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a  b  s  t  r  a  c  t

The  icosahedral  closo-borate  anions,  [closo-B12X12]2− (B12)  and  [1-H-closo-1-CB11X11]− (CB11) with  X=H
or halogen,  are exceptionally  stable  weakly  coordinating  anions.  Recent  studies,  which  focused  on  the
gas  phase  ion  chemistry  of  this  class  of  anions,  revealed  several  unusual  ion-molecule  and  unimolecular
dissociation  pathways.  Herein,  we demonstrate  that  collisional  activation  of highly  iodinated  closo-borate
anions  results  in a loss  of an  iodine  atom  followed  by a spontaneous  addition  of  O2 present  in  a  mass
spectrometer  background  producing  B12-O2 and  CB11-O2 species.  We  examined  the electronic  structure  of
a representative  O2 adduct  using  photoelectron  spectroscopy  and  explored  collision-induced  dissociation
(CID)  pathways  of a series  of  iodinated  B12-O2 and  CB11-O2 anions  with  different  substituents.  A systematic
study  of the gas  phase  dissociation  pathways  of the  B12-O2 and  CB11-O2 anions  revealed  several  unusual
dissociation  pathways  characteristic  of  this  class  of  species.  Abundant  fragment  ions  are  formed  by neutral
loss  of BOX2

• (X  = boron  bound  substituent),  Y2H• (Y =  boron  bound  halogen,  if any  H  is present  in  the
molecular ion)  and  BO2

• .  Loss  of BO2
• was  observed  for CB11-O2 but not  for  B12-O2 anions.  Substantial

differences  in  stability  of  the  corresponding  fragments  are  responsible  for the  observed  differences  in

dissociation  of  B12-O2 and  CB11-O2 species.  Furthermore,  we show  that  in  addition  to  O2 other  molecules
with  a  radical  character  (e.g. SCH3

• )  can  form  adducts  with  closo-borate  anions  after  iodine  abstraction.
The  boron  cage  fragmentation  observed  for the  O2 adducts  is atypical  for highly  iodinated  closo-borates
and  is attributed  to  the  strength  of B  O bonds  which  dominate  the  thermochemistry  of B12-O2 and
CB -O fragmentation  reactions.
11 2

. Introduction

In the condensed phase and in the gas phase, the chem-
stry of carbon is much better understood than the chemistry of
oron, its neighbor in the periodic table of elements. Although
rganic-like compounds can be generated through the forma-

ion of boron-boron single bonds [1], boron is better known for

 variety of polyhedral compounds classified by the Wade rules.
2,3] Three-center-two-electron (3c2e) bonds are the characteris-
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E-mail addresses: jwarneke@purdue.edu (J. Warneke), jlaskin@purdue.edu

J. Laskin).

ttps://doi.org/10.1016/j.ijms.2018.11.005
387-3806/© 2018 Elsevier B.V. All rights reserved.
© 2018  Elsevier  B.V.  All  rights  reserved.

tic bonding motif of polyhedral boron compounds. Understanding
the molecular properties of these compounds is of high relevance to
medical applications, e.g. boron neutron capture therapy of cancer
or inhibition of the HIV protease. [4] The best explored polyhe-
dral boron compounds are the closo-dodecaborate ions with the
general formula [closo-B12X12]2− (Fig. 1a; in the following abbre-
viated as B12). In these species, each boron atom is bound to
one exo-substituent, X, by a common 2c2e bond and is incorpo-
rated into a delocalized �-electron system within the icosahedral
{closo-B12} moiety. This exceptional structural motif stabilizes two

excess electrons in a small molecular framework. Therefore, closo-
dodecaborate anions attracted attention within the field of small
multiply charged anions (MCAs) for many years [5,6] and recent
theoretical investigations predict derivatives of this compound

https://doi.org/10.1016/j.ijms.2018.11.005
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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ig. 1. Structures of a) the periodinated closo-dodecaborate dianion (B12) and b) th
hite);  c) Nomenclature for carbon and boron atoms in the CB11 ions (substituents

o  the carbon atom are referred to as ortho, meta or para, respectively.

lass to be the most electronically stable MCAs known today [7,8].
xchange of one B-X unit by a C-H unit results in the singly charged
arba-closo-dodecaborate anions [1-H-closo-1-CB11X11]− (in the
ollowing abbreviated CB11), see Fig. 1b. The halogenated versions
X = halogen) of these icosahedral B12 and CB11 ions are used as very
nert weakly coordinating anions [9] to stabilize highly reactive
ations in chemical synthesis [10,11] and catalysis [12].

To understand the molecular properties of closo-dodecaborate
nions including their electronic structure and reactivity, we  are
xploring these ions in the gas phase. The electronic properties of
closo-B12X12]2− (X = F,Cl,Br,I) have been examined using gas-phase
hotoelectron spectroscopy (PES) and theoretical investigations.
13] Furthermore, we investigated the acidity of H[B12X12]− ions
14] and host-guest chemistry [15] of [closo-B12X12]2− ions with
rganic host-molecules in the gas phase. Interactions of [closo-
12F12]2− with metal cations [16] and with C6H6F6, which has
n unusually strong dipole moment have been examined by Hop-
ins and coworkers [17]. Contrary to their exceptional inertness in
he condensed phase, collision-induced dissociation (CID) of halo-
enated B12 ions provides access to a large number of fragment ions
ith an unusual reactivity in the gas phase. [18] Structural trans-

ormations of the {closo-B12Xn} species obtained by stripping off
he ligands were characterized using gas-phase infrared (IR) spec-
roscopy and molecular modeling [19,20]. An exceptional reactivity
as observed for [closo-B12X11]− anions produced in the first frag-
entation step of [closo-B12X12]2− (X = Cl,Br,I). In particular, it has

een demonstrated that the free boron atom in the singly charged
closo-B12X11]− anionic fragment is highly electrophilic. [21] This
lectrophilic site promotes the spontaneous binding of water and
initrogen from the residual background gas in a mass spectrome-
er. Moreover, binding of krypton and xenon at room temperature
as demonstrated with [closo-B12Cl11]− [21]. For X = Cl,Br, halide

on loss is the only dominant primary fragmentation channel. In
ontrast, [closo-B12I12]2− shows the competing loss of an iodine
adical. The homolytic bond cleavage produces a radical dianion,
closo-B12I11]2−•

, which spontaneously adds an O2 molecule - a
reviously unreported adduct formation of closo-borate ions. In
his study we explore the gas phase ion chemistry of such unusual
adical anions: [closo-B12X11(O2)]2−•

and the related [1-H-closo-
-CB11X10(O2)]−•

species. CID of these dioxygen adducts leads to
reviously unknown chemical transformations of the closo-borate
caffolds described in this study.

. Methods

.1. Mass spectrometry
.1.1. Ion molecule reactions with O2
Salts containing the investigated closo-borate anions and differ-

nt alkylated ammonium counterions were dissolved in methanol
caiodinated carba-closo-dodecaborate anion (CB11, B - pink, I - purple, C - grey, H -
own), position 1 is assigned to the carbon atom (marked in red). Positions relative

to concentrations of roughly 10−6 mol/L and the solutions were
injected using a syringe pump into the inlet of a Bruker Esquire LC
Ion Trap (Bruker Daltonics, Bremen) or a Thermo LTQ XL (Thermo
Scientific) ion trap mass spectrometer with flow rates of roughly
3 �L/min. The analytes were ionized using electrospray ionization
(ESI). CID experiments were performed using helium as collision
gas. Ions with a specific m/z value were isolated with a window
of ten m/z units (based on the broad isotopic patterns of B12 and
CB11 ions) and activated by applying an adjustable ac voltage to
the ion trap end caps. The radical anions, which react with dioxy-
gen, were stored in the ion trap for 1–3 seconds. The O2 adducts
were subsequently isolated and activated.

2.1.2. Ion-molecule reaction with dimethyl disulfide
The closo-borate anion solution was delivered at a flow rate of

10 �L/min using a syringe pump and ionized by electrospray ion-
ization at the inlet of a Thermo LTQ linear quadrupole ion trap
mass spectrometer (Thermo Scientific). A home-built reagent mix-
ing manifold was  used to introduce the reagent vapor, dimethyl
disulfide (DMDS) purchased from Sigma Aldrich, directly into the
ion trap. DMDS was injected at a flow rate of 5 �L/h, vaporized and
mixed with the constant helium flow as the carrier gas. The borate
anion was  subjected to in-source CID (collision energy 80 V) to gen-
erate the radical dianion, and the radical dianion was allowed to
react with DMDS in the ion trap for a variable reaction time rang-
ing from 10 to 100 ms.  The reaction product ion was  then isolated
and subjected to CID to obtain structural information.

2.2. Photoelectron spectroscopy

Photoelectron Spectroscopy (PES) experiments were performed
with an apparatus consisting of a custom-designed ESI source, a
temperature-controlled cryogenic ion trap, and a magnetic-bottle
time-of-flight (TOF) photoelectron spectrometer, as described else-
where. [22] Acetonitrile solutions of closo-borate salts (0.1 mM)
were used for electrospray. The ions generated by ESI were guided
by quadrupole ion guides into the ion trap, where they were accu-
mulated and cooled for 20–100 ms  by collisions with a cold buffer
gas (20% H2 balanced in helium) at 20 K, before being transferred
into the extraction zone of a TOF mass spectrometer. The cooling of
the anions to 20 K improved spectral energy resolution and elimi-
nated the possibility of the appearance of peaks in the PE spectra,
due to hot bands. The anions were mass selected and decelerated
prior to photodetachment with 157 nm photons (7.866 eV) from an
F2 excimer laser. The laser was operated at a 20 Hz repetition rate,

with the ion beam off at alternating laser shots, affording shot-to-
shot background subtraction. Photoelectrons were collected with
∼100% efficiency using a magnetic bottle and analyzed in a 5.2 m
long electron flight tube. The recorded PES spectrum was  converted
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Fig. 2. Reaction pathways of [closo-B12I12]2− after isolation and CID. Red arrows
indicate fragmentation reactions initiated by CID and green arrows indicate sponta-
neous addition reactions. Path 1 (even electron path) has been described in detail in a
J. Warneke et al. / International Journ

nto an electron kinetic energy spectrum by calibration with the
nown photoelectron spectra of I− [23] and [OsCl6]2− [24]. The
lectron binding energy (EBE) was obtained by subtracting the
lectron kinetic energy from the energy of the detaching photons.
he energy resolution was about 2%, i.e., ∼20 meV  for 1 eV kinetic
nergy electrons. Details about interpretation of PES spectra can be
ound in SI1.

.3. Computational investigations

Computational studies were performed either with (a) the Gaus-
ian09 software suite [25] employing the B3LYP/6-311++G(2d,2p)
26,27] model chemistry, except for iodine atoms, which were
escribed by the same DFT hybrid functional but the Stuttgart-
resden (SDD) basis set and pseudo potential or (b) the NWChem

oftware [28] using B3LYP/def2-tzvppd [29]. We  used the DFT-
3 dispersion correction [30] with the Becke-Johnson damping

unction (GD3BJ) in both cases. [31] Geometry optimizations were
arried out and the obtained structures were confirmed to be min-
mum geometries by the absence of imaginary vibrational modes
n subsequent frequency analyses. Open-shell radical species were
omputed using the unrestricted Kohn-Sham formalism for cal-
ulation of molecular orbitals, i.e. singly occupied orbitals for
lectrons of alpha and beta spin were not been constrained to
e equal in energy. Reaction thermochemistry was  calculated by
ubtracting the energy of the reactant from energies of reaction
roducts both being corrected for Zero-Point vibrational Energies
ZPEs), i.e. 0 K reaction enthalpies were calculated. Both starting

aterials and reaction products were fully optimized.

.4. Boron compounds

Salts of the ions [closo-B12I12]2− [32], [closo-B12I11(NH2)]2−

33], [1-H-closo-CB11I11]− [34], [1-H2N-closo-CB11I11]− [34] and
1-H2N-2-F-closo-CB11I10]− [35] were synthesized according to
nown procedures. The ions [closo-B12I11H]2−, [closo-B12I11Cl]2−,
closo-B12I11(OH)]2− and [closo-B12I10H2]2− were isolated in the ion
rap from incomplete iodination reactions of [closo-B12H12]2−. The
nions [1,2-H2-closo-1-CB11I10]− and [1-H-closo-1-CB11I9H(OH)]−

ere identified as minor components in iodination reactions
f [1-H-closo-1-CB11H11]−. The partially iodinated anions [1-
2N-2-F-closo-1-CB11I10-nHn]− (n = 1–3) were isolated from the
rude product of the reaction mixture before full iodination.
1-H-12-H2N-closo-1-CB11I4H4Cl2]− was obtained by reaction of
1-H-12-H2N-closo-1-CB11H10]− with ICl [36] in a complex mixture
ith other mixed chlorinated and iodinated anions.

. Results and discussion

In this study, we characterized structures, electronic properties,
nd gas phase fragmentation pathways of [closo-B12X11(O2)]2−•

B12-O2) and [1-H-closo-CB11X10(O2)]−•
(CB11-O2) radical anions.

hese species are produced by the O2 attachment to radical
ragments originating from the loss of an iodine atom from [closo-
12X12]2− and [1-H-closo-CB11X11]−, respectively. Although the
eactivity of closo-borate fragment ions which originate from the
alide ion loss (reaction path 1 in Fig. 2) was examined previously,

on molecule chemistry of these ions following the radical halogen
oss (reaction path 2 in Fig. 2) has not been reported. Dioxygen addi-
ion was reported for some radical cations [37–39] but remains a
are phenomenon for anions [40]. This ion-molecule reaction pro-

ides access to interesting molecular ions that have not yet been
haracterized by mass spectrometry (vide infra).

The discussion of the anion characterization is divided into three
ections. First, we describe the electronic structure of such adducts
previous publication.[18] Reaction products of path 2 (radical path) are investigated
here for the first time. In the isotopic pattern of B12 ions, the highest abundance peak
contains ten 11B and two 10B isotopes.

using [closo-B12I11(O2)]2−•
as a model system. Next, we  exam-

ine the effect of substituents, X, on the fragmentation pathways
of B12-O2 and CB11-O2 anions. Finally, we  provide first insights
into the possibility of substituting the O2 moiety with other reac-
tive gases and compare gas phase fragmentation of the resulting
adducts.

3.1. Electronic structure of [closo-B12I11(O2)]2−•

We investigated the electronic structure of [closo-B12I11(O2)]2−•

experimentally using PES (Fig. 3a). A comparison with the PES spec-
trum of [closo-B12I12]2− shows strong similarities, confirming the
integrity of the {closo-B12} structure after the O2 attachment. The
optimized molecular structure is shown in Fig. 3a. Calculation of the
spin density revealed that in [B12I11(O2)]2−•

the unpaired electron
is mainly localized on the O2 unit (Fig. 3b). The observed similarity
between the first peak in the PES spectrum of [closo-B12I11(O2)]2−•

at EBE = 2.84 eV and its even-electron counterpart, [closo-B12I12]2−,
at EBE = 2.80 eV indicates similar localization of the highest occu-
pied molecular orbitals (HOMOs) in these systems. Computational
investigations with different methods confirm that, in both anions,
the HOMOs are localized predominantly on the iodine ligands
(Fig. 3c) and are therefore separated from the formal radical site.
Furthermore, in agreement with the experimental PES data, the
calculated vertical detachment energies (VDEs) are very similar for
both ions (details can be found in the supporting information). The
high molecular symmetry of [closo-B12I12]2− (point group Ih, see
structure in Fig. 1) results in degenerate orbitals and sharp, distinct
signals in the PES spectrum (Fig. 3a). The bent O2 substituent lowers
the symmetry to point group Cs (structure in Fig. 3b), resulting in
splitting in the energy levels of the electronic states, as confirmed by

examining the calculated Hartree-Fock orbital energy levels shown
in Fig. 3a below the PES spectra. This explains the general broad-
ening or splitting of the spectral features in the PES spectrum of
[closo-B12I11(O2)]2−•

compared to [closo-B12I12]2− (Fig. 3a).
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Fig. 3. a) Photoelectron spectra of [closo-B12I12]2− (blue) and [closo-B12I11(O2)]2−• (red) and optimized molecular structure of [closo-B12I11(O2)]2−• (B3LYP-GD3BJ/6-
311++G(2d,2p)/SDD). Oxygens are shown in red. The energy levels of the Hartree Fock orbitals for both species are plotted below the PES spectra. Degenerate orbitals
are  labeled with a corresponding number. Note that the calculated HOMO energy was  shifted to match the experimentally determined VDE according to the established
procedure [41,42]. Comparison of the PES spectra confirms that both the geometry and electronic structure of [closo-B12I11(O2)]2−• are similar to [closo-B12I12]2− . Note that the
contribution of oxygen atomic orbitals to the Hartree-Fock orbitals is small. The first orbital with significant oxygen contribution is outside of the measurable range, b) spin
density  (blue, isovalue 0.005 a.u.). Additional information is provided in Figure S2; c) HOMO (orbital lobes in green and dark red, isovalue 0.04 a.u.) of [closo-B12I11(O2)]2−• .
S • the io
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imilar to [closo-B12I12]2− , the HOMO in [closo-B12I11(O2)]2− is delocalized across 

sing unrestricted Hartree-Fock calculations (UHF/def2-tzvppd). A detailed descrip
eparation predicted using different computational methods can be found in sectio

.2. Collision-induced dissociation of B12 and CB11 ions with O2
ubstituents

The CID spectrum of mass-selected [closo-B12I11(O2)]2−•
is

hown in Fig. 4a. The predominant fragment is [B11I9O]2−, corre-
ponding to a neutral loss of BOI2

•
. This observation is remarkable,

ince boron-containing neutral losses have not been observed
n CID experiments of [closo-B12I12]2− [18,19]. For comparison,

e investigated a variety of B12-O2 and CB11-O2 ions, which
ontain both iodine and other ligands bound to boron. CID
riven iodine loss from these precursors, followed by O2 addi-
ion and subsequent fragmentation, gives access to unknown

olecular ions generated from {closo-B12} and {closo-CB11} clus-
ers, if different ligands are present. Fig. 4 shows representative
ID spectra of the B12-O2 and CB11-O2 species formed from
closo-B12I12]2−, [closo-B12I11(OH)]2−, [1-H-closo-1-CB11I11]− and
1-D2N-2-F-closo-1-CB11I8H2]− precursor anions. Table 1 summa-
izes the results from all the investigated ions by listing the neutral
osses which lead to the fragment ions observed in the spectra.
pectra not shown in Fig. 4 can be found in SI2. Different classes
f neutral losses color-coded in Fig. 4 and Table 1 are discussed in
etail below. We note that the molecular formulae of the neutral

osses given below do not contain any structural information.

.2.1. Loss of BOX2
•

BOX2
•

losses (red in Table 1) were common in the spectra of
12-O2 anions containing different boron-bound substituents, X.
s discussed earlier, loss of BOI2

•
is the dominant fragmentation

athway observed for [closo-B12I11(O2)]2−•
anion. Meanwhile, loss

f BOIH
•

is exclusively observed in the presence of boron-bound
ydrogen atoms. In contrast, hydrogens of functional groups or
ydrogens bound to the C atom of the {closo-1-CB11} cluster do not
ontribute to this neutral loss (compare Fig. 4c and d). Although
OF2

•
has been identified spectroscopically, [43] molecules with

 general formula BOX2
•

have received little attention in the past.

ptimized structures of minima on the potential surface of possi-
le BOI2

•
isomers are shown in SI3. Since neutral fragments cannot

e detected in our experiments, we cannot unambiguously deter-
ine whether BOX2

•
loss is a one- or multistep process. However,
dine atoms. The spatial separation of HOMO and spin density was  also confirmed
f the computational investigations and the dependence of the HOMO-spin density

we observed a low-abundance signal corresponding to the loss of
I
•

from [closo-B12I11(O2)]2−•
. Isolation and fragmentation of the

formed [B12I10O2]2− results in the loss of BOI, (see SI3) indicat-
ing that the neutral loss of BOX2

•
is likely a two-step process. Also,

0 K dissociation enthalpies of BOX2
•

into I
•

and OBI were found
between + 4.1 kJ/mol and + 14.4 kJ/mol dependent on the isomer,
indicating that any BOX2

•
does not survive the CID process.

3.2.2. Loss of Y2H
•

Loss of Y2H
•

(blue in Table 1) - with Y representing a
boron-bound halogen substituent in the precursor ion is another
fragmentation pathway that likely involves multiple steps. Indeed,
although previously examined in PES experiments, [44–46]
molecules of the type Y-H-Y

•
(Y = halogen atom) are fairly unsta-

ble and have received attention in theoretical chemistry as
vibrationally-bound species. [47,48] Fragments formed by a neutral
loss of Y2H

•
were highly abundant species in CID spectra of several

precursor ions (see ions 4, 5, 6, and 12 in Table 1). Both boron-bound
hydrogens and hydrogens from the functional groups contribute to
this neutral loss. In the case of carborate anions, we noticed that
hydrogens from the functional groups (e.g. NH2) are preferentially
incorporated in Y2H in comparison to boron-bound hydrogens.
Fig. 4d demonstrates this for [1-D2N-2-F-closo-1-CB11I7H2(O2)]−•

,
which was  generated from [1-H2N-2-F-closo-1-CB11I8H2]− and
deuterated methanol. Although the precursor ion contains equal
numbers of hydrogen and deuterium atoms, loss of I2D

•
is sub-

stantially more abundant than loss of I2H
•
, indicating that the ND2

ligand is the main contributor of the hydrogen atoms involved in
this fragmentation pathway and no significant H/D scrambling is
observed.

3.2.3. Loss of BO2
•

The loss of BO2
•

(green in Table 1) was observed for CB11 ions
but not for B12 ions. After B-O-O

•
is cleaved, rearrangement into

O-B-O
•

is favored by more than 600 kJ/mol. The barrier for this

rearrangement was  calculated to be around 30 kJ/mol (see tran-
sition state in SI4), indicating that this rearrangement likely occurs
in CID experiments. The reaction is particularly interesting from
a “boron-chemist’s point of view”, because a highly stable 12-
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Fig. 4. CID spectra obtained by isolation (width 10 m/z units) and fragmentation of a) [closo-B12I11(O2)]2− , b) [closo-B12I10(OH)(O2)]2− , c) [1-H-closo-1-13CB11I10(O2)]− and d)
[1-D2N-2-F-closo-1-CB11I7H2(O2)]− formed from the corresponding B12 and CB11 anions. Isotopic patterns of precursor ions are often strongly distorted in MS/MS  spectra.
However, product ion patterns are qualitatively preserved as long as a broad isolation window is used in these experiments. In an undistorted pattern of eleven or twelve
boron  atoms, the most abundant signal is the third isotopologue from the right side of the pattern (compare with Fig. 2). Neutral losses were assigned by examining the
difference between the m/z  of the third isotopic peak from the right side of the unfragmented precursor ion and product ion signals. Additional information regarding neutral
loss  assignment is provided in section SI2.

Table 1
Summary of neutral losses observed in CID spectra (Fig. 4 and SI2) of highly iodinated B12-O2 and CB11-O2 species examined in this study. The corresponding precursor
anions are listed in the left column. The colors classify the neutral losses into different categories (see text). “Asterisks” mark the neutral loss, which led to the most abundant
product ion, while losses in brackets {} indicate that the corresponding product ions were only observed in very low intensity.
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 In most cases, the position of the O2 substituent has not been verified. Thus, most o

ertex closo-unit of near icosahedral structure is transformed into
 significantly less stable 11-vertex closo-unit. Only one related
eaction, the transformation of [1-H2N-closo-1-CB11F11]− into [3-
C-closo-B11F10]2− [49], was reported in the condensed phase for

he {closo-CB11} cluster, previously. Following I
•

loss from the
ully substituted precursor, O2 binds to the vacant boron site of
he CB11 unit and ruptures one boron out of this stable structural
otif. In synthetic boron chemistry, the preparation of 11-vertex
loso-units is particularly difficult due to the tendency to form
uch more stable 12- or 10-vertex clusters. [50,51] We  were
nions are mixtures of isomers. b Mixture of isomers with an unknown composition.

interested in understanding why this elimination of a boron atom
from the core was observed only for CB11 ions, since the carbon
atom was  not formally involved in this elimination. DFT investiga-
tions were performed to compare the thermochemistry of BO2

•

loss from [closo-B12I11(O2)]2−•
and [1-H-closo-1-CB11I10(O2)]−•

.
For [1-H-closo-1-CB11I10(O2)]−•

, three possible isomers must be
considered. The O2 can be bound to a boron atom in an ortho,

meta, or para position to the CH group (see Fig. 1). To evaluate
if any of these isomers are preferentially formed in our experi-
ments, we  first investigated whether the free binding site, which
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Fig. 5. Optimized structures of the fragment [n-H-closo-n-CB10I10]− produced by the
elimination of BO2

• from a) the para-isomer [1-H-12-(O2)-closo-1-CB11I10]−• or the
m
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Fig. 6. Mass spectra showing a) the addition of SCH3• to [closo-B12I11]2−• , b) loss of
CH3

• from [closo-B12I11(SCH3)]2− and c) I• loss from [closo-B12I11S]2−• . Red arrows
indicate fragmentation reactions initiated by CID, green arrows indicate sponta-
eta-isomer [1-H-7-(O2)-closo-1-CB11I10]−• and b) from the ortho-isomer [1-H-2-
O2)-closo-1-CB11I10]−• . The isomer b) [2-H-closo-2-CB10I10]− is 116.9 kJ/mol more
table than isomer a) [10-H-closo-10-CB10I10]− .

ubsequently binds O2, may  be formed in all three positions. The
hermochemistry of the iodine loss from the precursor [1-H-closo-
-CB11I11]− ion favors the ortho position. Loss from meta and para
ositions was calculated to be around 7 kJ/mol and 3 kJ/mol higher

n energy, respectively (detailed description of the computational
ethods and results may  be found in Section 2.3 and SI5). These

omparatively small differences suggest that all three compet-
ng fragmentation reactions occur in CID experiments. Based on
hese results, it is reasonable to assume that in addition to the

ost stable ortho isomer of [1-H-closo-CB11I10(O2)]−•
, meta and

ara isomers of this ion are also produced in CID experiments.
herefore, we calculated the energy associated with abstraction of
he BO2

•
unit from all three isomers of [1-H-closo-CB11I10(O2)]−•

nd [closo-B12I11(O2)]2−•
. Although BO2

•
loss from both meta or

ara isomers of [1-H-closo-CB11I10(O2)]−•
produces the same opti-

ized structure of the resulting fragment ion shown in Fig. 5a,
O2

•
loss from the ortho isomer results in a different, significantly

ore stable isomer of the fragment ion shown in Fig. 5b. Ther-
odynamically, the isomer shown in Fig. 5b is roughly 100 kJ/mol
ore stable than the isomer shown in Fig. 5a, see computational

etails in SI5. We  note that in principle, five different isomers
xist for [n-H-closo-n-CB10I10]− [52], which may  interconvert dur-
ng the CID process [53]. The boron cage structure in Fig. 5b
orresponds to the most stable isomer found previously for [n-
-closo-n-CB10H10]− [53]. DFT calculations also suggest that the

ormation of this [2-H-closo-2-CB10I10]− isomer by BO2
•

loss is
oughly 110 kJ/mol more favorable than the formation of [closo-
11I11]2−•

from [closo-B12I11(O2)]2−•
. Subsequent rearrangement

f B-O-O
•

into O-B-O
•

results in an overall exothermic reaction
or [1-H-2-(O2)-closo-CB11I10]−•

(loss from ortho position). Mean-
hile, the reaction remains endothermic for [closo-B12I11(O2)]2−•

see details in SI5). These thermodynamic considerations may  be
sed to rationalize the experimentally observed preferential loss of
O2

•
from CB11-O2 anions. Specifically, it is reasonable to assume

hat the endothermic loss of BO2
•

from B12 is associated with a sub-
tantially higher barrier than exothermic loss of BO2

•
from the ortho

somer of CB11-O2. Future studies will provide detailed theoretical
nsights into the transition states and possible rearrangement of
he BO2

•
neutral fragment.

.2.4. Loss of OH
•

and NH2
•

The radical loss of functional groups, OH and NH2, was  observed
xclusively for closo-dodecaborate ions, in which the functional
roups were directly bound to a boron atom. In contrast, loss of
n NH2 group bonded to the carbon atom in CB11-O2 ions was not
bserved.

We note that a low-abundance fragment corresponding to a

eutral loss of 31 Da–32 Da was commonly observed, whenever an
H2 group was bound to carbon, see Fig. 4d and spectra of 9, 11,
2, 13,  14 in the supporting information. Possible explanations are
he loss of NHO or O2.
neous reactions.

3.3. Reactions with molecules other than O2

It is interesting to note that radical closo-borate anions of the
type [closo-B12X11]2−•

or [1-H-closo-1-CB11X10]−•
reacted with O2

but not with H2O or dinitrogen present in the background of our
ion trap. H2O addition to the even-electron [closo-B12I11]− species
indicated that water was present in the trap, supporting the obser-
vation that the even-electron species, but not the radical anions,
displayed reactivity toward H2O (path 1, Fig. 2). The high selectiv-
ity of radical anions like [closo-B12I11]2−•

towards O2 is thought
to be a result of the well-known diradical nature of the triplet
O2. To verify that radicals in general show this reactivity towards
[closo-B12I11]2−•

, we generated a background atmosphere contain-
ing dimethyl disulfide. Recombination of radical ions with SCH3

•

is a common reaction under these conditions. [54–57] Addition of
SCH3

•
to [closo-B12I11]2−•

was  observed, yielding the even electron
[closo-B12I11(SCH3)]2− ion (Fig. 6a). CID of this ion did not result in
any boron cage degradation contrary to the degradation observed
after the addition of O2 (chapter 3.2). Instead, fragmentation of the
SCH3

•
unit via loss of a methyl radical was  observed, followed by

an iodine loss upon CID of the methyl loss product.
The dominant neutral losses (BOX2

•
, Y2H

•
, BO2

•
) observed

in this study for B12-O2 and CB11-O2 ions were not observed
for other closo-borate anions previously. The observed degra-
dation of the boron cage (boron containing neutral losses) of
these highly iodinated compounds is particularly interesting
in the context of the known gas phase fragmentation path-
ways of closo-borate anions. Boron cage fragmentation has
been observed previously for perfluorinated and perchlorinated
B12 and CB11 ions, [18,58] which tend to lose BF3 and BCl3
units. However, the presence of multiple iodine atoms usually
prevents cage fragmentation. Instead, iodine loss is the pre-
ferred channel observed for the highly iodinated [closo-B12I12]2−,
[closo-B12I11Cl]2−, [closo-B12I11H]2−, [closo-B12I11(OH)]2−, [closo-
B12I11(NH2)]2− and [closo-B12I11(SCH3)]2− anions. The observation
of boron-containing neutral losses BOX2

•
and BO2

•
from ions like

[closo-B12I11(O2)]2−•
and [1-H-closo-1-CB11I10(O2)]−•

is therefore
remarkable. It is reasonable to assume that the radical site in the
odd-electron [closo-B12I11(O2)]2−•

species may  be responsible for
2−•
this unusual fragmentation. However, the odd-electron [B12I11]
anion does not undergo boron cage degradation, but instead loses
I
•

or I− in CID experiments.
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The boron-oxygen bond, with a bond dissociation energy close
o 800 kJ/mol,[59] is one of the strongest chemical bonds. It can
e assumed that the presence of this bond may  weaken the stabil-

ty of the boron cage. However, the exclusive loss of iodine from
closo-B12I11(OH)]2− does not support this assumption. B12-O2 and
B11-O2 ions contain one boron-oxygen bond. The formation of
dditional B O bonds is a thermodynamically driven process. A
ossible explanation for the efficient loss of BO2

•
and BOX2

•
ions

ather than the commonly observed iodine loss may  be the forma-
ion of an additional boron-oxygen bond in these fragmentation
eactions. The likely rearrangement of the BO2

•
fragment into O-B-

•
(exothermic fragmentation) generates an additional B O bond.

 similar argument may  be used for the neutral loss of BOX2
•
,

hich generates a boron-oxygen bond in the ion and in the neu-
ral fragment after the reaction. The formation of an additional
oron-oxygen bond, which is not possible in fragmentation of
on-O2-containing ions, provides the rationale for the unusual dis-
ociation of B12-O2 and CB11-O2 observed in this study.

. Conclusion

Highly iodinated closo-dodecaborate and carba-closo-
odecaborate anions fragment by loss of an iodine substituent,

eading to formation of radical anions with an unsubstituted
oron site. This site spontaneously adds dioxygen (O2) in ion trap
ass spectrometers. PES indicates that the electronic structure

f [closo-B12I11(O2)]2−•
is very similar to that of [closo-B12I12]2−.

owever, CID revealed remarkable differences in fragmentation
f highly iodinated B12 or CB11 anions with and without an O2
ubstituent. CID of 15 different O2-substituted B12 and CB11 anions
including the substituents H, F, Cl, NH2 and OH in addition to
odine) was investigated to establish a systematic understanding
f the fragmentation pathways of these species. Although highly
odinated clusters usually fragmented by iodine loss, the presence
f O2 in the precursor led to the neutral loss BOX2

•
, with X repre-

enting a boron-bound substituent. Loss of Y2H
•

with Y denoting
oron-bound halogens was observed when a H atom was present

n the precursor and was either bound directly to boron or in a
unctional group such as NH2. Loss of BO2

•
was observed from

B11 but not from B12 ions. This difference was explained by the
ormation of a very stable ortho-CB10 isomer. Neutral losses of the
unctional groups, NH2

•
and OH

•
, were observed for B12 anions. In

ontrast, for CB11 ions these pathways were only observed when
he functional group was not bound to the carbon of the cluster.

 loss of NHO from CB11 ions was observed in low abundance
hen NH2 was  bound to the carbon atom. The substituent-specific

ystematic fragmentation patterns may  be of analytical value for
he identification of functional groups bound to B12 and CB11 ions
ith mixed ligand systems.

The selective reactivity of the radical closo-borates toward O2 is
raced back to the radical nature of O2. Recombination of [B12I11]2−•

ith other radicals is possible, as demonstrated by the reactivity of
he cluster toward dimethyl disulfide to abstract SCH3

•
. However,

hese ions do not exhibit cage fragmentation. We  suggest that the
ormation of two very strong boron-oxygen bonds is the major driv-
ng force for boron- containing neutral losses, which lead to cage
ragmentation. Very different CID pathways were observed after
ecombination of [B12I11]2−•

with O2 and SCH3
•
. This demonstrates

he potential of ion-molecule reactions with radical closo-borates
o generate a manifold of previously unknown boron compounds

sing a variety of radical reaction partners. Since we  have recently
sed dodecaborates to demonstrate that gaseous ions may  be
ccumulated via ion soft-landing to prepare condensed-phase lay-
rs thicker than 100 nm,  [60,61] we propose that fragment ions

[
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observed herein may  be used in future studies to induce unusual
condensed-phase reactions.
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