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 This dissertation describes advancements in the controlled delivery of boron-based cargo 

through the use of both small molecules as well as nanomaterials to tune both the distribution and 

concentration of boron content delivered in vivo. Specifically, we employ the use of various closo-

dodecahydrododecaborate derivatives for encapsulation with ferumoxytol nanoparticles, boron-

oxide based nanoparticles with varied capping groups, and small molecule analogues of histone 

deacetylase inhibitors. We have shown that boron-rich materials can be delivered to tissues with a 

range of favorable concentrations and that this delivery can be affected through the manipulation 

of chemical structure of the cargo and nanocarrier structure. Chemical advances to improve control 

of the delivery of boron are crucial for advanced work with neutron-based reactions, including 

boron neutron capture therapy. 
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 Chapter One provides an introduction to the use of neutrons and known reactions with 

chemical systems. This provides brief historical and background details as well as a perspective 

on the potential for future developments in chemical reactions involving neutrons. 

 Chapter Two demonstrates the noncovalent interaction between several closo-

dodecahydrododecaborate derivatives with ferumoxytol, an iron oxide-based nanoparticle system. 

Ferumoxytol is able to encapsulate a range of boron cluster derivatives and through a combination 

of in vitro and in vivo kinetic analyses, we show that encapsulation can favorably affect the 

biodistribution of boron-rich clusters. 

 Chapter Three describes a laboratory scale synthesis for a well-studied compound 

employed in boron neutron capture therapy. [B12H11SH]2- (BSH) was previously difficult to 

prepare due to a combination of multi-step reactions as well as the necessity for large excesses of 

reagents. Chapter Three also highlights the compatibility of BSH with Au- and Pd-based 

organometallic species that have been used in the modification of carbon-based thiols. 

 Chapter Four reports the biodistribution of several derivatives of boron oxide-based 

nanoparticles. We find that the size and chemical structure of the nanoparticle capping group can 

serve as a guide for future derivatives. 

 Chapter Five describes the development of boron cluster pharmacophores, specifically two 

small molecule histone deacetylase inhibitors. The biodistribution of these species and their 

comparison to state of the art histone deacetylases is included. 

 Chapter Six demonstrates the use of the closo-hexaborate cluster as a nucleophilic boron 

cluster reagent for the preparation of small molecules containing B–C bonds. 
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CHAPTER 1 – General Introduction 

1.1 Neutrons in Chemistry 

Since the early 1900s, scientists have been fascinated by the reactions generated by neutron 

radiation. The subsequent research conducted has resulted in numerous advances in the field of 

nuclear technology. One of the most notable achievements is the nuclear reactor, which has 

allowed energy production for use in a variety of applications. More recently, the use of neutron 

radiation is being investigated as a potential therapy for cancer. However, the use of neutrons to 

initiate chemical reactions as part of synthetic efforts has gone largely unexplored. In this 

introduction, the concepts of and advances in neutron bombardment reactions will be explored as 

well as their potential application to chemical transformations that are implemented today.  

1.2 Early Research on Neutron Radiation 

Though the idea of a neutral particle existing as part of an atomic nucleus was mentioned 

as early as 1920 by Rutherford,1 the existence of a neutron was first rationalized by James 

Chadwick in 1932. Chadwick examined the radiation emitted from beryllium and boron after 

irradiation with alpha particles from polonium (Figure 1.1). Evidence showed that the emitted 

radiation did not consist solely of gamma rays as previously thought,2 but also contained neutral 

particles.3 He later detailed the properties of the neutron, leading to his hypothesis that neutrons 

could be an elementary particle in the overall composition of atomic nuclei.4 This finding resulted 

in Chadwick winning the Nobel Prize in 1935 and catalyzed research in reactions between 

collisions of neutrons and elemental nuclei. Among these studies, one of the most notable works 

was the study of interactions of matter with neutrons by Fermi,5 which showed that new isotopes 

could be produced through neutron capture and also resulted in a Nobel Prize. Later, key 



2 

 

experiments detailed the reaction dependence on neutron energy and the target nuclei.6 As a result, 

the cross sections for both slow and fast neutrons were assessed,7 giving rise to the establishment 

of guidelines of neutron-nuclide interactions. Since then, the effects of atoms upon neutron  

Figure 1.1: Chadwick’s experimental design that lead to the discovery of the neutron. The alpha particles 

emitted from polonium caused neutrons to be emitted from beryllium. When these neutrons struck a paraffin 

layer, protons were ejected and detected by an ionization chamber. 

bombardment, through capture or scatter, has been a fascinating topic for physicists and chemists 

alike. The irradiation of a material with neutrons has been implemented in various analytical 

methods, which will not be covered here. Rather, this introduction focuses on chemical 

transformations that take place upon reactions with neutrons and examines them in the context of 

new developments in neutron chemistry. Within this introduction, notable advances in neutron 

research are summarized and new potential areas of research are described. 

1.3 Generation of Neutrons 

Early studies implemented elemental reactions, such as 9Be(α,n)12C, in order to obtain 

neutrons. The α-particles were typically generated from radioactive elements such as polonium, as 

seen in Chadwick’s work,3-4 and although this method serves as a reliable source of neutrons, flux 
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is inherently limited. With the development of the cyclotron reported by Lawrence in 1932,8 a 

reliable proton source could now be used, employing reactions such as 9Be(p,n)9B or 

9Be(p,p’,n)8Be or 7Li(p,n)7Be to generate neutrons. The next major innovation in neutron 

production occurred when Enrico Fermi led the construction of Chicago Pile-1 (CP-1), the world’s 

first nuclear reactor, relying on uranium fission. Uranium fission reactors (Figure 1.2), such as the 

Kyoto University Reactor (KUR), are still used as neutron sources today. The KUR was built in 

1964 and is a graphite/uranium reactor with a large deuterated water tank for neutron moderation.9 

Other modern types of sources include variations on the cyclotron (see Sumitomo NeuCure),10 a 

tandem accelerator, where hydrides are accelerated and converted to protons before additional 

acceleration (see TAE Life Sciences Alphabeam), or DD/DT-based (2H(d,n)3He and 3H(d,n)4He) 

sources (see Fukushima/Adelphi SiCANS). Accelerator-based sources typically use either lithium 

or beryllium targets to produce neutrons. Modern neutron sources have fluxes in the range of 1010 

n/s compared to ~107 n/s generated by CP-1. (Table 1.1) 

 

Figure 1.2: Diagram of a light water reactor core. Fuel rods (blue) are housed in a graphite reflector (light 

grey) and neutron absorbing control rods (dark grey) are used to modulate reactor power.  
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Table 1.1: Selected examples of advancements in neutron generation.   

1.4 Fast, Slow, and Thermal Neutrons 

Since the discovery of neutron radiation, numerous research efforts have been devoted to 

investigating the types of nuclear reactions, the mechanisms through which they occur, and the 

reaction probability for different atoms, isotopes, and molecules. In general, and for the purposes 

of this introduction, neutrons are classified as either fast, slow, or thermal, which refers to the 

energy of the neutron (Figure 1.3). Fast neutrons have energies of 1-20 MeV, and can be generated 

by a neutron beam or produced through fission. These exist only before they are slowed down by 

nuclear collisions, upon which they become slow neutrons, possessing energies of 1-10 eV. When 

a neutron energy is lowered further and eventually matches the kinetic energy of the atoms in the 

material through which it travels, the neutron is termed thermal (approximately 0.025 eV). 

Nuclides, which are atoms or nuclei that are characterized by their number of protons and neutrons, 

can interact with neutrons at any energy. The specific reactions that take place are highly dependent 

on the energy of the incident neutron. 
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Figure 1.3: Schematic of the slowing down process of fast neutrons and their corresponding energies. 

Neutrons will collide with nuclei, progressively losing energy until they are slow enough to undergo capture 

by a nucleus.  

1.5 Types of Nuclide-Neutron Interactions 

Before proceeding, it is necessary to give a brief overview of the terminology routinely 

used when discussing nuclear reactions. First, there exist a variety of types of radiation that have 

effects on nuclides: alpha, beta, and gamma radiation. An alpha (α) particle is a doubly charged 

particle consisting of two neutrons and two protons, and is sometimes referred to as a 4He nucleus. 

There are two types of beta (β) radiation. In β+ decay, a positron is emitted and a proton is 

transformed into a neutron. β- decay transforms a neutron into a proton through emission of an 

electron. Gamma (γ) radiation is simply the emission of packets of energy from a nucleus that 

possess the highest energy and shortest wavelength in the electromagnetic spectrum. A nucleus 

can react with or emit these types of radiation, but additional interactions, such as isomeric 
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transition and internal conversion, may also occur. Isomeric transition involves the decay of an 

isomer to a lower-energy state, accompanied by the emission of γ rays. This differs from normal 

gamma emission in that the transitions occur over a longer period of time from an excited state 

nuclide. If the lifetime of gamma emission is longer than a nanosecond, the excited nuclide is said 

to be in an isomeric or metastable state (denoted with a superscript “m” after the mass number). If 

isotopes have multiple metastable states, they are designated m1, m2, etc. A metastable state can 

also be broadly defined as an excited state possessing 100 to 1000 times the half-life as normal 

excited states. In some cases, “g” is included in the superscript to convey the isotope is in its ground 

state. Isomeric transitions may also lead to internal conversion, in which an exiting γ ray may 

interact with an electron, causing it to be expelled from the nucleus. This is similar to the 

photoelectric effect, in which light striking a material causes the ejection of an electron. When 

referring to nuclear reactions, it is common to write them in the A(b,c)D format, where A is the 

target nuclide that reacts with b, which is generally a form of radiation. This yields c (emitted 

radiation) and D, the product nuclide. For example, when 9Be is struck with alpha particles, the 

nucleus emits a neutron to give a 12C nucleus (9Be(α,n)12C).  

The two broad types of interactions that may occur upon collision of a nucleus with a 

neutron are scattering and capture (Figure 1.4). Scattering can be divided into two types: elastic 

and inelastic scattering. Elastic scattering is a billiard ball type of collision in which the kinetic 

energy is conserved. This is the most likely interaction for most nuclide and neutron energies. 

Inelastic scattering defines a collision in which kinetic energy is not conserved. This remaining 

energy is transferred to the target nucleus as excitation energy, which can then be emitted as 

gamma rays. This type of scattering is discussed in detail by Mooring et al.11 Inelastic scattering 

is not common and is most probable in collisions involving heavier nuclei and fast neutrons. 
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Because this type of scattering significantly reduces the energy of the neutron, it is sometimes used 

as a mechanism to obtain slow neutrons.  

Neutron capture is defined as the collision of an atomic nucleus with one or more neutrons 

that form a heavier nucleus. Not all nuclei are capable of facile neutron capture, and it has only 

been demonstrated in select elements and isotopes. Upon the effective absorption of a neutron, the 

nucleus (termed a compound or tagged nucleus) is highly energized and releases the excess energy 

through either electromagnetic means or ejection of a charged particle such as a proton, neutron,  

Figure 1.4: Types of neutron interactions that comprise the total cross section of a nucleus.  

β-particle, or α-particle (Figure 1.4). This may also be accompanied by gamma ray production. In 

select cases, the compound nucleus will undergo fission, where energy is released as kinetic energy 

in fission fragments. Neutron capture is currently being thoroughly investigated for its application 

to cancer therapy due to the optimal single cell path length of α particles released in 10B capture.  
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1.6 Assessing Reaction Type and Probability 

Given the variety of reactions that can occur between nuclides and neutrons, efforts have 

been made to predict the most likely interactions for individual atoms, isotopes, and molecules. 

One of the most important predictors of the probability of a reaction occurring is the neutron cross 

section (σ). The geometric cross section for medium mass nuclei is approximately 10-28 m2, which 

is where the unit for cross sections, barns, is derived (1b = 10-28 m2).12 This parameter considers 

neutron energy, the type of reaction of interest (absorption, scattering, etc.), as well as the target 

nuclide. As such, the cross section is defined as a function of neutron energy and can vary greatly 

for a specific target depending on whether the incident neutrons are slow or fast. The reaction cross 

section (σR) for high energy projectiles will be approximately the size of the geometric cross 

section (σG), which is simply the size of the target particle.12 Lower energy neutrons (< 1 MeV) 

will possess a larger de Broglie wavelength and therefore a higher probability of interacting with 

a target.12 As a consequence, fast neutrons generally have lower reaction cross sections compared 

to slow neutrons. Because there are a variety of interactions that can occur between a nuclide and 

neutron, σR is comprised of numerous sub-cross sections: for neutron absorption, a capture cross 

section (σC); for fission, a fission cross section (σF); and for scattering reactions, a scatter cross 

section (σS). It is possible for a target to possess more than one cross section, and in previous work,  
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Figure 1.5: Left) Graphs of the capture and scatter cross sections of 11B and 10B atoms vs. neutron energy. 

Right) Pictorial representation of capture, scatter and geometric cross sections of 10B at an arbitrary neutron 

energy, in which area correlates to probability of reaction. 

the various σ values for elements and their isotopes have been determined (Figure 1.5).7b, 13 Based 

on this, generalities of reaction type and probability can be applied to target nuclides. Targets with 

low mass and a large σS are generally good neutron moderators, which reduce the energy of fast 

neutrons and convert them into thermal neutrons. Targets with large σC are termed neutron poisons 

if they are not fissile or undergo decay. This is due to their ability to remove neutrons from the 

reaction medium, preventing interaction with other potential targets. Neutron moderators and 

neutron poisons are regularly used in nuclear reactors to control the reaction of neutrons with 

potential targets, and therefore are considered essential to controlling the outcome of many nuclear 

reactions. Given this, it is reasonable to assume that reaction conditions can be carefully designed 

to achieve the desired outcome by including elements with specific cross sections. For example, 

fast neutrons can be slowed by nuclei that have a high σS such as hydrogen, iron, or carbon. These 

resulting slow or thermal neutrons can then be captured by materials with a high σC, like boron 

and cadmium. Because the capture of thermal neutrons usually produces gamma radiation, 

elements possessing a large neutron capture cross section that produce softer gamma rays may be 
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desirable to reduce unwanted side reactions. Through this meticulous design, the complex nature 

of neutron-nuclide interactions can be more easily predicted and controlled. 

1.7 Penetration Depth of Neutrons 

Due to their uncharged state, neutrons are a form of indirectly ionizing radiation. In contrast 

to ionizing radiation, such as gamma rays, neutrons will interact with nuclei instead of electron 

clouds. Consequently, neutrons will be stopped more effectively by low atomic weight atoms (e.g. 

hydrogen, deuterium, carbon), as opposed to the high atomic weight materials used to stop gamma 

rays. As a result, neutrons have the ability to penetrate a far greater scope of materials than many 

other types of radiation (Figure 1.6). Whether or not neutrons escape a material will depend on the 

material itself, its thickness, and neutron energy. High energy neutrons will travel farther than low 

energy ones due to the even lower probability of interaction with other particles. To determine 

penetration depth, Monte Carlo simulations can be used to find the mean free path. This is the 

average distance a neutron travels between interactions; if it is long, it is more likely that neutrons 

will escape the material.14 By considering neutron energy, material type and thickness, and Monte 

Carlo calculations, neutron shields and moderators can be successfully developed.  

1.8 The Hot and Thermal Atom Processes   

For many organic reactions, sufficient energy must be introduced into the system to 

initiate a reaction. This is usually achieved through the addition of heat or light to the reaction 

system. However, the idea of increasing temperature to increase reaction rate, which is derived 
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from Arrhenius kinetics, is not directly applicable to neutron radiation reactions. Instead, energy 

 

Figure 1.6: Comparison of types of radiation and their penetration through various materials. 

is supplied to a reaction through a “hot” atom. This atom possesses kinetic energy far exceeding 

that which it would normally have if it were in thermal equilibrium with the system. Achieving 

control over the reaction rate from this point is much more complex compared to traditional 

synthetic methods. The hot atom process is defined by four events: neutron absorption, production 

of an excited nucleus, decay of the nucleus, and product formation.15 For example, the nitrogen 

atom in a methylamine molecule could absorb a thermal neutron and consequently be transformed 

into the excited 15N nucleus. Decay of this excited nucleus will produce a proton and a 14C recoil 

atom, which dissociates from the atoms to which it was originally bound. Finally, the 14C will 

diffuse into the system until it undergoes reaction to produce a stable compound15 (Figure 1.7). 



12 

 

Whether or not dissociation from the parent molecule occurs is determined by the recoil 

and bond dissociation energies. Recoil energies typically  fall between 102 to 106 eV, while bond 

energies tend to be on the order of a few eV.16 Hsiung and Gordus17 devised a model to predict if  

Figure 1.7: Progression of a hot atom process. An incoming neutron undergoes capture with 14N in 

methylamine to form a 15N nucleus, which decays to give a recoiling 14C atom and a proton. 

bond rupture will occur in polyatomic molecules. Returning to the methylamine example, the 

nitrogen is bound to a carbon and two hydrogen atoms, and the sum of these bond energies amounts 

to approximately 11 eV. The recoil energy of the newly formed 14C upon neutron bombardment is 

about 45,000 eV. Because the recoil energy far exceeds that of the bond energies, dissociation will 

occur and the 14C atom will be projected into the surrounding medium, decreasing in energy until 

it can form a stable chemical product. The excited nuclide experiences a slowing down process 

dominated by collisions with other atoms. Since the energy is far too high to react in a controlled 

fashion, the hot atom will gradually transfer its energy to other atoms in the medium through 

collisions. Atoms possessing a similar mass to the hot atom will be most effective in reducing its 

energy, which is evident from Equation 1.1, where EI = kinetic energy of the incident atom, m1 = 
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mass of the incident atom, m2 = mass of the struck atom, and EM = maximum energy transferable 

to the struck atom:15 

(𝟏. 𝟏)   𝑬𝑴 =
𝟒𝒎𝟏𝒎𝟐

(𝒎𝟏 + 𝒎𝟐)𝟐
𝑬𝑰 

Only once the hot atom is sufficiently slowed will it be able to enter stable combination. 

These atoms, termed "cool" atoms, combine to form a new molecule before they become thermal 

atoms. This is known as a hot process. If the recoil atom instead reaches thermal equilibrium with 

the surrounding medium, any resulting products are produced as a result of thermal processes. 

Definitive conclusions on product formation, unfortunately, have yet to be made for many neutron-

initiated processes. However, products can be classified according to their mechanism of formation 

or, alternatively, their structural relationship to the substrate, as outlined below (Figure 1.8).  

1.8.1 Re-entry or Retention Products  

In this case, the radioactive atom will replace a carbon or nitrogen within the parent 

structure. As a result, the bonding of the molecule remains unchanged. The formation of retention 

products is highly dependent on the mean free path of the tagged nuclide and, consequently, the 

state of matter in which irradiation is carried out. Yields will not only vary between solid, liquid, 

and gaseous samples, but also with varying pressures or concentrations of the sample. For example, 

irradiation that is done under high pressure will generally result in recoil atoms with a shorter mean 

free path, resulting in increased retention product yield compared to under low pressure.18 Of 

course, there are exceptions to these patterns that can be explained by other chemical phenomena, 

such as the probabilities of diffusion of fragments away from the cooled recoil atom.  
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1.8.2 Synthesis Products  

These products contain one or more atom relative to the parent molecule.  

 

1.8.3 Fragmentation Products  

The following molecules, termed fragmentation products, bear less resemblance to the 

substrate. 

 

 

Figure 1.8: Reaction scheme of potential products for 13C(n,γ)14C  neutron capture in methylamine. 

 

1.8.4 Build-up and High Molecular Weight Products  

This category includes all labeled products with Cn+2 to Cn+n carbon atoms where n ≥ 3, and 

are referred to as build-up products. Finally, significantly higher molecular weight products, such 

as polymers can also form. Previous evidence shows that recoil atoms can lose energy through 

ionization processes. Because of this, recoil atoms can exist in a variety of charge states throughout 
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their lifetime. In Equation 1.2 below, M and me are the masses of the recoil atom and a moving 

electron, respectively, and E is the energy of the recoil atom. The energy of a moving electron with 

the same velocity as the recoil atom is defined by ε.19  

(𝟏. 𝟐)  𝜺 =
𝒎𝒆

𝑴
𝑬 

It is necessary to note that the environment in which these reactions occurs could 

significantly alter the chances of ionization by an atom. For example, consider the differences in 

binding strengths between ionic and molecular crystals. A recoiling chromium atom from a 

chromate ion will have a relatively low recoil energy. The velocity of the recoiling chromium will 

be lower than that of the bonding electron in the chromate ion. This allows the electrons to be 

redistributed between the chromium and its oxygens. Upon recoil, some oxide ions could be lost 

to leave a positively charged chromium ion. This ion could possess a variety of charge states, but 

it is important to remember that exceedingly high charge states (e.g. 6+) are not as probable given 

that successive ionization potentials rise rapidly. In contrast, consider the molecular crystal 

scenario, where covalent interactions dominate intramolecular bonding. It is much more likely, in 

this case, that most recoil atoms will begin and end as neutral atoms (excluding internal conversion 

events). Highly electronegative atoms such as halogens could begin positively charged from 

internal conversion, but would most likely recombine in a neutral state once the atom has reached 

thermal equilibrium with the system.19 

The prediction of reaction products and the mechanisms through which they arise is an 

extraordinarily complex matter that has not been thoroughly established. However, a significant 

amount of work was done to examine the mechanisms of products formation. The (n,γ), or Szilard-
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Chalmers reaction, in alkyl halides was primarily used to develop models that elucidate these 

mechanisms.  

1.9 Elastic Collision Model 

Libby18b initially proposed this model to explain the phenomenon of retention in (n,γ) 

reactions of alkyl halides in the liquid or solid state. Using 82Br-ethyl bromide obtained from a 

neutron reaction as a model for this theory, Libby broadly proposes that hot processes are 

responsible for forming products in which an excited atom replaces an inactive atom of like mass 

Figure 1.9: Pictorial representation of the elastic collision model. A hot 82Br atom collides with an ethyl 

bromide molecule, transferring its energy to the C-Br bond which results in C-Br dissociation. The 82Br 

atom no longer has sufficient to leave the site and consequently recombines to form 82Br-labeled ethyl 

bromide. 

(retention reaction). Replacement of a smaller atom, such as hydrogen, by the larger active atom 

most likely arise from thermal processes. The Elastic Collision Model predicts that a recoil atom 

with energy on the order of a few hundred electron volts transfers its energy to neighboring 

molecules through billiard ball-like collisions. If enough energy is transferred, the struck atom will 

dissociate, causing its parent molecule to break up to produce free radicals. The initial hot, recoil 

atom will be trapped in this “cage” of radicals and eventually recombine with the fragments to 

produce retention products. From his study, Libby hypothesized that 82Br-ethyl bromide formation 

 

 



17 

 

was due to a hot 82Br colliding with the bromine in ethyl bromide to rupture the C-Br bond. The 

radioactive bromine must have transferred a significant portion of its energy to the C-Br bond that, 

once it was broken, the hot 82Br did not possess enough energy to leave the site. This caging 

effectively trapped the 82Br and promoted its addition to the parent ethyl bromide molecule, 

forming 82Br-ethyl bromide (Figure 1.9). Collisions between atoms of unequal mass, for example 

hot 82Br and hydrogen, would not yield this result because the 82Br would still possess enough 

energy to escape the site of collision. Unfortunately, this model is only true for low pressure gas 

systems, and cannot be widely applied to molecules in a condensed phase. This lead to the inability 

to sufficiently explain the formation of molecules other than the retention product, such as 

hydrogen substitution and carbon-carbon bond dissociation products. Consequently, it was later 

amended to include the Inelastic Collision Model. 

1.10 Elastic-Inelastic Collision Model  

While the Elastic Collision Model focuses on hot reactions, which are dominated by elastic 

collisions, this model, proposed by Libby, considers lower energy neutron reactions in which 

inelastic collisions play a large role in product formation. Alkyl halides were again studied to form 

Figure 1.10: Pictorial representation of the elastic-inelastic collision model resulting in a hydrogen-

substitution product. A 82Br atom with energy less than that of a hot atom inelastically collides with an ethyl 
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bromide molecule, transferring its energy to the entire molecule, which then undergoes random 

fragmentation. The 82Br can no longer escape the vicinity and consequently reacts with nearby radicals. 

the foundation of this model. It hypothesizes that an excited atom possessing an energy lower than 

that of a hot atom loses its energy through inelastic collisions resulting in the random fragmentation 

of bonds. It can transfer its energy to an entire molecule, resulting in full molecule dissociation 

and a dense area of radicals. The excited atom, no longer able to escape the vicinity, undergoes 

radical recombination with these fragments (Figure 1.10). This results in a variety of tagged 

products, such as hydrogen substitution or carbon-carbon bond dissociation   products. As more 

studies were conducted, this model was found to be inadequate for explaining the distribution of 

products in liquid hydrocarbon media- in these cases it was found that retention products form in 

an energy region below that of hydrogen substitution and carbon-carbon bond dissociation 

products. 

1.11 Epithermal-Reaction Model 

To explain the behavior of recoil halogens in hydrocarbon solvents, this model proposed 

by Miller and Dodson suggests that recoil atoms form excited intermediate complexes with solvent 

which subsequently decompose through a number of different pathways. The product formed 

depends on the decomposition route, which explains the diverse array of observed products in 

these experiments. Additionally, the effects of elastic collisions can be ignored in this model and 

the reactions can be viewed through a more familiar chemical approach, where competing 

chemical pathways in the epithermal energy region dictate product formation.20 
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1.12 Random Fragmentation Model 

This model, proposed by Willard,21 serves as a model to the explain relative yields of 

products observed from (n,γ) reactions. Although the previous models acknowledge that the 

density of the reaction medium and the energy and mass of recoil atoms play a part in product 

formation, the Random Fragmentation Model considers the importance of the molecular 

orientation at active sites and the ability of a reactive fragment to diffuse out of entrapment sites. 

It assumes that in liquid and solid phases, molecules are caged by one another. Collisions with a 

recoil atom would therefore result in random fragmentation of the molecules. The recoil atom, 

Figure 1.11: Pictorial representation of the random fragmentation model in the liquid phase. A recoil 82Br 

atom collides with ethyl bromide molecules which then randomly dissociate. The radical fragments 

produced “cage” the 82Br atom, essentially forcing it into recombination. The orientation of the radical 

fragments is posited to affect the product distribution. 

surrounded by radicals, would undergo recombination to form stable products (Figure 1.11). 

Unfortunately, this model has been found to be inadequate for reactions in the gas phase, where 

the caging effect is most often negligible. Since then, a number of theoretical mathematical 

approaches have been developed to predict reaction products with some success.20, 22 It is now 

accepted that to explain a given nuclear reaction modifications of the proposed models may be 

necessary. 
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1.13 Hot-Zone Model12 

Since the establishment of the aforementioned models, it was noted that they could not 

account for the fact that the retention products depend on the temperature of the sample after 

irradiation- a phenomenon known as thermal annealing. Thermal annealing only becomes relevant 

for situations in which the recoil atom loses energy within a time period insufficient for a complete 

reaction to occur. This model proposes that the recoil atom loses energy through the displacement 

of other atoms in a crystal, producing a “hot-zone” of about 1000 atoms that persists for 

approximately 10-11 seconds. During this time, there is a high likelihood of reactions occurring. If 

irradiation is followed by subsequent heating (annealing), it is possible for the reactions to proceed 

even further (termed “thermal-annealing” reactions). This model is most applicable for the (n,γ) 

reaction in solid phase systems, where the crystal structure and crystal defects will most affect the 

fate of recoil atoms. After the ~10-11 sec in which the hot-zone has cooled, any applied temperature 

will have an effect on the formed products. In solid systems that undergo annealing, retention 

product yield generally increases due to the shorter mean free path of the recoil atom. The hot-

zone model additionally predicts that retention product yield will be higher in solid vs. liquid 

samples due to the increased thermal conductivity of liquids and thus a shorter hot-zone lifetime. 

However, some exceptions exist23 that require extra consideration. Overall, the hot zone model is 

governed by the state of the medium, which will determine the recoil atom energy that will affect 

the hot zone temperature in which reactions take place. The charges and masses of particles 

involved as well as the strength of the cage are secondary factors that affect the outcome of the 

reaction. 
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1.14 Differentiating between hot and thermal processes 

A broad distinction has been made when referring to hot or thermal processes. The hot 

region encompasses all reactions that occur before a recoil atom reaches thermal equilibrium with 

the system. The thermal region includes all reactions occurring at energies ~0.025 eV. In this 

range, the recoil atom can diffuse through the reaction medium and react in a manner more familiar 

to chemists, through mechanisms like addition, substitution, recombination and exchange.19 

Because the energy supplied to the system is given by the hot atom, external effects on the medium 

(such as applied heat) should theoretically not alter hot atom processes. Therefore, it has been 

proposed that if the reaction shows no dependence on temperature or phase, it is dominated by hot 

atom processes. A second, more reliable approach to differentiating between hot and thermal 

reactions is the use of thermal scavengers such as oxygen, iodine, and bromine. Scavengers 

eliminate thermal neutrons and extraneous radicals from the reaction. In theory, the products that 

result would be attributed to hot atom processes. Scavengers are most useful when used in the gas 

phase, while their effects on liquid and solid phase reactions are harder to discern. To achieve a 

purely thermal process, moderators such as noble gases can be included in a reaction. These species 

significantly slow hot atoms and are also capable of deactivating excited molecular fragments that 

might be produced by collisions with hot atoms. If a product yield decreases in the presence of a 

moderator, it is likely that it forms through a hot process. These tools are essential to understanding 

the origin of products formed from nuclear reactions and have been employed in many of the 

studies discussed in this introduction. 
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1.15 Boron Neutron Capture Therapy (BNCT) 

Due to the large capture cross section of its isotope, 10B, boron is one of the most studied 

elements in terms of neutron capture. Consequently, its cross sections for a range of neutron 

energies was quickly established.25 Upon absorption of a thermal neutron, the 10B nucleus decays 

to form 7Li and an α-particle (10B(n,α)7Li reaction), emitting gamma radiation in 94% of reactions 

(Figure 1.12).26 While this reaction can be produced by both slow and fast neutrons, it is possible 

for fast neutrons to yield a triple disintegration reaction- the release of two α-particles along with 

a tritium (3H) atom.27 This is rare, and therefore the former reaction will dominate the 

disintegration of 10B in most cases. 

Figure 1.12: Left) Pictorial representation of neutron capture involving the 10B nucleus. Right) Capture 

cross section of 10B for thermal neutrons compared to that of several biologically relevant elements. 

There are many applications to which the 10B(n,α)7Li reaction has already been applied. 

Most notable is its widespread use for Boron Neutron Capture Therapy (BNCT). Because the 

capture cross section of 10B far exceeds that of many biologically relevant elements, boron neutron 
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capture functions as a highly specific nuclear reaction within biological systems (Figure 1.12). 10B 

also has a larger neutron capture cross section than 11B, the more naturally abundant isotope, 10B 

can be selectively introduced into malignant cells and undergo neutron radiation. The stable, non-

radioactive lithium nuclei and α-particles produced as a result are slow moving and have a path 

length approximate to the cell diameter. These α-particles have a high linear energy transfer (LET) 

which allows them to sufficiently kill a malignant cell.28 A great deal of research has been 

conducted on this principle, and the theory of BNCT shows promise as a potential therapeutic 

route for cancer.  

Given the high likelihood of neutron capture for 10B, scientists have used boron-containing 

materials for neutron shielding,29 polymerization,30 and the treatment of polymeric materials.31 

Neutron shielding relies on the capture of neutrons by boron to absorb radiation, thereby 

preventing interaction with a material that would otherwise be damaged by the radiation. Boron 

neutron capture also offers a new method to induce polymerization. In studies with styrene, methyl 

methacrylate, and vinyl acetate, the rate of polymerization was slower than that induced by γ rays, 

but the average molecular weight was higher.30a The 10B(n,α)7Li reaction can also be used to induce 

crosslinking in polymers. Many polymers are inherently soft and susceptible to abrasion, so 

chemical transformations are sometimes used to increase mechanical strength. If bombarded with 

particles of sufficient LET, hydrogen-carbon bonds of a polymer are broken and free carbon 

radicals in the polymer chains combine to form new C-C bonds. Therefore, 10B may be introduced 

into a polymer to serve as target atoms for neutrons. Upon radiation, lithium and α-particles travel 

through the polymer, inducing cross linking. This neutron capture method provides an advantage 

over common ion implantation methods because it allows bulk material treatment rather than 

surface treatment. 
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Despite the extensive amount of research on boron neutron capture, the exact mechanism 

of organoboron dissociation upon neutron bombardment has not been examined. Consequently, 

the fate of its parent organic molecule is unknown. To understand the potential utility of boron 

neutron capture in effecting chemical transformations, an analysis of this dissociation mechanism 

should be conducted. For example, the exact charge of the formed 7Li nucleus has yet to be 

ascertained. Some studies suggest it exists as 7Li3+, but given the ionization potentials of lithium 

it is likely to capture an available electron. Another publication conducted calculations to 

determine the likely charge of the 7Li nucleus as it travels through steel, and concluded that +1 or 

+2 charges are most probable. However, the initial charge of 7Li, its lifetime, and the reaction 

conditions that affect these parameters still remain far from established.32 Determining lithium 

charge will be a necessary step in assessing the dissociation and product formation of organoboron 

species upon neutron capture. 

1.16 The Chemical Applicability of Neutron Irradiation 

Hot atom chemistry has been investigated in larger molecular systems, with preliminary 

results suggesting that neutron bombardment has significant potential.  

1.16.1 Inclusion complexes – Molecular Rockets and Fullerenes 

When certain inclusion complexes are bombarded with neutrons, recoil energy given to the 

central metal atom results in molecular fragmentation via a “molecular rocket” mechanism. This 

phenomenon was first studied by Matsue and coworkers in 1992 by bombarding solid samples of 

metallocene-cyclodextrin (CD) inclusion complexes with neutrons.33 Next, the metallocene ejects 

itself from the CD cage like a rocket, resulting in what is termed a “soft landing” (Figure 1.13). 

Alternatively, a rocket reaction can occur in multiple molecules that will then react with one 

another, resulting in a reaction involving ligand rearrangement around the metals. Finally, the 
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molecular rocket can lead to decomposition, in which the metallocene is broken apart (Figure 

1.13).34 Of course, the likelihood of each reaction will be dependent on the metallocenes and 

neutron energies used. 

 

Figure 1.13: Schematic of the molecular rocket phenomenon. A metallocene-cyclodextrin molecule is 

bombarded with neutrons, resulting in either 1) the rapid ejection of the metallocene molecule (soft 

landing), or 2) decomposition. Additionally, several rocket reactions could occur and react with one 

another, leading to ligand rearrangement around the metal center.  

The effect of neutron bombardment on fullerenes has also been investigated. Braun and 

Rausch35 found that by irradiating C60 fullerenes in an argon atmosphere resulted in a stable, 

41Ar@C60 complex believed to have been formed by the 40Ar(n,γ) 41Ar reaction. The high recoil 

energy of the resulting 41Ar atom likely lends the nucleus enough energy to penetrate the fullerene 

cage. 
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1.16.2 Neutron Transmutation 

Neutron capture has already found use in the field of the neutron transmutation doping 

(NTD), a process that involves changing one element to another by taking advantage of the 

unstable neutron capture product. For example, thermal neutron capture of 70Ge yields 71Ge, an 

unstable nucleus that will undergo electron capture, replacing a proton with a neutron. This will 

form the stable 71Ga nucleus. Through meticulous experimental design and selection of isotopes, 

NTD is able to achieve excellent doping uniformity.36 NTD has been widely used to achieve p- 

and n-type doping for semiconductors.37 Nuclear transmutation in general has been proposed for 

both the synthesis and disposal of heavy atoms and radioactive waste.38  

1.16.3 Neutron Uncaging 

The interactions between light and matter have been studied for a long time across many 

areas of science. This work has resulted in the ability to design stimuli-responsive materials and 

molecules that interact with light at a specific energy. In contrast, much less is known about the 

interaction between neutrons and matter in a chemical sense. For example, can one design a system 

that interacts with neutrons, similar to a “photocage”, where one can use neutrons instead of light 

to trigger an uncaging event? Additionally, the nature of nuclei adjacent to a nucleus undergoing 

neutron capture is not well understood and the generation of radical or cationic species via neutron 

capture could have important chemical implications. A greater understanding of neutron capture 

products could enable new modes of reactivity with the potential to aid in the development of new 

prodrugs or reactive synthetic groups (Figure 1.14). 
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Figure 1.14: Two examples of neutron uncaging, where LG = Leaving Group 

1.17 Outlook 

There is an expansive body of knowledge regarding the nature of neutron reactions, their 

mechanisms, and how to control them. This research, however, has not yet been investigated for 

its utility in synthetic chemistry. As nuclear technology advances, neutron sources will be readily 

available to the average chemist. Through the use of advancing neutron technology and the 

elucidation of neutron reactions, new and currently unfeasible chemical syntheses could be 

developed. 

1.18 Introduction to Boron Clusters 

Given the probabilities that 10B will capture neutrons and that 11B will scatter neutrons, 

boron-containing compounds have great potential as platforms to develop chemistry with neutrons. 

Three-dimensional boron clusters have been discovered as early as the 1950s and have already 

found use in neutron chemistry in the effort towards BNCT for cancer treatment.39-43 Two 

commonly employed compounds for BNCT are 4-boronophenylalanine (BPA) and the borocaptate 
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anion (B12H11SH2-, BSH, Figure 1.15) although other boron cluster-based compounds have also 

been used in BNCT studies.44-49 

 

Figure 1.15: Structures of BSH (left) and BPA (right). 

 Especially in the case of neutron uncaging reactions mentioned previously, the high 

stability of icosahedral boron clusters, stemming from their delocalized three-dimensional 

bonding, could serve as a platform with high relative chemical stability that would still be 

susceptible to reactions with neutrons.50-52 For example, the perfunctionalization of closo-

dodecaborate species might provide a system to release twelve species after neutron uncaging with 

very high atom economy.53-56  

Through a combination of chemical advances as well as the development of neutron 

generation that will provide chemists with greater access to controlled neutron sources, there is a 

major opportunity to discover new modes of reactivity that could lead to more successful BNCT, 

neutron-activated molecular machinery, neutron transmutation, neutron uncaging, or other 

breakthroughs. 
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2.1 Abstract 

 Host-guest interactions represent a growing research area with recent work demonstrating 

an ability to chemically manipulate both host molecules as well as guest molecules to vary the type 

and strength of bonding. Much less is known about the interactions of guest molecules and hybrid 

materials containing similar chemical features to typical macrocyclic hosts. This work uses in vitro 

and in vivo kinetic analyses to investigate the interaction of closo-dodecahydrododecaborate 

derivatives with ferumoxytol, an iron oxide nanoparticle with a carboxylated dextran coating. We 

find that several boron cluster derivatives can become encapsulated into ferumoxytol and the lack 

of pH dependence in these interactions suggests that ion pairing, hydrophobic/hydrophilic, or 

hydrogen bonding are not the driving force for encapsulation in this system. Biodistribution 

experiments in BALB/c mice show that this system is nontoxic at the reported dosage and 
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demonstrate that encapsulation of dodecaborate-based clusters in ferumoxytol can alter the 

biodistribution of guest molecules. 

2.2 Introduction 

 Host-guest interactions are ubiquitous in both biological and synthetic systems.1 Over the 

past several decades, chemists have developed numerous powerful abiotic systems featuring 

modular and programmable binding affinities through intricate molecular design.2 Boron clusters 

represent an emerging class of guest molecules capable of binding to a wide variety of both natural 

and synthetic macrocyclic hosts (Figure 2.1).3 While many host-guest complexes are stabilized 

through a combination of hydrogen bonding and/or hydrophobic/hydrophilic interactions, research 

on boron-rich compounds and cyclodextrins currently suggests that chaotropism can be an 

important factor in these particular systems.4-5 While macromolecules such as cyclodextrins and 

cucurbiturils6 have been used to probe interactions with different boron cluster guests, much less 

is known about their noncovalent interactions with polymeric matrices containing similar local 

chemical structure of well-defined macromolecular hosts.7 Recently, Li and coworkers used ion 

pairing interactions to noncovalently incorporate boron clusters into polymeric nanoparticles.7 In 

this example, positively charged guanidinium functional groups appended to a polymer interact 

with negatively charged dodecaborate anions. Overall, further understanding and expanding the 

repertoire of the available noncovalent interactions that can be used to construct hybrid materials 

with boron clusters and polymers is needed. 

 Ferumoxytol (FMX) is a commercially available, FDA-approved hybrid nanoparticle 

formulation with an iron oxide core coated with a carboxylated dextran polymer.8 Recent reports 

have shown that iron oxide nanoparticles, such as FMX, are capable of efficiently encapsulating 

several drug compounds that can be subsequently released in vivo.9-12 Given the chemical 
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similarity of cyclodextrins to the dextran polymer in FMX, we hypothesized that these 

nanoparticles could be used to encapsulate boron-rich compounds which would potentially 

associate strongly with the FMX matrix (Figure 2.1). Importantly, the zeta potential of FMX is 

negative (-24 mV)8B which suggests that forces other than ion pairing would likely drive the 

incorporation of negatively charged dodecaborate anions into FMX. Specifically, in this work, we 

report the successful encapsulation and kinetic analyses of the subsequent release of 13 

dodecaborate-based guests from FMX. While 11B NMR spectroscopy showed evidence of 

encapsulation, it proved much less useful in determining the stability of each encapsulated system. 

Dynamic dialysis was therefore used to further interrogate release rate constants between various 

derivatives of boron clusters encapsulated in FMX. The loading capacities of each boron cluster 

derivative were determined via inductively-coupled plasma optical emission spectroscopy (ICP-

OES) and kinetic analysis of release assumed first order release kinetics through dynamic dialysis. 

We found that most dodecaborate derivatives have similar release kinetics but have larger 

differences in their loading capacities. Finally, considering the ability of host-guest interactions to 

change properties such as solubility13-16 and given the relevance of boron-rich compounds for 

boron neutron capture therapy (BNCT),17 we have performed biodistribution experiments in mice 

to compare both free sodium dodecaborate (1) with sodium dodecaborate encapsulated in 

ferumoxytol (1@FMX). We find that 1@FMX localizes in higher concentrations than free 1 at 

early time points and that the biodistribution and pharmacokinetics of 1@FMX are similar to that 

of the BSH anion, a compound previously employed in several BNCT studies.18,19 Overall, this 

work shows that boron clusters can be efficiently encapsulated into commercial polymer-based 

nanoparticle carriers, and this encapsulation can lead to altered biodistribution and 

pharmacokinetic properties in vivo. 
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Figure 2.1: A) Previous work describing the encapsulation of boron-rich compounds with beta-cyclodextrin 

(β-CD).3A B) Previous work describing the encapsulation of carbon-based small molecules in ferumoxytol 

(FMX).12 C) This work, the encapsulation of boron-rich compounds with ferumoxytol, a dextran-coated, 

iron oxide nanoparticle. The blue icosahedron represents various dodecaborate-based compounds and the 

red cone represents various carbon-based small molecules. 
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2.3 Experimental Section 

2.3.1 Materials  

All manipulations were performed at room temperature in laboratory air unless otherwise 

noted. Reagents were purchased from Sigma Aldrich, Oakwood Chemicals, TCI, Fisher Scientific, 

Boron Specialties, Acros Organics, Ricca Chemical, or Alfa Aesar, and used as received unless 

otherwise noted. Ferumoxytol (FMX) was obtained from AMAG Pharmaceuticals and was 

dialyzed and diluted to an Fe concentration of 1.8 mg/mL (confirmed by ICP-OES) prior to use.  

2.3.2 Methods 

All NMR spectra were obtained on a Bruker DRX 500 or Bruker Avance 400 broad band 

FT NMR spectrometers. 11B chemical shifts were referenced to BF3•Et2O (15% in CDCl3, δ 0.0 

ppm) unless otherwise stated. All ICP-OES data were obtained on an Agilent ICP-OES 5100 

spectrometer. Samples were diluted in 4% HNO3 using trace metal grade HNO3 (Fisher) and LC-

MS Grade water (Fisher). Standard solutions were prepared from commercially available 1000 

ppm stock solutions of boron (Acros) and iron (Ricca Chemical). Standard addition using a 2 ppm 

yttrium stock solution was used for all samples. Plots and statistics (k, half-life, etc) for dynamic 

dialysis and biodistribution experiments were calculated using GraphPad Prism software. 

2.3.3 Synthesis of FMX loaded with Na2B12H12, 1 (1@FMX) 

In a 1.5 mL Eppendorf tube, 100 mg of Na2B12H12 (1) were added along with 100 µL Milli-

Q H2O. Then, 500 µL of FMX were added and the solution was mixed by shaking for 1 hour at 

room temperature. After mixing, the Eppendorf tube containing the solution was placed in a 5 °C 

fridge for 24 hrs. The solution was then transferred to a Pell Corp. 3 KDa MWCO centrifugal filter 
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device. 500 µL of Milli-Q H2O was added and the solution was centrifuged at 3600 xg for 35 min. 

The addition of water followed by centrifugation was repeated twice for a total of 3 washes. Using 

~100 µL of Milli-Q water, the solution was transferred to a clean Eppendorf tube and the solution 

volume was diluted to a total volume of 500 µL. Samples were stored in a 5 °C fridge and were 

vortexed prior to use. 

2.3.4 Syntheses of FMX loaded with other compounds (general procedure) 

In a 1.5 mL Eppendorf tube, 50 mg of boron cluster (2-11, see SI for synthetic details and 

references) were added along with 50 µL Milli-Q H2O and 50 µL of DMSO. Then, 500 µL of 

FMX were added and the solution was mixed by shaking for 1 hour at room temperature. After 

mixing, the Eppendorf tube containing the solution was placed in a 5 °C fridge for 24 hrs. The 

solution was then filtered and transferred to a Pell Corp. 3 KDa MWCO centrifugal filter device. 

500 µL of Milli-Q H2O was added and the solution was centrifuged at 3600 xg for 35 min. The 

addition of water followed by centrifugation was repeated twice for a total of 3 washes. Using 

~100 µL of Milli-Q water, the solution was transferred to a clean Eppendorf tube and the solution 

volume was diluted to a total volume of 500 µL. Samples were stored in a 5 °C fridge and were 

vortexed prior to use. Compound 11 caused precipitation of FMX and was not used further. 

2.3.5 Static NMR Stability Experiments 

In order to observe the potential leaching of boron under different conditions, solutions of 

FMX loaded with 1 were diluted with different reagents and NMR spectra were obtained. FMX 

was loaded with 1 following the general procedure, except the last dilution step to dilute the 

solution to a final volume of 500 µL used different reagent solutions other than water. The 

following conditions were tested: neat Milli-Q H2O, PBS 1x at pH 7.4, PBS 1x at pH 5.5, and 10% 
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serum (FBS, 50 µL) in 1x minimum essential medium (MEM). 500 µL of each solution was placed 

into an NMR tube and a glass capillary filled with a ~400 mM solution of B(OH)3 in D2O was 

added as an internal standard. Room temperature 11B NMR spectra (160 MHz, n=1024 scans) for 

each condition were collected at T= 1, 2, 4, and 24 hr. and intensities were normalized based on 

the peak corresponding to the B(OH)3 internal standard ca. 20 ppm. 

2.3.6 Dynamic Dialysis Experiments 

FMX loaded with compounds following the above procedures were subjected to dynamic 

dialysis. 250 µL of each sample were added to a dialysis cup with a 20K MWCO. The dialysis 

cups were floated in 1 L of PBS pH 7.4 at 37 °C. Compound 1 was also measured in PBS at pH 

5.5 and pH 10 as well as at pH 7.4 after a 2x dilution. At designated time points t = 1 h, 2 h, 4 h, 

and 6 h, 40 µL aliquots of sample were taken. An additional 40 µL aliquot of the initial sample 

was taken for a t = 0 h time point. Prior to ICP-OES analysis, each 40 µL aliquot was diluted to 

10 mL with 4% HNO3 (250x dilution, for Fe analysis) then 1 mL of the resulting solution was 

diluted to 10 mL with 4% HNO3 (2500x dilution, for B analysis). Data were analyzed using 

GraphPad Prism to determine the first order leaching kinetic parameters. Boron content values 

were normalized and plotted as % of boron remaining over time. Several time points had a 

measured boron content too low to accurately quantify, resulting in incomplete data sets for several 

samples (7, 7b, 10, 11). 

2.3.7 Biodistribution Experiments 

Biodistribution experiments using male BALB/c (n=3 per time point). All compounds were 

dosed at a concentration of 20 mg compound/kg in sterile PBS 1x pH 7.4. Mice were euthanized 

by CO2 overdose at each time point and a terminal cardiac blood sample was collected as well as 

organs by dissection. After removal, organs were digested in trace metal grade concentrated nitric 
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acid before being diluted prior to ICP-OES analysis. See Supporting Information for complete 

biodistribution experiment details and results. 

2.4 Results and Discussion 

Previously, researchers showed that mixing FMX nanoparticles with small molecules at 

mM concentrations can result in the association of small molecules with the corresponding 

polymer matrix.12 Final loading concentrations were determined using either fluorescence 

emission or high performance liquid chromatography using standard curves. Initially, to 

commence our experiments and determine whether boron clusters can be efficiently encapsulated 

in ferumoxytol, we conducted a series of experiments with aqueous solutions of a sodium salt of 

an unfunctionalized closo-dodecahydrododecaborate (Na2B12H12, 1, 5 M) and commercial FMX 

(1.8 mg Fe/mL). By mixing aqueous solutions of both 1 and FMX at room temperature and using 

a centrifugal filter to remove excess dodecaborate, we recovered a red solution with no evidence 

of precipitation or sedimentation of the parent nanomaterial. Despite the superparamagnetic nature 

of the iron oxide core of FMX,8 we were able to use NMR spectroscopy to probe the resulting 

nanoparticle solution and found that there was a strong, broad signal present in the 11B NMR 

spectrum at -10 ppm (Figure 2.2). For comparison, the 11B NMR signal of free 1 is ca. -15 ppm. 

The observation of only one 11B NMR signal suggests that 1 remained intact and the broadening 

and location of the observed peak suggests that 1 is somehow associated with FMX nanoparticles. 

Additionally, using inductively coupled plasma optical emission spectroscopy (ICP-OES), we 

were able to quantify the boron content and found that boron loading was on the order of 104 boron 

clusters per FMX nanoparticle. To verify that the observed 11B NMR chemical shift could indeed 

be assigned to encapsulated dodecaborate (1@FMX), an NMR titration was performed where a 

solution of 1 at 3.4 M was added in aliquots to a solution of FMX at 1.8 mg Fe/mL and an NMR 
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spectrum was obtained after the addition of each aliquot (Figure S1). At a concentration of 1 of 

0.1 M, only the chemical shift corresponding to the encapsulated clusters (ca. -10 ppm) was 

observed, however, at higher boron cluster concentrations, the system appears to reach a saturation 

point where a second chemical shift corresponding to free dodecaborate (ca. -15 ppm) is also 

visible. 

Analogous to the encapsulation of boron clusters in cyclodextrins (Figure 2.1A), we 

hypothesized that the carboxymethyl dextran polymer coating the surface of FMX would contain 

local pockets of dextran subunits that could bind various boron clusters. Encapsulation of carbon-

based small molecules has been accomplished previously (Figure 2.1B) and we expected that 

boron clusters would behave similarly. Using 1 as an example, the lack of any covalent interactions 

between the boron cluster and FMX suggests there must be some noncovalent interactions 

responsible for the encapsulation. While chaotropism, as seen in the work by Assaf and coworkers, 

is a likely hypothesis for the encapsulation driving force, hydrogen bonding or ion pairing 

interactions are also possible and can be probed by evaluating the pH dependence of the system. 

Having discovered that 11B NMR spectroscopy was useful for the determination boron 

cluster encapsulation, we performed several stability studies (Figures S2, S3, S4, and S5) to assess 

the tolerance of the system to different pH values and media additives. Previously, a pH 

dependence has been seen in the release of carbon-based compounds from FMX as well as in the 

host-guest binding of small molecules in cyclodextrins and we therefore expected a pH dependence 

for the encapsulation equilibrium.12,20 However, we found no change via 11B NMR spectroscopy 

at low pH, high pH, or with the addition of fetal bovine serum and minimum essential medium. 

This further reinforces the hypothesis that hydrogen bonding or ion pairing interactions are less 

likely to be involved in the mechanism of encapsulation. The carboxymethyl dextran coating of 
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FMX contains several carboxylate groups that can be protonated or deprotonated as a function of 

pH. The change in available hydrogen bonding donor/acceptor sites or charged sites should have 

a measureable effect on release kinetics if these sites were involved in the encapsulation 

mechanism. The lack of pH dependence on release kinetics suggest some other phenomenon, such 

as chaotropism, is the likely driving force behind encapsulation. 

Figure 2.2: Overview of dynamic dialysis experiment used to determine kinetic parameters. (A) Dialysis 

cup used for experiments. The MWCO filter allows for the passage of free boron clusters but not 

ferumoxytol nanoparticles. (B) Decrease of boron content over time (measured by ICP-OES) as the boron 

clusters leach out of the ferumoxytol nanoparticles. (C) Retention of iron content over time (measured by 

ICP-OES) as the nanoparticles are retained in the dialysis cup. (D) 11B NMR of free Na2B12H12 (blue trace) 

as well as Na2B12H12 encapsulated in ferumoxytol (black trace). Both spectra are referenced internally to 

B(OH)3 ca. 20 ppm. Error bars show one standard deviation from measurement replicates. 

Given that an NMR titration is a static system and that this technique might bias any 

release/encapsulation equilibrium, we further sought to validate our findings using a dynamic 
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dialysis experiment. Using a dialysis cup with a molecular weight cut off (MWCO) membrane 

high enough to allow easy passage of dodecaborate derivatives but low enough to retain FMX 

nanoparticles, we quantified the amount of iron and boron over time using ICP-OES (Figure 2.2). 

Using 1@FMX, we found that the amount of iron in solution remained constant, as expected, and 

that the boron content decreased over time following first order kinetics. We then repeated this 

experiment with phosphate buffered saline (PBS) at different pH values and also diluted the 

solution of 1@FMX prior to dialysis. These changes had a minimal effect on release kinetics and 

first order half-lives for the release of 1 from FMX ranged from 2.0-2.4 hours (Figure 2.3). Even 

with the change from static to dynamic experiments, no significant pH dependence was detected. 

This further supports an alternative driving force to hydrogen bonding or ion pairing responsible 

for the attraction of boron clusters to FMX. 
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Figure 2.3: Dynamic dialysis results for the release of 1 from ferumoxytol in phosphate-buffered saline 

(PBS). Data were fitted to exponential decay trendlines to model first order release kinetics. Data were 

recorded as single trials with error bars showing one standard deviation from measurement replicates. 

To further investigate what dictates the interaction between boron-rich clusters and FMX 

nanoparticles, we screened several dodecaborate derivatives containing a range of functional 

groups (Figure 2.4).21-28 The compounds screened varied in charge, functional group, size, and 

cation. All kinetic analyses were measured in PBS at pH 7.4 for consistency and calculated kinetic 

parameters are recorded in Table 1. We found that the release half-lives ranged from 0.9-2.6 hours 

and also found that most compounds resulted in similar boron concentrations after encapsulation. 
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Compounds 7, 7b, and 10 had boron concentrations that were too low to accurately determine any 

kinetic parameters. Compound 11 induced precipitation so no kinetic parameters were determined. 

Structurally, 7, 7b, 10, and 11 are relatively large compared to many of the other compounds tested. 

Both size and chemical structure are related to binding in analogous macromolecular systems and 

it could be that these compounds are too large for efficient binding. Additionally, the weak binding 

of 7 and 7b suggests that hydrogen bonding is not likely involved in the binding of boron clusters 

and FMX. Both 7 and 7b contain twelve hydroxyl groups that can act as both hydrogen bonding 

donors and acceptors and would likely facilitate strong binding if hydrogen bonding was the main 

driving force in this system. 

Figure 2.4: Dodecaborate derivatives screened. Kinetic data are shown in Table 1. 
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Table 2.1: Kinetic parameters from in vitro dynamic dialysis experiments. Compounds with no kinetic data 

had insufficient loading to determine their kinetic behavior. * insufficient retention to accurately determine 

kinetic parameters. ** induced precipitation during synthesis. 

 Given the ability of host-guest type interactions to alter properties such as solubility, we 

expected that sodium dodecaborate encapsulated in ferumoxytol would have an increased 

circulation time relative to free sodium dodecaborate and would thus alter biodistribution results. 

We therefore compared the biodistribution in BALB/c mice of free sodium dodecaborate (1), 

sodium dodecaborate encapsulated in ferumoxytol (1@FMX). Cs2BSH (2) was used as a non-

encapsulated positive control given that it was previously shown to localize in multiple organs due 
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to its propensity to associate with serum proteins.29 Given the historical relevance of 2 to BNCT, 

this compound served as a benchmark for our study. Mice were injected via intraperitoneal (IP) 

injection and all compounds were dosed at 20 mg/kg. Mice were sacrificed at time points from 0 

hr to 24 hr at which point blood and the major organs were harvested and boron content was 

determined using ICP-OES. Importantly, throughout the duration of the study, no mice developed 

any visible adverse effects, suggesting that these boron cluster formulations are non-toxic to mice. 

Select biodistribution data is summarized in Figure 2.5 and the complete biodistribution is in the 

SI. Consistent with our original hypothesis, we found that at early time points, 1@FMX had the 

highest detected boron values in multiple organs and serum, relative to free 1 or 2. Consistent with 

in vitro release kinetics, in vivo results show similar timescales with little boron detected after 8 

hours. Interestingly, less than 1 μg B per g tissue was detected in the brain for all studied 

formulations, suggesting that neither 1 nor 2 significantly cross the blood-brain barrier in healthy 

mice at the injected concentrations. Similarly, encapsulation of 1 with FMX does not increase the 

concentration of boron in the brain. In contrast, in the lungs, heart, spleen, liver, kidneys, and 

serum, 1@FMX showed higher boron concentrations up to 2-fold compared to 1 or 2. In the lungs, 

heart, spleen, liver, kidneys, and serum, 1@FMX reached concentrations of 24, 7, 66, 32, 21, and 

40 μg B per g tissue, respectively. Retention also varied in different organs with the spleen and 

heart showing very low retention relative to the liver, lungs, kidneys, and serum. These results 

indicate that the chaotropic encapsulation of molecules into a polymeric nanoparticle-based carrier 

can significantly change the biodistribution of the corresponding guest in mice. 
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Figure 2.5: Biodistribution of ferumoxytol-encapsulated 1 (1@FMX, blue circles) compared to 1 (orange 

squares) alone and 2 (green triangles) in selected organs. Boron content was measured via ICP-OES and is 

reported as mass of boron per gram of wet tissue. All values were measured in triplicate and error bars show 

one standard deviation. Please see the Supporting Information for more experimental details as well as the 

complete biodistribution data. The inset on each graph shows the first 5 time points. 

2.5 Summary and Conclusions 

We report the successful encapsulation of several dodecaborate derivatives into 

ferumoxytol nanoparticles and have determined their release kinetics. While previous work has 

shown that boron clusters can associate strongly with cyclodextrins and several other well-defined 

macrocyclic guest molecules, we demonstrate that dodecaborate derivatives also can associate 

with the carboxylated dextran polymer matrix in ferumoxytol and have first order release half-
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lives on the order of hours. We evaluated the effects of encapsulation with a biodistribution study 

comparing our system with free boron cluster and found that the encapsulated system 1@FMX 

increases absorption of 1 into several organs in BALB/c mice. At a dose of 20 mg/kg, 1@FMX 

localized in tissues ranging from 0-65 μg B per g tissue, suggesting that encapsulation of 

dodecaborate-based compounds in a polymer matrix can potentially have favorable effects on 

biodistribution results. More broadly, this work suggests the potential importance of non-covalent 

interaction between boron clusters and polymers stemming from non-electrostatic interactions and 

points to new avenues for creating hybrid boron-cluster based nanomaterials without covalent 

attachment.30  
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2.9 Supporting Information 

S1.  Synthetic Procedures 

 S1.1 Synthesis of Previously Reported Compounds 

Compound Reference 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

7b 7 

8 8 

8b 8 

9 5 

10 7 

11 7 

Table S1 References for previously reported compounds. 

 

S2  NMR Titration Experiments 

To verify a change in 11B chemical shift associated with encapsulation of Na2B12H12 (1) 

into FMX NPs, an NMR titration was performed. 300 µL of FMX (1.8 mg/mL Fe) were added to 

an NMR tube and a glass capillary filled with a ~400 mM solution of B(OH)3 in D2O was added 

as an internal standard. Then, 10 µL aliquots of a 3.4 M Na2B12H12 solution in H2O were added 

with mixing. Room temperature 11B NMR spectra were collected (160 MHz, n=1024 scans) after 

each addition and intensities were normalized based on the peak corresponding to the B(OH)3 

internal standard ca. 20 ppm. 
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Figure S1 11B NMR spectra of Na2B12H12 (1) titrated into FMX (1.8 mg/mL Fe) in water at 25°C (160 

MHz). Inset: zoom in of spectrum of solution with 0.3 M Na2B12H12. 
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S4  Static NMR Stability Experiments   

 

Figure S2 11B NMR spectra of FMX loaded with 1 in neat Milli-Q H2O at 25°C (160 MHz). 
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Figure S3 11B NMR spectra of FMX loaded with 1 in PBS 1x at pH 7.4 at 25°C (160 MHz). 
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Figure S4 11B NMR spectra of FMX loaded with 1 in PBS 1x at pH 5.5 at 25°C (160 MHz). 
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Figure S5 11B NMR spectra of FMX loaded with 1 in 10% FBS in MEM 1x at 25°C (160 MHz). 
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S3  Dynamic Dialysis Experiments 

 

 

Figure S6 Dynamic dialysis results for 1 in PBS. Data were fitted to exponential decay trendlines to model 

first order leaching kinetics. 
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Figure S7 Dynamic dialysis results for 2, 3, 4, and 5 in PBS. Data were fitted to exponential decay 

trendlines to model first order leaching kinetics. 
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Figure S8 Dynamic dialysis results for 6, 7, 7b, and 8 in PBS. Data were fitted to exponential decay 

trendlines to model first order leaching kinetics. 
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Figure S9 Dynamic dialysis results for 8b, 9, and 10 in PBS. Data were fitted to exponential decay 

trendlines to model first order leaching kinetics. 
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S4  Biodistribution Experiments 

A biodistribution experiment was performed to evaluate the difference between 1, 1 encapsulated 

in ferumoxytol (1@FMX), and 2. Mice were weighed, numbered, and randomized prior to the start 

of the study. All compounds were dosed at a concentration of 20 mg compound/kg in sterile PBS 

1x pH 7.4.  

All animal care was conducted in accordance with The Guide for the Care and Use of Laboratory 

Animals (Eight Edition). The protocol was reviewed and approved by UCLA’s Institutional 

Animal Care and Use Committee. The facility is accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC). Institutional standard 

operating procedures were followed.  

  

S4.1 Animals 

Male BALB/c mice (n=75) with a target age of six (6) weeks (+/- 3 days) were purchased from a 

maximum barrier room at The Jackson Laboratory (Bar Harbor, ME). Mice from this room tested 

negative for a panel of twenty viruses, ten bacteria and mycoplasma, six parasites, as well as fifteen 

additional opportunistic pathogens (JAX® Mice, Production Health Report, Area: RB11). Animals 

were acclimated for three (3) days prior to any study manipulation. On day three after arrival at 

UCLA, mice were subject to routine physical examination, individually identified using temporary 

tail tattoo (Sharpie®, Newell Brands, Atlanta, GA), and weighed to determine study eligibility. 

Those animals that fell outside of the mean for weight (22.7 grams +/- 15%) were excluded from 

the study (n=3). 
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S4.2 Housing 

Once received at UCLA, mice were maintained in a temperature (standard room range 68⁰ to 79⁰ 

degree F, set point 73⁰) and humidity (range 30% to 70%) controlled room with a 12:12 hour 

light:dark photoperiod as per the Guide. Standard irradiated commercial diet (PicoLab® Rodent 

Diet 20, 5053, LabDiet, St. Louis, MO) and acidified, reverse osmosis water (Aquavive® by 

Innovive, San Diego, CA) were provided ad libitum. Disposable, PET plastic, certified BPA-free 

Innocage® cages were used (Innovive, San Diego, CA). Cages arrived irradiated and pre-bedded 

with ALPHA-dri® bedding and Innrichment™ paper enrichment sheets. Cages were placed on a 

static rack with dual-filter lids to prevent condensation. The room was equipped with a laminar 

flow cabinet for all handling of animals during the study (Stay-Clean™ Work Bench, Lab Products 

Inc., Seaford, DE). 

S4.3 Randomization Blinding and Test Agent Preparation 

Mice were randomized as to treatment group prior to study start. Personnel administering the 

compounds and collecting samples were blinded as to the identity of the compounds and mouse 

treatment groups. 

The compounds tested were all diluted in sterile PBS for injection. All three compounds were 

refrigerated (approx. 4⁰ C) for one to three days prior to dosing. Compounds were slowly warmed 

to room temperature prior to administration. 

 

 S4.4 Dosing 

Mice were weighed each day prior to compound dosing, and the dose calculated per mouse based 

on that day’s weight. Doses were delivered intra-peritoneally (IP) using 1 cc insulin syringes with 

29 gauge attached needles (McKesson Medical-Surgical Inc., Richmond, VA) to each mouse 
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without anesthesia, using gentle restraint, at time 0. Complete compound delivery was confirmed, 

the animal observed briefly for any adverse reaction, and then returned to its home cage. The 

dosing time was recorded. 

 S4.5 Tissue Collection 

For animals to be collected at time 0, immediately after dosing, each mouse was conveyed to the 

necropsy room for euthanasia and tissue collection. For those with later collection time points, 

mice were held in the housing room until they reached their scheduled end-point. Mice were 

euthanized by CO2 overdose and death was confirmed. Blood was collected by closed-chest intra-

cardiac stick into plastic, gold-topped serum separator tubes (SSTs) (MiniCollect®, Greiner Bio-

One, Germany).  The SST tubes were allowed to clot, then centrifuged for thirty (30) minutes and 

stored on wet ice until the end of the work day. Following blood collection, organs were collected 

by careful dissection in the following order: brain; heart; lung; spleen/liver; and kidneys. Each was 

weighed (paired organs weighed together) (ThinkScale Milligram Scale, ThinkScale Direct, 

China) then placed individually in sterile 15 ml plastic centrifuge tubes (Falcon™, BD-

Biosciences, MD) and kept on wet ice until the end of the work day. 

 S4.6 Biodistribution Groups and Time Points 

Mice were placed into groups and sacrificed at different time points following the table in Figure 

S10 below: 

Group Compound 
Time Points and Number of Mice Total Mice 

0.0 hr 0.5 hr 1.0 hr 2.0 hr 4.0 hr 8.0 hr 24.0 hr Male 

1 1 3 3 3 3 3 3 3 21 

2 1@FMX 3 3 3 3 3 3 3 21 

3 2 3 3 3 3 3 3 3 21 

Table S2 Table describing the groups and time points for the biodistribution experiments. 
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S4.7 Tissue Digestion Procedure 

After organ removal, tissue and serum samples were weighed and transferred into 15 mL conical 

tubes. Carefully, 1 mL of trace metal grade nitric acid was added and the tubes were heated in an 

80-90 ºC water bath until complete digestion was observed. For larger organs, such as the liver, 

more nitric acid was added in 0.5 mL aliquots after approximately 15 minutes of heating. Once the 

tissue was dissolved, samples were diluted with HPLC grade water and analyzed via ICP-OES. 

Small amounts of particulates were removed via filtration through a 0.45 μm syringe filter. 

 S4.8 Biodistribution Results 

Boron content was determined as the mass of boron per mass of wet tissue after measurement via 

ICP-OES. Biodistribution data were plotted in Graphpad Prism and are shown below. N=3 for all 

points and error bars are shown as one standard deviation. 
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Figure S10 Boron content in the brain from the biodistribution study. 
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Figure S11 Boron content in the liver from the biodistribution study. 
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Figure S12 Boron content in the lungs from the biodistribution study. 
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Figure S13 Boron content in the kidneys from the biodistribution study. 
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Figure S14 Boron content in the spleen from the biodistribution study. 
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Figure S15 Boron content in the heart from the biodistribution study. 
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Figure S16 Boron content in serum from the biodistribution study. 
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CHAPTER 3 – An efficient, laboratory-scale synthesis of mercaptoundecahydro-closo-

dodecaborate (BSH) 

3.1 Introduction 

 While the synthesis of hydroxylated derivatives of dodecahydro-closo-dodecaborate can 

be accomplished simply with the use of sulfuric acid,1 the synthesis of thiol-substituted 

dodecaborates has proven to be more challenging. Mercaptoundecahydro-closo-dodecaborate 

([B12H11SH]2-, BSH) is a compound of interest due to its use in boron neutron capture therapy, or 

BNCT.2,3 Common laboratory syntheses of BSH employ organic-based, sulfur donating species,4,5 

likely to avoid the use of H2S reported in the initial synthesis.6 These syntheses suffer from a 

combination of safety issues (such as the use of H2S), poor mass balance, or low yields. Despite 

these drawbacks, few syntheses follow the work by Brattsev and Morris, who discovered that BSH 

could be synthesized by the reduction of the [B12H11SCN]2- anion.7 Similarly, Kultyshev and 

coworkers report the reduction of [B12H11SMe2]
1- using lithium in methylamine,8 although the 

synthesis of [B12H11SMe2]
1- is both time consuming and suffers from low yields.9 Given the 

relative ease of the thiocyanation of the [B12H12]
2- anion,10–12 reduction of [B12H11SCN]2-  is well 

suited for laboratory scale preparations of BSH.  

 Whereas dialkyl sulfonium salts of dodecaborates can only be reduced to their 

corresponding alkyl thioethers using sodium in liquid ammonia,13 the thiocyanate derivatives can 

be fully reduced to thiolates or thiols. Both the thiocyanation of closo-dodecaborate and 

subsequent reduction can be accomplished using commercially available reagents and are scalable 

to multi-gram syntheses of BSH in a research laboratory setting (Figure 3.1).  Additionally, given 

the emergence of catalytic systems in thiol modification, we find that BSH is compatible with Pd 
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and Au systems for arylation.14,15 The combination of an improved synthesis for BSH and 

compatibility with two different catalytic systems might lead to increased ease of derivatization of 

BSH, aiding in the effort to realize BNCT as a successful clinical treatment option. 

 

Figure 3.1: Top: Reaction scheme for the synthesis of BSH from closo-dodecahydrododecaborate. Bottom: 

images of the reduction reaction of [B12H11SCN]2- using sodium in liquid ammonia. 

3.2 Experimental Section 

3.2.1 Materials 

All manipulations were performed at room temperature in laboratory air unless otherwise 

noted. Reagents were purchased from Sigma Aldrich, Oakwood Chemicals, TCI, Fisher Scientific, 

Boron Specialties, Acros Organics, or Alfa Aesar, and used as received unless otherwise noted. 

Ammonia gas was purchased from Airgas. 
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3.2.2 Methods 

 All NMR spectra were obtained on a Bruker DRX 500 or Bruker Avance 400 broad band 

FT NMR spectrometers. 1H NMR spectra were referenced to residual protio-solvent signals and 

11B chemical shifts were referenced to BF3•Et2O (15% in CDCl3, δ 0.0 ppm) unless otherwise 

stated. Mass spectrometry data were obtained on a Waters LCT Premier spectrometer or an Agilent 

6530 ESI-Q-TOF with an Agilent ZORBAX 300SB C18 column (5 μm, 2.1 × 150 mm). HPLC 

purification was carried out on an Agilent Technologies 1260 Infinity II HPLC system equipped 

with an Agilent ZORBAX 300SB-C18 column (5 μm, 9.4 × 250 mm) using 0.1% TFA in water 

and 0.1% TFA in acetonitrile as the eluent. (RuPhos)Pd-p-tolyl-I was synthesized according to 

previously published procedures.14 

3.2.3 Synthesis of [Cs]2[B12H11SCN] 

 A 50 mL round bottom flask was charged with 500 mg (2.7 mmol) of Na2B12H12, 650 mg 

(8.0) mmol of NaSCN, and a magnetic stir bar. 5 mL of water were added and the reaction flask 

was heated to 65 ºC in an oil bath. The solution was sparged with nitrogen for 30 min. Separately, 

500 mg (3.8 mmol) of CuCl2 were dissolved in 2 mL of water. The CuCl2 solution was also sparged 

with nitrogen for 30 min. The CuCl2 solution was then added dropwise to the reaction flask over 

a period of 10 minutes, resulting in a dark red solution. After the addition was complete, the 

reaction flask was kept at 65 ºC for an additional 30 minutes before removal of the oil bath to allow 

the reaction flask to cool to room temperature. The reaction completion was checked via in situ 

11B NMR spectroscopy. If necessary, the reaction was repeated after an additional 0.8 mmol of 

NaSCN was added to the reaction flask before sparging again with nitrogen and using an additional 

0.375 mmol of CuCl2 dissolved in 0.5 mL water sparged with nitrogen. Once the reaction reached 
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completion as determined via in situ 11B NMR spectroscopy, CuSCN was removed by filtration as 

a gray solid and the solvent was removed under reduced pressure. The mixture was redissolved in 

approximately 50 mL of methanol and filtered. Excess CsCl was added precipitate the product. 

[Cs]2[B12H11SCN] was collected by filtration to yield 970 mg (79%). Spectra were consistent with 

previously reported characterization data for this compound. 

3.2.4 Synthesis of BSH ([B12H11SH]2-) from [B12H11SCN]2- 

 

Figure 3.2: Schematic diagram of reaction setup for Na0/NH3 reduction. 

 Using the above setup, gaseous NH3 was allowed to flow through the reaction flask with 

one neck open and the bubbler was temporarily plugged to purge the flask of air. Then, the bubbler 

was opened and the reaction flask was closed to begin the condensation of NH3. The bubbler must 

carefully be monitored to make sure that the gas flow is continuous, but not too high as to allow a 

large excess of NH3 to escape. After ~60 mL of NH3 had condensed, 465 mg (1 mmol) of 

Cs2B12H11SCN were added to the reaction flask, followed by small slices of Na0, added piecewise 

until the reaction mixture turned to a persistent blue color (instead of clear solution/white 

suspension). The reaction was monitored for 1 hr to make sure the blue color persisted (adding 

more Na0 if color fades). After 1 hr, nitrogen is flowed over the flask to prevent oxidation of the 

product. The color will fade and the NH3 will slowly begin to boil off upon removal of the cold 

bath. Caution: if a large excess of Na0 was used, it should be carefully quenched. Once dry, the 
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reaction mixture can carefully be taken up in MeOH (product is insoluble) then filtered and washed 

2x15 mL of MeOH to afford the product as an off white solid. Yield 402 mg (91%). Spectra were 

consistent with previously reported characterization data for this compound. 

3.2.5 Synthesis of BSH-S-(p-tolyl) ([B12H11S-p-tolyl]2-) via Au Method 

 In a scintillation vial, 23 mg (0.066 mmol) of AgSbF6 were dissolved in 2 mL DCM under 

protection from light and the solution was cooled to -20 ºC. Separately, 43 mg (0.20 mmol) of 4-

iodoanisole and 43 mg of (Me-Dalphos)AuCl were dissolved in 2 mL DCM and the solution was 

cooled to -20 ºC. While cold, the solutions were combined and pale yellow solids were removed 

via filtration through a pad of Celite. The solvent was removed under reduced pressure. 10 mg 

(0.022 mmol) of Cs2B12H11SH and 6 mg (0.02 mmol) of TCEP were added to the reaction mixture 

along with 500 uL of DMF. With stirring, 10 drops of 200 mM Tris (pH 8 in water) were added 

by Pasteur pipette and the mixture was stirred for an additional 5 minutes. Solvent was removed 

under reduced pressure and the reaction mixture was taken up in 10 mL DCM and extracted 3x2 

mL with water. The water layers were combined and dried under reduced pressure. The crude 

product was purified via HPLC to yield the product as a cesium salt with a TCEP adduct. The 

product was detected by LCMS as the [M2-+Cs++TCEP+FA+H2O]- ion. Calc: 711.21 Found: 

711.26. 11B{1H} NMR (128 MHz, 25 °C, D2O) δ: -5.9 (1B), -14.0 (5B), -15.7 (5B), -17.8 (1B) 

ppm. 1H NMR (400 MHz, 25 °C, D2O) δ: 0.6-1.8 (br, 11H, B-H), 2.28 (2, 3H, -CH3), 2.38 (m, 

6.5H TCEP), 2.81 (m, 6.3H TCEP), 7.07 (d, 2H, tolyl-CH), 7.33(d, 2H, tolyl-CH) ppm. 

3.2.6 Synthesis of BSH-S-(p-tolyl) ([B12H11S-p-tolyl]2-) via Pd Method 

 In a scintillation vial, 1.4 mg (0.003 mmol) Cs2BSH and 1 mg CsOH•H2O were added 

along with a stir bar and 500 μL water. Separately, 5 mg (RuPhos)Pd-p-tolyl-I were dissolved in 
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500 μL DMF then added to the aqueous solution. The reaction mixture was stirred for 5 min. 

Solvent was removed under reduced pressure and the reaction mixture was taken up in 10 mL 

DCM and extracted 3x2 mL with water. The water layers were combined and dried under reduced 

pressure. The crude product was purified via HPLC. Less than 1 mg of material was recovered but 

the product was detected by LCMS as the [M2-+H+]- ion. Calc: 265.24 Found: 265.21. 11B{1H} 

NMR (128 MHz, 25 °C, D2O) δ: -9.4 (1B), -11.0 (5B), -12.7 (5B), -13.8 (1B) ppm.  

3.3 Results and Discussion 

 We initiated our study by synthesizing [B12H11SCN]2- as it is a precursor to BSH and was 

necessary to verify the synthesis reported by Brattsev and Morris. The preparation of the 

thiocyanate derivative reported by Lepšík and coworkers uses the in situ formation of (SCN)2 to 

yield the product. For synthetic ease, we found that monitoring the reaction in situ via 11B NMR 

spectroscopy allowed us to verify complete conversion of the starting material to the product and 

to also monitor for oversubstitution as both the unreacted starting material and oversubstituted 

products are difficult to separate from both the mono thiocyanate and mono thiol species. 

 Our next goal was to develop a reliable laboratory-scale synthesis of BSH. Given that BSH 

has been highly studied, especially in its use for boron neutron capture therapy (BNCT), an 

improved synthesis would aid in further evaluation of BSH and its derivatives. We began by 

condensing ammonia in a flask containing [B12H11SCN]2- under an inert atmosphere and slowly 

added small (<50 mg) pieces of sodium metal until a blue color was observed. Additional sodium 

was added as necessary to preserve the blue reaction mixture color for an hour. After evaporation 

of ammonia, methanol was added to the reaction mixture to quench any remaining sodium and 

solubilize reaction byproducts. A white solid was collected by filtration and NMR spectroscopy 



89 

 

confirmed the identity of this product as BSH. The reaction was repeated on a gram scale and the 

high yield of the reaction was retained. 

 

Figure 3.3: 11B NMR Spectra in D2O of [B12H12]2- (top), [B12H11SCN]2- (middle), and [B12H11SH]2- 

(bottom). 

 Recently, our group and others have reported the use of organometallic reagents for thiol 

modifications.14,15 Both organic thiol reactions and modifications of cysteine are well studied but 

more recent reactions have not been extensively developed for use with boron-rich clusters. As a 

proof of concept, both (Me-Dalphos)AuIII and (RuPhos)PdII oxidative addition complexes were 

used as aryl transfer reagents with BSH. We find that both the Au and Pd systems are suitable for 

the arylation of BSH and the synthesis of the S-p-tolyl derivative of BSH was confirmed via 11B 

NMR spectroscopy and mass spectrometry (see Supporting Information for characterization data). 
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3.4 Conclusions 

 We have successfully synthesized BSH from [B12H11SCN]2- through reduction with 

sodium metal in liquid ammonia. This synthesis can reliably be accomplished at gram scale with 

good yields. We also find that BSH is compatible with two organometallic aryl transfer reagents 

that have been previously employed for cysteine modification and arylation of organic thiols. 

Increased access to BSH as well as newly discovered reactivity with two organometallic systems 

has to potential to ease synthesis of derivatives of BSH.  
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3.6 Supporting Information 

S1.  Characterization of [Cs]2[B12H11SCN] 

 

Figure S1: In situ 11B {1H} NMR spectra of the conversion of B12H12
2- to B12H11SCN2-. 

 

 

Figure S2: 11B {1H} NMR spectrum in D2O of Cs2B12H11SCN. 
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S2.  Characterization of [Cs]2[B12H11SH] 

 

 

Figure S3: 11B {1H} NMR spectrum in D2O of Cs2B12H11SH. 

S3.  Characterization of [B12H11S-p-tolyl]2-, Au Method 

 

Figure S4: 1H NMR spectrum in D2O of Cs2B12H11S-p-tolyl. 



96 

 

 

Figure S5: 11B {1H} NMR spectrum in D2O of Cs2B12H11S-p-tolyl. 

 

Figure S6: 11B {1H} NMR spectrum in D2O of Cs2B12H11S-p-tolyl. 



97 

 

 

Figure S7: LCMS Chromatogram of Cs2B12H11S-p-tolyl. 

 

Figure S8: Mass spectrum of Cs2B12H11S-p-tolyl. 
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S4.  Characterization of [B12H11S-p-tolyl]2-, Au Method 

 

Figure S9: 11B {1H} NMR spectrum in D2O of crude Cs2B12H11SCN. 

 

Figure S10: LCMS Chromatogram of Cs2B12H11S-p-tolyl. 
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Figure S11: Mass spectrum of Cs2B12H11S-p-tolyl. 
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CHAPTER 4 – Boron Oxide-Based Nanoparticles for Boron Neutron Capture Therapy 

4.1 Introduction 

 Since the 1950s, boron neutron capture therapy (BNCT) has attracted the interest of many 

cancer clinicians for the treatment of recalcitrant tumors such as brain tumors.1 Most recently, its 

use to treat a wide variety of other tumors such as pancreatic, lung, breast, and liver has been 

suggested and encouraging preliminary results validate this claim.2,3 If successfully implemented, 

BNCT will be a game-changing approach in the treatment of cancer. However, the wide clinical 

implementation of this promising technology has been hampered primarily by the lack of reliable 

and cost-effective neutron sources that generate an optimal epithermal neutron beam of optimal 

energy for the treatment of deep-seated tumors.4 Recent advancements, such as those by 

Fukushima SiC and TAE Life Sciences in the design of small-scale (3rd generation) neutron 

generators promises to solve this issue and will accelerate the implementation of this technology 

in the clinical setting by providing reliable neutron sources to the clinic.5,6 However, another 

unresolved issue that still limits the efficacy of BNCT to treat tumors is the poor tumor 

accumulation of current boron-containing compounds.7 This is of high importance as a poor 

accumulation of this compounds lowers the efficacy of BNCT to kill tumors. Furthermore, the 

non-specific accumulation of the boron compounds in healthy tissue, even though by itself this is 

not a problem due to the non-toxicity of these boron compounds, can cause unexpected toxicity to 

healthy tissues upon exposure to the neutron beam. For these reasons, designing boron containing 

agents that be targeted selectively and accumulate in high amount in tumors is of critical 

importance for the success and clinical translation of BNCT. 
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Figure 4.1: Left, modular boron oxide-based nanoparticles capped with oleic acid (OA) that can undergo 

ligand exchange with various capping groups. Right, transmission electron microscopy of B2O3 NPs. 

 We have successfully modified oleic acid-coated boron oxide nanoparticles (B2O3-NPs) 

using ligand exchange and have extended our library of capping groups to polyethylene glycol 

(PEG) and carboxymethyl dextran (CMD) derivatives while retaining the boron oxide core (Figure 

4.1). This system was determined to be non-toxic in cellulo and we have performed biodistribution 

experiments in mice to determine the areas of localization of the B2O3-NPs. 

4.2 Experimental Section 

4.2.1 Materials 

All manipulations were performed at room temperature in laboratory air unless otherwise 

noted. Reagents were purchased from Sigma Aldrich, Oakwood Chemicals, TCI, Fisher Scientific, 

Boron Specialties, Acros Organics, or Alfa Aesar, and used as received unless otherwise noted.  

4.2.2 Methods 

 While the preparation of oleic acid and carboxymethyl-dextran capped B2O3-NPs was 

reported previously,8 we looked to assess exchange to PEG capping agents through infrared 



102 

 

radiation, thermogravimetric and zeta potential analysis. Further, electron microscopy was used to 

evaluate core size. Infrared radiation measurements were collected on a PerkinElmer UATR Two 

and processed using PerkinElmer Spectrum Software version 10.4. After filtration to remove 

excess PEG, sp3 C-H stretches ~2883-2884 cm-1 can be seen in the pegylated samples, implicating 

successful ligand exchange (Figure 4.2).  The extent of exchange was further probed through 

thermogravimetric weight analysis and zeta potential. Thermogravimetric analyses were 

performed on a PerkinElmer Pyris Diamond TG/DTA under a constant flow of Argon (200 

mL/min). Samples were heated in alumina trays from 75 °C to 500 °C at 10 °C/min. Zeta potentials 

were measured with Malvern Zetasizer Nano instrument. Samples were prepared by dispersing in 

deionized water. As seen in Figure 4.2, pegylated samples decreased ~40% more in weigh 

compared to oleic acid and carboxymethyl-dextran capped particles. Further, the zeta potential 

increased for all pegylated samples. While increased, the zeta potential value was still negative for 

each sample, providing promise for electrostatic limiting of particle-particle interactions. By 

transmission electron microscopy, the core size of the OA-B2O3-NPs was found to be ~5 nm. The 

images were recorded on a TALOS microscope with an accelerating voltage of 200 keV, though 

work is underway to obtain higher contrast images on a TF20 microscope to confirm the diameter 

of the nanoparticles. As this characterization indicates pegylation was successful, we moved 

forward assessing the toxicity of the various B2O3-NP samples. All ICP-OES data were obtained 

on an Agilent ICP-OES 5100 spectrometer. Samples were diluted in 4% HNO3 using trace metal 

grade HNO3 (Fisher) and LC-MS Grade water (Fisher). Standard solutions were prepared from 

commercially available 1000 ppm stock solutions of boron (Acros) and iron (Ricca Chemical). 

Standard addition using a 2 ppm yttrium stock solution was used for all samples. 
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4.2.3 Synthesis of B2O3 NPs with Varied Capping Groups 

 Bulk, isotopically-labeled 10B2O3 was synthesized according to reported procedures.9 The 

bulk material was then ball-milled (Spex 800 shaker ball mill) under an inert atmosphere of argon 

in a tungsten carbide-lined vial with tungsten carbide ball bearings for a total of 5 min to produce 

a fine powder. Probe sonication treatment on the ball-milled material in the presence of oleic acid 

(OA) capping agent was then performed following a previously reported procedure8 to prepare the 

OA-capped nanoparticles (OA-B2O3 NPs). Ligand exchange reactions of the OA-B2O3 NPs with 

water-soluble, carboxylic acid-functionalized PEG (poly(ethyleneglycol)) capping agents (1K, 

5K, 20K molecular weight) were performed by phase-transfer reactions in H2O/hexane (1:1 v/v) 

mixtures using saturated solutions of the PEG polymers. The resulting crude materials were 

purified via size-exclusion chromatography to afford the PEG-B2O3 NPs as water-soluble 

powders. 
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Figure 4.2: The characterization of B2O3-NPs. A) The infrared radiation spectrum of each B2O3-NP B) The 

weight loss profile of each B2O3-NP C) The zeta potential recorded for each sample (0.2 mg/mL) with TEM 

image of OA-B2O3-NP inset. 

4.2.4 In Cellulo Evaluation 

In order to assess the relative toxicity of PEG-B2O3-NPs with respect to previously reported 

CMD- B2O3-NPs, we incubated 20k PEG-B2O3-NPs (1 M and 5 M) and CMD-B2O3-NPs (1 

M and 5 M) with Chinese Hamster Ovarian cells for 48 hours. After staining with trypan blue, 

cell viability was assessed alongside a live and dead (Triton X) control. All concentrations for in 

cellulo experiments were derived from the molar concentration of boron oxide as calculated from 

the boron content (from inductively coupled plasma atomic emission) and relative size of the 



105 

 

particle (from electron microscopy). No appreciable toxicity was observed at these concentrations 

(Figure 4.3). 

 

Figure 4.3: Cell viability of Chinese Hamster Ovarian cells without anything added, with Triton X as a 

dead control, and with  20k PEG-B2O3-NPs (1 M and 5 M) and CMD-B2O3-NPs (1 M and 5 M). 

4.2.5 Biodistribution Experiments 

 For all biodistribution experiments, NOD/SCID mice were used as xenograft models with 

U87 cancer cell lines. To generate the xenografts, mice were injected with 1 Mio of U87 cancer 

cells from American Type Culture Collection (ATCC) suspended in 1:1 Mammocult:Matrigel in 

the flank subcuticular space of immunocompromised mice. Mice were monitored daily, tumor size 

was measured every two days and experiments were stated when the tumor masses reached 100 

mm3. 
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 All animal care was conducted in accordance with The Guide for the Care and Use of 

Laboratory Animals (Eight Edition). The protocol was reviewed and approved by UCLA’s 

Institutional Animal Care and Use Committee. The facility is accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Institutional 

standard operating procedures were followed.  

For each group, n=3 mice were used. Compounds were administered via intraperitoneal 

(IP) injection in a solution of PBS 1x. Each mouse received a 250 µL injection once per day for 3 

days. Concentrations of each compound injected are in Table 4.1. Mice were euthanized using CO2 

1 hour after the 3rd injection. Organs were harvested and blood was collected via cardiac puncture. 

Once harvested, organs were immediately placed on ice and blood was centrifuged to separate 

serum. 

 

Group Compound Concentration IP Injection Volume Injections n 

1 B2O3-Oleic 6.7 mg/mL 250 µL 3 3 

2 B2O3-PEG 5K 11.7 mg/mL 250 µL 3 3 

3 Cs2BSH 10.0 mg/mL 250 µL 3 3 

4 PBS CTRL - 250 µL 3 3 

5 B2O3-PEG 1K 9.5 mg/mL 250 µL 3 3 

6 B2O3-PEG 20K 11.1 mg/mL 250 µL 3 3 

7 Borylated-GSH 12.6 mg/mL 250 µL 3 3 

Table 4.1: Dosing chart for biodistribution experiments. 
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 After organ removal, tissue and serum samples were weighed and transferred into 15 mL 

conical tubes. Carefully, 1 mL of trace metal grade nitric acid was added and the tubes were heated 

in an 80-90 ºC water bath until complete digestion was observed. For larger organs, such as the 

liver, more nitric acid was added in 0.5 mL aliquots after approximately 15 minutes of heating. 

Once the tissue was dissolved, samples were diluted with HPLC grade water and analyzed via 

ICP-OES. Small amounts of particulates were removed via filtration through a 0.45 μm syringe 

filter. 

Figure 4.4: Biodistribution results for all organs and serum. The data reflect an average for each group and 

error bars show one standard deviation. 
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Figure 4.5: Biodistribution results for the tumor and brain for all groups. The data reflect an average for 

each group and error bars show one standard deviation. 

4.3 Results and Discussion 

 We have further developed a boron-oxide based nanoparticle (B2O3-NP) system for use 

with BNCT. As reported by our laboratory,8 we can generate B2O3 ultra small nanoparticles 

(inorganic core dimensions: 4-5 nm) through a simple and scalable probe sonication technique. 

We previously reported nanoparticle capping with oleic acid (OA) followed by ligand exchange 

to carboxymethyl-dextran (CMD). In the first six months, we have worked to exchange capping 

agents to polyethylene glycols (PEGs) of various lengths (1k, 5k, 20k). Pegylation has been shown 

to extend pharmacokinetics, allowing for enhanced accumulation.10 We envisage pegylation as a 

strategy for the development of boron oxide nanoparticles that can accumulate at tumors through 

circulation. Unlike targeted approaches, circulation-based therapeutics do not develop tumor 

resistance. Additionally, 10B enrichment of the nanoparticle core is easily achieved, providing 

exciting potential for this system as a highly boron-dense BNCT therapeutic. 
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 Given that the B2O3-NPs were found to be non-toxic at relevant concentrations (Figure 

4.3), we tested our system in an in vivo model using a xenograft model in immunocompromised 

mice. We tested PEG derivatives, oleic acid, and CMD derivatives as well as BSH, a clinically 

relevant small molecule to serve as a benchmark.11 We found that the oleic-B2O3 NPs localized in 

the highest concentrations out of our derivatives (Figure 4.4) and found that the oleic-B2O3 NPs 

also localized in tumors in higher concentrations than Cs2BSH at the reported concentrations and 

conditions. This is possibly due to the lower molecular weight of oleic acid relative to CMD or 

higher molecular weight PEG derivatives which would possess a lower mass percent of boron per 

NP.  

4.4 Conclusions 

 We have demonstrated that B2O3 NPs can be rapidly derivatized using ligand exchange to 

provide access to a modular system for boron delivery. These derivatives can be characterized 

easily and both in cellulo and in vivo studies show that they are non-toxic in CHO cells or in mice 

at the reported concentrations. While all of the tested compounds showed a relatively short half-

life, the oleic-B2O3 NPs were found to have the most favorable biodistribution results with the 

highest detected concentrations in organs and serum relative to other derivatives and 

concentrations on the same order of magnitude as Cs2BSH. These results suggest that smaller 

capping groups could potentially provide optimal biodistribution to deliver boron and show that a 

B2O3 NP system can localize in similar fashion to a clinically employed BNCT drug. 
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CHAPTER 5 – In Vivo Evaluation of Carborane-Based HDAC Inhibitors 

5.1 Introduction 

 The unique bonding and stability of boron clusters and some of their derivatives highlights 

their potential for use in biological applications. 1-3 In 1993, Plešek had theorized that boron 

clusters could serve as a powerful platform in pharmaceutical chemistry based on the unique 

properties of boron clusters, such as their non-covalent behavior in interactions with other 

molecules, the unique behavior of exopolyhedral functional groups, and the ability of boron 

clusters to undergo chemical transformations as both open cage and closed cage species.4 Through 

Pd-catalyzed chemistry, our laboratory has synthesized carboranes analogues of several histone 

deacetylase (HDAC) inhibitors and has evaluated these species in vitro.5A We have found that 

carborane-based HDAC inhibitors, Carboranostat and Azinostat, have similar binding abilities to 

Martinostat, a commonly employed HDAC inhibitor. 

 

Figure 5.1: Structures of Carboranostat, Azinostat, and Martinostat. 

 Given the successful in vitro results using Carboranostat and Azinostat,5 we have designed 

biodistribution experiments in mice to determine the relative kinetic behavior of Carboranostat 

and Azinostat as well as to determine where these species localize. For example, several classes 

of HDACs are present in the brain and the ability of potential inhibitors to cross the blood-brain 

barrier is critical.  
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5.2 Experimental Section 

5.2.1 Materials 

 All manipulations were performed at room temperature in laboratory air unless otherwise 

noted. Reagents were purchased from Sigma Aldrich, Oakwood Chemicals, TCI, Fisher Scientific, 

Boron Specialties, Acros Organics, Ricca Chemical, or Alfa Aesar, and used as received unless 

otherwise noted. Carboranostat and Azinostat were synthesized as previously reported.5 

5.2.2 Methods 

 All ICP-OES data were obtained on an Agilent ICP-OES 5100 spectrometer. Samples were 

diluted in 4% HNO3 using trace metal grade HNO3 (Fisher) and LC-MS Grade water (Fisher). 

Standard solutions were prepared from commercially available 1000 ppm stock solutions of boron 

(Acros) and iron (Ricca Chemical). Standard addition using a 2 ppm yttrium stock solution was 

used for all samples. Biodistribution data were plotted in Graphpad Prism and are shown below. 

N=3 or N=3 as indicated for all points and error bars are shown as one standard deviation.  

5.2.3 Biodistribution Experiments 

  All animal care was conducted in accordance with The Guide for the Care and Use of 

Laboratory Animals (Eight Edition). The protocol was reviewed and approved by UCLA’s 

Institutional Animal Care and Use Committee. The facility is accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Institutional 

standard operating procedures were followed. Animals were housed in a colony room maintained 

at a constant temperature (23°C) on a 12-hour light/dark cycle (lights on from 0700 to 1900 hour) 

with ad libitum access to food and water. 10- to 12-week-old male C57BL6/J mice (Charles River 
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Laboratories, USA) were used in all experiments. Animals were housed 5 per cage and habituated 

in our facility at least 1 week before experimentation.  

For each group, n=3 or n=2 mice were used. Compounds were administered via 

intraperitoneal (IP) injection in a solution of 7.1% DMSO, 35.7% Tween 80, and 57.2% saline. 

Each mouse received a single IP injection. Time points tested include: 0.25, 0.5, 1, 2, 4, and 6 

hours. Concentrations of each compound injected are in Table 5.1. Mice were euthanized using 

cervical dislocation at the corresponding time points. Organs were harvested and were immediately 

placed on ice. 

After organ removal, tissue samples were weighed and transferred into 15 mL conical 

tubes. Carefully, 1 mL of trace metal grade nitric acid was added and the tubes were heated in an 

80-90 ºC water bath until complete digestion was observed. For larger organs, such as the liver, 

more nitric acid was added in 0.5 mL aliquots after approximately 15 minutes of heating. Once the 

tissue was dissolved, samples were diluted with HPLC grade water and analyzed via ICP-OES. 

Small amounts of particulates were removed via filtration through a 0.45 μm syringe filter. 

 

Table 5.1: Dosing chart for biodistribution experiments. 

5.3 Results and Discussion 

 We find that both Carboranostat and Azinostat were localized in the brain under the 

reported conditions. Carboranostat and Azinostat reached concentrations in brain tissue of 5 μM 
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and 10 μM, respectively, after a single injection at 25 mg/kg after 15 minutes. There was no 

compound detected after 4 hours, suggesting a relatively short half-life for Carboranostat and 

Azinostat in the brain. 

 

Figure 5.2: Biodistribution results for Carboranostat (red) and Azinostat (blue). Error bars show one 

standard deviation. 

 In other organs, both Carboranostat and Azinostat seem to localize in higher concentrations 

with the highest concentrations measured in the liver of >200 μM. The longest retention of both 

compounds was observed in the liver with a measurable concentration detected for both 

Carboranostat and Azinostat.  

 This work is consistent with previous studies that have found ca. 15 minutes post injection 

as the time point where HDAC inhibitor concentrations are maximized.6 SAHA, also known as 
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Vorinostat is another HDAC inhibitor and has been shown to localize in the brain at concentrations 

close to 1 μM and therefore we demonstrate that we can deliver a larger concentration of HDAC 

inhibitor at the reported conditions.7 For comparison, in the work by Schroeder and coworkers, 

SAHA was administered via IP injection at 25 mg/kg and measured via HPLC-MS.7 Similarly, 

Crebinostat has been reported to localize in the brain at a maximum concentration of 60 nm, orders 

of magnitude lower than the concentrations of Azinostat or Carboranostat measured under our 

reported conditions.8 For comparison, in the work by Fass and coworkers, Crebinostat was 

administered via IP injection at 25 mg/kg and measured via LC-MS/MS.8 

5.4 Conclusions 

 We have demonstrated that carboranes analogues of HDAC inhibitors are non-toxic and 

localize at relevant concentrations for effective inhibition. These compounds have been previously 

determined to have low cellular toxicity, similar binding affinities to other state of the art HDAC 

inhibitors, and now have shown to be non-toxic at therapeutically relevant doses with reasonable 

kinetics in a C57BL6/J mouse model. These results support the use of boron clusters as 

pharmacophores and provide a new platform for the development of future HDAC inhibitors. 
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CHAPTER 6 – Sterically Unprotected Nucleophilic Boron Cluster Reagents 

Mu, X.; Axtell, J. C.; Bernier, N. A.; Kirlikovali, K. O.; Jung, D.; Umanzor, A.; Qian, K.; Chen, 

X.; Bay, K. L.; Kirollos, M.; Rheingold, A. L.; Houk, K. N.; Spokoyny, A. M. 

 

 

6.1 Introduction 

 Electronic polarization at an atom (e.g., carbon) generally dictates its reactivity profile and 

determines whether it can undergo electrophilic or nucleophilic substitution chemistry.1 Since the 

seminal work by Grignard, researchers have been able to generate a variety of useful synthetic 

reagents featuring an electropositive element interacting with a carbon, rendering the carbon center 

nucleophilic.2 Given the prevalence of organoboron compounds used in synthesis,3,4 researchers 

have recently been interested in applying a similar concept of polarity switching commonly used 

for carbon reagents to boron congeners (Figure 6.1A).5 This strategy can potentially diversify the 

reactivity repertoire beyond the classical electrophilic nature of boron-based reagents.6 However, 

access to synthetically practical nucleophilic boron compounds remains a significant fundamental 

challenge. In 2006, Yamashita, Nozaki, and co-workers reported the first synthesis and isolation 

of a well-defined anionic boryllithium 1 (Figure 6.1B), which undergoes several reactions with 

carbon-based electrophiles.7 This discovery was enabled by the use of a sterically encumbering 

ligand platform that stabilizes the highly reactive nucleophilic boron site, termed as ‘‘boryl.’’8 

Inspired by the idea of using steric protection, others have targeted the synthesis of nucleophilic 

boron compounds, generally leveraging electron-donating and sterically bulky ligands to tame the 

reactivity of the nucleophilic boron species 2–5 (Figure 6.1B).9–13 Recently, several ligand 

frameworks were also developed to constrain boronbased centers in a non-traditional electronic 

environment, rendering some of the species (e.g., 6) nucleophilic.14,15 While significant progress 
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has been made in stabilizing nucleophilic boron centers, synthetically demanding protocols and a 

lack of overall benchtop stability have hindered the widespread use of nucleophilic boron reagents 

in synthetic methodology. 

 
 
Figure 6.1: Development of sterically unprotected cluster-based borylation reagents. (A) General scheme 

for metal-catalyzed borylation using tricoordinate diborane reagents. (B) Representative nucleophilic boron 

reagents developed previously. (C) One of three triply degenerate HOMO representations of B6H6
2-, 

synthesis of the B6H7
- anion, and a general borylation strategy using sterically unprotected cluster-based 

nucleophiles developed in this work. 

6.2 Results and Discussion 

 In this work, we demonstrate a conceptually different approach to stabilize a reactive boron 

nucleophile, predicated on three-dimensional electron delocalization instead of steric protection 

enforced by a ligand auxiliary (Figure 6.1C). In order to engender the necessary delocalization, we 
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identified a system in which boron atoms are bonded in a cluster-based environment. Specifically, 

we evaluated polyhedral boranes (BnHn
2-, n = 6, 10, or 12) (Figure 1C, top), which are some of the 

simplest clusters containing catenated boron atoms known to date. In these clusters, electron 

delocalization across cage boron vertices reduces the otherwise extreme reactivity of atom-

centered boryl anions.16 A manifestation of this delocalization can be seen in the example of 

B12H12
2-, which has a nucleophilicity as low as that of benzene; neither of these molecules readily 

reacts with carbon-based electrophiles.17 On the other hand, smaller boron clusters have been 

previously suggested to be less inert and could potentially exhibit an increased nucleophilic 

character compared to B12H12
2-.18 For example, density functional theory (DFT) analysis of B6H6

2- 

at the B3LYP-D3/6-31G(d) level of theory suggests that the triply degenerate highest occupied 

molecular orbitals (HOMO) are delocalized across eight faces of the octahedron and that the 

corresponding energy is 3eV higher than the HOMO of B12H12
2 (see Supplemental Information). 

Ultimately, this begged the question of whether B6H6
2- can be considered as a competent 

nucleophile in the context of nucleophilic borylation chemistry to produce substrates that can be 

efficiently transformed into tricoordinate boron compounds commonly used in synthesis (Figure 

6.1C, bottom). 



122 

 

 
 

Figure 6.2: Synthesis and deconstruction studies of perfunctionalized closo-hexaborate anions. (A) 

Preparation of monoanionic closo-hexaborate cluster reagents (8 and 9) and their reactivity toward model 

electrophiles. (B) Discovery of the selective cage deconstruction process of clusters 10 and 11, leading to 

the intermediate 13, which can be further deconstructed with TCNQ to produce tricoordinate alkyl boronate 

species (14 and 15). (C) Oxidation potential variability (see cyclic voltammograms of 10, 11, and 12) of 

the perfunctionalized clusters, leading to the alternative borylation strategy via a monosubstitution using 

dianionic B6H6
2- reagent. 

 

Dianionic closo-hexaborate compound 7 (Figure 6.2A) can be synthesized on a multi-gram 

scale in one step from cheap and commercially available NaBH4 and BF3•Et2O. Crude 7 can be 
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directly converted into 8 and 9 from a salt metathesis reaction in water, producing singly 

protonated, air-stable closo-hexaborate species soluble in organic solvents (Figures S1–S10). The 

protonation states of 8 (NBu4 [B6H6H
fac]) and 9 (MePPh3[B6H6H

fac]) imply that the Brønsted-basic 

character of B6H6
2- is readily accessible and could be applied to other electrophiles beyond H+. 

To probe whether this cluster could engage in nucleophilic substitution toward organic 

electrophiles, we conducted reactions between 8 and a series of benzyl bromides in acetonitrile 

(Figure 6.2A; see also Table S1). Using K3PO4 as a base, persubstituted B6-based clusters 10 and 

11 can be formed quantitatively as judged by 11B NMR spectroscopy (Table S1; Figure S11). 

During our investigations into the purification of 10 and 11, we noticed that subjecting these 

compounds to a slurry of silica gel in dichloroethane at 50 ºC results in the formation of a new 

cluster-based species as evidenced by a diagnostic change in 11B NMR spectra of the 

corresponding products (Figure 6.2B). From the reaction mixture initially containing 11, we were 

able to isolate a crystalline solid and subject this material to a series of structural characterization 

techniques. 1H NMR spectroscopy suggested the formation of new bridging hydrides and implied 

a loss of one ‘‘B–CH2Ar’’ vertex from starting 11. Both X-ray photoelectron spectroscopy (XPS) 

and 11B NMR spectroscopy suggest desymmetrization of the cluster precursor and the appearance 

of two unique boron sites with distinct electronic environments (Figures S15–S21). Single crystals 

of the material grown from a concentrated toluene solution were subjected to X-ray diffraction 

studies and identified the solid as a neutral pentaborane cluster 13 with one benzyl-attached boron 

vertex removed from parent cluster 11 (Figure 2B; Tables S8, S9, and S10). This unprecedented 

partial cage deconstruction suggests that unlike large closo-borane clusters (e.g., B12H12
2-),19 

peralkylated B6-based clusters can be oxidatively unstable toward B–B bond rupture and that this 
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instability could be leveraged to selectively generate tricoordinate boron reagents through 

substituted closo-hexaborate cage deconstruction. 

To further probe this hypothesis, we investigated the deconstruction of 11 with a range of 

model oxidants (Table S2; Figure S22). Upon employing 7,7,8,8-tetracyanoquinodimethane 

(TCNQ) as a single electron oxidant, significant quantities of the corresponding benzyl boronate 

products (benzyl and 4-bromobenzyl boronic acid pinacol esters 14 and 15) were observed, 

suggesting a successful cage deconstruction under these conditions. While these results are 

conceptually promising and suggest that one can employ monoanionic 8 or 9 as a nucleophilic 

boron source to synthesize organic boronates through a substitution and cage deconstruction 

sequence, several challenges revealed themselves during the course of our investigation that 

necessitated a modified strategy. Specifically, when cyclic voltammetry (CV) data were 

comparedfor 10, 11, and 12 (Figures S12–S14), significant variability in oxidation potentials, 

ranging from +0.48 to 0.03 V (versus Fc+ /Fc), was observed for these compounds (Figure 6.2C). 

This suggests that the nature of the organic substituents dramatically affects the oxidative stability 

of the perfunctionalized intermediates, potentially limiting the synthetic generality of the cage 

substitution/deconstruction protocol. 

We thus hypothesized that partial cage substitution could alleviate these limitations (Figure 

6.2C). We investigated whether well-defined dianionic B6H6
2- salts could be used for a base-free 

nucleophilic substitution, leading to the formation of monoalkylated compounds with similar 

oxidation potentials (Figure 6.2C). The synthesis of the dianion 16 can be accomplished in a 

straightforward manner on a multi-gram scale by stirring 8 with NBu4OH in the presence of the 

Na2SO4 (Figures 6.3A and S23–S25). Alternatively, 9 can be deprotonated with a phosphorane 

reagent (CH2PPh3), producing 17 in a nearly quantitative yield (Figures 6.33A and S26–S30). Both 
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of these dianion-based salts are bench-stable solids that can be stored in a desiccator for over 2 

months without any noticeable protonation to form the B6H7
- monoanion. 

 

Figure 6.3: Borylation/cage deconstruction strategy with dianionic closo-hexaborates (A) Preparation of 

B6H6
2- reagents and their subsequent use in borylation of organic electrophiles. (B) Substrate scope of alkyl 

halides. Standard reaction conditions: B6H6
2- (1.0 equiv), alkyl halide (0.4 mmol, 1.0 equiv), and MeCN (2 
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mL). For unactivated alkyl bromides, 60 ºC heating. For benzyl bromides, room temperature. Pinacol (10 equiv), 

MgSO4 (12 equiv), and THF (2 mL), 0 ºC to room temperature for deconstruction. Isolated yields are calculated after 

cage deconstruction. Inset, 11B NMR spectra for the synthesis sequence: closo-hexaborate dianion (top); mono-

substituted closo-hexaborate (middle); and purified alkyl‒Bpin (bottom). (C) Substrate scope of alkyl pseudohalides. 

Reaction conditions: B6H6
2- (1.3–2.0 equiv), μwave heating at 140 ºC. aUsing alkyl iodide (2 equiv). bB6H6

2- (1.5 

equiv) and μwave heating at 110 ºC. cUsing oil bath heating at 80 ºC. dμwave heating at 90 ºC. eoil bath heating 

at 60 ºC. [N+] = NBu4
+ and [P+] = MePPh3

+. 

Consistent with our hypothesis, 16 and 17 undergo nucleophilic substitution with a wide 

variety of alkyl-based electrophiles producing the corresponding mono-substituted [B6H5RHfac]- 

species (Figure 6.3B). Importantly, these reactions take place under mild conditions by simply 

combining a dianionic reagent together with an electrophile substrate in a variety of non-protic 

organic solvents (Figures S31 and S32). No other additives are required to forge a B–C bond via 

this strategy. The unpurified products from these transformations can be directly subjected to 

oxidative deconstruction of the cluster with TCNQ or nitrosonium tetrafluoroborate (NOBF4) in 

the presence of pinacol, ultimately producing the corresponding alkyl pinacol boronate esters 

(Tables S3 and S4). 

Primary alkyl bromides and iodide containing various functional groups such as ester (19), 

perfluoroalkyl (20), alkyl ether (22 and 23), and halide (24) substituents were successfully 

converted to the corresponding boronic esters using the substitution/cage deconstruction sequence. 

Phenethyl bromide, which is susceptible to elimination under basic conditions, is tolerated under 

the developed protocol (21). A substrate bearing a terminal olefin was also converted directly to 

the boronic ester with no evidence of olefin reduction (e.g., hydroboration) (25). For benzyl 

bromides containing aryl bromide and iodide substituents, only Csp
3 ‒Br bonds were borylated (15 

and 28). Interestingly, substrates bearing active sites for nucleophilic aromatic substitution (SNAr) 
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such as pentafluorophenyl and difluorophenyl groups (30 and 32) remained intact under the 

developed conditions (Figures 6.3B and S113–S165). 

Recently, there have been a growing number of reports using oxygen-containing 

electrophiles (pseudohalides) to replace alkyl halides as cross-coupling partners.20 However, in 

metal-catalyzed borylations of alkyl electrophiles, pseudohalides are rarely reported as substrates 

due to the reduced reactivity of Csp
3 ‒O bonds toward activation by several metal-based catalysts 

commonly employed under borylation conditions.21 In our case, the substitution of both primary 

and secondary alkyl‒OTs and OMs (Mesylate) substrates by B6H6
2- (16) proceeded smoothly in 

the absence of any metal salts or halide additives; subsequent cage deconstruction produced the 

corresponding pinacol boronate ester compounds (33–38) (Figures 6.3C and S166–S180). 

To shed light on the nature of the cluster-based nucleophilic substitution, we investigated 

whether the discovered transformation showed hallmarks of radical reaction pathways. 

Bromomethylcyclopropane has been previously employed as a standard radical probe in various 

metal-catalyzed borylations, where in the presence of radical species, ring-opened 3-

butenylboronate was isolated as the major product.22,23 In contrast, after subjecting the same 

electrophile to our optimized reaction conditions, no ring-opened species were observed either in 

the reaction mixture after monofunctionalization or in the resulting borylated product 26. This 

observation suggests that a radical mechanism for B‒C bond formation is unlikely (Figures S74 

and S75). Additionally, when enantiopure (R)-2-OTs-4-phenylbutane was applied in our protocol, 

enantio-enriched alkyl boronate 37 was obtained with inversion of stereochemistry (94:6 e.r.), 

suggesting an apparent SN2 substitution mechanism (Figures S76–S79). This observation stands 

in stark contrast to existing metal-catalyzed systems, in which racemic-borylated products are 

observed because of the intermediacy of alkyl radicals, therefore impeding general approaches to 
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stereospecific borylation through chiral induction.23,24 Importantly, this borylation strategy 

provides a new chiral auxiliary-free pathway to generate enantio-enriched alkyl boronates from 

chiral alcohol derivatives.25,26 

 

Figure 6.4: Reaction of dianionic closo-hexaborate with main-group electrophiles (A) Transformations 

leading to the formation of clusters with B–P bonds (40–42). (B) Hexaborate-based cluster featuring a B–

Se bond (43; see Figures S80–S106 for synthesis and characterization detail). 

 Undesired side reactions, including apparent one-electron reduction chemistry, have been 

observed with other classes of nucleophilic boron reagents in the presence of alkyl-based 

electrophiles;27 in addition, some of these species also exhibit reducing behavior toward main-

group electrophiles.28 Interestingly, during the course of our investigations, we never observed any 

apparent reduction products stemming from the reactions of closo-hexaborate and alkyl 

electrophiles, which implies that under the developed conditions this nucleophilic source of boron 

is significantly less reducing. We therefore were curious whether the nucleophilic behavior of the 

closo-hexaborate reagent could be extended to reactions with maingroup electrophiles to forge B–

heteroatom bonds (Figure 6.4). Traditionally, main-group boranes (e.g., phosphinoboranes) are 

prepared using electrophilic boronbased reagents.29 Interested in reversing the role of boron 

reagents in these bond formations, we combined 17 and Ph2PCl, resulting in the formation of 
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diphenylphosphine-substituted closo-hexaborate 39 (Figure 6.4A), as judged by multinuclear 

NMR spectroscopy (Figures S80 and S81). Subsequent treatment with allyl bromide followed by 

workup permitted the isolation of 40 as a zwitterionic closo-hexaborate containing an 

exopolyhedral P‒B bond (Figures S82–S88). The methylation of phosphorus, generating 

zwitterionic 41 (Figures S89–S92), followed by iodination produced a heteroleptic penta-iodinated 

cluster 42, which we were able to characterize by multinuclear NMR spectroscopy and single-

crystal X-ray diffraction, further confirming the proposed B‒P connectivity (Figures S93–S98; 

Tables S14, S15, and S16). These results contrast previous observations of nearly quantitative 

reduction and formation of the corresponding diphosphine (Ph2P‒PPh2) when 1 was treated with 

Ph2PCl.28 Consistent with the non-reducing, nucleophilic nature of the closo-hexaborate anion, 17 

undergoes a clean transformation with the PhSeCl reagent forging a substituted cluster 43 with an 

exopolyhedral B‒Se bond (Figures 6.4B and S99–S106). 

6.3 Conclusions 

 Overall, we have discovered that small polyhedral-boron clusters featuring a sterically 

unprotected B6-based cluster core possess a strong yet non-reducing nucleophilicity that can be 

leveraged for the borylation of various organic and main-group electrophiles. This led us to the 

development of a simple protocol, whereby carbon based electrophiles can be transformed into the 

corresponding tricoordinate boron ester species without the use of metal catalysis. This work 

highlights how boron-rich clusters can expand the toolkit of main-group reagents,30–48 ultimately 

aiding in the development of organic synthesis through new modes of reactivity. 
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