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Abstract

The conceptual understanding of the reactivity of localized main group element radicals in molecules 
and ions has so far been strongly focused on carbon radicals in organic compounds. In this study, 
permanent anions with a radical site localized on the vacant vertex of the corresponding icosahedral 
closo-boranes/carboranes have been characterized by both various (radical) ion-molecule reactions in 
the gas phase and by computational investigations, including conceptual DFT, potential energy 
surfaces (PES) and energy decomposition analysis (EDA). The reactivity of these radical ions towards 
electron-deficient and electron-rich double bonds as well as their halogen and hydrogen atom 
abstraction reactions have been studied. The radical ions were varied with respect to their charge 
state, the nature of the spin-carrying atom and the substituents of the closo-borane scaffold. 
Additionally, their reactivity was compared with that of prototypical electrophilic and nucleophilic aryl 
radicals. Interestingly, not all the (di)anionic radicals are nucleophilic; particularly the ion [B11I11C]–• 
was characterized as highly electrophilic. Hence, simple categorization based on “polarity matching” 
arguments is not sufficient to fully explain the reactivity of these radical ions toward allyl iodide. 
Element-specific spatial extension of the spin density and non-covalent interactions of the allyl iodide 
with the closo-borane framework determine the transition state geometries and energies and 
therefore strongly influence the relative rate of competing reactions. These results showcase both the 
transferability and the limitations of “classical” concepts (as typically applied successfully in organic 
chemistry) for the characterization of ionic borane cluster radicals. Our approach represents a broadly 
applicable, general method for understanding radical reactivity towards a broad range of reaction 
partners.
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1. Introduction

Understanding the chemical nature of localized radicals is essential for controlling the selectivity of 
these highly reactive species in chemical reactions. Although conceptual approaches to categorize 
radical reactivity have comprehensively been explored for organic radicals (e. g., polarity match),1–3 
knowledge on transferability and generalization of these concepts remains largely lacking. Especially 
localized radicals within small multiply charged anions (MCAs) have rarely been studied 
experimentally. In the condensed phase, localized radicals tend to react very fast, making their 
characterization challenging and usually only possible with ultrafast spectroscopy applied during 
radical formation.4–7 Investigating reactions of a selected ionic radical with defined reagents is possible 
in mass spectrometers because highly reactive radicals exhibit extended lifetimes in the low-pressure 
regimes and can collide with gaseous reagents leaked into a vacuum chamber.8 However, such studies 
are often not applicable to multiply charged anionic radicals, as they tend to autodetach electrons in 
the gas phase, thereby limiting their lifetimes.9,10 Electron loss is often facilitated by both 
intramolecular Coulomb repulsion and the formation of an even-electron ion. One strategy to observe 
doubly charged molecular radical anions in the gas phase is the spatial separation of the charge from 
the localized radical center in extended molecular structures, which is realized in so-called distonic 
radical ions. In such cases, the influence of the charge on the reactivity of the radical site can be small 
if the charge and radical sites are widely separated in space.11 The formation of multiply charged radical 
anions, which exhibit a localized radical site in close proximity strongly influenced by the negative 
charge, may only be possible through homolytic bond cleavage within MCAs that possess exceptionally 
high electronic stability.

The closo-dodecaborate dianions [B12H12]2– are well known boron compounds of interest to various 
applications in medicine and materials science.12–21 The halogenated derivatives [B12X12]2– (X=halogen), 
and, in particular, the percyanated derivative [B12(CN)12]2–, exhibit exceptional electronic and structural 
stability.22,23 These dianions and their singly charged closo-carborate analogues [HCB11X11]– have been 
used to stabilize highly reactive cations in chemical synthesis and catalysis.24 However, reports on 
selective homolytic cleavage of stable B-X bonds (with X=halogen) remain scarce. Yet, some 
photochemical approaches have been recently published that demonstrate the substitution of X in 
solution, but potential intermediates and reaction mechanisms remain speculative.25 The heterolytic 
cleavage of a B-X bond in closo-[B12X12]2– ions has been extensively studied in the gas phase by using 
collision-induced dissociation (CID) of either [B12X12]2– or ion pairs [B12X12]2–[M]+ yielding the fragment 
ion [B12X11]– (for X=F, Cl, Br, I, CN, pathway 1, see Figure 1). The [B12X11]– ion is among the most reactive 
even-electron anions known today, as evidenced by its spontaneous binding to noble gases and 
alkanes.23,25–28 Despite its negative charge, [B12X11]– is highly electrophilic due to a positive partial 
charge on the vacant boron atom. Another possible reaction of [B12X12]2– is electron detachment 
yielding [B12X12]–• ions (pathway 2, see Figure 1). The unpaired electron is delocalized, thus rendering 
these radical anions rather unreactive. [B12X12]–• radical ions have been studied in both gas and 
condensed phase.29 In contrast, homolytic cleavage of a B-X bond yields the radical dianion [B12X11]2–• 
with the radical site strongly localized at the vacant boron atom (pathway 3, see Figure 1). The radical 
reactivity of these anions manifests itself, for example, in reactions with (triplet) oxygen 3O2, which 
have been investigated for [B12I11]2–• and [HCB11I10]–• in a previous study.30 Apart from these 
experiments with oxygen, no further characterization or experimental investigation of the reactivity of 
these (di)anionic radicals have been performed. Recent computational studies demonstrated the high 
electronic stability of the dianionic radicals [B12X11]2–• and proposed that the binding of [B12X11]2–• to N2 
and CO2 leads to a considerable activation of these stable molecules.31 However, binding of N2 has 
experimentally only be observed for the even-electron [B12X11]– ions (pathway 1) at room temperature 
and was never observed for [B12I11]2–• in experimental studies at room temperature. Therefore, such 
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computationally predicted activation is likely only relevant for gas-phase reactions at cryogenic 
temperatures, which allows the study of weakly bound complexes.

Figure 1: Three possible fragmentation pathways of [B12I12]2-. Pathways 1 and 3 are observed during 
CID of [B12I12]2-. Pathway 2 requires the presence of a strong oxidizing agent. Semi-transparent spin 
density isosurface representations derived from DFT calculations are shown in pathway 2 and 3 
(isosurface representations are displayed at an isovalue of 0.003). SEO = single electron oxidation.

The aim of the present study is to characterize the reactivity of localized radicals at the “vertex of 
anionic borane icosahedra” – an exceptional radical site that can exist within isolated dianions. The 
chemical character of a radical is often conceptually described by features such as 
nucleophilic/electrophilic properties and polarity matching between the radical and the substrate. 
Although these intuitive (kinetic) concepts are well established for organic radicals and are successful 
in describing differences in radical reactivity (e.g., alternating co-polymerization),32 they are difficult to 
transfer to the less intuitively accessible closo-borate anion radicals. Here, we investigate the reactivity 
of several closo-borate radical anions that we selectively generated in the gas phase ([B12I11]2–• (1), 
[B12(CN)11]2–• (2), [HCB11I10]–• (3), [CB11I11]–• (4), and [B12Br11O]2–• (5)) towards neutral reagents 
introduced into an ion trap (dimethyl disulfide, styrene, methyl acrylate, carbon tetrachloride, allyl 
iodide and allyl chloride). The results provide insights into the role of different ionic parameters on the 
reactivity of the radical, e.g., the ion charge, the boron-bound substituents and the nature of the atom 
on which the spin density is localized.

Striking differences in the reactivity of B- vs C-connected carboranyl derivatives, such as phosphine 
ligands, characterize the B vertex as electron rich and the C vertex as electron poor.33 However, 
detailed studies on the “philicity” of B or C-centered radicals in borane and carborane cage derivatives 
remain elusive.
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Due to their delocalized -electron system, closo-borate anions exhibit three-dimensional 
aromaticity.34 Therefore, we compare the reactivity of closo-borate radical anions with the reactivity 
of organic aromatic radical ions such as distonic quinoline-based radical cations35,36 and phenyl 
derivatives covalently coupled to a charge-tag (e.g., –BF3

–).11,37 Computational chemistry is used to 
understand the differences in the reaction behavior of the radicals by computing potential energy 
surfaces (PES) for the reactions and applying “conceptual DFT” (cDFT).2,3,38 This allows us to assign a 
“chemical character” to localized radicals in closo-dodecaborate anions and their derivatives. 

The increased use of boranes and carboranes as bioisosteric arene mimetics, for instance in the 
functionalization of biomolecules or within organocatalytic frameworks, has given rise to novel radical-
based synthetic methodologies.39–43 A more detailed and conceptual understanding of these 
intermediate radicals and their reactivity could further facilitate the elucidation of mechanisms 
involved in the increasingly important photochemical synthesis of dodecaborate derivatives23,44 as well 
as radical45,46 and photocatalytic47 approaches to functionalize, for example, biomolecules with 
boranes or carborane moieties. 

In addition, the investigation of the reactivity of gaseous dodecaborate anion radicals is an important 
preliminary work for applying these ions in preparative mass spectrometry experiments, as for 
example, enabling the controlled synthesis of new compounds in surface layers by using reactive gas-
phase ions or the selective, covalent charge-tagging of biomolecules at interfaces.28,48–50

2. Methods

2.1 Mass Spectrometry 

All mass spectrometry experiments were conducted using a modified Thermo Scientific LTQ linear 
quadrupole ion trap (LQIT) mass spectrometer equipped with an electrospray ionization (ESI) source. 
The analyte solutions were prepared in methanol and were directly introduced into the ESI source at 
a flow rate of 10-15 μL/min by using a 500 μL Hamilton syringe. The ESI source conditions used were 
3 kV spray voltage, 20−30 (vendor-specific arbitrary units) of sheath gas (N2), 10 (vendor-specific 
arbitrary units) of auxiliary gas (N2), and 275 °C capillary temperature. After ionization of the analytes, 
the ions were transferred into the ion trap, isolated using an isolation width of 0.5-2.0 m/z-units and a 
q value of 0.25 and were allowed to react with different reagents for up to 10,000 ms before all ions 
were ejected for detection. Reagents were introduced into the ion trap (containing 2 mTorr of helium 
buffer gas) via an external reagent mixing manifold similar to that first proposed by Gronert.51 The 
reagents were introduced into the manifold by using a syringe pump at a flow rate of 2-5 μL/hr and 
diluted with helium before entering the ion trap through a variable leak valve. For collision-induced 
dissociation experiments (CID), the advanced scan features of the LTQ Tune Plus interface were used. 
The isolated ions were subjected to CID (collision energy 20-55 arbitrary units) for 30 ms by using 
helium as the collision gas. All mass spectra acquired were an average of at least 15 individual mass 
spectra. Xcalibur 2.0 software was used to process the data.

Note: closo-borate anion derivatives show broad isotopic patterns in mass spectra due to the multiple 
possible combinations of the abundant 11B and 10B isotopes. Here, the above-mentioned narrow 
isolation width targets the isolation of all ions with one nominal m/z value. This results in in a clearer 
determination of m/z differences in the spectrum, e.g., upon adduct formation or H-atom addition. 
However, due to technical reasons, ions with one m/z unit higher or lower can often not be fully 
excluded during the isolation process. In such cases, the same pattern of the reagent ion observed in 
mass spectra is observed for the product ion (if the isotopic pattern of the added molecule/atom is 
negligible). 
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2.2 Computational Studies

DFT calculations were performed using the Gaussian 16, rev. C.02 program.52 Geometry optimization 
was carried out on B3LYP-D3(BJ)/def2-TZVPP level.53–58 Subsequent frequency calculations were 
performed to ensure that the obtained stationary points are either minima or transition states on the 
potential energy surface (PES). In addition, the PES was evaluated for selected examples on M06-2X59-
D357/def2-TZVPP level. This method has previously been applied successfully to find optimized 
geometries for the collision complex (CC) and the transition state (TS).60–62 For 0K attachment 
enthalpies (ΔH0K), the Basis Set Superposition Error (BSSE) was corrected for in a counterpoise63,64 
calculation on the optimized adduct geometry. All outputs of relevant calculations are published in 
ioChem-BD and can be retrieved under the following link:

https://dx.doi.org/10.19061/iochem-bd-6-587

Conceptual DFT (cDFT) calculations were performed with the Multiwfn program, version 3.8.65,66 The 
cDFT implementation used in Multiwfn was described previously.67 To perform cDFT analysis, the 
optimized geometries and their respective wavefunction files were taken from Gaussian 16 runs. 
Additional wavefunction files for N, N+1, N-1, and N-2 electronic states were computed as single point 
calculations with the ORCA program, version 6.068,69 using a B3LYP/G-D3(BJ)/def2-TZVPP level.

Energy decomposition analysis (EDA) was performed within the sobEDA framework70 by partitioning 
the total interaction energy (ΔEint) between two fragments into components due to electrostatic 
interaction (ΔEels), exchange interaction (ΔEx), repulsion interaction (ΔErep), orbital interaction (ΔEorb), 
DFT correlation (ΔEDFTc) and dispersion correction (ΔEdc). ΔEx and ΔErep are typically merged to give an 
exchange-repulsion term ΔExrep (ΔExrep = ΔEx + ΔErep) in the suggested sobEDA scheme. We further 
combine the exchange-repulsion term with the DFT correlation to yield a condensed Pauli repulsion-
type interaction component (ΔEPauli = ΔExrep + ΔEDFTc). This term is intended to resemble the Pauli 
repulsion in the Morokuma-Ziegler EDA partitioning scheme.71–73

2.3. Synthesis of precursor salts

Salts of the anions [1-HCB11I11]–,74 [B12I12]2–,75,76 [B12(CN)12]2–,23 and [B12Br11NO2]2-,77 were synthesized 
according to previously established procedures. [1-IHg-CB11I11]– was generated via CID in an ion trap 
from a reaction mixture initially obtained from HgI2, nBuLi, and Cs[1-HCB11I11], which also contained a 
minor amount of [1-HCB11I10-12-C4H9]–.78

3. Results and discussion

3.1 Generation of localized radical sites in closo-dodecaborate and carborate anions

[B12I11]2–• (1): CID of [B12I12]2– generates the radical dianion 1 by the elimination of I• (eq. 1). The spin 
density is localized on the vacant boron atom as shown in Figure 2. This reaction competes with the 
elimination of an iodide (I–) to generate [B12X11]–.

[B12I12]2- [B12I11]2-.
-I.

CID

(1)

[B12(CN)11]2–• (2): CID of [B12(CN)11I]2– generates the cyano derivative 2 by the elimination of I• (eq. 2). 
The spin density is localized on the vacant boron atom as shown in Figure 2. It should be noted that 
[B12(CN)12]2– is a highly stable ion and thus does not serve as a suitable precursor for ion 2.
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[B12(CN)11I]2- [B12(CN)11]2-.
-I.

CID

(2)

[HCB11I10]–• (3): CID of [HCB11I11]– results in the formation of a radical anion with molecular formula 
[HCB11I10]–• (3) by homolytic cleavage of I• (eq. 3). A mixture of three different isomers is expected to 
form (with the vacant boron site being located ortho, meta or para with respect to the CH group). We 
target to generate the isomer with the vacant boron atom in the para position to the CH group so that 
the steric and electronic situation for the generated radical site is similar to that of the radical site in 
[B12I11]2–• (the spin density-carrying vacant boron atom is surrounded by five iodine substituents). 
Therefore, the precursor [1-HCB11I10-12-C4H9]– was used for this study. CID induces a homolytic B-C 
bond cleavage in this precursor to generate the para-[HCB11I10]–• (3), see Figure 2.

-C4H9
.

CID[1-HCB11I10-12-C4H9]- [1-HCB11I10]-.

(3)

[CB11I11]–• (4): CID of [IHg-CB11I11]– leads to the homolytic cleavage of the Hg-C bond and results in the 
formation of 4 (eq. 4). The spin density is localized on the carbon atom as shown in Figure 2.

[IHg-CB11I11]-
-HgI.
CID

[CB11I11]-.

(4)

[B12Br11O]2–• (5): CID of [B12Br11NO2]2- results in the elimination of the stable NO radical and formation 
of a B-O bond (eq. 5).77 The spin density is localized on the oxygen atom and exhibits a p-orbital 
shape, as shown in Figure 2, and hence clearly differs from the radical anions 1-4 where the radical 
site is localized at the vacant boron/carbon atom of the cage.

[B12Br11NO2]2- [B12Br11O]2-.
-NO.
CID

(5)

In several of the following investigations, the reactivities of the radical ions 1-5 are compared with the 
corresponding reactivity of organic distonic radicals of both polarities. 

[C9H7N]+• (Q): Protonated 6-iodoquinoline was used as a precursor. CID results in the elimination of I• 

(eq. 6). The spin density is localized on the vacant carbon atom, as shown in Figure 2.

[C9H7IN]+ [C9H7N]+.
-I.

CID

(6)

[C6H4BF3]–• (B): 3-Iodophenyltrifluoroborate anion was used as a precursor for the generation of this 
organic radical anion. The elimination of I• yielding B is only a side reaction pathway (eq. 7). 
Predominantly, I– elimination was observed.

[C6H4BF3I]- [C6H4BF3]-.
-I.

CID

(7)
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Figure 2: DFT-calculated optimized geometries and semi-transparent isosurface 
representations of the spin density (a–b spin) of the five closo-borate radical anion derivatives 
1-5 and the two organic radical ions Q and B investigated in this study. Isosurface 
representations are displayed at an isovalue of 0.003. At the bottom right of each geometry, 
a pictogram is introduced, which will be used throughout the results section to signify the 
respective radical ions.

3.2. Reactions with dimethyl disulfide (DMDS)

The thiomethyl abstraction reaction from dimethyl disulfide (DMDS) has been established in previous 
studies to confirm the chemical availability of localized radical sites in gaseous ions.79 All the ions shown 
in Figure 2 indeed exhibit this reactivity, demonstrating the presence of a reactive radical site within 
all the ions. A product at + 47 u (thiomethyl abstraction) was observed in all cases when DMDS was 
introduced as neutral reagent gas into the ion trap (see mass spectra in Figure S1). The oxygen-
centered radical of ion 5 showed a competing reaction by abstracting H• from DMDS.

3.3. Reactivity with methyl acrylate and styrene

A mixture of methyl acrylate (MA) and styrene (ST) (see structures in Figure 3a) was introduced into 
the ion trap for reactions with the borane radical ions 1-5 and the organic ions Q and B. MA has an 
electron-deficient C=C bond while ST exhibits a more electron-rich C=C bond. These two reagents were 
chosen because both of them form stable adducts with ions 1- 5, Q and B with similar reaction 
enthalpies (see Table 1 and mass spectra in Figures S2 and S3). Therefore, the different abundance 
ratios of MA and ST products might directly correlate with their respective affinities for electron-poor 
or electron-rich double bonds. The formed adducts are likely efficiently thermalized by collisions in the 
ion trap.80 It should be noted that the exact ratio of the two reagents in the ion trap cannot be 
controlled by us with the available experimental setup. Therefore, the observed abundance ratio of 
MA and ST products for a given ion do not necessarily reflect its affinity because the ratio of MA and 
ST in the gas phase during the reaction is unknown. However, this ratio of the two components was 
kept constant over the duration of the experiments with all ionic radicals (see section 2.1). Therefore, 
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the changes in the abundance ratio of MA and ST products within the series of probed ions may provide 
insights into the different binding affinities of various radical ions.

Figure 3a shows the mass spectra obtained for reactions of ions 1-5 with the gas mixture of ST and 
MA. In addition to the signals of the stable adducts with MA and ST, less abundant products formed 
upon O2 binding were also observed (see Figure S4 for the full mass spectrum). For the organic cationic 
radical Q, the ST adduct marked in orange was observed in higher abundance than the MA adduct 
marked in green in Figure 3. The reaction is much slower for ion B and instead, other product ions are 
observed, which are known decomposition products of ion B after binding O2.11 For anion B, only the 
MA adduct and no ST adduct was observed (see Figure S5 for zoomed-in mass spectrum). For dianions 
1 and 2, the MA adducts are >200% more abundant than the ST adducts. Therefore, the reaction 
behavior of these dianions shows more similarities with the reaction behavior of anion B than with 
cation Q. For the singly charged ion 3, the relative abundance of the ST adduct is greater than for 1 
and 2. In contrast to the borane radicals with vacant boron center, the ST adduct is more abundant for 
ions 4 and 5 than the MA adduct. Therefore, the reaction behavior of these two anions is more similar 
to the reaction behavior of the cation Q than to the reaction behavior of anion B.
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Figure 3: Mass spectra obtained after 1000 ms reaction between isolated ions 1-4, B, and Q with a 
mixture of MA and ST and 3000 ms reaction time between isolated ion 5 with a mixture of MA and ST 
in the ion trap of a linear quadrupole ion trap mass spectrometer. The isolated radical ion is marked in 
yellow. The products formed after binding with MA and ST are marked green and orange, respectively. 
The ion formed by O2 binding of the MA-adduct is marked in blue. In the case of ion 5, H atom 
abstraction occurs as the major reaction pathway and the product is marked in red, for details see 
Figure S6. b) Electric field in front of the vacant sites of ions 1-5, B, and Q. Green to black areas mark 
regions of increasing repulsive field strength on a negative point charge while red to blue areas indicate 
attraction on a negative point charge. The electron density regions within the molecular surface 
(0.001 a.u. isosurface) have been colored grey. The electric field strength was computed by numerically 
differentiating the electrostatic potential with respect to the atomic coordinates of the vacant sites of 
the respective ions. GN/C = giganewton per coulomb.

Dianions 1 and 2 show similar reactivity and binding enthalpies, despite their different substituents. 
Although the reactivity of the even electron ions [B12X11]– has been shown to depend on the 
substituents X,81 this does not appear to be the case for [B12X11]2–•. The strongly preferred binding of 
electron deficient MA by ions 1 and 2 and an increased affinity of ion 3 towards the more electron-rich 
ST indicates that 1 and 2 are more nucleophilic/less electrophilic than the singly charged analogue 3. 
Reduced nucleophilicity/increased electrophilicity is intuitively expected for a lower negative charge 
state. Remarkably, the anionic carborane radical 4 shows a product ratio similar to that of the organic 
cation Q, indicating that this borate anion with the localized spin density on a vacant carbon atom 
should be described as strongly electrophilic similar to a phenyl cation. A similar ratio of MA and ST 
products, as observed for ion 4, was observed for the dianion 5 with a localized oxygen radical site, but 
H atom abstraction is the dominant reaction channel. The typical H atom acceptor property of oxygen-
localized radicals known from organic oxygen radicals56 is apparently not significantly affected by the 
double negative charge of the ion, although it has been reported that negative electric fields or the 
presence of negative charge-tags increase the barrier for H atom abstraction as compared to neutral 
radicals.82

3.4. Conceptual descriptors of electrophilic and nucleophilic reactivity

Partial positive/negative charge at the reactive site of an ion is an indicator of its 
electrophilic/nucleophilic reactivity. We computed the electric field surrounding all the investigated 
ions by calculating the first derivative of the electrostatic potential (ESP) with respect to the nuclear 
coordinates of the vacant atoms for all investigated ions. A two-dimensional visualization is provided 
in Figure 3b. The ESP plotted on the molecular surface of the probed ions can be found in Figure S7. As 
can be expected from the overall charge state of the ions, only cation Q exhibits a long-range attraction 
for negative charges as shown by orange and red color, while the anions exhibit long-range repulsive 
forces as shown by green to black colors. However, there is a distinct difference in the magnitude of 
the field strength in close vicinity to the vacant sites: Ions 1, 2 and 5 exhibit a highly repulsive region 
for negative charge with field strengths exceeding 40 GN/C directly in front of the vacant site while 
carborates 3 and especially 4 show a reduced repulsive field. In the case of 4, the area close to the 
vacant carbon atom may be described as an “entrance channel” that could allow for nucleophilic 
reagents to approach the ion without substantial repulsion (light green path). Remarkably, close to the 
molecular surface, anion 4 possesses attractive force on negative charges. We conclude that the 
electric field near the radical site promotes a strong nucleophilic reactivity for radical anions 1, 2, and 
B, a weaker nucleophilic reactivity for ion 3 and an electrophilic reactivity for ions 4 and Q. This is in 
line with the experimentally observed reactivity shown in Figure 3a towards the competition 
experiments with the mixture of MA and ST. On the other hand, the strong electrophilic reactivity of 
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ion 5 cannot be promoted by the electric field near the binding site, since a repulsive force is expected 
for nucleophiles.

To gain further independent insight, we used conceptual DFT (cDFT) that allows us to assign global 
electrophilicity (ω) and nucleophilicity (ω-) indices to chemical species, which can be further condensed 
to their atoms yielding local indices ωX (here: X=C, B or O) and can be used to characterize the vacant 
atoms of the investigated radicals. Table 1 lists the calculated values. We encountered methodological 
problems during assigning ω and ω- to charged species by using cDFT: 

The calculation of the electrophilicity index ω uses ionization potentials (IP) and electron affinities (EA), 
which describe the energy required to bring an electron from the radical to infinite distance, or the 
energy gained by the approach of an electron from infinite distance and its attachment to the radical, 
respectively. Describing electrophilicity based on these two physical quantities is thus based on the 
assumption that the energetics of receiving electron density from a reagent correlates with the 
energetics of attaching an electron approaching from infinity. Similarly, it is assumed that the 
energetics of providing electron density from a radical to a reactant correlates with IP. These 
assumptions conceptually appear reasonable for neutral radicals and have successfully predicted 
trends in radical selectivity towards electrophilic and nucleophilic reaction partners.1,2 However, we 
want to raise attention about issues with a direct transfer of this concept to ionic radicals: If a radical 
carries a non-zero charge, the energetics of electron attachment (value of EA) and electron 
detachment (value of IP) are largely determined by the long-range Coulomb interaction between two 
charges (ion & electron), whereas receiving or releasing of electron density for bond formation with a 
neutral reaction partner is not. A more detailed explanation of the problem is given in section S8 of 
the SI. To circumvent this problem and to be able to assign chemically meaningful values for the local 
cDFT descriptors, we artificially included counterions (Na+ for anions, Mg2+ for dianions and F– for 
cation Q) into the computational investigation of the ionic radicals and located them spatially 
separated from the radical site of the ion to ensure the least possible disturbance of the radical site. 
The organic radical anion B, as well as the borate (di)anions 1-3, show a higher local nucleophilicity 
index than electrophilicity index on their vacant atoms, while the opposite was found for the organic 
cation Q, the carborate anion 4 and dianion 5. This is well in line with the experimentally observed 
reactivity trend.

Table 1. 0K attachment enthalpies (B3LYP-D3(BJ)/def2-TZVPP) for the reactions of radical ions 1-5, Q 
and B with MA and ST and global and local cDFT descriptors for their artificially neutralized forms. Note 
that 5 as an O-centered radical has a strong preference for H atom abstraction in comparison to adduct 
formation and is thus highlighted in grey. Also note that the attachment enthalpies slightly deviate 
from the values plotted in the diagram in Figure 3 due to differences in the computational method. 
ω = electrophilicity index, ω– = nucleophilicity index, ωX/ω–,X =  local electrophilicity/nucleophilicity 
index for atom X. Red and blue font color mark the two highest local electrophilicity and nucleophilicity 
values (highest: bold), respectively.

Ion

Enthalpy MA 
binding 
(kJ/mol)

Enthalpy ST 
binding 
(kJ/mol)

neutralized 
form

global ω 
(eV) local ωX 

(e•eV)

global ω– 

(eV) local ω–,X 
(e•eV)

1 -199 -208 1-Mg 2.47 0.16 3.32 0.74
2 -203 -209 2-Mg 3.30 0.46 1.56 0.48
3 -190 -199 3-Na 2.53 0.30 3.01 0.65
4 -166 -180 4-Na 4.28 0.78 2.71 -0.14
5 -107 -126 5-Mg 3.23 0.95 2.04 0.01
Q -185 -218 Q-F 1.69 0.61 1.96 0.54
B -174 -181 B-Na 1.20 0.26 3.16 0.87
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The higher affinity of Q, 4 and 5 towards electron-rich C=C double bonds in comparison to ions B, 1, 2 
and 3 is only tentatively reflected in the calculated reaction enthalpies with MA and ST. Table 1 lists 
calculated 0K reaction enthalpies H0K. Binding to ST is in all cases more thermochemically favorable 
than binding to MA. For the radicals with higher nucleophilicity, 1-3 and B, H0K differences were found 
to be between 2-5% and for the radicals with higher electrophilicity, Q, 4 and 5, they were between 8-
18%. However, electrophilicity and nucleophilicity are reaction kinetic concepts and not necessarily 
correlated with reaction enthalpy. Instead, barriers along the reaction coordinate are the most 
concrete descriptors of electrophilic/nucleophilic reactivity. Fast reactions of a radical ion with a 
neutral reagent in the gas phase proceed via transition states that are lower in energy than the 
separated reagents (formally representing a negative activation energy). However, the measured 
reaction rates/efficiencies in the gas phase of radical ion-molecule reactions are often lower than the 
collision rate. This is explained by the TS constituting an entropic bottleneck for the reaction.83 
Differences in TS energies for radical ion–molecule reactions have been correlated with experimentally 
observed differences in reaction rates, e.g., for addition reactions of unsaturated hydrocarbons like 
ethylene.84 Figure 4 presents an excerpt of the potential energy surface (PES) including TS energy 
values for the two competing reaction pathways—addition to either ST or MA —by examining the 
singly charged electrophilic organic radical ion Q and the nucleophilic organic radical ion B, as well as 
the electrophilic borate anion 4 and the nucleophilic borate anion 3. Energies were computed using 
the M06-2X hybrid functional that was successfully applied previously for accurate PES modeling of 
radical ion-molecule reactions.84 The TS for MA binding (TS(MA)) was found energetically below the 
transition state for ST binding (TS(ST)) in the case of 3 and B, while the situation is reversed for 4 and 
Q, underlining their conceptual assignment as nucleophilic and electrophilic, respectively.

Figure 4: PES diagrams showing the 0K reaction enthalpy for the formation of CC, TS and CA between 
ions 3, 4, B, and Q and MA (green paths) or ST (orange paths), calculated on M06-2X-D3/def2TZVPP 
level. Note that the CA states are not explicitly shown. CC = collisional complex, TS = transition state, 
CA = covalent adduct, MA = methyl acrylate, ST = styrene.

The described reactions with MA and ST as well as the cDFT investigations allow us to assign a strong 
electrophilic character to the radicals 4 and 5 despite their overall negative charge. The electric field 
near the reactive site of ion 4 supports the attraction of nucleophiles. In the case of ion 5, however, 
the electric field does not support a low barrier for the reactions with nucleophiles. The observed 
reactivity may therefore be the result of a strong thermochemical driving force as can be explained by 
the high bond dissociation energy (BDE) of O–H.85 
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3.5. Reactions with carbon tetrachloride

To confirm the conceptual categorization as electrophilic and (more) nucleophilic radicals, using a 
different type of reagent, reactions with carbon tetrachloride (CCl4) were probed. Halogen atom 
abstraction (XAT) from electrophilic CCl4 is associated with nucleophilic radical reactivity86,87 as 
deduced from the concept of polarity matching.88 Figure 5 demonstrates that the organic electrophilic 
radical cation Q and the borate anion 4 do not react with CCl4. In contrast, the more nucleophilic radical 
anion B and the borane anion 3 show Cl atom abstraction under the same reaction conditions, further 
underlining the conceptual categorization (Q and 4 electrophilic, B and 3 nucleophilic). 

Figure 5: Mass spectra obtained after 1000 ms reaction between isolated ions Q, B, 4 and 3 with carbon 
tetrachloride in the ion trap of a linear quadrupole ion trap mass spectrometer. The ion trap also 
contained ubiquitous residual O2 gas. The signal of the isolated radical ion is marked yellow. Ions B and 
3 react with carbon tetrachloride to form the Cl• abstraction product ions (marked in green). Binding 
with residual O2 gas is marked in blue. The mass spectra obtained after 1000 ms reaction time between 
isolated ions 1 and 2 with CCl4 are shown in Figure S9.

3.6. Reactions with allyl iodide

Allyl iodide has been used in a variety of studies over the past decades as a neutral reagent to study 
radical reactivity of gaseous ions. Distonic phenyl or quinolyl radical cations were shown to primarily 
abstract I atoms (I•) from this reagent.89,90 Allyl radical (C3H5

•) abstraction and H-atom abstraction were 
either not observed or only observed as minor competing pathway.37,89,91 Employing the avoided curve-
crossing model,82,92 it has been rationalized that polarization effects are responsible for the 
experimentally observed preference for I atom abstraction due to a lower-lying transition state.89 To 
the best of our knowledge, the competition between allyl radical and I atom abstraction has not been 
systematically discussed in previous studies. The reported comparisons of distonic radical cations 
indicate that the allyl radical/I atom abstraction ratio increases as the distonic radical becomes more 
electrophilic due to additional electron-withdrawing functional groups or reduced spatial separation 
of the cationic charge-tag.35,36 However, with increasing electrophilicity, the reaction rate also 
increases, and the higher allyl radical/I atom abstraction ratio may be the result of an overall lower 
selectivity, which often accompanies higher reactivity.
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Previous studies on the reactions of allyl iodide with anionic radicals are sparse. meta-Benzyne 
diradicals with a negatively charged substituent have been reported not to react with allyl iodide, while 
a meta-benzyne diradical with a positively charged substituent does.37 The overall electron-
rich/nucleophilic character of allyl iodide was proposed to bias its reactions with the anionic diradical. 
Reactions of allyl iodide with a negatively charged distonic phenyl radical has been reported to occur 
slowly via I atom abstraction.93 Similarly, in this study, allyl iodide was found to react with anion B (see 
Figure 6) although slower than cation Q (see Figure S10). However, a minor allyl radical abstraction 
was also observed in both cases. All anionic borane radicals 1-5 also reacted with allyl iodide, as shown 
in Figure 6. In contrast to the organic radicals, I atom abstraction was not observed as the dominant 
reaction channel. Allyl radical abstraction is the major reaction for ions 1-3. The I atom abstraction 
product is substantially more abundant for ion 4 than in case of the other borate anions. In the case of 
ion 5, H atom abstraction dominates (this was also observed for the reactions with MA and ST; see 
section 3.3).
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Figure 6: Mass spectra obtained after 500 ms reaction of isolated ions Q, B, 1, 2, 3, 4 and 5 with allyl 
iodide in the ion trap of a linear quadrupole ion trap mass spectrometer. The isolated radical ion is 
marked in yellow. The allyl radical abstraction and I atom abstraction product ions are marked in 
orange and green, respectively. In the case of ion 5, H atom abstraction occurs as the major reaction 
pathway (marked in red); for details, see Figure S11.

Table 2 shows the calculated reaction enthalpies for the three competing pathways (allyl radical 
abstraction, I atom abstraction and H atom abstraction) for all the ions, 1-5, Q and B. A comparison 
with Figure 6 shows that the detection of the dominant H atom abstraction only for 5, and its absence 
for the other ions, can be explained by thermochemical arguments. In contrast, the competition 
between allyl radical and I atom abstraction is not simply predictable by the reaction enthalpies. The 
enthalpies listed in Table 2 do not reflect the experimentally observed tendency of 4, Q and B for 
preferred I atom abstraction, which clearly indicates that the reaction is kinetically controlled and a 
lower barrier for I atom abstraction than for allyl radical abstraction must control the observed 
reactivity in these cases. The experiments shown in Figure 6 were repeated using allyl chloride instead 
of allyl iodide (see Figure S12). Allyl radical abstraction was exclusively observed for all radicals, 
confirming that the interactions of the radical site with the electron-rich, polarizable iodine atom in 
allyl iodide is responsible for the kinetic effect. However, the conceptual assignment of all probed ions 
to nucleophilic or electrophilic reactivity (see sections 3.2-3.4) cannot fully explain the different ratios 
of allyl radical and I atom abstraction: Q and B, the two organic ions of opposite polarity and opposing 
electrophilic/nucleophilic character, both show dominant I atom abstraction. Although it was 
concluded that ion 4 has a similar electrophilicity to Q, the allyl radical abstraction product and the 
I atom abstraction product are similarly abundant for 4. Apparently, conceptual electrophilic and 
nucleophilic character of the radical are not the only parameters which determine the transition states 
for the competing reactions. The similarity of product ratios in the case of B and Q and the observation 
that 4 takes an intermediate position by forming both allyl radical and I atom abstraction products in 
similar abundance leads to the conclusion that parameters like the molecular framework (borane 
scaffold vs. organic aromatic residue) and the element on which the spin density is localized (B vs. C) 
could play a crucial role for the reaction with allyl iodide.

Table 2. 0 K reaction enthalpies ΔH0K (B3LYP-D3(BJ)/def2-TZVPP) in kJ/mol for the competing reaction 
channels I atom abstraction, allyl radical abstraction and H atom abstraction from allyl iodide by the 
investigated ions 1-5, Q and B.

Ion I• atom 
abstraction C3H5

• abstraction H atom (H•) 

abstraction
Q -110 -181 -126
B -122 -149 -102
1 -179 -156 -33
2 -181 -170 -97
3 -174 -157 -82
4 -84 -139 -107
5 3 -86 -92

Figure 7a shows the calculated PES, including separated reagents and TS for the reactions of 1, 3, 4, B 
and Q with allyl iodide. The energetics for the attack of the radical via the C=C double bond (DB, 
resulting in allyl radical abstraction) are shown in red. The energetics for attack of the radical via iodine 
(resulting in I atom abstraction) are shown in purple. For 1 and 3, the PES are qualitatively similar, 
which is in agreement with the observed reactivity. The energetic barrier for I atom abstraction (TS(I)) 
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is substantial, while only a small and lower-energy barrier (TS(DB)) exists for allyl radical abstraction. 
This is in line with the experimentally observed preference of allyl radical abstraction for the borane 
anions 1-3 with a vacant boron atom. The energetic difference between the TSs for the abstraction of 
the I atom and allyl radical is greater for the doubly charged ion 1 than for the singly charged ion 3. 
This is in agreement with the experimentally observed slightly higher affinity of ion 1 for allyl radical 
abstraction as compared to I atom abstraction, than in the case of ion 3 (see Figures 5 and S10). In the 
case of ion 4, TS(I) is much lower than for 1 and 3, making this reaction pathway more competitive 
with the allyl radical abstraction. In contrast, the energetic situation for the anion-tagged phenyl 
radical B appears to be reversed: unlike for the ions 1, 3 and 4, as described above, the transition state 
for attack via the double bond (TS(DB)) lies above TS(I). Although this energetic difference between 
TS(DB) and TS(I) appears small, the reaction for I atom abstraction is almost barrierless, whereas allyl 
radical abstraction involves a higher-energy TS. The PES for cationic Q appears qualitatively similar to 
that of B but TS(I) is even lower in energy, favoring I atom abstraction even stronger than B. This is in 
agreement with the experimental findings (Figures 5 and S10). Therefore, all experimentally observed 
trends for the reactions with allyl iodide as well as MA and ST are in good agreement with the 
computed PES. We conclude that DFT models using the M06-2X hybrid functional are well suited for 
qualitative comparisons and for predicting trends in the reactivity of the studied borane and aryl 
radical ions.
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Figure 7: a) PES diagrams (M06-2X-D3/def2-TZVPP) for binding of ions 1, 3, 4, B, and Q to allyl iodide 
via its I atom (purple paths) and the C=C double bond (red paths). Note, that the covalently bound 
adducts (CA) are not explicitly shown. b) Excerpts of the optimized geometries of the collision complex 
(CC) of the reactants (left), TSs (middle), and CAs (right) for binding of ions 3, 4, and B to allyl iodide, 
plotted against the distance of the I atom of allyl iodide to the spin-carrying C/B atoms of the ions. c) 
Two-dimensional contour line plots of the spin density surrounding ions 1, 3, 4, B, and Q. Yellow 
colored areas have equal dimensions in all plots and demonstrate that the spin density in 4, B and Q 
are more compact than in 1 and 3. *Pauli repulsion refers to the sum ΔEPauli = ΔExrep + ΔEDFTc (see section 
2.2).

In order to gain a deeper understanding of the role of the charge on the reactions of borane and 
phenyl/quinolyl radicals with allyl iodide, the PES for two neutral radicals, [(HC)2B10I9]• and [C6H5]•, 
which cannot be investigated by mass spectrometry, were computed. [(HC)2B10I9]• has the CH groups 
on the opposite side of the vacant boron atom and hence complements 1 and 3 in a series of borane 
radicals that only differ by the substitution of B-I with C-H groups. The phenyl radical complements Q 
and B in a series of organic radicals with the spin density localized on a carbon atom. A comparison of 
the PESs can be found in Figure S13. The PESs support the conclusion that, regardless of the charge 
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state, a high-energy TS(I) occurs in reactions of the borane radicals, whereas I atom abstraction is 
almost barrierless and TS(I) is consistently lower in energy than TS(DB) for phenyl/quinolyl radicals. For 
the latter, TS(DB) lies much higher in energy. Nevertheless, the PESs are modulated by the charge state, 
in that TS(DB) is energetically stabilized in a series of radicals with increasing negative/lower positive 
charge. This results in an increasing preference for allyl radical abstraction with more negative/less 
positive charge on the ions as observed experimentally for both organic and borane radicals.

One possible explanation for the high barrier for I atom abstraction in the case of the borane radical 
anions could lie in the five sterically demanding iodine substituents that surround the vacant boron 
atom, while the phenyl/quinolyl radicals appear to be more accessible to allyl iodide. To validate this 
hypothesis, we computed the PES for the reaction of allyl iodide with the hypothetical derivative 
[HCB11F10]-• (relating to iodo species 3) that possesses much smaller F substituents close to the vacant 
boron site. However, this substitution with fluorine atoms had hardly any effect on the PES (see S14). 
This is also consistent with the experimentally observed reaction behavior of ions 1 and 2 being almost 
identical (Figure 6; I vs. CN substituents). Therefore, we conclude that steric or electronic effects of the 
borane substituents do not influence the barrier height substantially. Carborane anion 4, with a borane 
scaffold just like ions 1 and 3 but a carbon atom as the center of spin density (like ions Q and B), holds 
an intermediate position in terms of reactivity and barrier height (compare Figures 6 and 7a). This leads 
to the hypothesis that the transition states TS(I) and TS(DB), which determine the competition for 
iodine atom and allyl abstraction, are determined by two different components (i) and (ii):

(i) an element-dependent component of the spin-carrying atom, i.e., a repulsive interaction 
between the vacant boron atom and the iodine atom in allyl iodide, which is significantly 
reduced in the case of a vacant carbon atom. This repulsive component plays an important 
role for the barrier height in 1-3, but hardly any for ions 4, Q and B.

(ii) a framework-dependent interaction, which is similar for borane anions 1-3 and 4, and in 
particular, lowers the transition state energy for allyl abstraction compared to the 
transition state energies observed for phenyl ions.

The strong influence of both, the spin carrying atom and the non-covalent interactions between allyl 
iodide and the borane/phenyl–moiety becomes evident when analyzing the geometries and 
interaction energy components of the CC, and the TS for ions 3, 4 and B. Figure 7b shows this analysis 
for I atom abstraction. The corresponding geometries for ions 1 and Q can be found in S15. For B, the 
C•—I–C angle stays 180° during the approach of allyl iodide. In the case of borane anion 3 with a vacant 
boron atom, the B•—I–C angle is 70.4° in the reactant complex, preventing a direct alignment of the 
I atom of allyl iodide with the vacant boron center. Ion 4 with its C-centered radical represents an 
intermediate situation with a C•—I–C angle of 104.5° for the reactant complex.

Energy decomposition analysis (EDA) within the sobEDA scheme was employed70 to partition the total 
interaction energy between the radicals and allyl iodide into the chemically meaningful components: 
electrostatic interactions, orbital interactions, Pauli repulsion and dispersion interactions. The 
interaction of allyl iodide in different angles and distances with 3, 4 and B was compared, and the 
results are shown using a bar chart representation in Figure 7b. The repulsive Pauli repulsion is shown 
in red and the attractive components are represented by green bars. This provides a deeper insight 
into the interactions that cause the different PES for the different types of radicals. First, the 
interaction of allyl iodide with the three ions was compared by choosing a B•/C•—I distance of 2.84 Å 
and a B•/C•—I–C angle of 180° (see the blue background inset in Figure 7b). Note that this angle was 
found only to be favorable for ion B. A comparison of the four energy components for ions B and 4 
shows almost identical values. Apparently, the interactions of the iodine atom of allyl iodide with the 
carbon-centered radical is similar in both cases and independent of the framework (borane or phenyl). 
In contrast, in the case of ion 3, significantly higher values of the energy components are calculated, 
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demonstrating that the substitution of carbon by boron under identical geometrical constraints results 
in a significantly larger interaction with the iodine atom of allyl iodide. A two-dimensional 
representation of the spin density in the interaction plane of the radicals with allyl iodide in Figure 7c 
shows that the spin density, which is localized at the vacant boron atoms in ions 1 and 3, is more 
spatially extended than that localized at the vacant carbon atoms in ions 4, B and Q. This is shown by 
comparison with a yellow-colored surface area, which is equal in all spin density representations. The 
difference between C- and B- centered radicals may stem from the “element-specific“ difference in 
electronegativity, which is higher for C therefore causing the unpaired electron to get closer to the 
nucleus (i. e., smaller extension of spin center).

A comparison of the EDA results of the TS(I) structures of ions 3 and 4, which have the same B•/C•—I 
distances of 2.39 Å, show that the larger barrier height for 3 can be rationalized by a 1.5-fold stronger 
Pauli repulsion. This strong additional repulsion can only be partially compensated by more favorable 
electrostatic interactions and orbital interactions. Therefore, we conclude that a spatially demanding 
boron-centered radical contributes to the barrier height observed for ions 1-3 and explains component 
(i). Based on the aforementioned result that ions 4 and B show almost identical interactions with allyl 
iodide for the 180° B•/C•—I–C arrangement at 2.84 Å, EDA was used to investigate why reducing the 
angle is favorable for 4 but not for B (compare optimized structures in Figure 7b; reducing the angle is 
marked by arrows). Both B and 4 show an increase in Pauli repulsion upon decreasing the angle. While 
this increase in repulsive interactions is not compensated for by attractive components for B, a strong 
increase in attractive electrostatic interactions and orbital interactions occurs for ion 4. Therefore, 
different potential energy surfaces for borane and phenyl scaffolds can be attributed to being 
influenced by the non-covalent interactions of allyl iodide with the ions. The combination of preferred 
non-covalent interactions with the borane framework and the less-repulsive interaction with a spin-
carrying carbon instead of boron results in the energetically lowest TS(I) for 4 in the series of 
investigated ions. For the competing allyl abstraction, the spin carrying atom was found to play no 
important role for the energy of the transition state. EDA of TS(DB) structures shows that in particular 
electrostatic interactions are responsible for a stronger stabilization of TS(DB) in borane ions like 3 and 
4 as compared to, e.g., B (see Table S2), explaining component (ii).

The described influences on the reaction barriers for the reactions of the borane radical ions 1-5 and 
organic radical ions Q and B with allyl iodide are determined by several aspects, which at first glance 
are not directly related to the intuitive concept of nucleophilicity and electrophilicity of radicals. 
However, it should be noted that the two highly electrophilic ions 4 and Q exhibit the energetically 
lowest-lying TS(I)s (Figure 7a), which contributes to the enhanced I atom abstraction affinities in the 
respective series of borane and organic radical ions. However, the competition between allyl radical 
and I atom abstraction for the probed ions can only be fully understood by considering the Pauli 
repulsion of B- vs. C-localized radicals and the interactions of allyl iodide with the ionic framework of 
the radical.

4. Conclusion

The chemical character of the five closo-borate anion derivatives [B12I11]2–• (1), [B12(CN)11]2–• (2), 
[HCB11I10] –• (3), [B11I11C]–• (4) and [B12Br11O]2–• (5) with localized spin density has been explored and 
characterized by comparison with a quinoline radical cation Q and a BF3-substituted phenyl radical 
anion B. The reactivity of the oxygen-localized radical 5 is mainly determined by the strong 
thermochemical driving force for H-atom abstraction. Therefore, despite its dianionic charge, a similar 
reactivity was observed as known for phenoxy radicals. The reactivity of the other radicals with a boron 
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or carbon atom-localized radical site is governed by kinetic effects. Comparison of the competing 
binding of the double bonds of electron-deficient methyl acrylate and electron-richer styrene leads to 
the conclusion that dianions 1 and 2 are nucleophilic radicals but still show some binding with styrene, 
which was not observed for anion B. This nucleophilic character is reduced for anion 3. For anion 4 
(despite its negative charge), a strong electrophilic character has to be assigned, also evidenced by 
binding properties similar to cation Q.

However, using electrophilicity and nucleophilicity to categorize the observed binding preferences 
reaches its limitation when the reaction with allyl iodide is considered. The closo-borate anions with 
the spin density localized on boron atoms (1-3) show preferred allyl radical abstraction, while the 
phenyl ions Q and B (independent of their polarity) show preferred iodine atom abstraction. Ion 4 
constitutes an intermediate position. These observations were explained as follows: (i) The spatial 
extension of the spin density is greater in the case of a boron-centered radical than in the case of 
carbon-centered radical, resulting in more repulsive interactions with the electron cloud of the iodine 
atom (i.e., greater Pauli Repulsion) for 1-3 than for the C-centered radicals 4, Q and B. (ii) Interactions 
of the allyl residue with the three-dimensional closo-borane framework result in a different geometry 
of CC and TS for 1-4 than for Q and B with their two-dimensional aromatic framework. An energetically 
low-lying TS for DB binding in the case of borate radical anions as compared to the phenyl-based 
radicals can be traced back to a substantial increase in the electrostatic interactions for the borate 
radical anions. This demonstrates how both element-specific properties of the spin-carrying atom and 
interactions of the bulky borane scaffold with molecular groups of the reaction partner are important 
for understanding the details of the reactivity of closo-borate radical anions.

Comparing the experimentally obtained results with the computational descriptors demonstrates the 
ability of these methods to accurately predict the chemical reactivity of closo-borane radicals. Notably, 
using the M06-2X functional to reliably model CCs and corresponding TSs reproduces experimental 
trends for competing reactions—specifically, MA vs. ST binding and iodine atom vs. allyl radical 
abstraction from allyl iodide. It should be noted that the B3LYP functional failed to reliably locate CC 
structures on the PES (local minima prior to TS) in our investigations. Analyzing electric fields in front 
of the reactive radical site does successfully predict the trends observed for ions 1-4. In particular, the 
electrophilic reactivity of carborane 4 is rationalized by reduced repulsion of negative point charges 
approaching the radical site of the anion. However, it should be noted that the electric field alone does 
not predict the electrophilic properties of dianion 5 that are not based on the partial charge on the 
spin-carrying atom. Conceptual DFT investigations qualitatively align with experimentally observed 
trends in nucleophilicity and electrophilicity, however, it was found that “artificial neutralization” of 
the investigated system is required, which has not been used in previous investigations using 
conceptual DFT for ionic radicals. We propose that including a counterion spatially separated from the 
radical site should become a standard for conceptual DFT investigations of ions. The necessity for such 
a neutralization in the computational investigation becomes obvious by the exceptional case of ion 4 
(a strongly electrophilic, anionic radical), which is otherwise predicted to be strongly nucleophilic by 
conceptual DFT.

The conceptualization of ionic radicals presented here may form a basis to understand the chemical 
nature of uncommon ionic radicals that are formed as intermediates in (photochemical) reactions. 
Furthermore, these radicals may be applied for direct bond forming preparative chemistry after 
generation and mass selection in the gas phase and their soft-landing into layers of reagents on 
surfaces using preparative mass spectrometry.
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Data availability

Data for this article, including input and output files of computational investigations and raw data files 
of mass spectrometry investigations are available at ioChem-BD at 
https://dx.doi.org/10.19061/iochem-bd-6-587 and at PURR Publications at 
https://purr.purdue.edu/publications/4966/1. 
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