ecr, correlate well with
the DFT-derived AEgyq, as shown in Figure 13 for all four
series. The correlation indicates that for the insoluble paraquat
ion pair 4[12]g the absorption peak is expected at 615 + 12
nm and the edge at 861 + 30 nm in the solid state. These
values are predicted to be even more red-shifted in CH,Cl,
solutions.>* Ton pairs of 1,10-dialkoxy derivatives 13[n] with
the highest in the series level of the HOMO (—5.29 eV) are
expected to exhibit the most red-shifted CT bands. For
instance, 13[n]f is predicted to exhibit the CT peak at 554 +
12 nm and absorption edge at 761 + 30 nm in the solid state.>*
On the other hand, ion pairs of the dicarboxylic acid esters
15[n] are expected to have CT bands significantly blue-
shifted.>* This demonstrates that the position of the CT band
can be controlled in the visible range with a judicious choice of
the substituents.

The position of the CT peak and absorption edge in each
series also correlates with the o, parameter”” of the substituent
on the pyridinium cation (Figure 13, right and the SI). Analysis
of the data for absorption edge in CH,Cl, predicts that the ion
pair of anion 1[11] with the pyridinium cation containing the
NO, group (ap = 0.78)"” should exhibit the onset of the CT
band at 740 + 13 nm and the CT peak at 538 + 14 nm in
CH,Cl,, which is about 50 and 30 nm, respectively, red-shifted
relative to that for 1[11]f.

B CONCLUSIONS

We have demonstrated the first ionic liquid crystals derived
from 1,10-disubstituted [closo-B,;H;o]*~ anion. These ion pairs
with substituted pyridinium cations exhibit broad range SmA
phases with high clearing temperatures and tunable inter-
molecular charge transfer bands in the visible range. This
represents a new paradigm in the area of ILC.

XRD and DSC analyses indicate that many ion pairs
undergo stepwise melting to the SmA phase: first the alkyl
chains and then the ionic cores, as two independent
thermodynamic events. The intermediate phase with melted
alkyl chains constitutes an interesting system with sheets of
rigid arrangements of electroactive ions, which are of general
interest for organic semiconductors.
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The tunability of the intermolecular charge transfer band in
ionic liquid crystals has been accomplished by controlling the
HOMO of the anions and the LUMO of the cations with
judiciously selected substituents. The relevant FMO energies
of the ions linearly depend on the substituent constant o,
Stronger substituent effects are observed for pyridinium
cations than those for {B,o} anion. This reflects the lower
efficiency of the electronic coupling between the substituent
and the {Bj} cluster when compared to interactions of
substituents and the pyridine ring. These findings indicate that
a combination of anions 1[n]—4[n] with other electron-poor
(low LUMO) organic 7 cations may provide some additional
means of controlling the CT band position in these ion pairs.

Analysis of the electronic structure revealed that the [closo-
ByoH,0)*” anion exhibits effective electronic coupling with Ph
and OR substituents. The 1,10-diphenyl derivative 4[n]
exhibits extensive electronic conjugation with the {B,,} cluster
and represents the first example of a promising class of
structural elements for molecular electronics.

The position of the CT bands correlates well with the DFT-
derived differences between the energies of the relevant FMOs
(AEpmo = Erumo — Enomo) and the 0, parameters of the
substituent on the pyridine ring for individual series. The
established correlations offer a guide for designing materials
with desired absorption characteristics. Thus, a judicious
choice of substituents on both the anion and the cation allows
for tuning the position of the CT band in the visible spectral
range, which is of general interest for application in energy
harvesting and processing.

H COMPUTATIONAL DETAILS

Quantum—mechanical calculations were carried out with the
B3LYP*"*® method and Def2SVP and Def2TZVP basis
: using the Gaussian 09 package®' for model
compounds, in which the alkyl chains were replaced by Me
in anions and Et groups in cations. Initial geometry
optimizations in appropriate symmetry constraints were
undertaken at the B3LYP/Def2SVP level of theory using
tight convergence limits in a PhCl dielectric medium requested
with the self-consistent reaction field (SCRF) polarizable
continuum model (PCM), solvent = C4HCl. The presence of
a weak dielectric medium was demonstrated to be particularly
effective for obtaining accurate molecular geometries."® The
ground-state nature of the stationary points was verified with
vibrational frequency calculations. The obtained structures and
frequencies were used as starting points for B3LYP/Def2TZVP
level geometry optimizations in the PhCl dielectric medium,

https://doi.org/10.1021/acs.chemmater.2c01165
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for which guess = check and RCFC were requested from
lower-level theory results.

Equilibrium geometries of anion 1[11]—4[12] in the most
extended conformations were obtained at the B3LYP/
Def2SVP level of theory with default convergence limits.

Electronic excitation energies were obtained for model
compounds at the CAM-B3LYP/Def2TZVP//B3LYP/
Def2TZVP level using time-dependent DFT calculations®®
supplied in the Gaussian package. The solvent effect on
electronic excitations was included using the PCM model®
[keywords: SCRF (PCM, solvent = CH,Cl,)].

Bl EXPERIMENTAL SECTION

General. Reagents and solvents were obtained commercially.
Derivatives [closo-B,,Hg-1,10-(OH,),] (5:[Bu,N]Cl), [closo-B,oHy-1-
1)*~ (6a), and [closo-B,yHy-1,10-1,]*~ (12a) were obtained according
to literature procedures.""’ Thin-layer chromatography (TLC)
analyses were conducted on silica gel or neutral aluminum oxide
plates 60-F254. Column chromatography was performed using 70—
230 mesh silica gel (Merck) or basic aluminum oxide (Merck). NMR
spectra were obtained at 500 MHz ('H), 125 MHz (**C), 160 MHz
("'B) or 400 MHz ('H), 100 MHz (*C), 128 MHz (''B) in CDCl,
and referenced to the solvent (§ = 7.26 ppm for 'H and & = 77.16
ppm for 13C) or in acetone-dg and referenced to the solvent (5 = 2.05
ppm for '"H and 8 = 206.26 ppm for '*C) or in CD;CN and
referenced to the solvent (§ = 1.94 ppm for 'H and 5 = 118.26 ppm
for 3C) or in CD,Cl, and referenced to the solvent (5 = 5.32 ppm for
'H and & = 53.84 ppm for *C)** or to an external sample of neat BF-
Et,0 in CDCl, acetone-ds, CD;CN, and CD,Cl, (''B NMR, § = 0.0
ppm). "B NMR chemical shifts were taken from the H-decoupled
spectra.

IR spectra were recorded using a Nexus Fourier transform infrared
(FT-IR) Thermo Nicolet IR spectrometer in KBr tablets. Optical
microscopy and phase identification were performed using a polarized
microscope equipped with a hot stage. Thermal analysis was
performed on a TA Discovery DSC 2500 using samples of about
1.0 mg at a heating rate of 10 K min™" under a flow of nitrogen gas.
Melting points were determined on a Melt-Temp II apparatus in
capillaries and were uncorrected. High-resolution mass spectrometry
was conducted with the TOF-MS ES method.

Electronic absorption spectra for the pyridinium salts b[Br]—f[Br]
and [NBu,]" salts were recorded in spectrophotometric-grade CH,Cl,
and MeCN for three concentrations, and the molar extinction
coefficients £ were determined using Beer’s law.

Details of single-crystal and powder X-ray diffraction experiments
are provided in the SI

Preparation of [closo-B;oHg-1,10-(00CC;;H,;),1*~ 2[Bu,N]*
(1[11]a). A solution of [closo-B,,Hg-1,10-(OH,),] [Bu,NCI] (5
[Bu,N]Cl, 400 mg, 0.57 mmol)** was placed in a three-necked,
round-bottomed flask and filled with Ar by three pump-fill cycles. Dry
THF (12 mL) was added followed by NaH (81 mg, 3.39 mmol) and
C;,H,;COCI (0.287 mL, 1.24 mmol), and the reaction mixture was
stirred for 2 h at room temperature under Ar atm. The reaction
progress was monitored using TLC (neutral Al,O;, CH,Cl,/MeCN,
4:1). Water was added to quench excess NaH, THF was removed,
and the organic products were extracted with CH,Cl,. The organic
layer was dried (Na,SO,), and the solvent was removed. The resulting
crude product was purified by column chromatography (basic AL,O;,
CH,Cl,/MeCN, 4:1) to give 386 mg (68% yield) of pure 1[11]Ja as a
colorless oil. The typical yield of the reaction was in a range of 65—
70%: '"H NMR (CD,CN, 500 MHz): § 3.09 (pseudo t, ] = 8.6 Hz,
16H), 2.60 (t, ] = 7.5 Hz, 4H), 1.68—1.64 (m, 4H), 1.59 (quint, ] =
8.0 Hz, 16H), 1.39—1.29 (m, 48H), 0.96 (t, ] = 7.4 Hz, 24H), 0.89 (t,
J = 6.9 Hz, 6H), 0.34 (q, ] = 112 Hz, 8H). *C{'H} NMR (CD;CN,
125 MHz): § 177.5, 59.2, 37.0, 32.6, 30.4 (2C), 30.4, 30.2, 30.1, 26.6,
24.3,23.4,20.3, 14.4, 13.8. ''B NMR (CD;CN, 160 MHz): § 15.2 (s,
2B), —32.7 (d, ] = 126 Hz, 8B). IR (KBr) v 2919, 2850, 2472, 1681,
1467, 1248 cm™'. UV, .., (loge) 230 (4.01) nm in CH,Cl, and
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226.5 (4.04) in MeCN. High-resolution mass spectrometry (HRMS)
(electrospray ionization-time-of-flight mass spectrometry (ESI-TOF))
m/z: [M]~ caled for Cy,HgB 0O, 517.5031; found $17.5013. Anal.
Caled for CygH »6B10O4N,: C, 67.28; H, 12.70; N, 2.80. Found: C,
67.23; H, 12.97; N, 2.93.

Preparation of [closo-B;oHg-1,10(00CC4H,0C,,H,5),1*~ 2-
[BuyNI* (2[12]a). A solution of [closo-BoHs-1,10-(OH,),]-
[Bu,NCI] (5:[Bu,N]Cl, 200 mg, 0.28 mmol) was placed in a three-
necked, round-bottomed flask and filled with Ar by three pump-fill
cycles. Dry THF (8 mL) was added followed by NaH (41 mg, 1.71
mmol), and this was stirred for S min. To this, C;,H,;OC¢H,COCI
(0.200 mL, 0.62 mmol) was added, and the reaction mixture was
stirred for 2 h at room temperature under Ar atm. The reaction
completion was monitored using TLC (neutral AL,O;, CH,CL/
MeCN, 4:1). Water was added to the reaction mixture to quench the
excess NaH. THF was removed in a rotary evaporator, and extraction
was done in CH,Cl,/water. The organic layer was dried over Na,SO,
and evaporated. The resulting crude product was purified by column
chromatography (basic AL,O;, CH,Cl,/MeCN, 4:1) to give 206 mg
(68% yield) of pure 2[12]a as a white powder. The typical yield of the
reaction was in a range of 55—68%: mp 250—254 °C. 'H NMR
(CD4CN, 500 MHz): 8 8.13 (d, ] = 8.8 Hz, 4H), 6.99 (d, ] = 8.8 Hy,
4H), 4.06 (t, ] = 6.6 Hz, 4H), 3.06 (pseudo t, ] = 8.6 Hz, 16H), 1.80
(quint, J = 7.0 Hz, 4H), 1.55 (quint, ] = 7.8 Hz, 16H), 1.50—1.4S (m,
4H), 1.37—1.29 (m, 48H), 0.94 (t, ] = 7.4 Hz, 24H), 0.89 (t, ] = 6.9
Hz, 6H), 0.71—0.08 (m, 8H). *C{'H} NMR (CD;CN, 125 MHz): §
168.3, 162.5, 132.1, 128.7, 114.6, 68.9, 59.1, 32.6, 30.33, 30.32, 30.28,
30.0 (2C), 29.9, 26.7, 24.3, 23.4, 20.3, 14.4, 13.8. 'B{'"H} NMR
(CD4CN, 160 MHz): § 16.2 (s, 2B), —31.7 (br d, 8B). IR (KBr) v
2960, 2872, 2467, 1677, 1331 cm™.. UV, A, (loge) 249 (4.55) in
CH,Cl, and 247 (4.53) in MeCN. HRMS (ESI-TOF) m/z: [M]”
caled for CygHgsBoOg 728.5790; found 728.5837. Anal. Calcd for
CroH,35B100¢N,: C, 69.37; H, 11.48; N, 2.31. Found: C, 69.25; H,
11.49; N, 2.34.

Preparation of [closo-B,oHg-1-(C4H,O0C,,H,5)-10-
OOCC”HH]Z_ 2[BugN]* (3[11,12]a). To a solution of formate
10a (106 mg, 0.12 mmol) in MeOH (2 mL) was added 4—5 drops of
concentrated HCI, and the mixture was stirred at rt for 20 min. The
reaction completion was monitored using TLC (basic ALO;,
CH,Cl,/MeCN, 3:2). The solution was passed through a pipette
plugged with cotton wool and washed with MeOH. The solvent was
evaporated to dryness, and the resulting oxonium intermediate 11a
was dried in high vacuum. NaH (24 mg, 0.6 mmol) was added to the
residue, and the flask was evacuated and filled with Ar. Dried and
deaired THF (2 mL) was added followed by lauryl chloride (142 uL,
0.6 mmol), and the reaction mixture was stirred for 2 h at rt under Ar
atm. Reaction progress was monitored using TLC (basic Al,O;,
CH,Cl,/MeCN, 4:1). Water was added to quench excess NaH, THF
was removed, and organic products were extracted with CH,Cl,. The
organic layer was dried (Na,SO,), solvents were removed, and the
resulting crude product was purified by column chromatography
(basic Al O;, CH,Cl,/MeCN, 4:1), giving 52 mg (37% yield) of pure
3[11,12]a as a colorless oil. The typical yield of the reaction was in
the range of 34—40%: 'H NMR (CD,Cl,, 400 MHz): § 7.92—7.60
(m, 2H), 7.05—6.55 (m, 2H; molecular aggregation resulted in an
atypical splitting pattern of aromatic signals), 3.98 (t, ] = 6.6 Hz, 2H),
2.99 (pseudo t, ] = 8.2 Hz, 16H), 2.71 (t, ] = 7.6 Hz, 2H), 1.80—1.69
(m, 4H), 1.48 (quint, ] = 8.3 Hz, 16H), 1.41—1.28 (m, SOH), 0.95 (t,
J = 7.2 Hz, 24H), 0.88 (t, ] = 6.6 Hz, 6H), 0.71—0.08 (br m, 8H).
BC{'H} NMR (CD,Cl, 100 MHz): § 176.3, 160.0, 137.0, 129.2,
126.9, 122.0, 112.9, 109.6, 67.9, 58.8, 36.3, 32.31, 32.29, 30.2, 30.1S,
30.13, 30.1-29.9 (8C), 29.8, 29.7, 26.7, 26.3, 24.3, 23.1 (2C), 20.0,
14.3 (2C), 13.9. "B{'"H} NMR (CD,Cl,, 128 MHz): 6 18.0 (s, 1B),
1.8 (s, 1B), —30.3 (d, 8B). IR (KBr) v 2925, 2854, 2461, 1676, 1466,
1380 cm™. UV, A, (log €) 274 (4.26) nm in CH,Cl, and 273 (4.15)
nm in MeCN. HRMS (ESI-TOF) m/z: [M]™ caled for
[C30HgB1905]” 579.5551; found 579.5528. Anal. Calcd for
CeH 5B oN,05: C, 70.13; H, 12.53; N, 2.64. Found: C, 70.15; H,
12.49; N, 2.71.
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Synthesis of [closo-B;oHg-1,10-(C¢H,OR),1*~ 2[Bu,N]* (4[n]a).
General Procedure. To a solution of [closo-B;oHg-1,10-1,]>~
2[Bu,N]* (12a, 214 mg, 0.25 mmol) in dry THF (1 mL) were
added 4-alkoxyphenylmagnesium bromide (8 mL, 0.5 M) in THF and
PEPPSI-IPr catalyst (3 mg, 2 mol %). The mixture was refluxed for 12
h. The resulting dark solution was treated with a saturated solution of
NH,CI (4 mL), and THF was evaporated. The organic products were
extracted with CH,Cl, (3 X § mL), the combined extracts were dried
(Na,S0,), and the solvent was evaporated. The residue was washed
with MeCN (3 X 2 mL), and the combined MeCN extracts were
evaporated to dryness to obtain a colorless oily residue. The residue
was triturated with toluene (2 mL), and the formed precipitate was
filtered and washed with additional toluene. Recrystallization from n-
hexane/CH,Cl, gave 4[n]a as colorless crystals.

[closo-B4Hg-1,10-(C4H,0C,H,5),P~ 2[Bu,NI* (4[7]a). Product
4[7]a was obtained in 89% yield (219 mg) using 4-heptyloxyphe-
nylmagnesium bromide as colorless microcrystals: mp 130—134 °C.
'"H NMR (CD,Cl,, 400 MHz): § 7.92 (br d, J = 5.1 Hz, 4H), 6.75 (br
d, ] =7.8 Hz, 4H), 3.95 (t, ] = 7.4 Hz, 4H), 2.88 (pseudo t, ] = 5.1 Hz,
16H), 1.79 (quint, ] = 7.1 Hz, 4H), 1.48 (quint, ] = 7.3 Hz, 4H),
143-129 (m, 44H), 0.96-0.90 (m, 30H), 0.9-0.2 (br m, SH).
BC{'H} NMR (CD,Cl,, 100 MHz): § 156.5, 136.7, 112.9, 68.3, 58.7,
32.3, 30.1, 29.6, 26.5, 24.3, 23.0, 20.0, 14.3, 13.9 (C nucleus attached
to the cage was not observed). ''B{'H} NMR (CD,Cl, 128 MHz): §
7.3 (s, 2B), —27.6 (br d, 8B). HRMS (ESI-TOF) m/z: [M]~ calcd for
Cy6H47B 10O, 501.4550; found: 501.4507. Anal. Caled for
CsH,15B10N,0,: C, 70.82; H, 12.09; N, 2.85. Found: C, 70.79; H,
12.16; N, 2.97.

[closo-B1gHg-1,10-(CsH,0C ,H,5),°~ 2[Bu,NI* (4[12]a). Product
4[12]a was obtained in 60% yield (169 mg) using 12-dodecylox-
yphenylmagnesium bromide as a white solid: mp 175—182 °C. 'H
NMR (CD;CN, 400 MHz): § 7.84 (d, J = 8.2 Hz, 4H), 6.73 (d, ] =
8.5 Hz, 4H), 3.97 (t, ] = 6.6 Hz, 4H), 3.02 (pseudo t, ] = 8.6 Hz,
16H), 1.76 (quint, J = 7.1 Hz, 4H), 1.59—1.45 (m, 20H), 1.38—1.28
(m, 48H), 0.95 (t, ] = 7.4 Hz, 24H), 0.89 (t, ] = 6.9 Hz, 6H), 0.7-0.0
(br m, 8H). BC{'H} NMR (CD,Cl,, 100 MHz): § 156.4, 136.7,
112.9, 68.3, 58.5, 32.3, 30.04 (2C), 30.01 (3C), 29.9, 29.7, 29.6, 26.6,
242, 23.0, 20.0, 14.2, 13.9 (C nucleus attached to the cage was not
observed). 'B{'H} NMR (CD;CN, 128 MHz): § 9.1 (s, 2B), —25.4
(d, J = 124 Hz, 8B). IR (KBr) v 2925, 2853, 2448, 1482, 1224 cm™".
UV (CH,CL), Apy (loge) 274 (4.38) nm in CH,ClL, and 277.5
(4.42) nm in MeCN. HRMS (ESI-TOF) m/z: [M]™ caled for
C36Hg7B 00, 641.6072; found 641.6057. Anal. Calcd for
CegH 136B10N,0,: C, 72.67; H, 12.38; N, 2.49. Found: C, 72.71; H,
12.43; N, 2.52.

Preparation of lon Pairs of Anions 1[11], 2[12], and
3[11,12]. General Procedure for Cation Exchange. To a solution
of 1[11]a (250.0 mg, 0.25 mmol), 2[12]a, (312.5 mg, 0.25 mmol), or
3[11,12]a (277.8 mg, 0.25 mmol) in CH,Cl, (2 mL), the appropriate
pyridinium bromide (0.50 mmol) was added in one portion. The
solution was stirred for 30 min, water (4 mL) was added, and vigorous
stirring was continued to extract [Buy,N]"Br™ into the water layer. The
organic layer was separated and dried (Na,S0O,), and the solvent was
removed to give the corresponding pyridinium ion pair. Pure ion pairs
were obtained by repeated precipitation or by recrystallization from
the appropriate solvents.

lon Pair 1[11]b. The ion pair obtained from 1[11]a (150 mg, 0.15
mmol) and pyridinium bromide b[Br] (99 mg, 0.30 mmol) was
further purified by precipitating from cold EtOH to give pure 1[11]b
as a pale-yellow waxy material in 83% yield (127 mg): '"H NMR
(CD5CN, 500 MHz): & 8.51 (d, ] = 7.4 Hz, 4H), 7.37 (d, ] = 7.4 Hg,
4H), 4.34 (t, ] = 7.4 Hz, 4H), 4.28 (t,] = 6.6 Hz, 4H), 2.57 (t, ] = 7.5
Hz, 4H), 1.89—-1.77 (m, 8H), 1.65 (quint, J = 7.5 Hz, 4H), 145
(quint, J = 6.9 Hz, 4H), 1.36—1.28 (m, 48H), 0.86—0.94 (m, 18H),
—0.3-0.8 (m, 8H). BC{'H} NMR (CD,CN, 125 MHz): § 176.5,
171.4, 146.9, 114.7, 72.2, 60.4, 36.7, 33.7, 32.6, 32.4, 30.4 (3C), 30.3,
30.1, 29.5,29.1, 26.6, 26.2, 23.4, 23.3, 19.8, 14.4, 14.3, 13.7. ''B NMR
(CD4CN, 160 MHz): 6 15.4 (s, 2B), —32.0 (d, J = 114 Hz, 8B). IR
(KBr) v 3059, 2957, 2952, 2472, 1679, 1467, 1323 cm™". Anal. Calcd
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for CygH,10B1,04Ny: C, 66.23; H, 10.92; N, 2.76. Found: C, 66.08; H,
11.15; N, 2.79.

lon Pair 1[11]c. The ion pair obtained from 1[11]a (100 mg, 0.10
mmol) and pyridinium bromide c¢[Br] (66 mg, 0.20 mmol) was
further purified by precipitation from cold EtOAc to give a pure
product as a light-yellow powder in 87% yield (88 mg): 'H NMR
(CD4CN, 500 MHz): § 8.64 (d, ] = 6.5 Hz, 4H), 7.84 (d, ] = 6.4 Hz,
4H), 448 (t, ] = 7.5 Hz, 4H), 2.86 (t, ] = 7.8 Hz, 4H), 2.56 (t, ] = 7.5
Hz, 4H), 1.89 (quint, ] = 7.6 Hz, 4H), 1.71-1.62 (m, 8H), 1.35—1.28
(m, 56H), 0.94—0.87 (m, 18H), 0.8 to —0.3 (m, 8H). *C{'H} NMR
(CD4CN, 125 MHz): 6 176.3, 164.3, 144.8, 128.9, 61.6, 36.7, 36.1,
33.9, 32.6, 32.5, 30.4 (2C), 30.35 (3C), 30.3, 30.1, 29.9, 29.8, 29.7,
26.7, 234, 23.3, 19.9, 144 (2C), 13.7. "B NMR (CD,CN, 160
MHz): 5 15.3 (s, 2B), —=32.0 (d, J = 104 Hz, 8B). IR (KBr) v 3061,
2920, 2478, 1682, 1640, 1470, 1322 cm™'. Anal. Calcd for
CygH,1sB100.N,: C, 68.86; H, 11.36; N, 2.77. Found: C, 68.75; H,
11.28; N, 2.81.

lon Pair 1[11]d. The ion pair obtained from 1[11]a (150 mg, 0.15
mmol) and pyridinium bromide d[Br] (99 mg, 0.30 mmol) was
further purified by recrystallization from MeCN at room temperature
to give a pure product as yellow microcrystals in 85% yield (129 mg):
'H NMR (CDCl; 500 MHz): 5 8.98 (d, J = 5.7 Hz, 4H), 8.13 (t, ] =
7.7 Hz, 2H), 7.94 (t, ] = 6.8 Hz, 4H), 4.51 (t, ] = 7.6 Hz, 4H), 2.57 (t,
J=7.7 Hz, 4H), 1.88 (t, ] = 7.4 Hz, 4H), 1.74—1.68 (m, 4H), 1.37—
1.20 (m, 68H), 0.88—0.85 (m, 12H), 0.8—0.2 (m, 8H). “C{'H}
NMR (CDCly, 125 MHz): § 176.4, 145.4, 144.0, 128.7, 62.0, 36.9,
32.2, 32.0 (2C), 29.90, 29.86 (3C), 29.83, 29.80 (2C), 29.77, 29.6,
29.5, 29.48, 29.44, 262, 26.0, 22.8 (2C), 142 (2C). "B{'H} NMR
(CDCly, 160 MHz,): § 14.1 (s, 2B), —33.7 (br d, 8B). IR (KBr) v
3059, 2920, 2491, 1693, 1468, 1245 cm™'. Anal. Calcd for
CggH,14B100,N,: C, 68.86; H, 11.36; N, 2.77. Found: C, 68.92; H,
11.29; N, 2.83.

lon Pair 1[11]e. The ion pair obtained from 1[11]a (213 mg, 0.21
mmol) and pyridinium bromide e[Br] (147 mg, 0.43 mmol) was
further purified by precipitation from cold EtOH to give a pure
product as a reddish waxy material in 88% yield (196 mg): '"H NMR
(CD4CN, 500 MHz): § 9.02 (d, ] = 6.4 Hz, 4H), 8.42 (d, ] = 6.2 Hz,
4H), 4.65 (t, ] = 7.5 Hz, 4H), 4.38 (t, ] = 6.7 Hz, 4H), 2.56 (t, ] = 7.5
Hz, 4H), 1.97-1.90 (m, 4H), 1.78 (quint, ] = 6.7 Hz, 4H), 1.66
(quint, J = 7.5 He, 4H), 1.44 (quint, J = 7.2 Hz, 4H), 1.37—1.28 (m,
48H), 0.94—0.87 (m, 18H), 0.7 to —0.2 (m, 8H). *C{'H} NMR
(CD4CN, 125 MHz): § 176.6, 163.0, 147.6, 145.3, 128.6, 68.1, 62.9,
36.9, 34.3, 32.7, 32.1, 30.5, 30.4, 30.3, 30.1, 29.1, 26.7, 26.2, 234,
23.3,20.0, 14.5, 14.4, 13.9. "B NMR (CD,CN, 160 MHz): § 15.4 (s,
2B), —31.9 (d, J = 106 Hz, 8B). IR (KBr) v 2925, 2853, 2470, 1737,
1683, 1463, 1287 cm ™. Anal. Calcd for C5gH 0B 00N, C, 64.45; H,
10.24; N, 2.68. Found: C, 64.39; H, 10.28; N, 2.75.

lon Pair 1[11]f. The ion pair obtained from 1[11]a (187 mg, 19
mmol) and pyridinium bromide f{Br] (122 mg, 38 mmol) was further
purified by precipitation from cold MeCN to give a pure product as a
reddish powder in 86% yield (162 mg): 'H NMR (CDCl;, 500
MHz): §9.34 (d, ] = 4.5 Hz, 4H), 8.30 (d, ] = 5.1 Hz, 4H), 4.59 (br's,
4H), 2.61 (t, ] = 7.3 Hz, 4H), 1.92 (br s, 4H), 1.76—1.71 (m, 4H),
1.40 (br s, 4H), 1.40—1.22 (m, S6H), 0.85—0.88 (m, 12H), 0.8 to
—0.1 (m, 8H). *C{'H} (CDCl;, 125 MHz): § 176.7, 147.3, 131.3,
127.1, 114.0, 63.2, 36.9, 32.4, 32.04, 31.98, 29.89, 29.87, 29.82, 29.78,
29.79, 29.7, 29.6, 29.5, 29.4, 29.35, 26.3, 25.9, 22.8 (2C), 14.2 (2C).
HUB{'H} NMR (CDCl;, 160 MHz): § 13.7 (s, 2B), —33.7 (br d, 8B).
IR (KBr) v 2921, 2851, 2477, 1674, 1466, 1332 cm™". Anal. Calcd for
CeeH,0sB1004N,: C, 66.89; H, 10.42; N, 5.57. Found: C, 66.84; H,
10.51; N, 5.60.

lon Pair 1[11]g. The ion pair was obtained in 94% yield (94 mg)
from 1[11]Ja (100 mg, 0.10 mmol) and N,N’-didodecyl-4,4'-
bipyridinium dibromide (g[Br], 66 mg, 0.10 mmol) as a purple
powder insoluble in any solvent: mp 235—240 °C (dec). Anal. Calcd
for CygH 0B100,N,: C, 69.27; H, 10.82; N, 2.79. Found: C, 69.19; H,
10.90; N, 2.81.

lon Pair 2[12]b. The ion pair obtained from 2[12]a (100 mg, 0.08
mmol) and pyridinium bromide b[Br] (55 mg, 0.16 mmol) was
further purified by precipitation from MeCN to give a pale-yellow
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powder in 85% yield (86 mg): "H NMR (CDCl; 500 MHz): & 8.73
(d,] = 6.2 Hz, 4H), 8.15 (d, ] = 8.5 Hz, 4H), 7.23 (d, ] = 6.4 Hz, 4H),
6.86 (d, ] = 8.6 Hz, 4H), 4.20 (br s, 4H), 3.97 (br t, ] = 6.3 Hz, 4H),
3.89 (brt, ] = 6.3 Hz, 4H), 1.78 (br quint, ] = 6.9 Hz, 4H), 1.64 (br
quint, J = 7.8 Hz, 4H), 1.57 (br quint, ] = 7.3 Hz, 4H), 1.45 (quint, |
= 7.3 Hz, 4H), 126—1.22 (m, 48H), 1.10 (sext, ] = 7.6 Hz, 4H),
0.89—-0.85 (m, 12H), 0.68 (t, J = 7.2 Hz, 6H), 0.8—0.0 (m, 8H).
BC{'H} NMR (CDCl,;, 125 MHz,): § 169.6, 168.9, 161.9, 146.8,
131.8, 127.1, 113.9, 113.6, 70.9, 68.2, 59.6, 33.5, 32.0, 31.7, 29.8,
29.78, 29.74, 29.71, 29.6, 29.5, 29.4, 29.0, 28.6, 26.2, 25.8, 25.7, 22.8,
227, 19.2, 1422, 14.17, 13.7. "B{'H} NMR (CDCl;, 160 MHz): §
14.6 (s, 2B), —33.2 (br d, 8B). IR (KBr) v 2923, 2470, 1670, 1604,
1520, 1327 cm™'. Anal. Caled for C,0H,,,B,00sN,: C, 68.47; H,
10.01; N, 2.28. Found: C, 68.41; H, 9.98; N, 2.32.

lon Pair 2[12]d. The ion pair obtained from 2[12]a (100 mg, 0.08
mmol) and pyridinium bromide d[Br] (54 mg, 0.16 mmol) was
further purified by recrystallization from cold MeCN to give yellow
microcrystals in 88—92% yield (89 mg): 'H NMR (CDCl;, 500
MHz): 5 8.89 (br d, J = 4.5 Hz, 4H), 8.12 (d, ] = 8.2 Hz, 4H), 8.01 (t,
J =72 Hz, 2H), 7.75 (br t, ] = 6.0 Hz, 4H), 6.85 (d, ] = 8.4 Hz, 4H),
4.47 (brs, 4H), 3.96 (br t, ] = 6.6 Hz, 4H), 1.78 (br quint, ] = 7.2 Hz,
4H), 1.68 (br s, 4H), 1.4S (br quint, ] = 7.0 Hz, 4H), 1.27—1.11 (m,
52H), 1.04—0.97 (m, 16H), 0.89—0.85 (m, 12H), 0.8—0.0 (m, SH).
BC{'H} NMR (CDCl; 125 MHz): § 168.9, 162.0, 145.1, 144.5,
131.7, 128.5, 126.7, 113.7, 68.2, 61.9, 32.2, 32.1, 32.0, 29.82 (5C),
29.78 (2C), 29.70, 29.57, 29.54, 29.48 (2C), 29.39, 26.26, 26.19, 22.8,
14.2 (2C). "B{'"H} NMR (CDCl,, 160 MHz): § 14.3 (s, 2B), —33.6
(br d, 8B). IR (KBr) v 3063, 2921, 2472, 1671, 1487, 1309, 1284
em™. Anal. Caled for Cp,H 5B 100N,: C, 70.66; H, 10.38; N, 2.29.
Found: C, 70.61; H, 10.42; N, 2.33.

lon Pair 2[12]e. The ion pair obtained from 2[12]a (130 mg, 11
mmol) and pyridinium bromide e[Br] (74 mg, 0.22 mmol) was
further purified by the recrystallization from cold EtOH to give a
reddish sticky solid in 92% yield (124 mg): "H NMR (acetone-dg, S00
MHz): § 9.46 (d, ] = 6.1 Hz, 4H), 8.45—8.41 (m, 4H), 8.13 (d, ] =
8.6 Hz, 4H), 6.97 (d, J = 8.7 Hz, 4H), 4.86 (t, ] = 7.5 Hz, 4H), 4.40—
435 (m, 2H), 432 (t, J = 6.8 Hz, 2H), 4.08 (t, ] = 6.5 Hz, 4H), 1.96
(quint, J = 7.2 Hz, 4H), 1.80 (quint, J = 7.0 Hz, 4H), 1.73 (quint, ] =
7.2 Hz, 2H), 1.50 (quint, ] = 7.4 Hz, 4H), 1.39—1.30 (m, 38H),
1.25-1.20 (m, 4H), 1.17-1.12 (m, 8H), 0.90-0.85 (m, 12H), 0.75
(t,J=7.1 Hz, 6H), 0.8—0.0 (m, 8H). *C{'H} NMR (acetone-d¢ 125
MHz) § 169.1, 162.9, 162.7, 147.9, 144.6, 132.3, 128.5, 128.4, 114.5,
68.8, 67.8, 63.8, 63.1, 32.7, 32.2, 32.1, 30.41, 30.37, 30.3, 30.2, 29.1,
26.9, 26.4, 262, 23.4, 23.4, 23.2, 14.42, 14.39, 14.34. "B{'"H} NMR
(acetone-dg, 160 MHz): § 17.5 (s, 2B), —30.4 (br d, 8B). IR (KBr) v
3056, 2925, 2472, 1734, 1666, 1466, 1332 cm™'. Anal. Calcd for
CyoH,1sB100,0Ny: C, 66.95; H, 9.47; N, 2.23. Found: C, 66.92; H,
9.51; N, 2.30.

lon Pair 2[12]f. The ion pair obtained from 2[12]a (100 mg, 0.08
mmol) and pyridinium bromide f[Br] (54 mg, 0.16 mmol) was
further purified by precipitation from cold MeCN to give pure
product as a red powder in 85% yield (85 mg): "H NMR (CDCl;, 500
MHz, 313 K): 6 9.21 (s, 4H), 8.11 (br s, 8H), 6.89 (br s, 4H), 4.54
(brs, 4H), 3.98 (br's, 4H), 1.77 (br s, 8H), 1.46 (brs, 4H), 1.29 (brs,
36H), 1.16 (brs, 8H), 1.03 (br s, 16H), 0.89—0.85 (m, 12H), 0.8—0.0
(m, 8H). *C{'"H} NMR (CDCl,, 125 MHz, 313 K): § 169.3, 162.6,
146.9, 131.9, 131.5, 127.0, 126.3, 114.2, 68.4, 63.5, 32.1 (2C), 32.0,
29.84 (3C), 29.81 (2C), 29.73, 29.68, 29.58, 29.55, 29.50 (2C),
29.47,29.3, 26.3, 22.8 (2C), 14.2 (2C). "B{'"H} NMR (CDCl,, 160
MHyz, 313 K): 5 14.4 (s, 2B), —33.3 (br d, 8B). IR (KBr) v 3048,
2923, 2472, 1667, 1467, 1328 cm™. Anal. Caled for CoH,¢B,gO6Ny:
C, 69.04; H, 9.60; N, 4.60. Found: C, 68.97; H, 9.42; N, 4.59.

lon Pair 3[11,12]d. The ion pair obtained from 3[11,12]a (100
mg, 0.09 mmol) and pyridinium bromide d[Br] (62 mg, 0.19 mmol)
was further purified by recrystallization from MeCN to give a pure
product as a yellow microcrystalline powder in 90% yield (91 mg): 'H
NMR (CD,Cl,, 400 MHz): 5 8.62 (d, ] = 6.1 Hz, 4H), 8.14 (t, ] = 7.8
Hz, 2H), 7.73 (t, ] = 6.9 Hz, 4H), 7.62—7.54 (m, 2H), 7.09—6.61 (m,
2H; molecular aggregation resulted in an atypical splitting pattern of
aromatic signals), 4.33 (t, ] = 7.4 Hz, 4H), 3.95 (t, ] = 6.7 Hz, 2H),
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2.59 (t, J = 7.7 Hz, 2H), 1.80—1.70 (m, 10H), 1.44—1.18 (m, 68H),
0.91-0.86 (m, 12H), 0.7—0.0 (br m, 8H). *C{'H} NMR (CD,Cl,
100 MHz): 6 176.2, 158.5, 145.1, 144.7, 128.8, 127.7, 121.5, 110.6,
68.1, 62.5, 37.0, 32.4, 32.3, 32.1, 30.2—30.0, 29.85, 29.82, 29.79, 29.6,
26.7, 264, 26.3, 23.1, 14.3. "B{'"H} NMR (CD,Cl,, 128 MHz): §
17.5 (s, 1B), 1.8 (s, 1B), —=30.1 (br d, 8B). IR (KBr) v 3062, 2923,
2464, 1690, 1501, 1467, 1226 cm™". Anal. Calcd for CgH 2B 1,05N,:
C, 71.59; H, 11.26; N, 2.61. Found: C, 71.48; H, 11.23; N, 2.64.

lon Pair 3[11,12]e. The ion pair obtained from 3[11,12]a (100
mg, 0.09 mmol) and pyridinium bromide e[Br] (65 mg, 0.19 mmol)
was further purified by precipitation from cold EtOH to give a pure
product as a red powder in 90% yield (94 mg): 'H NMR (CD,Cl,,
400 MHz): 5 8.89 (d, J = 6.2 Hz, 4H), 8.08 (d, J = 6.1 Hz, 4H),
7.86—7.54 (m, 2H; molecular aggregation resulted in an atypical
splitting pattern of aromatic signals), 4.46 (t, ] = 7.4 Hz, 4H), 4.38 (t,
J =69 Hz, 4H), 3.91 (t, ] = 6.7 Hz, 2H), 2.61 (t, ] = 7.7 Hz, 2H),
1.84—1.69 (m, 12H), 1.42—1.27 (m, 46H), 1.17 (sext, ] = 7.4 Hz,
4H), 1.01-0.82 (m, 18H), 0.7-0.0 (br m, 8H). BC{'H} NMR
(CD,CL, 100 MHz): 6 176.2, 162.1, 158.6, 146.7, 144.4, 128.8, 127.9,
127.8, 121.4, 111.0, 68.0, 67.9, 62.6, 36.9, 34.3, 32.3, 31.8, 30.2—30.0,
29.78, 29.76, 28.8, 26.6, 26.2, 25.9, 23.1, 22.9, 19.6, 14.3, 14.2, 13.7.
"B{'H} NMR (CD,Cl,, 128 MHz): § 17.8 (s, 1B), 1.9 (s, 1B), —29.9
(br d, 8B). IR (KBr) v 3055, 2925, 2450, 1731, 1680, 1458, 1288
cm™. Anal. Caled for Ce,H,,B,00,N,: C, 67.35; H, 10.21; N, 2.53.
Found: C, 67.42; H, 10.35; N, 2.72.

lon Pair 3[11,12]f. The ion pair obtained from 3[11,12]a (135
mg, 0.13 mmol) and pyridinium bromide f[Br] (82 mg, 0.26 mmol)
was further purified by precipitation from EtOH/EtOAc mixture to
give a pure product as a deep purple powder in 92% yield (125 mg):
TH NMR (CD,Cl,, 400 MHz):  8.92 (d, J = 6.1 Hz, 4H), 7.74 (d, ] =
6.0 Hz, 4H), 7.53—7.49 (m, 2H), 7.18—6.75 (m, 2H; molecular
aggregation resulted in an atypical splitting pattern of aromatic
signals), 4.38 (t, ] = 7.3 Hz, 4H), 3.98 (t, ] = 6.8 Hz, 4H), 2.61 (t, ] =
7.8 Hz, 2H), 1.76 (br s, 8H), 1.45—1.18 (m, 60H), 0.90—0.85 (m,
12H), 0.7—0.0 (br m, 8H). BC{'H} NMR (CD,Cl,, 100 MHz): §
1764, 159.0, 157.9, 1469, 137.2, 131.3, 129.0, 128.5, 127.3, 122.4,
1142, 110.6, 68.3, 63.4, 37.1, 32.4, 32.33, 32.3, 30.2—30.1, 29.98,
29.83—29.78, 29.7, 29.4, 26.6, 26.4, 26.3, 23.1, 14.1. 'B{'H} NMR
(CD,CL,, 128 MHz): 8 17.4 (s, 1B), 1.5 (s, 1B), —30.5 (br d, 8B). IR
(KBr) v 3051, 2923, 2470, 1676, 1459, 1230 cm™’. Anal. Calcd for
Ce,Hi10B1005N,: C, 69.75; H, 10.38; N, 5.25. Found: C, 69.44; H,
10.43; N, 5.21.

Preparation of lon Pairs of Anions 4[n]. General Procedure
for Cation Exchange. To a solution of 4a (0.25 mmol) in MeOH (2
mL), appropriate pyridinium bromide (0.50 mmol) was added in one
portion. The resulting colored precipitate was filtered and washed
with MeOH (2 mL). The product was further purified by repeated
recrystallization or precipitation from appropriate solvents.

lon Pair 4[7]b. The ion pair obtained from 4[7]a (100 mg, 10
mmol) and pyridinium bromide b[Br] (67 mg, 20 mmol) was
recrystallized from MeCN to give a pure compound as yellow crystals
in 94% yield (96 mg): '"H NMR (CD,Cl,, 400 MHz): § 8.27 (d, ] =
7.1 Hz, 4H), 7.97 (d, ] = 7.8 Hz, 4H), 6.83—6.79 (m, 8H), 4.06 (t, ] =
7.3 Hz, 4H), 4.01—-3.94 (m, 8H), 1.84—1.73 (m, 8H), 1.63 (quint, | =
7.6 Hz, 4H), 1.51—-1.31 (m, 32H), 1.18 (sext, J = 7.5 Hz, 4H), 0.93—
0.89 (m, 12H), 0.85 (t, J = 7.3 Hz, 6H), 0.8—0.0 (br m, 8H). BC{'H}
NMR (CD,Cl,, 100 MHz): § 170.2, 156.9, 146.4, 136.7, 113.8, 113.5,
71.5, 68.3, 59.9, 33.6, 32.3, 32.1, 30.1, 29.7, 29.4, 29.0, 26.6, 26.1,
23.1, 23.0, 19.5, 14.2, 13.7 (C nucleus attached to the cage was not
observed). 'B{'"H} NMR (CD,Cl, 128 MHz): § 7.4 (s, 2B), —27.4
(br d, 8B). Anal. Calcd for CsgH,,B,oN,0,: C, 69.69; H, 10.29; N,
2.80. Found: C, 69.81; H, 10.12; N, 2.85.

lon Pair 4[12]b. The ion pair obtained from 4[12]a (100 mg, 0.09
mmol) and pyridinium bromide b[Br] (59 mg, 0.18 mmol) was
recrystallized from a CH,Cl,/acetone mixture to give pure product
4[12]b as pale-yellow crystals in 94% yield (95 mg): 'H NMR
(CD,Cl,, 400 MHz): § 8.26 (d, ] = 6.6 Hz, 4H), 7.96 (d, ] = 7.8 Hz,
4H), 6.80 (d, ] = 6.8 Hz, 4H), 6.61 (d, ] = 6.8 Hz, 4H), 4.00 (t, ] = 8.4
Hz, 4H), 3.96—3.89 (m, 8H), 1.83—1.71 (m, 8H), 1.60—1.30 (m,
S6H), 1.09 (sext, ] = 7.4 Hz, 4H), 0.97—0.87 (m, 12H), 0.80 (t, ] =

https://doi.org/10.1021/acs.chemmater.2c01165
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7.4 Hz, 6H), 0.8—0.0 (br m, 8H). ®C{'H} NMR (CD,Cl,, 100
MHZ): 6 170.2, 156.9, 146.4, 136.7, 113.8, 113.4, 71.5, 68.3, 59.9,
33.6, 32.3, 32.1, 30.2—30.0, 29.8, 29.4, 29.0, 26.7, 26.1, 23.1, 23.0,
19.4, 14.29, 14.28, 13.7 (C nucleus attached to the cage was not
observed). ''B{'"H} NMR (CD,Cl, 128 MHz): 5 7.5 (s, 2B), —27.3
(br d, 8B). IR (KBr) v 3048, 2930, 2441, 1640, 1478, 1225 cm™".
Anal. Caled for C4gH,,,B,(N,0,: C, 71.65; H, 10.79; N, 2.45. Found:
C, 71.59; H, 10.65; N, 2.48.

lon Pair 4[12]d. The ion pair obtained from 4[12]a (100 mg, 0.09
mmol) and pyridinium bromide d[Br] (58 mg, 0.18 mmol) was
recrystallized from a CH,Cl,/acetone mixture to give pure product
4[12]d as orange microcrystals in 94% yield (95 mg): 'H NMR
(CD,Cl,, 400 MHz): 5 8.38 (d, ] = 6.0 Hz, 4H), 7.99 (t, ] = 7.9 Hg,
2H), 7.89 (d, ] = 7.8 Hz, 4H), 7.39 (t, ] = 6.9 Hz, 4H), 6.77 (d, ] = 8.0
Hz, 4H), 4.09 (t, ] = 4.1 Hz, 4H), 3.95 (t, ] = 6.7 Hz, 4H), 1.79
(quint, J = 6.7 Hz, 4H), 1.55—1.45 (m, 8H), 1.36—1.15 (m, 64H),
0.99 (br quint, J = 7.9 Hz, 4H), 0.89—0.86 (m, 12H), 0.8—0.0 (br m,
8H). “C{'H} NMR (CD,Cl,, 100 MHz): § 157.0, 145.0, 144.6,
136.5, 128.4, 113.5, 68.3, 62.2, 32.4, 32.3, 32.0, 30.2—30.0, 29.9,
29.82, 29.79, 29.6, 26.7, 262, 23.1 (2C), 143 (2C) (C nucleus
attached to the cage was not observed). 'B{'"H} NMR (CD,Cl, 128
MHz): § 7.3 (s, 2B), —27.4 (br s, 8B). IR (KBr) v 3058, 2923, 2449,
1632, 1467, 1229 cm™". Anal. Calcd for C,0H,5¢B,oN,0,: C, 74.02; H,
11.18; N, 2.47. Found: C, 74.11; H, 11.32; N, 2.49.

lon Pair 4[12]e. The ion pair obtained from 4[12]a (150 mg, 0.13
mmol) and pyridinium bromide e[Br] (92 mg, 0.26 mmol) was
precipitated from cold EtOH to give pure product 4[12]e as a purple
powder in 90% yield (140 mg): "H NMR (CD,Cl,, 400 MHz): § 8.67
(d, ] = 6.3 Hz, 4H), 7.90 (br s, 4H), 7.55 (d, ] = 6.3 Hz, 4H), 6.77 (br
s, 4H), 4.37—4.30 (m, 8H), 3.95 (s, 4H), 1.82—1.77 (m, 8H), 1.56—
1.29 (m, 54H), 1.04—0.99 (m, 4H), 0.96—0.88 (m, 12H), 0.75 (t, ] =
7.3 Hz, 6H), 0.8—0.0 (br m, 8H). BC{'H} NMR (CD,Cl,, 100
MHz): § 162.2, 157.4, 146.6, 144.1, 136.6, 127.6, 113.7, 68.3, 67.6,
62.3, 34.3, 32.34, 32.30, 31.8, 30.2—30.0, 29.8, 28.8, 26.7, 25.9, 23.1,
23.0, 19.4, 14.3, 14.2, 13.7. The signal corresponding to the carbon of
the C—B bond was not observed. ""B{'H} NMR (CD,Cl,, 128 MHz):
57.3 (s, 2B), —27.8 (br s, 8B). IR (KBr) v 3046, 2922, 2445, 1738,
1456, 1282 cm™. Anal. Caled for CeHy 5B oO¢N,: C, 69.94; H,
10.18; N, 2.40. Found: C, 69.98; H, 10.21; N, 2.43.

lon Pair 4[12]f. The ion pair obtained from 4[12]a (150 mg, 0.13
mmol) and pyridinium bromide f[Br] (87 mg, 0.26 mmol) was
precipitated from cold EtOH to give pure product 4[12]f as a deep
purple powder in 94% yield (142 mg): 'H NMR (CD,Cl, 400
MHz): 5 8.74 (d, ] = 6.1 Hz, 4H), 7.87 (d, ] = 7.7 Hz, 4H), 6.95 (d,]
= 6.1 Hz, 4H), 6.89 (t, ] = 7.8 Hz, 4H), 4.25 (br s, 4H), 4.04 (t, ] =
6.6 Hz, 4H), 1.85—1.80 (m, 4H), 1.60—1.53 (m, 4H), 1.40—1.15 (m,
S8H), 1.00—-0.96 (m, 6H), 0.91-0.85 (m, 12H), 0.8—0.0 (br s, 8H).
BC{'H} NMR (CD,Cl,, 100 MHz): § 158.0, 146.7, 137.1, 130.6,
127.0, 114.1, 68.6, 62.9, 32.4, 32.3, 30.2—30.0, 29.9, 29.81, 29.78,
29.74,29.4, 26.6,26.0, 23.13, 23.11, 14.3 (2C) (C nucleus attached to
the cage was not observed). "'B{'"H} NMR (CD,Cl,, 128 MHz): §
7.3 (s, 2B), —28.0 (br s, 8B). IR (KBr) v 3046, 2923, 2441, 1637,
1453, 1230 cm™'. Anal. Caled for CegH;4B1oO,N,: C, 72.29; H,
10.35; N, 4.96. Found: C, 72.24; H, 10.31; N, 4.92.

Preparation of [closo-B;oHy-1-(C¢H40C ,H,5)12~ 2[Bu,NI*
(7a). To a suspension of [closo-BoHo-1-1]*" 2[Bu,N]* (6a, 3.5 g,
5.0 mmol) in dry THF (21 mL) was added 4-dodecyloxyphenylmag-
nesium bromide (50 mL, 0.5 M) in THF, followed by the PEPPSI-IPr
catalyst (35 mg, 1 mol %). The mixture was refluxed overnight. The
reaction mixture was quenched with a sat. solution of NH,CI (30
mL), and THF was removed using a rotary evaporator. The aqueous
phase was extracted with CH,Cl, (4 X 30 mL), the combined organic
extracts were dried (Na,SO,), and the solvent was evaporated in
vacuo. The resulting residue was treated with MeOH and filtered, and
the filtrate was evaporated to dryness. The resulting crude product
was purified by column chromatography (SiO,, CH,Cl,/CH;CN,
4:1) to give 3.68 g (88% yield) of pure 7a as a light-yellow oil, which
solidified on freeze-drying to an off-white solid: mp 85—87 °C. 'H
NMR (acetone-dg, 400 MHz): § 7.99 (d, ] = 7.7 Hz, 2H), 6.68 (d, ] =
7.7 Hz, 2H), 3.94 (t, ] = 6.5 Hz, 2H), 3.31 (pseudo t, ] = 8.5 Hz,
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16H), 1.80—1.76 (m, 2H), 1.69 (quint, J = 7.4 Hz, 16H), 1.54—1.4$
(m, 2H), 1.42 (sext, ] = 7.4 Hz, 16H), 1.31 (br s, 16H), 0.95 (t, ] =
7.4 Hz, 24H), 0.88 (t, ] = 6.8 Hz, 3H), 0.8—0.0 (m, 8H). “C{'H}
NMR (acetone-dg, 100 MHz) & 156.5, 137.3, 112.9, 68.4, 59.3, 32.7,
30.6, 30.5, 304, 302, 30.0, 27.1, 24.7, 23.4, 20.5, 14.5, 14.1 (C
nucleus attached to the cage was not observed). ''B NMR (acetone-
dg, 128 MHz): 8 9.8 (s, 1B), —1.3 (d, J = 140 Hz, 1B), =262 (d, ] =
157 Hz, 4B), —27.6 (d, ] = 160 Hz, 4B). HRMS (ESI-TOF) m/z:
[M]™ caled for CigH;3B,,0 380.3853; found 380.3876. Anal. Calcd
for CeoH,10B1oN,0: C, 69.54; H, 12.84; N, 3.24. Found: C, 69.27; H,
12.69; N, 3.31.

Preparation of [closo-B,qHg-1-(C¢H,OC,,H,5)-10-OCHN-
(Me),]~ [BuyNI* (9a). A solution of [closo-B,Hy-1-
(CeH,0C ,H,5) 1>~ 2[Buy,N]* (7a, 200 mg, 0.23 mmol) in dry
MeCN (2 mL) under argon was cooled at 0 °C, and PhI(OAc), (82
mg, 0.25 mmol) was added to one portion. After 5 h (during this
time, the temperature was allowed to gradually reach 10 °C (ca. 2 h)
and was maintained at 10 °C), the solvent was removed in vacuo (at
temp <20 °C). The resulting pale green oily residue was dissolved in
CH,Cl, (5§ mL) and washed with $% aq NaHCO; (3 X 10 mL). The
organic layer was dried (Na,SO,), and the solvent was evaporated in
vacuo (at temp <20 °C), giving crude, unstable phenyliodonium
derivative 8a. The crude product was freeze-dried and immediately
dissolved in dry DMF (4 mL), and the solution was heated at 60 °C
under nitrogen for 12 h (the commercial anhydrous DMF from
Sigma-Aldrich Sure/Seal was dried over CaH,, freshly distilled, and
stored over 4 A molecular sieves prior to use to avoid hydrolysis of the
reaction product). Excess DMF was removed by distillation under
high vacuum, and the residue was purified by column chromatography
(8iO,, CH,Cl,/CH;CN 4:1). The resulting colorless oily material was
crystallized (MeOH) at ambient temperature to give 60 mg (38%
yield) of pure 9a as a colorless microcrystalline powder. The typical
yield of the reaction was in the range of 35—43%: mp 140—142 °C.
'H NMR (acetone-dg, 400 MHz): & 8.95 (s, 1H), 7.97 (d, ] = 7.7 Hz,
2H), 6.71 (d, J = 7.8 Hz, 2H), 3.95 (t, ] = 6.5 Hz, 2H), 3.59 (s, 3H),
341 (s, 3H), 3.25 (pseudo t, J = 8.3 Hz, 8H), 1.80—1.75 (m, 2H),
1.68 (quint, ] = 7.9 Hz, 8H), 1.50 (quint, J = 7.6 Hz, 2H), 1.41—1.31
(br m, 24H), 0.95 (t, ] = 7.4 Hz, 12H), 0.89 (t, ] = 6.6 Hz, 3H), 0.8—
0.0 (br m). C{'H} NMR (acetone-ds, 100 MHz): § 168.8, 157.0,
137.3, 113.1, 68.3, 59.2, 40.5, 35.6, 32.7, 30.5, 30.4 (2C), 27.1, 24.5,
23.4, 204, 144, 140 (C nucleous attached to the cage was not
observed). 'B{'H} NMR (acetone-dg, 128 MHz): 5 22.0 (s, 1B), 6.3
(s, 1B), —27.6 (d, J = 119 Hz, 4B), —28.6 (d, J = 134 Hz, 4B). IR
(KBr) v 2958, 2924, 2464, 1676, 1481, 1336, 1224 cm™". HRMS
(ESI-TOF) m/z: [M]™ caled for [C,;HyyBoNO,]™ 452.4303; found:
452.4329. Anal. Caled for CyHgoB1oN,O,: C, 64.11; H, 11.63; N,
4.04. Found: C, 63.95; H, 11.78; N, 4.21.

Preparation of [closo-B,oHg-1-(C4H,0C;,H,5)-10-OCHO]?~
2[BuyNJ* (10a). To a solution of DMF adduct 9a (70 mg, 0.1
mmol) in MeCN (2 mL) was added [n-Bu,N]*OH™ (40 w/w % in
water, 72.6 L, 0.11 mmol), and the mixture was refluxed for 1 h. The
solvent was evaporated in vacuo, and the resulting residue was
dissolved in CH,Cl, (3 mL) and washed with water (10 mL). The
organic layer was evaporated, giving 85 mg of the pure product 10a as
a colorless oil (93% yield): '"H NMR (acetone-dg, 400 MHz): § 9.25
(s, 1H), 7.97 (d, ] = 7.9 Hz, 2H), 6.69 (d, ] = 7.8 Hz, 2H), 3.92 (t, ] =
6.5 Hz, 2H), 3.28 (pseudo t, J = 8.6 Hz, 16H), 1.79—1.76 (m, 2H),
1.69 (quint, J = 7.9 Hz, 16H), 1.54—1.46 (m, 4H), 1.40 (sext, | = 7.4
Hz, 16H), 1.31 (br s, 14H), 0.95 (t, ] = 7.4 Hz, 24H), 0.87 (t, ] = 7.1
Hz, 3H), 0.7-0.0 (br m, 8H). B“C{!H} NMR (acetone-ds, 100
MHz): § 169.1, 156.7, 137.5, 113.0, 68.3, 59.2, 32.7, 30.48, 30.42,
30.39 29.3, 27.0, 24.5, 23.4, 20.4, 14.4, 14.0. The signal corresponding
to the carbon of C—B bond was not observed. ''B NMR (acetone-dg,
128 MHz): § 20.4 (s, 1B), 3.3 (s, 1B), —28.8 (d, J = 125 Hz, 8B). IR
(KBr) v 2961, 2929, 2458, 1674, 1469, 1226 cm™'. HRMS (ESIL-
TOF) m/z: [M]™ caled for CoHyoB,,05 425.3830; found 425.3797.
Anal. Caled for Cg,H,,B,(N,05: C, 67.50; H, 12.22; N, 3.09. Found:
C, 67.23; H, 12.05; N, 3.14.
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3.3 Additional information

3.3.1 Additional synthetic details

Hexyl isonicotinate (12¢). To isonicotinic acid (200 mg, 1.62 mmol), SOCl, (471 pL, 6.49 mmol)
was added and the reaction mixture was stirred for 3 h at 40 °C. Excess of SOCI, was removed
by distillation. To the obtained solid, a solution of 1-hexanol (224 pL, 1.78 mmol) in dry CH2Cl>
(5 mL) was added and the mixture was refluxed for 12 h. The reaction mixture was cooled to rt
and washed with saturated solution of NaCOs (2 x 8 mL) and distilled water (2 x 8 mL). The
organic layer was dried over Na>SOs, filtered and the solvent was evaporated in vacuo to give a
colorless liquid, which was passed through a pad of silica gel using CH2CIl2/MeCN (5:1) as eluent
to give 285 mg (85% yield) of hexyl isonicotinate as a colorless oil: *H NMR (CDCls, 500 MHz):
§ 8.76 (d, J = 6.0 Hz, 2H), 7.83 (d, J = 6.1 Hz, 2H), 4.33 (t, J = 6.7 Hz, 2H), 1.75 (quint, J =
7.1 Hz, 2H), 1.42 (quint, J = 7.5 Hz, 2H), 1.33-1.30 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H). *C{*H}

NMR (CDCls, 125 MHz): § 165.2, 150.6, 137.6, 123.0, 66.1, 31.5, 28.6, 25.7, 22.6, 14.1.

Preparation of N-butyl-4-(hexyloxycarbonyl)pyridinium bromide (e[Br]). A solution of
hexyl isonicotinate (12e, 200 mg, 0.96 mmol) and 1-bromobutane (350 pL, 1.44 mmol) in dry
MeCN (5 mL) was refluxed for 24 h. The solvent was evaporated and the obtained crude product
was dissolved in EtOAc and hexane was added to precipitate 240 mg (72% yield) of pure
compound as a yellow sticky material: *H NMR (CDCls, 500 MHz) § 9.94 (d, J = 5.5 Hz, 2H),
8.37 (d, J = 6.5 Hz, 2H), 4.98 (t, J = 7.9 Hz, 2H), 4.25 (t, J = 6.6 Hz, 2H), 1.95 (t, J = 7.4 Hz, 2H),
1.62 (t, J =7.3 Hz, 2H), 1.30-1.15 (m, 8H), 0.82-0.71 (m, 6H). *C{*H} NMR (CDCls, 125
MHz): 161.3, 146.7, 144.1, 127.3, 67.4, 61.7, 33.7, 31.0, 28.1, 25.2, 22.2, 19.1, 13.7, 13.3.

HRMS (ESI-TOF) m/z: [M]" calcd for C1sH2sNO; 264.1964; found 264.1955.
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Preparation of N-decyl-4-cyanopyridinium bromide (f[Br]). A solution of 4-cyanopyridine
(12f, 500 mg, 4.80 mmol) and 1-bromodecane (1.1 mL, 5.28 mmol) in dry MeCN (5 mL) was
refluxed for 12 h. The solvent was evaporated and the obtained crude product was dissolved in
EtOAc (5 mL) and hexane was added to precipitate the pure compound. The formed precipitate
was filtered off and washed with hexane giving 1.10 g (71% yield) of pure compound as a yellow
powder: mp 196-200 °C. *H NMR (CDCls, 500 MHz): § 9.93 (d, J = 6.3 Hz, 2H), 8.53 (d, J = 6.3
Hz, 2H), 5.04 (t, J = 7.4 Hz, 2H), 2.03 (quint, J = 7.6 Hz, 2H), 1.36-1.27 (m, 4H), 1.21-1.16 (m,
10H), 0.79 (t, J = 6.9 Hz, 3H). 3C{*H} NMR (CDCls, 125 MHz): § 147.0, 131.1, 127.8, 113.8,
63.2, 32.0, 31.7, 29.4, 29.3, 29.2, 29.0, 26.1, 22.6, 14.1. HRMS (ESI-TOF) m/z: [M] calcd for
Ci6H2sN2 245.2018; found 245.2013. Anal. Calcd for CigH2sN2Br: C, 59.08; H, 7.75; N, 8.61.
Found: C, 59.11; H, 7.49; N, 8.58.

Preparation of hydroquinone dibutyrate H[3]. To a suspension of hydroquinone (100 mg, 0.91
mmol) in dry CH2Cl, (10 mL) was added butyric acid (0.167 mL, 1.82 mmol), DCC (413 mg,
2.00 mmol), DMAP (44 mg, 0.36 mmol) and the resulting mixture was stirred for 8 h at room
temperature under Ar atmosphere. Water was added into the reaction mixture and extraction was
done in CH2Cly/water. The organic layer was dried over Na;SOs and evaporated. The resulting
crude product was purified by column chromatography (SiO, petroleum ether/EtOAc, 4:1).
Further purification was done by precipitation from cold ethanol to give 205 mg (90% vyield) of
pure dibutyrate H[3] as a white crystalline powder: mp 40—42 °C. *H NMR (CDCls, 400 MHz):
§ 7.08 (s, 4H), 2.53 (t, J = 7.4 Hz, 4H), 1.78 (sext, J = 7.4 Hz, 4H), 1.04 (t, J = 7.4 Hz, 6H).
BBC{*H} NMR (CDCls, 100 MHz): & 172.1, 148.2, 122.5, 36.3, 18.5, 13.7. HRMS (ESI-TOF)
m/z: [M]" calcd for C14H1904 251.1284; found 251.1284. Anal. Calcd for C14H1804: C, 67.18; H,

7.25. Found: C, 67.12; H, 7.21.
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Preparation of hydroquinone didodecanoate H[11]. To a solution of hydroquinone (100 mg,
0.91 mmol) and KOH (101 mg, 1.82 mmol) in dry CH2Cl> (5 mL) was added C1:H23COCI (0.420
mL, 1.82 mmol) and the reaction mixture was stirred for 2 h at room temperature under Ar
atmosphere. The reaction was quenched by adding water and extraction was done in CH2Clx/water.
The organic layer was dried over Na>SO4 and evaporated. The resulting crude product was purified
by precipitating from ethanol at ambient temperature to give 380 mg (88% yield) of pure product
H[11] as a white powder: mp 83—85 °C. *H NMR (CDCls, 400 MHz): & 7.08 (s, 4H), 2.54 (t, J =
7.5 Hz, 4H), 1.74 (quint, J = 7.5 Hz, 4H), 1.42-1.19 (m, 32H), 0.88 (t, J = 6.8 Hz, 6H). 3C{H}
NMR (CDCls, 100 MHz): 6 172.3, 148.2, 122.5, 34.5, 32.0, 29.7 (2C), 29.6, 29.5, 29.4, 29.2,
25.1,22.8,14.3. HRMS (ESI-TOF) m/z: [M]* calcd for C3oHs104 475.3787; found 475.3777.

Anal. Calcd for C3oHs004: C, 75.90; H, 10.62. Found: C, 75.91; H, 10.63

3.3.2 DSC measurements

DSC data were obtained with a DSC-2500 instrument and are shown in Figures 1-17.

Heating and cooling rates were 10 K min™,
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Figure 1. DSC trace of 1[11]c. Figure 2. DSC trace of 1[11]d.

76



Cooling

Cr SmA ¢
Cr SmA
Heating
—_—

I I I T T T T
20 40 60 80 100 120 140 160

Temperature /°C
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3.3.3 Powder XRD data

Wide-angle diffractogram for the compounds obtained by integration of 2D pattern taken at
suitable temperature.

23 7] do+
1
15_] |
log(int) ”
05 I
| doz
0+ |
- d03
0.5 L\._.__.A..—-—l"'/’~\
- T T T T T T T T T 1
0 5 10 15 20 25

26 /°

Figure 12. Powder X-ray diffractogram for ion pair 1[11]b at 80 °C
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Figure 13. Powder X-ray diffractogram for ion pair 1[11]c at 180 °C
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Figure 14. Powder X-ray diffractogram for ion pair 1[11]d at 120 °C
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Figure 15. Powder X-ray diffractogram for ion pair 1[11]e at 120 °C
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Figure 16. Powder X-ray diffractogram for ion pair 1[11]f at 120 °C
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Figure 17. Powder X-ray diffractogram for ion pair 2[12]b at 80 °C
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Figure 18. Powder X-ray diffractogram for ion pair 2[12]d at 180 °C
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Figure 19. Powder X-ray diffractogram for ion pair 2[12]e at 180°C
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Figure 20. Powder X-ray diffractogram for ion pair 2[12]f at 160 °C
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Figure 21. Powder X-ray diffractogram for ion pair 3[11,12]d at 180 °C
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Figure 22. Powder X-ray diffractogram for ion pair 3[11,12]e at 80 °C
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Figure 23. Powder X-ray diffractogram for ion pair 3[11,12]f at 130 °C
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Figure 25. Powder X-ray diffractogram for ion pair 4[12]d at 180 °C
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PART B

Development of new efficient electrolytes based on [closo-1-

CBi1H12] for Li-ion battery applications

As stated in the beginning of the main introduction, efficient energy storage and conversion
technologies are crucial for space exploration, whereas current Li-ion batteries have numerous
limitations for such applications. Part B of the thesis focuses on addressing some of these issues
by developing anisotropic ion-conductive materials based on the [closo-1-CB11Hi2] anion (G). In
this approach we combine anisotropic ion transport of a liquid crystal (LC) with boron clusters as
anions for Li-ion electrolytes. Here, the goal is to obtain a parallelly aligned polymeric host
containing an oligoethylene fragment (for Li-ion coordination and solubility reasons) and a Li* salt
with anion structurally similar/compatible with the host. The resulting thin polymeric film will be
tested as a solid-state electrolyte for a CR2032 type battery. The key challenges in this project
involves extensive synthesis and characterization of the liquid crystalline electrolyte sample,
parallel alignment of the electrolyte sample using different surface treatment methods,
photopolymerization of the parallel aligned liquid crystalline electrolytes, and finally cell assembly

and battery test.

Part B of the thesis begins with a general overview (Chapter B1) of battery requirements
for space exploration and electrolytes for Li-ion batteries. Initial investigations of liquid crystalline
electrolytes derived from the 1,12-disubstituted [closo-1-CB11Hi2] anion are described in Chapter
B2. Unpublished results are reported in Chapters B3 and B4, which deal with anisotropy in Li-ion
transport and polymer electrolytes, respectively, based on a liquid crystalline electrolyte containing

Li" salt of the anionic [closo-1-CB11H)2] derivative.



CHAPTER B1

Electrolytes for Li-ion batteries

1.1 Introduction

The development of Li-ion batteries (LIBs) has received extraordinary significance
worldwide in the last three decades due to the increasing demand for safe, reliable, and high energy-
density storage and conversion [1-2]. Significant progress has been made in LIB technologies ever
since their first commercial application in 1991 [3-4]. Due to their high energy density, light
weight, and increased lifespan [5-6], they are currently utilized in numerous modern technologies,
including portable electronic devices such as computers, smartphones, etc., and electric vehicles
[7-12]. In addition, LIBs play a significant role in decarbonization via the electrification of
transportation and their application in contemporary high-tech electronic products [13-14].

LIBs play a significant role in space missions, and they are emerging as the primary energy
source for spacecraft, launch vehicles, interplanetary missions, the space station, etc. As of now,
almost 107 space agencies are currently engaged in a variety of space-related endeavors, including
meteorology, navigation, telecommunications, exploration of other planets, etc. [15]. In all this,
rechargeable batteries with a primary energy source (solar cells) are essential to store energy and
provide an uninterrupted power supply, especially in long-duration missions and satellites [16].

In order to ensure smooth battery operation in space, they have to overcome several
challenges, including temperature and gravitational fluctuations, high-energy particles, radiation
environments, hard ultraviolet light, etc. [17]. In addition, LIBs are susceptible to aging and
degradation. Typically, the battery requirements for a space application vary based on the mission

type and duration. Ag-Zn batteries, Ni-Cd batteries, and Ni-H. batteries are rechargeable batteries



that are commonly used in space applications [16]. Although some of these batteries, such as Ni-
H>, have a number of benefits, such as a long cycle life (>50,000 cycles) and reliable and consistent
battery performance, their large size and poor performance at low temperatures remain obstacles
[18-19]. The majority of conventional batteries have low energy density, poor performance at
extreme temperatures, electrolyte leakage, capacity loss, and a short lifespan [18-22]. Other
limitations include battery failure due to an internal short circuit, degradation of the separator, and
electrode corrosion [23-24].

Li-ion batteries (LiBs) have several advantages over conventional batteries because of their
high energy density, long cycle life, and light weight (a 50% weight reduction over Ni-H; is
possible) [2]. Li-ion batteries are currently used in geostationary earth orbit (GEQO) and low earth
orbit (LEO) spacecraft, planetary missions, and also landers and rovers [16]. However, when
operating at elevated temperatures, LIBs are susceptible to numerous electrolyte-related safety
issues, including leakage, volatility, flammability, and decomposition [2]. For instance, the toxic
and non-toxic gases released during the decomposition of the electrolyte material and Li-salt can
lead to the expansion and explosion of a battery. Therefore, the development of an effective
electrolyte system is crucial to the realization of safer LIBs with a high energy density. Extensive
studies are in search of an efficient and reliable solid-state ion-transport material for the application

in LIBs due to its easy processability and application in portable and flexible electronics.

1.2 Li-ion batteries

The primary components in the general design of a Li-ion battery include two electrodes (a
positive cathode and a negative anode), an electrolyte, separators, and current collectors (Cu foil at
the anode and Al foil at the cathode) [25-27]. Cathode materials are typically metal oxides or

phosphates with varying electrochemical potentials, such as LiCoO; [28], LiMn204 [29-30], and



LiFePO4 [31-32]. Commonly used anode material is either graphite [33-34] or lithium titanium
oxide (LisTisO12) [35]. Throughout the charge-discharge cycle, electrolytes serve as the medium
through which Li-ion is transported between the two electrodes. They consist of electronically
insulating solutions, polymers, or inorganic solids containing lithium salts. LiPFs, LiAsFs,
LiCF3SOs, LiBF4, LiClOs, and LIN(CF3S0O2). [36] are some of the commonly used lithium salts in
electrolytes. The separators prevent direct contact between the electrodes while permitting the Li-

ion to pass through them. A schematic description of LIB is shown in Figure 1.
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Figure 1. Schematic representation of a Li-ion battery

LIBs operate on the basis of electrochemical oxidation and reduction reactions (redox
reactions) occurring in the cell during the charge and discharge processes [37-39]. Cells convert
electrical energy to chemical energy through redox reactions. When the battery is being charged,
electrons migrate from the cathode (oxidation) to the anode (reduction) through an external circuit,
and Li-ions migrate from the cathode to the anode through the electrolyte in order to balance the
charge. Additionally, electrolyte materials provide enough concentrations of lithium ions to

facilitate ion transport. During the discharge of a battery, the movement of Li-ions from the anode
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(oxidation) to the cathode (reduction) generates an electron flow from one electrode to the other,
thereby generating an electric current in the external circuit. Depending on their reusability, Li-ion

batteries are classified as either non-rechargeable (primary) or rechargeable (secondary).

1.3 Electrolytes for Li-ion batteries

The battery's ionic conductivity, charge-discharge cycles, coulombic efficiency, and safety
depend mostly on the electrolyte. Consequently, electrolytes are as important as cathode and anode
active materials for the development of an efficient LIB. The electrolyte in LIBs is desired to have
high ionic conductivity, stability at high oxidation potential and low reduction potential, and safe
operation under extreme conditions.

Conventionally used liquid organic electrolytes raise numerous safety concerns due to their
high volatility, flammability, possibility of electrolyte leakage, high potential for toxic gas
production, and poor resistance to impact (which is an important criterion for LIB application in
space) [40-42]. Despite numerous attempts to improve the safety of liquid electrolytes, the
flammability of these substances remained a concern. Therefore, it was necessary to develop a
superior electrolyte system with high ionic conductivity to overcome these limitations [43].

Recently, solid-state electrolytes (SSEs) have received a lot of interest as a promising
alternative to liquid electrolytes due to their thermal stability, high energy density, and broad
operating temperature range [44-45]. SSEs are divided into organic solid electrolytes (OSEs) and
inorganic solid electrolytes (ISEs) based on their chemical composition [46]. Although some
inorganic solid electrolytes (ISESs), such as Li10GeP2S12 and 70Li.S-30P2Ss, exhibit promising room
temperature ionic conductivities of 1.2 x 102 and 3.2 X107 S cm™!, respectively [47a-47b], the
majority of ISEs suffer from poor interfacial compatibility with electrode material, processing

difficulties, and generally low ionic conductivity [47]. Compared to inorganic solid electrolytes,



organic solid electrolytes are typically more flexible and compatible with electrode interfaces. For
this reason, current research focuses primarily on the development of organic solid electrolytes
(OSEs). OSEs are further classified as solid polymer electrolytes (SPEs) [48-51], plastic crystal
electrolytes (PCEs) [52-54], metal organic framework-based electrolytes (MOFEs) [55], and
covalent organic framework-based electrolytes (COFEs) [56]. Among them, solid polymer
electrolytes (SPEs) are of great interest due to their easy processability, low cost, and excellent
film forming ability.

Recently, nanostructured liquid crystals (LC) have received attention for the development
of electrolytes due to their ability to form nano-channels for efficient Li-ion transport [57-68]. LC
polymer electrolytes were also obtained by the polymerization of LC electrolytes. In the context of
this research, polymer electrolytes, LC electrolytes (LCEs), and LC polymer electrolytes (LCPES)

are of significance; this will be elaborated in the subsequent sections.

1.3.1 Solid polymer electrolytes

Solid polymer electrolytes (SPES) are promising solid-state electrolytes that can satisfy the
requirements of high voltage device applications. Compared to inorganic solid polymer
electrolytes, they have enhanced electrochemical and thermal stability, interfacial compatibility,
mechanical properties, easy processability, low cost, and improved safety [69-70]. SPEs can
function as ionic conductors and an electronically insulating separator. SPEs are prepared by
dissolving Li-salts, such as LiTFSI, LiFSI, LiN(FSO.)., LiCF3SOg, and LiClOs, in an appropriate
polymer matrix [71-74]. In the polymer electrolyte system, Li* salts form a complex with polar
groups such as -C-O-C-, -N-, and -S- present in the polymer matrix. Solid polymer electrolytes
with high ionic conductivity and good mechanical properties are desirable for device applications

[75]. The ionic conductivity of the polymer electrolyte is determined primarily by the dissolution



of the Li* salt and the dissociation energy of the Li-ion in the complex [76]. Polyethylene oxide-
based (PEO) polymer electrolytes are the most commonly used among the various types of polymer
electrolytes (polyethylene oxide, polyacrylonitrile, polyvinylidene fluoride, etc.) due to their ability
to dissolve a variety of Li* salts, efficient coordination of the Li-ion, mechanical stability, good
interfacial properties, and ability to facilitate ion transport [77-78].

Li-ion transport in polymer electrolytes is complex due to the presence of multiphase
structures and distinct ion transport pathways [79]. Several ion transport mechanisms, including
the cation hopping mechanism and the free ion transport mechanism have been proposed to explain
the Li-ion transport in polymer electrolytes based on PEO [80-81]. In the cation-hopping
mechanism, the Li-ion coordinates with the oxygens in the PEO and diffuses through the
electrolytes in conjunction with the segmental motion of the polymer backbone. In general, Li-ion
transport in polymer electrolytes made from PEO depends on Li-ion hopping between and within
chains and relaxation of polymer segments [82].

Meziane and co-workers developed a solvent-free polymer electrolyte in an earlier attempt,
but it exhibited a low ionic conductivity in the range of 10 to 107 S cm™ [83]. A hybrid solid
polymer electrolyte composed of PEO polymer and ZnO nanoparticles exhibited a high ionic
conductivity of 4.2 x 10* S cm™ at room temperature and excellent lithium plating and stripping
performance at 40 °C [84]. Recent study demonstrated an improved ionic conductivity of 1.7 x 10
4S cm™ in a PEO-based polymer electrolyte containing Li2Se salt [85]. This electrolyte system was
found to inhibit dendrite growth, and its electrochemical performance in cells was remarkable.

The poor ionic conductivity at room temperature (10 to 107 S cm) is the major hurdle in
the application of solid polymer electrolytes in LIBs. This is mainly attributable to the sluggish Li-
ion diffusion through its crystalline phase [70b, 86-87]. In addition, the formation of dendrites is a

serious problem in batteries that use solid polymer electrolytes.
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1.3.2 Liquid crystalline electrolytes

The ability of liquid crystalline (LC) electrolytes to self-organize and to provide 1D [61-
62], 2D [63-65], and 3D [66-68] ion-conductive pathways for the efficient transport of Li-ions has
received significant attention. The nanostructured smectic LC forms highly ion-conductive 2D
pathways [88], which are thought to be free of order defects compared to 1D and 3D pathways. For
this reason, it is anticipated that 2D pathways will increase ionic conductivity by providing
appropriate molecular orientation for ion transport [89]. Despite the fact that LC has lower order
and density than solids, it can be easily aligned to achieve the desired properties. Its light weight,
ability to nanosegregate immiscible components spontaneously, rapid self-assembly, film-forming
capability, and simple processability [90] make it a promising alternative to conventional
electrolytes. The liquid-like mobility of ordered structures in the liquid crystalline phase is also
advantageous for ion diffusion and the formation of the robust solid electrolyte interface (SEI). Yet
another advantage of using LC in electrolytes is its ability to inhibit the formation of dendrites
during the charge-discharge process [91]. In addition, it is possible to obtain solid-polymer
electrolytes by immobilizing the ion conducting channels in the aligned LC phase by
polymerization. These electrolytes ought to be nonvolatile, thermally stable, and flexible [92-94].

In general, LC-based electrolytes are generated by combining metal ion salts with LC
matrices at a predetermined concentration. Polar LC containing carbonates or PEO chains [63] and
ionic LC containing imidazolium [62,65], phosphonium, or ammonium [66] groups are primarily
used in electrolyte applications due to their miscibility with ionic salts. Carbonate-base LC
derivatives are suitable for use as electrolytes due to their high electrochemical stability and
dielectric constant for the dissociation of Li* salts [40]. PEO in the LC structure has several
advantages due to its ability to solvate a wide variety of Li* salts and its easy processability [95].

In addition, the incorporation of PEO into the LC structure can improve nanosegregation in the LC
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phase and ion transport via the segmental motion of PEO. Figure 2 shows several examples of

electrolytes that are derived from liquid crystals.
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Figure 2. Examples of liquid crystalline electrolytes based on (a) carbonate-based LC [100], (b)
dimeric LC containing oxyethylene moieties [63], (c) zwitterionic LC [67], and (d) ionic LC [62]

containing Li" salts.

LC electrolytes showed remarkable thermal stability and are nonvolatile over a wide range
of temperature and those utilized in dye-sensitized solar cells (DSSCs) were discovered to be
functional even at elevated temperatures [96-98]. Such electrolytes offering greater ionic
conductivities over a broad temperature range will be advantageous for use in Li-ion batteries for
space exploration.

For the first time in 2015, Kato and co-workers showed that LC electrolytes could be used
in Li-ion batteries [99]. In this study, the electrolyte was generated through a combination of a

cyclic carbonate-based LC molecule and LiTFSI salt. These materials showed 2D ion-conductive



pathways in the smectic A (SmA) phase with moderate ionic conductivities [10® to 10° S cm™].
They showed excellent electrochemical stability and reversible charge-discharge characteristics in
the LiFesPO4/LiTisO1. electrode system [99].

In a new approach to improve ionic conductivity in LC electrolytes through weak
noncovalent interactions, low molecular weight carbonates (ethylene or propylene) were
incorporated into the 2D structure of a liquid crystalline electrolyte derived from lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) salt and carbonate-based LC. The newly obtained
electrolyte system exhibited high ionic conductivity (10 to 10° S cm™), while preserving its 2D
nanostructure. Good ionic conductivity was observed even at room temperature and its use was
demonstrated in the first LC electrolyte-based LIBs operating at room temperature [100].

Studies on an electrolyte system composed of zwitterionic liquid crystals, LiTFSI salt, and
propylene carbonate revealed excellent ionic conductivities of up to 10* S cm™ [67]. Ober and co-
workers demonstrated an electrolyte system based on LiTFSI salt and oligothiophene based LC
containing oxyethylene units, showing a high ionic conductivity of 5.2 x 104 S cm™ at 70 °C [101].
A detailed study on this electrolyte system revealed that the high ionic conductivity in the smectic
phase is associated with the formation of 2D ion transport channels due to nanosegregation of the
oligothiophene and oxyethylene moieties and n-stacking of the thiophene rings.

Wang and co-workers demonstrated a solvent-free electrolyte system based on ILCs that
combined the properties of Li* salt and an organic solvent or plasticizer. It showed good room-
temperature ionic conductivity (3 x 10 S cm™) and electrochemical stability. Here also, detailed
studies revealed that the observed high ionic conductivity was associated with the formation of
efficient ion-conductive channels in the LC phase [102].

Electrochemical stability of the electrolytes at high voltages is critical for the application

of advanced LIBs, which work in the voltage range of 0 to 5.0 V. LC electrolytes have shown good
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electrochemical stability up to 4.3 V versus the Li/Li* reference electrode. Furthermore, LC
electrolytes having high oxidative resistance have been found to suppress the electrolysis of active
electrode materials during the charge-discharge process [103].

Lithium metal is a natural choice for use in rechargeable Li-ion batteries as an anode
material due to its high negative electrochemical potential (—3.040 V vs the standard hydrogen
electrode), high theoretical specific capacity (3860 mAh g!), and low density (0.534 g cm™) [8,
104-106]. However, their use in high performance LIBs is limited because of the Li-dendrite
formation during the continued lithium deposition and stripping process and poor cycle life. This
leads to the disruption of the electrochemical reactions due to the unavailability of enough Li-ions,
increased resistance, and poor coulombic efficiency. Eventually, this leads to battery failure and
short-circuiting which could result in an explosion. Recent studies have shown that the use of LC
electrolytes with high ionic conductivity can suppress dendrite formation by forming a robust solid
electrolyte interface (SEI) over a wide temperature range [91b]. This was demonstrated in a recent
study that shows only a negligible change in the polarization of the cell, even after 850 hours of
continues lithium plating and stripping, which indicates smooth cycling with minimal dendrite

formation [91b].

1.3.3 Liquid crystalline polymer electrolytes

LCs are also utilized in the synthesis of anisotropic polymer electrolytes, which combine
the properties of liquid crystal electrolytes and polymer electrolytes [107-108]. This is obtained by
the polymerization of the liquid crystalline electrolyte material in a LC phase. The introduction of
the LC property allows tuning the size and orientation of the ion-conducting channels in the

polymer for efficient Li-ion transport [108]. In addition, liquid-crystalline polymer electrolytes
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(LCPEs) provide high mechanical stability, a broad operating temperature range, reduced

electrolyte leakage, and low flammability [109].
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Figure 3. Examples of typical examples of polymer electrolyte systems based on liquid crystals
[110].

Kato and co-workers prepared such a liquid crystalline polymer electrolyte in 2005 by
photopolymerizing a PEO-based LC monomer containing a polymerizable methacrylate unit. It
exhibited ionic conductivity in the range of 10 S cm™ at room temperature (Figure 3). Even after
polymerization, the ethylene oxide moiety retained its mobility [110]. Zhang and co-workers
recently created a solid polymer electrolyte by combining a nematic LC and an ionic liquid; it
exhibited high ionic conductivity at room temperature of 2.14 x 10 S cm™, a wide electrochemical

window of 4.8 V, and excellent compatibility with lithium metal [111].

1.4 Boron clusters in solid-state electrolytes

Anionic boron clusters have attracted significant interest as components of new solid-state
electrolytes due to their highly delocalized negative charge in their 3-dimensional sigma
framework (weakly coordinating anions) as well as their high electrochemical and thermal stability.
In addition, it was observed that the large size of polyhedral boron clusters has an advantage over

the simple metal borohydride M[BH4] by providing interstitial channels for facile ion diffusion
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with low activation energy. In general, the disordered high-temperature phase exhibits up to three
orders of magnitude greater ionic conductivity than the ordered low-temperature phase. Metal salts
of boron clusters, including [closo-BioH10]* (A), [closo-1-CBgHio]™ (B), and [closo-1-CB11Hi2]"
(G), have been extensively studied as halogen-free electrolyte materials for all-solid-state battery
applications. Solid-state electrolytes have several advantages over liquid electrolytes, including

high oxidative stability, high energy density, and lower risk of flammability [112-116].

1.4.1 Electrolytes based on boron clusters

In the disordered high-temperature phase of metal salts of the boron clusters, there are more
interstitial voids in the crystal lattice, resulting in increased metal ion mobility through it. As a
consequence, Na* salts of the dianions [closo-BioH10]> (A) and [closo-B12H12]* (F) (Structures in
Figure 2 of the main Introduction) exhibit superionic conductivity (0.01 to 0.1 S cm™) above their
respective order-disorder phase transition temperatures of 373 K and 573 K [117-119]. Li* salts of
these dianions exhibit high ionic conductivity with a transition temperature greater than 600 K
[120]. The phase transition temperatures of the Li* and Na* salts of [closo-1-CB11H12]" (G) were
determined to be 400 K and 380 K, respectively, which is significantly lower than the transition
temperature for the salts of the anion A. In their disordered cubic phases, Li* and Na* salts of the
anion G exhibit superionic conductivities of 0.15 S cm™ and 0.12 S cm™, respectively [121]. Due
to its low phase transition temperature of 363 K, [closo-1-CBgHio] Li* has been intensively studied
and they have demonstrated ionic conductivity of 8.1 x 102 S cm™ in their high temperature phase
[122]. As an alternative to Li-ion batteries, other metal ions such as Mg?" and Ca?* are being
extensively studied [123-126].

Compared to metal salts of dianionic closo-borates, salts of monoanionic carboranes are

indeed superior electrolyte components due to the lower cation to anion ratio in their lattices, which
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allows for greater cation diffusion. In addition, it has been observed that the carbon atoms in
carborane decrease the order-disorder phase transition temperature by increasing the intrinsic
disorder. In addition to the increased anion orientational mobility, the weak coulombic attraction
also facilitates cation diffusion in carbaborate salts [127-128]. However, from the standpoint of
using these electrolytes in ion batteries, a high ionic conductivity at low temperature is desired.

One of the ways in which high ionic conductivity at a lower temperature was achieved is
by mixing different boron cluster salts. A study of a solid solution of 0.7Li[CBgH10]-
0.3Li[CB11H12] revealed a low transition temperature to a chemically and electrochemically stable
phase with an ionic conductivity of 6.7 x 103 S cm™ at 25 °C [129]. Similarly, ionic conductivities
of a solid solution of 0.6Li[CBgH10]-0.4Li2[B12H12] at 25 °C were 1.7 x 10 S cm™ [130]. Also,
an electrolyte system of 0.5Na[B12H1.]-0.5Na[B1oH10] was utilized to create a stable 3 V solid-
state battery [131].

Although anionic boron clusters as structural elements for solid-state electrolytes are
extremely promising, achieving ionic conductivities comparable to those of liquids (102 to 10 S
cm) remains difficult. This is primarily due to steric interactions and coulombic forces, which
make diffusion of metal ions through the crystal lattice difficult [116]. One approach to achieve
good ionic conductivity is by developing a new electrolyte system by incorporating closo-borate
metal salts as additives to a suitable organic matrix. This approach was primarily constrained by
the incompatibility and poor solubility of the salts in organic matrices. Currently, several
functionalized carbaborates suitable for electrolyte applications are available. Part B of this thesis
is focused solely on this new area of electrolyte research, in which functionalized [closo-1-
CBu11H12] derivatives are used as Li* salt additives to liquid crystalline matrices to generate liquid
crystalline electrolytes. The final goal of the project is to obtain a free standing and flexible solid

polymer electrolyte and to test its performance in a Li-ion battery.
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1.5 Principles of electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a widely used technique for
understanding the characteristics of electrolytes, the mobility of ions, interfacial reactions between
electrodes and electrolytes, as well as the physical and chemical phenomena occurring within
lithium-ion batteries (LI1Bs) [132]. Monitoring the battery's performance in real time is crucial for
ensuring its safety, quality, and efficiency. As a non-destructive technique, EIS can be used as a
diagnostic tool in various battery stages and over a broad frequency range without compromising
the battery's integrity [133-135]. EIS is also used to characterize energy storage and conversion
devices such as fuel cells [136] and capacitors [137].

Impedance, Z, is the resistance to current flow through a battery when an AC voltage is
applied. It has a direct effect on the battery's efficiency, operating voltage, rate capability, and
capacity. Due to this, measuring impedance is helpful for estimating the operational limits,
performance, and internal aging state of batteries [138-139]. The internal impedance of a battery is
complex due to contributions (resistive, capacitive, and inductive impedance) from its many
individual components, such as electrodes, electrolyte, current collectors, and separators [140]. EIS
is conducted over a broad frequency range under varying temperature and state of charge (SOC)
conditions to gather impedance information (real part, imaginary part, phase). EIS is faster and
more accurate than traditional methods based on voltage and current alone [141-142].

EIS measurements, either in a potentiostatic mode (constant voltage) or in a galavanostatic
mode (constant current), can be used to obtain the characteristic impedance spectrum [143]. In the
potentiostatic mode, a sinusoidal voltage of a certain amplitude and frequency is applied to the
battery over a specific frequency range (typically kHz to MHz), and the output current and phase

are analyzed with a frequency response analyzer (FRA). Typically, the measurements provide
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information regarding the various elementary reactions occurring in the cell, including electron
transfer from the current collector to the electrode, electron migration and Li-ion migration through
the electrode thickness, double layer charging at the interfaces, coupled diffusion of active and
non-active ions in porous electrodes, and diffusion of ions in the separator [144]. This technique
allows for the investigation of these distinct processes with distinct time constants.

Typically, Nyquist or Bode plots are employed to analyze the results of impedance
measurements (the output signal and the current response of the system). Using a Nyquist or Bode
plot, the resistance, capacitance, and inductance contributions of various cell components and
processes can be determined. The Nyquist plot is generated by plotting the imaginary part (Z") of
the impedance against the real part (Z'). In a Bode plot, Z" and Z’, or magnitude and phase, are
plotted as functions of frequency [145]. One can determine resistance from the X-axis and
reactance from the Y-axis using the Nyquist plot.

Although EIS is an easy-to-use technique, deconvolution and interpretation of the massive
amount of data from the poorly resolved arcs in the impedance spectrum are frequently challenging
[146]. Through a series of studies evaluating the changes in the measured EIS spectra in relation
to the changes in the cell components, scientists were able to connect particular electrochemical
processes to particular regions of the spectra [147-148]. By constructing equivalent circuits, it is
also possible to assign each region of the plot to a distinct physical process and component of the
battery. Using various electric field elements, the basic shape of measured spectra can be easily
matched in equivalent circuit analysis. Figure 4 depicts a schematic example of a typical Nyquist

plot.
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Figure 4. A typical Nyquist plot of a symmetrical lithium battery. The meaning of labels is
discussed in the text.

In Figure 4, Re in the highest frequency region represents the electrode resistance between
the current collector and the electrode [149]. The next region of the spectrum corresponds to the
electrolyte resistance, Ry, and it is the resistance for the movement of active Li-ions and counterions
in the electrolyte. Impedance arcs in the next region, resulting from the passive layer resistance,
Rp, and charge transfer resistance, Ry, are overlapped. This is due to their similar time constants,
and this region of the spectrum is often called interfacial layer impedance due to the practical
meaning it has. This region combines resistive and capacitive effects [150]. The lowest frequency
region of the spectrum corresponds to the Warburg impedance Zg. This is the resistance related to

the ambipolar diffusion in the solid-state crystallites of the insertion material.
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CHAPTER B2

Liquid crystalline electrolytes derived from the 1,12-

disubstituted [closo-CB11H12]~ anion.

(J. Guschlbauer, L. Niedzicki, L. Jacob, E. Rzeszotarska, D. Pociecha, P.
Kaszynski, J. Mol. Lig. 2023, 377, 121525, DOI: 10.1016/j.molliq.2023.121525)

2.1 Introduction

This research investigated a novel paradigm for anisotropic electrolytes. A new LC
electrolyte system was investigated in which the anion of the Li-salt is a 1,12-disubstituted [closo-
CB11Hz12] derivative that is structurally similar to the molecules of the LC host exhibiting smectic
C and nematic phases. The significance of this electrolyte design was that the anion behaves, in
principle, like the host molecule, and this may permit to avoid using extraneous anions
accumulating in the conductive layer, which could be beneficial for the liquid crystalline phase
stability and Li* ion transport properties. Electrolytes with different concentrations of salts (5, 10,
and 15 mol%) were studied, and the results showed that the ionic conductivity in the LC phase
monotonically increased from 102 to 10* S cm™, with increasing concentration of Li-ion and
temperature (20 to 120 °C). The electrochemical stability window of the 15 mol% electrolyte was
determined to be between 1.3 and 4.6 volts relative to the Li metal anode. This suggests the

compatibility of the electrolyte system with most Li* ion electrodes.

This project was started by Ms. Edyta Rzeszotarska, a former student, who initially worked
on the synthesis of the LC host. Dr. Jannick Guschlbauer was subsequently able to synthesize and
characterize the LC host and lithium salt based on a 1,12-disubstituted [closo-CB11H12]" derivative.
He also prepared the electrolyte samples. | contributed to the project by providing the [closo-1-

CB11Hz12] cluster and by resynthesizing the LC host and lithium salt to obtain larger amounts for
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studies. I also contributed to the thermal behavior analysis and powder XRD measurements of the
samples. Dr. Damian Pociecha performed the temperature dependent powder XRD measurements.
Dr. Leszek Niedzicki performed the electrochemical impedance spectroscopy (EIS) and linear

sweep voltammetry (LSV). Prof. Piotr Kaszynski validated all experimental results.
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A new approach to anisotropic liquid electrolytes is explored. Thus, a non-ionic liquid crystalline host
exhibiting SmC and N phases is doped with a lithium salt containing an anion structurally similar to
the host and derived from the weakly-nucleophilic [closo-CB,1H;3]™ cluster. The resulting unaligned 5,
10, and 15 mol% solutions of the lithium salt in the host were investigated by optical, thermal, powder
XRD and impedance spectroscopy methods in a broad temperature range. The results showed that the
increasing concentration of the ionic additives essentially does not affect the mesophase stability, but
expands the lamellar SmA phase possessing ion conducting channels. At the same time ionic conductiv-
ity, o, monotonically increases from 107 to 104 S cm™" with increasing temperature (20-120 °C) and
with increasing Li* ion concentration. The Arrhenius analysis of the conductivity data revealed progres-
sively decreasing activation energy Eyc from crystalline (~102 k] mol~), to SmA (~70 k] mol~') and to
nematic (~30 kJ mol ') phases. The electrochemical stability window of the 15 mol% electrolyte was

determined as 1.3-4.6 V vs Li metal anode.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Organic electrolytes [1-3] are of increasing importance for
energy storage and processing, in particular for Li-ion batteries
[4-10]. One promising avenue to such electrolytes involves liquid
crystals (LCs), which can serve as effective nanostructured aniso-
tropic solvents for lithium salts [11-14]. Research over the past
two decades has shown that such an approach provides substantial
benefits, when compared to conventional liquid lithium salt solu-
tions [15]. Thus, these materials offer reasonable ionic conductiv-
ity, safe processibility with decreased danger of leakage, reduced
inflammability, and the perspective for immobilization by poly-
merization [16]. For instance, ionic conductivity of 10°-10° S
cm~' was obtained for smectic materials [17,18], which was
improved by 60 times upon addition of ethylene carbonate [19].
The inherent anisotropy of liquid crystals that arises from nano-

* Corresponding author at: Centre of Molecular and Macromolecular Studies,
Polish Academy of Sciences, 90-363 £6dz, Poland.
E-mail address: piotr.kaszynski@mtsu.edu (P. Kaszynski).

https://doi.org/10.1016/j.molliq.2023.121525
0167-7322/© 2023 Elsevier B.V. All rights reserved.

segregation leads to formation of 1D [20,21], 2D [22-25] or 3D
[26-28] ion-conductive nanopathways with liquid-like ion mobil-
ity. For instance, aligned smectic materials have been shown to
increase ionic conductivity up to three orders of magnitude for
Li* migration along the ionic planes, when compared to the trans-
port through the same material with unaligned polydomain struc-
tures [29,30]. These studies typically involved solutions of lithium
salts, e.g. lithium triflate or (CF3SO,),NLi, in an LC host containing
ionic or chelating O-donor groups, such as alkylcarbonate
[17,18,20,24,26,31] or oligo(ethylene oxide) [22,29,30,32-35].
There are also recent reports on liquid crystalline lithium salts,
both low molecular weight and polymeric as single-ion conductors
[36-38].

Lithium salts used to formulate electrolytes typically contain
weakly nucleophilic anions, such as (CF3S0,),N-, CF3S03, PF5, and
BF; [39,40]. Particularly interesting in this context are closo-
borate anions [41,42], which are weakly nucleophilic [43], inor-
ganic, three-dimensional, G-aromatic [44,45] boron hydrides. Over
the past four decades several lithium [46-51] and, more recently,
also magnesium [52,53] salts of the parent and halogenated closo-
borates were tested as ionic additives to organic electrolytes and
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also as solid electrolytes.[54-57] On the other hand, these closo-
borates have been demonstrated to be effective structural ele-
ments of polar [58] and ionic liquid crystals [59-62]. Therefore, it
was speculated that incorporation of a closo-borate anion into a
molecular structure resembling that of a mesogenic compound
might led to effective electrolyte systems, in which the anion
behaves, in principle, like a molecule of the host. This approach
may permit to avoid the use of extraneous anions accumulating
in the conductive layer, which could be beneficial for the liquid
crystalline phase stability and Li* ion transport properties. For this
purpose, we considered a non-ionic host molecule LC[n] and its
close structural analogue 1[Li] as the source of lithium cations
(Fig. 1).

Herein we present a new approach to anisotropic liquid elec-
trolytes, in which a mesogenic non-ionic host LC[n] is doped with
lithium salt 1[Li] containing an anion structurally similar to the
host molecule. In this preliminary report we formulate 5, 10, and
15 mol% solutions and investigate them for liquid crystalline
behavior, ionic conductivity, and voltage stability of unaligned
samples to set the foundation of a new class of ion transport
materials.

2. Results and discussion
2.1. Synthesis

The preparation of liquid crystalline hosts LC[n] and the ionic
additive 1[Li] is shown in Scheme 1. Thus, a Steglich-type esterifi-
cation of biphenyl-4-ol 2[n] with 4-hexylbenzoic acid in the pres-
ence of dicyclohexylcarbodiimide (DCC) and catalytic amounts of
4-dimethylaminopyridine (DMAP) gave LC[3] and LC[4] in 77%
and 61% yields, respectively, after chromatographic purification.
Using the same reaction conditions, biphenyl-4-ol 2[n] was ester-
ified with acid [62] [closo-1-CBy1H;o-1-COOH-12-CgHq3] [Et4N]".
Acidic workup of the reaction mixture gave the protonated form
of the ester (1[H]), which was converted to the [EtyN]" salt 1
[EtsN] and purified by column chromatography. The ion pair was
converted to the Li* salt 1[Li] by removing the [Et4;N]* cation and
then extracting the Li* salt from the aqueous to the CH,Cl, layer.

The requisite biphenyl-4-ols 2[3] and 2[4] were obtained in 86%
and 58% yield, respectively, by alkylation of 4,4'-
dihydroxybiphenyl with appropriate tosylate 3[n] [63,64] in the
presence of one equivalent of t-BuOK (Scheme 2). This procedure
was more efficient than the two-step method of alkylation of ben-
zyl mono-protected 4,4'-dihydroxybiphenyl [65] (4) to form 5[3]
followed by reductive debenzylation in the presence of a Pd/C
catalyst.

Electrolyte mixtures, LC[3]-1[Li]5, LC[3]-1[Li]10, and LC[3]-1
[Li]15 for impedance analysis containing 5, 10 and 15 mol% of salt
1[Li] in host LC[3], respectively, were prepared by dissolving exact
amounts in CH,Cl,, followed by evaporation of the clear solutions
and drying in vacuo.

CBH13@COOO (CH,CH,0),M

LCIn] _‘ n=34
CeHia COOO(CHZCHZO sMe
1[Li]

Fig. 1. Structures of the LC host and the ionic additive 1[Li]. In the boron cage of 1
[Li] each unsubstituted vertex (green) is a BH fragment and the dot represents a
carbon atom. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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HO O(CH,CH,0),Me

2[n]
n=3 ij :
\—’), LC[n] \—[EtN]» 1[Li]

C5H13@ COOH CGHW@COOH

Scheme 1. Preparation of hosts LC[n] and additive 1[Li]. Reagents and conditions:
i) 1.2 eq. DCC, 0.2 eq. DMAP, CH,Cl,, rt, 18 h, yield 77% (LC[3]) and 61% (LC[4]); if) 1
1.2 eq. DCC, 0.2 eq. DMAP, CH,Cl,, rt, 18 h. 2. aq. HCI (10%), 3. LIOH/LICl, H,0/CH,Cl,,
rt, yield 65%.

HOOH *» HOO (CHLCRO)Me
2[n] ?

Bno on 4> B"\O OlerCrzone

5[n]

Scheme 2. Preparation of biphenyl-4-ols 2[n]. Reagents and conditions: i) t-BuOK,
TsO(CH,CH,0),Me (3[n]), EtOH, yield 86% (2[3]), 58% (2[4]), 66% (5[3]); ii) H, Pd/C,
AcOEt, rt, 18 h, 93% yield.

2.2. Liquid crystalline behavior

Mesogenic behavior of hosts LC[n] and mixtures LC[3]-1[Li]x
was investigated with differential scanning calorimetry (DSC)
and polarized optical microscopy[66,67] (POM). Results are shown
in Table 1 and Figs. 2-4.

Compounds LC[3] and LC[4] exhibit two crystalline (Cr), smec-
tic (Sm),[68] and nematic (N) phases with the overall higher meso-
phase stability for the former derivative (Table 1). Both compounds
undergo a Cr-Cr transition at about 50 °C and melt to a smectic
phase at 70 and 58 °C, respectively, as shown for LC[3] in Fig. 2.
The enthalpy change at the Cr-Cr transition is substantial (about
30 k] mol ™!, Table 1) and twice higher than that for the melting,
which suggests a two-stage process: first melting of the coiled
oligo(ethylene oxide) chains followed by melting of the aromatic
cores. This is consistent with the fact that the Cr-Sm transition is
reversible with a small hysteresis (about 8 K at a rate of
10 K min™"), while the Cr-Cr transition is not observed on cooling
(Fig. 2). The latter suggests freezing of the oligo(ethylene oxide)
chains rather than their crystallization. Such a sequential melting
to lamellar phases has been observed recently for compounds with
incompatible rigid cores and alkyl chains [61,69].

The enantiotropic smectic phase was identified as a tilted smec-
tic C (SmC) phase on the basis of its schlieren texture and also a fin-
gerprint texture observed at the N-Sm transition in a slowly cooled

Table 1
Thermotropic properties of LC[n] and mixtures LC[3]-1[Li]x.*

Compound Transition temperature (°C) and enthalpy (k] mol ')
LC[3]® Cr; 49(26.9) Cr, 70(14.1) (Sml 69)° SmC 80(4.3) N 117(0.9) I
LC[4] © Cr, 53(33.6) Cr, 58(13.3) SmC 60(5.1) N 91(0.4) I
LC[3]-1[Li]x ¢

x=5 Cr68 SmA 102N 1141

x=10 Cr; 43 Cr, 61 SMA 110N 1161

x=15 Cr 44 SmA 116 (N 115)°

2 Cr-crystalline phase, SmA, SmC, Sml-smectic phases, N-nematic, I-isotropic
phase.

b peak of the transition recorded on the first heating at 10 K min~
mol~! (in parentheses).

€ Monotropic transition.

4 Peak of the transition recorded on the second heating at 10 K min~".

1: enthalpy in k]



J. Guschlbauer, L. Niedzicki, L. Jacob et al.

96
41
40 N
60 90 100 114/
sm A1 15moi%
109
L Sm N2 1 10 motve
Sm \ N | 5 mol%
cooling
o
T
LC[3]
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Fig. 2. DSC trace of the host LC[3] (black), obtained on first heating and cooling
cycle, and mixtures with 1[Li]: 5 mol% (red), 10 mol% (green) and 15 mol% (blue)
obtained on second cooling after the 25 — 180 — 25 — 180 °C cycle (10 K min~1).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

sample without the top cover (Fig. 3b). The narrow range SmC
phase (10 K for LC[3] and 2 K for LC[4]) is followed by a nematic
phase and clearing to the isotropic phase at 117 and 91 °C, respec-
tively. The cooling cycle revealed a narrow monotropic phase
below the SmC phase only for LC[3] (Fig. 2). The schlieren texture
suggests a smectic I (Sml) phase as shown in Fig. 3c. Overall, higher
mesophase stability and a broader smectic phase observed in LC[3]
suggested it as a more suitable host for the ionic additive 1[Li].

Addition of the ion pair 1[Li] to LC[3] converts the SmC phase in
pure LC[3] to a smectic A (SmA) phase, as evident from the home-
otropic texture of the sample without the top cover glass [70].
Increasing concentration of the ionic additive progressively
expands the smectic phase range at the expense of the N phase,
as shown in a partial phase diagram in Fig. 4. For 15 mol% of 1
[Li], the nematic phase is nearly fully replaced with a SmA phase
with a narrow range (1 K) monotropic nematic phase.

2.3. Powder XRD analysis

The formation of SmC in pure hosts LC[3] and LC[4], and SmA in
solutions of 1[Li] in LC[3] were confirmed with powder X-ray
diffraction methods (PXRD). Results are shown in Figs. 5 and 6.
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Temp
/°C

40 \ \ \

0 5 10 15
1[Li] in LC[3] /mol%

Fig. 4. Partial phase diagram of 1[Li] and LC[3] obtained on second heating (See
Table 1).

Diffraction patterns obtained for the smectic C phase in LC[3]
and LC[4] were typical for a fluid lamellar phase, consisting of a
set of sharp, commensurate signals in the small angle region and
a broad diffused high angle signal (Fig. 5). The transition to a hex-
atic phase below the SmC phase in LC[3] was accompanied by a
considerable narrowing of the high angle diffraction signal due to
the growing correlation length of in-plane positional order. The
equatorial position of the high-angle signal, with respect to layer
reflections, strongly suggests a Sml phase, in which the molecules
are tilted to the nearest neighbour. Unfortunately, full characteri-
zation of the phase was hampered by its metastable nature and
partial crystallization during the measurements. In addition, the
temperature dependence of the layer spacing d shows an S-like
shape, which is typical for the SmC-hexatic phase transition
(Fig. 6).

XRD patterns for the smectic A phase of the electrolyte mixtures
were qualitatively the same as those taken for SmC phase of the
pure host (Fig. 5). However the low angle signal position indicated
a considerably higher layer spacing of about 33 A in all mixtures vs
about 26 A in the pure host. This observed larger layer spacing
might be attributed to the orthogonal character of the smectic
phase in the mixtures and also to a reorganization of the tri(ethy-
lene oxide) layer resulting from coordination of the Li* ions with at
least partial incorporation of the closo-borate fragment into the
ionic layer. Analysis of temperature dependence of the layer spac-
ing d revealed the appearance of an additional diffraction signal at

Fig. 3. Optical textures obtained on cooling and observed in polarized light for the same sample region of LC[3]: a) nematic phase at 90 °C, b) SmC phase just below N-SmC

transition at 79 °C, c¢) hexatic SmlI at 68 °C.
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Fig. 5. Powder XRD patterns for smectic phases in LC[3] (bottom) and mixtures LC
[3]-1[Li]x.

76 °C for 5 mol% and at 53 °C for 10 mol% mixture (Fig. 6 and the
SI), whose position coincides with that for the SmC phase of the
pure host [70]. This observation suggests a macroscopic phase sep-
aration at lower temperatures, which narrows the range of homo-
geneous solutions for reliable characterization by impedance
spectroscopy.

2.4. Impedance spectroscopy

Tonic conductivity ¢ was measured for unaligned samples of 1
[Li] in non-ionic LC[3] in the temperature range of 20-120 °C
and for three concentrations, 5, 10, and 15 mol% (approximately
0.1, 0.2, and 0.3 M, respectively) by an Electrochemical Impedance
Spectroscopy (EIS) method. Results in Fig. 7 demonstrate that con-
ductivity o increases monotonically in the entire temperature
range from crystalline, through SmA to the nematic phase for all
three concentrations of ionic additive 1[Li]. Importantly, above
110 °C the conductivity reaches 0.1 mS cm™~', which is in a range
of interest for practical applications. The observed trends in logo
(T~1!) are consistent with those for Li* salts with small anions, such
as ClOg, up to about 0.5 M solutions [71-73], above which ionic
conductivity typically decreases by up to an order of magnitude
in liquid crystal [18] and ionic liquid [74,75] solutions.

Detailed analysis of the conductivity data demonstrated that
solutions with higher concentrations generally have higher con-
ductivity. The only exception is the region of the SmA phase
between 80 °C and 90 °C, in which the 10 mol% mixture, LC[3]-1
[Li]10, surprisingly has lower conductivity than that of the 5 mol
% solution, LC[3]-1[Li]5 (Fig. 7). Regardless of the phase type, the
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Fig. 7. Temperature dependent Li* conductivity obtained by the EIS method in 10 K
steps from 20 °C to 120 °C.

ratio of ionic conductivity ¢ of the 15 mol% vs. the 10 mol% mix-
ture is in a range of 1.15 to 1.4 at temperatures above 60 °C. The
analogous ratio of conductivity for the 10 mol% to the 5 mol% solu-
tion is much higher (up to 1.78), except for 80 °C and 90 °C, at
which the ratio is below 1.0 (0.87 and 0.96, respectively). This
observation indicates anomalous behavior of the 5 mol% mixture
(LC[3]-1[Li]5), which may be related to phase segregation taking
place just below 80 °C.

Further analysis of the electrolyte solutions focused on the acti-
vation energy (E,c) of the conductivity process in each phase
determined by Arrhenius analysis of Inc(T~") plots, as shown for
10 mol% solution LC[3]-1[Li]10 in Fig. 8. A limited number of dat-
apoints allowed only for estimates, which are tabularized in Fig. 8,
and which permit a semi-quantitative discussion. Thus, the Ec for
the nematic phase was determined only for the 5 mol% solution,
and E,c for the SmA and crystalline phases could reliably be
obtained for 10 and 15 mol% solutions. Analysis of the data demon-
strates that the activation energy E,c increases from the nematic
phase (32 + 3 k] mol ™' for LC[3]-1[Li]5) through the SmA phase
to the highest in the crystalline phase, which was expected on
the basis of increasing organization of the phase and, consequently,
its viscosity. The E,c values determined for the SmA phase in the
two high concentration solutions are about 70 k] mol~!, which
are significantly higher than the estimated E,c of 56 k] mol~" for
the 5 mol% solution, LC[3]-1[Li]5. This indicates again anomalous
behavior of the 5 mol% solution.

The generally high E,jc values in the LC[3]-1[Li]x system, espe-
cially in the crystalline phase, are responsible for the observed
steep, by over two orders of magnitude increase of conductivity
o in a 40 K range (20 °C to 60 °C). Such a high E,c value in the
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Fig. 6. Temperature dependence of the layer spacing d for LC[3] (left) and mixture LC[3]-1[Li]5 (right). The vertical dotted line on the right indicates phase separation.
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Fig. 8. Left: Arrhenius analysis of conductivity of 10 mol% solution LC[3]-1[Li]10:
nematic phase (blue), SmA phase (red), crystalline phase (green), points not used
for analysis (black, blue). Right: calculated activation energy E,c for all three
concentrations. Details are provided in the SI. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

crystalline phases is typical for solid polymer electrolytes and
polymerized ionic liquids [76,77], while E,c values in a range of
70 k] mol~! observed for the smectic phase are typical for ionic lig-
uid and liquid polymer electrolytes [75,78].

Analysis of the E,ic values for the SmA phase shows an increas-
ing trend with increasing concentration of the Li* salt, which sug-
gests an increasing order of the ionic layer. Support for this
assertion is provided by the XRD results, which demonstrate
higher intensity of the first harmonic reflection in the SmA phase
for higher concentration solutions (Fig. 5). The observed relatively
small increase in conductivity ¢ and in the E,ic values (vide supra)
between 10 and 15 mol% (relatively to 5 vs 10 mol%) indicates that
the system is close to an optimum concentration for obtaining a
homogeneous, broad temperature range mesophase. This may also
suggest that a further increase in concentration may not result in a
substantial increase in ionic conductivity.

Changes in the E,c values observed between the crystal and
SmA phases provide an additional insight into the structure of
the conductive layer. Thus, the decrease in E,c is much bigger for
the 10 mol% mixture (AE,c = —64 k] mol ') than for the 15 mol%
solution (AE,c = -8 k] mol ). The small change for the latter solu-
tion is due to the already low activation barrier for ion conduction
in the crystalline phase. This observation suggests that the opti-
mum concentration of Li* ions is achieved with about 15 mol%,
and the structure of the conductive layer, consisting of about 6
tri(ethylene oxide) chains per Li* ion in the crystalline phase, more
closely resembles that in the smectic A layer. Consistent with this
suggestion is the observed in the series diminishing tendency of
the solutions to macrosegregate the pure host LC[3], as perhaps a
way to achieve this favorable ratio of 1[Li] to LC[3] (at 76 °C for
5 mol%, at 54 °C for 10 mol%, and none for 15 mol% mixture, vide
supra).

Finally, electrochemical stability window for the 15 mol% solu-
tion LC[3]-1[Li]15 at 90 °C (SmA phase) was assessed by Linear
Sweep Voltammetry (LSV) using a Li® | electrolyte | Pt° cell. Reduc-
tion and oxidation limits were obtained for independent samples
starting the sweep at 3 V vs the Li° anode (Fig. 9). Experiments
demonstrated that the stability window for LC[3]-1[Li]15 at
90 °C spans from 1.3 to 4.6 V vs Li° anode (Fig. 9), which suggests
good compatibility with most Li* ion electrodes. This stability
window compares favourably to that of solid solutions of
[closo-1-CBgH0] Li* and [closo-Bi,H2]2™ 2Li* salts (up to 5 V vs
Li°® anode),[54,55] and to a similar solid solution of
[closo-1-CBy1H;,] Li* and [closo-1-CBgH,0] Li* salts, which exhibits
electrochemical stability only up 2.9 V vs Li° anode.[56,57] This
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Fig. 9. Linear sweep voltammogram (LSV) of 15 mol% 1[Li] in LC[3] at 90 °C. The
shaded area indicates the electrochemical window of compatibility with the Li
metal anode.

latter result suggests lower electrochemical stability of the
[closo-1-CBy{H1>] anion than the two other closo-borane anions
and reported here LC[3]-1[Li]15.

3. Conclusions

We have demonstrated a new approach to anisotropic elec-
trolytes by using a non-ionic LC host and ionic additive with the
anion structurally similar to the host and comprising of the appro-
priately substituted [closo-1-CBq1H;2]™ cluster. Experiments show
that such a host-ion additive system exhibits good compatibility:
the additive essentially does not affect thermal stability of the
mesophase, it expands the range of the lamellar phase, and a
homogenous solution with concentrations up to 15 mol%
(~0.3 M solutions) can be obtained. This represents a promising
direction in electrolyte formulations.

Impedance spectroscopy revealed favourable electrochemical
properties of unaligned samples of the electrolyte solutions: the
ion conductivity generally increases with increasing concentration
and with increasing temperatures reaching the range of about 0.1
mS cm™ . It is expected that aligned samples will exhibit much
higher conductivities with significant anisotropy. For these reasons
such systems are promising for obtaining practical materials after
alignment and additional molecular optimizations. Further analy-
sis demonstrated that the activation energy of the ion conduction,
E.ic, in unaligned samples is about 70 k] mol~! in the SmA phase,
which is similar to ionic liquid and polymeric electrolytes.

Structures optimization, alignment of the smectic phases, and
preparation of anisotropic polymers are underway.

4. Experimental section
4.1. General procedures

Reagents and solvents were obtained commercially. Toluene,
THF, and CH,Cl, used in reactions were passed through alumina
in a solvent purification system after drying according to estab-
lished procedures [79]. Acid [closo-1-CB;{H;o-1-COOH-12-
CeHq3] [EtyN]* [62], tosylates TsO(CH,CH,0),Me [63] (3[n]), and
4'-(benzyloxy)biphenyl-4-ol [65] (4) were synthesized according
to the literature. Reactions were performed in an inert-gas atmo-
sphere (balloons) using oven-dried glassware. Workups were done
in air. Heat for reactions requiring elevated temperatures was sup-
plied using oil baths. NMR spectra were recorded on a Bruker AV III
400 or a AV I1I 500 spectrometer in CDCls, CD,Cl, or DMSO dg. 'H
and '*C NMR chemical shifts were internally referenced to the
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solvent signals (CDCls: 8y 7.26 ppm, 8¢ 77.16 ppm; CD,Cl,: 3y
5.32 ppm, &¢ 53.84 ppm; DMSO dg: &y 2.50 ppm, 8¢ 39.52 ppm)
[80] and for "Li and ''"B NMR spectra using external references, LiCl
in D,0 and BF;-Et,0, respectively, set to 6 = 0.0 ppm. Melting points
were determined on a Stuart SMP30 Melting Point Apparatus and
are uncorrected.

4.2. Preparation of 4-(4-hexylbenzoyloxy)-4'-[2-(2-(2-
methoxyethoxy Jethoxy Jethoxy |biphenyl (LC[3])

To a solution of biphenyl-4-ol 2[3] (0.838 g, 2.52 mmol, 1.0 eq.)
and 4-hexylbenzoic acid (0.624 g, 3.03 mmol, 1.2 eq.) in CH,Cl,
(30 mL) were added dicyclohexylcarbodiimide (DCC, 0.624 g,
3.03 mmol, 1.2 eq.) and N,N-dimethylaminopyridine (DMAP,
0.062 g, 0.50 mmol, 0.2 eq.). The clear solution turned to a white
suspension after 30 min. It was stirred for 18 h until thin layer
chromatography (TLC) indicated the absence of the starting 2[3].
The suspension was filtered and the volatiles were removed in
vacuo. The residue was separated by column chromatography
(Si0,, pet. ether/EtOAc 3:2) and the product was dried in vacuo
giving 1.012 g (1.94 mmol, 77% yield) of LC[3] as a colorless solid,
which was purified further by recrystallization (i-PrOH): 'H NMR
(400 MHz, CDCl3) ¢ 8.13 (d, J = 7.9 Hz, 2H), 7.58 (d, J = 8.3 Hz,
2H), 7.51 (d, ] = 8.4 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 7.25 (d,
J = 8.1 Hz, 2H), 6.99 (d, ] = 8.4 Hz, 2H), 4.18 (t, ] = 4.9 Hz, 2H),
3.89 (t, J = 4.4 Hz, 2H), 3.79-3.65 (m, 6H), 3.59-3.54 (m, 2H),
3.38 (s, 3H), 2.70 (t, ] = 7.7 Hz, 2H), 1.66 (quint, ] = 7.9 Hz, 2H),
1.40-1.28 (m, 6H), 0.89 (t, ] = 6.4 Hz, 3H) ppm. "*C{'H} NMR
(100 MHz, CDCl;) 6 165.5, 158.5, 150.1, 149.5, 138.6, 133.3,
130.4, 128.8, 128.2, 127.8, 127.1, 122.1, 115.1, 72.1, 71.0, 70.8,
70.7, 69.9, 67.6, 59.2, 36.2, 31.8, 31.2, 29.0, 22.7, 14.2 ppm. HRMS
ESI(+) m/z calcd. for C35H410s [M + HJ": 521.2903, found:
521.2895. Anal. Calcd. for C3,H4006: C, 73.82; H, 7.74. Found: C,
74.05; H, 7.81 %.

4.3. Preparation of 4-(4-hexylbenzoyloxy)-4'-(2-(2-(2-(2-
methoxyethoxy Jethoxy Jethoxy Jethoxy )biphenyl (LC[4])

The ester was prepared following the procedure for LC[3] using
2[4] (0.251 g, 0.67 mmol, 1.0 eq.), 4-hexylbenzoic acid (0.165 g,
0.80 mmol, 1.2 eq.), DCC (0.165 g, 0.80 mmol, 1.20 eq.) and DMAP
(0.016 g, 0.13 mmol, 0.2 eq.). Crude product was purified by col-
umn chromatography (SiO,, pet. ether/EtOAc 2:3) giving 0.234 g
(0.41 mmol, 61% yield) of LC[4] as a microcrystalline solid, which
further recrystallized (i-PrOH):): 'H NMR (400 MHz, CDCls) &
8.13 (d, J = 8.1 Hz, 2H), 7.58 (d, J] = 8.5 Hz, 2H), 7.51 (d,
J = 8.4 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.3 Hz, 2H),
6.99 (d, J = 8.5 Hz, 2H), 4.18 (t, ] = 4.4 Hz, 2H), 3.89 (t, ] = 4.4 Hz,
2H), 3.78-3.63 (m, 10H), 3.57-3.53 (m, 2H), 3.38 (s, 3H), 2.70 (t,
J=7.6 Hz, 2H), 1.66 (q, ] = 7.3 Hz, 2H), 1.38-1.28 (m, 6H), 0.89 (t,
J = 6.8 Hz, 3H) ppm. "*C{'"H} NMR (100 MHz, CDCl;) & 165.5,
158.5, 150.1, 149.5, 138.6, 133.3, 130.4, 128.8, 128.2, 127.8,
127.0, 122.1, 115.1, 72.1, 71.0, 70.8 (3C), 70.7, 69.9, 67.6, 59.2,
36.2, 31.8, 31.2, 29.0, 22.7, 14.2 ppm. HRMS ESI(+) m/z calcd. for
C34H4507 [M + H]": 565.3165, found: 565.3174. Anal. Calcd. for
C34H4407: C, 72.31; H, 7.85. Found: C, 72.26; H, 7.89 %.

4.4. Preparation of [4-(12-C6H13CB11H10-1-C00)-4'-(2-(2-(2-
methoxyethoxy Jethoxy Jethoxy)biphenyl] [Li]* (1[Li])

The ester was prepared following the procedure for LC[3] using
biphenyl-4-ol 2[3] (0.301 g, 0.906 mmol, 1.0 eq.), acid [closo-1-
CB;1H0-1-COOH-12-CgH ;3] [NEt4]" [62] (0.490 g, 1.00 mmol,
1.1 eq.), DCC (0.224 g, 1.09 mmol, 1.2 eq.) and DMAP (0.022 g,
0.18 mmol, 0.2 eq.). After 18 h the reaction mixture was filtered
and the volatiles were removed in vacuo. The residue was
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separated by column chromatography (SiO,, CH,Cl;/MeCN 9:1),
the product was dried in vacuo and the resulting sticky oily 1
[Et4sN] (0.864 mg) was treated with 10% HCl (50 mL). The acidic
form of the ester 1[H] was extracted with Et,0 (1 x 100 mL, then
3 x 50 mL). A solution of LiOH (0.022 g, 0.91 mmol, 1.0 eq.) and LiCl
(0.038 g,0.91 mmol, 1.0 eq.) in H,0 (50 mL) was added to the com-
bined organic layers. After addition of CH,Cl, (50 mL), all organic
volatiles were removed with a rotary evaporator. The obtained
aqueous phase was extracted with CH,Cl; (3 x 50 mL) and the
organic layers were concentrated under reduced pressure. The
resulting sticky solid was diluted in a minimum amount of CH,Cl,
upon which pet. ether was carefully layered. After 18 h a colorless
precipitate was filtered, washed with pet. ether (10 mL) and dried
in vacuo giving 0.348 mg (5.87 mmol, 65% yield) of 1[Li] as a white
microcrystalline powder: 'H NMR (400 MHz, CD,Cl,) & 7.37 (d,
J = 8.5 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 6.96 (d, J = 8.6 Hz, 2H),
6.81 (d, J = 8.7 Hz, 2H), 4.17 (t, ] = 4.6 Hz, 2H), 3.92 (t, ] = 4.1 Hz,
2H), 3.81 (t*, 2H), 3.73 (t*, 2H), 3.67 (t*, 2H), 3.59 (t*, 2H), 3.24
(s, 3H), 1.90-1.10 (m, 18H), 0.86 (t, /] = 6.8 Hz, 3H), 0.55 (t,
J = 8.2 Hz, 3H) ppm (*poorly resolved triplet). '*C{'H} NMR
(100 MHz, CD,Cl,) ¢ 170.2, 157.8, 150.5, 138.4, 134.1, 128.6,
127.9, 121.9, 1154, 714, 69.5, 69.4 (2C), 69.2, 67.9, 59.4, 33.9,
33.4,32.5,30.8, 23.2, 14.4 ppm (signal for the carborane C nucleus
was not observed). ''B NMR (128.4 MHz, CD,Cl,) 5 4.8 (bs, 1B), -
12.4 (d, J = 136 Hz, 5B), -14.8 (d, ] = 126 Hz, 5B) ppm. “Li NMR
(194 MHz, CD,Cly) & -0.5 (s) ppm. HRMS ESI(-) m/z calcd. for
Cy7H46B11 M 587.4318, found: 587.4368. Anal. Calcd. for Ca7Hys-
OgBq4Li: C, 54.73; H, 7.83. Found: C, 54.68; H, 7.92 %.

4.5. Preparation of 4'-(2-(2-(2-methoxyethoxy)-ethoxy Jethoxy)
biphenyl-4-ol (2[3])

Method A. A mixture of 4,4’-dihydroxybiphenyl (0.279 g,
1.50 mmol 1.0 eq.) and KOtBu (0.185 g, 1.65 mmol, 1.1 eq.) in
dry EtOH (30 mL) was heated to reflux under Ar for 30 min. to form
a green solution. 2-(2-(2-Methoxyethoxy)ethoxy)ethyl tosylate
[63] (3[3], 0.500 g, 1.57 mmol, 1.1 eq.) was added at ambient tem-
perature. The reaction mixture was heated at reflux for 18 h during
which the green color vanished. After removing the solvent under
reduced pressure, 10% aq HCl (20 mL) was added to the residue and
the mixture was extracted with CH,Cl, (3 x 20 mL). The solvent
was evaporated and the residue was separated by column chro-
matography (SiO,, CH,Cl,/EtOAc 2:1). After drying in vacuo the
resulting oily product 2[3] crystallized as a colorless solid
(0.426 mg, 86% yield, 1.28 mmol). Further purification of 2[3]
was accomplished by carefully layering pet. ether on a saturated
solution in Et,0 and slow diffusion overnight to yield colorless
crystals: mp 34 °C. 'H NMR (400 MHz, CDCls) ¢ 7.35 (d,
J = 8.7 Hz, 2H), 7.33 (d, ] = 8.6 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H),
6.85 (d, J = 8.6 Hz, 2H), 6.21 (bs, 1H), 4.06 (t, J = 4.9 Hz, 2H), 3.85
(t, ] = 4.8 Hz, 2H), 3.78-3.67 (m, 6H), 3.61-3.57 (m, 2H), 3.38 (s,
3H) ppm. "*C{'H} NMR (100 MHz, CDCl5) 6 157.7, 155.4, 133.7,
132.9, 127.8, 127.6, 115.8, 114.8, 71.9, 70.8, 70.7, 70.5, 69.9, 67.3,
59.0 ppm. HRMS ESI(+) m/z calcd. for CygH505 [M + HJ":
333.1702, found: 333.1713. Anal. Calcd. for Ci9H»405: C, 68.66;
H, 7.28. Found: C, 68.71; H, 7.32 %.

Method B. 10% Pd/C (20 mg) was added to a solution of benzy-
loxy derivative 5[3] (0.200 mg, 0.47 mmol) in 6 mL of EtOAc and
the mixture was equipped with a H; filled balloon connected via
a rubber septum. The mixture was stirred for 18 h at ambient tem-
perature. The catalyst was removed by filtration through Celite®
(washed with 10 mL of EtOAc), the volatiles were removed from
the filtrate by rotary evaporator and the residue was purified by
column chromatography (SiO,, EtOAc/hexane 3:2). The product 2
[3] was obtained as a colorless oil, which slowly solidified during
drying in vacuo overnight (0.141 g, 0.37 mmol, 90%).
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4.6. Preparation of 4'-(2-(2-(2-(2-methoxyethoxy Jethoxy)-ethoxy)
ethoxy )biphenyl-4-ol (2[4]) [81]

The phenol was obtained according to method A for the prepa-
ration of 2[3] using 4,4’-dihydroxybiphenyl (0.245 g, 1.31 mmol
1.0 eq.), KOtBu (0.162 g, 1.45 mmol, 1.1 eq.), MeO(CH,CH,0)4Ts
[63] (3[4], 0.500 g, 1.38 mmol, 1.1 eq.). The crude product was
purified using column chromatography (SiO,, CH,Cl,/EtOAc 2:1)
giving 0.289 mg (0.77 mmol, 58% yield) of 2[4] as a viscous oil. Pro-
duct was purified further by a second column chromatography
(SiO,, CH,Cly/MeCN 3:4): '"H NMR (400 MHz, CDCls) 6 7.35 (d,
J =9.2 Hz, 2H), 7.33 (d, J = 9.6 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H),
6.85 (d, ] = 8.6 Hz, 2H), 6.1 (bs, 1H), 4.06 (t, ] = 4.8 Hz, 2H), 3.84
(t,J = 4.8 Hz, 2H), 3.76-3.61 (m, 10H), 3.56-3.51 (m, 2H), 3.36 (s,
3H) ppm. *C{’H} NMR (100 MHz, CDCls) & 157.7, 155.6, 133.7,
132.7, 127.8, 127.5, 115.8, 114.8, 71.9, 70.8, 70.7, 70.6 (2C), 70.5,
69.8, 67.4, 59.0 ppm. HRMS ESI(+) m/z calcd. for Cy1H»906
[M + H]": 377.1964, found: 377.1969. Anal. Calcd. for Cy;H,506:
C, 67.00; H, 7.50. Found: C, 66.88; H, 7.51 %.

4.7. Preparation of 4-(benzyloxy)-4'-(2-(2-(2-methoxy-ethoxy)
ethoxy Jethoxy )biphenyl (5[3])

A mixture of 4'-benzyloxybiphenyl-4-ol [65] (4, 0.950 g,
3.48 mmol, 1.0 equiv.) and KOtBu (0.424 g, 3.68 mmol, 1.1 eqiv.)
in dry EtOH (20 mL) was refluxed for 30 min. The colorless solution
was cooled and a solution of tosylate 3[3] [63] (1.095 g, 3.44 mmol,
1.0 equiv.) in EtOH (10 mL) was added. The reaction mixture was
refluxed for 18 h, cooled and treated with 10% HCI (30 mL). Remov-
ing all volatiles with rotary evaporator resulted in a suspension
that was extracted into CH)Cl, (3 x 50 mL). After evaporating
the solvent, the crude product was separated by column chro-
matography (SiO,, CH,Cl,/EtOAc 95:5). Product 5[3] was obtained
in 66% yield (0.959 g, 2.27 mmol) as a colorless solid after drying in
vacuo: mp 117-119 °C. 'H NMR (DMSO dg, 500 MHz) § 7.55-7.51
(m, 4H), 7.47 (d, J = 7.4 Hz, 2H), 7.40 (t, ] = 7.4 Hz, 2H), 7.33 (t,
J =74 Hz, 1H), 7.06 (d, ] = 8.8 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H),
5.14 (s, 2H), 4.11 (t, ] = 4.5 Hz, 2H), 3.75 (t, ] = 4.5 Hz, 2H), 3.60-
3.49 (m, 6H), 3.42 (t, J = 4.5 Hz, 2H), 3.23 (s, 3H) ppm. *C{'H}
NMR (DMSO dg, 125.75 MHz) § 157.6, 157.4, 137.2, 132.5, 132.3,
128.5, 127.8, 127.7, 127.2 (2C), 115.2, 114.8, 71.3, 70.0, 69.8,
69.6, 69.2, 69.0, 67.2, 58.1 ppm. Anal. Calcd. for CysH300s5: C,
73.91; H, 7.16. Found: C, 74.19; H, 6.99 %.

4.8. Impedance spectroscopy

Temperature dependent measurements of ionic conductivity
have been performed by Electrochemical Impedance Spectroscopy
(EIS) in a temperature rage of 20 120 °C. Samples of electrolytes
were prepared in air and transferred to an argon-filled MBraun
glovebox with less than 1 ppm of both moisture and oxygen con-
tent. Mixtures were placed between two stainless steel electrodes
and sandwiched to form a cell. Before the measurements the mix-
tures were melted (>120 °C) to fill in the whole space between the
electrodes. Cells were sealed under argon atmosphere into air-tight
Swagelok-type tubes and sealed additionally with Parafilm.

Electrolyte samples geometry was measured with a 0.5% preci-
sion and calculated cell constants were in the 0.02-0.08 cm-1
range. The cells were placed in a cryostat-thermostat system
(Haake K75 with a DC50 temperature controller) and thermostated
for at least one hour for each temperature, until the sample resis-
tances have stabilized. The sample temperature was stabilized
with the accuracy of + 0.05 K. All impedance measurements were
carried out on the computer-interfaced multichannel potentiostat
with frequency response analyzer option Bio-Logic Science Instru-
ments VMP3 within 500 kHz-1 Hz frequency range with 10 points
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per decade and 5 mV A.C. signal amplitude. Measurements were
repeated at least three times for each concentration for consis-
tency. Details of Arrhenius analysis of the conductivity process
are provided in the SI.

Linear Sweep Voltammetry (LSV) was performed using Biologic
Science Instruments VMP3 module and a Li° | electrolyte | Pt° cell
with lithium metal as the reference. The sweep rate was 1 mV s,

4.9. Powder XRD data

Broad angle X-ray diffraction studies were performed with Bru-
ker D8 GADDS system consisting of a sealed tube with copper
anode as a radiation source, Gobel mirror monochromator and pin-
hole collimator forming parallel beam of Cu Ko radiation, modified
Linkam heating stage and Vantec 2000 area detector. In order to
precisely determine temperature dependence of smectic layer
thickness, small angle diffraction experiments were executed with
Bruker D8 Discover system (Cu Ko radiation, Gobel mirror, Anton
Parr DCS350 heating stage, scintillation counter). Samples for both
type experiments were prepared in a form of a droplet or a thin
film on a heated surface, and the X-ray beam was incident nearly
parallel to the sample surface.
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CHAPTER B3

Liquid crystalline electrolytes containing Li* salt of a [closo-

CB11H12] derivative: Synthesis, characterization, and

anisotropic Li-ion transport

1. INTRODUCTION

Liquid crystals (LCs) [1] have gained considerable interest as electrolyte materials in the
recent years due to their ability to form self-organized structures with ion conductive channels [2-
3]. More specifically, the inherent partial organization of the LC electrolyte endow them with
macroscopic ordering and the macroscopically aligned nonsegregated structures can be considered
as 1D [4,5], 2D [6-9] or 3D [10-12] pathways suitable for the anisotropic ion transport. This
property of LC electrolytes is advantageous over the conventional organic electrolytes [13-15],
which have random molecular orientation (isotropic). Additionally, LC electrolytes can be aligned
in specific directions and studies have shown increased ionic conductivity (up to three times) in the
aligned monodomain smectic phase of the electrolyte compared to the unaligned electrolyte sample
[16,17]. Consequently, LC electrolytes are expected to suppress the undesired side reactions, such
as dissolution of electrodes and current collectors, dendrite growth formation, etc., that are
commonly observed in the conventional electrolytes [18].

Although Li-ion transport in LCs have been known for the last few decades, Kato and
coworkers in 2015 developed the first thermotropic LC electrolytes for the application in lithium-
ion batteries [2]. It showed moderate ionic conductivity in the range of 10 to 10° S cm™ and the
Li-ion battery developed using such a LC electrolyte showed a reversable charge-discharge for
both positive and negative electrodes. Kato and coworkers also studied the anisotropy in Li-ion

transport in a parallelly aligned LC electrolyte system in which ionic conductivity in perpendicular
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and parallel directions were found to be 3.1 x 10° S cm™ and 3.9 x 107 S cm™ respectively [19].
Recent studies of LC electrolytes revealed their ability to effectively suppress the Li dendrite
growth during the charge discharge cycles without the aid of any external forces [20].
Vishwanathan and coworkers in 2020, theoretically demonstrated that the LC molecules can
suppress dendrite growth and proposed molecular level design rules for LC electrolytes for dendrite
free lithium metal batteries [20a]. LC electrolytes have also showed good electrochemical stability
(up to 4.3 V versus the Li/Li" reference electrode) and high oxidative resistance, which are
important for high voltage battery applications [3].

Typically, LC-based electrolytes are obtained by combining metal ion salts such as, LiBF4,
LiAsFs, LiPFg, LiClIO4, LIN(SO2CF3)2, with LC matrices at a predetermined concentration. Due to
their miscibility with ionic salts, polar LC containing organic carbonates or PEO chains [21.22]
and ionic LC containing imidazolium [5,9], phosphonium, or ammonium [23] groups are
predominantly used in electrolyte applications. Despite the availability of these halogenated
lithium salts, there are still concerns related to their stability, environmental compatibility and
accumulation of the anions in ion conductive layers. In order to address these intrinsic drawbacks,
a new design of a stable and halogen-free lithium salt is important. Particularly interesting in this
context are anionic boron clusters [24], which are weakly-nucleophilic, inorganic, three-
dimensional, and c-aromatic boron hydrides [25-26]. closo-Borate anions have recently received
significant attention as new solid electrolyte systems, owing to their high ionic conductivity, high
deformability, and superior chemical/electrochemical stability [27-30].

A combination of Li-salt of weakly coordinating anionic boron cluster derivatives, as a
source of Li-ion, and anisotropic liquid crystals as matrix constitutes an intriguing system to
investigate in the context of high-performance electrolytes for Li-ion batteries. Recently, we

demonstrated the first such LC electrolytes based on anionic boron clusters in which the anion of
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the Li-salt was a 1,12-disubstituted [closo-1-CB11H12] derivative and structurally similar to the
host LC matrix [32]. The ionic conductivity for the unaligned electrolyte sample was found to
monotonically increase from 10® to 10% S cm™ with increase in temperature and Li-ion
concentration. The study of anisotropic Li-ion transport in an aligned electrolyte sample is also of
interest. This chapter focuses exclusively on the progress made in the investigation of anisotropic
Li-ion transport in a parallelly aligned LC electrolyte sample containing Li* salt of the structurally

similar anionic [closo-1-CB11H12] derivative.

2. RESULS AND DISCUSSION

2.1 Synthesis

R F R F R F
i) ii)
> LO
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MOJ o

1a[3]

CeH1s
Scheme 1. Preparation of LC matrix 1a[3]. Reagents and conditions: (i) t-BuOK, EtOH,
Me(OCH2CH2)30Ts, reflux, 18 h, 70-75% vyield; (ii) 4-hydroxyphenylboronic acid, Pd2(dba)s,
[HPCy4][BF4], t-BuOK, THF/water, reflux, 48 h, 66—70% yield; (iii) 4-hexylbenzoic acid, DCC,

DMAP, CH2Cl, rt, 18 h, 84-89% yield.

Preparation of LC host matrix 1a[3]. 4-Bromo-2,3-difluorophenol (1b) on reaction with

Me(OCH2CH2)30Ts [25] in the presence of t-BuOK gave 1c[3] in 70-75% vyield (Scheme 1). A
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subsequent reaction of 1c[3] with 4-hydroxyphenylboronic acid in the presence of
tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)s) catalyst and [HPCy.][BF4] ligand resulted in
derivative 1d[3] obtained in 66-70% vyield. Steglich type esterification of 1d[3] with 4-
hexylbenzoic acid in the presence of dicyclohexylcarbodiimide (DCC) and catalytic amounts of 4-

dimethylaminopyridine (DMAP) gave the LC matrix 1a[3] in 84-89% yield.
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Scheme 2. Preparation of the dimeric LC matrix 2a[n]. Reagents and conditions: i) Synthesis of
dimeric LC matrix. Reagents and conditions: i) t-BuOK, EtOH, Ts(OCH2CH2),OTs, reflux, 18 h,
69-90% vyield; ii) 4-hydroxyphenylboronic acid, Pdz(dba)s, [HPCy:][BF4], t-BuOK, THF/water,
reflux, 48 h, 61-74% yield; iii) 4-hexylbenzoic acid, EDC-HCI or DCC, DMAP, CHxCly, rt, 18 h,

60-78% vyield.

Preparation of LC host matrix 2a[4], 2a[6], and 2a[9]. Thus, 4-bromo-2,3-difluorophenol
(1b) was reacted with Ts(OCH2CH).OTs (n = 4, 6, 9) in the presence of t-BuOK to give 2c[n]
isolated in 69-90% yield after column chromatography (Scheme 2). Subsequent reaction of 2c[n]

with 4-hydroxyphenylboronic acid in the presence of Pd>(dba)s catalyst and [HPCy][BF4] ligand
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resulted in the derivative 2d[n] obtained in 61-74% yield. Synthesis of the dimeric LC matrix 2a[4]
was achieved through the Steglich-type esterification of 2d[4] with 4-hexylbenzoic acid in the
presence of DCC and catalytic amounts of 4-dimethylaminopyridine (DMAP). Derivatives 2a[6]
and 2a[9] were also obtained from 2d[6] and 2d[9], respectively, through the same esterification
reaction; however, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI)

was used instead of DCC in order to avoid contamination of the pure product with urea byproducts.

3e[NMe,]

CsHq4 CsHyy

Scheme 3. Preparation of the lithium salt based on [closo-1-CB11H12]™ derivative. Reagents and
conditions: (i) 1). n-BuLi, THF, —78 —0°C, 2). Cul, rt, 30 min., 3). BnOCe¢H4sCHCH-Hal,
Pd(OAC)2, (2-OMeCgHa)3P, rt, 12 h, 4). [MesN]*Cl~, 81% vyield; (ii) H., Pd/C, EtOH/EtOAC, rt,
12 h; (iii) 4-(4-pentylcyclohexyl)benzoyl chloride, NaOH, THF, rt, 12 h, 61-69% vyield; (iv) 1).

20% HCI, 2). LiOH.

Preparation of the Li* salt 3a[Li]. The phenolic derivative 3d[NMes] was prepared from
the derivative 3b[Cs] according to a previously demonstrated procedure [31]. Subsequent

esterification of 3d[NMe4] using freshly prepared 4-(4-pentylcyclohexyl)benzoyl chloride gave
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3e[NMes] in a 61-69% yield (Scheme 3). Attempts at synthesis of 3e[NMes] through Steglich-
type esterification of 3d[NMex] in the presence of DCC or EDC'HCI was not efficient due to the
difficulty in removing the urea byproduct formed during the reaction. Li* salt 3a[Li] was obtained
by exchanging the [NMe4]* cation in 3e[NMe4] with the Li* cation in a water/CH.Cl, system [32].

Electrolyte samples under investigation were prepared by dissolving 10 mol% of Li* salt

3a[Li] in appropriate LC matrix.

2.2 Liquid crystalline behavior

The investigation of the liquid crystalline behavior revealed smectic (Sm) and nematic (N)
phases in the dimeric matrices and electrolyte samples. Optical textures observed for the dimeric
LC matrix 2a[6] are shown in Figure 1. Shearing of the smectic phase texture leads to a

homeotropic alignment consistent with the SmA phase. Matrix 1a[3] showed only a nematic phase.

Figure 1. Optical textures for the dimeric matrix 2a[6] observed in the same region on cooling:

nematic phase at 90 °C (left), smectic phase just below N-Sm transition at 58 °C (right).

Depending on the length of the oligoethylene moiety present, the liquid crystalline

properties of these matrices differed. Thermal behavior of the LC matrices is shown in Table 1.
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Table 1. Thermotropic properties of the LC matrices recorded at 10 K min™.

Compound Transition temperature (°C)
1a[3] Cr36N 691

2a[4] Cr 108 (SmA 84)* N 162 |

2a[6] Cry 37 Cr2 70 (SmA 58)2 N 119 |
2a[9] Cr67 (SmA 622N 75 |

10 mol% Li* salt 3a[Li] in Cr63 (N 132)2SmA 134 |

2a[6]

10 mol% Li* salt 3a[Li] in Cr 48 SmA 89 |

2a[9]

& monotropic transition. Notation: Cr, crystalline; SmA, smectic A; |, isotropic phases.

In general, the longer the oligoethylene chain, the lower the clearing temperature. For
instance, the dimeric LC molecule 2a[4] clears at 162 °C, whereas the higher homologues 2a[6]
and 2a[9] clear at 119 °C and 75 °C, respectively. Derivative 1a[3] cleared at 69 °C. Also, longer
ethylene glycol units stabilize the N phase in favour of the Sm phase. Thus, compared to the
derivatives 2a[4] and 2a[6], which have only a narrow window of the smectic phase region (2 K
and 6 K, respectively), derivative 2a[9] has a wide window of the smectic phase region (30 K).
Addition of the Li-salt 3a[Li] to the LC matrix 2a[6] raised the phase transition temperature
(approximately 15 K increase in clearing temperature compared to pure host matrices) and
stabilized the N phase in favour of the Sm phase. A representative DSC trace for matrix 2a[6] and

10 mol% solution of 3a[L.i] in 2a[6] are shown in Figure 2.
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Figure 2. DSC trace for matrix 2a[6] (left) and 10 mol% solution of 3a[Li] in 2a[6] (right). The

heating and cooling rates are 10 K min™,

2.3 Powder XRD analysis

Powder XRD measurements (PXRD) confirmed the formation of a Sm phase in the dimeric
LC matrices. The observed sharp signal in the small angle region and a broad diffused signal in the
wide-angle region are typical for a fluid smectic phase, such as SmA. A representative powder

XRD pattern observed for the derivatives 2a[6] and 2a[9] is shown in Figure 3.
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Figure 3. Powder XRD pattern for the derivative 2a[6] and 2a[9] in the smectic phase measured

at 60 °C and 50 °C, respectively.
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2.4 Impedance spectroscopy

Li-ion conduction in the parallelly aligned electrolyte sample (10 mol% solution of 3a[L.i]
in 2d[6]) in the smectic phase was investigated using electrochemical impedance spectroscopy
(EIS) measurements. An interdigitated gold electrode with gap size 10 um and an ITO cell with a
thickness of 10 um were used for measuring the parallel (oll) and perpendicular (c1) ionic

conductivity, respectively (Figure 4).

(A) (B) ©)
o ) o ® .o o o o U -~
all
V oo (@ it Monomer matrix 2d[n]
10 ym
H ITO electrodes Li-salt 3e[Li]

Alignment of the sample
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/ for Li* ion transport
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Figure 4. Schematic representation of the electrodes and electrolyte. A) Interdigitated gold
electrode, B) ITO cell, C) parallelly aligned electrolyte sample inside the cell with oligoethylene

channels for Li-ion transport.

Results of the measurements are shown in Figure 5. The Li-ion transport in the Sm phase
of the electrolyte was found to increase with increasing temperature in both parallel and
perpendicular directions. Although the ionic conductivity at 90 °C was the same (0.02 mS cm™) in
both directions, further increase in temperature showed better ionic conductivity in the
perpendicular direction, and it reached 0.09 mS cm™ at 120 °C. This could be associated with the
existance of a soft crystalline phase at lower temperature. The ionic conductivity at 120 °C
measured in the parallel direction was 0.04 mS cm™*. This value of ionic conductivity is comparable
to that observed for amorphous polyethylene materials and liquid crystals containing oxyethylene
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moieties [16]. Therefore, LC electrolytes containing Li* salts of a boron cluster derivative could be

a potential candidate to replace the widely used organic electrolytes.

-3.5
| T=120°C a ol
¢ e Gl
- 44 =
e
G | [
2 . T=90°C
L 45 ° " ¢
(@] [ ]
o | [ ]
[ ]
-3 i i o
2.5 2.6 2.7 2.8 2.9
1000xT-1 /K"

Figure 5. Temperature dependent anisotropic Li-ion transport in 10 mol% solution of 3a[L.i] in

2a[6].

3. SUMMARY AND CONCLUSIONS

Four liquid crystalline host matrices with varying oligoethylene chain lengths and a Li™ salt
3a[L.i] containing anionic [closo-1-CH11H12]" derivative, structurally similar to the LC matrix were
synthesized and characterized. Thermal properties of LC matrices were investigated, and it was
found that the phase stability and transition temperature depend on the length of the oligoethylene
moiety present in them. Longer oligoethylene units in the matrix have been found to decrease the
clearing temperature and stabilize the N phase in favor of the Sm phase. The anisotropic Li* ion
conductivity was measured for one of the electrolyte systems (10 mol% solution of 3a[L.i] in 2a[6]).
Preliminary results showed that the ionic conductivity in the perpendicular direction is up to 0.09

mS cm at 120 °C, while it is only 0.04 mS cm™ at the same temperature in the parallel direction.
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These results are consistent with the previous studies, and investigations of the ionic conductivity

in the remaining electrolyte systems are in progress.

4. EXPERIMENTAL SECTION

General procedure

Reagents and solvents were obtained commercially. Derivative 3d[NMe4] was obtained
according to a literature procedure [31]. NMR spectra were obtained at 400 MHz ('H), 100 MHz
(13C), 128 MHz (!'B), 376 MHz (*°F), in CDCl; and referenced to the solvent (8 = 7.26 ppm for 'H
and & = 77.16 ppm for 1*C) or in CD3CN and referenced to the solvent (& = 1.94 ppm for 'H and &
= 118.26 ppm for *C) or in DMSO-ds and referenced to the solvent (8 = 2.50 ppm for 'H and § =
39.52 ppm for 13C) [33] or to an external sample of neat BF3-Et;0 in CDCl; and CDsCN (!'B
NMR, & = 0.0 ppm) or to an external sample of neat CF3COOH in CDCl; and DMSO-ds (‘°F NMR
8 =76.55 ppm). ''B and '°F NMR chemical shifts were taken from the H-decoupled spectra.

A polarized optical microscope with a hot stage was used to identify the liquid crystalline
phase. TA Discovery DSC 2500 instrument was used for thermal analysis of the samples. Samples
of about 1.0 mg under a flow of nitrogen gas was used for the thermal analysis and the heating and
cooling rates were 10 K min~!. Melting points were determined on a Melt-Temp II apparatus in
capillaries. High-resolution mass spectrometry was conducted with the TOF-MS ES method. Broad
angle X-ray diffraction studies were performed for unaligned samples using a Bruker D§ GADDS
instrument (Cu Ka radiation, A=1.54 A, incident beam formed by Gobel mirror monochromator
and point collimator 0.5 mm, two-dimensional detector Vantec 2000).

Impedance spectroscopy
Electrochemical impedance spectroscopy measurements were performed in the range of 80

to 120 °C. Two types of cells were used for measuring the ionic conductivity in the parallel and
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perpendicular directions (interdigitated gold electrode and ITO cell, respectively). Electrolyte
samples were filled into the cells by melting the sample at 140 °C. Before the measurement at each
temperature, the cells were thermostated for a minimum of one hour in a cryostat-thermostat system
(Haake K75 with a DC50 temperature controller). A computer-interfaced multichannel potentiostat
with a frequency range of 500 kHz to 1 Hz and a 5 mV AC signal amplitude was used for the

measurement. At each temperature point, the measurements were repeated for consistency.

Preparation of the binary mixture

Electrolyte samples under investigation were prepared by dissolving 10 mol% of Li* salt
3a[Li] in appropriate LC matrix. Thus, a solution of the matrix 1a[3] or 2a[n] with 10 mol% of Li*
salt 3a[Li] in CH2Cl, was evaporated to dryness in a rotary evaporator and dried under high vacuum
to obtain the electrolyte samples.
Preparation of 1¢c[3]

A mixture of 4-bromo-2,3-difluorophenol (1b, 2.00 g, 9.57 mmol, 1.0 eq.) and t-BuOK
(1.18 g, 10.53 mmol, 1.1 eq.) in EtOH (35 mL) was refluxed for 30 minutes until a green solution
is obtained. To this solution MeO(CH2CH20)3Ts (3.35 g, 10.53 mmol, 1.1 eq.) was added and the
mixture was refluxed for another 18 h during which the green colour fades. EtOH was removed in
a rotary evaporator and extraction was performed in CH2Cl, (3 x 20 mL). The target compound
was isolated by column chromatography (SiO2, CH2Cl/EtOAC, 2:1) to get 2.40 g (70% vyield) of
1c[3] as a colorless oil. *H{**F} NMR (400 MHz, CDCls): § 7.22-7.17 (m, 1H), 6.73-6.68 (m,
1H), 4.19 (t, J = 4.8 Hz, 2H), 3.87 (t, J = 4.8 Hz, 2H), 3.76-3.72 (m, 2H), 3.68-3.63 (M, 4H), 3.56—
3.53 (m, 2H), 3.38 (s, 3H). F{"H} NMR (376 MHz, CDCls): § -127.8 (d, J = 22.6 Hz), -152.9 (d,
J=22.6 Hz). BC{*H} NMR (100 MHz, CDCl3): & 148.9 (d, Jr-c = 244.1 Hz), 148.0 (d, Jr.c = 11.4

Hz), 143.5 (d, Je.c = 15.4 Hz), 141.1, 126.4 (d, Jrc = 4.6 Hz), 111.0 (d, Jrc = 3.2 Hz), 101.2 (d,
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Jrc = 18.2 Hz), 72.0, 71.1, 70.8, 70.7, 70.7, 69.8, 69.6, 59.2. HRMS (ESI-TOF) m/z: [M + H]*
calcd for Ci3H1gBrF>04: 355.0357, found: 355.0342. Anal. Calcd for C13H17BrF>04: C 43.96, H

4.82. Found: C 43.97, H 4.77.

Preparation of 1d[3]

To a mixture of 1¢[3] (2.21 g, 6.19 mmol, 1.0 eq.), Pd2dbaz (113 mg, 0.12 mmol, 2 mol%),
[HPCys][BFs] (91 mg, 0.25 mmol, 4 mol%), t-BuOK (28 mg, 0.25mmol, 4 mol%), (4-
hydroxyphenyl)boronic acid (854 mg, 6.19 mmol, 1.0 eq.) in THF (25 mL), a solution of K.COs
(856 mg, 6.19 mmol, 1.0 eq.) in H20 (25 mL) was added at room temperature. After refluxing the
reaction mixture for 48 h, the reaction mixture was made acidic by adding 10% HCI at room
temperature. The volatiles were removed in vacuo and the aqueous layer was extracted three times
with 20 mL CH.Cl,. The target compound was isolated by column chromatography (SiOs.,
CH2CIo/EtOAC, 2:1) to get 1.63 g (70% yield) of 1d[3] as a colorless, highly viscous oil that
solidifies upon drying in vacuo to yield a colorless solid. *H{**F} NMR (400 MHz, CDCls): § 7.33
(d, J = 8.6 Hz, 2H), 6.96 (td, J = 8.5, 2.4 Hz, 1H), 6.89 (d, J = 8.7 Hz, 2H), 6.74-6.68 (m, 1H),
4.17 (t, J = 4.8 Hz, 2H), 3.89 (t, J = 4.9 Hz, 2H), 3.78-3.75 (m, 2H), 3.72-3.67 (m, 4H), 3.58-3.56
(m, 2H), 3.38 (s, 3H). F{*H} NMR (376 MHz, CDCls): & -140.2 (d, J = 18.8 Hz), -156.5 (d, J =
18.8 Hz). BC{*H} NMR (100 MHz, CDCls): § 155.5, 147.0 (d, Jr-c = 8.9 Hz), 141.9 (d, Jrc =
250.5 Hz), 130.0 (d, Jrc = 3.0 Hz), 127.1, 123.3 (q, Jrc = 12.2 Hz), 123.1, 115.5, 109.9, 71.9,
70.9,70.7,70.6, 69.6, 69.3, 59.0. HRMS (ESI-TOF) m/z: [M + H]" calcd for C19H22F20s: 369.1514,

found: 369.1496. Anal. Calcd for C19H22F20s: C, 61.95; H, 6.02. Found: C, 62.00; H, 5.96.

Preparation of 1a[3]
To a suspension of 1d[3] (1.43 g, 3.79 mmol, 1.0 eq.) and 4-hexylbenzoic acid (860 mg,

4.17 mmol, 1.1 eq.) in CH2Cl, (20 mL), were added dicyclohexylmethanediimine (DCC, 939 mg,
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4,55 mmol, 1.2 eq.) and 4-dimethylaminopyridine (DMAP, 93 mg, 0.76 mmol, 0.2 eq.). The
reaction mixture was stirred overnight at room temperature. Progress in the reaction was monitored
using TLC (SiO2, EtOAc/Pet. ether, 3:2). After the reaction was complete, it was filtered and the
collected filtrate was concentrated using a rotary evaporator to obtain the crude product. The target
compound was isolated by column chromatography (SiO., EtOAc/Pet. Ether, 3:2) to give 1.95 g
(92% vyield) of 1a[3] as a white solid. *H NMR (400 MHz, CDCls): § 8.13 (d, J = 8.0 Hz, 2H), 7.55
(d, J = 6.8 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 7.13-7.08 (m, 1H), 6.86—
6.82 (m, 1H), 4.26 (t, J = 4.8 Hz, 2H), 3.91 (t, J = 4.8 Hz, 2H), 3.78-3.76 (m, 2H), 3.70-3.66 (m,
4H), 3.57-3.55 (m, 2H), 3.38 (s, 3H), 2.70 (t, J = 7.7 Hz, 2H), 1.66 (quint, J = 7.3 Hz, 2H), 1.37—
1.29 (g, J = 6.5 Hz, 6H), 0.89 (t, J = 7.7 Hz, 3H). F{*H} NMR (376 MHz, CDCl3): & -140.6 (d, J
= 18.8 Hz), -156.9 (d, J = 18.8 Hz).23.C{*H} NMR (100 MHz, CDCls): 5 165.3, 150.7, 149.6, 149.0
(d, Je.c = 244.7 Hz), 147.7 (9, Jr.c = 3.5 Hz), 142.1 (d, Jr-c = 246.0 Hz), 132.5, 130.4, 130.0, 129.9
(d, Jrc =3.0 Hz), 128.8, 126.9, 123.7, 122.8 (d, Jrc = 11.0 Hz), 122.0, 110.19, 110.16, 72.0, 71.1,
70.8, 70.7, 69.65, 69.59, 59.2, 36.2, 31.8, 31.2, 29.0, 22.7, 14.2. HRMS (ESI-TOF) m/z: [M + H]*
calcd for Cs2H3zsF206: 557.2715, found: 557.2701. Anal. Calcd for Ca2HssF20s: C, 69.05; H, 6.88.

Found: C, 69.13; H, 6.84.

Preparation of 2a[4]

To a suspension of 2d[4] (250 mg, 0.42 mmol, 1.0 eq.) and 4-hexylbenzoic acid (188 mg,
0.91 mmol, 2.2 eq.) in CH2Cl2 (10 mL), were added dicyclohexylmethanediimine (DCC, 205 mg,
0.99 mmol, 2.4eqg.) and 4-dimethylaminopyridine (DMAP, 20 mg, 0.17 mmol, 0.4 eq.). The
reaction mixture was stirred overnight at room temperature. Progress in the reaction was monitored
using TLC (SiO2, CH2CI2/EtOAC, 9:1). After the reaction was complete, it was filtered and the

collected filtrate was concentrated using a rotary evaporator to obtain the crude product. The target
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compound was isolated by column chromatography (SiO2, CH2Cl./EtOAc, 9:1) to give 319 mg
(79% vyield) of 2a[4] as a white solid. *H{*°F} NMR (400 MHz, CDCls): § 8.12 (d, J = 8.2 Hz,
4H), 7.54 (d, J = 7.0 Hz, 4H), 7.32 (d, J = 8.1 Hz, 4H), 7.27 (d, J = 8.9 Hz, 4H), 7.10 (td, J = 8.4,
2.2 Hz, 2H), 6.85-6.81 (m, 2H), 4.25 (t, J = 4.8 Hz, 4H), 3.92 (t, J = 4.8 Hz, 4H), 3.78-3.76 (m,
8H), 2.70 (t, J = 7.7 Hz, 4H), 1.69-1.59 (m, 4H), 1.38-1.28 (m, J = 4.9, 3.7 Hz, 12H), 0.89 (t, J =
6.7 Hz, 6H). F{"H} NMR (376 MHz, CDCls): § -139.8 (d, J = 19.6 Hz), -156.1 (d, J = 19.4
Hz).BC{*H} NMR (100 MHz, CDCls): § 165.4, 150.7, 149.6, 149.0 (d, Je-c = 241.7 Hz), 147.7 (q,
Jrc = 4.5 Hz), 142.1 (d, Jrc = 248.0 Hz), 132.5, 130.4, 129.9 (d, Jr.c = 2.9 Hz), 128.8, 126.9,
123.8,123.8,122.8 (d, Jr.c = 10.9 Hz), 122.1, 110.2, 110.1, 71.1, 70.8, 69.7, 69.6, 36.2, 31.8, 31.3,
29.1, 22.7, 14.2. HRMS (ESI-TOF) m/z: [M + Na]* calcd for CsgHs2F4O9: 1001.4228, found:

1001.4188. Anal. Calcd for CsgHs2F4O9: C, 71.15; H, 6.38. Found: C, 71.09; H, 6.22.

General procedure for the synthesis of 2a[n] (n = 6, 9)

To a suspension of 2d[n] (1.0 eq.) and 4-hexylbenzoic acid (2.2 eq.) in CH2Cl2 (15 mL),
were added 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDCHCI, 3.2 eq.)
and 4-dimethylaminopyridine (DMAP, 1 eq.). The reaction mixture was stirred overnight at room
temperature. Progress in the reaction was monitored using TLC (SiO2, CH3CN/CH2Cl, 1:4). After
the reaction was complete, water (20 mL) was added in to the reaction mixture and CH2Cl; layer
was extracted (3 x 15 mL). The combined organic layer was dried over Na2SO4 and concentrated
using a rotary evaporator to obtain the crude product. The target compound was isolated by column
chromatography (SiO2, CH3CN/CHCl,, 1:4) to obtain the pure product 2a[n]. The product was

further purified by precipitation from a solution of ethyl acetate and hexane.
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Preparation of 2a[6]

A suspension of 2d[6] (351 mg, 0.51 mmol, 1.0 eq.) and 4-hexylbenzoic acid (231 mg,
1.12 mmol, 2.2eq.) in CHxCl> (15 mL), when reacted in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC-HCI, 311 mg, 1.63 mmol, 3.2 eq.) and 4-
dimethylaminopyridine (DMAP, 62 mg, 0.51 mmol, 1 eq.) resulted in 360 mg (64% yield) of 2a[6]
as a white solid. 'H NMR (400 MHz, CDCls): 6 8.12 (d, J = 8.3 Hz, 4H), 7.55 (d, J = 7.6 Hz, 4H),
7.38-7.26 (m, 8H), 7.12-7.08 (m, 2H), 6.86-6.81 (m, 2H), 4.25 (t, J = 4.8 Hz, 4H), 3.90 (t, J = 4.7
Hz, 4H), 3.81-3.73 (m, 4H), 3.72-3.61 (m, 12H), 2.70 (t, J = 7.7 Hz, 4H), 1.68-1.63 (m, 4H),
1.39-1.26 (m, 12H), 0.88 (t, J = 6.4 Hz, 6H). 1*F{*H} NMR (376 MHz, CDCl5): 5 -139.7 (d, J =
19.9 Hz), -156.1 (d, J = 19.7 Hz). 3C{*H} NMR (100 MHz, CDCls): & 165.4, 150.7, 149.7, 149.1
(d, Jr.c = 237.3 Hz), 147.7 (q, Jr-c = 7.0 Hz), 142.0 (d, Jr-c = 262.7 Hz), 132.6, 130.4, 130.0 (d, J=-
c = 3.0 Hz), 128.8, 126.9, 123.8, 122.8 (d, Jr.c = 11.2 Hz), 122.1, 110.2, 71.1, 70.8, 70.7, 69.7,
69.6, 36.2, 31.8, 31.3, 29.1, 22.7, 14.2. HRMS (ESI-TOF) m/z: [M + Na]" calcd for Ce2H70F4011:
1089.4752, found: 1089.4716. Anal. Calcd for Ce2H70F4O11: C, 69.78; H, 6.61. Found: C, 69.56;
H, 6.55.
Preparation of 2a[9]

A suspension of 2d[9] (319 mg, 0.39 mmol, 1.0 eq.) and 4-hexylbenzoic acid (175 mg,
0.85 mmol, 2.2eq.) in CH.Cl, (15 mL), when reacted in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC-HCI, 178 mg, 0.93 mmol, 2.4 eq.) and 4-
dimethylaminopyridine (DMAP, 20 mg, 0.16 mmol, 0.4 eq.) resulted in 297 mg (64% vyield) of
2a[9] as a white solid. *H NMR (400 MHz, CDCls): 6 8.12 (d, J = 8.3 Hz, 4H), 7.55 (d, J = 7.0 Hz,
4H), 7.32 (d, J = 8.3 Hz, 4H), 7.28 (d, J = 8.7 Hz, 4H), 7.10 (td, J = 8.5, 2.3 Hz, 2H), 6.86-6.81
(m, 2H), 4.25 (t, J = 4.8 Hz, 4H), 3.90 (t, J = 4.8 Hz, 4H), 2.70 (t, J = 7.7 Hz, 4H), 2.01 (s, 4H),

1.69-1.62 (M, 4H), 1.37-1.28 m, 12H), 0.91-0.87 (m, 6H). *F{*H} NMR (376 MHz, CDCl3): -
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139.7 (d, J = 19.4 Hz), -156.1 (d, J = 19.8 Hz). 3C{*H} NMR (100 MHz, CDCl5): 5 165.4, 150.7,
149.0 (d, Jr-c = 242.3 Hz), 147.7 (0, Jrc = 5.0 Hz), 142.1 (d, Jr-c = 264.1 Hz), 140.9, 132.6, 130.4,
130.00 (d, Jrc = 3.0 Hz), 128.8, 127.0, 123.8, 122.8 (d, Jr-c = 10.8 Hz), 122.1, 110.2, 71.1, 70.8,
70.7,69.7, 69.6, 36.2, 31.8, 31.3, 29.1, 22.7, 14.2, 2.0. HRMS (ESI-TOF) m/z: [M + H]" calcd for
CesHsg2F4014: 1199.5719, found: 1199.5742. Anal. Calcd for CegHg2F4O14: C, 68.10; H, 6.89.
Found: C, 68.03; H, 6.72.

General procedure for the synthesis of 2c[n]

To a solution of 4-bromo-2,3-difluorophenol (1b, 2.1 eq.) and t-BuOK (2.2 eq.) in EtOH
(35 mL), Ts(OCH2CH>),OTs (1.0 eq.) was added. The resulting solution was refluxed overnight,
and EtOH was removed in a rotary evaporator upon completion of the reaction. Water was added
to the resulting crude mixture and extraction was done in CH2Cl, (3 x 25 mL). The combined
organic layer was dried over Na>SO4 and the solvent was removed in a rotary evaporator to get the
crude product. The target compound was isolated by column chromatography (SiOg,
CH.CL/EtOAC, 9:1).

Preparation of 2c[4]

Reaction of Ts(OCH2CH.)4OTs (3.98 g, 7.93mmol, 1.0eq.) with 4-bromo-2,3-
difluorophenol (1b, 3.47 g, 16.64 mmol, 2.1 eq.) in EtOH (35 mL) in the presence of t-BuOK
(1.96 g, 17.44 mmol, 2.2 eq.) gave 4.18 g (92% yield) of 2c[4] as a colorless oily liquid. *H NMR
(400 MHz, CDCls): § 7.26-7.16 (m, 2H), 6.71-6.67 (m, 2H), 4.18 (t, J = 4.7 Hz, 4H), 3.92-3.86
(t, J = 4.7 Hz, 4H), 3.73-3.65 (m, 8H). F{*H} NMR (376 MHz, CDCls): § -127.8 (d, J = 18.8
Hz), -152.9 (d, J = 18.8 Hz). *C{*H} NMR (100 MHz, CDCls): 5 148.8 (d, Jr.c = 260.1 Hz), 148.0
(9, Jr-c =3.8 Hz), 142.2 (d, Jr-c = 262.7 Hz), 126.5(d, Jr-c = 3.5 HZz), 110.9 (d, Jr-c = 2.6 HZz), 101.2

(d, Jec = 19.7 Hz), 71.1, 70.8, 69.8, 69.6. HRMS (ESI-TOF) m/z: [M + HJ]* calcd for
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C20H20Br2F40s: 574.9692, found: 574.9713. Anal. Calcd for C2oH20Br2F4Os: C, 41.69; H, 3.50.

Found: C, 41.70; H, 3.45.

Preparation of 2c[6]

Reaction of Ts(OCH2CH.)éOTs (4.40 g, 7.45mmol, 1.0eq.) with 4-bromo-2,3-
difluorophenol (1b, 3.27 g, 15.65 mmol, 2.1 eq.) in EtOH (40 mL) in the presence of t-BuOK
(1.84 g, 16.40 mmol, 2.2 eq.) resulted in 3.53 g (73% yield) of 2c[6] as a colorless oily liquid. *H
NMR (400 MHz, CDCls): § 7.22-7.17 (m, 2H), 6.72-6.67 (m, 2H), 4.18 (t, J = 4.8 Hz, 4H), 3.86
(t, J = 4.8 Hz, 4H), 3.72-3.70 (m, 4H), 3.67-3.63 (m, 12H). *F{*H} NMR (376 MHz, CDCl3): 5
-127.8 (d, J = 22.2 Hz), -152.9 (d, J = 18.8 Hz). 3C NMR (100 MHz, CDCls): 5 148.8 (d, Jr.c =
257.4 Hz), 148.0 (q, Jr-c = 3.5 Hz), 142.2 (d, Jrc = 265.2 Hz), 126.5 (d, Jr-c = 4.0 Hz), 111.0 (d,
Jrc = 2.9 Hz), 101.1 (d, Jrc = 17.9 Hz), 71.1, 70.74, 70.70, 69.8, 69.6. HRMS (ESI-TOF) m/z: [M
+ H]* calcd for Ca4H2sBr2F4O7: 663.0216, found: 663.0223. Anal. Calcd for Ca4H2sBr2F407: C,

43.39; H, 4.29. Found: C, 43.60; H, 4.15.

Preparation of 2c[9]

Reaction of Ts(OCH2CH2)9OTs (3.03 g, 4.19 mmol, 1.0eq.) and 4-bromo-2,3-
difluorophenol (1b, 1.93 g, 9.22 mmol, 2.2 eq.) in EtOH (20 mL) in the presence of t-BuOK
(1.22 g, 10.89 mmol, 2.6 eq.) gave 2.21 g (67% vyield) of 2[9] as a colorless oily liquid. Typical
yield of the reaction is in the range 64-67%. *H NMR (400 MHz, CDCls): § 7.21-7.17 (m, 2H),
6.72-6.68 (m, 2H), 4.18 (t, J = 4.8 Hz, 4H), 3.86 (t, J = 4.8 Hz, 4H), 3.75-3.68 (m, 4H), 3.67-3.61
(m, 24H). *F{*H} NMR (376 MHz, CDCls):  -127.1 (d, J = 18.8 Hz), -152.3 (d, J = 18.8 Hz).
13C NMR (100 MHz, CDCls): § 148.8 (d, Jr-c = 257.8 Hz), 148.0 (0, Jr-c = 3.5 Hz), 142.2 (d, Jrc

= 265.5 Hz), 126.5 (d, Jr.c = 4.3 Hz), 111.0 (d, Jrc = 3.7 Hz), 101.1 (d, Jec = 17.8 Hz), 71.1,
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70.74, 70.70, 69.8, 69.6. HRMS (ESI-TOF) m/z: [M + H]" calcd for CsoHaoBr2F4010: 795.1003,

found: 795.0989. Anal. Calcd for C3oH40Br2F4010: C, 45.24; H, 5.06. Found: C, 45.20; H, 5.01.

General procedure for the synthesis of 2d[n]

To a mixture of 2c[n] (1.0 eq.), Pd2(dba)s (4 mol%), [HPCys][BF4] (8 mol%), t-BuOK
(8 mol%), and (4-hydroxyphenyl)boronic acid (2.0 eq.) in THF (25 mL), a solution of K>.COs
(2.1 eq.) in H20 (25 mL) was added at room temperature. After refluxing the reaction mixture for
42 h, 10% HCI was added at room temperature until the solution becomes acidic. All the volatiles
were removed in vacuo and the aqueous layer obtained was extracted in CH2Cl, (3 x 20 mL). The
target compound was isolated by column chromatography (SiO., CH,CI2/EtOAc, 3:2).
Preparation of 2d[4]

Reaction of 2c[4] (2.00 g, 3.47 mmol, 1.0 eq.) with 4-hydroxyphenylboronic acid (957 mg,
6.94 mmol, 2.0 eq.) in THF (25 mL) in the presence of Pdzdbas (127 mg, 0.14 mmol, 4 mol%),
[HPCys3][BF4] (102 mg, 0.28 mmol, 8 mol%), t-BuOK (32 mg, 0.28 mmol, 8 mol%), and K2COs
(1.01 g, 7.29 mmol, 2.1 eq.) dissolved in H2O (25 mL) gave 1.51 g (72% vyield) of 2d[4] as a
colourless, highly viscous oil. *H NMR (400 MHz, DMSO-ds): § 9.65 (s, 2H), 7.31 (d, J = 6.8 Hz,
4H), 7.16 (td, J = 8.7, 2.2 Hz, 2H), 7.04 (ddd, J = 9.2, 7.8, 1.8 Hz, 2H), 6.84 (d, J = 8.7 Hz, 4H),
4.21 (t, J = 4.4 Hz, 4H), 3.77 ((t, J = 4.5 Hz, 4H), 3.61-3.54 (m, 8H). F{*H} NMR (376 MHz,
DMSO-ds): 5 -140.8 (d, J = 18.8 Hz), -157.1 (d, J = 18.8 Hz). 3C{*H} NMR (100 MHz, DMSO-
ds): 8 157.3, 147.8 (d, Jr-c = 244.3 Hz), 146.4 (q, Jr-c = 3.6 Hz), 140.7 (d, Jrc = 259.5 Hz), 129.7
(d, Jrc = 2.5 Hz), 124.7, 123.73, 123.68, 123.6, 122.3 (d, Jr.c = 10.7 Hz), 115.5, 110.3, 110.2,
70.0, 69.9, 68.9, 68.8. HRMS (ESI-TOF) m/z: [M + H]" calcd for C32H30F207: 601.1849, found:

601.1866. Anal. Calcd for Cs2HsoF4O7: C, 63.78; H, 5.02. Found: C, 63.84; H, 4.87.
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Preparation of 2d[6]

Reaction of 2¢[6] (2.38 g, 3.58 mmol, 1.0 eq.) with (4-hydroxyphenyl)boronic acid (1.04 g,
7.67 mmol, 2.0 eq.) in THF (25 mL) in the presence of Pd>(dba)s (132 mg, 0.14 mmol, 4 mol%),
[HPCys3][BF4] (106 mg, 0.28 mmol, 8 mol%), t-BuOK (32 mg, 0.28 mmol, 8 mol%), and K>COs
(1.04 g, 7.52 mmol, 2.1 eq.) dissolved in H2O (25 mL) gave 1.71 g (69% vyield) of 2d[6] as a
yellow-orange colored, highly viscous oil. *H{*°*F} NMR (400 MHz, DMSO-ds): & 9.68 (s, 2H),
7.32 (d, J = 8.1 Hz, 4H), 7.17 (d, J = 9.0 Hz, 2H), 7.04 (dd, J = 9.3, 4.6 Hz, 2H), 6.84 (d, J = 8.1
Hz, 4H), 4.21 (t, J = 4.4 Hz, 4H), 3.76 (t, J = 4.3 Hz, 4H), 3.63-3.49 (m, 16H). F{*H} NMR (376
MHz, DMSO-ds): 6 -141.5 (d, J = 21.0 Hz), -157.8 (d, J = 20.9 Hz). *C{*H} NMR (100 MHz,
DMSO-ds): & 170.4, 157.3, 147.8 (d, Jr-c = 253.7 Hz), 146.4 (q, Jr-c = 3.6 Hz), 140.7 (d, Jrc =
258.0 Hz), 129.7 (d, Jr-c = 2.6 Hz), 124.71, 123.72, 123.68, 123.6, 122.3 (d, Jr.c = 10.5 Hz), 115.5,
110.3, 110.2, 70.0, 69.82, 69.79, 68.9, 68.7, 59.8, 20.8, 14.1. HRMS (ESI-TOF) m/z: [M + H]*
calcd for C3gHazsF409: 691.2530, found: 691.2540. Anal. Calcd for CasHssF40s: C, 62.90; H, 5.55.

Found: C, 62.84; H, 5.28.

Preparation of 2d[9]

Reaction of 2c[9] (1.44 g, 1.99 mmol, 1 eq.) with 4-hydroxyphenylboronic acid (715 mg,
5.17 mmol, 2.6 eq.) in THF (25 mL) in the presence of Pd2dbas (182 mg, 0.20 mmol, 10 mol%),
[HPCys3][BF4] (117 mg, 0.32 mmol, 16 mol%), t-BuOK (35 mg, 0.32 mmol, 8 mol%) and K2COs
(715 mg, 5.17 mmol, 2.6 eq.) dissolved in H.O (25 mL) gave 1.09 g (67% yield) of 2d[9] as a
yellow-orange colored waxy oil. *H{**F} NMR (400 MHz, DMSO-ds): § 9.65 (s, 2H), 7.32 (d, J =
8.6 Hz, 4H), 7.16 (dd, J = 8.8, 2.8 Hz, 2H), 7.08-7.01 (m, 2H), 6.86 (d, J = 8.6 Hz, 4H), 4.24-4.19
(m, 4H), 3.79-3.74 (m, 4H), 3.62-3.58 (M, 4H), 3.55-3.48 (M, 24H). 9F{*H} NMR (376 MHz,

CDCls): 5 -140.3 (d, J = 18.8 Hz), -156.6 (d, J = 18.8 Hz). *C{*H} NMR (100 MHz, CDCls): 5
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156.2, 148.7 (d, J = 258.3 Hz), 147.0 (q, Jr-c = 3.6 Hz) 141.9 (d, Jrc = 260.2 Hz), 129.9 (d, Jrc =
2.4 Hz), 126.6, 123.4, 123.3, 123.2, 115.8, 110.0 (d, Jrc = 2.7 Hz), 70.9, 70.7, 70.6, 70.5, 70.5,
69.7, 69.4. HRMS (ESI-TOF) m/z: [M + H]" calcd for C2HsoF4O10: 823.3317, found: 823.3284.
Anal. Calcd for C42HsoF4012: C, 61.31; H, 6.13. Found: C, 61.36; H, 6.08.

Preparation of 3e[NMe4]:

To a solution of 3d[NMe4] (100 mg, 0.29 mmol, 1 eq.) and NaH (10 mg, 0.44 mmol, 1.5
eq.) in THF (5 mL), was added freshly prepared 4-(4-pentylcyclohexyl)benzoyl chloride (104 mg,
0.35 mmol, 1 eq.). The reaction mixture was stirred overnight and THF was removed in rotary
evaporator. Water was added (5 mL) to the crude mixture and the white precipitate formed was
collected by filtration. This was recrystallized from MeCN at ambient temperature gave 98 mg
(56% yield) of pure 3e[NMes] as a white microcrystalline powder. *H{!!B} NMR (400 MHz,
CD3CN): & 8.05 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 7.07 (d, J
= 8.5 Hz, 2H), 3.06 (d, J = 1.0 Hz, 12H), 2.64-2.58 (m, 3H), 2.12-2.02 (m, 3H), 1.88 (d, J = 11.6
Hz, 5H), 1.55-1.46 (m, 4H), 1.36-1.21 (m, 12H), 1.12-1.03 (m, 3H), 0.90 (t, J = 6.9 Hz, 3H). 'B
NMR (128 MHz, CDsCN): § -1.5 (s, 1B), -9.7 (s, 1B), -12.8 —-13.9 (m, 8B). 3C NMR (100 MHz,
CD3CN): 0 166.1, 155.3,150.1, 140.8, 130.9, 130.1, 130.1, 128.2, 128.18, 122.6, 118.3, 70.8, 56.2,
56.13, 56.09, 45.4,42.2, 38.0, 37.9, 36.6, 34.7, 34.1, 32.9, 27.3, 23.4, 14.3. HRMS (ESI-TOF) m/z:
[M] calcd for C27H44B1102: 522.4443, found: 522.4420. Anal. Calcd for C31Hs6B11NO2: C, 62.71;
H, 9.51; N, 2.36. Found: C, 62.15; H, 9.78; N, 2.47.

Preparation of 3a[L.i]:

Li* salt 3a[Li] was obtained by exchanging the [NMes]" cation in 3e[NMeas] with the Li* cation in
a water/CHCl, system, according to a known procedure [32].

IH{B} NMR (400 MHz, CDsCN): 5 8.05 (d, J = 8.5 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.18 (d, J

= 8.4 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 2.65-2.57 (m, 3H), 2.26-2.20 (m, 6H), 2.13-2.04 (m, 3H),
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1.88(d, J=12.0 Hz, 4H), 1.51 (q, J = 12.3 Hz, 3H), 1.39-1.25 (m, 10H), 1.10 (q, J = 12.2 Hz, 2H),
0.90 (t, J = 6.9 Hz, 3H). !B NMR (128 MHz, CD3CN): § -1.5 (s, 1B), -9.7 (s, 1B), -12.8 — -13.9
(m, 8B). HRMS (ESI-TOF) m/z: [M] calcd for C27H4B1102: 522.4443, found: 522.4420. Anal.

Calcd for C27H44B110,Li-3H20: C, 55.86; H, 8.68. Found: C, 55.85; H, 9.02.
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CHAPTER B4

Liquid crystalline polymer electrolytes based on [closo-

CBi11H12] for Li-ion battery application

1. INTRODUCTION

The desire for a renewable energy source is at an all-time high, and Li-ion batteries (LIBs)
are playing a significant role in the energy transition by providing emission-free energy. LIBs were
commercially used for the first time in 1991, by a Japanese company SONY [1,2]. Currently, they
are employed in many modern technologies including electric vehicles and portable electronic
devices such as computers, smartphones etc. due to their high energy density, light weight, and
improved lifespan [3-8].

Li-ion batteries based on conventional liquid electrolytes provides efficient room
temperature ionic conductivity, decent capacity, and good charge-discharge property [9]. However,
the decomposition products of thermally unstable Li* salts and volatility of the organic solvents
and plasticizers used in these electrolytes rises many safety challenges in its commercial
applications [10], especially during the battery operation that requires high voltage and temperature
conditions. As a consequence, a new concept of whole solid-state batteries (SSEs) having high
electrochemical stability, wide temperature range operation, high energy density, excellent safety,
and easy processability has emerged.

Solid polymer electrolytes (SPE) are particularly interesting sub-class of SSEs because the
additional flexibility they offer can leads to improved electrode/electrolyte contact [11-12]. In
addition, they can function as both ion-conductor and electronically insulating separator in LIBs.

An ideal SPE should have high mechanical strength, electrochemical stability, and high ionic
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conductivity while maintaining the ion transference number close to unity [13]. Although several
SPEs showed good mechanical properties and improved safety [14], their poor room temperature
ionic conductivity and low transference number remains a challenge [12b, 15-16].

Liquid crystals (LCs) as an electrolyte material have gained significant attention in recent
years due to their ability to self-organize and formation of channels for efficient Li-ion transport
[17a-17d]. They are also found to have several advantages, such as improved electrochemical
stability [18], ability to suppress the Li dendrite growth [19a], and high Li-ion transference number
[19b]. Kato and co-workers in 2015 demonstrated the first Li-ion battery based on LC electrolytes
[20]. Polymerization of LC electrolyte in its ordered LC phase results in nanostructured ion-
conductive polymeric electrolyte films [21-24] with immobilized ion conducting channels. These
LC polymer electrolytes offer good mechanical stability, a broad operating temperature range, and
excellent electrode/electrolyte contact. Recently, Zhang and co-workers demonstrated a liquid
crystalline solid polymer electrolyte film with a high ionic conductivity at room temperature (2.14
x 102 S cm™). This material was utilized in a LiFePO4/Li cell which showed a discharge capacity
of 150 mAhg™ [25].

The poor stability and environmental compatibility of conventionally used halogenated Li*
salts are also a problem that must be resolved in order to improve the high temperature performance
of the LIB. Utilizing Li* salts composed of anionic boron clusters is one way to accomplish this.
Boron clusters are advantageous for use as lithium salts in electrolytes due to their excellent thermal
and electrochemical stability and weekly coordinating nature [26-27]. Li* salts of boron clusters
have already demonstrated high ionic conductivity and improved electrochemical stability [28-31].

Herein we present a new paradigm in solid polymer electrolytes by combining anisotropic
ion transport of LC with derivatives of [closo-1-CB11H12] as anions for Li-ions. The electrolyte

system under investigation is a 10 mol% solution of Li* salt with anion which is a [closo-1-
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CBu1H12] derivative structurally similar to or compatible with the liquid crystalline monomeric
host containing an oligoethylene fragment. The polymeric electrolyte films obtained by the
polymerization of the parallelly aligned LC electrolyte is expected to have improved ionic
conductivity, thermal stability, and mechanical properties. This study involves several stages of
development, including extensive synthesis and characterization of the LC electrolyte, its
alignment using different surface treatment methods, photopolymerization of the aligned
electrolyte, and finally testing of the polymer electrolyte film in CR-2032 type coin cell batteries.
The progress made so far in the realization of such a LC polymer electrolyte is described in this

Chapter.

2. RESULTS AND DISCUSSION

2.1 Synthesis

Monomeric LC host 1a[4] was obtained in the sequence of reactions shown in Scheme 1.
Thus, 4-hydroxybenzoic acid (1b) in reaction with OH(CH2)sOTs [32] in the presence of t-BuOK
gave  4-((6-hydroxyhexyl)oxy)benzoic  acid (1c) in  66-70% vyield. 4-(6-
(Methacryloyloxy)hexyl)oxy)benzoic acid (1d) was prepared from 1c in 35-45% according to a
literature procedure [33]. Subsequently, Steglich-type esterification of benzoic acid derivative 1d
with biphenyl-4-ol derivative le [34] in the presence of dicyclohexylcarbodiimide (DCC) and
catalytic amounts of 4-dimethylaminopyridine (DMAP) resulted in the monomeric LC derivative

1a[4] in 45-50% yield.
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COOH COOH COOH

YJ\O/\/\/\/O

1a[4]

Scheme 1. Preparation of LC monomer matrix 1a[4]. Reagents and conditions: (i) 1). OH(CH.)e-

OTs, t-BuOK, EtOH, reflux, 12 h. 2). H*, 65-70% yield; (ii) Methacryloyl chloride, NEts, THF, rt,

12 h, 35-40 % vield: (iii) e, DMPA, DCC, CH.Cla, rt, 18 h, 45-50% yield.

Synthesis of the monomeric derivative 2a is shown in Scheme 2. Derivatives 2c¢ [35] and

2d [36] were synthesized in 35% and 84% yields, respectively, according to the previously known

procedures. The subsequent reaction of 2d with ethyl 4-hydroxybenzoate in the presence of KoCOs,

followed by deprotection of the benzoate ester in the product by refluxing with 20% KOH and

acidification of the resulting solution, gave 2a in 62—70% vyield. A polymerization inhibitor, 3,5-

di-tert-butylcatechol (0.01 wt%), was used during the preparation of these derivatives to prevent

the polymerization of samples in light.
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Scheme 2. Preparation of the monomer intermediate 2a. Reagents and conditions: (i) NaOH, 4-
vinylbenzyl chloride, 50 °C, 4 h, 35% vyield; (ii) TsCl, NEts, CH2Cly, rt, 84% vyield; (iii) 1). Ethyl

4-hydroxybenzoate, KoCOg, reflux, 12 h, 2). 20% KOH, 3h, reflux, 3). 10% HCI, 62—-70%.

H° @ @°wo

n=4,9
F F
3b[n] 3a[n]

Scheme 3. Preparation of dimeric LC monomer 3a[n]. Reagents and conditions: (i) 2a, EDC'HCI

or DCC, DMAP, CHCly, rt, 12 h, 48-68% yield.

Synthesis of the monomeric LC matrix 3a[4] and 3a[9] is shown in Scheme 3.
Hydroxyphenyl derivatives 3b[n] were conveniently prepared according to the previously
demonstrated procedure (Scheme 2, Chapter B3). Monomeric LC derivatives 3a[4] and 3a[9] were
obtained through the Steglich type esterification of the corresponding 3b[n] derivative with acid
derivative 2a in the presence of a carbodiimide dicyclohexylcarbodiimide (DCC) for the synthesis
of 3a[4] and N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC'HCI), for the

synthesis of 3a[9]) and catalytic amounts of 4-dimethylaminopyridine (DMAP). Steglich-type
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esterification using DCC for the synthesis of 3a[9] was inefficient due to the difficulties in removing
the urea biproduct formed during the reaction.

Electrolyte samples under investigation were prepared by dissolving Li* salt 4a[Li] or
4b[Li] (Figure 1) in appropriate LC matrix. Sample 1a[4]-4a[L.i] is a 10 mol% solution of 4a[L.i]

in 1a[4] and sample 3a[9]-5a[L.i] is a 10 mol% solution of 5a[Li] in 3a[9].

Ao e

4alLi] _|

CeH1sz
Figure 1. Molecular structures of the Li* salts 4a[Li] and 5a[Li] used in the preparation of the

electrolyte samples 1a[4]—4a[Li] and 3a[9]-5a[Li].

2.2 Liquid crystalline behavior

Thermal behavior of monomeric LC matrices and electrolyte samples was investigated

using polarized optical microscopy (POM) and differential scanning calorimetry (DSC).

Figure 2. Optical textures for the monomer matrix 3a[9] observed in the same region on cooling:

N phase at 81 °C (left), Sm phase at 74 °C (right).
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Analysis of the derivatives 1a[4] and 3a[4] was difficult due to the issue of partial
polymerization of the sample before its clearing temperature of 77 °C and 170 °C, respectively.
POM analysis of the derivative 3a[9] showed characteristic textures of smectic (Sm) and nematic
(N) phases (Figure 2). DSC thermograms for the monomer matrix 3a[9] and electrolyte sample
3a[9]-5a[Li] are shown in Figure 3. Matrix 3a[9] exhibited an enantiotropic transition with Sm
and N phases, with a clearing temperature of 81 °C. The transition from the Sm-Cr phase was not
observed on cooling due to the supercooling effect. The addition of Li* salt 5a[Li] to monomer

3a[9] destabilized the N phase in favour of the Sm phase.
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Figure 3. DSC trace for the monomer matrix 3a[9] (left) and electrolyte sample 3a[9]-5a[L.i]
(right). Heating and cooling rates are 10 K min™.
2.3 Powder XRD analysis

Powder XRD measurements were performed for the monomer LC matrix 3a[9] and a
representative diffractogram is shown in Figure 4. The presence of a sharp signal in the small angle

region (d-spacing of 41.94 A) and a diffuse peak in the wide angle region (d-spacing of 4.41 A)

confirmed a fluid Sm phase.
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Figure 4. Powder XRD pattern of 3a[9] in the smectic phase taken at 70 °C.

2.4 Alignment of electrolyte samples

The alignment of electrolyte samples was studied using ITO cells with varying thickness,
cells coated with various alignment materials, including polyimides and nylons, and cells with
cross-rubbed surfaces. The goal was to achieve a parallel alignment of the LC electrolyte sample
in its smectic phase with ion conducting channels perpendicular to the plane of the cell (Figure 5).

Li-ion conducting channels
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Figure 5. Schematic representation of a parallelly aligned electrolyte sample in the smectic phase

with Li-ion conducting channels perpendicular to the plane of the cell.

Initial investigations were focused on electrolyte sample 1a[4]-4a[Li]. However, only a

partial alignment of this sample was achieved. The main challenges were the premature
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polymerization of the electrolyte sample during cell filling (Figure 6) and the short circuit of the
cell when an external electric field was applied to align the sample. Acrylates undergo radical and
nucleophile-induced polymerization. Polymerization observed for sample 1a[4]-4a[Li] could be
base- or nucleophile-induced because the high electron density renders the faces of the [closo-1-
CB11Hz12] cluster Lewis basic. An attempt to avoid short circuit by using cells with a SiO;
protective layer was not successful. To account for the issue of a short circuit, the cell components
were investigated using the precision component analyzer-6425 before and after filling the
electrolyte sample. It was found that the capacitance and resistance for the empty cell of thickness
15 um were 115.9 pF and 2.2 GQ respectively, whereas those of a cell filled with the electrolyte
samples were 240 pF and 14 kQ. This suggested high ionic conductivity between the electrodes of

the filled cell, which led to a short-circuit in the cell when an external electric field was applied.

Figure 6. Premature polymerization of the electrolyte sample in an ITO cell.

In an attempt to improve the electrolyte system and resolve the issue of premature
polymerization, a new electrolyte system was developed with modifications in the structure of both
the LC matrix and Li" salt. Lateral fluorination in the modified host matrix 3a[n] (Scheme 3) was
to provide a transverse dipole in the monomer, which resulted in a negative dielectric anisotropy
of the material. This was expected to facilitate a parallel alignment of the material when an external

electric field is applied. Also, the polymerizable styrene group in the new design is stable towards
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basic conditions, unlike the methyl acrylate in 1a[4]. In the new design for the ionic additive, an
alkyl chain is introduced at one of the apical positions of the [closo-CB11H12]* anion, while the
other apical boron atom remains unsubstituted. This design was expected to retain their function
as ionic species and their ability to form dynamically ordered structures in the LC electrolyte
system.

ITO cells with different alignment layers were tested initially for the modified electrolyte
sample 3a[9]-5a[L.i] and the cells coated with nylon-11 and nylon-12 alignment layers provided a
better parallel alignment. Further tests using nylon coated cells of different thicknesses revealed a
decrease in the alignment of the sample with an increase in cell thickness. The best alignment was
obtained in the cell with a thickness of 5 pm. Currently, investigations are going on to obtain

parallelly aligned electrolyte samples with thickness up to 50 pm.

2.5 Polymerization of the aligned electrolyte sample

In an initial attempt to prepare the polymer electrolytes, we used the partially aligned
electrolyte sample 1a[4]-4a[Li]. Thus, a few minutes of UV irradiation (A = 364 nm) of the
electrolyte sample resulted in complete polymerization. Free-standing solid polymer electrolyte
films were obtained by breaking the sample cell and peeling off the electrolyte film. The partially
aligned electrolyte films obtained in this way had a thickness of approximately 70 um and a size

of approximately 1 cm (Figure 7).

QTR |W'llﬂimlll"
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Figure 7. Solid polymer electrolyte obtained from electrolyte sample 1a[4]-4a[Li].
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Subsequently, a fully aligned polymer electrolyte of thickness 5 um was prepared by
polymerizing a parallelly aligned electrolyte sample 3a[9]-5a[L.i] in its Sm phase. POM analysis
of polymer electrolyte sample 3a[9]-5a[L.i] revealed that the Sm phase arrangement is maintained
over a wide temperature range, with only thermal expansion observed upon heating. This is evident
from the change in birefringence with increasing temperature (Figure 8). This polymer electrolyte
was found to be stable after multiple heating and cooling cycles in the temperature range 0 to 130

°C. The preparation of aligned polymer electrolytes with a thickness up to 50 um is in progress.

Figure 8. POM image of the aligned 5 um thick polymer electrolyte sample 3a[9]-5a[L.i] taken

in the same region at 30 °C (left) and 130 °C (right) in the cell.

2.6 Testing of the solid polymer electrolytes in Li-ion battery

So far, only a partially aligned polymer electrolyte sample 1a[4]-4a[Li] was tested in Li-
ion battery. Thus, several CR-2032 type coin cells were prepared (Figure 9). Nanostructured
lithium iron phosphate (LiFePO4) with particle sizes approximately 3 um (80% particles in the 3.5
um £1 pum range) and conductive carbon coating were used as the cathode material, and lithium
titanate (Li4TisO12) was used as the anode material in the battery. The total nominal capacity for

the battery was found to be 1.6 mAh, which is very low for a coin-cell battery.
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Figure 9. CR2032 type coin cells made using the partially aligned solid polymer electrolyte sample

la[4]-4al[Li].

2.6.1 Electrochemical impedance spectroscopy (EIS) measurements

Nyquist plots of the EIS measurements performed for the coin cells are shown below

(Figure 10).
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Figure 10. Clockwise: Nyquist plot for the coin cells 1, 2, 3, and 4 in the frequency range of 200

KHz to 10 MHz.
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The overall internal resistance of the coin cells at 80 °C was measured using broadband
dielectric spectroscopy (BDS), which revealed high internal resistance in the cells. For example,
the internal resistance in cell-1 was estimated to be R (electrolyte) = 108 kQ, R (passive layer) =
210 kQ, and R (charge transfer) = 341 kQ (Figure 10). The reason for the high internal resistance
is presumed to be due to the wrong alignment of the molecules in the SPE or poor electrode-

electrolyte contact.

2.6.2 Galvanostatic cycling
Charge-discharge cycles in the range of 2.0-3.9 V with the current C/1 for the first half
cycle and 2C or C/1 for the second half cycle were performed in the Digatron BTS 600 battery test

facility at the European Space Agency (ESA) to check the performance of the coin cells (Table 1).

Battery | Test No. of Voltage Current Limit (mAh)
No. cycle range (V) Charging | Discharging
1 1 5 2.2-3.9 1.6 3.2
2 100 2.2-3.9 1.6 1.6
3 600 2.2-3.9 1.6 1.6
2 1 10 2.2-3.9 1.6 3.2
2 100 2.2-3.9 1.6 1.6
3 1 100 2.2-3.9 1.6 3.2
2 100 2.2-3.9 1.6 1.6

Table 1. Battery tests carried out in Digatron BTS 600 battery test facility.

During the charging cycle, the voltage of the battery reached its upper voltage limit (3.9 V)
immediately (in a few seconds). However, when the charging was stopped, the voltage dropped to
0.5 V, which was below the lower voltage limit (2.0 V) of the battery. This behaviour was

unexpected and the same result was observed for all three batteries tested. There was no
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improvement, even for the test conducted with 600 cycles. To understand this issue, a test was
performed by setting a one-hour time limit for charging, but the result was the same (Figure 11).
This indicates that no energy was stored during the charging cycle and it can be attributed to the

coin cell's high internal resistance. Currently, efforts are being made to address these issues.
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Figure 11. Battery cycling time curve with charging limit set to one hour.

3. SUMMARY AND CONCLUSIONS

We have synthesized and tested the first prototype of solid polymer electrolyte designed
for Li-ion battery applications. The liquid-crystalline behavior of the samples was studied and
confirmed using differential scanning calorimetry (DSC), polarized optical microscopy (POM),
and powder XRD. Alignment of the electrolyte sample was achieved using ITO cells coated with
different alignment layers, and polymerization was achieved by UV irradiation (A = 364 nm).

Several CR2032 type coin cells were built using the partially aligned polymer electrolyte
sample 1a[4]-4a[Li]. EIS measurements conducted for these cells showed high internal resistance
(kQ range). This is assumed to be the result of improper alignment of the electrolyte and poor

interfacial contact between the electrode and the electrolyte material. Also, the overall nominal
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capacity of the cell was found to be 1.6 mAh and the battery test carried out clearly showed that no
energy was stored in the cell during the charging process.

The development of a new batch of coin cell batteries using a modified polymer electrolyte
sample 3a[9]-5a[L.i] is in progress. The new electrolyte design is expected to resolve the issues
associated with the previous design by providing better alignment. So far, we have achieved the
preparation of a fully aligned polymer electrolyte sample with a thickness of up to 5 um, and

currently efforts are being made to obtain sample with a thickness of up to 50 um.

4. EXPERIMENTAL SECTION

General procedures

Reagents and solvents were obtained commercially. NMR spectra were obtained at 400
MHz ('H), 100 MHz ('*C), 128 MHz (''B), 376 MHz (*°F), in CDCI; and referenced to the solvent
(8 =7.26 ppm for 'H and & = 77.16 ppm for '*C) or in DMSO-ds and referenced to the solvent (5
=2.50 ppm for 'H and § = 39.52 ppm for '*C) [33] or to an external sample of neat CF3COOH in
CDCl; and DMSO-ds ("’F NMR § = 76.55 ppm). ’F NMR chemical shifts were taken from the H—
decoupled spectra.
Optical microscopy and phase identification were performed using a polarized microscope
equipped with a hot stage. Thermal analysis was run on a TA Discovery DSC 2500 using samples
of about 1.0 mg and a heating rate of 10 K min™! under a flow of nitrogen gas. Melting points were
determined on a Melt-Temp II apparatus in capillaries and they are uncorrected. High-resolution
mass spectrometry was conducted with the TOF-MS ES method. Broad angle X-ray diffraction
studies were performed for unaligned samples using a Bruker D8 GADDS instrument (Cu Ka
radiation, A=1.54 A, incident beam formed by G&bel mirror monochromator and point collimator

0.5 mm, two-dimensional detector Vantec 2000).
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Impedance spectroscopy

Electrochemical impedance spectroscopy measurements were performed using a
Novocontrol BDS device at the ESTEC facility of the European Space Agency. The instrument
consists of a spectrometer with sample cells, a temperature control system, and a computer with
software for data acquisition and analysis. During the measurement, the sample cell is placed in a
cryostat, which is connected to a liquid nitrogen dewar and allows for temperature cycling between
-150 and 500 °C. The tests were conducted at 80 °C after stabilization, and the same temperature
was maintained throughout the test. EIS measurements were performed in the range of 200 kHz to

10 MHz.

Galvanostatic cycling

The galvanostatic cycling test was performed using a Digatron BTS-600 battery test system.
This is the third generation of a computer-controlled test system that allows testing the life cycle
and capacity of a battery. The coin cells were thermostated at 80 °C in a thermal chamber for
several hours prior to the test. The total nominal capacity for the battery was 1.6 mAh, and the
minimum current limit at which the Digatron BTS 600 facility can operate is 1.6 mAh. So, the
charge-discharge cycles were performed in the range of 2.2-3.9 V with the current C /1 for the first

one and 2C or C/1 for the second half-cycles.

Preparation of the binary mixture
Electrolyte samples la[4]-4a[Li] and 3a[9]-5a[Li] were prepared by evaporating a
solution of the corresponding monomer matrix (1a[4] or 3a[9]) and 10 mol% of Li* salt (4a[Li]*

or 5a[Li]*) in CH2Cl> using a rotary evaporator and drying it under high vacuum.
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Preparation of 3a[4]

To a suspension of 3b[4] (70 mg, 0.12 mmol, 1.0 eq.) and 4-hexylbenzoic acid (90 mg,
0.26 mmol, 2.2eq.) in CHxCl> (4 mL), were added 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDCHCI, 71 mg, 0.37 mmol, 3.2 eq.) and 4-dimethylaminopyridine
(DMAP, 9mg, 0.069 mmol, 0.6 eq.). The reaction mixture was stirred overnight at room
temperature. Aluminium foil was used to protect the reaction from light to avoid polymerization.
Reaction progress was monitored using TLC (SiO2, CH2CI2/EtOAcC, 9:1). After the reaction was
complete, water (10 mL) was added in to the reaction mixture and CH,ClI, layer was extracted (3
x 5 mL). The combined organic layer was dried over Na;SO4 and concentrated using a rotary
evaporator to obtain the crude product. The target compound was isolated by column
chromatography (SiO2, CH>CI2/EtOAc, 9:1) to give 72 mg (48% yield) of 3a[4] as a white solid.
IH NMR (400 MHz, CDCl3): & 8.15 (d, J = 8.9 Hz, 4H), 7.54 (d, J = 7.8 Hz, 4H), 7.40 (d, J = 8.0
Hz, 4H), 7.34-7.26 (m, 8H), 7.10 (td, J = 8.4, 2.3 Hz, 2H), 6.97 (d, J = 8.9 Hz, 4H), 6.86-6.81 (m,
2H), 6.72 (dd, J = 17.6, 10.9 Hz, 2H), 5.75 (d, J = 17.7 Hz, 2H), 5.24 (d, J = 10.9 Hz, 2H), 4.50 (s,
4H), 4.26 (t, J = 4.8 Hz, 4H), 4.04 (t, J = 6.5 Hz, 4H), 3.92 (t, J = 4.8 Hz, 4H), 3.8-3.69 (M, 8H),
3.49 (t, J = 6.5 Hz, 4H), 1.84 (quint, J = 6.7 Hz, 4H), 1.67 (quint, J = 6.7 Hz, 4H), 1.57-1.41 (m,
8H). 9F{*H} NMR (376 MHz, CDCl3): §-139.7 (d, J = 19.8 Hz), -156.2 (d, J = 19.7 Hz). 3C{*H}
NMR (100 MHz, CDCls): & 165.0, 163.7, 150.8, 149.0 (d, Jrc = 243.1 Hz), 147.7 (4, Jrc = 6.7
Hz), 142.0 (d, Jr.c = 261.2 Hz), 138.4, 137.0, 136.7, 132.5, 129.9 (d, Jr.c = 3.0 Hz), 128.0, 126.4,
123.8, 122.8 (d, Jrc = 10.5 Hz), 122.1, 121.6, 114.4, 113.9, 110.1, 72.8, 71.1, 70.8, 70.3, 69.7,
69.6, 68.3, 29.8, 29.2, 26.1, 26.0. HRMS (ESI-TOF) m/z: [M + Na]* calcd for C76H7gF4013:
1297.5276, found: 1297.5198. Anal. Calcd for C7sH7sF4O13: C, 71.57; H, 6.16. Found: C, 71.46;

H, 6.12.
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Preparation of 3a[9]

To a suspension of 3b[9] (488 mg, 0.59 mmol, 1.0 eq.) and 4-hexylbenzoic acid (462 mg,
1.30 mmol, 2.2eq.) in CH2Cl> (15 mL), were added 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC-HCI, 342 mg, 1.78 mmol, 3 eq.) and 4-dimethylaminopyridine
(DMAP, 72mg, 0.59 mmol, 1eqg.). The reaction mixture was stirred overnight at room
temperature. Aluminium foil was used to protect the reaction from light to avoid polymerization.
Reaction progress was monitored using TLC (SiO2, CH3sCN/CHCl., 1:4). After the reaction was
complete, water (20 mL) was added in to the reaction mixture and CH2ClI, layer was extracted (3
x 15 mL). The combined organic layer was dried over Na,SO4 and concentrated using a rotary
evaporator to obtain the crude product. The target compound was isolated by column
chromatography (SiO2, CH3CN/CH.ClI>, 2:3) to give 640 mg (72% yield) of 3a[9] as a white solid.
The typical yield of the reaction was in the range 56—72%. *H NMR (400 MHz, DMSO-ds): & 8.07
(d, J = 8.8 Hz, 4H), 7.59 (d, J = 8.1 Hz, 4H), 7.43 (d, J = 7.9 Hz, 4H), 7.35 (d, J = 8.4 Hz, 4H),
7.32-7.27 (m, 6H), 7.14-7.08 (m, 6H), 6.71 (dd, J = 17.7, 10.9 Hz, 2H), 5.80 (d, J = 17.6 Hz, 2H),
5.23 (d, J = 10.9 Hz, 2H), 4.42 (s, 4H), 4.25 (t, J = 4.3 Hz, 4H), 4.05 (t, J = 6.5 Hz, 4H), 3.78 (t, J
= 4.4 Hz, 4H), 3.60 (t, J = 4.9 Hz, 4H), 3.55-3.46 (m, 24H), 3.41 (t, J = 6.4 Hz, 4H), 1.73 (quint,
J=6.7 Hz, 4H), 1.56 (quint, J = 6.7 Hz, 4H), 1.44-1.36 (m, 8H). *F{*H} NMR (376 MHz, DMSO-
de): & -140.5 (d, J = 20.8 Hz), -156.9 (d, J = 20.8 Hz). ¥C{*H} NMR (100 MHz, DMSO-ds): 5
164.2, 163.3, 150.4, 147.9 (d, Jr.c = 254.1 Hz), 147.2 (q, Jr-c = 3.4 Hz), 140.6 (d, Jrc = 258.5 Hz),
138.5, 136.4, 136.2, 132.1, 131.6, 129.7 (d, Jr.c = 2.7 Hz), 127.7, 126.0, 124.3, 124.2, 122.3,121.3
(d, Jr.c = 7.3 Hz), 120.7, 114.7, 114.0, 110.4, 71.5, 70.0, 69.8, 69.5, 69.0, 68.7, 68.0, 29.2, 28.5,
25.5,25.3. HRMS (MALDI) m/z: [M + Na]" calcd for CgsHosF4O1s: 1518.67, found: 1519.00. Anal.

Calcd for CgsHogF401s: C, 69.06; H, 6.60. Found: C, 69.21; H, 6.83.

90



Preparation of 2c

1,6-hexanediol (2b, 6.00 g, 50 mmol, 1.0 eq.) and NaOH (2.70 g, 67.5 mmol, 1.33 eq.) was
heated at 50 °C for 2 h. To the waxy material formed, 4-vinyl chloride (4.66 mL, 33.5 mmol,
0.66 eq.) was added over a period of 15 minutes and allowed to stir at 50 °C for another 2 h. The
reaction mixture was poured in to ice-cold water. Extraction was done in EtOAc (3 x 20 mL EtOA).
The combined organic layer was dried over Na>SO4 and the solvent was removed in rotary
evaporator to get the crude product. The target compound was isolated by column chromatography
(SiOz, EtOAc/Hexane, 1:4) to get 2.74 g (35% yield) of 2c as a colorless oily liquid. *H NMR (400
MHz, CDCls): & 7.39 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 6.71 (dd, J = 17.6, 10.9 Hz,
1H), 5.74 (d, J = 17.6 Hz, 1H), 5.23 (d, J = 10.9 Hz, 1H), 4.49 (s, 2H), 3.64-3.60 (M, 2H), 3.46 (t,
J=6.6 Hz, 2H), 1.67-1.51 (m, 4H), 1.43-1.32 (m, 4H). 3C{*H} NMR (100 MHz, CDCls): 5 138.3,
137.0, 136.9, 136.7, 128.0, 127.2, 126.3, 125.5, 114.1, 113.8, 63.0, 32.8, 29.8, 28.7, 26.1, 25.7.

HRMS (ESI-TOF) m/z: [M + Na]" calcd for C15H220,: 257.1517, found: 257.1517.

Preparation of 2d

To an ice-cold solution of 2¢ (5.00 g, 21.33 mmol, 1.0 eq.) and NEt3 (9 mL, 64 mmol, 3 eq.)
in CH2Cl2 (25 mL), was added TsCl (4.47 g, 23.47 mmol, 1.1 eq.). The clear solution formed was
stirred at room temperature for 12 h. Extraction was done in CH2Cl,. The organic layer was
collected and dried over Na2SO4. The crude product was obtained by evaporating the solvent in a
rotary evaporator. Purification of the crude product was done using column chromatography (SiOx,
EtOAc/Hexane, 1:4) to give 7.41 g (89% vyield) of 2d as a white solid. The typical yield of the
reaction was in the range 84-89%. *H NMR (400 MHz, CDCls): & 7.78 (d, J = 8.4 Hz, 2H), 7.39
(d, J =8.2 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 6.71 (dd, J = 17.6, 10.9 Hz,

1H), 5.74 (d, J = 17.6 Hz, 1H), 5.23 (d, J = 10.4 Hz, 1H), 4.46 (s, 2H), 4.01 (t, J = 6.5 Hz, 2H),
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3.41 (t, J = 6.5 Hz, 2H), 2.44 (s, 3H), 1.65 (quint, J = 6.9 Hz, 2H), 1.59-1.52 (m, 2H), 1.36-1.27
(m, 4H). BC{*H} NMR (100 MHz, CDCls): & 144.8, 138.3, 137.0, 136.7, 133.3, 129.9, 128.02,
127.96, 126.4, 113.9, 72.75, 70.71, 70.2, 29.7, 28.9, 25.7, 25.4, 21.8. HRMS (ESI-TOF) m/z: [M +

H]" calcd for C22H2004S: 389.1787, found: 389.1805.

Preparation of 2a

A solution of 4-hydroxy ethyl benzoate (500 mg, 3.01 mmol, 1 eq.) and K>COs (1.25 g,
9.03 mmol, 3 eq.) in EtOH (20 mL) was heated for 30 minutes. 2d (1.29 g, 3.31 mmol, 1.1 eq.)
was added to the precipitate formed, and it was refluxed overnight. 20% agq. KOH (40 mL) was
added in to the reaction mixture and it was refluxed for another 3 h. The clear solution formed was
cooled to room temperature and it was acidified using 10% HCI to obtain a white precipitate. The
precipitate was collected by filtration and dried under high vacuum to give 758 mg (71% vyield) of
pure 2a as a white powder. The typical yield of the reaction was in the range of 62-71%. *H NMR
(400 MHz, DMSO-ds): & 12.61 (s, 1H), 7.87 (d, J = 8.9 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.28 (d,
J=8.1Hz, 2H), 6.99 (d, J = 8.9 Hz, 2H), 6.72 (dd, J = 17.7, 10.9 Hz, 1H), 5.81 (d, J = 17.2 Hz,
1H), 5.24 (d, J = 10.9 Hz, 1H), 4.43 (s, 2H), 4.02 (t, J = 6.5 Hz, 2H), 3.42 (t, J = 6.5 Hz, 2H), 1.72
(quint, J = 6.6 Hz, 2H), 1.56 (quint, J = 6.8 Hz, 2H), 1.45-1.37 (m, 4H). 3C{*H} NMR (100 MHz,
DMSO-de): 8 167.0, 162.3, 138.5, 136.4, 136.2, 131.3, 127.7, 126.0, 122.9, 114.2, 114.1, 71.5,
69.5,67.7,29.1, 28.5, 25.5, 25.3. HRMS (ESI-TOF) m/z: [M + Na]" calcd for C22H2604: 377.1729,

found: 377.1735. Anal. Calcd for Co2H2604: C, 74.55; H, 7.39. Found: C, 74.43; H, 7.11.

Preparation of 1a[4]
To a suspension of 1d (47 mg, 0.15 mmol, 1.0 eq.) and 1e (64 mg, 0.17 mmol, 1.1 eq.) in
CH2Cl> (4 mL), were added dicyclohexylmethanediimine (DCC, 38 mg, 0.18 mmol, 1.2 eq.) and

4-dimethylaminopyridine (DMAP, 4 mg, 0.03 mmol, 0.2 eq.). The reaction mixture was stirred
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overnight at room temperature. Progress in the reaction was monitored using TLC (SiOa,
MeCN/CHClIy, 1:4). After the reaction was complete, it was filtered and the collected filtrate was
concentrated using a rotary evaporator to obtain the crude product. The target compound was
isolated by column chromatography (SiO2, MeCN/CH2Cl., 1:4), followed by recrystallization in
ethanol gave 53 mg (52% yield) of 1a[4] as a white solid. *H NMR (400 MHz, CDCls): § 8.16 (d,
J=8.9 Hz, 2H), 7.58 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.8 Hz, 2H), 7.24 (d, J = 8.6 Hz, 2H), 7.00—
6.96 (M, 4H), 6.10 (sext, J = 1.0 Hz, 1H), 5.56 (quint, J = 1.6 Hz, 1H), 4.18-4.15 (m, 4H), 4.05 (t,
J = 6.4 Hz, 2H), 3.89 (t, J = 4.8 Hz, 2H), 3.76-3.72 (m, 2H), 3.70-3.64 (m, 8H), 3.59-3.51 (m,
2H), 3.38 (s, 3H), 1.95 (t, J = 1.3 Hz, 3H), 1.86 (quint, J = 6.5 Hz 2H), 1.73 (quint, J = 6.8 Hz,
2H), 1.56-1.47 (m, 4H). 3C{*H} NMR (100 MHz, CDCls): § 165.2, 163.6, 158.4, 150.2, 138.5,
133.4, 132.4, 128.3, 127.8, 125.4, 122.1, 121.7, 115.1, 115.0, 114.4, 71.9, 70.9, 70.7, 70.6, 70.5,
69.9, 68.3, 68.2, 67.6, 64.7, 63.0, 59.2, 29.1, 28.7, 28.6, 26.0, 25.9, 25.8, 25.7, 18.5. HRMS (ESI-
TOF) m/z: [M + H]" calcd for CasHagO10: 665.3326, found: 665.3337. Anal. Calcd for C3gHasO10:

C, 68.66; H, 7.28. Found: C, 67.92; H, 7.41.
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