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Abstract

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 

demonstated.
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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).1–3 Three-dimensional aromaticity in this icosahedral cluster is manifested in its 

exceptional thermal and chemical stability.4 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,5,6 ethers, esters, 

carbonates, and carbamates.7–12 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.11–19 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.11,12,17 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+.11 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.20–26 

Here 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.

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

decagram scale.20 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-workers20 (Figure 1, [1]). Based on this protocol, one can isolate 
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[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−.11 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.

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 constrast, when [2c]2− was exposed to 

NOBF4, a stronger oxidant, in dry MeCN, neutral [2a]0 formed and was subsequently 

isolated.

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 (Fig. 2a). 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 (Fig. 2a, 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 2).

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 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 2a). Likewise, a 1:5:5 

pattern can be well resolved for the diamagnetic [2a]0 species. Furthermore, the two 
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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 (Fig. 

2b). 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 (Fig. 2c).

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 (Fig. 3a) shows 

a structural similarity to that of the radical [3]1− (Fig. 3c, see SI). Overlaying the two 

structures (Fig. 3b) 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 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−.

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 (Fig. 3b) 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 (Fig. 3 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 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.

Consistent with the reactivity previously observed for [3],18 [2] undergoes a facile SNAr 

reaction with thiols enabling dense functionalization of this class of three-dimensional 

scaffolds (Fig. 4). Under similar conditions to those described for [3] previously,18 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 (Fig. 

4). 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 
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and [2] is potentially well-suited for building atomically precise hybrid nanomolecule 

assemblies.18

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,21–25 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.27–35 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 reagents19 and hybrid materials.36
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Fig. 1. 
(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−).
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Fig. 2. 
(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.
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Fig. 3. 
(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.
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Fig. 4. 
(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.

Wixtrom et al. Page 10

Chem Commun (Camb). Author manuscript; available in PMC 2019 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical abstract
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

