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ABSTRACT OF THE DISSERTATION 

Expanding the Tunable Nature of Redox-Active Dodecaborane Clusters 

by 

Alex Ian Wixtrom 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2018 

Professor Alexander Michael Spokoyny, Chair 

This work describes synthetic investigations to rationally tune the redox properties of icosahedral 

dodecaborate clusters through perfunctionalization of all 12 boron vertices. Functionalization in 

this manner engenders redox activity of the boron cluster derivatives, with the ability to tune these 

redox properties as a function of the substituent(s) used. New methods were developed to rapidly 

produce perfunctionalized boron clusters under ambient conditions, enabling the accelerated 

preparation of additional cluster derivatives. Several clusters featuring higher redox potentials than 

any cluster derivatives to date were reported, extending the tunable range of clusters of the type 

B12(OR)12 to over 1 V for the same redox event. Further modification of the cluster through vertex-

differentiation by incorporating a single NO2 group created a new class of B12(OR)11NO2 clusters. 

These vertex differentiated clusters featured redox potentials ~ 0.5 V higher than their B12(OR)12 

analogues, demonstrating a further expansion of the tunable redox properties of perfunctionalized 

boron clusters. After thorough demonstration of the high degree of redox tunability possible with 
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perfunctionalized boron clusters, their extremely stable nature was shown via bulk electrochemical 

cycling using flow cell battery testing. The B12(OR)12 derivatives tested in a symmetric cell exhibit 

no observable degradation even after 1000+ hours and ~500 cycles, and a proof-of-concept all-

boron cluster flow cell battery prototype device showed stable cycling for over a week. In 

summary, new methods to decorate dodecaborate clusters with a diverse array of functional groups 

were reported, along with new insights on the significantly expanded available redox potential 

window for these molecules. 
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Chapter 1: Introduction to Boron Cluster Chemistry 

 

 The first simple borane compounds were discovered in 1912 by Alfred Stock,1–3 and were 

initially regarded as exotic species lacking practical value outside of academic curiosity. 

Additionally, their inherent pyrophoric properties complicated their synthesis and characterization. 

However, in the 1940’s, a new wave of interest in boron compounds emerged, initiated by the 

hypothesis that pentaborane, B5H9, and decaborane, B10H14, would prove to function as enhanced 

rocket fuels compared to traditional hydrocarbons.2,3 Since B-H bond energy is higher than the C-

H bond energy found in hydrocarbon fuels, it was predicted that the boron-based fuels could serve 

as better propellants. Efforts to produce suitable high-energy fuels stalled when it was discovered 

that borates formed from the combustion of borane materials clog the jet engines they were 

intended to power,3,4 though the interest brought about by these fuel application studies initiated 

the so-called “renaissance era” of boron chemistry. One of the most important concepts that shaped 

our modern understanding of borane chemistry was the notion of three-center two-electron 

bonding in boron compounds.5 Lipscomb predicted the existence of an icosahedral boron hydride 

(B12H12) in 1954, which Longuet-Higgins and Roberts treated to a theoretical molecular orbital-

based approach in 1955, and they reached the conclusion that it would likely only be stable as a 

dianion.5,6 The  first experimental evidence of the predicted closo-[B12H12]
2- was observed by 

Shapiro and Williams in 1959,7 followed shortly by the successful isolation (albeit in a relatively 

low yield) of the triethylammonium salt of closo-[B12H12]
2- in 1960 by Hawthorne and co-

workers.8 

After the discovery of this new three-dimensional boron hydride, the “renaissance era” in 

the field of boron cluster chemistry flourished for several decades, led by the pioneering work of 
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Hawthorne, Knoth, Muetterties, and several other practicioners.2,9–22 During the course of their 

studies, the synthesis of closo-[B12H12]
2- was improved to allow for significantly larger scale 

production with much higher yields (>90%).2 Perhaps the most important discovery in the history 

of boron clusters is that they can undergo facile functionalization chemistry reminiscent of 

classical organic molecules such as benzene, thus enabling the development of functionalized 

boron clusters.3,23,24 For years the prevailing (and largely incorrect) viewpoint of boron hydride 

compounds was that they were exotic and highly unstable species, and they would rapidly degrade 

when exposed to heat, acids, or bases. Efforts to utilize boron hydrides as rocket fuels were stymied 

by the unavoidable borane combustion products degrading jet engine performance.3,4 With the 

advent of the closo-[B12H12]
2- cluster, now possible to readily synthesize at large scales with high 

yields, studies of the icosahedral cluster revealed their remarkable stability. Several different salts 

of closo-[B12H12]
2- were subjected to harsh conditions including heating to 95 °C in strongly acidic 

(3 N HCl) and basic (3 N NaOH) media with no observable degradation, and even heating the 

cluster to 810 °C failed to result in degradation.21  

The surprisingly exceptional thermal stability of closo-[B12H12]
2- and remarkable 

resistance to extremely harsh conditions, combined with the demonstrated potential for facile 

functionalization of the cluster inspired several research groups to study new derivatives of this 

fascinating molecule. Knoth and co-workers were the first to report persubstitution (where all 12 

vertices of the icosahedron were functionalized) of closo-[B12H12]
2- with halogens, isolating closo-

[B12F12]
2-, closo-[B12Cl12]

2-, closo-[B12Br12]
2- and closo-[B12I12]

2- clusters.12,25 After successful 

perfunctionalization of [B12H12]
2- with halogens was demonstrated, additional derivatives were 

developed featuring methyl and hydroxy groups.26–30 Of these newer derivatives, closo-
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[B12(OH)12]
2- is of particular interest as it possesses the ability to be further functionalized via 

formation of ether, ester, carbonate, and carbamate linkages.29,31–33 

Another unique feature found in these clusters is three-dimensional delocalization of the 

electron density across the entire icosahedral cage, which allows perfunctionalized boron clusters 

to access electronic states that do not conform to Wade’s rules.34 Despite the accurate prediction 

that the parent dodecaborate cluster closo-[B12H12]
2- could only exist as a dianion,6 

perfunctionalization with halogens, methyl, and hydroxy groups led others to investigate the 

possibility of two additional oxidation states: a stable radical hypocloso-[B12R12]
1- and neutral 

hypercloso-[B12R12]
0. Attempts to oxidize the parent closo-[B12H12]

2-  cluster resulted in 

irreversible degradation via formation of a B–B linked dimer,13 yet several perfunctionalized 

cluster derivatives were found to exhibit reversible redox behavior.35 In 1985, the first evidence of 

a single electron oxidation of closo-[B12X12]
2- resulting in formation of a hypocloso-[B12X12]

1- 

radical was reported by Rupich,36 the identity of which was later confirmed by Weber and co-

workers as hypocloso-[B12Cl12]
1-.37 The perhydroxylated and permethylated radicals hypocloso-

[B12(OH)12]
1- and hypocloso-[B12Me12]

1- were also successfully synthesized,38,39 indicating these 

cluster radicals are both stable and isolable species. The neutral clusters hypercloso-[B12Cl12]
0 and 

hypercloso-[B12(OCH2Ph)12]
0 were also isolated, confirming the stability of the neutral oxidation 

state for these clusters.37,40 

More thorough investigation of the redox properties of dodecaborate clusters was 

performed by Hawthorne and co-workers focusing on the perbenzylated species [B12(OCH2Ph)12], 

which was isolated in all three possible oxidation states.40 Full spectroscopic characterization of 

dianionic closo-[B12(OCH2Ph)12]
2-, radical hypocloso-[B12(OCH2Ph)12]

1-, and neutral hypercloso-

[B12(OCH2Ph)12]
0) was reported in this study along with single crystal X-ray structures for all three 
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species.40 These three oxidation states were accessible via two sequential, quasi-reversible one-

electron oxidation reactions of the parent dianion.40 In a later study, the redox activity of multiple 

benzyl and alkyl functionalized B12(OR)12 clusters was evaluated electrochemically, all of which 

were found to exhibit similarly reversible redox behavior.31 One of the more interesting 

observations from these cluster redox studies was that the redox potential of B12(OR)12 species is 

rationally tunable as a function of the O-bound substituent, reminiscent of the tunable nature of 

metal-based redox-active inorganic complexes.31,35,41 While this intriguing feature certainly 

warranted further study of the degree of tunability possible with B12(OR)12 clusters, all reported 

synthetic routes to perfunctionalize closo-[B12(OH)12]
2- to date required extremely long reaction 

duration (days to weeks) or highly specialized high-pressure equipment. Additionally, all synthetic 

routes reported had strict inert atmospheric requirements, further complicating the production of 

new derivatives.29,31,40 A need exists for a more robust and flexible synthetic method that would 

allow development of perfunctionalized B12(OR)12 clusters under more favorable conditions, with 

a significantly reduced reaction duration. This would allow for a much more rapid exploration of 

novel cluster derivatives, with the ability to design cluster species with specific desired properties 

for a plethora of applications ranging from photocatalysis to energy storage. 
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We have developed a fast and efficient route to obtain perfunctionalized ether-linked alkyl and 

benzyl derivatives of the closo-[B12(OH)12]
2- icosahedral dodecaborate cluster via microwave-

assisted synthesis. These icosahedral boron clusters exhibit three-dimensional delocalization of the 

cage-bonding electrons, tunable photophysical properties, and a high degree of stability in air in 

both solid and solution states. A series of closo-[B12(OR)12]
2-, hypocloso-[B12(OR)12]

1- and 

hypercloso-[B12(OR)12]
0 clusters have been prepared with reaction times ranging from hours to 

several minutes. This method is superior to previously reported protocols since it dramatically 

decreases the reaction times required and eliminates the need for inert atmosphere conditions. The 

generality of the new microwave-based method has been further demonstrated through the 

synthesis of several new derivatives, which feature redox potentials up to 0.6 V more positive than 

previously known B12(OR)12 cluster compounds. We further show how this method can be applied 

to a one-pot synthesis of hybrid, vertex-differentiated species B12(OR)11(OR’) that was formerly 

accessible only via multi-step reaction sequence. 
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Introduction 

The existence of an icosahedral dodecaborate [B12H12] cluster was first predicted by 

Lipscomb and co-workers in 1954.5 In a subsequent theoretical molecular orbital-based approach 

published in 19556, Longuet-Higgins and Roberts predicted that such a cluster would only be stable 

as dianionic [B12H12]
2-. A 1959 study by Shapiro and Williams7 suggested the possible formation 

of a [B12H12]
2- icosahedron, and in 1960 this cluster was first successfully isolated and 

characterized as a triethylammonium salt by Pitochelli and Hawthorne, albeit in a relatively low 

yield.8 Subsequent pioneering studies by Hawthorne, Knoth, Muetterties, and others initiated a 

new era in the field of boron cluster chemistry.2,9–22 Specifically, these groups have shown that 

[B12H12]
2- can be prepared on a large scale in a high yield (>90%)2 and undergo facile 

functionalization chemistry that parallels some properties of classical organic molecules (e.g. 

benzene).3,23,24 This was an exciting discovery, since previously many boron hydride clusters were 

perceived as highly unstable species prone to fast degradation by heat, acids, and bases. 

Conversely, [B12H12]
2- salts were shown to be stable in acids and bases, and were thermally stable 

as high as 810 °C with no observable decomposition.21 Knoth and co-workers were the first to 

demonstrate the persubstitution of [B12H12]
2-, producing halogenated [B12F12]

2-, [B12Cl12]
2-, 

[B12Br12]
2- and [B12I12]

2- derivatives.12,25 In the past two decades, persubstitution of [B12H12]
2- was 

improved with new synthetic methods and extended towards other functional groups including 

[B12Me12]
2- and [B12(OH)12]

2-.26–30 Among the perfunctionalized derivatives synthesized, closo-

[B12(OH)12]
2- is particularly appealing, as it is capable of undergoing further functionalization by 

forming ether, ester, carbonate, and carbamate linkages.29,31–33 

While controlled oxidation of the parent [B12H12]
2- anion leads to an irreversible cluster 

degradation forming a B–B linked dimer,13 several perfunctionalized variants have been 
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previously observed to undergo reversible redox behavior.35 For example, Rupich reported that 

[B12X12]
2- could undergo a single electron oxidation to form a stable radical [B12X12]

1-,36 which 

was recently isolated and structurally confirmed as the oxidized radical [B12Cl12]
1- species by 

Weber and co-workers.37 Hawthorne and co-workers reported that the perfunctionalized 

B12(OCH2Ph)12 cluster can exist in three distinct redox states accessible via two sequential and 

quasi-reversible one-electron oxidation reactions of the parent dianionic closo species.40 The same 

group later showed that other benzyl and alkyl functionalized B12(OR)12 clusters can be 

synthesized, and all of these species exhibit similarly reversible redox behavior.31 Schleid and co-

workers subsequently showed that the parent [B12(OH)12]
2-

 cluster can undergo a one-electron 

oxidation to form a stable radical [B12(OH)12]
1- species.38 Interestingly, the redox potential of the 

ether-linked B12(OR)12 species can be rationally tuned as a function of the O-bound substituent, 

reminiscent of many metal-based redox-active inorganic complexes.31,35,41 Unfortunately, all of 

the reported synthetic routes towards B12(OR)12 clusters currently require either extremely long 

reaction times (weeks) or highly specialized high-pressure equipment. Furthermore, in all cases 

strict inert atmospheric conditions are also required for their synthesis.29,31,40  

Herein we report a rapid, scalable, and robust synthetic route to a wide range of 

perfunctionalized B12(OR)12 cluster derivatives utilizing a bench-top microwave reactor. This 

technology has emerged over the past several decades and has been successfully employed in a 

large number of synthetic schemes42 which necessitate the reaction heating above the boiling point 

of the solvent. Our work shows that the microwave-based method enables synthesis of 

perfunctionalized ether-linked boron clusters within minutes and does not require the use of inert 

atmosphere and rigorously dried solvents. We further show the synthetic utility of our method in 

the preparation of previously unknown B12(OR)12 derivatives featuring highly oxidizing redox 
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potentials as well as vertex-differentiated molecular architectures. Synthesized cluster species 

were all isolated and characterized using solution-based NMR and IR spectroscopic tools and mass 

spectrometry. Electron delocalization of the radical state in these species was further evaluated by 

electron paramagnetic resonance (EPR) spectroscopy and elucidated by X-ray photoelectron 

spectroscopy (XPS).  

Results and Discussion 

The tetrabutylammonium (TBA) salt of closo-[B12(OH)12]
-2 (TBA2[1]) was chosen for use 

with our microwave synthesis due to its enhanced solubility in organic solvents compared to alkali 

metal salts of 1 (Figure 1).31 The synthesis of TBA2[1] was adapted from previously reported 

protocols by Hawthorne and co-workers (see SI for details).31,43,44  

Figure 1. Synthetic route to produce functionalized ether-linked derivatives of the hypercloso 

boron clusters (2-14) via microwave-assisted synthesis. Precursor synthesis of [1]2- was adapted 

from previously described methods (see SI for details).31,43,44 

Oxygen-free, anhydrous conditions (oven-dried glassware, dried and distilled solvents, 

nitrogen atmosphere) were initially employed for microwave-assisted syntheses of alkyl- and 

benzyl-functionalized closo-[B12(OH)12]
2- [1] ether-linked derivatives, due to previously described 

high-pressure and reflux-based methods necessitating stringent air and moisture free conditions. 
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To our surprise, we discovered that microwave reactions utilizing previously reported conditions 

(benzyl bromide and TBA2[1] in the presence of N,N-diisopropylethylamine (DIEA, Hünig’s base) 

in acetonitrile) are driven at a much higher rate, resulting in quantitative formation of a mixture of 

charged 1-/2- TBA salts of 2 within 15 minutes at 140 °C, as indicated by in situ 11B NMR 

spectroscopy. Specifically, no parent 11B NMR resonance at δ –18 corresponding to the 

[B12(OH)12]
2- starting material is observed, and a singlet at δ –16 can be seen instead. Concomitant 

presence of [2]1- radical species in the product mixture can be deduced from the diagnostic pink 

color of the solution and its measured signature EPR signal (G-factor = 2.008121). Oxidation of 

the reaction mixture using FeCl3∙6H2O in 90/10 ethanol/acetonitrile followed by column 

chromatography on silica gel produces the pure neutral cluster [2]0 in 63% yield (Figure 2). 

Oxidation can be conveniently monitored by 11B NMR, where the fully oxidized cluster [2]0 

exhibits a downfield resonance shift at δ 41.8. Overall, this represents a significant reduction in 

reaction duration from the originally reported 6 days and 4 hours required for reflux and high-

pressure reactor methods, respectively, while retaining similar yield.31 

 

Figure 2. Synthesis of 2 from TBA2[1] using microwave-based method along with two previously 

reported methods indicating dramatic reduction in reaction time without compromising the isolated 

yield of [2]0.31 
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Encouraged by these results, we then optimized the microwave reaction times with allyl 

bromide and bromoethane reagents independently, and in both cases observed that complete 

substitution can be accomplished within 15 - 30 minutes at 140 °C. These compounds were isolated 

in their fully oxidized neutral form in a similar fashion to [2]0, (compounds [3]0 and [4]0, 

respectively; Figure 3). Notably, previously reported high-pressure reactor synthesis of these 

species required 3 and 12 hours, respectively, for alkylation to occur at all twelve vertices, 

suggesting that the microwave-based method can be generally applied to several classes of ether-

linked B12(OR)12 clusters and is potentially superior to the previously developed methods.31 

The relatively short perfunctionalization reaction times made possible by this new 

microwave technique prompted us to investigate whether it would be possible to utilize ambient 

synthetic conditions. Specifically, we hypothesized that the fast rate of product formation would 

outcompete the rate of degradation stemming from the presence of adventitious air and moisture 

during the synthesis. We therefore tested the synthesis of 2 using as-received non-dried acetonitrile 

(see SI) with the reagents added to a reaction vessel open to air. The open-air synthesis of 2 

proceeded with full conversion in 15 minutes as indicated by 11B NMR spectroscopy on the crude 

mixture. Following the normal work-up procedure (see SI), [2]0 was isolated in a 63% yield, 

suggesting that rigorous exclusion of air and moisture is not necessary for this transformation. This 

open-air synthesis method was successfully used for all subsequent ether-based cluster syntheses 

reported in this work. We decided to further explore the scope of this transformation by using 

longer-chain alkyl substituents. Hexyl chain substitution required increased reaction times 

compared to the shorter ethyl substituent, yet persubstitution was still achieved within two hours, 

as opposed to 8 hours when using a high-pressure reactor31 (isolated as [5]0, Figure 3). This 

increased reaction time likely stems from the increase in the length and size of the alkyl reagent 
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affecting the kinetics of the reaction.45,46 To further probe the limits of the microwave-based 

method we tested hexene- and undecene-based electrophiles, and even with the requisite increase 

in reaction time to 7 and 8 hours respectively, persubstitution proceeded to full conversion. Neutral 

[6]0 and [7]0 were isolated in 43% and 28% yields, respectively, after oxidation and normal 

purification procedures (Figure 3). These derivatives have not been synthesized prior to this report, 

and their preparation illustrates how one can dramatically increase the size of these ether-based 

dodecaborate clusters via a direct linkage of large substituents featuring terminal olefins onto 

[B12(OH)12]
2-. 

Figure 3. Synthesized B12(OR)12 clusters via microwave-based method. Yields are reported for 

the species isolated in a designated oxidation state as an average of two independent trials. For 

previously synthesized species, reported yield is given for comparison.31 *Additional 8% of 1-/2- 

non-oxidized species collected. 
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Based on the success of the long-chain olefin-containing moieties, we investigated the 

compatibility of this system with less stable reagents by using ethyl 4-bromobutyrate with 

TBA2[1]. Perfunctionalization with ethyl butyrate has been challenging using prior synthetic 

methods, requiring multiple-step sequential additions of the alkyl halide and Hünig’s base for 20 

days while being handled under inert atmosphere conditions.47 However, utilizing microwave-

assisted synthesis, the same product (Figure 3, [8]0) was obtained via a single 1.5 hour reaction, 

followed by oxidation with FeCl3∙6H2O overnight and purification with column chromatography 

on SephadexTM and silica gel. 

Benzyl-substituted ether-based clusters can feature a high degree of electrochemical 

tunability as a function of the substituents attached to the aromatic ring.41 Our method allows for 

the efficient synthesis of clusters containing both electron-rich (9) and electron-withdrawing (10) 

benzyl derivatives in yields matching previous methods but with significantly reduced reaction 

times (Figure 3). We were further intrigued by the possibility of extending the accessible 

electrochemical window for this class of compounds by utilizing benzyl halide precursors 

containing highly electron-withdrawing substituents. The perfunctionalized cluster featuring a 

trifluoromethyl (CF3) group attached to the para position of the benzyl moiety was prepared using 

our method in 30 minutes, and following oxidation the isolated neutral compound [11]0 was 

obtained in 66% yield (Figure 3). The oxidation potential of [11]1-/[11]0- (E1/2 = 0.56 V vs Fc/Fc+) 

measured by cyclic voltammetry (CV) is particularly notable since it is higher than any reported 

B12(OR)12 cluster to date (previously 0.09 V vs Fc/Fc+).41 Plotting the Hammett constants of 

various benzyl substituents46 versus the redox potentials of [B12(OR)12] clusters perfunctionalized 
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with these groups41 (Figure 4) indicates the oxidation potential of these clusters can be rationally 

extended beyond the previously reported electrochemical window.  

 

Figure 4. (a) Redox potential of [B12(OR)12]
2-/1-  and (b) [B12(OR)12]

1-/0 substituted with various 

benzyl substituents plotted vs Hammett constants.3,46 Previously characterized41 (black) and new 

(red) [B12(OR)12]
0 clusters are shown. 
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For example, according to the trend suggested by this Hammett plot, a para-nitrobenzyl-

substituted cluster should exhibit a higher 1-/0 oxidation potential than 11 (Figure 3 and Figure 

4).46 The perfunctionalized cluster 12 featuring para-nitro (NO2) substituent attached to the benzyl 

was successfully synthesized using our method in 30 minutes, however, oxidation of the reaction 

mixture containing [12]2-/1- with FeCl3∙6H2O did not produce any hypercloso-neutral species [12]0. 

Instead, the radical cluster species [12]1- was isolated as the only product in 67% yield (Figure 3). 

This is not surprising, given the predicted oxidation potential for the [12]1-/[12]0 redox couple is 

more positive than the oxidizing strength of FeCl3∙6H2O.48 Attempts to use stronger chemical 

oxidants (e.g. ceric ammonium nitrate) resulted in cluster degradation. Furthermore, insufficient 

solubility of [12]1- as a TBA salt precluded us from obtaining CV measurements for this derivative. 

Nevertheless, convinced we could expand the electrochemical window for B12(OR)12 species 

featuring benzyl-based substituents, we turned our attention to a potentially more soluble 

compound containing a 3,5-bis(trifluoromethyl)benzyl group instead. 
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Figure 5. (a) Reversible redox activity of 13; (b) Cyclic voltammogram (CV) demonstrating two 

independent, one-electron oxidation/reduction waves between 2-/1-, and 1-/0 states (1 mM 13 with 

0.1 M TBAPF6 in CH2Cl2; glassy carbon working electrode, Pt wire counter electrode, Ag/AgCl 

pseudoreference electrode behind a CoralPor tip; referenced to an internal ferrocene standard); (c) 

Infrared spectroelectrochemical (IRSEC)49,50 analysis of 0/1-/2- states of 13; (d) 19F NMR spectra 

of [13]1- and [13]2-  with EPR of [13]1- (inset); (e) UV-Vis spectra of [13]1- and [13]2-. 

 

Using the microwave method described above, cluster 13 was synthesized in 30 minutes. 

Interestingly, unlike all of the synthesized clusters reported thus far, the post-microwave reaction 

mixture was colorless, which is a characteristic feature of the pure dianionic state [13]2- for these 

clusters. The lack of color persisted even after column chromatography purification on silica gel 
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in air. The identity of the pure isolated TBA salt of [13]2- (73% yield) was validated by full 

spectroscopic characterization and mass spectrometry (see SI). Oxidation of [13]2- with 

FeCl3∙6H2O did not produce the neutral cluster, rather the pure [13]1- radical species was isolated 

in 78% yield, resulting in 56% net yield for [13]1- species starting from TBA2[1]. Use of stronger 

chemical oxidants such as ceric ammonium nitrate (CAN) degraded the boron cage, producing a 

diagnostic 11B NMR resonance at δ 20 characteristic of borates.51 Nevertheless, we were able to 

observe neutral cluster [13]0 electrochemically via infrared spectroelectrochemistry (IR-SEC) and 

cyclic voltammetry (CV) in CH2Cl2 (Figure 5, B, C). CVs of [13]1- as the TBA salt in CH2Cl2 

showed two quasi-reversible redox features at -0.05 V and 0.68 V vs Fc/Fc+, corresponding to the 

2-/1- and 1-/0 transitions, respectively. IR-SEC experiments where the applied potential was 

increased to more positive potentials incrementally on the TBA salt of [13]2- showed subtle 

changes in the IR stretching modes for all three oxidation states of [13] around 1130-1140 cm-1 

and 1200-1220 cm-1. The shift in these IR bands assigned to the B–O bond52 to higher 

wavenumbers from [13]2-/[13]1-/[13]0 is consistent with those observed in the same region for the 

analogous para-CF3 compound [11]0 which can be isolated in its neutral form via direct synthesis 

(see SI). The high oxidation potential for the [13]1-/[13]0 redox couple observed from cyclic 

voltammetry (E1/2 = 0.70 V vs Fc/Fc+) is notable since it is the highest observed 1-/0 oxidation 

potential for the B12(OR)12 class of clusters reported to date41 and is ~130 mV higher that the para-

CF3 benzyl cluster 11. 19F NMR spectroscopy provides another diagnostic handle on the oxidation 

state of this compound (Figure 5, D). 11B NMR spectra for these clusters typically show a singlet 

around δ -14 to -16 for the 2- state, though the 1- state is silent due to the presence of the 

paramagnetic radical (confirmed by EPR, Figure 5D (inset)). However, with 19F NMR 

spectroscopy, a shift from a singlet resonance in [13]2- at δ -63.36 to a broad singlet at δ -63.24 for 
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[13]1- was observed. This broadening is consistent with the paramagnetic nature of [13]1-, where F 

atoms are located far enough from the unpaired electron-carrying B12-based cluster core to be 

resolved by 19F NMR spectroscopy.  

 

Figure 6. (A-B) Solid state X-ray structures for [13]1- and [11]0 shown with 50% thermal ellipsoid 

probabilities for the boron atoms (hydrogen atoms omitted for clarity). B atoms are blue, O – red, 

C – black, and F – green. Selected bond lengths and angles of the boron cores (substituents omitted 

for clarity) for [11]0 and [13]1- are shown on the bottom. Overlay of the two cores ([13]1- in blue, 

[11]0 in red) is depicted in the middle. 
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The structural parameters of the boron clusters featuring persubstituted vertices can exhibit 

significant distortions in the solid state as a function of the substituent and the redox state as 

determined by X-ray crystallographic studies. Specifically, [2]2- exhibits nearly identical B–B 

bond distances (1.781(4) – 1.824(4) Å) and angles (B–B–B 107.798°<a<109.229°) as expected for 

a perfect icosahedron, yet as the cluster is oxidized to the electron-deficient [2]1- the structure 

expands and distorts slightly, with further distortion observed in the neutral state.40 Additionally, 

the B–O bond lengths decrease as the cluster is oxidized from [2]2-, which contains the longest 

average B–O distances, to the neutral [2]0 state with the shortest B–O distances.40 This observed 

trend of B–B bond lengthening, B–O bond contraction, and B–B–B angle distortion within the 

core as a function of cluster oxidation state is supported qualitatively by the crystal structures for 

neutral [11]0 and radical [13]1- (Figure 6), which show comparable changes to those observed 

between [2]1- and [2]0. Selected bond lengths and angles for [11]0 and [13]1- are shown in Figure 

6. 

X-ray photoelectron spectroscopy (XPS) has been widely used to study oxidation states in 

inorganic compounds.53–56 We therefore decided to utilize this technique to further elucidate the 

oxidation state and effect of functionalization for these boron clusters. Boron XPS spectra for 

several representative clusters synthesized in our study (Figure 7) indicate a clear trend observed 

in the shift of B–B bond peak energies depending on the redox state of the functionalized cluster. 

The observed geometric distortion of these boron cluster icosahedra with oxidation from 2- to 1- 

and further to neutral species results in an increased B–B binding energy (Figure 7A). The nature 

of the substituents also produces a clear trend in these measurements, as compound 13 also exhibits 

an increase in B–B binding energy as the cluster increases in oxidation state from [13]2- to [13]1- 

(Figure 7B), yet both are higher in energy than that of neutral cluster [11]0.  However, despite the 
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change in oxidation potential and binding energy observed from the XPS data from substituent 

effects, the nature of the electron radical delocalization throughout the boron-based core remains 

consistent. A single, broad symmetric EPR signal centered between 3450 and 3500 Gauss was 

observed for all cluster species isolated in the radical form with g values ranging between 2.0079 

and 2.0081 depending on the substituent (see SI). Due to the 3D delocalization of the single 

electron across the 12 boron nuclei comprising the cluster, there exist a large number of possible 

hyperfine couplings.36 Overlap of these hyperfine couplings ultimately gives rise to the single 

broad line observed in the EPR spectra. 

 

Figure 7. (a) Boron XPS spectra for TBA2[1]2-, TBA[12]1-, and [11]0  showing an increase in B–

B bond energy with increasing oxidation state; (b) Boron XPS spectra for TBA2[13]2- and 

TBA[13]1- indicating the higher B-B bond energies of the [13]2- and [13]1- anions compared to the 

other substituted clusters.  
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In addition to previously mentioned benefits such as shortened reaction durations and the 

lack of stringent requirements for inert reaction conditions, microwave-assisted synthesis allows 

for one-pot, single-step reactions that would otherwise require more elaborate protocols. 

Monosubstitution of a benzyl ligand followed by persubstitution of the remaining eleven vertices 

has previously required a lengthy process involving multi-step syntheses,57 whereas we 

demonstrate a one-pot approach enabled by our microwave-based method. For example, mixed-

substituent B12(OEt)11(OBn) cluster (14, Figure 8) can be formed in a single step simply by adding 

a stoichiometric amount of the desired reagents into a single reaction vessel.  

 

Figure 8. One-pot synthesis of vertex-differentiated hypercloso cluster [14]0 from a 60:1:1 molar 

mixture of benzyl bromide:bromoethane:TBA2[1]. Isolated yield of [14]0 was 18% (compound 

[4]0 was also formed as an additional product of the reaction). 11B NMR spectra indicates loss of 

the icosahedral symmetry due to vertex differentiation, 1H NMR integrations show 24H (CH2) and 

36H (CH3) for the 11 ethyl groups and 2H (CH2) and 5H (Ph) for the single benzyl moiety. 
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This reaction was completed in 30 minutes, producing three distinct species as a mixture 

which were oxidized with FeCl3∙6H2O as previously described and subsequently isolated via 

column chromatography on silica: the perfunctionalized ethyl cluster [4]0, a small amount (<5%) 

of di-substituted [B12(OEt)10(OBn)2]
0 clusters, and the desired [14]0 in 18% yield. This method 

represents a significantly faster route to produce this class of [B12(OR)11(OR’)] mixed-substituent 

clusters.  

 

Conclusions 

A rapid microwave-assisted synthetic route to perfunctionalized ether-linked B12(OR)12 

clusters is disclosed and the robust nature of the technique demonstrated by the synthesis and 

characterization of multiple derivatives of 1. For previously synthesized compounds, reaction 

duration was significantly reduced and prior requirements for oxygen-free and anhydrous reaction 

conditions were eliminated. Our method also allows for a unique one-pot synthesis of mixed-

substituent clusters with good selectivity under the same open-air conditions. The cluster species 

described here maintain the attractive properties of earlier derivatives, behaving as redox-active 

cores which show delocalization of electrons throughout the entire 3D boron cage, while the new 

functional groups provide a significant expansion to the available tuneable redox potential window 

for this class of clusters. 
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Supporting Information 

Experimental Section 

General considerations. Initial microwave synthesis reactions were carried out under an inert 

atmosphere of nitrogen using standard glovebox techniques. All post-microwave work-up and 

characterization was performed under ambient conditions. All reactions designated as “open-air” 

were carried out and worked up under ambient conditions. The “ambient conditions” for this 

manuscript refer to room temperature (20 - 25 °C) and uncontrolled laboratory air.  

Materials. Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as 

received. MilliQ water described in this manuscript refers to purified potable water with a 

resistivity at 25 °C of ≤18.2 M∙cm. [NEt3H]2[B12H12] was purchased from Boron Specialties  

(USA). Ethanol (200 proof) was purchased from Decon Labs and used as received. FeCl3∙6H2O 

(≥97%), CsOH∙1H2O (≥99.5%), H2O2 (30% in H2O), [NnBu4]OH (40% in H2O), bromoethane 

(≥99%), 6-bromo-1-hexane (98%) allyl bromide (99%), 4-nitrobenzyl bromide (99%), acetonitrile 

(≥99.9%), CH2Cl2 (≥99.5%), ethyl acetate (≥99.5%), hexanes (≥98.5%), methanol (≥99.8%), N,N-

diisopropylethylamine (≥99%), and tetrabutylammonium hexafluorophosphate (≥99.0%, 

electrochemical grade and 98%, recrystallized from ethanol and dried under vacuum at 90 °C) 

were purchased from Sigma-Aldrich. Benzyl bromide (99%) and ethyl 4-bromobutyrate (98%) 

were purchased from Alfa Aesar, and 4-methylbenzyl bromide (98%) was purchased from Acros. 

6-bromo-1-hexene (98%), undec-10-enyl bromide (95%), 4-trifluoromethylbenzyl bromide 

(99%), and 3,5-bis(CF3)2-benzyl bromide (97%) were purchased from Oakwood. All reagents 

were used as received unless otherwise indicated. 

Instruments. Bruker AV400 and AV500 spectrometers were used to obtain 11B, 13C{1H}, 1H, and 

19F NMR spectra and Bruker Topspin software was used to process the NMR data. 13C{1H} and 
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1H NMR spectra were referenced to residual solvent resonances in deuterated solvents (due to high 

humidity H2O resonances are often present). 11B and 19F NMR spectra were referenced to BF3∙Et2O 

and CFCl3 standards, respectively. A Bruker EMX EPR spectrometer was used to acquire EPR 

spectra, with all spectra collected in CH2Cl2 at ambient temperature. Mass spectrometry data was 

acquired using a Thermo ScientificTM Q-ExactiveTM Plus instrument with a quadrupole mass filter 

and Orbitrap mass analyzer (compounds 2-13), and a Thermo Instruments Exactive Plus with 

IonSense ID-CUBE DART source instrument for compound 14. IR spectroscopy was acquired on 

solid samples using a PerkinElmer Spectrum Two FT-IR spectrometer equipped with a diamond 

universal ATR probe. X-ray photoelectron spectroscopy (XPS) data was acquired using an AXIS 

Ultra DLD instrument (Kratos Analytical Inc., Chestnut Ridge, NY, USA) with a monochromatic 

Al K X-ray source (10 mA for survey and high-resolution scans). A 300 x 700 nm oval spot size 

and ultrahigh vacuum (10-9 Torr) were used, with 160 eV pass energy for survey spectra and 20 

eV for high-resolution spectra of B 1s using a 200 ms dwell time and 20 scans. All XPS peaks 

were externally referenced to the C 1s signal at 284.6 eV. The experimental setup and design of 

the infrared-spectroelectrochemistry (IR-SEC) cell has been published previously.49,50  

X-ray data collection and processing parameters. For [11] and [13]1-, a single crystal was 

mounted on a nylon loop using perfluoropolyether oil and cooled rapidly to 100 K with a stream 

of cold dinitrogen. Diffraction data were measured using a Bruker APEX-II CCD diffractometer 

using Mo-Kα radiation. The cell refinement and data reduction were carried out using Bruker 

SAINT and the structure was solved with SHELXS-97. All subsequent crystallographic 

calculations were performed using SHELXL-2013. 

Cyclic voltammetry and IRSEC. Cyclic voltammetry was performed on [11] and [14] using a 

CH Instruments CHI630D potentiostat with a glassy carbon disc working electrode, platinum wire 
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counter electrode, and Ag/Ag+ wire pseudoreference. All experiments were conducted in 0.1M 

[NnBu4]PF6/CH2Cl2 with 0.5 mM analyte concentrations (11.2 mg in 10 mL for [11] and 3.7 mg 

in 10 mL for [14]). The CH2Cl2 was dried in house with a custom drying system running through 

two alumina columns prior to use. The solution was degassed by bubbling Ar, and the cyclic 

voltammetry was performed under Ar gas. For [11], a scan rate of 0.1 mV/s was used with Fc/Fc+ 

as an external standard. For [14], a scan rate of 0.5 mV/s was used with Fc/Fc+ as an internal 

standard. 

IRSEC and cyclic voltammetry for [13] were performed using a Pine Instrument Company 

model AFCBP1 bipotentiostat and BAS Epsilon potentiostat, respectively. For IR-SEC, as the 

potential was scanned, thin-layer bulk electrolysis was monitored by Fourier-Transform 

Reflectance IR off the electrode surface. All experiments were conducted in 0.1 M 

[NnBu4]PF6/CH2Cl2 solutions with analyte concentrations of ~5 mM (13.9 mg in 1 mL) prepared 

under a nitrogen atmosphere. The IR-SEC cell used a glassy carbon working electrode, Pt wire 

counter electrode, and Ag wire pseudoreference electrode. The anionic [NnBu4]2[13]2- was used 

for IRSEC, starting at resting potential and increasing to more oxidizing potentials stepwise. 

Microwave Synthesis. Microwave reactions were performed using a CEM Discover SP 

microwave synthesis reactor. Except where noted otherwise, all reactions were performed in glass 

10 mL microwave reactor vials purchased from CEM with silicone/PTFE caps. Flea micro PTFE-

coated stir bars were used in the vials with magnetic stirring set to high and 15 seconds of 

premixing prior to the temperature ramping. All microwave reactions were carried out at 140 °C 

with the pressure release limit set to 250 psi (no reactions exceeded this limit to trigger venting) 

and the maximum wattage set to 250W (the power applied was dynamically controlled by the 

microwave instrument and did not exceed this limit for any reactions). Column chromatography 
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was performed using 2.0 - 2.25 cm inner diameter glass fritted chromatography columns with 20-

30 cm of slurry-packed silica gel to ensure full separation of reagents and products. Unfiltered 

pressurized air was used to assist column chromatography. 

Dicesium dodecahydroxy-closo-dodecaborate Cs2[1] 

CsOH∙H2O (14.00 g, 83.4 mmol) was dissolved in methanol (130 mL) in a 300 mL glass round 

bottom flask. [NEt3H]2[B12H12] (13.3758 g, 38.9 mmol) was added along with a PTFE-coated stir 

bar, and the reaction was left to stir vigorously for 18 h at ambient temperature. The cloudy 

suspension was then filtered through a 60 mL fritted glass funnel and washed with methanol (3 x 

20 mL). The resulting white solid was dried on the frit for 1.5 h then left under high vacuum for 

12 h and complete conversion to Cs2[closo-B12H12] was confirmed by the absence of amine 

resonances in the 1H NMR spectrum. Alternatively, commercially-obtained Cs2[B12H12] (98%, 

Strem) can be utilized for hydroxylation.  

Note: The perhydroxylation procedure described herein should always be undertaken with 

caution and careful planning in order to ensure the Cs2[B12H12] reagent is pure and contains no 

organic contaminants. Blast shielding to contain any possible explosions should be utilized. Under 

no circumstances should the hydrogen peroxide used in the reaction come into contact with any 

organic material or solvents due to the possibility of an explosion. Synthesis of Cs2[B12(OH)12] 

and the ion exchange to produce [NnBu4]2[B12(OH)12] have been described elsewhere,43,44 but will 

be reported here for convenience. Cs2[B12H12] (15.0 g, 36.8 mmol) was added to a glass three-

necked round bottom flask with a water-cooled condensing coil in the top slot. The rear neck outlet 

contained a stopcock for venting pressure, and the front outlet was sealed with a glass stopper and 

secured with a plastic Keck clip. The apparatus was suspended in a silicone oil bath on a hot plate 

and secured, with a blast shield in front as a precaution against any potential explosion. The oil 
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bath was heated to 95 °C, and a 50 mm oval PTFE stir bar was added to the flask, and the reaction 

was initiated with the addition of H2O2 (50 mL, 30% in H2O). The flask was stoppered and the 

mixture allowed to stir at that temperature for 2 h. After 2 h, additional H2O2 (12 mL) was added, 

with the flask being vented, the glass stopper removed, and upon completion of addition, re-

stoppering the flask. This addition of H2O2 was repeated every 2 h until a total volume of 60 mL 

was added to the reaction mixture. Upon completion of the addition, the oil bath temperature was 

increased to 105 °C, and additional H2O2 aliquots (10-15 mL) were added every 2 - 3 days, cooling 

the solution in the flask by raising it out of the oil bath and leaving it to cool for 20 – 30 minutes 

prior to each addition. After 14 days, the progress of the reaction was assessed via 11B NMR, with 

reaction completion indicated by the appearance of a broad resonance at -18.0 ppm corresponding 

to Cs2[B12(OH)12] and the disappearance of the resonance at -16 ppm corresponding to unreacted 

Cs2[B12H12]. Once the reaction is complete (as assessed by 11B NMR), the mixture was cooled to 

2 – 8 °C and cold MilliQ water was used to transfer the solution and solid product to a 150 mL 

glass fritted filter funnel. The crude product was washed with additional MilliQ water prior to 

drying on the filter frit under water-aspirator vacuum for 6 – 12 hours. Yield: 18.8 g (85 %). 

From this point, NnBu4 will be referred to as TBA. For the cation exchange, Dowex 50X8 

(100-200 mesh, hydrogen form, Sigma-Aldrich) was washed with MilliQ water in a 500 mL glass 

beaker until neutral (decanting and discarding the wash fractions), and [TBA]OH (40% in H2O) 

was added in 10 mL increments until basic with magnetic stirring using a 50 mm PTFE coated 

standard stir bar. After 30 minutes, the pH was assessed again, and if no longer basic, additional 

[TBA]OH was added to restore basicity and left to stir overnight covered with a watch glass. The 

resin was slurry-packed into a 5 x 30 cm column wrapped with heating tape (controller set to hold 

temperature at 50 °C), and washed with MilliQ water until neutral. Cs2[B12(OH)12] (5.996 g, 
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10.0 mmol) was dissolved in boiling water (600 mL), cooled to 50 °C and slowly added to column. 

The product was washed with an additional 750 mL of 50 °C water, and the product was 

concentrated in vacuo and lyophilized to produce pure TBA2[1]. Yield: 6.90 g (85 %). TBA2[1] is 

a white solid. 1H NMR (500 MHz, CDCl3): δ 4.66 (s, 12H, OH), 3.08 (m, 8H, N-CH2), 1.54 (m, 

8H, N-CH2CH2), 1.25 (m, 8H, N-(CH2)2CH2), 0.84 (m, 12H, N-(CH2)3CH3). 
11B{1H} NMR (128 

MHz, D2O): δ -17.9.  Note: TBA2[1] is air-stable, but hygroscopic. Store under inert atmosphere 

or in a sealed desiccator to prevent excess absorption of water over extended periods of time under 

storage. 

General ether alkylation/benzylation of TBA2[1] to B12(OR)12 microwave procedure 

Reactions were performed using TBA2[1] which was weighed and placed into a 10 mL glass 

microwave vial and transferred out of a nitrogen-filled glovebox, being opened to the air prior to 

synthesis. The acetonitrile solvent, base, and alkyl reagents were all used under ambient 

temperature and pressure conditions with no additional purification or drying. Note: the initial 

inert-atmosphere trials mentioned in the main text for 2, 3, and 4 were prepared inside a nitrogen-

filled glovebox using rigorously anhydrous solvent. Once the PTFE/silicone cap was placed on 

the microwave vial it was transferred out of the glovebox and the reactions were performed 

identically to the open-air reactions. TBA2[1] (50.0 mg, 0.061 mmol) was transferred to a 10 mL 

glass microwave vial containing a flea micro stir bar and dissolved in acetonitrile (1 mL). N,N-

diisopropylethylamine (Hünig’s base, 0.2 mL, 1.15 mmol) and alkyl halide (7.6 mmol) were 

added, and a PTFE/silicone cap was placed on the microwave vial. The mixture was heated to 140 

°C with stirring in the microwave for 5 min to 8 hrs (depending upon the alkyl halide), with the 

progress of the reaction monitored via 11B NMR spectroscopy. Multiple resonances between -14 

and -16 ppm are first observed, indicating partial substitution of the 12 vertices. The reaction has 
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reached completion when these resonances coalesce to a broad singlet resonance between -14 and 

-16 ppm corresponding to the fully substituted [B12(OR)12]
2- species. The color of the reaction 

mixture is typically a faint yellow initially, with the completed reaction mixture changing to a 

pink/purple, faint pink, or deep red/orange color indicative of the 1- species. Upon completion of 

the reaction, excess acetonitrile and base were removed via rotary evaporation. With the exception 

of 3, 4, 6, and 14 the remaining reaction mixture containing product and unreacted alkyl halide 

were separated via column chromatography with silica gel. The unreacted alkyl halide (clear and 

colorless or slightly yellow/orange, UV active) was eluted first, followed by the elution of the 

remaining pink/purple product mixture consisting of 1-/2- species (note that the 2- species is 

colorless). The excess solvent was removed via a rotary evaporator, and the remaining 1-/2- 

product mixture was dissolved in a 90/5/5 ethanol/acetonitrile/MilliQ H2O or 90/10 

ethanol/acetonitrile mixture and transferred to a 50 mL round bottom flask. FeCl3∙6H2O (0.3 g, 

1.11 mmol) was added to the dissolved mixture, and subsequently stirred vigorously for 12-24 h 

at ambient temperature. The solvent was removed from the resulting dark orange/brown mixture 

via rotary evaporation, and the neutral [hypercloso-B12(OR)12]
0 or radical TBA[hypocloso-

B12(OR)12]
1- product was separated from the FeCl3∙6H2O via column chromatography with silica 

gel. A dark orange, yellow-orange, or red-orange band consisting of neutral [hypercloso-

B12(OR)12]
0 was eluted with CH2Cl2, with a pink/purple band containing charged 1-/2- species 

eluting next if any product was not fully oxidized. The red or orange fraction containing the desired 

neutral closomer was dried with rotary evaporation followed by high vacuum, and the above 

procedure for oxidation could be repeated on the remaining 1-/2- mixture to obtain additional 

neutral product if any non-fully oxidized product remains. Note: if the final oxidized product 
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appears to have any impurities (via 1H NMR spectroscopy), eluting the product through an 

additional silica plug or short column with 1:1 CH2Cl2/hexanes should remove any contaminants.  

Dodeca(benzyloxy)-hypercloso-dodecaborane [2] 

TBA2[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-

diisopropylethylamine (0.2 mL, 1.15 mmol) and  benzyl bromide (1.74 mL, 14.7 mmol) were 

added along with a flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture 

was heated at 140 °C with stirring in the microwave for 15 min. The volatiles were removed via 

rotary evaporation, and the excess reagent was eluted through a slurry-packed silica gel column 

with 65/35 hexanes/ethyl acetate, and the pink/purple product mixture was eluted with CH2Cl2. 

The CH2Cl2 was removed via rotary evaporation, the remaining charged 1-/2- product mixture was 

dissolved in 5 mL 90/5/5 ethanol/acetonitrile/H2O, FeCl3∙6H2O (0.3 g, 1.11 mmol) was added and 

the mixture was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via 

rotary evaporation, and an orange band containing the neutral product was separated from the 

FeCl3∙6H2O through a slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via 

rotary evaporation and the final neutral product 2 was dried under high vacuum to obtain an 

isolated yield of 54.3 mg (63%). Compound 2 is a dark orange solid. 1H NMR (500 MHz, CDCl3): 

δ 7.08 - 7.19 (m, 60H, C6H5), 5.25 (s, 24H, O-CH2). 
13C{1H} NMR (125 MHz, CDCl3): δ 140.8, 

128.4, 127.3, 73.4. 11B{1H} NMR (128 MHz, CDCl3): δ 41.8. HRMS (Orbitrap): m/z calculated 

for C84H84B12O12 (M
-), 1414.7152 Da; found, 1414.7183 Da. 
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Dodeca(allyloxy)-hypercloso-dodecaborane [3] 

Note: this reaction should be performed with minimal exposure to light. TBA2[1] (100.0 mg, 0.122 

mmol) was added to a 10 mL glass microwave vial and transferred out of a nitrogen filled 

glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-diisopropylethylamine (0.4 

mL, 2.30 mmol) and allyl bromide (1.28 mL, 14.68 mmol) were added along with a flea micro stir 

bar, the vial was sealed with a PTFE/silicone cap, and the mixture was heated at 140 °C with 

stirring in the microwave for 15 min. The volatiles and excess reagent were removed via rotary 

evaporation and the purple 1-/2- product mixture was dissolved in 5 mL 90/10 ethanol/acetonitrile, 

FeCl3∙6H2O (0.3 g, 1.11 mmol) was added and the mixture was left to stir for 12-24 h (wrapped in 

foil to avoid excessive light exposure). Following oxidation, the solvent mixture was removed via 

rotary evaporation, and a yellow band containing the neutral product was separated from the 

FeCl3∙6H2O through a slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via 

rotary evaporation and the final neutral product 3 was dried under high vacuum to obtain an 

isolated yield of 76.8 mg (77%). Compound 3 is a dark yellow-orange viscous oil. 1H NMR (500 

MHz, CDCl3): δ 5.91 – 5.99 (m, 12H, CH), 5.21 (dq, 12H, CH), 5.05 (dq, 12H, CH), 4.62 (m, 24H, 

O-CH2). 
13C{1H} NMR (125 MHz, CDCl3): δ 136.9, 114.2, 71.6. 11B{1H} NMR (128 MHz, 

CDCl3): δ 41.1. HRMS (Orbitrap): m/z calculated for C36H60B12O12 (M
-), 814.5274 Da; found, 

814.5333 Da. Note: Compound 3 should be stored at -20 °C or used immediately. 

Dodeca(ethoxy)-hypercloso-dodecaborane [4] 

TBA2[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-

diisopropylethylamine (0.2 mL, 1.15 mmol) and bromoethane (1.65 mL, 22.1 mmol) were added 

along with a flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was 

heated at 140 °C with stirring in the microwave for 30 min. The volatiles and excess reagent were 
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removed via rotary evaporation, the remaining charged 1-/2- product mixture was dissolved in 4 

mL 90/5/5 ethanol/acetonitrile/H2O, FeCl3∙6H2O (0.3 g, 1.11 mmol) was added and the mixture 

was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary 

evaporation, and an orange band containing the neutral product was separated from the 

FeCl3∙6H2O through a slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via 

rotary evaporation and the final neutral product 4 was dried under high vacuum to obtain an 

isolated yield of 32.7 mg (80%). Compound 4 is a dark orange solid. 1H NMR (500 MHz, CDCl3): 

δ 4.09 (q, 24H, O-CH2), 1.24 (t, 36H, CH3). 
13C{1H} NMR (125 MHz, CDCl3): δ 66.8, 17.8. 

11B{1H} NMR (128 MHz, CDCl3): δ 37.7. HRMS (Orbitrap): m/z calculated for C24H60B12O12 (M
-

), 670.5274 Da; found, 670.5278 Da. 

Dodeca(hexoxy)-hypercloso-dodecaborane [5] 

TBA2[1] (99.0 mg, 0.121 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-

diisopropylethylamine (0.4 mL, 2.30 mmol) and 6-bromo-1-hexane (2.85 mL, 20.3 mmol) were 

added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was 

heated at 140 °C with stirring in the microwave for 2 h. The volatiles were removed via rotary 

evaporation at 65 °C, the remaining charged 1-/2- product mixture was dissolved in 5 mL 90/5/5 

ethanol/acetonitrile/H2O, FeCl3∙6H2O (0.3 g, 1.11 mmol) was added and the mixture was left to 

stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary evaporation, and 

an orange band containing the neutral product was separated from the FeCl3∙6H2O through a 

slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via rotary evaporation and 

the final neutral product 5 was dried under high vacuum to obtain an isolated yield of 91.4 mg 

(56%). Compound 5 is a dark yellow-orange oil. 1H NMR (400 MHz, CDCl3): δ 4.02 (t, 24H, O-
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CH2), 1.54 (m, 24H, CH2CH2(CH2)3CH3), 1.31, (m, 72H, CH2CH2(CH2)3CH3), 0.89 (m, 36H, 

CH3). 
13C{1H} NMR (125 MHz, CDCl3): δ 70.2, 32.2, 31.8, 25.9, 22.8, 14.1. 11B{1H} NMR (128 

MHz, CDCl3): δ 42.0. HRMS (Orbitrap): m/z calculated for C72H156B12O12 (M
-), 1343.2786 Da; 

found, 1343.2838 Da.  

Dodeca(6-hexeneoxy)-hypercloso-dodecaborane [6] 

Note: this reaction should be performed with minimal exposure to light. TBA2[1] 50.0 mg (0.061 

mmol) was added to a 10 mL glass microwave vial and transferred out of a nitrogen filled 

glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-diisopropylethylamine (0.2 

mL, 1.15 mmol) and 6-bromo-1-hexene (0.59 mL, 4.41 mmol) were added along with a stir bar, 

the vial was sealed with a PTFE/silicone cap, and the mixture was heated at 140 °C with stirring 

in the microwave for 7 h. The volatiles and excess reagent were removed via rotary evaporation, 

and the remaining charged 1-/2- product mixture was dissolved in 5 mL 90/10 ethanol/acetonitrile, 

FeCl3∙6H2O (0.3 g, 1.11 mmol) was added and the mixture was left to stir for 12-24 h. Following 

oxidation, the solvent mixture was removed via rotary evaporation, and an orange band containing 

the neutral product was separated from the FeCl3∙6H2O through a slurry-packed silica gel column 

with CH2Cl2. The CH2Cl2 was removed via rotary evaporation and the final neutral product 6 was 

dried under high vacuum to obtain an isolated yield of 35.0 mg (43%). Compound 6 is a dark 

yellow-orange oil. 1H NMR (400 MHz, CDCl3): δ 5.79 (m, 12H, CH), 4.95 (m, 24H, CH2CH), 

4.02 (t, 24H, O-CH2), 2.05 (q, 24H, (CH2)3CH2CH2CH), 1.56 (m, 24H, CH2CH2(CH2)3CH), 1.43 

(m, 24H, (CH2)2CH2(CH2)2CH). 13C{1H} NMR (125 MHz, CDCl3): δ 139.1, 114.2, 70.1, 33.6, 

31.7, 25.5. 11B{1H} NMR (128 MHz, CDCl3): δ 41.6. HRMS (Orbitrap): m/z calculated for 

C72H132B12O12 (M
-), 1319.0908 Da; found, 1319.1003 Da. 

Dodeca(11-undeceneoxy)-hypercloso-dodecaborane [7] 
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Note: this reaction should be performed with minimal exposure to light. TBA2[1] (50.0 mg, 0.061 

mmol) was added to a 10 mL glass microwave vial and transferred out of a nitrogen filled 

glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-diisopropylethylamine (0.2 

mL, 1.15 mmol) and undec-10-enyl bromide (1.54 mL, 7.33 mmol) were added along with a stir 

bar, the vial was sealed with a PTFE/silicone cap, and the mixture was reacted at 140 °C with 

stirring in the microwave for 8 h. The volatiles were removed via rotary evaporation, the excess 

reagent was eluted through a slurry-packed silica gel column with hexanes, and the product 

mixture yellow-orange and red-orange fractions were eluted with CH2Cl2 followed by a pink 

fraction with ethyl acetate. The CH2Cl2/ethyl acetate was removed via rotary evaporation, the 

remaining charged 1-/2- product mixture was dissolved in 9 mL 49/49/2 

ethanol/CH2Cl2/acetonitrile, FeCl3∙6H2O (0.5 g, 1.85 mmol) was added and the mixture was left 

to stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary evaporation, 

and a dark brown/black band containing the neutral product was separated from the FeCl3∙6H2O 

through a slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via rotary 

evaporation and the final neutral product 7 was dried under high vacuum to obtain an isolated yield 

of 37.1 mg (28%). Compound 7 is a dark, brown/black oil. 1H NMR (400 MHz, CD2Cl2): δ 5.81 

(m, 12H, CH), 4.98 (m, 12H, trans-CH2CH), 4.91 (m, 12H, cis-CH2CH), 4.01 (t, 24H, O-CH2), 

2.03 (m, 24H, O-CH2CH2), 1.54 (m, 24H, O-(CH2)2CH2), 1.32 (m, 144H, O-(CH2)3(CH2)6CH2CH. 

13C{1H} NMR (125 MHz, CD2Cl2): δ 139.3, 113.8, 70.4, 33.9, 32.3, 29.9, 29.7, 29.6, 29.3, 29.1, 

26.2. 11B{1H} NMR (128 MHz, CD2Cl2): δ 41.5. m/z calculated for C132H252B12O12 (M-), 

2161.0332 Da; due to solubility issues, the molecule was incompatible with our M.S. instrument. 

Dodeca(ethylbutyratoxy)-hypercloso-dodecaborane [8] 
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TBA2[1] (100.0 mg, 0.122 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-

diisopropylethylamine (0.4 mL, 2.30 mmol) and ethyl 4-bromobutyrate (1.08 mL, 7.55 mmol) 

were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture 

was heated at 140 °C with stirring in the microwave for 1.5 h. The volatiles were removed via 

rotary evaporation, and the reaction mixture was eluted through Sephadex LH-20 size exclusion 

column with methanol, with the pink fraction containing the desired 1-/2- product collected. The 

methanol was removed via rotary evaporation, and the charged 1-/2- product mixture was oxidized 

by eluting through a slurry-packed silica gel column with 90/10 CH2Cl2/ethanol, collecting the 

orange fraction. Following oxidation, the solvent mixture was removed via rotary evaporation, and 

the product was purified by eluting through a short (15 cm) silica gel column slurry-packed with 

1:1 hexanes/ethyl ether, with ~50 mL 1:1 hexanes/ethyl ether followed by ~50 mL ethyl ether 

eluting an orange band. The volatiles were removed via rotary evaporation, and the final neutral 

product 8 was dried under high vacuum to obtain an isolated yield of 14.0 mg (7%). Note: ~8% 

additional 1-/2- product was collected from the first silica column, and by repeating the oxidation 

step with the charged 1-/2- mixture additional 8 can be isolated. Compound 8 is an orange solid. 

1H NMR (500 MHz, CDCl3): δ 4.11 (q, 24H, O-CH2), 4.03 (t, 24H, COOCH2), 2.34 (t, 24H, 

CH2COO), 1.87 (m, 24H, O-CH2CH2), 1.24 (t, 36H, CH3). 
13C{1H} NMR (125 MHz, CDCl3): δ, 

173.3, 69.7, 60.3, 30.9, 27.4, 14.2. 11B{1H} NMR (128 MHz, CDCl3): δ 41.9. HRMS (Orbitrap): 

m/z calculated for C72H132B12O36 (M
-), 1702.9688 Da; found, 1702.9714 Da. 

Dodeca(4-methylbenzyloxy)-hypercloso-dodecaborane [9] 

TBA2[1] (48.0 mg, 0.059 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-
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diisopropylethylamine (0.2 mL, 1.15 mmol) and 4-methylbenzyl bromide (1.362 g, 7.36 mmol) 

were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture 

was heated at 140 °C with stirring in the microwave for 5 min. The volatiles were removed via 

rotary evaporation, and the excess reagent was eluted through a slurry-packed silica gel column 

with 90/10 hexanes/ethyl acetate, and the pink/purple product mixture was eluted with acetonitrile. 

The volatiles were removed via rotary evaporation, the remaining charged 1-/2- product mixture 

was dissolved in 5 mL 90/10 ethanol/acetonitrile, FeCl3∙6H2O (0.3 g, 1.11 mmol) was added and 

the mixture was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via 

rotary evaporation, and a dark orange band containing the neutral product was separated from the 

FeCl3∙6H2O through a slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via 

rotary evaporation and the final neutral product 9 was dried under high vacuum to obtain an 

isolated yield of 30.9 mg (33%). Compound 9 is a brown/orange viscous oil. 1H NMR (400 MHz, 

CDCl3): δ 6.98 (m, 48H, C6H4), 5.17 (s, 24H, CH2), 2.31 (s, 36H, CH3). 
13C{1H} NMR (125 MHz, 

CDCl3): δ 137.9, 136.4, 128. 7, 127.3, 72.8, 21.2. 11B{1H} NMR (128 MHz, CDCl3): δ 41.6. 

HRMS (Orbitrap): m/z calculated for C96H108B12O12 (M
-), 1582.9030 Da; found, 1582.9058 Da. 

Dodeca(4-bromobenzyloxy)-hypercloso-dodecaborane [10] 

TBA2[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-

diisopropylethylamine (0.2 mL, 1.15 mmol)  and 4-bromobenzyl bromide (1.358 g, 7.36 mmol) 

were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture 

was heated at 140 ⁰C with stirring in the microwave for 30 min. The volatiles were removed via 

rotary evaporation, and the excess reagent was eluted through a slurry-packed silica gel column 

with hexanes, and the red-pink product mixture was eluted with CH2Cl2 followed by ethyl acetate. 
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The volatiles were removed via rotary evaporation, the remaining charged 1-/2- product mixture 

was dissolved in 5 mL 90/10 ethanol/acetonitrile, FeCl3∙6H2O (0.3 g, 1.11 mmol) was added and 

the mixture was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via 

rotary evaporation, and a dark orange band containing the neutral product was separated from the 

FeCl3∙6H2O through a slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via 

rotary evaporation and the final neutral product 10 was dried under high vacuum to obtain an 

isolated yield of 62.5 mg (43%). Compound 10 is a dark-orange solid. 1H NMR (400 MHz, 

CDCl3): δ 7.33 (d, 24H, m-C6H4), 6.86 (d, 24H, o-C6H4), 5.07 (s, 24H, O-CH2). 
13C{1H} NMR 

(125 MHz, CDCl3): δ, 138.5, 131.6, 128.5, 121.6, 72.6. 11B{1H} NMR (128 MHz, CDCl3): δ 41.4. 

HRMS (Orbitrap): m/z calculated for C84H72B12Br12O12 (M
-), 2361.6291 Da; found, 2361.6311 

Da. 

Dodeca(4-trifluoromethylbenzyloxy)-hypercloso-dodecaborane [11] 

TBA2[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-

diisopropylethylamine (0.2 mL, 1.15 mmol) and 4-trifluoromethylbenzyl bromide (1.765 g, 7.5 

mmol) were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the 

mixture was reacted at 140 °C with stirring in the microwave for 30 min. The volatiles were 

removed via rotary evaporation, and the excess reagent was eluted through a slurry-packed silica 

gel column with hexanes, and the pink/purple product mixture was eluted with acetonitrile. The 

acetonitrile was removed via rotary evaporation, the remaining charged 1-/2- product mixture was 

dissolved in 5 mL of 90/10 ethanol/acetonitrile, FeCl3∙6H2O (0.4 g, 1.48 mmol) was added and the 

mixture was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via 

rotary evaporation, and an orange band containing the neutral product was separated from the 
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FeCl3∙6H2O through a slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via 

rotary evaporation and the final neutral product 11 was dried under high vacuum to obtain an 

isolated yield of 89.6 mg (66%). Compound 11 is a red-orange solid. 1H NMR (500 MHz, CDCl3): 

δ 7.38 - 7.48 (m, 24H, m-C6H4), 7.06 - 7.15 (m, 24H, o-C6H4), 5.27 (s, 24H, O-CH2). 
13C{1H} 

NMR (125 MHz, CDCl3): δ 143.0, 130.6, 126.6, 125.7, 125.0, 122.8, 72.9. 11B{1H} NMR (128 

MHz, CDCl3): δ 41.8. 19F NMR (376 MHz, CDCl3): δ -62.76 (s, 36F). HRMS (Orbitrap): m/z 

calculated for C96H72B12F36O12 (M-), 2231.5672 Da; found, 2231.5637 Da. Crystallized from 

CDCl3 and pentane at room temperature for 1 week to obtain a single crystal for X-ray diffraction 

analysis. 

Dodeca(4-nitrobenzyloxy)-hypocloso-dodecaborane [12]1- 

TBA2[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-

diisopropylethylamine (0.2 mL, 1.15 mmol) and 4-nitrobenzyl bromide (1.585 g, 7.34 mmol) were 

added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was 

heated at 140 °C with stirring in the microwave for 30 min. The volatiles were removed via rotary 

evaporation, and the excess reagent was eluted through a slurry-packed silica gel column with 

50/50 hexanes/CH2Cl2, and the orange product mixture was eluted with acetonitrile. The volatiles 

were removed via rotary evaporation, the remaining charged 1-/2- product mixture was dissolved 

in 5 mL 90/10 ethanol/acetonitrile, FeCl3∙6H2O (0.3 g, 1.11 mmol) was added and the mixture was 

left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary 

evaporation, and the product mixture was washed with 150 – 200 mL ethanol in a glass fritted 30 

mL filter funnel to remove the remaining FeCl3∙6H2O. The remaining orange radical 1- product 

TBA[12]1- was removed from the funnel and dried under high vacuum to obtain an isolated yield 
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of 89.0 mg (66%). Compound TBA[12]1- is an orange solid. 1H NMR (400 MHz, CDCl3): δ 8.49 

- 7.41 (m, 48H, C6H4). Note: The CH2 signal is masked and all other peaks are quite broad due to 

the paramagnetic radical state of the molecule. 13C{1H} NMR (125 MHz, CDCl3): δ 191.26, 

147.47, 140.59, 130.55, 124.24. Note: The CH2 signal is masked and all other peaks are quite 

broad due to the paramagnetic radical state of the molecule. No resonances are visible by 11B 

NMR due to paramagnetic broadening (a trace resonance at 20.4 ppm is indicative of borates, 

which result from decomposition). HRMS (Orbitrap): m/z calculated for C84H72B12N12O36 (M
-), 

1954.5361 Da; found, 1954.5363 Da. 

Dodeca(3,5-bis(trifluoromethyl)2benzyloxy)-hypocloso-dodecaborane [13]1- 

TBA2[1] (99.0 mg, 0.121 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-

diisopropylethylamine (0.4 mL, 2.30 mmol) and 3,5-bis(trifluoromethyl)benzyl bromide (2.68 

mL, 14.6 mmol) were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, 

and the mixture was heated at 140 °C with stirring in the microwave for 30 min. The volatiles were 

removed via rotary evaporation, and the excess reagent was eluted through a slurry-packed silica 

gel column with 65/35 hexanes/ethyl acetate, and the colorless/very light pink product mixture 

was eluted with CH2Cl2. After removal of the CH2Cl2 via rotary evaporation, compound 

TBA2[13]2-, a clear, colorless solid, was dried under high vacuum to obtain an isolated yield of 

313.6 mg (73%). After spectroscopic characterization, the dianionic TBA2[13]2- was dissolved in 

5 mL 90/10 ethanol/acetonitrile, 0.3 g (1.11 mmol) FeCl3∙6H2O was added and the mixture was 

left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary 

evaporation, and a red-purple band containing [13]1- was separated from the FeCl3∙6H2O through 

a slurry-packed silica gel column with CH2Cl2. The CH2Cl2 was removed via rotary evaporation 
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and the final isolated radical [13]1- was dried under high vacuum to obtain an isolated yield of 

226.4 mg (56%). Compound [13]1- is a red-purple solid. 1H NMR (500 MHz, CDCl3): δ 7.40 – 

8.74 (m, 36H, C6H3), 3.13 (m, 8H, N-CH2), 1.65 (m, 8H, N-CH2CH2), 1.47 (m, 8H, N-(CH2)2CH2), 

1.05 (m, 12H, N-(CH2)3CH3). Note: The CH2 signal for the cluster is masked and all other peaks 

are quite broad due to the paramagnetic radical state of the molecule. 13C{1H} NMR (125 MHz, 

CDCl3): δ 189.0, 132.7, 132.5, 129.4, 124.6, 122.5, 121.0, 68.0, 59.2, 59.2, 59.1, 30.9, 25.6, 23.8, 

19.7, 19.7, 13.4. No resonances are visible by 11B NMR, due to paramagnetic broadening. 19F 

NMR (376 MHz, CDCl3): δ -63.22 (s, 72F). HRMS (Orbitrap): m/z calculated for 

C108H60B12F72O12 (M
-), 3047.4158 Da; found, 1523.7080 (z=2) Da. Crystallized from CDCl3 and 

pentane at room temperature for 1 week to obtain a single crystal for X-ray diffraction analysis. 

Benzyloxy undeca(ethoxy)-hypercloso-dodecaborane [14] 

TBA2[1] (100.0 mg, 0.122 mmol) was added to a 10 mL glass microwave vial and transferred out 

of a nitrogen filled glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-

diisopropylethylamine (0.4 mL, 2.30 mmol), benzyl bromide (0.0204 g, 0.119 mmol) and 

bromoethane (0.8055g, 7.39 mmol) were added along with a stir bar, the vial was sealed with a 

PTFE/silicone cap, and the mixture was heated at 140 °C with stirring in the microwave for 30 

min. The volatiles and excess bromoethane were removed via rotary evaporation, the remaining 

charged 1-/2- product mixture was dissolved in 5 mL 90/10 ethanol/acetonitrile, FeCl3∙6H2O (0.3 

g, 1.11 mmol) was added and the mixture was left to stir for 12-24 h. Following oxidation, the 

solvent mixture was removed via rotary evaporation, and the product mixture was separated from 

the FeCl3∙6H2O with CH2Cl2. The CH2Cl2 was removed via rotary evaporation, and the product 

mixture was loaded onto a long (30 – 35 cm) silica gel column slurry-packed with 80/20 

CH2Cl2/hexanes, and the products were separated by eluting fractions with 80/20 CH2Cl2/hexanes. 
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The first orange band eluted contained randomly di-substituted benzyl2ethyl10 species, followed 

by an orange band with the neutral closomer 14, with extra 4 in a third yellow-orange band eluting 

last. Note: The fractions overlap, and due to the similar colors of the different products, thin layer 

chromatography (TLC) with 80/20 CH2Cl2/hexanes was performed on the fractions near the band 

edges to determine which fractions contained a mixture of products. The fractions containing only 

a single species according to TLC that eluted after the di-substituted product and prior to the pure 

4 bands were combined. The volatiles were removed via rotary evaporation, and the final neutral 

product 14 was dried under high vacuum to obtain an isolated yield of 15.7 mg (18%). Compound 

14 is a yellow-orange solid. 1H NMR (400 MHz, CDCl3): δ 7.30 (m, 5H, C6H5), 5.07 (m, 2H, 

CH2C6H5), 4.10 (m, 22H, CH2CH3), 1.22 (m, 33H, CH2CH3).
13C{1H} NMR (125 MHz, CDCl3): 

δ 141.2, 128.0, 126.6, 71.6, 66.8, 17.7. 11B NMR (128 MHz, CDCl3): δ 39.0, 35.2. HRMS (DART): 

m/z calculated for C29H62B12O12 (M
-), 732.5431 Da; found, 732.5464 Da. 
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Dodecaborate Clusters Through Vertex Differentiation  
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We report a new class of redox-active vertex-differentiated dodecaborate clusters featuring 

pentafluoroaryl groups. These [B12(OR)11NO2] clusters share several unique photophysical 

properties with their [B12(OR)12] analogues, while exhibiting significantly higher (+0.5 V) redox 

potentials. This work describes the synthesis, characterization, and isolation of [B12(O-

CH2C6F5)11NO2] clusters in all 3 oxidation states (dianion, radical, and neutral). Reactivity to post-

functionalization with thiol species via SNAr on the pentafluoroaryl groups is also demonstrated.  
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Introduction 

The dodecaborate cluster closo-[B12H12]
2- is a unique three-dimensional molecule which 

can be functionalized in a manner reminiscent of classical organic aromatic compounds (e.g. 

benzene). 2,3,23,24 Three-dimensional aromaticity in this icosahedral cluster is manifested in its 

exceptional thermal and chemical stability.21 The closo-[B12H12]
2- cluster has been previously 

subjected to various homoperfunctionalization strategies leading to molecules  decorated with a 

diverse array of functional groups including halogens,12,25,28 ethers, esters, carbonates, and 

carbamates.29,31–33,58,59 While the parent closo-[B12H12]
2- cluster does not undergo a reversible 

electrochemical  transformation, homoperfunctionalization via substitution of all 12 B-H vertices 

can engender reversible redox behavior for some of the aforementioned derivatives.41,58–65 This 

redox activity can provide access to isolable compounds in hypo- and hypercloso- forms. These 

additional redox states are accessed via sequential one-electron oxidation of the parent dianionic 

closo-[B12X12]
2- species to form stable radical hypocloso-[B12X12]

1- molecules, followed by the 

consecutive one–electron oxidation allowing isolation of neutral hypercloso-[B12X12] clusters. 

Importantly, the redox potential of the 2-/1- and 1-/0 transitions for these clusters can be tuned as 

a function of the substituent by well over 1 V for the same redox event.41,58,59 Among the redox 

active B12-based clusters, homoperfunctionalized [B12(OR)12]
2-/1-/0 compounds represent, perhaps, 

the most modular class of redox active species, for which the electrochemical potential window 

was previously shown to be tunable in the range between -1.1 – +0.67 V vs. Fc/Fc+.58 This 

tunability is achieved by rationally changing an organic substituent (R) attached to the cluster via 

ether linkage. However, it remains unclear whether highly reversible redox behavior is inherent to 

only B12(OR)12 species and whether electronic perturbations on the cluster core with mixed 

substituents other than the alkoxy group can produce molecules with similar properties.66–77 Here 
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we present a new approach to further tune the redox properties of the perfunctionalized B12-based 

clusters by substituting one of the OR moieties with an NO2 group, thus introducing an additional 

structural handle via heterofunctionalization. As a result, a new class of [B12(OR)11NO2]
2-/1-/0 

clusters can be isolated which feature pronouncedly different electrochemical properties when 

compared to those of their [B12(OR)12] analogues.    

Results and Discussion 

Commercially available Cs2[B12H12] undergoes selective monoamination in 60% yield on 

a decagram scale.66 This compound can be safely subjected to the perhydroxylation conditions 

using 30% H2O2 (safety note – see SI) as was previously reported by Hawthorne and co-workers66 

(Figure 9, [1]). Based on this protocol, one can isolate [B12(OH)11(NO2)]
2- as a 

tetrabutylammonium (TBA)  salt [1] on a multigram scale in 70% yield (see SI). Compound [1] is 

highly soluble in polar organic solvents, which allowed us to subject this compound perbenzylation 

conditions similar to those developed for the perfunctionalization of closo-[B12(OH)12]
2-.58 The 

reaction of [1] with pentafluorobenzyl bromide dissolved in acetonitrile (MeCN) in the presence 

of an amine base under microwave conditions at 140 ⁰C resulted in a nearly quantitative conversion 

of the parent cluster molecule as judged by the 11B NMR spectroscopy and mass spectrometry 

taken in situ after 1 hour.  
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Figure 9. (a) Synthetic route to produce [1] from Cs2[B12H12]
2-. (b) Microwave synthesis of the 

B12(OR)11NO2 cluster [2] studied in this work, showing all three oxidation states of [2] isolated 

(neutral [2a]0, radical [2b]1-, and the dianionic [2c]2-). 

The desired product [2c] was isolated via purification on a silica gel column followed by 

ion exchange to the Na+ salt using a cation-exchange resin (see SI). The identity of Na2[2c] was 

confirmed by 11B, 19F, and 1H NMR spectroscopy, mass spectrometry, and elemental analysis. 

Performing the same synthesis followed by oxidation of the unpurified crude [2c]2- obtained 

directly from the microwave reaction with FeCl3•6H2O in 9:1 [v/v] mixture of ethanol:MeCN 

yielded a dark purple solution. This mixture was subjected to silica gel column chromatography 

resulting in the isolation of analytically pure hypocloso species [2b]1- as a TBA salt (see SI for 

characterization). In contrast, when [2c]2- was exposed to NOBF4, a stronger oxidant, in dry 

MeCN, neutral [2a]0 formed and was subsequently isolated. 
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All three species exhibit distinctive splitting patterns in both their 11B and 19F NMR spectra 

arising from the unique symmetry of the molecule. Unlike homoperfunctionalized [B12(OR)12] 

species, which possesses a nearly perfect icosahedral structure (hence appearing as a singlet in 11B 

NMR spectrum), the introduction of the nitro (NO2) group in [2] breaks the symmetry of the 

cluster. The 11B NMR spectra obtained confirm the asymmetry of the molecule, with both [2c]2- 

and [2a]0 exhibiting four distinct signals with relative integrations of 1:5:5:1 (Figure 10a). The 11B 

NMR of the radical [2b]1- shows no visible signals consistent with the paramagnetic nature of the 

cluster in this oxidation state and is further corroborated by EPR spectroscopy (Figure 10a, inset). 

Specifically, the broad singlet in the EPR spectrum of [2b]1- showcases a highly delocalized 

doublet state, where an electron is shared by all twelve boron atoms in the cluster. This feature as 

well as the g-factor observed in the EPR spectrum of [2b]1- are similar to other [B12(OR)12]
1- 

species (Figure 10). 
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Figure 10. (a) 11B and 19F NMR spectra of all redox states of [2] with EPR (inset, g = 2.00674) 

and photo of [2b]1- in MeCN; (b) UV-vis spectra of [2a]0 and [2b]1- (50 mM) and [2c]2- (100 mM) 

in CH2Cl2; (c) XPS spectra for all redox states of [2] showing increasing B-B binding energy as 

redox state increases. 

An unexpected but very interesting phenomenon is observed in the 19F NMR spectra of [2] 

series. Normally, the spectra for all previously reported [B12(OR)12] species containing fluorine 

atoms in the close vicinity from the boron cluster core show a single signal for each set of 

equivalent atoms.11,18,19 However, [2c]2- exhibits three distinct (though partially overlapping) 

fluorine signals for each of the equivalent pentafluoroaryl fluorine atoms, which show the same 

1:5:5 relative integrations stemming from the symmetry of the boron cluster core. The ortho-

fluorine signal for [2b]1- is difficult to observe due to the significant paramagnetic broadening that 
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normally affects the atoms closest to the paramagnetic center (boron cluster core). Since the meta- 

and para-fluorine atoms are located further away from the paramagnetic cluster in [2b]1-, their 19F 

signals could be resolved and also exhibit a 1:5:5 relative pattern similar to the one observed in 

[2c]2- (Figure 10a). Likewise, a 1:5:5 pattern can be well resolved for the diamagnetic [2a]0 species. 

Furthermore, the two methylene proton resonances (1:10 integration) can be resolved in the 1H 

NMR spectrum of [2a]0 consistent with the introduction of asymmetry by the NO2 group.  

Consistent with the [B12(OR)12]
2- clusters synthesized to date, pure dianionic [2c]2- cluster 

is essentially colourless and shows little visible absorption in its UV-vis spectrum. There is a small 

absorbance in the UV-vis spectrum of [2c]2-around 350 – 400 nm stemming from the presence of 

the NO2 group, while the UV-vis spectrum for [3]2- ([B12(OR)12] when R = CH2C6F5) shows 

negligible absorption across the entire visible region (See SI). On the other hand, the radical [2b]1- 

exhibits a deep pink/purple color when dissolved in CH2Cl2, and the neutral species [2a]0 appears 

as a bright red-orange when dissolved in the same solvent (Figure 10b). These light absorption 

properties are similar to those of homoperfunctionalized [B12(OR)12] clusters in the corresponding 

oxidation states. X-ray photoelectron spectroscopy analysis of [2] series also reveals a similar trend 

to that observed with [B12(OR)12] clusters, where the B-B binding energy increases with higher 

oxidation states sequentially from [2c]2- to [2b]1- and [2a]0 (Figure 10c).  

A single crystal suitable for X-ray diffraction analysis was obtained for the radical 

[NnBu4][2b] from a chloroform/pentane solution of [2b]1-, and the crystal structure (Figure 11a) 

shows a structural similarity to that of the radical [3]1- (Figure 11c, see SI). Overlaying the two 

structures (Figure 11b) effectively illustrates these similarities, with only the rotation of a few 

pentafluorobenzyl rings nearest the NO2 group differing significantly, while the core bonding 

metrics (B-B and B-O bond lengths and angles) remain indistinguishable within the margin of 
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error produced by the experiment. Despite the remarkably clear effects visible in the 19F NMR 

spectra of the asymmetry introduced into the molecule by the lone NO2 group in solution, the two 

different clusters retain very similar structures in the solid-state. This structural similarity, 

especially in the radical state, is consistent with the EPR evidence that the environment of the 

unpaired electron in [2b]1- is largely unchanged from [3]1-.  

 

Figure 11. (a) Single crystal X-ray structure of [2b]1- (hydrogens and [NnBu4]
+ counter ion omitted 

for clarity); (b) Overlay of [2b]1- and [3]1-; (c) Single crystal X-ray structure of [3]1- (hydrogens 

and [NnBu4]
+ counter ion omitted for clarity); (d) Cyclic voltammogram for [2b]1- and [3] in 

acetonitrile with glassy carbon working electrode, Pt wire counter electrode, and Ag/AgCl 

reference electrode (in sat. KCl) internally referenced to the Fc/Fc+ couple. 

 

Despite all these similarities, perhaps the most striking difference between the two species 

is the exceptional increase in redox potential of [2] compared to that of [3]. The significant 

difference between the redox potential of [2] and [3] of over +0.5 V for the same redox couple 

(Figure 11b) is remarkable given the aforementioned similarities between most of the 

photophysical properties discussed. For the 2-/1- redox event, [3] displays a reversible wave with 

an E1/2 of -0.38 V vs Fc/Fc+, while the same couple for [2c]2-/[2b]1- has an E1/2 of +0.15 V (Figure 

11 d). The increase in the 1-/0 redox couple is less extreme, but still significant, going from an E1/2 

of +0.33 V for [3]1-/[3]0 up to an E1/2 of 0.69 V (vs Fc/Fc+) for [2b]1-/[2a]0. The substitution of a 
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single boron vertex with a NO2 group instead of an ether moiety therefore provides a dramatic 

shift in the electrochemical potential in this class of clusters. 

 

Figure 12. (a) Scheme showing the SNAr reaction between [2c]2- and mercaptoethanol; (b) 19F 

NMR spectrum of the starting material [2c]2-; (c) 19F NMR spectrum of the reaction product 

showing full conversion to [2c]-ME based upon the disappearance of the para-fluorine signal.  

 

Consistent with the reactivity previously observed for [3],64 [2] undergoes a facile SNAr 

reaction with thiols enabling dense functionalization of this class of three-dimensional scaffolds  

(Figure 12). Under similar conditions to those described for [3] previously,64 full substitution of 

the para-fluorines on [2c]2- with mercaptoethanol was achieved using only 1.05 equiv. of the thiol 

per pentafluoroaryl group at room temperature within 19 hours (Figure 12). The quantitative 

conversion observed under these mild conditions to form [2c]-ME indicates that the introduction 

of the nitro group does not interfere with the SNAr chemistry and [2] is potentially well-suited for 

building atomically precise hybrid nanomolecule assemblies.64  
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Conclusions 

In summary, a new class of perfunctionalized, vertex-differentiated boron clusters was 

developed and fully characterized. While several routes exist to achieve vertex-differentiated 

perfunctionalization with other boron cluster molecules with inherent asymmetry such as 

monocarborane,67–69,71,78 significantly fewer synthetic pathways have been developed to form 

vertex-differentiated perfunctionalized dodecaborate clusters.20,26 These NO2-substituted 

dodecaborate clusters feature higher redox potentials while retaining key beneficial traits found in 

their perfunctionalized [B12(OR)12] analogues, including three distinct accessible redox states. The 

readily-accessible isolable radical cluster also represents a new addition to the boron-centered 

radical molecules.79–85 The pentafluoroaryl groups decorating the cluster were demonstrated to be 

amenable to facile post-functionalization with thiol-containing groups via SNAr chemistry, thus 

enabling the possibility of orthogonal substitution without affecting the B-NO2 vertex. Overall, 

this chemistry provides another unique entry towards robust and redox-active 3D aromatic 

building blocks for potentially designing new photoredox reagents65 and hybrid materials.86 
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Supporting Information 

Experimental Section 

General considerations 

Microwave synthesis reactions and all post-microwave work-up and characterization was 

performed under ambient conditions. The “ambient conditions” for this manuscript refer to room 

temperature (20 - 25 °C) and uncontrolled laboratory air. The oxidation of [2c] to form [2a] and 

the synthesis of [2c]-ME describe the use of a nitrogen-filled glovebox for several steps, all other 

reactions were performed open to air. 

Materials 

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received. 

MilliQ water described in this manuscript refers to purified potable water with a resistivity at 25 

°C of ≤18.2 M∙cm. [NEt3H]2[B12H12] was purchased from Boron Specialties (USA). Ethanol 

(200 proof) was purchased from Decon Labs and used as received. Dowex 50W X8 (100-200 

mesh, hydrogen form), dimethylformamide (anhydrous, 99.8%), FeCl3∙6H2O (≥97%), 

CsOH∙1H2O (≥99.5%), hydrogen peroxide (30% in H2O), [NnBu4]OH (40% in H2O), bromoethane 

(≥99%), acetonitrile (≥99.9%), dichloromethane (≥99.5%), ethyl acetate (≥99.5%), hexanes 

(≥98.5%), methanol (≥99.8%), 2-mercaptoethanol (≥99%), potassium phosphate tribasic (≥98%), 

and N,N-diisopropylethylamine (≥99%) were purchased from Sigma-Aldrich. 

Tetrabutylammonium hexafluorophosphate (≥98%, recrystallized from ethanol and dried under 

vacuum at 90 °C), nitrosonium tetrafluoroborate (95%), hydroxylamine-O-sulfonic acid (97%), 

and 2,3,4,5,6 pentaflurobenzyl bromide (98%) were purchased from Oakwood. NaOH (Certified 

ACS, 99.2%) was purchased from Fisher. Sodium borohydride (98%) was purchased from Strem. 

All reagents were used as received unless otherwise indicated. 
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Instrumentation 

A Bruker AV400 spectrometer was used to obtain 11B, 1H, and 19F NMR spectra and Bruker 

Topspin software was used to process the NMR data. 1H NMR spectra were referenced to residual 

solvent resonances in deuterated solvents. 11B and 19F NMR spectra were referenced to BF3∙Et2O. 

A Bruker EMX EPR spectrometer was used to acquire EPR spectra, with all spectra collected in 

CH2Cl2 at ambient temperature. 

Mass spectrometry data was acquired using a Thermo ScientificTM Q-ExactiveTM Plus instrument 

with a quadrupole mass filter and Orbitrap mass analyzer. 

UV-vis analysis was performed on an Ocean Optics Flame Spectrometer with an Ocean Optics 

DH-2000-S-DUV-TTL light source and a quartz cuvette. 

IR spectroscopy was acquired on solid samples using a PerkinElmer Spectrum One FT-IR 

spectrometer equipped with a diamond universal ATR probe.  

X-ray photoelectron spectroscopy (XPS) data was acquired using an AXIS Ultra DLD instrument 

(Kratos Analytical Inc., Chestnut Ridge, NY, USA) with a monochromatic Al K X-ray source 

(10 mA for survey and high-resolution scans). A 300 x 700 nm oval spot size and ultrahigh vacuum 

(10-9 Torr) were used, with 160 eV pass energy for survey spectra and 20 eV for high-resolution 

spectra of B 1s using a 200 ms dwell time and 20 scans. All XPS peaks were externally referenced 

to the C 1s signal at 284.6 eV. 

Elemental analyses were performed by Atlantic Microlab, Inc. (Norcross, GA). 

X-ray data collection and processing parameters 

For [2b] and [3]1-, a single crystal was mounted on a nylon loop using perfluoropolyether oil and 

cooled rapidly to 100 K with a stream of cold dinitrogen. Diffraction data were measured using a 
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Bruker APEX-II CCD diffractometer using Mo-Kα radiation. The cell refinement and data 

reduction were carried out using Bruker SAINT and the structure was solved with SHELXT. All 

subsequent crystallographic calculations were performed using SHELXT. Olex2 software was 

used to export the report for [3]1-.87 

Cyclic voltammetry 

Cyclic voltammetry was performed on [2b] using a CH Instruments CHI630D potentiostat with a 

glassy carbon disc working electrode, platinum wire counter electrode, and Ag/AgCl (in saturated 

KCl solution) reference electrode. The experiment was conducted in 0.1M [NnBu4]PF6/CH3CN 

with 1 mM analyte concentration. The CH3CN was dried in house with a custom drying system 

running through two alumina columns prior to use. The solution was degassed by bubbling N2, 

and the cyclic voltammetry was performed under N2 gas. For [2b] a scan rate of 100 mV/s was 

used with Fc/Fc+ as an internal standard. 

Microwave synthesis 

Microwave reactions were performed using a CEM Discover SP microwave synthesis reactor. 

Except where noted otherwise, all reactions were performed in glass 10 mL microwave reactor 

vials purchased from the vendor. Reaction vials were sealed with silicone/PTFE caps. Flea micro 

PTFE-coated stir bars were used in the vials with magnetic stirring set to high and 15 seconds of 

premixing prior to the temperature ramping. All microwave reactions were carried out at 140 °C 

with the pressure release limit set to 250 psi (no reactions exceeded this limit to trigger venting) 

and the maximum wattage set to 250W (the power applied was dynamically controlled by the 

microwave instrument and did not exceed this limit for any reactions). Column chromatography 

was performed using 2.0 - 2.25 cm inner diameter glass fritted chromatography columns with 20-
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30 cm of slurry-packed silica gel to ensure full separation of reagents and products. Unfiltered 

pressurized air was used to assist column chromatography. 

Synthesis of [1] 

Synthesis of [NnBu4]2B12(OH)11(NO2) ([1]) was performed starting with Cs2[B12H12] (ion 

exchanged from [NEt3H]2[B12H12] using CsOH∙1H2O) according to a reported procedure.66 Note: 

the hydroxylation procedure should always be undertaken with caution and careful planning to 

ensure the Cs2[B12H12] reagent is pure and contains no organic contaminants. Blast shielding to 

contain any possible explosions should be utilized. Under no circumstances should the hydrogen 

peroxide used in the reaction come into contact with any organic material or solvents due to 

possibility of an explosion.    

Synthesis of [2a] 

[NnBu4]2B12(OH)11(NO2) (100 mg, 0.12 mmol) was added to a 10 mL glass microwave vial and 

dissolved in 1 mL of acetonitrile. N,N-diisopropylethylamine (0.47 mL, 2.7 mmol) and 1-

(bromomethyl)-2,3,4,5,6-pentafluorobenzene (2.00 mL, 13.2 mmol) were added along with a 

flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was heated at 

140 °C with stirring in the microwave for 1 hour. The excess acetonitrile was evaporated by 

rotary evaporation and the excess reagents were removed through a slurry-packed silica gel 

column with 35/65 [v/v] ethyl acetate/hexane, followed by acetone (~20 mL) to elute the yellow-

orange product band. The acetone was removed by rotary evaporation, the residue was dried 

under high vacuum and transferred into the glovebox. 75 mg (0.64 mmol) nitrosonium 
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tetrafluoroborate (NOBF4) was added, 2 mL of acetonitrile was added, and the solution was left 

to stir at room temperature for ~16 hours. The solution was transferred out of the glovebox, 

cooled to -15 °C for 1 hour, filtered using a glass fritted funnel, and the orange solid was 

carefully washed with ~1 mL of cold (-15 °C) acetonitrile 3 times, then dried on the frit for 5 

min. The solid product was transferred to a glass vial and dried under high vacuum to obtain 113 

mg (41%) of pure, isolated product.  Compound [2a]0 is an orange solid. 1H NMR (400 MHz, 

CD2Cl2): δ 5.36 – 5.06 (m, 11H, O-CH2-C6F5). 
11B NMR (128 MHz, CD2Cl2): δ 45.22 – 41.32 

(m, 10B, B-OR), 1.99 (s, 1B, B-NO2), -9.58 (s, 1B, B-OR). 19F NMR (376 MHz, CD2Cl2): δ -

144.34 – -145.48 (m, 22F, ortho-C6F5), -152.78 – -154.05 (m, 11F, para-C6F5), -162.26 – -

162.75 (m, 22F, meta-C6F5). HRMS: m/z calculated for C77H22B12F55NO13 (M
2-), 1172.5665 Da; 

found, 1172.5735 (z = 2) Da. Calc. for C77H22B12F55NO13: C, 39.46; H, 0.95; N, 0.60. Found: C, 

39.64; H, 0.90; N, 0.62. 

Synthesis of [2b] 

[NnBu4]2B12(OH)11(NO2) (100 mg, 0.12 mmol) was added to a 10 mL glass microwave vial and 

dissolved in 1 mL of acetonitrile. N,N-diisopropylethylamine (0.47 mL, 2.7 mmol) and 1-

(bromomethyl)-2,3,4,5,6-pentafluorobenzene (2.00 mL, 13.2 mmol) were added along with a 

flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was heated at 

140 °C with stirring in the microwave for 1 hour. The excess acetonitrile was evaporated by 

rotary evaporation and the excess reagents were removed through a slurry-packed silica gel 

column with 35/65 [v/v] ethyl acetate/hexane, followed by acetone (~20 mL) to elute the yellow-
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orange product band. The acetone was removed by rotary evaporation, and the residue was 

dissolved in 5 mL of 9:1 [v/v] ethanol/acetonitrile. 0.3 g (1.11 mmol) iron chloride hexahydrate 

was added, and the solution was left to stir at room temperature for ~48 hours. The volatiles were 

removed via rotary evaporation followed by high vacuum for 5 minutes, and the residue was 

dissolved in dichloromethane and loaded onto a slurry-packed silica gel column. The product 

was eluted with dichloromethane and the dark purple band was collected. The dichloromethane 

was removed via rotary evaporation, and the solid product was dried under high vacuum to 

obtain 107 mg (35%) isolated product.  Compound [NnBu4][2b] is a purple solid. 1H NMR (400 

MHz, CD3CN): δ 3.11 – 3.04 (m, 8H, [NnBu4]), 1.65 – 1.55 (m, 8H, [NnBu4]), 1.40 – 1.30 (m, 

8H, [NnBu4]), 0.97 (t, 12H, [NnBu4]). Note: the methylene peak is not visible in 1H NMR due to 

paramagnetic broadening. 11B NMR (128 MHz, CD3CN): No visible signals due to 

paramagnetic broadening. 19F NMR (376 MHz, CD3CN): δ -140.13 (br s, ortho-C6F5), -157.27 – 

-158.18 (m, para-C6F5), -163.74 – -165.03 (m, meta-C6F5). Note: the ortho fluorine signal is 

extremely broad from the proximity to the paramagnetic core. HRMS: m/z calculated for 

C77H22B12F55NO13 (M
2-), 1172.5665 Da; found, 1172.5724 (z = 2) Da. Calc. for 

C93H58B12F55N2O13: C, 43.19; H, 2.26; N, 1.08. Found: C, 43.39; H, 2.21; N, 1.06. Crystallized 

from CHCl3 and pentane at room temperature for 3 days to obtain a single crystal for X-ray 

diffraction analysis. 

Synthesis of [2c] 
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150 mg scale: [NnBu4]2B12(OH)11(NO2) (150 mg, 0.18 mmol) was added to a 10 mL glass 

microwave vial and dissolved in 3 mL of acetonitrile. N,N-diisopropylethylamine (0.71 mL, 4.1 

mmol) and 1-(bromomethyl)-2,3,4,5,6-pentafluorobenzene (2.93 mL, 19.4 mmol) were added 

along with a flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture 

was heated at 140 °C with stirring in the microwave for 1 hour. The excess acetonitrile was 

evaporated by rotary evaporation and the excess reagents were removed through a slurry-packed 

silica gel column with 35/65 [v/v] ethyl acetate/hexane, followed by acetone to elute the yellow-

orange product band. The acetone was removed by rotary evaporation, and the residue was 

dissolved in 5 mL of acetonitrile. This solution was added to 100 mL of 1:1 [v/v] 

acetonitrile/water and ion exchanged using Dowex 50W X8 cation exchange resin loaded with 

Na+ by eluting the solution through a 1.5 x 40 cm column slurry-packed with ~30 cm of Dowex 

resin (solution-swelled volume) and washing with an additional 100 mL of 1:1 [v/v] 

acetonitrile/water. The methanol and water were removed via rotary evaporation followed by 

high vacuum overnight to obtain 308 mg (71%) isolated product.  Compound Na2[2c] is a dark 

yellow solid.  

300 mg scale: [NnBu4]2B12(OH)11(NO2) (300 mg, 0.36 mmol) was added to a 35 mL glass 

microwave vial and dissolved in 6 mL of acetonitrile. N,N-diisopropylethylamine (1.42 mL, 8.2 

mmol) and 1-(bromomethyl)-2,3,4,5,6-pentafluorobenzene (5.86 mL, 38.8 mmol) were added 

along with a flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture 

was heated at 140 °C with stirring in the microwave for 1 hour. The excess acetonitrile was 

evaporated by rotary evaporation and the excess reagents were removed through a slurry-packed 

silica gel column with 35/65 [v/v] ethyl acetate/hexane, followed by acetone to elute the yellow-

orange product band. The acetone was removed by rotary evaporation, and the residue was 
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dissolved in 5 mL of acetonitrile. This solution was added to 200 mL of 1:1 [v/v] 

acetonitrile/water and ion exchanged using Dowex 50W X8 cation exchange resin loaded with 

Na+ by eluting the solution through a 6 x 30 cm column slurry-packed with ~25 cm of Dowex 

resin (solution-swelled volume) and washing with an additional 250 mL of 1:1 [v/v] 

acetonitrile/water. Note: if residual [NnBu4]
+ remains after the ion exchange, repeating the 

exchange procedure using freshly Na+-loaded Dowex with the partially-exchanged product will 

remove any traces of [NnBu4]
+.  The methanol and water were removed via rotary evaporation 

followed by high vacuum overnight to obtain 610 mg (70%) isolated product.  Compound 

Na2[2c] is a dark yellow solid. 1H NMR (400 MHz, CD3CN): δ 5.54 – 5.21 (m, 22H, methylene). 

11B NMR (128 MHz, CD3CN): δ -10.16 (s, 1B, B-NO2), -11.87 – -18.32 (m, 10B, B-OR), -21.53 

(br s, 1B, B-OR). 19F NMR (376 MHz, CD3CN): δ -144.39 (m, 22F, ortho-C6F5), -157.85 – -

158.97 (m, 11F, para-C6F5), -164.86 – -165.77 (m, 22F, meta-C6F5). HRMS: m/z calculated for 

C77H22B12F55NO13 (M
2-), 1172.5665 Da; found, 1172.5734 (z = 2) Da. Calc. for 

C77H22B12F55NNa2O13: C, 38.70; H, 0.93; N, 0.59. Found: C, 38.67; H, 1.06; N, 1.45. 

Synthesis of [2c]-ME 

[2c] (7.5 mg, 0.0031 mmol) and K3PO4 (22.3 mg, 0.105 mmol) were added along with a flea 

micro stir bar to a 4-mL glass vial, which was then sealed with a PTFE/silicone cap under 

ambient conditions. The vial was then purged and backfilled with N2 three times before being 

transferred into the glovebox. In the glovebox, the vial was opened and 150 µL anhydrous DMF 

was added, followed by 2-mercaptoethanol (2.54 µL, 0.036 mmol). The vial was sealed again 
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and set to stir at 400 rpm for 22 hours. The vial was transferred out of the glovebox, and its 

contents were transferred into an NMR tube for in situ 19F NMR spectroscopy to ensure nearly 

quantitative conversion and in situ 11B NMR spectroscopy to ensure structural integrity of the 

cluster. The crude mixture was filtered through a 0.45 µm pore size syringe filter unit, then 

transferred into a 15-mL conical centrifuge tube and lyophilized for solvent removal. The dried 

sample was redissolved in MeOD and subjected to characterization via 1H, 11B, and 19F NMR 

spectroscopy. Compound K2[2c] is a dark yellow solid. 1H NMR (400 MHz, CD3OD): δ 5.58 – 

5.35 (m, 22H, methylene), 3.70 – 3.58 (m, 22H, S-CH2CH2-OH), 3.05 – 2.96 (m, 22H, S-

CH2CH2-OH). 11B NMR (128 MHz, CD3OD): δ -9.61 (br s, 1B, B-NO2), -14.71 (br s, 11B, B-

OR). 19F NMR (376 MHz, CD3OD): δ -136.40 – -137.35 (m, 22F, ortho-C6F5), -143.99 – -

145.38 (m, 22F, meta-C6F5). HRMS: m/z calculated for C77H22B12F55NO13 (M
2-), 1491.6089 Da; 

found, 1491.6154 (z = 2) Da. 

Synthesis of [3], [3]1-, and [3]2- 

Synthesis of [3] was performed according to a previously reported procedure.65 Note: the 

procedure below was not optimized, and was only suitable to produce enough of the radical salt 

to crystallize for X-ray diffraction analysis for comparison with [2b]. [3]1- was synthesized by 

performing an extraction with 25 mL dichloromethane and a solution of 0.65 g disodium EDTA 

in 150 mL MilliQ H2O in lieu of the reported post-oxidation column chromatography with 

dichloromethane, vigorously stirring and shaking the mixture before draining off the organic 

layer and drying with sodium sulfate. The volatiles were removed via rotary evaporation, the 

residue was re-dissolved in dichloromethane and eluted through a plug of silica, and the 
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dichloromethane was removed via rotary evaporation followed by high vacuum. The purple solid 

residue was taken up in chloroform and pentane was layered on top, resulting in formation of 

single crystals suitable for X-ray analysis after 5 days at room temperature. The UV-vis analysis 

of [3]2- was performed on a small sample of [3]0 (2.3 mg, 0.9 µmol) reduced with NaBH4 (2.0 

mg, 53 mmol) in 9:1 [v/v] ethanol/acetonitrile by shaking for 5 min at room temperature.  
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Table 1. Crystal data and structure refinement for [2b]1- 

Identification code  [2b]1- 

Empirical formula  C93 H58 B12 F55 N2 O13 

Formula weight  2586.13 

Temperature  100.0 K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 14.1250(3) Å = 110.4400(10)°. 

 b = 27.2616(5) Å = 91.6990(10)°. 

 c = 29.4644(6) Å  = 97.1390(10)°. 

Volume 10516.5(4) Å3 

Z 4 

Density (calculated) 1.633 Mg/m3 

Absorption coefficient 0.170 mm-1 

F(000) 5156 

Crystal size 0.32 x 0.28 x 0.2 mm3 

Theta range for data collection 1.273 to 25.292°. 

Index ranges -16<=h<=16, -32<=k<=32, -30<=l<=35 

Reflections collected 79433 

Independent reflections 38080 [R(int) = 0.0454] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.6462 and 0.6188 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 38080 / 3236 / 3184 

Goodness-of-fit on F2 1.033 

Final R indices [I>2sigma(I)] R1 = 0.0857, wR2 = 0.2226 

R indices (all data) R1 = 0.1376, wR2 = 0.2595 

Largest diff. peak and hole 1.257 and -0.520 e.Å-3 
SQUEEZE                                          Found 129e/uc.  Calc’ed for 2 CHCl3, 116e/uc 
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Chapter 4: Perfunctionalized Dodecaborate Clusters as Stable Metal-Free 

Active Materials for Charge Storage 

Alex I. Wixtrom, ⊥,∥ John L. Barton,†, ‡,∥ Jeffrey A. Kowalski,†,‡,∥ Fikile R. Brushett, *,†,‡ Alexander 

M. Spokoyny. *,⊥, § 

† Joint Center for Energy Storage Research, Argonne National Laboratory, 9700 South Class 

Ave, Bldg. 200, Argonne, Illinois, USA 

‡ Department of Chemical Engineering, Massachusetts Institute of Technology, 77 

Massachusetts Ave, Cambridge, Massachusetts 02139, USA 

⊥Department of Chemistry and Biochemistry, University of California, Los Angeles, 607 

Charles E. Young Drive East, Los Angeles, California 90095-1569, USA 

§California NanoSystems Institute, University of California, Los Angeles, 570 Westwood Plaza, 

Los Angeles, California 90095-1569, USA 

 

We report a class of perfunctionalized dodecaborate clusters that exhibit high stability towards 

high concentration electrochemical cycling. These boron clusters afford several degrees of 

freedom in material design to tailor properties including solubility and redox potential. The 

exceptional stability of these clusters was demonstrated using a symmetric flow cell setup for 

electrochemical cycling between two oxidation states for 45 days, with post-run analysis showing 

negligible decomposition of the active species (<0.1%). To further probe the limits of this system, 

a prototype flow device with two different boron cluster materials was used to determine that the 

two cluster species were stable in the presence of each other. This work effectively illustrates the 

potential of bespoke boron clusters as stable materials for electrochemical cycling applications.   
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Introduction 

The ability to reversibly shuttle electrons over a range of timescales is a ubiquitous feature 

found in both natural and synthetic molecules containing metals, and is essential for energy 

conversion and storage applications.88–97 Energy storage systems often utilize redox active metal 

cations as stable salts or coordination complexes, though inherent limitations hinder the degree to 

which solubility and redox potential of these species can be modified.98 Metal-free species also 

undergo well-defined redox processes, with several organic systems featuring highly tunable 

electrochemical and physical properties, though decomposition due to inherent reactivity of radical 

intermediates formed during single electron shuttling is a common pitfall.99,100 To mitigate this 

undesired reactivity, systems have been designed to delocalize radical density throughout 

neighboring bonds and/or sterically protect the site of the unpaired electron, which can lead to a 

dramatic improvement in the electrochemical cycling of these compounds.98,99,101  

Perfunctionalized dodecaborate clusters (B12(OR)12) are a promising new class of redox 

materials, which have been demonstrated to exhibit highly reversible redox activity when 

decorated by different substituents (Figure 13).41,102 Many of these boron clusters are extremely 

robust molecules, exhibiting remarkable thermal stability (up to 500 °C with no degradation) and 

resistance to strong acids and bases.21 Over a dozen B12(OR)12 clusters have been synthesized and 

electrochemically characterized by cyclic voltammetry (CV), exhibiting a wide range of 

electrochemical properties for the same redox transitions, reversibly accessible via sequential one-

electron oxidation or reduction.41,102 In addition, the solubility and size of functionalized boron 

clusters can be modified to incorporate specific properties tailored for desired 

applications.59,65,102,103 Multiple tunable parameters, combined with the exceptional stability of the 

cluster core allows for a broad design space with several degrees of freedom. Extending beyond 
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voltammetric studies and ex-situ evaluation of stability, this work seeks to demonstrate the 

viability of these boron clusters in complex electrolyte environments found in modern and 

emerging electrochemical systems. In this work, we demonstrate that these B12(OR)12 compounds 

can be electrochemically charged and discharged multiple times over 1000 hours without any 

apparent chemical degradation (see SI). Utilizing these attractive electrochemical properties, we 

have furthermore assembled a proof-of-concept redox flow battery device, where performance of 

this metal-free cluster system was further tested.  
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Figure 13. “Anatomy of a boron cluster” illustrating reversible redox activity tunable via 

substituents, the robust nature of the cluster core stabilized by strong B—O bonds, and the highly 

delocalized electron density in 3D around the entire cage. 

 

An improved method to synthesize B12(OR)12 clusters was recently reported, allowing full 

substitution of all 12 vertices of [B12(OH)12]
2- with alkyl or benzyl functional groups via 

microwave-assisted synthesis.102 Importantly, we and others have previously demonstrated that 

this class of molecules can undergo reversible redox reactions using cyclic voltammetry (CV) and 

the electrode potential at which these redox  events occur can be tuned as a function of the R 
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group.41,102 While voltammetric analysis of these compounds can be useful for initial analysis of 

redox processes, during these tests the materials are only charged for short durations, with only a 

small fraction of the active material charged at any given time. In order to better evaluate and 

understand the stability of this system to electrochemical cycling associated with bulk charge 

storage, we decided to test these molecules further under controlled conditions that more closely 

mimic energy storage applications. We started by identifying two model B12(OR)12 cluster systems 

with high (1) and low (2) redox potentials relative to each other. The high-potential cluster 1 

features 12 benzyl substituents with perfluorinated alkyl groups, which, due to their inherent 

inductive electron-withdrawing nature, increase redox potential for the 2-/1- redox couple.102 For 

a cluster system exhibiting redox properties at lower potential, we designed 2, which contains 12 

inductively electron-donating alkyl groups with terminating OMe moieties that improve solubility 

in polar solvents. Both species have a solubility >0.1 M in acetonitrile.  

Results and Discussion 

As an initial test for benchmarking stability, cyclic voltammetry (CV) on a glassy carbon 

electrode was conducted to provide information about the redox potential (average of the anodic 

and cathodic peak potentials), chemical reversibility (peak current ratio), electrochemical 

reversibility / kinetics (anodic and cathodic peak potential separation), and the diffusion 

coefficient. All CV measurements were performed in 0.5 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) in acetonitrile (MeCN) (background scan Figure S1) with a gold 

counter electrode, and a fritted Ag/Ag+ reference electrode. The reference electrode was calibrated 

to the ferrocene/ferrocenium (Fc/Fc+) redox couple before every measurement taken. Figure 14 

shows the cyclic voltammograms for accessing the first oxidation of 1, the first reduction of 2, and 

the mixture of the two compounds to ensure that no deleterious interactions occur.  
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Figure 14. Cyclic voltammograms of 12-/1- (top, red), 20/1- (middle, black), and a mixture of the 

two clusters (bottom, blue) at 1 mM in 0.5 M TBAPF6 in MeCN at a scan rate of 10 mV s-1, 

referenced to ferrocene/ferrocenium at 0 V. 

 

The first oxidation of 1 and the first reduction of 2 occur at 0.074 V vs. Fc/Fc+ and -0.256 

V vs. Fc/Fc+, respectively. Both materials show excellent chemical reversibility on the CV 

timescale (~seconds-minutes) as evidenced by a peak current ratio close to one across all scan rates 

(1: 0.97 ± 0.01, 2: 1.00 ± 0.02). Additionally, both redox couples show electrochemical 

reversibility because they both have a peak separation of 61 ± 1 mV (Nernstian is 60 mV at ambient 

glovebox temperature), which is invariant of scan rate. Lastly, the diffusion coefficients of the 

starting materials were calculated using Randles-Sevcik analysis (Figure S2) with scan rates of 10, 

20, 30, 40, 50, 60, 75, and 100 mV s-1, and were determined to be 3.3 x 10-6 cm2 s-1. While these  
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Table 2. Measured redox potentials, peak separations, peak-current ratios, and diffusion 

coefficients for 12-/1- and 20/1-. All cyclic voltammetry was performed at 1 mM active material 

concentration. The peak separations and peak-current ratios were calculated at a scan rate of 10 

mV s-1 in 0.5 M TBAPF6 in MeCN. All measurements were performed in triplicate. 

 
Potential 

(V vs. Fc/Fc+) 

Peak 

Separation (mV) 

Peak Current Ratio 

(ip,red/ip,ox) 

Diffusion 

Coefficient 

(× 10-6 cm2 s-1) 

12- 0.074 ± 0.001 61 ± 1 0.97 ± 0.01 3.3 ± 0.1 

20 -0.256 ± 0.001 61 ± 1 1.00 ± 0.02 3.3 ± 0.1 

 

Figure 15. Symmetric flow cell cycling results. a) Symmetric flow cell setup. b) Charge and 

discharge capacity plotted (left) as a function of cycle number in along with coulombic efficiency 

(right). Arrowheads (colors match c) indicate cycles for which the voltage profile is shown in (c). 

c) Charge and discharge voltage profiles are shown for select cycles. d) Detailed view of coulombic 

efficiency as a function of cycle number. Gray dashed lines in (b) and (d) indicate interruptions of 

the experiment due to intentional electrolyte rebalancing (424 h) and a building power outage (632 

h).  
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values are about an order of magnitude lower than the small organic molecules reported in similar 

electrolyte solutions, as expected based on the Stokes-Einstein relation (diffusivity is inversely 

proportionally to the molecular radius) and borate cluster size, the diffusion coefficients are still 

sufficiently large to support a range of electrochemical applications.95,104 Table 2 summarizes the 

properties obtained from the electrochemical techniques. Clusters 1 and 2 appear to be non-

interacting on the CV timescale because the voltammogram with both materials present is a 

superposition of the two independent scans with no changes in original peak shape, height, or 

position, and no new peaks appearing as a function of cycling.  

 

The symmetric flow cell allows for cycling of both the reduced and oxidized species in the 

cluster redox pairs to determine the active species stability without the convoluting effects of side 

products generated at the counter electrode or the mass transport enforced concentration 

limitations which are both associated with conventional bulk electrolysis apparatus.105–107 We ran 

a symmetric flow cell with 1, and the results are shown in Figure 15. Figure 15a shows the cell 

setup, initial active species distribution within the reservoirs, and primary redox reactions 

occurring during a charging step. During a discharge step, these reactions occur in reverse. All 

flow cell experiments used a 2.55 cm2 cell 96,108 with interdigitated flow fields, 2 layers of SGL 

29AA carbon paper electrodes, a flowrate of 10 mL min-1, and a Daramic 175 separator. Each 

reservoir initially contained 10 mL of 0.05 M 12- / 0.05 M 11- / 0.5 M TBAPF6 in MeCN. Although 

it is generally desirable to test at higher active species concentrations (> 0.1 M), to both reduce 

mass transport resistance and explore more practical electrolyte formulation, given the challenges 

associated with materials synthesis at this scale, we sought to first demonstrate behavior a lower 

concentration. Consequently, we have used a low current density of 5 mA cm-2, to mitigate the 



72 

effect of mass transfer limitations on the accessed capacity. Detailed experimental conditions and 

impedance spectra are included in the SI (Figure S3).  Figure 15b shows capacity and coulombic 

efficiency as a function of cycle number and illustrates the low fade rate due to the high level of 

material stability. The cell retained high (> 96%) coulombic efficiency and 40% of the initial cell 

capacity after 1089 h (45 days) of cycling, which exceeds the duration of many of the published 

nonaqueous RFB stability studies.109–112 We suspect that some of the late-stage attributes of cell 

fade, specifically the decrease in accessed capacity and unstable coulombic efficiency, are due to 

a combination of imperfect sealing within our system and pressure driven crossover. Although 

compression fittings and expanded PTFE gaskets are used for sealing purposes, we inevitably lose 

some redox active electrolyte. A slow rate of evaporation may also bias these material losses 

towards volatile components, specifically the solvent, which will slowly increase the solution 

viscosity and can promote slow leaks (observed), via an increased system pressure, within our cell 

over time. Dashed gray vertical lines indicate experimental interruptions. The cycling was stopped 

briefly to rebalance the electrolyte reservoirs at 424 h as the reservoir levels were visibly 

mismatched (ca. 5 mL vs. 15 mL). A second (unintentional) interruption occurred at 632 h when 

the building lost power. Voltage profiles from select cycles, as indicated by arrowheads, are shown 

in Figure 15c, illustrating the appreciable fraction of the theoretical capacity that is repeatedly 

accessible for select cycles over all uninterrupted segments of the experiment. Note that at least 

one cycle is shown from each uninterrupted segment of the cycling protocol. The third cycle 

shown, cycle 200, takes place after the electrolyte rebalancing at 424 h, and the increase in capacity 

(30%) from cycle 140 is indicative of a crossover imbalance within our experimental setup. We 

attribute the limited approach to theoretical capacity (80% for cycle 1) to the mass-transfer 

limitations at extreme states of charge which are exacerbated by the relatively low total 
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concentration (0.1 M). Figure 15d shows the coulombic efficiency as a function of cycle number 

over 498 cycles in detail. For the entire experiment the coulombic efficiency remained high (> 

96%), indicating good material stability. 

Given the demonstrated material stability, electrochemical activity, and design variability 

of perfunctionalized dodecaborate clusters, we sought to evaluate their use in a full redox flow 

battery (RFB). RFBs utilize flowable, redox-active electrolytes, which are pumped through an 

electrochemical reactor to store and release energy as redox-active components are oxidized or 

reduced.113 Economic viability of RFB systems are particularly sensitive to active species material 

properties,114 such as solubility and redox potential, thus, it seems appropriate for a tunable 

molecular framework. 

Figure 16. Full cell cycling results. a) Flow cell setup for cycling at 5 mA cm-2 showing premixed 

redox-active electrolytes. b) Voltage profiles for selected cycles. c) Capacity and d) efficiency as 

a function of cycle number 
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Figure 16 shows the full cell results where we cycle 20/1- (low potential) vs. 12-/1- (high potential) 

at 5 mA cm-2. Both reservoirs initially contained 10 mL of 0.05 M 20 / 0.05 M 12- / 0.5 M TBAPF6 

in MeCN. Utilizing the two materials together leads to a cell voltage of 0.33 V. Indeed, this is 

lower than desirable for a RFB, but full cell cycling can highlight the stability of the highly tunable 

borate clusters.102 Specifically, this pairing of borate clusters was selected for this experiment 

based on preliminary assessment of stability, solubility, and synthesis simplicity in spite of the low 

average discharge voltage, 0.258 V. The cell configuration, which used pre-mixed electrolytes, 

similar to an Fe-Cr RFB to mitigate crossover-driven capacity fade, is shown in Figure 16a113,115. 

Detailed experimental conditions and impedance spectra are included in the SI (Figure S4). Figure 

16b shows the charge and discharge profiles for cycles 1, 50, 100, 150, and 200, spanning 248 h 

of experiment time. Figure 16c shows the capacity as a function of cycle number, which remains 

relatively stable and has a mean value of 0.366 Ah L-1 (55% of theoretical) based on discharge. 

Energy, current, and voltage efficiencies are shown in Figure 16d. The low average voltage 

efficiency, 66%, can be largely attributed to the low cell voltage, as well as significant 

contributions from ohmic and mass-transfer overpotentials as we are operating at a low 

concentration of active species. Specifically, the voltage losses within the cell are not atypically 

large as compared to prior  nonaqueous flow battery literature111,116,117; however, they constitute a 

larger fraction of the total cell voltage, thus significantly impacting the voltaic efficiency. The 

ohmic resistance, as determined through a high-frequency electrochemical impedance scan, was 

3.6 Ω cm2, and contributes 23% of the voltage losses (i.e., 8% of the average charging voltage). 

The combination of stable capacity along with moderate average coulombic efficiency, 87%, 

suggests that the cell experiences significant non-destructive, parasitic charge-transfer pathways, 

presumably crossover coupled to self-discharge. These system losses may be largely improved 
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through ongoing membrane research for RFBs 104,118,119. In particular, these clusters may in fact 

be large enough103 (ca. 2-3 nm) to appreciably reduce crossover rates with size-selective separators 

when compared with smaller redox-active organic molecules (ca. 0.6 nm), and possibly avoid 

functionalized membranes, which has significant implications in terms of system cost and research 

timeline 119–122. 

 

 

Conclusion 

In conclusion, we have demonstrated the design versatility and some electrochemical properties 

of perfunctionalized dodecaborate clusters. This broad class of materials offers numerous material 

design pathways through the tailoring of the cluster decoration for improvements in solubility, 

redox potential, and stability. This work expands upon the repertoire of cluster-based materials 

amenable to electrochemical cycling,123–128 with symmetric flow cell cycling of 12-/1- validating 

the exceptional stability of this material as it is cycled between 2 oxidation states for 45 days. Full 

flow cell cycling illustrates stability of 12-/1- and 20/1- in the presence of each other and the viability 

of these clusters as RFB active materials. The most promising pathway for improvement of cell 

performance is through development of a higher voltage redox pair, which would greatly reduce 

the relative contributions of these losses. Although this preliminary flow cell demonstration has 

relatively non-competitive performance attributes, we have briefly discussed several pathways 

towards its improvement. Specifically, our future work will look to improve the system 

performance in terms of cell voltage and capacity through the modification of dodecaborate cluster 

functionalization and cell design characteristics, such as separator selection.  
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Supporting Information 

Experimental Section 

General considerations 

Microwave synthesis reactions and all post-microwave work-up and characterization was 

performed under ambient conditions. The “ambient conditions” for this manuscript refer to room 

temperature (20 - 25 °C) and uncontrolled laboratory air.  

Materials 

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received. 

MilliQ water described in this manuscript refers to purified potable water with a resistivity at 25 

°C of ≤ 18.2 M∙cm. [NEt3H]2[B12H12] was purchased from Boron Specialties (USA). Ethanol 

(200 proof) was purchased from Decon Labs and used as received. Dowex 50W X8 (100-200 

mesh, hydrogen form), FeCl3∙6H2O (≥ 97%), CsOH∙1H2O (≥ 99.5%), [NnBu4]OH (40% in H2O), 

acetonitrile (≥ 99.99%), dichloromethane (≥ 99.5%), ethyl acetate (≥ 99.5%), hexanes (≥ 98.5%), 

triethylamine (≥ 99%), and N,N-diisopropylethylamine (≥ 99%) were purchased from Sigma-

Aldrich. 3,5-Bis(trifluoromethyl)benzyl bromide (97%) and 1-bromo-3-methoxypropane (98%) 

were purchased from Oakwood. NaOH (Certified ACS, 99.2%) and hydrogen peroxide (30% in 

H2O) were purchased from Fisher. For electrolyte preparation, acetonitrile (MeCN, 99.9%, Extra 

Dry AcroSeal®) was purchased from Acros Organics, and tetraethylammonium tetrafluoroborate 

(TEABF4, 99.9%) was purchased from BASF. All electrolyte solutions were prepared in an Ar-

filled (Airgas, 99.999%) glovebox at room temperature in volumetric flasks. All reagents were 

used as received unless otherwise indicated. 
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Instrumentation 

A Bruker AV400 spectrometer was used to obtain 11B, 1H, and 19F NMR spectra and Bruker 

Topspin software was used to process the NMR data. 1H NMR spectra were referenced to residual 

solvent resonances in deuterated solvents (δ 7.26 for CDCl3). 
11B and 19F NMR spectra were 

referenced to BF3∙Et2O (δ 0.00 and δ -153.38 for 11B and 19F, respectively). 

Mass spectrometry data was acquired using a Thermo ScientificTM Q-ExactiveTM Plus instrument 

with a quadrupole mass filter and Orbitrap mass analyzer. 

Elemental analyses were performed by Atlantic Microlab, Inc. (Norcross, GA). 

Microwave synthesis 

Microwave reactions were performed using a CEM Discover SP microwave synthesis reactor. 

Except where noted otherwise, all reactions were performed in glass microwave reactor vials 

purchased from the vendor. Reaction vials were sealed with silicone/PTFE caps, or using the 80 

mL vessel pressure regulator accessory cap. Small (1 cm long) egg-shaped PTFE-coated stir bars 

were used in the vials with magnetic stirring set to high and 15 seconds of premixing prior to the 

temperature ramping. All microwave reactions were carried out at 140 °C with the pressure release 

limit set to 250 psi (no reactions exceeded this limit to trigger venting) and the maximum wattage 

set to 250 W (the power applied was dynamically controlled by the microwave instrument and did 

not exceed this limit for any reactions). Column chromatography was performed using 4 cm inner 

diameter glass fritted chromatography columns with 20-30 cm of slurry-packed silica gel to ensure 

full separation of reagents and products. Unfiltered pressurized air was used to assist column 

chromatography. 
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Synthesis of [NnBu4]2B12(OH)12 

Synthesis of [NnBu4]2B12(OH)12 was performed starting with Cs2[B12H12] (ion exchanged from 

[NEt3H]2[B12H12] using CsOH∙1H2O) according to a reported procedure.66 Note: the hydroxylation 

procedure should always be undertaken with caution and careful planning to ensure the 

Cs2[B12H12] reagent is pure and contains no organic contaminants. Blast shielding to contain any 

possible explosions should be utilized. Under no circumstances should the hydrogen peroxide used 

in the reaction come into contact with any organic material or solvents due to possibility of an 

explosion.    

Synthesis of [1]2- & [1]1- 

Clusters [1]2- and [1]1- were synthesized using an adapted method from a previous report.102 

[1]2-: [NnBu4]2B12(OH)12 (2.0 g, 2.4 mmol) was added to an 80 mL glass microwave vial and

dissolved in 15 mL of acetonitrile. N,N-diisopropylethylamine (8.0 mL, 45.9 mmol) and 3,5-

bis(trifluoromethyl)benzyl bromide (8.0 mL, 43.6 mmol) were added along with a stir bar, the vial 

was sealed with an 80 mL vessel pressure regulator accessory cap, and the mixture was heated at 

140 °C with stirring in the microwave for 1.5 hours. The excess acetonitrile was evaporated by 

rotary evaporation in a round bottom flask, and the residue was loaded onto a slurry-packed silica 

gel column (pre-flushed with 30 mL triethylamine dissolved in 140 mL 35/65 [v/v] ethyl 

acetate/hexane) using 35/65 [v/v] ethyl acetate/hexane and ~3-4 mL acetone (to rinse the sides of 

the round bottom flask). The remaining 3,5-bis(trifluoromethyl)benzyl bromide reagent was eluted 
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through the silica column using 35/65 [v/v] ethyl acetate/hexane, followed by acetone to elute the 

light-yellow product band (near solvent front). The acetone was removed by rotary evaporation 

and transferred to a 20 mL glass vial, and the oily substance was dried under high vacuum at 60 

°C for 2 hours to obtain 8.04 g (93.6%) of pure, isolated product.  Compound [1]2- is a very light 

yellow solid 1H NMR (400 MHz, CDCl3): δ 7.73 (br s, 24H, ortho-C6H3), 7.50 (br s, 12H, para-

C6H3), 5.55 (br s, O-CH2), 3.06 – 2.96 (m, 16H, N-CH2), 1.60 – 1.47 (m, 16H, N-CH2CH2), 1.41 

– 1.27 (m, 16H, N-(CH2)2CH2), 0.94 (t, 24H, N-(CH2)3CH3). 
11B{1H} NMR (128 MHz, CDCl3):

δ -15.43 (br s, 12B). 19F NMR (376 MHz, CDCl3): δ -63.50 (s, 72F). HRMS (Orbitrap): m/z 

calculated for C108H60B12F72O12 (M2-), 1523.7079 Da; found, 1523.7042 (z=2) Da. Calc. for 

C140H132B12F72N2O12: C, 47.61; H, 3.77. Found: C, 47.17; H, 3.76. 

[1]1-: [NnBu4]2B12(OH)12 (2.0 g, 2.4 mmol) was added to an 80 mL glass microwave vial and

dissolved in 15 mL of acetonitrile. N,N-diisopropylethylamine (8.0 mL, 45.9 mmol) and 3,5-

bis(trifluoromethyl)benzyl bromide (8.0 mL, 43.6 mmol) were added along with a stir bar, the vial 

was sealed with an 80 mL vessel pressure regulator accessory cap, and the mixture was heated at 

140 °C with stirring in the microwave for 1.5 hours. The excess acetonitrile was evaporated by 

rotary evaporation in a round bottom flask, and the residue was loaded onto a slurry-packed silica 

gel column using 35/65 [v/v] ethyl acetate/hexane and ~1-2 mL acetonitrile (to rinse the sides of 

the round bottom flask). The remaining 3,5-bis(trifluoromethyl)benzyl bromide reagent was eluted 

through the silica column using 35/65 [v/v] ethyl acetate/hexane, followed by acetone to elute the 

slightly pink/light-yellow product band (near solvent front). The acetone was removed by rotary 

evaporation and the residue was dissolved in 21 mL 9:1 [v/v] ethanol/acetonitrile, 1.67 g 

FeCl3∙6H2O was added, and the mixture was left to stir at room temperature overnight. The 

volatiles were removed via rotary evaporation, and the residue was dissolved in dichloromethane 
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and filtered through a 1 cm thick silica plug in a wide glass fritted funnel (8.5 cm inner diameter) 

to remove most of the iron. The filtrate was concentrated via rotary evaporation, then eluted 

through a silica gel column with dichloromethane, collecting the purple band containing the 

product. The dichloromethane was removed via rotary evaporation, and the solids were transferred 

to a 20 mL glass vial and dried under high vacuum overnight to obtain 5.80 g (72.5%) of pure, 

isolated product.  Compound [1]1- is a red-purple solid. 1H NMR (400 MHz, CDCl3): δ 8.45 – 7.41 

(br m, 36H, C6H3), 3.19 – 3.07 (m, 8H, N-CH2), 1.72 – 1.63 (m, 8H, N-CH2CH2), 1.53 – 1.42 (m, 

8H, N-(CH2)2CH2), 1.05 (t, 12H, N-(CH2)3CH3). Note: The CH2 signal for the cluster is masked 

and all other peaks are quite broad due to the paramagnetic radical state of the molecule. No 

resonances are visible by 11B NMR, due to paramagnetic broadening.  19F NMR (376 MHz, 

CDCl3): δ -63.45 (s, 72F). HRMS (Orbitrap): m/z calculated for C108H60B12F72O12 (M2-), 

1523.7079 Da; found, 1523.7059 (z = 2) Da. Calc. for C124H96B12F72NO12: C, 45.27; H, 2.94. 

Found: C, 45.26; H, 3.06.  

Synthesis of [2]0 

[NnBu4]2B12(OH)12 (0.5 g, 0.61 mmol) was added to an 35 mL glass microwave vial and dissolved 

in 10 mL of acetonitrile. N,N-diisopropylethylamine (2.0 mL, 11.5 mmol) and 1-bromo-3-

methoxypropane (8.2 mL, 73.4 mmol) were added along with a stir bar, the vial was sealed with a 

silicone/PTFE cap, and the mixture was heated at 140 °C with stirring in the microwave for 2 

hours. The excess acetonitrile was evaporated by rotary evaporation in a round bottom flask, and 

the residue was loaded onto a slurry-packed silica gel column using 35/65 [v/v] ethyl 

acetate/hexane. The remaining 1-bromo-3-methoxypropane reagent was eluted through the silica 

column using 35/65 [v/v] ethyl acetate/hexane, followed by 3:1 [v/v] hexane/acetone to elute the 

product, initially a pink band which turns orange as it oxidizes along the length of the column. 
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After elution of the orange neutral product band, the remaining pink 1-/2- cluster was eluted with 

acetone. For the pink fraction, the acetone was removed by rotary evaporation and eluted through 

a second slurry-packed silica gel column using the same 3:1 [v/v] hexane/acetone solution. The 

orange product was collected and combined with the first orange fraction, the acetone was removed 

by rotary evaporation, the product was transferred to a 20 mL glass vial, and the oily substance 

was dried under high vacuum overnight to obtain 231 mg (31.5%) of pure, isolated product.  

Compound [2]0 is a dark brown oil. 1H NMR (400 MHz, CDCl3): δ 4.10 (t, 24H, B-O-CH2), 3.44 

(t, 24H, CH2-OCH3), 3.31 (s, 36H, CH2-OCH3), 1.83 (quin, 24H, O-CH2-CH2-CH2-O). 11B{1H} 

NMR (128 MHz, CDCl3): δ 41.60 (br s, 12B). HRMS (Orbitrap): m/z calculated for C48H108B12O24 

(M-), 1198.8420 Da; found, 1198.8425 Da. Calc. for C48H108B12O24: C, 48.08; H, 9.08. Found: C, 

48.65; H, 9.19. 

Cyclic Voltammetry and Randles-Sevcik Analysis 

All preparation and cyclic voltammetry (CV) measurements were performed in an argon-filled 

glovebox (MBraun Labsaster, O2 < 1 ppm, H2O < 5 ppm) at ca. 26 °C. The electrolyte used was 

0.5 M TBAPF6 in MeCN (figure S1). Solutions were prepared in a volumetric flask in order to 

account for the volume change from the high concentration of supporting salt. CV was performed 

in a 3-electrode cell with a 3 mm diameter glassy carbon disk working electrode (CH Instruments), 

a gold coil counter electrode (CH Instruments), and a fritted Ag/Ag+ reference electrode (fill 

solution: 0.05 M AgBF4, 0.5 M TEAPF6, propylene carbonate). Before every CV, the working 

electrode was polished on a MicroCloth pad with an aqueous slurry of 0.05 μm alumina powder 

(Buehler Ltd.), rinsed with deionized water (Millipore), and dried with lens paper (VWR). In order 

to reference to ferrocene, before every CV measurement, an additional CV was taken in the 

electrolyte with ferrocene as the active material. All CV data was collected on a VSP-300 
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potentiostat (Bio-Logic), and a 100% automated iR compensation was applied. The average 

resistance measured was about 20 Ω, leading to a total voltage compensation of about 0.3 mV for 

the highest currents. CV measurements were taken at scan rates of 10, 20, 30, 40, 50, 75, and 100 

mV s-1 and were used to calculate the redox potential, peak separation, peak current ratio, and 

diffusion coefficient. The redox potential was calculated by taking the average of the potentials 

corresponding to the anodic and cathodic peak currents, while the peak separation was calculated 

by taking the difference between these two potentials. The peak current ratio was calculated by 

taking the ratio of the background corrected peak current for the anodic and cathodic peak.  

Figure S1. Background cyclic voltammograms of 0.5 M TBAPF6 in MeCN taken at a scan rate of 

10 mV s-1. 

In order to calculate the diffusion coefficient, the Randles-Sevcik relationship (figure S2) was 

used for all of the scan rates: 

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝐷

𝑅𝑇
𝜈)

0.5

where ip is the peak current (A), n is the number of electrons transferred (n = 1), F is Faraday’s 

constant (96485 C (mol e-)-1), A is the electrode area (0.0707 cm2), C is the bulk concentration (1 

× 10-6 mol/cm3), R is the universal gas constant (8.314 J mol-1 K-1), T is the temperature (299.15 
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K), D is the diffusion coefficient (cm2 s-1) and ν is the scan rate (V s-1). Again the peak current was 

determined from the peak current from the voltammograms and subtracting an extrapolated 

background current. 

 

Figure S2. Cyclic voltammograms as a function of scan rate for 1 (a) and 2 (c), and the 

corresponding Randles-Sevcik peak-current analysis for 1 (b) and 2 (d). All of the experiments 

were conducted with 1 mM active material in 0.5 M TBAPF6 in MeCN. 

 

Flow Battery Methods and Discussion 

Flow cell measurements employed a research-scale, 2.55 cm2 flow cell described in past work95,129. 

Flow fields were machined from impermeable graphite (Tokai G347B, MWI, Inc.) in-house and 

the engineering drawings are published in past work96. Sigracet® SGL 29AA carbon paper 

electrodes (190 ± 30 μm) were purchased from the Fuel Cell Store and used as received. Both the 

symmetric and full cells were tested with a flowrate of 10 mL/min, a Daramic 175 porous 
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separator, 2 layers of Gore® expanded polytetrafluoroethylene (ca. 250 μm thick) gaskets, and 2 

layers of carbon paper per side. A Cole-Parmer Masterflex® pump drive with an Easy-Load® II 

pump head was used to control the flowrate. Perfluoroalkoxy reservoirs (10 mL) were purchased 

from Savillex, and the volumetric capacities presented within this work only accounted for the 

total volume of electrolyte within the system (20 mL). For the symmetric flow cell, each 10 mL 

reservoir contained 0.05 M 11- / 0.05 M 12- / 0.5 M TBAPF6 in MeCN initially. For the full cell, 

each 10 mL reservoir contained of 0.05 M 20 / 0.05 M 12- / 0.5 M TBAPF6 in MeCN. Premixing 

was employed to mitigate confounding effects of rapid crossover due to the use of Daramic 175, a 

nonselective porous separator. 

All flow cell experiments were controlled with a Bio-Logic VMP3 potentiostat. After 

setting up the initial cell and turning the pump on, the cell was allowed to sit for 30 min prior to 

electrochemical measurements. We then cell was then subjected to electrochemical impedance 

spectroscopy (EIS), followed by galvanostatic cycling with potential limitations (GCPL). EIS 

measurements were taken with frequencies ranging from 200 kHz to 10 mHz with 6 points per 

decade, 5 measures per frequency, and an absolute (sine) amplitude of 10 mV. The EIS is shown 

in figures S3 and S4 for the symmetric and full cell, respectively. GCPL was performed at 5 mA 

cm-2, without any constant potential holds. Voltage limitations were set as -0.3 V – 0.3 V and 0.10

V – 0.58 V for the symmetric and full cells respectively. 
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Figure S3. Symmetric cell EIS at 50% state-of-charge. 

Figure S4. Full cell EIS at 0% state-of-charge. 

Post-Flow Cell Analysis of [1]2- & [1]1- 

After the symmetric flow cell cycling of [1]2- & [1]1-, the solution containing the two 

materials and the electrolyte (TBA-PF6) was recollected and the solvent was removed via rotary 

evaporation. The mixture was analyzed by 11B{1H}, 19F, and 1H NMR spectroscopy for evidence 

of any chemical degradation (easily identified by the presence of any borate decomposition 

products with characteristic resonances around δ 20.0 or 0.0 in the 11B{1H} NMR). There were no 

decomposition products visible in any of the NMR spectra, only resonances matching both the 2- 
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and 1- oxidation states of [1] along with the presence of TBA-PF6. The only non-cluster signal 

visible in the 11B{1H} NMR integrates to below 0.1%, indicating no chemical decomposition of 

the boron cage. 
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Chapter 5: Conclusions 

In conclusion, new methods were developed to rapidly synthesize perfunctionalized 

dodecaborate clusters, thus enabling fine control of desired redox potential and other photophysical 

properties for novel cluster species. A new microwave-based method for synthesizing 

perfunctionalized B12(OR)12 dodecaborate clusters under ambient conditions was demonstrated. 

This method significantly reduced reaction times compared to previously reported protocols while 

completely eliminating the need for handling reactions in inert atmosphere. This method enabled 

rapid synthesis of 20+ known and novel cluster derivatives, including multiple B12(OR)12 species 

featuring higher redox potentials than any reported clusters of this type. The robust nature of the 

microwave-assisted synthesis method also allowed the formation of hybrid vertex-differentiated 

B12(OR)11(OR’) clusters via a one-pot, single-step reaction, previously inaccessible except through 

lengthy multi-step protocols. A new class of vertex-differentiated B12(OR)11(NO2) clusters was 

also developed using the same microwave-based methods, which exhibited redox properties ~ 0.5 

V higher than their B12(OR)12 analogues, further extending the tunable redox window for 

perfunctionalized boron clusters. Lastly, the extreme electrochemical stability of these clusters was 

demonstrated by bulk cycling in a flow cell apparatus. B12(OR)12 clusters in symmetric flow cell 

exhibited no decomposition even after 1000+ hours and ~500 cycles, and a prototype all-boron 

cluster flow battery device exhibited stable cycling for more than a week. In summary, the new 

methods developed allow targeted rapid synthesis of boron clusters with specific photophysical 

and redox properties, enabling significantly accelerated investigation of new research directions. 
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Appendices (Supplemental Spectra & Data) 

Supplemental spectra & data for Chapter 2 
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