
i 

 

 

 

 

 

 

 

 

 

 

 

 

Microwave Assisted Syntheses of CB11
−
 Carborane Derivatives 

 

 

 

 

 

by 

 

Austin Shaff 

 

 

A thesis submitted in partial fulfillment of the requirements  

for graduation with Honors in Chemistry. 

 

 

 

 

 

 

 

 

 

 

 

Whitman College 

2017 

 

 

 

 

 

 

 

 

 



ii 

 

 

 

Certificate of Approval 

 

 

This is to certify that the accompanying thesis by Austin Shaff has been accepted 

in partial fulfillment of the requirements for graduation with Honors in Chemistry. 

 

 

 

 

 

________________________ 

Marcus Juhasz 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Whitman College 

May 10, 2017 
 

  



iii 

 

Table of Contents 
Table of Contents ................................................................................................... iii 

Abstract ................................................................................................................... 4 

List of Figures ......................................................................................................... 5 

Introduction ............................................................................................................. 6 

Boron Clusters and Carboranes .......................................................................... 6 

Applications of Boron Clusters ........................................................................... 9 

Boron Neutron Capture Therapy (BNCT) ...................................................... 9 

HIV Protease ................................................................................................. 12 

Weakly Coordinating Anions ....................................................................... 14 

CB11
−
 Reactivity ............................................................................................... 15 

Synthesis of the cluster ................................................................................. 16 

Reactions of the boron vertices ..................................................................... 16 

Overview of this work ...................................................................................... 19 

Results and Discussion: ........................................................................................ 19 

Synthesis of CB11H12
−
 ....................................................................................... 19 

Monoesterification: ........................................................................................... 20 

Reactions of the Dicarboxylic acid: .................................................................. 25 

Diester ........................................................................................................... 25 

Acid Anhydride ............................................................................................. 28 

Perchlorination .................................................................................................. 29 

Reactivity of the Cyanated Derivative .............................................................. 31 

Conclusions and Future Work .............................................................................. 32 

Experimental Section ............................................................................................ 34 

Instrumentation ................................................................................................. 34 

Chemicals .......................................................................................................... 35 

Reactions ........................................................................................................... 35 



4 

 

 

Abstract 
Derivatives of the 1-carba-closo-dodecaborane (-1) carborane anion (CB11

−
) have a 

variety of potential applications which include their use as therapeutic agents, catalysts, 

medical imaging agents, and as weakly coordinating anions. However, their use has been 

limited by a lack of synthetic routes to useful derivatives, particularly at the boron 

vertices. Previous research has developed synthetic methods for the preparation of 

cyanated and carboxylated boron substituted derivatives. In this work, the novel 

derivatization of the cluster beginning from these functional groups was explored, 

particularly focusing on the preparation of mono- and diester derivatives from the 

carboxylic acid. In addition, this work develops a novel synthetic route to the previously 

known undecachlorinated product using a microwave irradiation (MWI) reactor, 

improving on previously reported reaction times. 
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Introduction 

Boron Clusters and Carboranes 

Boron is the only element besides carbon that can form molecules of unlimited 

size by covalently bonding to itself.
1
 But unlike carbon, which favors the formation of 

chains and rings, boron favors the formation of clusters.
1
 These clusters were first 

abstractly established by Alfred Scott in the early 20
th

 century, but the real turning point 

came in the 1960’s with the work of Lipscomb and Hoffmann. They theorized the 

structure and some of the properties of several boranes before they had been synthesized, 

using on LCAO-MO calculations.
2
 From these calculations, it was shown that many 

boranes had a large HOMO-LUMO gap, making them exceptionally stable. An 

interesting example of this is the icosahedral B12H12
2−

 cluster, which has been shown to 

be stable at temperatures up to 800 °C.
3
 This cluster falls into a group of polyhedral 

borane anions that have the general formula BnHn
2−

 (n=5-12). These clusters take on the 

prefix closo, which indicates a closed cluster, i.e. a polyhedron with no missing verticies. 

Closo clusters tend to be stable, but for the larger members of this group, the removal of 

one or more vertices still results in a stable cluster. These are given the prefixes nido, 

arachno and hypho for one, two and three missing vertices, and have the general formula 

BnHn+4, BnHn+6 and BnHn+8 respectively (Figure 1).
4
  

The bonding in boron clusters, cannot be described by the conventions used for 

typical organic bonding molecules. Fortunately, in the 1970’s Kenneth Wade developed 

rules to account for the electrons in a cluster and describe their bonding, known as 

Wade’s rules or polyhedral skeletal electron pair theory (PSEPT). 
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 These rules state that a cluster with 2n+2 skeletal electrons will adopt a closo 

structure, while 2n+4 and 2n+6 will adopt nido and arachno structures, and so on (where 

n is the number of vertices in the cluster).
5
 This relationship can be understood using MO 

theory and explains the dianion nature of the closo-BnHn
2−

 cluster. In the MO model of 

the cage, the boron in the cluster can be approximated as sp hybridized, with one of the 

hybridized orbitals forming the outward facing B-H σ bond. The two nonhybridized p-

orbitals form bonding and antibonding combinations with the other cage atoms providing 

a total of n bonding MO’s. The opposite facing sp hybridized orbital points inward to 

contribute to a highly energetically favorable core MO, giving a total of n+1 bonding 

molecular orbitals between the atoms in the cage.
6
 This bonding arrangement results in 

the large HOMO-LUMO gap with 2n+2 electrons in a closo system, which partially 

accounts for the stability of these clusters (Figure 2).
7
 

 

Figure 1: Closo and nido boranes 

 

Figure 1: closo and nido boranes 

(interwebs) 
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These bonding MOs, particularly, the low energy totally symmetric MO are 

responsible for another interesting property of boranes, their σ-aromaticity. The 

delocalization of electrons in the totally symmetric and other bonding orbitals of the cage 

resembles the basic organic chemistry picture of aromaticity as delocalization of π 

electrons. Due to the more complex bonding of these clusters and the lack of an obvious 

π bonding system, their aromaticity must be established through quantitative methods, 

which include topological resonance energy (TRE), nuclear independent chemical shift 

(NICS), and magnetic susceptibility (χ).
8,9

 The magnetic behavior and the cyclic 

conjugation described by these properties helps form a description of aromaticity in more 

complex molecules with aromaticity beyond conjugated π systems. Computation studies 

have shown that borane clusters of the general form BnHn
2−

 generally increase in stability 

and aromaticity from n=5 to n=12.
8
 Due to their aromatic nature and similar size, 

icosahedral clusters often draw comparisons to benzene rings, and do in some cases react 

similarly. 

 

Figure 2: Bonding molecular orbitals of closo-B6H6
2−
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The chemistry of boranes has expanded far beyond simple boron clusters, to 

include a variety of heteroatoms within the cage, with some of the most common being 

C, S and a variety of transition metals.
3
 These compounds (e.g., Carboranes, thiaboranes, 

and metalloboranes), greatly expand the properties and potential applications of boranes. 

Carboranes are the best-characterized subdivision of boranes, with the most studied being 

the 12-vertex mono- and dicarbon derivatives (Figure 3).  

The inclusion of a carbon changes both the reactivity of the boron vertices, and 

allows for substitution at the carbon atom which is well characterized for both the mono- 

and di-substituted derivative.
10,11

 The inclusion of carbon into the cage also changes the 

overall charge. The closo-monocarbon derivative has a charge of −1 and the closo-

dicarbon derivative is neutral, compared to dianionic closo-boranes. However, the 

inclusion of carbon does not decrease NICS and magnetic susceptibility and thus the σ-

aromaticity of the molecule.
8
  

Applications of Boron Clusters 

Boron Neutron Capture Therapy (BNCT) 

 Figure 3: (a) CB11H12
−
 (b) ortho-C2B10H12 (b) meta-C2B10H12 (b) para-C2B10H12 
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Neutron Capture Therapy (NCT) is a cancer treatment that was first proposed 70 

years ago, but it was restricted in its application due to the relative scarcity of suitable 

molecules and limited nuclear technology available at the time.
12

 Since then, there has 

been a surge in the development of NCT, with a focus towards Boron Neutron Capture 

Therapy (BNCT). NCT functions by hitting atoms with a high cross sectional capture 

value, with thermal (or low energy) neutrons (0.025 eV). These atoms then undergo 

fission to yield high linear energy transfer (LET) α particles.
13

 These α particles deposit 

most of their energy in the cell they originated to damage DNA and other cell structures, 

triggering the death of the cell.
14

 A limitation of NCT is that many of the atoms with high 

cross sectional capture values are radioactive isotopes, or are generally toxic. Early NCT 

experiments utilized 
235

U and 
6
Li as the target isotope, but were abandoned in favor of 

BNCT. In BNCT the target isotope is 
10

B, which is roughly 20% naturally abundant. In 

addition, boron also has the advantage of being small, with many known non-toxic 

derivatives. The fission reaction of 
10

B releases an alpha particle with sufficient energy to 

be destructive to a cell, but is limited to 5-9 μm in tissue (Figure 4).
15

  

The advantage of this reaction is twofold: the activating low energy neutrons do 

not have the energy to destroy cell tissue, but the LET α particles will destroy cells 

without penetrating further. This means that selective irradiation of tumor cells 

containing 
10

B can be done in tissue that is not easily accessible, as the neutrons will 

generally not harm other tissue they pass through. This makes BNCT a good option for 

10
B + 

1
n              α + 

7
Li + 0.48 MeV 

Figure 4: 
10

B reaction with thermal neutron 
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inoperable tumors that do not respond to other chemotherapy or conventional radiation 

methods.
14

  

Multiple criteria must be considered in the design of BNCT drug. The dose of 
10

B 

necessary to destroy a target cancer cell is roughly 10
9
 
10

B atoms per cell.
15

 In addition, 

potential BNCT drugs must have low toxicity, high clearance rates in blood and healthy 

tissue, and low clearance rates in cancer cells.
16

  

The logical solution to these criteria is the use of compounds with a high 

percentage of boron by mass, such as boranes, many of which have been shown to be 

biologically stable and generally nontoxic.
1
 However, only two BNCT agents that have 

undergone clinical trials, sodium mercaptoundecahydro-closo-dodecaborate (BSH) and 

(L)-4-dihydroxyborylphenylalanine (BPA)(Figure 5).
16

  

BSH is a substituted borane and has the advantage of a high percentage of boron 

by mass, while BPA has only a single boron. It would seem advantageous to use BSH for 

BNCT considering the necessary dose to destroy a target cancer cell. But in reality, BPA 

is often used for the simple reason of selectivity for cancerous versus healthy tissue. In 

the brain, BPA relies on an increased rate of uptake in cancer cells through L amino acid 

transporters, which are more widely expressed in cancer cells.
17

 BSH on the other hand 

Figure 5: Currently available BNCT agents: BPA (left) and BSH (right) 
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relies on passive diffusion through a partially disrupted blood brain barrier (BBB).
18

 

Although the selectivity of both BPA and BSH for cancer cells has been improved in 

certain cases, neither has a clear edge in effectiveness when considering selectivity, 

dosage, and toxicity, making these compounds less desirable for BNCT application.
19,20

  

Part of the reason these are the only two compounds to undergo clinical testing is 

due to a lack of synthetically available alternatives of boron-rich compounds. Further 

functionalization of boranes could facilitate a host of other viable BNCT compounds, 

both as standalone compounds and via the attachment of clusters to other biomolecules. 

With more options for specific targeting and application, BNCT could be expanded far 

beyond the current applications of BSH and BPA.  

HIV Protease 

HIV protease (PR) has long been a target for inhibition because of its crucial role 

in cleaving polyprotein precursors into mature enzymes and structural proteins in the HIV 

lifecycle.
21

 Effective PR inhibition renders the virus unable to spread to other cells, 

drastically reducing the viral load of HIV.
22

 Several inhibitors have been developed and 

have FDA approval for clinical use, but all of these inhibitors are peptide mimics and are 

susceptible to mutagenic resistance. Due to their similar design as pseudopeptides there is 

a considerable amount of overlap in PR mutations that cause protein inhibitor 

resistance.
23

 Thus, there is a need for novel inhibitors that are effective against HIV 

strains that have developed resistance to the established peptide mimic inhibitors. 
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One example of a novel class of inhibitors utilizes icosahedral metallocarboranes 

and have been shown to be effective inhibitors of PR in both the wild type and some drug 

resistant mutants (Figure 6).
21,24

 These compounds have been shown to bind through an 

unusual dihydrogen bond between a hydrogen on a boron and another hydrogen in the 

active site bound to O, N or C atoms.
24

 The reason for this unusual dihydrogen bond is 

likely due to the hydridic nature of the B—H bond, allowing the hydrogen on the boron 

to form H-bonding interactions with the more positively charged hydrogens in the 

protein.
25

 The mode and position of binding for these clusters is different than the binding 

mechanism of currently available drugs, and may provide a favorable alternative for 

suppressing PR drug resistant mutants. 

 

Figure 6: (a) Crystal structure of HIV PR with two bound metallocarboranes (orange 

circles for boron, grey for carbon, and blue for cobalt). (b) Structure of bound 

metallocarbornaes. 
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However, metallocarborane compounds currently being explored are still not as 

effective at binding PR as the peptide mimics.
24

 This is in part due to the lack of 

synthetically available derivatives of these clusters. Expanding the functionalization of 

the boron vertices in these compounds would allow for more effective inhibitors that 

could take advantage of additional binding mechanisms to better bind drug resistant 

mutants.  

Weakly Coordinating Anions 

In chemistry there has been a long history searching for noncoordinating anions. 

Much of this search has been driven by the desire to isolate reactive cationic species, e.g. 

carbocations, which react with conventional anions; and to improve catalysts that are 

hindered by tightly-coordinated counteranions. However, the reality of actual 

noncoordinating anions has long since been disproven, in favor of the more accurate 

term: weakly coordinating anions (WCA).
26

 Although it is not possible to say that an 

anion or a solvent is completely noncoordinating, there is now exploration into 

compounds that coordinate enough to stabilize a compound, but not destroy its catalytic 

activity. Anions based on carboranes, specifically the CB11
−
 cluster, have been identified 

as some of the best WCA’s due to their thermal and kinetic stability, general oxidative 

stability, and negative charge which is delocalized over the entire molecule.
27

 The 

CB11H12
−
 parent cluster has been shown to weakly coordinate to and stabilize select tin 

and palladium cationic species, and zirconium(IV) olefin catalysts.
28,29

 

The CB11H12
−
 cluster does have a major weaknesses in its ability to coordinate, 

which is the susceptibility of the hydrogens on the boron vertices to electrophilic 
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abstraction by highly reactive cationic species.
25

 But this weakness can be turned into a 

strength by exploiting this reactivity to form mono-, di-, hexa- and undecahalogenated 

clusters. These halogenated clusters have been shown to be even more weakly 

coordinating than the CB11H12
−
, with the strength of coordination generally proportional 

to the polarizability of the halogen substituent (i.e. I > Br > Cl > F).
30

 For example, 

hexahalogenated derivatives have been shown to coordinate the Fe-(TPP)
+
 species (a 

useful measure of the ligand field strength of WCA) more weakly than the parent 

cluster.
25

 The halogenation of these clusters allows for tuneability in their coordination, 

both in the degree of halogenation and the halogen used.  

The weakest coordinating of all clusters to date are the perchlorinated, 

perfluorinated, and per-trifluoromethylated derivatives, which have been shown to be 

some of the strongest Brønsted acids ever synthesized.
31–33

 The perfluorinated acid has 

been shown to protonate alkanes at room temperature to form stable salts.
31

 The ability of 

carboranes to weakly coordinate and the formation of super acids has a variety of 

applications in catalytic syntheses and the study of reactive intermediates, but are still 

limited by difficult and expensive synthetic pathways.  

CB11
−
 Reactivity 

The focus of this work is on the closo-CB11 anion. The substitution of a single 

boron vertex in B12H12
2−

 with carbon changes the symmetry of the cluster from Ih to C5v, 

where the eleven borons in closo-CB11H12
−
 occupy one of three unique positions: the B2-

B6 positions are ortho to the carbon, the B7-B11 positions are meta to the carbon, and the 

B12 position is para to the carbon. The replacement of a boron with a carbon alters the 
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reactivity of the CB11
−
 cluster compared to its B12H12

2−
 analog, rendering it less reactive 

to electrophiles, and introducing a reactive hydrogen on the carbon, that can be removed 

by strong bases (e.g. BuLi) to form a dianion species.
11

 The chemistry at the carbon has 

been more thoroughly explored and incudes a wide array of electrophilic substitutions.
3
 

Somewhat surprisingly nucleophilic addition is also possible at the carbon. This is 

generally performed with the permethylated CB11
−
 derivative and proceeds through the 

formation of an alkene as the leaving group from the carbon, leaving it in a reactive state, 

and open to nucleophilic attack.
34

 The exact nature of this intermediate and the 

mechanism is not entirely know, but likely exists somewhere in-between the zwitter 

carbanion and the neutral carbene.
34

 Due to the variety of well characterized reactions at 

the C vertex, this work instead focuses on the substitution and reactivity at the boron 

vertices.  

Synthesis of the cluster 

Since it was first isolated there have been several 

synthetic pathways to the carba-closo-dodecaborate (−1) 

anion (Figure 7).
11

 These preparations usually begin from 

commercially available decaborane (B10H14) and vary 

slightly with the initial step of inserting the carbon into the 

cage. An alternative synthesis that inserts the carbon into nido-B11H14
−
, has been 

published, but this reaction has much lower yields than the established methods with 

carbon insertion as the primary step.
11

  

Reactions of the boron vertices 

Figure 7: CB11H12
−
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Substitution at the boron vertices of the cluster takes advantage of the hydridic 

B—H bonds and generally proceeds through electrophilic substitution.
25

 The boron at the 

B12 position para to the carbon is the most reactive to electrophilic substitution, followed 

by the B7-B11 meta positions and finally the B2-B5 ortho positions.
11

 One of the most 

common electrophilic substitutions is the aforementioned halogenation of the cluster. The 

mechanism of this substitution is not altogether known, but a possible reaction scheme 

occurs through σ bond metathesis of the B—H bond, and subsequent replacement (Figure 

8). 

Iodination has proven to be a useful method for the further derivatization of the 

cage. Monoiodination proceeds through the addition of elemental iodine in glacial acetic 

acid at room temperature for four hours and is selective for only the monoiodination of 

the cluster. Further iodination has been achieved at higher temperatures with both 

microwave irradiation and traditional heating methods.
35

  

 

Figure 8: Proposed mechanism of electrophilic substitution. 
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It has been previously reported that from the iodinated derivative it is possible to 

synthesize a cyanated derivative CB11Hx-nCNn
−
 (n=1, 2, 6).

36
 This reaction proceeds using 

copper(I) cyanide, and catalytic palladium(II) acetate. Although it has been shown that 

conversion to the cyanated derivative proceeds without the use of palladium, its presence 

greatly enhances the rate of reaction. Furthermore, copper(I) cyanide is crucial in the 

conversion to the cyanated derivative, as other cyanide sources have failed to convert the 

iodo group, even with the inclusion of copper(I) iodide as a copper source.
36,37

 The 

reaction mechanism for the conversion from the iodinated to the cyanated derivative is 

currently unknown, but the conversion could be through a Rosenmund-von Braun 

reaction cycle. The Rosenmund-von Braun reaction is a known organic reaction that 

couples halogenated aromatics to nitrile groups and is possible with and without the 

addition of a palladium catalysts.
38

 The addition of palladium likely allows the reaction to 

proceed more rapidly through a cross coupling reaction on the palladium as opposed to 

on the copper. However, this mechanism still does not explain the need for CuCN as the 

source of both the copper and the cyanide. 

The mono- and dicyanated derivatives are known to undergo hydrolysis to the 

carboxylic acid product under microwave conditions using a 4:1 mixture of hydrochloric 

acid and glacial acetic acid.
37

 The mechanism of hydrolysis of a nitrile to a carboxylic 

acid is well understood in organic chemistry and features an amide intermediate. The 

dicarboxylic acid derivative has two distinct pKa’s, with the pKa for the first 

deprotonation significantly higher than for its benzene analog, phthalic acid. The 

decreased acidity is likely due to the cluster’s inherent negative charge that makes 

deprotonation more unfavorable. Unfortunately, because of the reactivity of the different 
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boron positions on the cluster it is not possible to explore the relationship between the 

pKa and the relative position of the two carboxylic acid groups. 

Overview of this work 

Much of the research to date regarding the reactivity and functionalization of the 

CB11
−
 cluster has been focused on the acidic proton on the carbon terminus.

11
 However, 

to fully utilize these clusters for the multitude of potential applications, the 

functionalization and accessibility of boron-substituted derivatives must be improved. 

This work will discuss the development of a new synthetic route to the perchlorinated 

HCB11Cl11
−
 cluster utilizing MWI techniques. It will explore the formation of a variety of 

esters from the previously reported mono- and dicarboxylic acid derivative though an 

acid chloride intermediate.
37

 Lastly, the attempted development of the monocyanated 

cluster as a precursor for novel compounds will also be presented. 

Results and Discussion: 

Synthesis of CB11H12
− 

In my work, the preparation of [Cs
+
] [CB11H12

−
] was achieved in three steps from 

decaborane according to a modified version of a previously reported scheme.
39

 

Decaborane was deprotonated with sodium hydroxide and the carbon was inserted using 

sodium cyanide yielding a dianion arachno species. The nitrile was then protonated with 

hydrochloric acid and subsequently trimethylated with dimethyl sulfate to form the nido-

7-CH3N-7-CB10H12 zwitterion. This was then reduced with sodium metal, with a 

subsequent addition of cesium chloride, to yield nido-[Cs
+
] [CB10H13

−
]. The final boron 
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vertex was inserted by borane triethylamine at 200 °C resulting in the starting carborane, 

closo-[Cs
+
] [CB11H12

−
]. 

Monoesterification: 

Conversion of a carboxylic acid to an ester derivative is a well-documented 

organic reaction, know to proceed through several different pathways. The conversion of 

the monocarboxylic acid derivative of the CB11
−
 cluster to the monoesterified derivative 

was attempted through two different reaction schemes: Fischer esterification and via an 

acid chloride intermediate. The Fischer esterification was found to be an unreliable 

method for the successful formation of the ester, even under relatively aggressive 

conditions.
40

 The monoesterified product was ultimately successfully obtained via an acid 

chloride intermediate formed by the addition of PCl5 and subsequent quench with the 

primary alcohol corresponding to the product. The reaction of the carboxylic acid with 

PCl5 and the conversion from the acid chloride to the ester is expected to proceed 

according to the mechanism in Figure 9. There has been no attempt to isolate the acid 

Figure 9: PCl5 acid chloride mechanism and quench with a primary alcohol 
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chloride intermediate as we believe this species is too reactive to be isolated and 

characterized. 

In the search for esterification conditions, two different chlorinating agents and a 

variety of conditions were used to form the acid chloride, thionyl chloride (SOCl2) and 

phosphorus pentachloride (PCl5), based on previously reported literature of the benzoic 

acid analog.
41,42

 LC-MS analysis of the SOCl2 ester reactions showed a sizable amount of 

monochlorinated ester product. For the ethyl ester, a peak with m/z = 249 was observed, 

which matches the mass of the monochlorinated ester product. In addition, the isotopic 

envelope of the CB11
−
 has a characteristic pattern due to the ratio of 

10
B to 

11
B with the 

CB11H12
−
 cluster having a pattern of m/z (Intensity >30): 141(36), 142 (73.8), 143 (100), 

144 (81.5), 145(31) (Figure 10a). The addition of chlorine shifts this pattern to create 

two, near equally intense peaks in addition to broadening the envelope, due to the ratio of 

35
Cl and 

37
Cl (Figure 10b). The SOCl2 ester’s isotopic envelope had two roughly equally 

intense peaks and a broader isotope pattern, both of which are characteristic of the 

addition of chlorine to the CB11
−
 cluster. For example, the SOCl2 12-

CB11H10ClCOOCH2CH3
−
 derivative MS (m/z, isotopic abundance >30, calculated 

abundance): 247(34, 33), 248(68, 69), 249 (100, 100) 250(91, 96), 251(53, 58). 

  

Figure 10: Calculated Isotopic distribution of a) CB11H12
−
 and b) CB11H11Cl

− 

a) b) 
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The reactivity of thionyl chloride with the CB11H12
−
 parent cluster was shown by 

11
B NMR to mono- and dichlorinate the cage even with only mild heating. This was 

evident from the increase in a singlet peak downfield and the loss of symmetry of the 

cluster. Shorter reactions did not diminish the formation of the monochlorinated ester 

derivative in LC-MS analysis and thus determined that the side reaction was not 

preventable within the reaction time needed to form the ester product. The chlorination of 

the cage by SOCl2 is likely due to the formation of some electrophile from the 

decompositions of SOCl2 such as Cl2. However, the decomposition of SOCl2 is known to 

proceed at 140 °C which does not account for the chlorination at room temperature, but 

could be due to a comparatively slow decomposition in solution that occurs fast enough 

to chlorinate the cage before the acid chloride can be formed. 

Test reactions of PCl5 with the parent cage along with preliminary ester reactions 

were monitored by 
11

B NMR
 
and LC-MS analysis and showed no signs of chlorination, 

and it was concluded that PCl5 was a more favorable reagent for forming the acid 

chloride. However, in some of the longer PCl5 esterification reactions of a week and 

some carboxylic acid derivative test MWI reactions, LC-MS analysis showed 

characteristic masses and isotopic patterns consistent with the monochlorinated products. 

The fact that these were not prominent enough to be observed in shorter reactions means 

that minimizing the reaction time would likely limit the formation of the monochlorinated 

product side products. 

The formation of a series of target esters in test reactions was supported primarily 

by LC-MS analysis. Because the change from the carboxylic acid hydrogen to the 

inductively similar carbon of the ester occurs three bonds away from the B12 position, 
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this synthetic transformation does not significantly shift the B12 resonance. But once the 

products are isolated, 
1
H and 

13
C become valuable characterization tools. The methyl and 

ethyl esters have been isolated and characterized by 
1
H, 

13
C and 

11
B NMR, MS and IR.  

The ethyl ester [Et4N
+
] [12-CB11H11COOCH2CH3

−
] was obtained on a 0.1 g scale 

with a 64 % yield. The identity of the product as the ethyl ester was supported by LC-

MS, which showed the clear majority product with the expected mass to charge ratio m/z 

= 215 and a characteristic isotopic envelope matching the expected for the 

CB11H11COOCH2CH3
− 

cluster, MS (m/z, isotopic abundance >30, calculated abundance): 

213(36, 36), 214(75, 73), 215(100, 100), 216(82, 83), 217(34, 33). LC-MS also showed 

minor impurities in form of the carboxylic acid derivative (m/z = 187) and the 

monochlorinated ester (m/z = 249) with the expected isotopic envelope for each. IR  

(Figure 11) analysis further confirmed the identity of the product with a strong band at 

1685 cm
−1

 (strong, C=O stretch) which is differs significantly from the published value 

for the C=O carboxylic acid derivative stretch (1653 cm
−1

).
36

 In addition, bands at 2556 

 

Figure 11: FT-IR of 12-CB11H11COOCH2CH3
−
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cm
−1

 (br, B—H stretch) and 3053 cm
−1

 (weak, C—H stretch of the cluster) support the 

presence of the intact cluster. One of the most important observation is the absence of the 

broad O—H stretch at 3131 cm
−1

 present in the carboxylic acid derivative.
36

 Although for 

this reaction 
11

B NMR does not have the sensitivity to effectively determine the product, 

both 
13

C and 
1
H provide insight. 

13
C NMR showed a resonance at 184.5 ppm (q, J = 101 

Hz, 
13

C=O) which differs from the value of the carboxylic acid derivative (188.2 ppm, q, 

J = 95 Hz). Four additional 
13

C peaks were observed that likely correspond to the ethyl 

ester and some monochlorinated ethyl ester or other impurities. The 
1
H NMR agrees with 

this picture, showing resonances at 3.80 ppm (q, J = 7.10 Hz, 2H) and 1.06 ppm (t, J = 

7.1 Hz, 3H) that correspond to the CH2 and CH3 of the ethyl ester. The purity of the 

sample can also be examined by comparing the ratio of these peak areas to the CH2 and 

CH3 groups on the tetraethylammonium cation, which have a known 8:12 ratio, because 

of the 1:1 ratio of cation to cluster. The respective integration values of 1.7 and 2.7 

relative to eight methylene hydrogens for [N(CH2CH3)4
+
] indicate that the sample is 

mostly esterified product, with the unaccounted-for clusters coordinating to the cation 

likely coming from the carboxylic acid and monochlorinated impurities.  

The methyl ester [Et4N
+
] [12-CB11H11COOCH3

−
]

 
was prepared on a similar scale 

and isolated with a 42 % yield. 
1
H, 

13
C and 

11
B NMR, LC-MS, and IR analysis supported 

the identity of the product as the methyl ester. LC-MS showed the predominant product 

to be the methyl ester with an m/z = 201 and typical isotopic envelope (Figure 12), MS 

(m/z, isotopic abundance >30, calculated abundance): 199(38, 36), 200(76, 73), 201(100, 

100), 202(88, 83), 203(32, 32). IR showed bands at 1691 cm
−1

 (strong, C=O stretch), 

2565 cm
−1

 (br, B—H stretch) and 3053 cm
−1

 (weak, C—H stretch of the cluster), 
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indicating deviation from the carboxylic acid product. In addition, there was only a small 

amount of the broad O—H stretch at around 3131 cm
−1

, which is present in the 

carboxylic acid spectrum. 
13

C NMR showed a resonance at 184.7 ppm (q, J = 99.6 Hz, 

13
C=O) and a single new peak at 47.4 ppm (s, 

13
CH3). 

1
H NMR had a resonance at 3.30 

ppm (s, 3H), corresponding to the methyl group of the ester. Relative to the eight 

methylene hydrogens of [N(CH2CH3)4
+
] the integration value was 2.5, which agrees with 

the other data that the major species is the methyl ester. 

Reactions of the Dicarboxylic acid: 

Diester 

 

Figure 12: MS of Methyl Ester CB11H11COOCH3
-
 m/z = 201.2, 

Unreacted Carboxylic acid CB11H11COOH
-
 m/z = 187.3. 
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The formation of the dicarboxylic acid derivative has been previously reported, 

but there has yet to be further derivatization of this compound.
37

 Evidence of both diethyl 

and dimethyl esterification of 7,12-CB11H10(COOH)2
−
 cluster was shown by 

11
B NMR 

and LC-MS to proceed under similar conditions as the monoester, with THF as the 

solvent. Unlike the monoester, the diester showed clear changes by 
11

B NMR during the 

reaction and between the dicarboxylic acid and the presumed diester. Addition of PCl5 

showed an immediate change in the 
11

B NMR spectrum, with the two substituted boron 

peaks shifting downfield in a similar manor to when they are titrated with NaOH.
37

 

Interesting, as the reaction progresses the B7 and B12 peaks shift upfield and more 

resemble, but do not match, the dicarboxylic acid derivative starting material (Figure 13). 

 

Figure 13: 
11

B NMR of diester reaction in THF. (a) Unreacted CB11H10(COOH)2
−
 (b) 

5 minutes after PCl5 addition (c) 5.5 hours after PCl5 (d) 3 days after PCl5. 

(d) 

(c) 

(b) 

(a) 

B12 B7 

B7 B12 
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LC-MS analysis was performed on the same reaction quenched at two different times, 

one before the emergence of the upfield B7 and B12 shift and the other after there 

appeared to be no further change in the spectra, with the upfield shift present. The results 

of LC-MS indicated that the conversion to the diester was more successful with the 

reaction that was quenched earlier, with the later quench showing a majority of unknown 

impurities. This leads to the conclusion that the acid chloride is forming extremely 

rapidly and thus the reaction can be quenched after very little time with favorable results. 

As for the progressive B7 and B12 shift, it could be the reformation of starting material 

as the shifts of the two peaks are similar, but the reaction is anhydrous and this still does 

not explain the unknown impurities, which could be forming as these peaks shift. 

Another interesting result is the complete lack of a monoesterified product with 

one unreacted carboxylic acid in LC-MS analysis. This might be due to some unknown 

chlorination mechanism that involves the acid chloride formation on both the B7 and B12 

positions, with a single molecule of PCl5. Even with such a mechanism it is surprising 

that none of the mixed product forms, which could also indicate a favorability of the 

diacid chloride formation. This is supported by the rapid transformation observed by 
11

B 

NMR that shows changes immediately after the addition of PCl5. However, these 

reactions have used a large excess of PCl5 and the rapid formation along with consistent 

diesterification could just be caused by the large stoichiometric excess. Although, the 

monoesterification reactions use excess PCl5 and their formation appears to be 

considerably slower, potentially meaning that there is some unknown stability of the 

presumed diacid chloride product or activation of the dicarboxylic acid.  
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Acid Anhydride 

The proximity of the two carboxylic acids in the 7,12-CB11H10(COOH)2
−
 

derivative lends themselves to the possibility of an intramolecular acid anhydride (Figure 

14). We attempted to form the acid anhydride through the addition of half an equivalent 

of PCl5 to the dicarboxylic acid cluster. The results of the test reaction were inconclusive. 

The 
11

B NMR spectrum showed a shift that did not match the starting material or any 

spectrum taken as part of the formation of the diester and was present for several days in 

the reaction with no change (Figure 15). This indicates the 

potential formation of a new species, but LC-MS analysis 

showed entirely starting material with no acid anhydride mass. 

This could either be due to the acid anhydride’s instability and 

rapid hydrolysis under LC-MS conditions or the formation of a 

different relatively unstable species, which forms in solution 

and readily reverts to the dicarboxylic acid. This could 

 

Figure 14: 
11

B NMR of acid anhydride reaction after 3 days 

 

Figure 15: 7,12-

CB11H10(COOCO)
−
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potentially be the monoacid chloride as without an alcohol quench it would return to the 

carboxylic acid derivative in the preparation for LC-MS. But the lack of any monoester 

product in the diester scheme seems to imply that the formation of a single acid chloride 

is not as favorable as the formation of two. In which case, we would expect to see a mix 

of what is believed to be the diacid chloride intermediate and the dicarboxylic acid 

starting material. 

Perchlorination 

Perchlorination of the cage has proven to be a difficult task in carborane synthesis 

as the B2-B5 positions are already far less reactive than the 7-12 positions and are further 

deactivated by the addition of each chlorine.
11

 However, there have been several reported 

preps of the perchlorinated derivative, but most of these have cost, time or other 

 

Figure 16: CB11HCl11
−
 prepared with SO2Cl2 and cat. AlCl3 
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drawbacks.
43–46

 Previous work has shown the MWI can be used as a method to 

dramatically speed up halogenation reactions of the cage.
35

 We attempted to synthesize 

the perchlorinated derivative of CB11H11
− 

using SO2Cl2 as the chlorinating agent due to 

the easy to workup products, gaseous SO2 and HCl along with excess SO2Cl2. 
11

B NMR 

and LC-MS preliminary evidence showed that the formation for the perchlorinated 

derivative by MWI proceeded most efficiently under argon with the addition of the Lewis 

acid catalyst AlCl3. Although the reaction was shown to perchlorinate the cage without 

AlCl3, this reaction only worked at higher temperatures with longer reaction times. 
11

B 

NMR showed a downfield shift of all three peaks and the loss of B—H splitting (Figure 

16), which matches previous characterization of the undecachlorinated product, and was 

confirmed by MS m/z = 522 and characteristically broad isotopic envelope.
43

 Some nine 

and ten substituted cluster impurities were also observed, but in small quantities. The 

decreased time of reaction compared to the previously reported reflux with SO2Cl2 is 

likely due to the increased temperatures and pressure possible in microwave vials 

compared to traditional heating methods.
43

 Although, based on recently published work 

of perchlorination through a UV light radical mechanism and the known dependence of 

the traditionally heated reaction to light, there could be some mechanism 

 of chlorination that is due to the MWI and not just the higher temperatures and pressures 

achieved because this reaction is performed without light.
45,46

 It is likely that a 

combination of microwave conditions with the UV radicalization would provide a faster 

and more reliable synthetic pathway to the perchlorinated derivative of the CB11H12
−
 

anion. 
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Reactivity of the Cyanated Derivative 

The cyanated derivative provides a potential starting point for several other 

reactions and novel derivatives of the CB11H12
−
 cluster as evidenced by the preparation of 

the carboxylic acid derivative.
36

 Further exploration of the cyanated derivative was 

performed through reaction with organolithiums, Grignard reagents, LiAlH4, and cat. acid 

with an alcohol for ester formation (Figure 17).
40

 

These are well known reactions in organic chemistry and have been shown to 

proceed in the analogues case of a cyanated benzene ring.
47–50

 In every case, with the 

exception of hydrolysis, the cyano group was found to be unreactive by 
11

B NMR and 

LC-MS, even in more aggressive conditions than required for similar organic reactions. 

The inertness of the nitrile to nucleophilic attack is likely be due to the increased electron 

density on the cyano group from the cage.
51

 

 

Figure 17: Attempted reactions of CB11H11CN− 
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This means that although the nitrile is a versatile starting point for organic 

synthesis, in carboranes the nitrile might be too inert in the case of the monosubstituted 

derivative. It is possible that for highly cyanated derivatives that a higher level of 

reactivity would be observed due to the diffusion of the negative charge over a greater 

number of nitriles. However, substitutions at multiple proximal nitrile positions would 

also encounter problems related to steric hindrance and as a result still might not react. In 

addition, reliable preparation of highly cyanated derivatives has proven to be difficult.
52

 

Once successfully, synthesis of heavily cyanated derivatives could prove to be more 

reactive than the monocyano derivative, which is extremely inert and thus demands 

further derivatization starting from the carboxylic acid and other derivatives.  

Conclusions and Future Work 
This work developed conditions for the monoesterification of the CB11H12

−
 cluster 

from the carboxylic acid derivative through an acid chloride intermediate, the first 

reported carborane ester on a boron vertex. PCl5 was found to be the best reagent to form 

the acid chloride, as the more commonly used SOCl2 consistently chlorinated the cage. 

Both the ethyl ester ([Et4N
+
] [12-CB11H11COOCH2CH3

−
]) and methyl ester ([Et4N

+
] [12-

CB11H11COOCH3
−
]) have been isolated and characterized by NMR, IR and LC-MS, with 

preliminary evidence of additional esters shown by LC-MS. The formation of the ester 

product directly from the carboxylic acid was unsuccessful. Additional work needs to be 

done to isolate and characterize the prospective esters and shorten the reaction time to 

maximize the yield, by eliminating side products coming from the longer reactions with 

PCl5. 
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Evidence of the diesterification of [Et4N
+
] [7,12-CB11H10(COOH)2

−
]

 
was shown 

by NMR and LC-MS under similar reaction conditions to the monoester in a much 

shorter timeframe. Future work is required to isolate and characterize these esters and to 

determine if their preparation deviates significantly from the monoesters. The 

investigation into the formation of the intramolecular acid anhydride in solution was 

inconclusive. Whether or not the acid anhydride is even forming is currently unknown, 

and even if it is, there remains the possibility that it will be too unstable to be effectively 

isolated. Future work might quench the reaction with an alcohol and observe changes by 

11
B NMR along with LC-MS, to monitor for the formation of a monoester-

monocarboxylic acid compound.  

Evidence of perchlorination of the CB11H12
−
 anion was obtained, after reaction 

with SO2Cl2 and catalytic AlCl3 for three hours using MWI under argon, by 
11

B NMR 

and LC-MS. This method represents the fastest reaction scheme for the formation of the 

undecachlorinated cluster CB11HCl11
−
. Isolation and characterization of reaction yields 

and products is currently ongoing. 

The direct conversion of the cyanated derivative to a variety of novel compounds 

was unsuccessful. It is possible that direct conversion could be successful given the right 

reaction and conditions, such as the hydrolysis to the carboxylic acid, but these reactions 

will likely have to be done under much harsher conditions than typical reactions of 

nitriles. The reason for the inertness of the cyanated derivative is not entirely known, but 

it likely has to do with the increased partial negative charge transferred onto it from the 

cage.
51
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Future work should focus on the expansion of the both the mono- and di- acid 

chloride as a reactive intermediate to an array of novel compounds including esters, 

amides, thioesters and alcohols. There is also the possibility of linking clusters to larger 

molecules through these bonds, giving carboranes a variety of potential new applications 

and improveming on some existing ones. In addition, the inertness of the cyano group to 

reaction might indicate improved activity as a Lewis base and coordinate to metal 

centers.  

Experimental Section 

Instrumentation 

All NMR spectra (
11

B, 
1
H, and 

13
C) were collected using a Bruker Advance III 

spectrometer with frequencies of 400.13 MHz (
1
H), 128.37 MHz (

11
B), and 100.62 MHz 

(
13

C). 
1
H, and 

13
C were collected in acetone-d6 and referenced to TMS. 

11
B NMR was 

performed in acetone, unless otherwise noted, and referenced to BF3OEt2. LC-MS was 

run using an Agilent 1220 Infinity LC with a 1620 Quadrupole Mass Selective Detector 

on a C8 column. Compounds were separated through a gradient with A) 0.1 % acetic acid 

in H2O and B) 0.1% acetic acid in acetonitrile. The gradient began with a solvent ratio of 

95:5 (A:B) and transitioned to 0:100 (A:B) over 18 minutes and held for 2 minutes. Mass 

spectra were collected by ESI-MS on an Adilent 1620 Quadropole MS in negative ion 

mode ranging over m/z = 120-2000. Solid-state IR spectra were collected using a Thermo 

Nicolet Avatar 360 FT-IR with pressed KBr pellets. All microwave reactions were 

performed in a Biotage Initiator reactor in sealed vials ranging in size from 0.2-0.5 mL to 

10-20 mL.  
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Chemicals 

Cesium Carba-closo-dodecacarborate was prepared using decaborane purchased 

from Katchem Ltd. (Czech Republic). All other chemicals were purchased from domestic 

sources. THF was dried using a solvent still with Na
0
. 

Reactions 

7-Trimethylamine-7-carba-nido-undecaborane 

7-(CH3)3N-CB10H12  (ABS-001) 

(See also reaction ABS-005) 

Decaborane (12.24 g, 100.1 mmol) in hexane (50 mL) was cooled to 0 °C and an aqueous 

solution (200 mL) of NaCN (5.46 g, 111 mmol) and NaOH (4.38 g, 110 mmol) at 0 °C 

was added dropwise. The reaction was left to run for two days. The clear solution was 

cooled to 0 °C and cold HCl (50 mL) was added to acidify. Once the solution was acidic, 

hexane was removed under vacuum and cold NaOH (40 g) in water (150 mL) was added. 

Once the solution was basic, dimethyl Sulfate (33 mL, 350 mmol) was added dropwise 

and white precipitate immediately formed. The solution was left overnight. The 

precipitate was filtered and washed with water (5 x 100 mL) and ethanol (2 x 100 mL). 

The crude mass of the solid was 21.1 g and it was placed in acetonitrile (250 mL) and 

refrigerated overnight. Two crops of white 7-(CH3)3N-CB10H12 crystals were collected 

(12.72 g, 66.48 mmol, 66.4 % yield). 
11

B NMR (acetone, δ ppm): 2.17 [d, 1B, 
1
J(

11
B, 

1
H) 

= 137.5 Hz], −8.63 [d, 2B, 
1
J(

11
B, 

1
H) = 155.0 Hz], −12.88 [d, 2B, 

1
J(

11
B, 

1
H) = 132.0 

Hz], −21.29 [d, 2B, 
1
J(

11
B, 

1
H) = 143.6 Hz], −25.05 [d, 1B, 

1
J(

11
B, 

1
H) = 137.8 Hz], 

−31.89 [d, 1B, 
1
J(

11
B, 

1
H) = 137.8 Hz].    
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Cesium Carba-nido-undecaborate 

[Cs
+
] [CB10H13

−
] (ABS-002) 

(See also reaction ABS-006) 

7-(CH3)3N-CB10H12 (ABS-001, 12.68 g, 66.3 mmol) was added to dry THF (500 mL) 

along with Na
0
 (5.3 g). This was refluxed and monitored by 

11
B NMR. After two days of 

heating the reaction was shown to be incomplete by 
11

B NMR and Na
0
 (5.3 g) was added 

and returned to reflux. This was checked by 
11

B NMR after two days and was still shown 

to be incomplete some Na
0
 was added and reaction was continued. After ten days heating 

the reaction showed no further progress, more Na
0
 was added and the reaction returned to 

reflux. After 13 days heating some progress was observed by 
11

B NMR and the reaction 

was worked up. Ethanol was added slowly to the reaction, and the solution was decanted 

to another flask. Water (50 mL) was added and the THF and ethanol were removed under 

vacuum. Water (50 mL) and HCl (20 mL) were added, and there appeared to be a small 

amount of black/grey oily impurities which were removed by gravity filtration. CsCl 

(9.62 g, 57.1 mmol) dissolved in water (5 mL) was added and the reaction was cooled. 

White [Cs
+
] [CB10H13

−
] crystals were collected in two crops (10.91 g, 41.00 mmol, 61.9 

% yield). 
11

B NMR (acetone, δ ppm): 0.60 [d, 1B, 
1
J(

11
B, 

1
H) = 138.8 Hz], −10.82 [d, 4B, 

1
J(

11
B, 

1
H) = 140.9 Hz], −21.9 [d, 2B, 

1
J(

11
B, 

1
H) = 135.8 Hz], −25.4 [d, 1B, 

1
J(

11
B, 

1
H) 

= 145.9 Hz], −30.1 [d, 1B, 
1
J(

11
B, 

1
H) = 140.9 Hz].    

Cesium Carba-closo-dodecacarborate 

[Cs
+
] [CB11H12

−
] (ABS-003) 

(See also reaction ABS-008) 
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[Cs
+
] [CB10H13

−
] (ABS-002, 9.95 g, 37.4 mmol) was covered with liquid borane 

triethylamine and the solution was refluxed at 200 °C. After two days, the reaction had 

unexpectedly gone dry. 
11

B NMR of remaining solid showed agreement with the 

expected product’s spectrum. The trap to trap distillation was not performed due to the 

dryness of the reaction. Toluene (75 mL) and methanol (1 mL) were added and cooled, 

then hexane (100 mL) was added and a crude white precipitate was collected (12.05 g) by 

vacuum filtration. The solid was recrystallized from water and three crops of white [Cs
+
] 

[CB11H12
−
] crystals were collected (7.08 g, 25.6 mmol, 68.6 % yield). 

11
B NMR (acetone, 

δ ppm): −5.8 [d, 1B, 
1
J(

11
B, 

1
H) = 136.5 Hz], −12.2 [d, 5B, 

1
J(

11
B, 

1
H) = 140.8 Hz], 

−15.4 [d, 5B, 
1
J(

11
B, 

1
H) = 153.6 Hz].    

Cesium 12-Iodocarba-closo-dodecacarborate 

[Cs
+
] [12-CB11H11I

−
] (ABS-007) 

(See also reactions ABS-004, ABS-013, ABS-035, and ABS-036) 

[Cs
+
] [CB11H12

−
] (ABS-003, 2.042 g, 7.40 mmol) was added to a flask with glacial acetic 

acid (60 mL) and I2(s) (7.55 g, 29.7 mmol), creating a dark brownish-orange solution. 

The reaction was stirred at room temperature for 4 hours, at which point Na2SO3 (3.81 g) 

was added in water (25 mL), solution color remained a dark orange so Na2SO3 (1.49 g) 

added and the solution became light yellow. The liquid was removed under vacuum, 

yielding in a dark orange solid. The solid was analyzed by 
11

B NMR and showed 

successful monoiodination of the cluster. Water (60 mL) and Na2SO3 (1.0 g) was added 

to solid creating a bright yellow solution. The water was removed under vacuum and a 

white solid formed. Acetone (50 mL) was added to white solid and filtered, removing any 

white insolubilities. The filtrate acetone was removed under vacuum, producing a white 
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solid. A minimum amount of water was added to dissolve the solid, then CsCl (2.32 g, 

13.8 mmol) dissolved in water (25 mL) was added and the solution was cooled. The 

resulting solid was collected in two crops to yield [Cs
+
] [12-CB11H11I

−
] white crystals 

(2.38g, 5.92 mmol, 80.1 % yield). 
11

B NMR (acetone, δ ppm): −11.2 [d, 5B, 
1
J(

11
B, 

1
H) = 

139.0 Hz], −15.7 [d, 5B, 
1
J(

11
B, 

1
H) = 152.5 Hz], −17.4 [s, 1B]. 

Tetraethylammonium 12-Cyano-carba-closo-dodecacarborate 

[Et4N
+
] [12-CB11H11CN

−
] (ABS-010) 

(See also reactions ABS-009, ABS-016, ABS-040-041, and ABS-043-44) 

[Cs
+
] [12-CB11H11I

−
] (ABS-007, 1.0222 g, 2.54 mmol) was placed in 20 mL MW vial, 

with Pd(OAc)2 (0.0601 g, 0.3 mmol) and CuCN (0.4790 g, 5.35 mmol) in DMF (15 mL). 

The was heated by MWI for 40 minutes at 250 °C, which was lowered to 245 °C for the 

final seven minutes due to pressure. NMR ABS-010a showed the reaction was 

incomplete. MWI for 30 minutes at 240 °C, NMR ABS-010b showed no progress. CuCN 

(0.1263 g, 1.41 mmol) was added and the reaction was continued for 30 minutes at 245 

°C, NMR ABS-010c showed no progress. Pd(OAc)2 (0.0258 g, 0.1 mmol) was added and 

reaction was continued for 30 minutes at 250 °C. NMR ABS-010d showed slight 

progress, and the workup went ahead. The reaction was placed in a flask and 25 % NH4Cl 

(50 mL) was added. The product was then extracted into ether (3x 50 mL). The ether was 

washed with 25 % NH4Cl (50 ml) and sat. NaCl (50 mL). Gravity filtration was required 

to remove insoluble impurities present through the wash process. The ether was removed 

under vacuum to a small amount of yellow oil and Et4NBr (1.2663 g, 6.02 mmol) in 

water (20 mL) was added. White precipitate formed immediately and was collected by 

vacuum filtration. White [Et4N
+
] [12-CB11H11CN

−
] crystals collected (0.5561 g, 1.86 
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mmol, 73.3 % yield). 
11

B NMR (acetone, δ ppm): −12.3 [d, 6B, 
1
J(

11
B, 

1
H) = 136.8 Hz], 

2.39 [s, 1H, ]. 

Tetraethylammonium 12-Carboxy-carba-closo-dodecacarborate 

[Et4N
+
] [12-CB11H11COOH

−
] (ABS-012) 

(See also reactions ABS-011, ABS-046, ABS-048-49, and ABS-070-71) 

[Et4N
+
] [12-CB11H11CN

−
] (ABS-010, 0.2452 g, 0.822 mmol) was placed in a 10 mL MW 

vial with HCl (4.35 mL) and HOAc (1.4 mL). This was MWI for 45 minutes at 155 °C. 

NMR ABS-012a showed some progress, but the reaction was continued for 30 minutes 

more at 155 °C. NMR ABS-012b showed slight changes and the reaction was worked up. 

The reaction was transferred to a flask and the liquid removed under vacuum, to yield a 

pale off-white solid. 5 % NaOH (6 ml) and water (4 mL) were added, and the solution 

became mostly clear, with some insoluble impurities. These were removed by vacuum 

filtration and further by syringe filtration (0.2 μm). Et4NBr (0.1886 g, 0.897 mmol) was 

added with no change in the clear solution. HCl (2 mL) was added to acidify the solution 

and white precipitate formed immediately upon the addition of HCl. The white solid was 

collected by vacuum filtration and the identity was confirmed by 
11

B NMR ABS-012c, 

which showed the product to be [Et4N
+
] [12-CB11H11COOH

−
] (0.1828 g, 0.576 mmol, 

70.1 % yield). 
11

B NMR (acetone, δ ppm): −3.4 [s, 1B], −12.1 [d, 5B, 
1
J(

11
B, 

1
H) = 142.9 

Hz], −15.8 [d, 5B, 
1
J(

11
B, 

1
H) = 149.7 Hz]. 
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PCl5 Esterification of 12-CB11H11COOH
−
 

[Et4N
+
] [12-CB11H11COOR

−
] 

(See reactions ABS-014, ABS-017, ABS-032-034, ABS-039, ABS-047, ABS-052, ABS-056-

059, ABS-065-069, and ABS-072-075) 

General preparation of an ester via an acid chloride using PCl5 as chlorinating agent. 

[Et4N
+
] [12-CB11H11COOH

−
] was placed in a flask, followed by a small amount of 

dichloromethane. PCl5 was then added and the reaction was left to react for varying 

periods of time. This was quenched with an alcohol (Me, Et, 1-Pr, 1-Bu, Bn) to form the 

ester, which was checked by a combination of 
11

B NMR and LC-MS. The reaction was 

washed with 3 % K2CO3 (3 x 20 mL) and the dichloromethane layer was removed under 

vacuum to yield a white solid. 3 % K2CO3 (5 mL) was added and white crystals were 

collected by vacuum filtration. The product (Me- and Et- to date) was characterized by 

1
H, 

11
B and 

13
C NMR, LC-MS, and IR. 

Tetraethylammonium 12-Ethoxycarbonyl-carba-closo-dodecacarborate 

[Et4N
+
] [12-CB11H11COOCH2CH3

−
] (ABS-072) 

(See also reaction ABS-073) 

[Et4N
+
] [12-CB11H11COOH

−
] (ABS-071, 0.1172 g, 0.370 mmol) added to flask with 

dichloromethane (9 mL). PCl5 (0.2364 g, 1.14 mmol) was then added and the resulting 

cloudy off-white solution was capped. Reaction checked after five days by LC-MS, 

which showed roughly two-thirds of the product (m/z = 215) and impurities consisting of 

unreacted carboxylic acid (m/z = 187) and an unknown impurity (m/z = 249). A small 

amount of PCl5 was added and reaction was left for two days. Reaction was quenched 

with excess ethanol (4 mL) and left for a week. The reaction was washed with 3 % 
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K2CO3 (3 x 20 mL) and the dichloromethane layer was removed under vacuum to yield a 

small amount of yellow oil. 3 % K2CO3 (5 mL) was added to the oil and a white 

precipitate immediately formed. The solution was cooled and vacuum filtered to collect 

the white crystalline solid, which was dried to yield [Et4N
+
] [12-CB11H11COOCH2CH3

−
] 

(0.0820 g, 0.237 mmol, 64 % yield). The identity of the product was confirmed by 
1
H, 

11
B and 

13
C NMR, LC-MS, and IR. 

11
B NMR (acetone-d6, δ ppm): −4.0 [s, 1B], −12.9 

[d, 5B, 
1
J(

11
B, 

1
H) = 141.4 Hz], −16.8 [d, 5B, 

1
J(

11
B, 

1
H) = 152.6 Hz]. 

1
H NMR (acetone-

d6, δ ppm): 3.80 [q, 2H, 
3
J(

1
H, 

1
H) = 7.33 Hz, (H2-COOC)], 3.52 [q, 8H, 

3
J(

1
H, 

1
H) = 

7.33 Hz (H-Csp3)], 1.42 [tt, 12H, 
3
J(

1
H, 

1
H) = 1.85 Hz, 

3
J(

1
H, 

1
H) = 7.28 Hz, (H- Csp3)], 

[t, 3H, 
3
J(

1
H, 

1
H) = 7.05 Hz, (H3-CCH2OOC)]. 

13
C NMR (acetone-d6, δ ppm): 184.5 [q, 

1
J(

11
B, 

13
C) = 100.5 Hz, (COOCH2CH3)], 63.0 [d, 

1
J = 5.16 Hz], 52.1 (CH2), 49.1, 15.6 

[d, 
1
J = 6.09 Hz], 14.2, 6.8 (CH3).  MS (negative ion, m/z, isotopic abundance >30): 

213(36), 214(75), 215(100), 216(82), 217(34). IR (KBr plate, cm
−1

) 3053 (CCB11-H), 

2987, 2955, 2934, 2556 (B-H), 1685 (C=O), 1491, 1457, 1392, 1210, 1174, 1040, 1001.  

Tetraethylammonium 12-Methoxycarbonyl-carba-closo-dodecacarborate 

[Et4N
+
] [12-CB11H11COOCH3

−
] (ABS-074) 

[Et4N
+
] [12-CB11H11COOH

−
] (ABS-046/049, 0.0906 g, 0.0.286 mmol) added to flask 

with dichloromethane (7 mL). PCl5 (0.2143 g, 1.03 mmol) was then added and left to 

react. After seven days the reaction volume had unexpectedly reduced by half, and the 

reaction was quenched with excess methanol (4 mL). This was left to react for three 

hours. A small amount of dichloromethane (3 mL) was added due to the initial volume 

being lower than expected. The reaction was washed with 3 % K2CO3 (3 x 25 mL) and 

the dichloromethane layer was removed under vacuum to yield white precipitate. 3 % 
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K2CO3 (7 mL) was added and the solution was cooled. White crystals were collected by 

vacuum filtration and dried to yield [Et4N
+
] [12-CB11H11COOCH3

−
] (0.0398 g, 0.120 

mmol, 42 % yield). The identity of the product was confirmed by 
1
H, 

11
B and 

13
C NMR, 

LC-MS, and IR. 
11

B NMR (acetone-d6, δ ppm): −4.2 [s, 1B], −13.0 [d, 5B, 
1
J(

11
B, 

1
H) = 

137.2 Hz], −16.7 [d, 5B, 
1
J(

11
B, 

1
H) = 153.8 Hz]. 

1
H NMR (acetone-d6, δ ppm): 3.51 [q, 

8H, 
3
J(

1
H, 

1
H) = 7.34 Hz, (H-Csp3)], 3.30 [s, 3H, (H3-COOC)], 1.41 [tt, 12H, 

3
J(

1
H, 

1
H) = 

1.92 Hz, 
3
J(

1
H, 

1
H) = 7.28 Hz, (H- Csp3)]. 

13
C NMR (acetone-d6, δ ppm): 184.7 [q, 

1
J(

11
B, 

13
C) = 98.3 Hz, (COOCH3)], 52.1 (CH2), 47.4 (H3COOC), 6.8 (CH3). MS 

(negative ion, m/z, isotopic abundance >30): 199(38), 200(76), 201(100), 202(88), 

203(32). IR (KBr plate, cm
−1

) 3053 (CCB11-H), 2991, 2946, 2565 (B-H), 1691 (C=O), 

1674, 1486, 1394, 1218, 1036, 1001, 725. 

Investigation of the Chlorination of the Cage by PCl5 

[Cs
+
] [12-CB11H12

−
] (ABS-015)  

[Cs
+
] [CB11H12

−
] (ABS-008, 5.5 mg, 0.02 mmol) was added to solution of PCl5 (16.5 mg, 

79 mmol) and THF (1 mL) in an NMR tube. Sample was monitored by 
11

B NMR. After 2 

hours heating at 155 °C the reaction showed no change and the reaction was terminated. 

11
B NMR (THF, δ ppm): −6.6 [d, 1B, 

1
J(

11
B, 

1
H) = 131.9 Hz], −13.0 [d, 5B, 

1
J(

11
B, 

1
H) = 

135.9 Hz], −15.9 [d, 5B, 
1
J(

11
B, 

1
H) = 155.9 Hz].    

SOCl2 Esterification of 12-CB11H11COOH
− 

[Et4N
+
] [12-CB11H11COOR

−
] 

(See reactions ABS-018, ABS-019, ABS-028-031, and ABS-060-064) 

General preparation of an ester via an acid chloride using SOCl2 as chlorinating agent. 
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[Et4N
+
] [12-CB11H11COOH

−
] was placed in a flask, and SOCl2 was added. The reaction 

was left open to air at room temperature for a variable amount of time and quenched 

dropwise with ethanol. The reaction was monitored by 
11

B NMR and LC-MS. No workup 

has been yet attempted. 

Observation of Chlorination of the cage with SOCl2  

[Cs
+
] [12-CB11H12-xClx

−
] (ABS-020) 

[Cs
+
] [CB11H12

−
] (ABS-008, 56.6 mg, 0.20 mmol) was placed in a flask with SOCl2 (3 

mL, 41 mmol) and was heated to 65 ℃. The reaction was monitored by 
11

B NMR of 

small aliquots quenched with EtOH. After 2 hours, the reaction showed chlorination by 

11
B NMR, through the loss of symmetry of the cage. This was confirmed by LC-MS as a 

mixture of starting material and monochlorinated derivative. After 12 hours LC-MS 

showed a mixture of mono and dichlorinated products. Reaction was terminated. 

PCl5 Diesterification of 7,12-CB11H11(COOH)2
−
   

[Et4N
+
] [7,12-CB11H11(COOCH2CH3)2

−
] (ABS-042) 

(See also reactions ABS-037-038) 

A small amount of [Et4N
+
] [7,12-CB11H11(COOH)2

−
] (GED-060) was added to NMR 

tube with dry THF and a small amount of PCl5. The reaction was monitored regularly by 

11
B NMR, which showed a clear change immediately after addition. After 5 hours the 

spectrum began to shift to previously seen spectrum and half of the reaction was 

quenched with EtOH. The quenched spectrum showed clear changes from the previous 

spectrum. The other half of the reaction was quenched after 3 days and showed clear 

changes from the previous spectrum. LC-MS analysis was run and showed the earlier 
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quenched reaction to be predominantly the diester and the two diesters coordinated to a 

single Na
+
 (m/z = 287 and 597). The later quench showed larger contamination from an 

unknown product m/z = 374. 
11

B NMR (acetone, δ ppm): −4.0 [s, 1B], −9.7 [s, 1B], −12.3 

[d, 5B, 
1
J(

11
B, 

1
H) = 164.2 Hz], −15.7 [m, 4B]. MS (negative ion, m/z, isotopic 

abundance >30): 286(47), 287(61), 288(49), dicoordinated to Na
+
: 594(34), 595(60), 

596(89), 597(100), 598(89), 599(59).  

PCl5 Acid Anhydride of 7,12-CB11H11(COOH)2
−
 

[Et4N
+
] [7,12-CB11H11(COOCO)

−
] (ABS-045) 

[Et4N
+
] [7,12-CB11H11(COOH)2

−
] (GED-060, 0.010 g, 0.028 mmol) added to a vial with 

dry THF and PCl5 (0.0041 g, 0.020 mmol) and left to react for 4.5 hours. 
11

B NMR 

showed clear changes from the starting material which remained unchanged after 24 

hours. Half the reaction prepared for LC-MS analysis, which showed almost entirely 

stating materials m/z = 231. Reaction continued for two more days, which showed no 

change in 
11

B NMR spectrum. 
11

B NMR (acetone, δ ppm): −6.3 [s, 1B], −12.1 [m, 5B], 

−15.2 [m, 5B]. MS (negative ion, m/z, isotopic abundance >30): 229(38), 230(77), 

231(100), 232(84), 233(33). 

Attempted SOCl2 MWI Perchlorination of Cage  

[Cs
+
] [12-CB11HCl11

−
] (ABS-021) 

[Cs
+
] [CB11H12

−
] (ABS-008, 50.3 mg, 0.18 mmol) was placed was added to 2 mL MW 

vial with SOCl2 (2.5 mL, 34 mmol). The reaction was heated by MWI and checked 

periodically by 
11

B NMR. After 3 hours of heating, with a maximum temperature of 160 
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°C, 
11

B NMR was unclear, but clearly showed chlorination through loss of symmetry. 

LC-MS showed a majority penta and hexchlorinated product.  

SO2Cl2 MWI Undecachlorination of Cage 

[Cs
+
] [12-CB11HCl11

−
] (ABS-023) 

(See also reactions ABS-025, ABS-050-51, and ABS-053) 

[Cs
+
] [CB11H12

−
] (ABS-008, 79.9 mg, 0.290 mmol) was added to a 10 mL MW vial with 

SO2Cl2 (4 mL, 49 mmol). The vial was purged with argon and capped. The reaction was 

monitored periodically by 
11

B NMR and was heated for 2 hours at 100-120 °C and for 3.5 

hours at 190 °C. 
11

B NMR and LC-MS confirmed the majority of product as the 

undecachlorinated derivative. 
11

B NMR (acetone, δ ppm): −1.5 [s, 1B], −8.9 [s, 5B], 

−12.1 [s, 5B]. MS (negative ion, m/z, isotopic abundance >30): 517(49), 518(70), 

519(87), 520(100), 521(99), 522(91), 523(77), 524(61), 525(39). 

SO2Cl2 and AlCl3MWI Undecachlorination of Cage 

[Cs
+
] [12-CB11HCl11

−
] (ABS-054) 

(See also reaction ABS-055) 

[Cs
+
] [CB11H12

−
] (ABS-003c, 76.9 mg, 0.28 mmol) was loaded into MW vial with 

SO2Cl2 (6 mL, 74 mmol) and catalytic AlCl3 (8.4 mg, 0.06 mmol) was added. The 

headspace was purged with argon and the vial was capped. The reaction was heated by 

MWI for 1.5 hours at 160 °C. The resulting light yellow solution was examined by 
11

B 

NMR and LC-MS which both showed a majority underchlorinated product. A small 

amount of AlCl3 was added and the vial was purged with argon. The reaction was heated 

by MWI for 1.5 hours at 185 °C to yield a darker yellow solution with some solid 
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precipitate. SO2Cl2 was distilled off to produce a white-yellow solid. Acetone (2 mL) was 

added and subsequently removed to yield a tan-orange oil. Hot water (5 mL) was added 

with several drops of 10 % NaOH. The resulting solution had some white precipitate 

mixed with orange impurities. The solution was vacuum filtered and a dark red solid was 

collected. The filtrate was clear with some white precipitate, which was collected via 

vacuum filtration. 
11

B NMR (acetone, δ ppm): −1.4 [s, 1B], −8.8 [s, 5B], −11.9 [s, 5B]. 

MS (negative ion, m/z, isotopic abundance >30): 518(48), 519(68), 520(86), 521(100), 

522(99), 523(90), 524(75), 525(58), 526(42). 

Attempted NaBH4 Conventionally Heated Reduction of 12-CB11H11CN
−
 

[Et4N
+
] [12-CB11H11CNH2

−
] (ABS-022) 

[Et4N
+
] [12-CB11H11CN

−
] (ABS-010, 6.9 mg, 0.023 mmol) was added to a solution of 

CuBr2 (3.9 mg) and EtOH (1.5 mL) creating a brown-orange solution, which stirred for 2 

minutes. NaBH4 (7.2 mg, 0.19 mmol) was then added, and the solution turned black. 

After several minutes the solution became clear with some small amount of black 

precipitate present. The solution became light brown after two hours and was left to react 

for five hours and then checked via 
11

B NMR which showed no change from the cyano 

group. NaBH4 (28 mg, 0.7 mmol) was added and the reaction was left for 48 hours and 

monitored periodically by 
11

B NMR. After 48 hours of no change the reaction was 

terminated. 
11

B NMR (acetone, δ ppm): −12.3 [d, 6B, 
1
J(

11
B, 

1
H) = 127.8 Hz], −15.6 [d, 

5B, 
1
J(

11
B, 

1
H) = 147.8 Hz]. 
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Attempted NaBH4 MWI Reduction of 12-CB11H11CN
−
 

[Et4N
+
] [12-CB11H11CNH2

−
] (ABS-024)  

[Et4N
+
] [12-CB11H11CN

−
] (ABS-010, 6.3 mg, 0.02 mmol) was added to MW vial with 

xylene (3 mL) and NaBH4 (3.8 mg, 0.1 mmol). The vial was heated by MWI and 

monitored by 
11

B NMR. After 50 minutes at 170℃ 
11

B NMR showed no change and no 

NaBH4 and the reaction was terminated. 
11

B NMR (acetone, δ ppm): −12.0 [d, 6B, 
1
J(

11
B, 

1
H) = 129.8 Hz], −15.6 [d, 5B, 

1
J(

11
B, 

1
H) = 153.8 Hz].    

Attempted LiAlH4 Conventionally Heated Reduction of 12-CB11H11CN
− 

[Et4N
+
] [12-CB11H11CNH2

−
] (ABS-027) 

(See also reaction ABS-026) 

LiAlH4 (40 mg, 1.0 mmol) was added to a flask with dry THF (5 mL) and cooled to 0 ℃. 

[Et4N
+
] [12-CB11H11CN

−
] (ABS-010, 17.2 mg, 0.06 mmol) was added in THF (2 mL). 

Solution came to room temperature and was refluxed for 2 weeks. The flask went to 

dryness. 
11

B NMR showed no change and the reaction was terminated. 
11

B NMR 

(acetone, δ ppm): −12.0 [d, 6B, 
1
J(

11
B, 

1
H) = 132.3 Hz], −15.4 [d, 5B, 

1
J(

11
B, 

1
H) = 159.5 

Hz]. 
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Reaction 

ID 

Target Compound 
Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-001 7-(CH3)3N-CB10H12 12,2400 Hexanes Conventional 66 

ABS-002 [Cs
+
] [CB10H13

-
] 12,680 THF Conventional 56 

ABS-003 [Cs
+
] [CB11H12

-
] 9,950 N/A Conventional 69 

ABS-004 [Cs
+
] [12-CB11H11I

-
] 534 GAA 4 hours 11 

ABS-005 7-(CH3)3N-CB10H12 10,000 Hexanes Conventional 79 

ABS-006 [Cs
+
] [CB10H13

-
] 12,450 THF Conventional 48 

ABS-007 [Cs
+
] [12-CB11H11I

-
] 2,042 GAA 4 hours 80 

ABS-008 [Cs
+
] [CB11H12

-
] 8,240 N/A Conventional 66 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-009 [Et4N
+
] [12-CB11H11CN

-
] 206 DMF 

MWI 1.5 

hours, 250 °C 
58 

ABS-010 [Et4N
+
] [12-CB11H11CN

-
] 1,022 DMF 

MWI 40 min, 

250 °C 
73 

ABS-011 [Et4N
+
] [12-CB11H11COOH

-
] 89 HCl/GAA 

MWI 1.5 

hours 160 °C 
46 

ABS-012 [Et4N
+
] [12-CB11H11COOH

-
] 245 HCl/GAA 

MWI 1.25 

hours 160 °C 
70 

ABS-013 [Cs
+
] [12-CB11H11I

-
] 2,131 GAA 6 hours 75 

ABS-014 [Et4N
+
] [CB11H11COOR

-
] 6 THF 

PCl5 variable 

time 
No workup 

ABS-015 [Cs
+
] [CB11H12-xClx

-
] 6 THF PCl5,  No Reaction 

ABS-016 [Et4N
+
] [12-CB11H11CN

-
] 1.031 DMF 

MWI 1 hours, 

250 °C 
55 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-017 [Et4N
+
] [CB11H11COOCH2CH3

-
] 10 THF PCl5 MWI hot No workup 

ABS-018 [Et4N
+
] [CB11H11COOCH2CH3

-
] 17 SOCl2 2 Days No workup 

ABS-019 [Et4N
+
] [CB11H11COOCH2CH3

-
] NMR 

SOCl2/ 

THF 
3 Days No workup 

ABS-020 [Cs
+
] [CB11H12-xClx

-
] 57 SOCl2 

Conventional 

2 hours 
Some chlorination, no workup 

ABS-021 [Cs
+
] [CB11H12-xClx

-
] 50 SOCl2 

MWI, 5 hours 

195 °C 
Chlorination present, no workup 

ABS-022 [Et4N
+
] [12-CB11H11CNH2

-
] 7 EtOH 

NaBH4 5 

hours 
No reaction 

ABS-023 [Cs
+
] [CB11HCl11

-
] 80 SO2Cl2 

NaBH4 MWI, 

5 hours 190 

°C 

Undecachlorinated, no workup 

ABS-024 [Et4N
+
] [12-CB11H11CNH2

-
] 6 Xylene 

MWI, 1 hour 

170 °C 
No reaction 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-025 [Cs
+
] [CB11HCl11

-
] 57 SO2Cl2 

MWI, 9 hours 

190 °C 
Undecachlorinated, no workup 

ABS-026 [Et4N
+
] [12-CB11H11CNH2

-
] 24 THF 

LiAlH4 24 

hours 
No Reaction 

ABS-027 [Et4N
+
] [12-CB11H11CNH2

-
] 17 THF 

LiAlH4 2 

weeks 
No Reaction 

ABS-028 [Et4N
+
] [CB11H11CONR

-
] NMR SOCl2 1 Day No workup 

ABS-029 [Et4N
+
] [CB11H11CONR

-
] 14 SOCl2 1 Hour No workup 

ABS-030 [Et4N
+
] [CB11H11COOR

-
] 12 SOCl2 1.25 Hours No workup 

ABS-031 [Et4N
+
] [CB11H11COOCH2CH3

-
] 8 SOCl2 Variable No workup 

ABS-032 [Et4N
+
] [CB11H11COOCH2CH3

-
] NMR THF PCl5 1 day No workup 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-033 [Et4N
+
] [CB11H11COOR

-
] NMR THF PCl5 4 days No workup 

ABS-034 [Et4N
+
] [CB11H11COOR

-
] 18 THF PCl5 variable No workup 

ABS-035 [Cs
+
] [12-CB11H11I

-
] 2,417 GAA 5 hours 92 

ABS-036 [Cs
+
] [12-CB11H11I

-
] 2,943 GAA 6 hours 73 

ABS-037 [Et4N
+
] [7,12-CB11H11(COOCH2CH3)2

-
] NMR THF 5 days Mix of products, no workup 

ABS-038 [Et4N
+
] [7,12-CB11H11(COOCH2CH3)2

-
] NMR THF 3 days No workup 

ABS-039 [Et4N
+
] [CB11H11COOCH3

-
] 54 THF PCl5 1 day 

Unsuccessful workup, yielding a red 

waxy solid 

ABS-040 [Et4N
+
] [12-CB11H11CN

-
] 1,142 DMF 

MWI 1.5 

hours, 250 °C 
66 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-041 [Et4N
+
] [12-CB11H11CN

-
] 1,154 DMF 

MWI 1.5 

hours, 250 °C 
No product 

ABS-042 [Et4N
+
] [7,12-CB11H11(COOCH2CH3)2

-
] NMR THF Variable time 

Showed successful diester at earlier 

quench, no workup 

ABS-043 [Et4N
+
] [12-CB11H11CN

-
] 836 DMF 

MWI 2 hours, 

250 °C 
81 

ABS-044 [Et4N
+
] [12-CB11H11CN

-
] 1031 DMF 

MWI 1.5 

hours, 250 °C 
76 

ABS-045 [Et4N
+
] [7,12-CB11H11(COOCO)

-
] 8 THF PCl5, 3 days 

Changes observed by NMR, no 

workup 

ABS-046 [Et4N
+
] [12-CB11H11COOH

-
] 333 HCl/GAA 

MWI 1.5 

hours 155 °C 
65 

ABS-047 [Et4N
+
] [CB11H11COOR

-
]2 20 THF PCl5 2 days 

Unsuccessful cluster linkage, no 

workup 

ABS-048 [Et4N
+
] [12-CB11H11COOH

-
] 216 HCl/GAA 

MWI 1.5 

hours 155 °C 
60 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-049 [Et4N
+
] [12-CB11H11COOH

-
] 312 HCl/GAA 

MWI 1 hour 

155 °C 
67 

ABS-050 [Cs
+
] [CB11HCl11

-
] 207 SO2Cl2 

MWI, 2 hours 

115 °C 
Mixed chlorination, no workup 

ABS-051 [Cs
+
] [CB11HCl11

-
] 101 

SO2Cl2/ 

GAA 

MWI, 4.5 

hours 170 °C 
Mostly hexachlorinated, no workup 

ABS-052 [Et4N
+
] [CB11H11COOCH2CH3

-
] 46 THF PCl5 4 days 

Unsuccessful workup, very small 

amount of white solid 

ABS-053 [Cs
+
] [CB11HCl11

-
] 75 

SO2Cl2/ 

TCE 

MWI, 9 hours 

190 °C 
No workup 

ABS-054 [Cs
+
] [CB11HCl11

-
] 77 SO2Cl2 

AlCl3 MWI, 3 

hours 185 °C 

Undecachlorinated, unsuccessful 

workup to small white solid 

ABS-055 [Cs
+
] [CB11HCl11

-
] 180 SO2Cl2 

AlCl3 MWI, 2 

hours 155 °C 
MWI vial malfunction, no workup 

ABS-056 [Et4N
+
] [CB11H11COOCH2CH3

-
] 46 DCM PCl5 1 day Unsuccessful workup 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-057 [Et4N
+
] [CB11H11COOCH2CH3

-
] 50 THF PCl5 1 day 

Unsuccessful workup yielding red 

oil/solid 

ABS-058 [Et4N
+
] [CB11H11COOCH2CH3

-
] 60 DCM PCl5 3 days 

Unsuccessful workup, likely 

converted back to the carboxylic 

acid 

ABS-059 [Et4N
+
] [CB11H11COOCH2CH3

-
] 51 THF PCl5 3 days Unsuccessful workup 

ABS-060 [Et4N
+
] [CB11H11COOCH2CH3

-
] 44 SOCl2 50 Minutes No workup 

ABS-061 [Et4N
+
] [CB11H11COOCH2CH3

-
] 46 SOCl2 1 Hour No workup 

ABS-062 [Et4N
+
] [CB11H11COOCH2CH3

-
] NMR SOCl2 1 Hour No workup 

ABS-063 [Et4N
+
] [CB11H11COOCH2CH3

-
] 30 SOCl2 3 Hours No workup 

ABS-064 [Et4N
+
] [CB11H11COOCH2CH3

-
] 26 SOCl2 3 Hours No workup 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-

065-067 
[Et4N

+
] [CB11H11COOCH2CH3

-
] 93 DCM PCl5 2 days 

Unsuccessful workup, very small 

amount of white solid collected 

ABS-068 [Et4N
+
] [CB11H11Cl COOH

-
] 35 DCM 

PCl5 MWI 2h 

80 °C 
No workup 

ABS-069 [Et4N
+
] [CB11H10ClCOOH

-
] 34 DCM 

PCl5 MWI 2h 

80 °C 
No workup 

ABS-070 [Et4N
+
] [12-CB11H11COOH

-
] 157 HCl/GAA 

MWI 1.75 

hours 150 °C 
64 

ABS-071 [Et4N
+
] [12-CB11H11COOH

-
] 264 HCl/GAA 

MWI 1 hour 

145 °C 
56 

ABS-072 [Et4N
+
] [CB11H11COOCH2CH3

-
] 117 DCM PCl5 7 days 64 

ABS-073 [Et4N
+
] [CB11H11COOCH2CH3

-
] 119 DCM PCl5 7 days 27 

ABS-074 [Et4N
+
] [CB11H11COOCH3

-
] 91 DCM PCl5 7 days 24 
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Reaction 

ID 
Target Compound 

Scale 

(mg) 
Solvent Conditions Yield (%) 

ABS-075 [Et4N
+
] [CB11H11COOC7H7

-
] 69 DCM PCl5 7 days No workup 
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ABS-001 7-(CH3)3N-CB10H12 
11

B NMR 
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ABS-002 CB10H13
−
 11

B NMR 
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ABS-003 CB11H12
− 11

B NMR 
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ABS-007 CB11H11I
− 11

B NMR 
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ABS-010 CB11H11CN
− 11

B NMR 
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ABS-012 12-CB11H11COOH
−
 11

B NMR 
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ABS-072 CB11H11COOCH2CH3
−
 11

B NMR 
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ABS-072 CB11H11COOCH2CH3
−
 1

H NMR 
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ABS-072 CB11H11COOCH2CH3
−
 13

C NMR 
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ABS-072 CB11H11COOCH2CH3
−
 FT-IR 
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ABS-074 CB11H11COOCH3
−
 11

B NMR 

 

 



74 

 

 

ABS-074 CB11H11COOCH3
− 1

H NMR 
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ABS-074 CB11H11COOCH3
−
 13

C NMR 

 

 



76 

 

 

ABS-074 CB11H11COOCH3
−
 FT-IR 
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ABS-015 Investigation of Chlorination of the Cage by PCl5 
11

B NMR 
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ABS-020 Observation of Chlorination with SOCl2 
11

B NMR 
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ABS-042 Diethy Ester 

CB11H10(COOCH2CH3)2
− 

11
B NMR 
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ABS-045 PCl5 Acid Anhydride of 7,12-CB11H11(COOH)2
−
 11

B NMR 
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ABS-023 SO2Cl2 Perchlorination of the Cage CB11HCl11
− 11

B NMR 
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ABS-054 SO2Cl2 and AlCl3 Perchlorination of Cage 

CB11HCl11
− 

11
B NMR 
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ABS-022 Attempted NaBH4  Reduction of 12-CB11H11CN
−
 11

B NMR 
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ABS-024 Attempted NaBH4 MWI Reduction of 12-CB11H11CN
−
 11

B NMR 

 

 



85 

 

 

ABS-027 Attempted LiAlH4 Reduction of 12-CB11H11CN
−
 11

B NMR 

  


