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Alkanes and [B12X12]
2− (X = Cl, Br) are both stable compounds

which are difficult to functionalize. Here we demonstrate the for-
mation of a boron−carbon bond between these substances in a
two-step process. Fragmentation of [B12X12]

2− in the gas phase
generates highly reactive [B12X11]

− ions which spontaneously react
with alkanes. The reaction mechanism was investigated using tan-
dem mass spectrometry and gas-phase vibrational spectroscopy
combined with electronic structure calculations. [B12X11]

− reacts by
an electrophilic substitution of a proton in an alkane resulting in a
B−C bond formation. The product is a dianionic [B12X11CnH2n+1]

2−

species, to which H+ is electrostatically bound. High-flux ion soft
landing was performed to codeposit [B12X11]

− and complex organic
molecules (phthalates) in thin layers on surfaces. Molecular structure
analysis of the product films revealed that C−H functionalization by
[B12X11]

− occurred in the presence of other more reactive functional
groups. This observation demonstrates the utility of highly reactive
fragment ions for selective bond formation processes and may pave
theway for the use of gas-phase ion chemistry for the generation of
complex molecular structures in the condensed phase.

electrophilic anions | fragment ion deposition | dodecaborates | alkane
functionalization | spectroscopy of reactive intermediates

Understanding and controlling bond breaking and formation
processes is central to chemical sciences. Connecting two

molecules in a specific manner is a substantial challenge, if the
new bond that is formed has to substitute inert bonds in the re-
agents (1). Synthetic strategies to achieve this goal usually involve
complex multistep processes, and the initial bond activation is
often based on catalysis using reactive metal centers (2–6). It
would be transformative if one could take a stable molecule, break
a specific bond, and form a highly reactive undercoordinated
binding site, which subsequently is connected to another molecule
of choice. This would allow the direct functionalization of abun-
dant feedstock such as saturated hydrocarbons, and “building” of
molecular structures in a manner analogous to playing with a
molecular modeling kit. Unfortunately, fast quenching of highly
reactive intermediates formed by breaking stable bonds makes it
difficult to implement this concept using classical condensed-
phase chemistry.
Conversely, breaking a stable bond and direct bonding of re-

active fragments to inert molecules is quite common in the upper
atmospheric layers of planets and moons, where reactions occur
in the gas phase at low pressures. For example, in the ionosphere
of Saturn’s moon Titan, excitation by sunlight or collisions with
high-energy particles form reactive molecular fragment ions from
organic compounds (7). These fragment ions are able to bind
unreactive molecules, forming intermediates that may be subse-
quently converted into complex organic compounds (8). However,
such exoatmospheric reactions lack specificity and, thereby,

generate a broad spectrum of products from a mixture of available
organic precursors.
Our aim is to use the bond formation principles of ionospheric

chemistry in a controlled way for chemical synthesis. This will
enable bond formation with unreactive molecular units, which is
otherwise difficult to achieve. Chemistry of isolated ions is tra-
ditionally studied in the rarefied environment of a mass spec-
trometer, which somewhat resembles that of the ionosphere and
often allows controlled breaking of selected bonds by utilizing an
appropriate fragmentation method based on ion-neutral, ion−
electron, ion−ion, or ion−photon interactions and subsequent
isolation of the reactive fragment ions. Herein, we demonstrate
that 1) gas-phase ion chemistry enables covalent bond formation
between two molecular units which are both difficult to func-
tionalize: alkanes and highly stable inorganic closo-dodecaborate
anions; 2) this process occurs through a C−H functionalization
mechanism atypical for anions; and 3) products of such reactions
can be made amenable to bulk phase characterization using the
recently developed high-flux ion soft-landing technique.
The first proof-of-concept experiment, reported here, dem-

onstrates the potential of this approach for the discovery of bond
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formation processes. This development opens the possibility to
generate complex molecular structures that are difficult to syn-
thesize using traditional approaches.
The closo-dodecaborate anions [B12X12]

2− (X = Cl,Br) are
well known for their exceptional chemical inertness (9–11).
Synthetic approaches for specific B−X functionalization of these
anions with organic molecules do not exist but may open broad
perspectives for applications, for example, in boron neutron cap-
ture therapy and for development of nonlinear optical materials
(12–14). Transfer of [B12X12]

2− into a mass spectrometer using
electrospray ionization (ESI) followed by collision-induced disso-
ciation (CID) generates highly reactive gaseous fragment anions
[B12X11]

− (15). Despite the overall negative charge, the under-
coordinated boron atom possesses a partial positive charge and is
exceptionally electrophilic, as has been demonstrated by the
spontaneous binding of noble gases (16, 17). Herein, we describe
the reactivity of [B12Br11]

− (1) toward alkanes (2) by using
methane (2a) and n-hexane (2b) as representative model systems.
Then, we also extend this reactivity to the condensed phase and to
more complex organic molecules (2c) by using ion soft landing, see
Fig. 1. We focus on the reactivity of [B12Br11]

− in this paper, but
additional results summarized in SI Appendix demonstrate the
equivalent reactivity for [B12Cl11]

−. Experimental details are de-
scribed in Methods and in SI Appendix, section S1.

Results and Discussion
Gas-Phase Ion Chemistry and Spectroscopy. Ion−molecule reactivity
studies of 1 with 2a and 2b in the gas phase performed using an
ion trap mass spectrometer (Fig. 2A and SI Appendix, section S2)
demonstrate that 1 spontaneously binds to alkanes at room
temperature (Eq. 1).

B12Br11[ ]- 1) + CnH2n+2 2)→ B12Br11CnH2n+2[ ]- 3).((( [1]

Photofragmentation of [B12Br11CH4]
− 3a (SI Appendix, section

S3) or CID of [B12Br11C6H14]
− 3b (Fig. 2B) did not lead to the

formation of the original reagents 1 and 2. Instead, other disso-
ciation products were formed, indicating that alkanes form
strong bonds with 1. In addition to the reaction product 3, its
water adduct (4) (+m/z 18) was observed. This adduct ion was
also observed when 3 was isolated and stored in the ion trap. We
attribute this adduct to a reaction of 3 with trace amounts of
water present in the instrument. Assuming that the undercoordi-
nated site in 1 is saturated upon reaction with the alkane (Eq. 1),
the formation of 4 (Eq. 2) indicates the presence of an additional
reactive site in 3, which will be discussed later.

B12Br11CnH2n+2[ ]- 3) +H2O→ B12Br11CnH2n+4O[ ]-   4).(( [2]

The formation of 3 cannot be explained by H atom abstraction
and carbene formation (18), because the corresponding products
([B12Br11H]−• and [B12Br11CnH2n]

−) were not detected. A de-
tailed reaction scheme is shown in SI Appendix, section S2. A
classical C−H bond insertion mechanism, as known for metal
cations and electron deficient carbenes, requires binding both the
carbon and hydrogen to the reactive atom (19). This process can
also be excluded, because the reactive boron atom in 1 can only
form one covalent bond. In contrast, hydride abstraction from the
alkane by 1 would yield a stable, fully substituted closo-dodecaborate
dianion [B12Br11H]2− which would be electrostatically bound to
the [CnH2n+1]

+ cation in the gas phase. The closo-dodecaborate
anions are known to stabilize alkyl cations (11). The product,
[B12Br11H]2−[CnH2n+1]

+, is consistent with the molecular formula
of 3 and contains a B−H bond. Two independent experiments
were performed to test the structure of the product. Infrared pho-
todissociation (IRPD) spectroscopy of 3a revealed the presence
of vibrational modes characteristic of brominated B12 cages but no
B−H stretching band around 2,600 cm−1 (SI Appendix, section S4).
Further, we generated [B12Br11H]2−[C6H13]

+, an anion with the
same molecular formula as 3b, in the gas phase using ESI of a salt
containing [B12Br11H]2− anions and [N(C6H13)4]

+ cations. Isola-
tion of this ion pair in an ion trap followed by CID produced
[B12Br11H]2−[C6H13]

+ via the loss of neutral trihexylamine. The
product [B12Br11H]2−[C6H13]

+ showed no reactions with water
and a very different CID pattern (15) compared to 3b (Fig. 2 B
and C). These results indicate that 3 is structurally different from
the isobaric ion pair [B12Br11H]2−[CnH2n+1]

+. Therefore, we pro-
pose that hydride abstraction is not the predominant reaction
pathway.
Since the presence of a B−H bond in the covalent adduct 3

can be ruled out, B−C bond formation is considered. We hy-
pothesize that a C−H bond in the alkane is heterolytically cleaved
by 1 in a concerted mechanism, formally generating a proton and a
carbanion [CnH2n+1]

−. The carbanion forms a covalent bond with
the electrophilic boron atom in 1, while the proton becomes
electrostatically bound to the fully saturated [B12Br11CnH2n+1]

2−

dianion to form 3. This hypothesis is corroborated by computa-
tional investigations. Specifically, the potential energy surfaceFig. 1. Reagents and the reactive intermediate used in this study.

Fig. 2. (A) Isolation of anion 1 (m/z 1009) with an isolation window of m/z
1.5 followed by reaction for 30 ms with gaseous n-hexane 2b and back-
ground gases (N2, H2O) in an ion trap mass spectrometer. (B) Subsequent
CID mass spectrum of the isolated anion 3b (isolation window of m/z 1; for
more information, see SI Appendix, section S2). (C) CID of the anion
[B12Br11H]

2−[C6H13]
+ with the same molecular formula as 3b but generated

upon n-hexyl cation transfer from [N(C6H13)4]
+ to [B12Br11H]

2−.
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shown in Fig. 3A indicates that formation of a collision complex
between 2a and 1 is energetically favored by 84 kJ/mol. The
lowest-energy transition state for cleaving a C−H and forming a
B−C bond lies 40 kJ/mol below the energy of the separated re-
actants, making this pathway readily accessible (Fig. 3A). The final
product 3a contains an electrostatically bound proton. Theoretical
studies of protons electrostatically bound to [B12X12]

2− moieties in
the gas phase have predicted the location of the proton to be on a
Br−Br or Cl−Cl edge (20, 21). This is in agreement with the
current investigation. The proton is mobile with respect to
edge-to-edge migration that involves relatively small energy bar-
riers (∼20 kJ/mol). The thermochemically most favored isomer of
3a lies 117 kJ/mol below the entrance channel.
The proposed structure of 3a explains the observed subse-

quent water addition (Eq. 2). The reactive site in 3 mentioned
before is therefore identified as the electrostatically bound pro-
ton. Upon interactions with 3, a water molecule is readily pro-
tonated, resulting in the formation of [H3O]+ that remains bound
to the dianion [B12Br11CnH2n+1]

2−. The presence of a hydronium
ion in 4a (Eq. 2) was confirmed by IRPD spectroscopy (Fig. 3B).
Specifically, the IRPD spectrum of 4a reveals characteristic fea-
tures at 1,580 cm−1 (hydronium bending mode) and 1,300 cm−1

(hydronium umbrella mode) next to a band at 1,000 cm−1 origi-
nating from the B12 unit, which are strongly indicative of the presence
of [H3O]+ (SI Appendix, section S5). However, the unambiguous
assignment of the IR bands observed at larger wavenumbers
(2,300 cm−1 to 3,000 cm−1) is challenging, due to anharmonic and
dynamic effects previously reported for water-containing clusters,
which can be difficult to predict theoretically (22). Therefore, we
also measured the IRPD spectrum of [B12Br12]

2−[H3O]+ generated

using published procedures (20), which was found to be almost
identical to the spectrum of 4a (Fig. 3C), confirming its assignment.
Our results confirm that the electrophilic closed shell anion 1

is able to substitute a proton in the alkanes 2a (pKa of ∼50) and
2b by forming an electrostatically bound complex of the dianion
[B12Br11CnH2n+1]

2− and H+. For many decades, considerable
efforts have been dedicated to understanding the details of C−H
activation processes using different reagents and conditions. (2,
4, 5, 18, 23–26). Many mechanisms of this important process
have been proposed. Proton substitution by several late transi-
tion metal complexes resulting in formation of a carbon−metal
bond has been investigated. (2, 4, 24, 27). There are many open-
shell metal and metal oxide cluster ions known which can acti-
vate the C−H bond of methane in the gas phase at thermal
collision energies. (26) Thermal reactions between methane and
closed-shell anions are scarce. Nevertheless, this reaction has
been reported for [AuTi3O7]

−, which contains an electrophilic gold
atom. (28) Heterolytic C−H cleavage in methane on [AuTi3O7]

−

was discussed in terms of Lewis acid−base pairs (LABP) and special
properties of gold caused by the strong relativistic effects on this
element. The LABP model is also often used to explain the acti-
vation of strong bonds by reactive boron centers (29, 30). However,
it does not seem to be applicable here, since the lone pairs in 1 have
an exceptionally weak Lewis base character, and protonated
[B12X12]

2− anions are among the strongest Brønsted acids known
(10). The reactivity of 1may be better rationalized by 1) binding of
a carbanion to the highly electrophilic boron site and 2) Coulomb
stabilization of the resulting ion pair. Ion 3 exhibits the exceptional
property of acting as a strong donor for a proton previously ab-
stracted from an alkane.

Fig. 3. (A) Reaction path including the energies (in kilojoules per mole) and structures of minima (red) and transition states (black) for the reaction of 1 with
methane as calculated at the B3LYP-D3/6-311++G(2d,2p) level of theory. A blue arrow marks the abstracted proton (we note that a strong kinetic isotope
effect for C-H cleavage should take place if CD4 was used). Key geometries were reoptimized at the SCS-MP2/ccpVTZ level of theory (energies in gray numbers
in parentheses). For some of the structures, only the reaction-relevant part is outlined using gray dashed lines. (B) IRPD spectrum of 4a. (C) IRPD spectrum of
[B12Br12]

2−[H3O]+ for comparison (νA, H3O
+ bending mode; νB, H3O

+ umbrella mode; νC, B−Br stretching vibrations, coupled to B12-cage deformation modes).
The depicted spectra consist of two parts joined together at 2,200 cm−1.

23376 | www.pnas.org/cgi/doi/10.1073/pnas.2004432117 Warneke et al.
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Ion Deposition Experiments. The reaction discussed herein, first
discovered in the gas phase, may also be employed for the
preparation of new compounds in the condensed phase. For this,
ion soft landing (31) is employed, which enables the controlled
deposition of mass-selected ions on surfaces. In recent years,
brighter (higher ion flux) ionization sources with the potential to
produce macroscopic quantities of condensed-phase material
from mass-selected ions have been developed (32–37). Examples
of the generation of macroscopic amounts of material from
fragment ions, however, are very scarce. One notable example is
the generation of a polymeric carbon material from the deposi-
tion of the fullerene fragment C58

+ (38). In our experiments, we
used high flux ESI-coupled ion soft landing to deposit a reactive
fragment and accumulated the products (Fig. 4A). Recently, we
showed the formation of condensed layers on surfaces by the
deposition of mass-selected [B12X12]

2− anions (39). Phthalate
molecules (including 2c as a dominant species), which were
present in the background of the instrument, accumulated with
the anions during the deposition process. ESI mass spectrometry
(ESI-MS) analysis of the deposited layers revealed the presence
of intact [B12X12]

2− ions in negative ion mode and accumulated
phthalate molecules, which were detected as Na+ adducts in
positive ion mode. Upon in-source CID of gas-phase [B12Br12]

2−,
1 was generated and mass selected in our soft-landing instru-
ment. Around 5 × 1014 anions 1 were deposited in the presence
of phthalates on a gold surface which was coated by a chemically
inert fluorinated alkane thiol self-assembled monolayer. The
substrate was removed from the soft-landing instrument. Con-
densed matter with a spot size of roughly 3 mm × 3 mm was op-
tically visible on the surfaces (see images in SI Appendix, section
S6). The deposited layer was dissolved in methanol, and the
resulting solution was analyzed using ESI-MS. Remarkably, (−)
ESI-MS analysis of the anions in the layer revealed the presence of
dianions, although a singly charged anion was mass-selected and
deposited. The special electrophilic nature of [B12Br11]

− prevents
deposited ions from neutralization but instead drives reactions,
which recover the stable doubly charged configuration of the pre-
cursor. Each dianion corresponds to a phthalate derivative (compare

Fig. 4 B and C) in which a proton is substituted by a [B12Br11]
− anion.

For example, phthalates with decyl chains (C28H46O4) were detected
as [B12Br11C28H45O4]

2− (3c−H+). While, in the gas phase, the
substituted proton remains electrostatically bound to the dianion, it
can be readily released in the condensed phase and is not bound to
the dianion during ESI-MS analysis of the deposited layer. CID of
this product (Fig. 4D) results in the elimination of the aromatic
moiety of the pthalate, generating a fragment ion atm/z 574, in which
1 is bound to an alkyl chain of the phthalate. The fragmentation
pattern of this ion at m/z 574 (Fig. 4E) resembles the CID pattern of
negatively charged primary fatty acids (20) indicating that 1 is pref-
erentially bound to a primary C atom of the alkyl chain. This ob-
servation is consistent with the lower energy barrier calculated for
proton substitution at a primary C atom in comparison to a secondary
C atom of alkyl chains (see details in SI Appendix, section S6). Al-
though phthalates contain several functional groups which may act as
reaction partners for 1 during the deposition process, 1 has prefer-
entially reacted with inert alkyl groups under these experimental
conditions.
Selective binding of a strong electrophile to the alkyl chain in

the phthalate rather than the nucleophilic ester groups or the aromatic
moiety is remarkable. Attaching 1 to the carbonyl oxygen atom is
calculated to be more energetically favorable by ∼150 kJ/mol than
proton substitution in the gas phase (SI Appendix, section S6). The
observed preference for the proton substitution reaction in the
layer may be attributed to both kinetic effects and differences
between the gas- and condensed-phase thermochemistry of the
competing reactions. Polar nucleophiles with a significant par-
tial negative charge in their reactive sites are likely oriented away
from the anion, whereas the reactive electrophilic site in 1 may be
more accessible to less polar groups such as alkyl chains. It is
reasonable to assume that phthalates accumulated at the layer’s
interface orient the alkyl chains toward the vacuum side, while
polar ester groups are oriented toward the ion-rich bulk phase.
Such molecular orientation can cause the kinetic hindrance for the
reaction of ester oxygens with the deposited reactive ions 1. In
addition, a strong thermodynamic stabilization of the dianionic
product and the proton is expected in the deposited layer, due to

Fig. 4. (A) Schematic of the ion soft-landing instrument. ESI source (I); heated inlet (II); dual ion-funnel system (III); collision quadrupole for ion collimation,
cooling, and CID (IV); and quadrupole mass filter (VI) for mass selection of ions (m/z ± 10), which were focused by einzel lenses (VII) and delivered to a gold
surface covered by an alkane thiol self-assembled monolayer (VIII). The experimental details are provided in SI Appendix, section S6. Voltage gradient be-
tween the DC offset of IV and conductance limit V determines the ion kinetic energy and, thereby, the degree of ion fragmentation. The deposited material
was extracted into methanol and analyzed (IX). (B) (+)ESI mass spectrum of organic molecules present in the vacuum chamber after accumulation on
surfaces. For assignments, see SI Appendix, section S6. (C) (−)ESI mass spectrum of the sample prepared by deposition of 1, showing the [B12Br11C28H45O4]

2−

anion atm/z 727; for information on the other products, see SI Appendix, section S6. (D) Singlem/z-unit isolation and CID of [B12Br11C28H45O4]
2− (m/z 727). (E)

CID of the isolated fragment ion of m/z 574.

Warneke et al. PNAS | September 22, 2020 | vol. 117 | no. 38 | 23377

CH
EM

IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
4,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004432117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004432117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004432117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004432117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004432117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004432117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004432117/-/DCSupplemental


www.manaraa.com

short- and long-range electrostatic interactions between multiple
counterions in the bulk phase as well as solvation effects. The
contribution of these condensed phase effects cannot be evaluated
using gas-phase models.

Conclusion
In this article, we demonstrate the preparative potential of gas-
eous fragment ions. Formation of complex molecules with such
ions is usually considered to be relevant only in uncontrolled
ionospheric processes. In our approach, we mass select a targeted
fragment ion, thus obtaining one reagent with a desirable reactive
character. Products of the reactions with this fragment ion may be
accumulated on surfaces using advanced ion soft-landing methods.
The proof-of-concept case discussed herein demonstrates the
ability to interconnect two unreactive substances, dodecaborate
ions and alkyl moieties, using a “fragmentation−addition” se-
quence: generation of the reactive fragment [B12X11]

− by CID in
the gas phase followed by its reaction with a nonactivated hy-
drocarbon chain by proton substitution. This reaction results in a
formal substitution of the C−H and B−X bonds in the reagents by
a new B−C bond. The highly reactive [B12X11]

− showed an un-
expected selectivity toward reactions with alkyl groups in the
presence of more reactive ester groups during ion soft-landing
experiments. Along with the development of high-flux ion soft-
landing instrumentation, these insights into the previously un-
known bond formation processes may be used to generate mo-
lecular structures in the condensed phase using reactive gaseous
fragment ions.

Methods
Reaction with Hexane and CID Experiments. Ion−molecule reactions of
[B12Br11]

− and n-hexane were studied in a Thermo LTQ linear quadrupole ion
trap mass spectrometer at Purdue University, coupled with a homebuilt re-
agent mixing manifold for the introduction of neutral n-hexane into the ion
trap. [(NEt4)2][B12X12] in methanol was introduced into the gas phase via
negative-mode ESI. Fragmentation of mass-selected ions was performed
using ion trap CID. More details of the experimental settings and conditions
can be found in SI Appendix.

IRPD. The IRPD spectra were measured using the Leipzig cryogenic ion trap
triple mass spectrometer described elsewhere (40, 41). [B12Br12]

2− and
[B12Br11]

− anions were produced via skimmer CID from precursor ions
formed using a nanospray ion source with a 0.1-mmol/L solution of [B12Br12]
[HN(C2H5)3]2 in acetonitrile. The ions were collimated in a radio frequency
ion guide filled with different buffer gases at room temperature in order to
form the respective adducts (H2O, CH4). After mass selection, the ions were
guided into the ion trap, which was filled with gas mixtures 80% He/20% N2

or 99% He/1% CO buffer gas and held at temperatures of around 43 K,
promoting the formation of weakly bound ion−N2 or ion−CO messenger
complexes. The ions were focused into the center of the extraction region of
an orthogonally mounted reflectron time-of-flight (ToF) tandem photo-
fragmentation mass spectrometer, where they were irradiated by tunable IR
radiation from an Nd:YAG laser-pumped OPO/OPA/AgGaSe2 laser system.
When resonant with a rovibrational transition, the initially internally cold
messenger-tagged parent ion absorbs an IR photon, eventually leading to a
change in the ion’s m/z ratio due to loss of the N2 messenger molecule,
which is then detected by ToF MS. Technical details are described in
SI Appendix.

Photofragmentation. The infrared multiple photon photodissociation (42–44)
experiments were carried out with another ion trap tandem mass spec-
trometer described previously (45, 46). Irradiation is performed with an in-
tense and widely tunable IR pulse from the Fritz Haber Institute Free-
Electron Laser (47). Technical details are described in SI Appendix.

Computational Investigations. Calculations were performed using the Gaussian09,
rev.D.01, and theNWChemprogrampackages. Details onallmethods are given
in SI Appendix.

Synthesis. [NEt3H]2[B12X12] (X = Cl, Br) was prepared according to previously
reported literature procedures (48, 49).

Ion Soft Landing. The setup of the used ion soft-landing instrument and its
technical details were described previously (50). The ion source capable of
high ion currents which allows generation of condensed-phase material
layers has been described before (33). Details of the experimental settings,
including applied voltages to all components of the system and background
pressures, are described in SI Appendix. The deposition target was prepared
by carefully cleaning the gold surface and self-assembly of a monolayer of
1H,1H,2H,2H-perfluorodecanethiol. Details of the preparation process are
described in SI Appendix.

Data Availability. All study data are included in the article and SI Appendix.
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