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Introduction

Boron chemistry has been the subject of chemists’ curiosity
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Properties of perhalogenated {closo-B1o} and {c/oso-B1:} multiply
charged anions and a critical comparison with {c/loso-B1,} in the
gas and the condensed phase

Jonas Warneke,*? Szymon Z. Konieczka,? Gao-Lei Hou,? Edoardo Apra,® Christoph Kerpen,? Fabian
Keppner,” Thomas C. Schifer,® Michael Deckert,® Zheng Yang,? Eric J. Bylaska,® Grant E. Johnson,?
Julia Laskin,? Sotiris S. Xantheas,®f Xue-Bin Wang,? Maik Finze*®

closo-Borate anions [closo-B.Xx]* are part of the most famous textbook examples of polyhedral compounds. Substantial
differences in their reactivity and interactions with other compounds depending on the substituent X and cluster size n have
been recognized, which favors specific closo-borates for different applications in cancer treatment, chemical synthesis, and
materials science. Surprisingly, a fundamental understanding of the molecular properties underlying these differences is
lacking. Here, we report our study comparing the electronic structure and reactivity of closo-borate anions [closo-BnXx]*
(X=Cl, Br,1,n=10, 11, 12 in all combinations) in the gas phase and in solution. We investigated the free dianions and the
jon pairs [nBuaN]*[closo-B.X»]* by gas phase anion photoelectron spectroscopy accompanied by theoretical investigations.
Strong similarities in electronic structure for n = 10 and 11 were observed, while n = 12 clusters are different. A systematic
picture of the development in electronic stability along the dimension X is derived. Collision induced dissociation shows that
fragmentation of the free dianions is mainly dependent on the substituent X and gives access to a large variety of boron-
rich molecular ions. Fragmentation of the ion pair depends strongly on n. The results reflect the high chemical stability of
cluster with n = 10 and 12, while those with n = 11 are much easier prone to dissociation. We bridge our study to the
condensed phase by performing comparative electrochemistry and reactivity studies on closo-borates in solution. The trends
found at the molecular level are also reflected in the condensed-phase properties. We discuss how the gas phase values
allow to evaluate the influence of the condensed phase on the electronic stability of closo-borates. A synthetic method via
an oxidation/chlorination reaction yielding [closo-B1oCl10]?” from highly chlorinated {closo-B11} clusters is introduced, which
underlines the intrinsically high reactivity of the {closo-B11} cage.

marked the beginning of broad and general studies on this class
of compounds. Nowadays, closo-borate anions with the general
formula [closo-B,X,]> (X = H, halogen) are described in every

since the early discoveries of A. Stock! due to the often reported
strong differences from the intuitively understandable and well
explored carbon chemistry. The groundbreaking work on the
geometric and electronic structures of boron hydrides by W. N.
Lipscomb? and the fascinating synthetic developments in the
1960’s that made boron clusters available, for the first time,
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basic inorganic chemistry textbook as important representa-
tives of boron compounds. In this series, the closo-dodeca-
borate anion (n = 12) is the most studied and best understood
species? followed by the closo-decaborate anion (n = 10),*
because of their high stabilities and the fact that their salts are
easily accessible. In contrast, other members of the series of
closo-borate anions possess much lower chemical stabilities
with the parent 11-vertex closo-cluster [closo-B11H11]% being a
representative example due to its significantly higher
reactivity.5 This higher and often unusual reactivity is exempli-
fied by the fluxionality of the {closo-B11} cage that results in
rapid interconversion of the eleven boron vertices.>*5%¢ closo-
Borates have been explored for almost half a century in the
context of cancer treatment (e.g. boron neutron capture
therapy, BNCT?) and different areas of materials science (e.g.
battery technologies8).® The halogenated 12-vertex derivatives
[closo-B12X12]% 1© and [RsN-closo-Bi1xX11]” (R = H, alkyl, X =
halogen)!! gained significant attention in the last decade as
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weakly coordinating anions!2 due to their exceptional electronic
stability and chemical inertness, which enables applications!2in
synthesis,192 catalysis,’3 crystal engineering,* and electro-
chemical devices.’> Furthermore, radicals of the type [closo-
B11X11]®*- and RsN-closo-B1,X11® are highly interesting species
used as boron-based spin carriers and as strong oxidizers.1®

Intensive fundamental research during the last two years
with a focus on the 12-vertex cluster resulted in several physico-
chemical records. For example, [c/loso-B12(CN)1,]% and [closo-
B12(B0O)12]> were predicted to be the most electronically stable
dianions based on calculations,? [closo-B1,X12]% (X = Cl, Br, 1)
were shown to be “superchaotropic” anions that lie beyond the
traditional Hofmeister scale,'® while [closo-Bi,F1,]> showed
exceptionally strong interactions with neutral molecules in the
gas phase,’® and the anion [closo-B1,Cl11]- was demonstrated to
exhibit super-electrophilic behavior by spontaneously binding
of the noble gases Kr and Xe.2® Despite the well-known
differences in the reactivity of closo-borate anions with e.g. n =
10, 11, and 12,345b jt has been well established that there are
remarkable differences in the molecular interactions with
different closo-borates as a function of both cluster size n and
substituent X. In the context of medical applications, it has been
shown that deca- and dodecaborate (n = 10, 12) derivatives
differ considerably in their metabolic pathways’221 and a series
of halogenated dodecaborate clusters (same n but different X)
showed different biochemical activity (e.g. different
interactions with liposomes).22 The potential of this class of
compounds to provide precisely-controlled interactions with
other molecules, not only in medicinal applications but also in
various fields of materials science, may only be fully exploited if
the properties of the ions are understood at the fundamental
molecular level. Such understanding could form the basis for
the rational design of new tumor targeting drugs for inoperable
cancers containing boron clusters2? and for tailoring the
properties of different functional materials that have been
recently developed based on closo-borates.2*

To obtain insights into the intrinsic physical and chemical
properties of [closo-B,X,]? ions all combinations of n = 10, 11,
12 with X = Cl, Br, | were prepared (see Figure 1 for comparison
of the boron scaffold). First, we explored these ions in the gas
phase where they can be studied without the complications of
condensed phase effects (e.g. solvent shells and counter ions).
Their electronic structures were explored by photoelectron
spectroscopy (PES) and high-level electronic structure calcula-
tions while their fragmentation pathways were probed using
collision-induced dissociation (CID). Additionally, we investiga-
ted the influence of a single counter ion on both the PES spectra
and fragmentation pathways in the gas phase. Finally, compa-
rative electrochemical measurements were conducted to
explore the reactivity of these species in the condensed phase.
The goal of the present study is to evaluate the effect of both n
and X in [closo-B,X,]%* ions on their electronic structure,
electrochemical stability as well as reactivity, and to bridge the
gap between their gas-phase ion chemistry and their
condensed-phase properties.

2| J. Name., 2012, 00, 1-3

closo-B,,

closo-B,, closo-B,,

Figure 1 Boron scaffold of closo-deca-, closo-undeca- and closo-dodecaborates,
showing the atom numbering (grey) and the molecular point groups (bottom).
Symmetry equivalent atoms are shown in the same color for each case. {closo-
Bio} cluster: B1 and B10 have an inner cluster connectivity of 4, while all other B
atoms have an inner cluster connectivity of 5. {c/loso-B,;} cluster: B1 has an inner
cluster connectivity of 6, B2 and B3 of 4, and all other B atoms of 5. {closo-B;,}
cluster: all B atoms have an inner cluster connectivity of 5.

Results and Discussion
A. Properties of Isolated Anions

A.1. Electronic stability of [closo-B,X,]>: In contrast to the
condensed phase, small stable multiply charged anions (MCAs) in the
gas phase are typically exotic species. While large multiply charges
macromolecules are often observed in mass spectrometry
experiments because charged sites are well separated, many small
molecular gas phase dianions either emit an electron or undergo
fragmentation accompanied by charge separation in the absence of
the stabilizing effects of counter ions and solvent molecules.?> Small
but intrinsically stable multiply charged anions (MCAs) have,
therefore, been investigated by theoreticians and experimentalists
alike for decades.17226 Among them, dodecaborate anions [closo-
B12X12]% are representatives of gas phase stable MCAs. Previous
theoretical investigations for X = H indicated that closo-boron
clusters of the series [closo-B,Hp)> are unstable with respect to
electron emission for n < 12,26d.27 3 fact that has been confirmed by
us experimentally. Specifically, neither [closo-B11H11]* nor [closo-
BioH10]> were detected in our mass spectrometry experiments.
Instead, the closo-boron clusters were observed as singly charged (1-
) radical species, viz. [closo-B,H,]*- (n = 10, 11). In contrast, the [closo-
B12H12]? ion was detected as a stable dianion in the gas phase.
Smaller (n < 12) closo-borate anions with electronically stabilizing
substituents have also been the subject of earlier theoretical
studies.?8 However, to the best of our knowledge, no experimental
investigation of these species has been reported to date. For this
reason, we studied perhalogenated {closo-Bip} and {closo-Bi1}
dianions with electrospray ionization mass spectrometry and
photoelectron spectroscopy (PES). Figure 2 shows the PES spectra of
[closo-B1oX10]> and [closo-B11X11]> (X = Cl, Br, 1) and for comparison
the previously published spectra of the corresponding {closo-B1,}
derivatives.2? Quantitative values describing their electronic stability,
vertical detachment energies (VDEs) and adiabatic detachment
energies (ADE), were determined by measuring the first maximum
(dashed line) and the onset of the first spectral band (dotted line),
respectively, and are given in Table 1 (see details for interpretation
of PES spectra in SI1). Deca- and undecaborate anions (n = 10, 11)
exhibit very similar values for VDEs and ADEs, but are significantly
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Table 1 Calculated (DFT/PBEO) and measured (PES) vertical (VDEs; eV) and adiabatic detachment energies (ADEs; eV). Experimental values for VDEs and ADEs have uncertainties of
+0.05 and 0.1 eV, respectively. Values for the dodecaborate anions (n = 12) are taken from the literature.2® A comparison with Hatree Fock results can be found in SI2.

VDE ADE
anion PBEO PES Difference (PES-PBEO) PBEO PES Difference (PES-PBEO)
[closo-BioF10)* 0.40 n/a n/a 0.05 n/a n/a
[closo-B1oClio]* 1.68 1.80 0.12 1.42 1.55 0.13
[closo-B1oBrio]* 1.97 2.15 0.18 1.75 1.90 0.15
[closo-Baolio]* 2.17 2.50 0.33 2.03 2.15 0.12
[closo-BioAtio]* 1.96 n/a n/a 1.71 n/a n/a
[closo-B1iF11]* 0.43 n/a n/a 0.02 n/a n/a
[closo-BiClu]? 1.65 1.80 0.15 1.4 155 0.15
[closo-B11Br1]* 1.93 2.10 0.17 1.72 1.90 0.18
[closo-Biili1]* 2.15 2.40 0.25 2.01 2.15 0.14
[closo-B11At11]* 1.78 n/a n/a 1.72 n/a n/a
[closo-BiaF12]* 1.80 1.90 0.10 1.41 17 0.29
[closo-B12Clua]* 2.76 2.95 0.19 26 2.77 0.17
[closo-B12Bri2]* 2.86 3.2 0.34 2.75 2.98 0.23
[closo-B1ali2]* 2.36 2.8 0.44 2.34 2.75 0.41
[closo-B12At12]* 1.91 n/a n/a 1.89 n/a n/a

less electronically stable than the respective dodecaborate anions (n
= 12). Recently, we have reported that the electronic stability of
dodecaborate anions along the halogen series increases from F to Br
but decreases from Br to 1,2 (see Figure 2). In contrast, the closo-
borate anions with n = 10 and 11 exhibit a monotonic stabilization
from X = Cl over Br to | by increments of roughly 0.3 eV. The different
behavior of {closo-B1o} and {closo-B11} MCAs when compared to the
{closo-B1,} cages justified a closer comparative theoretical
investigation of the electronic structure of these anions. Previous
studies demonstrated that density functional theory (DFT) with the
PBEO functional provided an accurate description of the geometries

n=12 y |'E
Voo e N (1 B M A1y

¢ 2 4 6 0 2 4 & 0 2 4 &
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 2 Comparison between the experimental PES spectra of closo-
dodecaborate anions (n = 12, upper row) reported in Ref.?° and the PES spectra
(157 nm) of closo-undecaborate anions (n = 11, X = Cl-I, middle row) and closo-
decaborate anions (n = 10, X = Cl-I, bottom row) obtained in this study. Dashed
lines indicate VDEs and dotted lines ADEs. Black lines below the spectra denote
the density of states (DOS) predicted by Hartree-Fock calculations. Note that the
highest occupied molecular orbital (HOMO) energy was shifted to match the
experimental VDE, see detailed explanations in SI1.

This journal is © The Royal Society of Chemistry 20xx

of closo-borate anions.3® The results in Table 1 show that PBEO
reproduces the experimental trends in the VDEs for all the
investigated closo-borate anions quite well, albeit systematically
underestimates the experimental values by 0.2 + 0.1 eV for X=Cl, Br
and 0.3 £ 0.1 eV for X = I. The spectral patterns and peak separations
have inherent correlations with the molecular density of states
(DOS). We found considerable disagreement between the observed
spectral bands and the predicted DOS using the PBEO functional (see
SI2). In contrast, the DOS predicted by Hartree-Fock (plotted below
the spectra in Figure 2) showed much better agreement with the
experimental bands. In addition, we also present theoretical
predictions for the VDEs, ADEs, and DOS of X = F, At and n = 10, 11,
which are not yet experimentally available (see Table 1 and SI3).
Neither the synthesis of [closo-BioF10]? nor of [closo-B11F11]% have
been reported and these anions cannot be investigated
experimentally. In the case of the decaboron cluster, only partial
fluorination was experimentally achieved to yield [c/loso-B1oH10-nFn]?
(n = 1-4),31 while in case of the undecaboron cage the anions [NC-
closo-B11H10.nF4]? (n = 8-10) are the only fluorinated derivatives that
are known so far.32 The fluorinated boron clusters are of high interest
as weakly coordinating anions'? with potential applications for metal
ion batteries?8¢ and, in addition, closo-borates that carry fluorine or
astatine atoms may be both of interest for diagnostic medical
applications. 19033

Our theoretical investigation suggested that the Highest Occupied
Molecular Orbital (HOMO) of all fluorinated clusters consists
predominantly of boron-centered orbitals. Going down the halogen
series from F to At, an increased mixing of these boron-centered
orbitals with halogen-centered orbitals takes place. This mixing is
accompanied by a decrease in the energy of the boron-centered and
concomitant increase in the energy of the halogen centered orbitals,
see Figure 3. As a result, the boron-centered HOMO is more strongly
stabilized with increase in the size of the halogen atom, which
explains the increase in the electronic stability along the series of
halogens. This finding is in agreement with the experimental and

J. Name., 2013, 00, 1-3 | 3
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Figure 3 Simplified orbital diagrams showing the progression in orbital energy of
the highest halogen- and boron-centered orbitals for closo-deca- (n = 10), closo-
undeca- (n = 11), and closo-dodecaborate anions (n = 12) along the halogen series
and the degree of degeneracy. Note that the so-called boron-centered orbitals
consist of almost pure boron orbitals for X = F but become stabilized along the
halogen series due to increased mixing with halogen-centered orbitals. Therefore,
the HOMO s stabilized along the series although the halogens become less
electronegative. A detailed diagram showing all orbitals up to a binding energy of
7 eV and their symmetry can be found in SI3 for n = 10, 11 and for n = 12 in the
literature.?®

calculated VDEs and ADEs listed in Table 1, with the exception of the
[closo-B1311,]% anion. The reason for this exception is that for this
anion the iodine-centered orbitals are already higher in energy than
the boron-centered orbitals, whereas for [closo-B11111]% and [closo-
B1oli0]> the HOMOs are boron-centered orbitals. The respective
point along the halogen series at which the halogen orbitals become
higher in energy than the boron centered orbitals is found for the
smaller clusters with n = 10 and 11 at iodine/astatine (see grey
arrows in Figure 3), which makes the effect experimentally not
observable as experiments with X = At are currently not feasible.
Hence, for n = 12 the orbitals centered on the boron cage are very
stable and the effect is found earlier along the halogen series
(between bromine and iodine).

Itis worth noting that considerable similarities of both the spectral
band positions and spacings for the closo-borate anions with n = 10
and 11 and the same halogen substituent X are evident from the PES
spectra (Figure 2) and the DOS in the orbital diagrams (SI3). In
contrast, the corresponding spectra for the clusters with n = 12 are
remarkably different. We conclude that from an electronic structure
point of view, undecaborate anions (n = 11) are close relatives of
decaborate anions (n = 10), but are less similar compared to the
respective dodecaborate anions (n = 12).

A.2. Fragmentation pathways of [closo-B,X,]?: CID of dodecaborate
anions (n = 12) has been previously reported.?* Energetic collisions
with an inert gas result in vibrational excitation of the ion followed
by its fragmentation. The experimentally observed fragmentation
pathways are summarized in Figure 4.

The first fragmentation reaction of the [closo-B,X,]? ions occurs
predominantly through the loss of a halide anion X- (blue arrow),
which is driven by charge separation. Radical halogen, X*, loss (red
arrow) as a competing fragmentation channel was observed in small
amounts for [closo-B1,Bri;]> and is the dominant fragmentation
channel for [closo-Bi,l12]%. The n = 10 and 11 species fragment only
by halide ion loss. This may be attributed to the high thermodynamic
stability of the doubly charged state of the dodecaborate anions.
Subsequent fragmentation of the singly charged [closo-B,X;.1] ions

4| J. Name., 2012, 00, 1-3
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Figure 4 Diagrams summarizing the fragmentation pathways observed for [closo-
B,X,]> with n = 10-12 and X = Cl, Br, | in CID experiments (panels (a) - (c)). All
molecular formula combinations of boron and halogen atoms, which have been
observed, are shown. The legend in panel (d) explains the icons for the observed
ions and neutral losses. Panel 4(e) shows the mass spectrum of the B,; ion, the
product of the complete successive dehalogenation of the [closo-By;l13]% ion by
CID. CID of [B1,F1,]% has been reported in ref. 34. We note that mass spectra may
contain additional signals resulting from reactions of fragments with background
gases like water as observed previously.3*

occurs through three different pathways: 1) loss of a BX3 unit (purple
arrow), 2) loss of a BX unit (pink arrow), and 3) loss of a halogen
radical, X* (red arrow). The competition between boron cage
degradation (1 and 2) and radical halogen loss (3) was found to be
strongly dependent on X. For example, the iodinated anions
fragment almost exclusively by successive loss of iodine radicals (3).
In contrast, chlorinated species show cage fragmentation (1 and 2)
but no radical halogen loss (3). All three pathways are present for
X = Br. This trend may be attributed to a decrease in stability of BX3
formed in (1) and the decreasing boron—halogen bond strength with
increasing halogen size. The observation of all three pathways for
X = Br provides insights into the less pronounced influence of n on
the observed fragmentation. Specifically, for n = 10 and 11 the
brominated clusters follow mostly the boron cage degradation path-
ways (1 and 2), while for n = 12 a larger tendency for radical halogen
loss (3) was observed. This is indicative for the higher structural
stability of the B, unit in comparison to the Bjp and Bi; ones.

The successive dehalogenation (with simultaneous preservation of
the number of boron atoms) observed for all X = | closo-borate anions
is an unusual dissociation pathway that has been examined earlier in
detail both theoretically and experimentally only for n = 12.35 It was
found that the polyhedral boron unit undergoes considerable struc-
tural changes during the stripping of iodine because pure boron
moieties are known to be quasi-planar.3¢ Bare boron units have been
previously investigated theoretically and experimentally due to their

This journal is © The Royal Society of Chemistry 20xx
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exceptional bonding properties3¢37 that became of interest, for
example, in the context of molecular machines.37¢37d For n = 12, the
formation of a naked B;, unit by de-iodination was not observed by
mass spectrometry because, in the final step, [B12l]- splits I (and not
I1°) due to the aromaticity of the neutral Bj, unit, which is an
energetically favorable product. In contrast to B;,, bare Bi; clusters
are aromatic as singly negatively charged ions.3%2 In agreement with
this, [B11l]- undergoes fragmentation to B;;~ as shown in Figure 4(c)
and 4(e). The surprising observation of a bare boron unit generated
through dissociation of iodinated closo-borate anions interconnects
two very different fields of boron chemistry: polyhedral molecular
borate anions that are stable in the condensed and the gas phase and
naked boron clusters, being solely stable in the gas phase.

B. Interaction with cations in the gas phase

The interaction of closo-borate anions of the type [closo-B,X,]% (n <
12, X = H, halogen) with cations has been studied in the condensed
phase.3-45b38 |n particular, perhalogenated 12-vertex anions [closo-
B12X12]> (X = F-Br)'03% have been investigated in terms of their
weakly coordinating properties. In the course of our study, we pro-
duced anionic ion pairs of the type ([c/loso-B,X,]+BusN)- (BusN = tetra-
butylammonium) in the gas phase with the aim to compare inter-
actions of closo-borate anions with cations on a fundamental level
without the influence of solvent shells and other interacting ions.

B.1. Electronic stabilization due to cation interaction with [c/oso-
BnX,)?: The interaction of the doubly negatively charged closo-
borate ions with a cation results in further stabilization of the orbitals
of the borate ions. The comparison of the PES spectra of ([closo-
B,Cl,]+ BusN)- with those of [closo-B,Cl,]% (see SI5) shows that the
BusN cation induces a shift of all bands to higher binding energies but
does not considerably influence the spectral pattern (band shape and
relative signal separation), suggesting that the structure of the
anions is not substantially altered upon complexation with cations.
This is in agreement with previous investigations of closo-dodeca-
borates with transition metal cations via infrared spectroscopy inves-
tigations in the gas phase.3° Note that PES experiments for X = Br and
| were not possible with our instrument due to the high m/z ratio of
these ion pairs. The stabilizing effect of cations on the electron
binding energy of anions is strongly distance-dependent and it is
therefore expected to decrease with increasing anion size. We
observed an electronic stabilization of 2.5 eV for n =10 and 11 but a
significantly smaller effect of 2.3 eV for n = 12. A natural population
analysis (see SI5) suggests that the negative charge is more localized
in the 11-vertex anions, which possess a lower symmetry (Figure 1),
whereas it is more uniformly distributed in the case of the more
symmetric anions composed of 10 or 12 boron atoms. Therefore, the
interplay between anion size and charge distribution may explain the
obviously similar strong coordination of the BuyN cation for the 10-
and 11-vertex anions: The larger ion size of {c/loso-B11} should result
in a weaker coordination than for {closo-B1o}, while the more localiz-
ed charge accounts for stronger Coulomb interactions. To confirm
this assumption, we investigated the VDEs of [closo-B,Cl,]> with an
ammonium ion at different coordination sites theoretically. Only the
lowest-energy structure, in which the counter cation is coordinated
to the surface spanned by the boron atoms 1, 2, 3, 5, and 6 (see
Figure 1), resulted in a computed VDE that is very similar to the
experimental value (see details in SI6). This indicates that the counter

This journal is © The Royal Society of Chemistry 20xx

ion is predominantly located on this specific binding site, a fact
implying that the fluctuation of the {c/loso-Bi:} cage known from the
solution phase (vide supra) may be reduced in a gaseous, directly
interacting ion pair. The length of the alkyl chain of the ammonium
ion (methyl vs butyl) had only negligible influence on the electronic
stabilization in our calculations, see SI6.

B.2. lon pair fragmentation: We investigated fragmentation reac-
tions of the precursor ions ([closo-B,X,]+ BusN)-. Dissociation against
Coulomb attraction is usually not observed in the gas phase. Instead,
loss of neutral fragments is observed in CID spectra of the ion pairs.
The observed fragments were divided into 3 different categories, as
shown schematically in Figure 5(a). Since neutrals are not observed,
the neutral components listed in the following equations may
correspond to the sum of all neutral fragments. In particular, the
fragments were formed via:

(i) Anion decay: The decay of the dianion in the ion pair is initiated
by the electrophilic attack of the BuyN cation or a fragment of
this cation that abstracts a negative substituent from the cluster
resulting in a [closo-B,X,.1]” monoanion, which may subsequently
generate secondary products:

([closo-BXn]+ BugN) — [closo-B,Xp-1] - + [XN(CsHo)4]
The secondary fragmentation of the [closo-B,Xn.1] - anion is
shown in Figure 4.

(ii) Anion oxidation: A redox reaction between the dianion and the
BusN cation occurs, leading to a singly charged radical anion:
([closo-BnXn]+ BugN) — [closo-BpXs]® + [N(CaHo)4l®,

Secondary fragmentation of [closo-B,X,]® occurs through the
loss of X* and formation of [c/oso-B,X,-1]".

a) — Alkylchain of
N’ | the cation
2- _’_ — Halogen
N substituent of
the dianion

» o e

~ ~ R
|, o 2. B
o / T N s | ~
b) . X=Cl X=Br X=l
2 E I .ll l n
E ‘é; p— 1 | - A_._...l |} w .[ - .
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Figure 5 Fragmentation pathways of ([closo-B,X,]+ BuyN) after CID. (a) Scheme
showing the different competing reaction pathways, (b) product ion spectra.
Signals are marked with colors assigning them to one of the reactions shown in
panel (a).
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(iii) Anion alkylation: Instead of abstracting a negative substituent
from the dianion, the cation dissociates into a neutral molecule
and a butyl cation, which remains attached to the anion:
([closo-BpXn]+ BuaN) = [BpXn(CaHo)l + N(CaHs)s.

In the case of the 12-vertex clusters, secondary fragmentation of
the butyl chain gives [closo-B,X,H]- (see SI7 for details), which
undergo subsequent loss of HX resulting in [closo-B,Xp-1]".

The product ion spectra of ([c/loso-B,X,]+ BusN)- shown in Figure 5(b)
may be rationalized by the competition between the three fragmen-
tation channels (i), (ii), and (iii). Pathway (ii) (electron transfer, purple
highlights) is the dominant channel for n = 10 but less pronounced
for n =11 and absent for n = 12. This oxidation reaction of the anion
is directly connected to the electronic stability investigated in Section
A.1. The absence of this reaction for n = 12 is easily explained by the
high electronic stability of dodecaborate anions. However, it is re-
markable that the relative abundance of the [closo-B,X,]* fragment
(purple) in CID spectra observed for n = 11 is much lower compared
to n = 10, despite their very similar electronic stabilities. The higher
relative intensity of signals associated with anion decay (channel (i),
turquoise) for n = 11 indicates therefore a lower chemical stability of
the dianion and its 11-vertex central boron unit compared to the
respective 10-vertex analogues. This observation nicely reflects the
lower chemical stability/higher reactivity of {closo-B1;} compared to
{closo-B1o} and especially {closo-Bi>} clusters known from the
condensed phase (vide infra).34°b Reaction products of type (iii)
(orange) formed via alkylation of the closo-borate anion are domi-
nant for n = 12. Dodecaborate anions are well-known for their high
stability against electrophilic attack, which is necessary for abstrac-
tion of a negative substituent by a cation. In the condensed phase,
these anions are resistant even against highly reactive alkyl
cations,102 protons,10440 and silylium ions.1% CID spectra of alkylated
species shown in Figure 5(b) are consistent with this assertion. Decay
of the anion by negative ligand abstraction is of low importance for
n = 12 and the alkylated species [B,X,(CsHs)]- are observed. This
reaction path (orange) is less pronounced for n = 10 and absent for n
= 11. It is worth noting that products of anion decay (i) are more
pronounced in the spectra for X = Cl, while products of the alkyl
transfer reaction (iii) give almost the only observed signals in the case
of X=Br, I forn=12.

C. Condensed phase

After describing the electronic structure and reactivity of free gas
phase boron cluster ions in Part A and the influence of a single
counterion on these properties in Part B, this section augments the
comparative study on [closo-B,X,]? (X = Cl, Br, I; n = 10-12) to the
condensed phase. The first part C.1 describes the electronic
properties in the condensed phase by electrochemical measure-
ments. In the second part C.2 selected aspects of the reactivity in the
condensed phase are presented. These investigations allow to
evaluate the meaning of intrinsic molecular properties determined in
the gas phase for condensed phase applications.

C.1. Electrochemistry: A detailed, electrochemical study by cyclic
voltammetry (CV) measurements for all clusters with n = 10, 11 and
12 in CH3CN was undertaken for the first time to guarantee compara-
bility of the measurements. So far, related studies have been per-
formed only separately for the different cluster types using different

6 | J. Name., 2012, 00, 1-3

conditions, e.g. different solvents, electrolytes, and reference elec-
trodes (see Table S3-S5 in the SI9 for details). For example, pre-
viously reported CVs were recorded for solutions of Na;[c/oso-B12X12]
(X = Cl, Br, 1) in SO, and Nay[closo-B1,Cli5] in CH3CN.16® The data
reported are in reasonable agreement to the ones found by us taking
the different conditions into account. However, [closo-B1,l12]% is an
exception. The first oxidation potential (Epa1) for Nay[closo-Bili,] in
SO, at =56 °C was reported as +2.1 V.16t A detailed electrochemical
investigation of [nBusN];[closo-Bi;l12] in acetonitrile at room tem-
perature gave a much lower Eqa; of +1.41V (Figure 6 and Figure S9 in
the SI9). This comparably large difference proves the necessity of
performing CV studies using the same conditions to enable a valid
comparison. The redox chemistry of [EtsBzN];[closo-B11X11] (X = Cl,
Br, 1)4! and of salts of the ions [closo-B1oX10]%~ (X = Cl, Br, 1)*2 was

a)
[closo-B,,Cl ] o S 5’7_ —
[closo-B, Br, J*
[closo-B, Br, |*
[closo-B, Br ]
[closo-B, |, J* E.i
— I_,_
TR
: E., =
[closo-B, I, J* _/:_/ 4
[closo-B, | .J* _//Td_r\,?
I . I v 1 . I ’ I . I i I ¥ I
050 075 1.00 125 150 175 200 225
E/V (vs Fe/F¢') —=
b) 25 5.0
= S
S =
a =
” s

[B1oBrio)*

[By;Bry)*

[By:Bry]*
[Biolial®
[Byl]*
[Byali]*

[B1Clyo]*
[B4Cly,]*
[B42Clyz]*

Figure 6 a) Cyclic voltammograms of [nBuyN],[closo-B,X,] (X = Cl, Br, I; n = 10-12)
in CHsCN (top, ¢ = 1103 mol L'; scan rate v = 100 mV s, glassy-carbon working
electrode, Pt counter electrode, reference electrode 0.01 mol L't AgNO; and 0.1
mol L' [nBuyN][PFe]; *[nBusN],[closo-B1;Cly;] contains 33% of [nBuyN];[closo-
B1oClyo], see Table S6 in SI9 and Figures S8-S10 for CVs with extended ranges).
Dashed lines mark the first oxidation potential b) Comparison of the peak
oxidation potentials (E,) in solution and vertical detachment energies (VDE) of
the dianions [closo-B,X,,]> in the gas phase, see text for details.
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studied before, as well. However, the data are not complete as
exemplified by the ones of [EtsBzN],[closo-B11X11] (X = Cl, Br, 1)*1 in
Table S3 in the SI9.

The CVs of the perhalogenated {closo-B,} (n = 10-12) clusters
measured in our comparative investigation are depicted in Figure 6a.
The first oxidation potentials for {closo-B1o} and {closo-Bi1} clusters
are very similar with slightly lower values for the 11-vertex
derivatives in all cases, while considerably higher potentials are
necessary to oxidize the {closo-B1,} clusters. As demonstrated in
Figure 6b, the relative trends observed for the electron detachment
probed by gas-phase PES for the free anions and their oxidation in
solution by electrochemical measurements are very similar.
Although the absolute values for the electron detachment in the gas
phase and the measured oxidation potentials during CV experiments
cannot be directly compared to each other, a comparison of the
relative values may provide some insights about the electronic
stabilization of the different ions in condensed phase. The y-axes in
Figure 6(b) are scaled so that the oxidation peak potential in aceto-
nitrile (Epa, red) and the VDE value (blue) for [closo-Bi2l1,]% are dis-
played at the same height. Therefore, if for another ion the blue bar
in Figure 6b is larger than the red bar, this may be associated with a

Chemical Phy
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stronger electronic stabilization in solution than the one for [closo-
B12112]%, while a larger red bar may be associated with a weaker sta-
bilization. So, the bar diagram indicates a gain in electronic stabiliza-
tion in solution with decreasing size of the halogen X. This effect may
be traced back to a smaller ion-size and an increased partial charge
on the substituent shell, which results in an increase in the inter-
action with solvent molecules and counter ions. The results of theo-
retical investigations on ion-acetonitrile interaction are provided in
SI8. However, the trend dependent on n is opposite to the increase
in the ion size. A remarkably larger electronic stabilization for the 12-
vertex clusters in solution is found relative to the clusters with n = 10
and 11 as inferred from the data. Possible explanations for this effect
may be due to an increased number and a different orientation of
solvent molecules in the first solvation shell of the n = 12. However,
Born-Oppenheimer Molecular Dynamics (BOMD) simulations (see
S110) do not indicate considerable differences in the solvent shells of
the exemplary studies {closo-B1o} and {closo-B1,} clusters for X = Cl.
This implies that very complex models may be necessary to describe
the condensed phase effects on the electronic stabilization
adequately.

Al complete deboronation A2 cluster opening A3 plete or mostly det [closo-B,,Cl, -
1
I (yield of the mixture: 15%) | (36%) I (yield of the mixture: 53%)
ratio: 80% 20% ratio: 66% 34%
[closo-BygBrigl™ + [closo-BygBra(OH)P [7-(HO}-nido-B44H3]™ [closo-BygClygl® + unknown boron cluster
H0 i + Cly(g)
most of the [closo-ByyHyy 2 is 2(a HO
+ 20 B b HO 2
2| D& converted into boric acid * 10NCS 0 .cz L excess for rt
2 hours —rL 30 min -
[closo-ByiHyy ]~
CHaCly CHCly CHxCly CH;Cly CH,CI
+ 24X | 0°C—rt +20C | gec—rt + 20NCS | g°C —rt + 20NCS | pgeC 1t + ¥ NCS 0 1 ZL
°C — 1
24 hours 24 hours 24 hours 2 hours
[closo-Byi Xy [closo-ByoClyg* [closo-B1oClygl* [clos0-By1Clyy [~ + [closo-ByCligl™ + [closo-ByCligH*™  [closo-ByyCliHyy P~ (x=1-10)
(X =1: 59%; Br: 79%) (vield: 54%) (yield: 847%) ratio: 61% 27% 12% selectivity: 71-90%
| (purity: >96%) i (purity: >86%) | Highest selectivity for the synthesis of [closo-B11Clyy*~ ! (yield of the mixtures: 69-89%) |
B1 noe starting from [closo-B;Hy4 ]2~ and NCS.
deboronation B2 complete B3 complete % 2 BS no deboronation
deboronation deboronation (yield of the mixture: 82%) |
B4 partial deboronation
[clos0-ByyClygH]*- §
+ 43muocl | CMCN + 2mmuocy | CHCN + 2.4 Bry | CHCh + 21c1 | CHCl
0°C —rt 0°C —rt. rt rt
[closo-B1oClig~ [closo-ByCluf*~ + [closo-ByCliol’~  [closo-ByiCligBr*~  [closo-ByCliol*~
(vield: 78%) Ratio: 67% 33% (86%) (78%)
L (purity: >86%) | 1 (yield of the mixture: B5%) | J | |
c3 no Cc4 no
Cc1 complete c2 partial deboronation deb i deb
deboronation
$The starting material contained in addition to [closo-B;ClygH~ the following ions: reactions with tBuOCI:
[closo-ByyClgHaP~ (19%), [closo-B1,Cly 2~ (5%); iodination with ICI: [closo-B1yClyy 2 (21%); bromination with Bra: [1.11-H;-closo-B, CL - [1.7,10-H,-closo-B, CI,J*-
[closo-B41Cly 2 (12%), [closo-B4oCligl~ (5%).
The [closo-BygClyg*~ that was present in the starting ial was not i from the

Scheme 1 Synthesis of [nBusN]* salts of [closo-B;,Cly;]?~ and [closo-B1oClio]?>~ and successive chlorination of [nBuyN],[closo-B;1H;;]. Structures of the dianions [1,11-H,-
closo-B1:Clg]>~ and [1,7,10-Hs-closo-B1;Clg]?~ as well as [closo-B1oClig]?~ in the crystals of the salts [nBugN],[closo-B;1ClH11-4]-(CH3),CO (x = 8 (50%); 9 (50%)) and
[nBu,N],[closo-B,oClio), respectively. Ellipsoids are set at 20% probability, except for H atoms that are depicted with arbitrary radii. Details of the structure refinements
can be found in the SI. [Purities given are based on B NMR spectra.]
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C.2. Condensed phase reactivity: In the condensed phase, the
chemistry of the {closo-B1,} cluster is the most detailed studied
among all dianionic {closo-B,} cages,? followed by the one of the
{closo-B1o} cage.* Reactions of {closo-Bi;} derivatives are far less
explored. Most likely, this is due to (i) the much higher reactivity of
the {closo-B11} cage and (ii) the limited availability of its derivatives.5®
A few years ago, a convenient and efficient synthesis of [closo-
Bi11H11]? salts was published providing an easy, alternate access to
this class of compounds and facilitating systematic studies of their
properties.*3 This solution-based method complements a previous
high-yield solid-state pyrolysis synthesis.**. Already in their
pioneering work, Klanberg and Muetterties described the
deboronation of the {closo-B11} cage to yield {closo-Bio} clusters
establishing the comparably high reactivity of these ions. They
reported the deboronation of the [closo-B11H11]% ion in the course of
halogenation reactions with Br, and N-chlorosuccinimide (NCS) in
acidic media to give primarily [closo-B1oBrio]? and [closo-B1oClgH;]?,
respectively.5@ Under basic aqueous conditions bromination did not
proceed via deboronation as evident from analytic data, which were
indicative for the formation of [closo-B11BrgH,]%.52 Later, Tolpin and
Lipscomb reported the synthesis of [MesN];[closo-B11BrsH;] from
[closo-B11H11]> and Br; in caustic soda but multiple recrystallization
was necessary and no yield was given.%? For {closo-Bi,} and {closo-
Bio} clusters related deboronation reactions are unknown,34
underlining the lower stability of the 11-vertex closo-cluster along
the dimension n in the {closo-B,} series. We reinvestigated the halo-
genation/deboronation reactions of the {closo-B1;} cage (Scheme
1)°241 as a model for a comparative picture of the reactivity along
both dimensions n and X of [closo-B,X,]% in the condensed phase
(vide supra).

We confirmed the formation of [closo-B1oBrig]% but with [closo-
B10Brg(OH)]% as a side product upon bromination of [closo-B11H11]*
in water using modern analytical techniques (Scheme 1, A1l).
However, the yield is low (<15%) and boronic acid is the main
product. Formation of [closo-B11BrgH;]2 was not confirmed, also not
under basic conditions. In fact, we did not observe any pH dependen-
cy of this bromination reaction in water (for more details see SI11).
Deboronation of the {closo-B11} cage during chlorination with NCS in
water was not reproduced in our hands,>? but the known anion [7-
(HO)-nido-B11H13]~%> was isolated instead (Scheme 1, A2). In contrast,
chlorine and [closo-B11H11]* gave [closo-B1oClio]> together with an
unknown boron cluster species in a 2:1 mixture in a combined yield
of approximately 53% (Scheme 1, A3). These results substantiate the
significantly higher reactivity of the 11-vertex cluster since haloge-
nation reactions of [closo-B1,H1;]? 30242646 gnd [closo-BigH10]2 42¢ in
aqueous media or alcohols are well-known to give [closo-B,X,]% (X =
Cl, Br; n =10, 12), respectively (for details see SI11).34

Halogenation of the [closo-B11H11]? ion in dichloromethane with
elemental Cl, Br; and I, was studied to evaluate the influence of X
on the reactivity, especially, since no definite trend was found for
previously investigated reactions in water. In case of X =Brand |, the
perhalogenated anions [closo-B11X11]% were obtained in high purity
with yields of 79 and 59%, respectively (Scheme 1, B1). Similar yields
were reported earlier for the benzyltriethylammonium salts (Br: 84%,
1: 33%).41 In contrast, the reaction with Cl, resulted in [closo-B10Cl10]?~
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in 54% yield (Scheme 1, B2). To gain a deeper insight into the debo-
ronation, we explored chlorination under different conditions. NCS
and tert-butyl hypochlorite (tBuOCl) were both found to react under
deboronation in CH,Cl, or CH3CN, also, and [closo-B1oCl10]%~ was ob-
tained in up to 84% vyield from [closo-B11H11]% or [closo-B11ClioH]?
(Scheme 1, B3 and C1). BCl; is the byproduct of this deboronation as
evident from 1B NMR spectra. Milder reaction conditions enabled
the synthesis of [closo-B11Cl11]> but the product was always con-
taminated with [closo-B10Cl10]? (Scheme 1, B4 and C2). Surprisingly,
[closo-B11Cl1oH]?- and all other partially chlorinated 11-vertex clusters
[closo-B11ClyH11]? (x = 1-9) were obtained by chlorination of [closo-
B11H11)?~ with NCS without any degradation to give 10-vertex clusters
(Scheme 1, B5, detailed information and 1B NMR spectra are collect-
ed in SI11). The ions [closo-B11ClsH,]% and [closo-B11ClgH3)? are the
first partially halogenated {closo-B11} clusters that were characteriz-
ed by X-ray diffraction (Scheme 1) besides [NC-closo-B11Fi0]%.32
Interestingly, bromination and iodination of [closo-B11ClioH]? gave
[closo-B11Cl10X]? (X = Br, 1) in good yields without any deboronation
products (Scheme 1, €3 and C4; the iodination of [closo-B11ClioH]?
was reported, earlier®!). These findings contrast the chlorination of
[closo-B11ClipH]? that always — independent on the conditions and
the chlorination reagent used — yielded [closo-B1oCl10]>~ as main or
side product (Scheme 1, C1 and C2),

The chlorination reactions conducted show that [closo-B11Cl11]% is
converted with Cl,, tBuOCl or NCS into [closo-B1oCli0]>~. Hence,
deboronation occurs either during the last chlorination step of
[closo-B11Cl1oH]? or thereafter from [closo-B11Cli1]%. In contrast,
treatment of the perbrominated ion [closo-B11Bri1]2~ with elemental
Cl, did not result in any deboronation.

These observations on condensed phase reactivities discussed, so
far, prove the strong influence of X = Cl, Br, | on the reactivity and
stability of {closo-B,} (n = 10-12). This is further supported by a
literature survey on fluorinated {closo-B,} cages. [clos0-B1,F1,]2~ 10047
and related anions, e.g. [1-(HsN)-closo-B1,F11]-,11248 are accessible by
fluorination with F,. Partially fluorinated {closo-B1,} clusters have
been obtained, as well,15b47 e g by treatment of [closo-BiaHi2]?%
with anhydrous HF.#° In contrast, (i) the cages [closo-B,H,]% (n = 10,
11) are disrupted in anhydrous HF,3%50 (ii) fluorination of [closo-
B1oH10]? gave partially fluorinated derivatives [closo-B1oFyH10-4]2 (X =
1-5), only,3%5t and (iii) fluorination of [closo-BiiHi1]% remained
unsuccessful, so far.3® Furthermore, highly fluorinated {closo-B;,}
derivatives are highly stable,10011247-48 \whereas [NC-closo-B11F10]? is
much more reactive.3252

10-12)
reported herein and described in the literature establish a distinct

The halogenation reactions of {closo-B,} clusters (n =

picture of the structural stability/reactivity of [closo-B,X,]? (X = Cl,
Br, I, F; n = 10-12). Significant differences along the parameters
cluster size n and halogen X are present in the condensed phase
similar to the gas phase (vide supra). In addition, we introduce
convenient, high-yield syntheses for [closo-B1oCl10]% salts based on
chlorination of K;[closo-B11H11], which is readily available.43-44

Discussion

The electronic properties and reactivities of closo-borate anions
[closo-B,Xp]> (X = halogen) have been compared following both
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parameters cluster size (n = 10-12) and halogen substituent (X = Cl,
Br, 1) with the aim to bridge the gap between gas and condensed
phase properties by investigating isolated anions, gaseous ion pairs,
and salts in solution.

Electronic properties: According to our study on the electronic
stability and structure of all anions [closo-BpX,]? (n = 10-12, X = Cl-
1) by photoelectron spectroscopy (PES) in the gas phase, {closo-B11}
clusters have very similar electronic properties compared to their
{closo-B1o} analogs. {closo-Bi,} clusters were found to be consi-
derably more stable. Stabilization due to interactions with a single
tetraalkylammonium cation in the gas phase was again found to be
similar for {closo-Bio} and {closo-Bi1} clusters despite their different
cluster size. A specific coordination site for the ammonium cation to
the comparably low-symmetric {closo-B11} cluster is the main reason
for this similarity. Cyclic voltammetry (CV) measurements show that
the aforementioned trend in intrinsic molecular ion properties is
very close to the trend of electronic properties in the condensed
phase. The differences found for the gas phase and condensed phase
data, in principle, allow a qualitative evaluation of the influence of
the solvent and/or intermolecular interactions on the electronic
properties, which may be an important topic of further studies.

Reactivity/Stability: The fragmentation behavior of the isolated
anions [closo-B,X,]% in the gas phase by mass spectrometry was
found to be largely determined by the substituent X. Small halogens
increase the tendency for boron unit fragmentation (through loss of
BX3 and BX units). For X =, stripping of halogen substituents without
boron unit fragmentation is favored and the bare Bi;- cluster was
generated by stepwise removal of iodine from [closo-B11l11]?%.

Pronounced differences in the molecular stability dependent on n
were found upon fragmentation of the closo-borates with a single
counterion in the gas phase. {closo-B;,}, followed by the {closo-B1o}
cluster, are highly stable and stabilize reactive fragments of the
countercation, while, in comparison, {closo-Bi11} clusters exhibit
anion decay and no stabilization of counter ion fragments.

In the condensed phase, the same reactivity trend as in the gas
phase was evident for the [closo-B,X,]% series. The {closo-B11} cluster
is by far the most reactive {closo-B,} cage with n = 10-12 as shown
herein and documented in the literature.345b Importantly, our
comparison with intrinsic electronic properties proof that this is not
due to an inherent electronic instability of the {closo-B1,} derivatives
but a consequence of the specific properties of the cluster geometry,
especially the B1 atom that has an inner-cluster connectivity of 6
(Figure 1).525¢32 |n addition, the {closo-B11} cage is fluxional in
solution whereas the 10- and 12-vertex closo-clusters are rigid. The
fluxional behavior is also related to the unusual bonding situation of
the 11-vertex closo-boron cluster. We could further show that the
increased tendency for cluster degradation with smaller halogens
found for isolated gas-phase ions is also reflected in the condensed-
phase reactivity. The [closo-B1oCli0]% ion is selectively formed by
chlorination starting from readily available salts of [closo-Bi1H11]%
via [closo-B11ClipH]?%/[closo-B11Cl11]? as intermediates, whereas the
boron cage structure is stable in bromination and iodination
reactions under non-aqueous conditions. It is interesting to note that
the product of the deboronation reaction BCl; investigated here is
in CID

one of the dominant neutral losses also observed

This journal is © The Royal Society of Chemistry 20xx

experiments. Although reactions observed by CID experiments may
differ per se from reactions occurring in the condensed phase, our
study exemplifies that they may allow to understand and maybe
predict differences in condensed phase chemical synthesis.

Conclusions

Perhalogenated closo-dodecaborate anions ([closo-B1,X1,]%") are
notorious for their structural and electronic stability and chemical
inertness, especially their resistance against electrophilic attack. The
comparative study on the molecular level in the gas phase and in
solution has evidenced that [closo-B1oX10]?>~ anions exhibit similar,
only slightly reduced chemical inertness and stability. It is obvious
that the related [closo-B11X11]>~ anions may not be used as weakly
coordinating anions (WCA) because of their higher structural
instability in comparison to their smaller and bigger neighbors with n
=10 and 12, respectively. However, the enhanced reactivity opens
interesting possibilities for the functionalization and transformation
of {closo-B1;} derivatives, as demonstrated recently.> The
fundamental, systematic evaluation and comparison of the
electronic and chemical properties of 10-, 11- and 12-vertex closo-
borate anions, provided with this study, can serve as reference for
future developments in the field of closo-borate chemistry in the gas
and condensed phase alike, because a rational design of closo-
borates with specific properties becomes possible. Especially, this
study shows that a sound knowledge of the gas phase properties of
boron clusters can help synthetic chemists to understand and
potentially to plan reactions in solution. A first example is the new
and convenient synthesis for salts of the [closo-B1oClio]% ion
introduced here, which makes them more easily available. This may
stimulate its application especially in materials science and medicine.

Experimental
Photoelectron Spectroscopy

Photoelectron Spectroscopy (PES) experiments were performed with
an apparatus consisting of an electrospray ionization source (ESI), a
temperature-controlled cryogenic ion trap, and a magnetic-bottle
time-of-flight (TOF) photoelectron spectrometer, as described
elsewhere.53 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
accumulated and cooled for 20-100 ms by collisions with a cold
buffer gas (20% H, 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
eliminated 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 F, 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 TOF
photoelectron spectrum was converted into an electron kinetic
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energy spectrum by calibration with the known photoelectron
spectra of I > and [OsClg]2-.%5 The electron binding energy (EBE) was
obtained by subtracting the electron kinetic energy from the energy
of the detaching photons. The energy resolution was about 2%, i.e.,
~20 meV for 1 eV kinetic energy electrons. Details about
interpretation of PES spectra can be found in SI1.

Collision induced dissociation

Mass spectrometry experiments were performed on a Bruker HCT
lon Trap (Billerica, MA) or a Bruker Esquire LC lon Trap (Bremen). lons
were dissolved in CH3CN with concentrations of 10107 mol Lt and
injected via a syringe pump. An electrospray voltage of 3500-4000 V
was applied and 300 °C nitrogen was used as dry gas. Collision-
induced dissociation (CID) was induced in the nozzle-skimmer region
(sCID) as well as in the ion traps. lons were excited by collisions with
a background gas (N, He) to higher vibrational modes until they
fragmented. For sCID, the ions were accelerated using an adjustable
potential gradient in the first pumping stage of the mass
spectrometer's differential pumping system, i.e. at pressures of
about 2.5 mbar. In the ion trap, ions with a defined m/z-value were
isolated and activated by applying an adjustable ac voltage to the ion
trap end caps. lon trap CID experiments generate reaction products
of the isolated and activated ions.

Cyclic voltammetry

Cyclic voltammetry experiments were performed with a Metrohm
PGSTAT30 potentiostat. A standard three-electrode cell configura-
tion was employed with a glassy carbon working electrode sealed in
glass (external diameter @ = 6 mm; internal diameter @ = 3 mm:
active surface area: 7.07 mm?2), a Pt-wire counter electrode (@ =
3 mm; length: 5 cm), and an Ag/AgNO; reference electrode
(0.01 mol L' AgNO; in acetonitrile that contained 0.1 mol L?
[nBusN][PFg]) separated by a Vycor tip. Cyclic voltammograms were
measured for solutions of [nBugN]x[closo-BioX10], [nBusN]z[closo-
B11X11], and [nBusN]z[closo-B12X12] (X = Cl, Br, 1), in anhydrous
acetonitrile (1-:10-3 mol Lt). Data analysis was carried out with the
Nova 1.10 and Nova 1.11 software suite.

Chemical synthesis

Reactions involving air-sensitive compounds were performed either
in round bottom flasks or in glass tubes equipped with valves with
PTFE stems (Rettberg, Gottingen and Young, London) under argon
using standard Schlenk line techniques.

[nBugN]z[closo-B1oClio] from [nBusN];[closo-BiiHii] and NCS. A
CH,Cl; (50 mL) solution of [nBugN],[closo-B11H11] (0.50 g, 0.81 mmol)
was treated with NCS (2.17 g, 10.26 mmol). After 1 d at r.t., a
saturated aqueous solution of Na,SO3; (50 mL) was added. The
organic phase was separated, and the aqueous layer was extracted
with CH,Cl; (3 x 50 mL). The combined organic phases were dried
with MgSO,4. The solids were filtered off and all volatiles were
removed using a rotary evaporator. Yield: 0.64 g (0.68 mmol, 84%,;
purity >96% [The salt contained <4% of [nBusN],[closo-B11Cl11] as
assessed by 1B NMR spectroscopy]). *H NMR (500.13 MHz, CD3CN):
&=3.16 (m, 8H, CH,), 1.67 (m, 8H, CH,), 1.41 (m, 8H, CH,), 1.02 (t,
12H, 3J(*H, H) = 7.3 Hz, CH3). 1B NMR (160.46 MHz, CD3CN): 6=-3.3
(s, 2B, B1+12), —10.5 (s, 10B, B2-11) ppm. MALDI-MS m/z (isotopic
abundance >45) cald. for [closo-B1oCl10]*~: 459(48), 460(70), 461(89),

10 | J. Name., 2012, 00, 1-3

462 (100), 463 (100), 464(91), 465(74), 466(57); found: 459(51),
460(79), 461(93), 462(100), 463(99), 464(90), 465(74), 466(54).

[nBusN];[closo-B1oClip] from [nBusN]y[closo-BiiHi1] and Cl,. An
excess of chlorine was passed through a solution of [nBusN]z[closo-
B11H11] (0.50 g, 0.81 mmol) in CH,Cl; (50 mL) for 30 min. After stirring
atr.t. for 1 d, a saturated aqueous solution of Na,SOs (50 mL) was
added. The organic layer was separated, and the aqueous layer was
extracted with dichloromethane (3 x 50 mL). The combined organic
phases were dried with MgSO,. The solids were filtered off and the
solvent was removed using a rotary evaporator. Yield: 0.42 g (0.44
mmol, 54%; purity >96% [The salt contained <4% of [nBusN],[closo-
B1:Cl11] as assessed by 1B NMR spectroscopy]).

[nBusN];[closo-B1Clio] from [nBuyN];[closo-B11CligH] and tBuOCI.
tert-Butyl hypochlorite (0.16 mL, 0.15 g, 1.36 mmol) was added to a
solution of [nBusN];[closo-B11ClioH] (0.30 g, 0.32 mmol) in CHsCN
(14 mL) in the dark at 0 °C. The solution was stirred at 0 °C for 8.5 h
followed by stirring for 5 d at r.t. The solvent was removed under
reduced pressure and the solid residue was dissolved in acetone
(2 mL). Addition of water gave a precipitate that was isolated by
filtration and subsequently dried in a vacuum. Yield: 0.25 g
(0.26 mmol, 81%; purity >96% [The salt contained <4% of [nBusN],-
[closo-B11Cli1] as assessed by 1B NMR spectroscopy]). Elemental
analysis: calcd. (%) for C32H72B10Cl1oN,, C40.56, H 7.66, N 2.96; found,
C40.68, H 7.51, N 3.02.

Further synthetic details can be found in SI11.
Theoretical investigations

The Vertical Detachment Energies (VDEs) were theoretically
determined as energy differences between the singly charged anions
and corresponding dianions (or neutrals and corresponding singly
charged anions), both at the dianion's (anion's) optimized geometry.
ADEs were determined as the energy difference between the
geometrically optimized singly charged anions and corresponding
dianions (or geometrically optimized neutrals and corresponding
singly charged anions). All calculations were done using the NWChem
software.>® Geometry optimizations and electronic structure calcula-
tions were done with the DFT method PBEQ®7 using the aug-cc-pVTZ
basis set®® or the def2-tzvppd basis set.® Dispersion correction®® was
applied if non-covalent interactions were investigated. Details of
molecular dynamics simulations are described in the supporting
information.
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a————

= ~cpndensed

A comparative study of the trends of the electronic properties and reactivity of closo-
borates [closo-BrXn]> (X = halogen) along the parameters cluster size (n =10, 11, 12)
and halogen substituent (X = F, CI, Br, I) was undertaken that connects gas and
condensed phase properties.



