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Binding Properties of Small Electrophilic Anions [B6X5]
� and

[B10X9]
� (X =Cl, Br, I): Activation of Small Molecules Based

on π-Backbonding
Sebastian Kawa,[a] Harald Knorke,[a] Jiaye Jin,[a] Markus Rohdenburg,[a] Knut R. Asmis,[a]

Ralf Tonner-Zech,[a] Eduard Bernhardt,[b] Carsten Jenne,[b] Maik Finze,[c] and
Jonas Warneke*[a, d]

Superelectrophilic anions constitute a special class of molecular
anions that show strong binding of weak nucleophiles despite
their negative charge. In this study, the binding characteristics
of smaller gaseous electrophilic anions of the types [B6X5]

� and
[B10X9]

� (with X=Cl, Br, I) were computationally and experimen-
tally investigated and compared to those of the larger
analogues [B12X11]

� . The positive charge of vacant boron
increases from [B6X5]

� via [B10X9]
� to [B12X11]

� , as evidenced by
increasing attachment enthalpies towards typical σ-donor
molecules (noble gases, H2O). However, this behavior is
reversed for σ-donor–π-acceptor molecules. [B6Cl5]

� binds most
strongly to N2 and CO, even more strongly than to H2O. Energy

decomposition analysis confirms that the orbital interaction is
responsible for this opposite trend. The extended transition
state natural orbitals for chemical valence method shows that
the π-backdonation order is [B6X5]

� > [B10X9]
� > [B12X11]

� . This
predicted order explains the experimentally observed red shifts
of the CO and N2 stretching fundamentals compared to those
of the unbound molecules, as measured by infrared photo-
dissociation spectroscopy. The strongest red shift is observed
for [B6Cl5N2]

� : 222 cm� 1. Therefore, strong activation of unreac-
tive σ-donor–π-acceptor molecules (commonly observed for
cationic transition metal complexes) is achieved with metal-free
molecular anions.

Introduction

Highly reactive ions offer interesting opportunities for binding
and activating unreactive compounds and small molecules such
as N2.

[1] However, reactive ions are difficult to stabilize in the
condensed phase and bond formations often lack selectivity. The
isolating environment (vacuum) of a mass spectrometer enables

exploring the chemistry of highly reactive charged intermediates:
Ions can be selected according to their mass-to-charge ratio and
converted with high chemical selectivity with a neutral gas of
choice. Reactants and products of these ion-molecule reactions
can be investigated using gas-phase spectroscopy.[2] We explore
the chemistry of highly reactive fragment ions formed in the gas
phase with the goal to use these ions for controlled bond
formation and to accumulate the reaction products in layers on
surfaces using ion soft-landing.[3,4,5] Understanding the reactivity,
binding motifs and potential reaction selectivity of ionic
intermediates is key to synthesizing novel molecular structures
using this approach.

One class of highly reactive ions, which has been intensively
studied[4,6–10] in our laboratories is [B12X11]

� (X=halogen, CN)
generated by collision induced dissociation (CID) of the electroni-
cally stable closo-dodecaborate dianions [B12X12]

2� . [B12X11]
�

shows “superelectrophilic” behavior demonstrated by the spon-
taneous binding of noble gases.[6–8] Although these ions are
negatively charged, the vacant boron atom of [B12X11]

� exhibits a
positive partial charge. It has been shown that the electrophilicity
of [B12X11]

� ions mostly correlates with the electronic stability of
the dianionic precursor [B12X12]

2� .[9] The [B12(CN)12]
2� ion is the

most stable dianion of this series with a second electron
detachment energy of 5.5 eV.[7,11] Its fragment [B12(CN)11]

� is thus
the most electrophilic anion in the series, even binding Ar at
room temperature.[7] In contrast, [B12F12]

2� is the least stable with
an electronic stability of 1.9 eV,[12] and accordingly, [B12F11]

� is the
least reactive ion towards noble gases.[9] However, the reactivity
order of [B12X11]

� (X=halogen, CN) towards σ-donor-π-acceptor
molecules was found to be distinctly different. The least electro-
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philic [B12F11]
� shows the highest binding enthalpies towards CO

and N2 by affecting the strongest activation of the CO and N2

triple bonds.[9] This activation can be explained by π-back-
donation from high-lying occupied orbitals of the B12 scaffold
into antibonding CO and N2 orbitals. Therefore, we hypothesize
that electrophilic anions with energetically even higher lying
occupied orbitals than [B12F11]

� may be able to bind and activate
CO and N2 even more strongly, despite their reduced electro-
philicity. Halogenide abstraction from dianionic closo-borate
anions with even lower electronic stability than [B12F12]

2� should
yield electrophilic anions with even higher lying HOMOs than
[B12F11]

� . This might result in interesting binding selectivities
towards σ-donor–π-acceptor molecules and could open new
opportunities for the conversion of these molecules into value-
added products.

The smaller closo-decaborate anions [B10X10]
2� and closo-

hexaborate anions [B6X6]
2� are structurally and electronically

stable dianions, which show reduced electronic stability com-
pared to [B12X12]

2� .[13,14] CID of these dianions results in the
formation of the corresponding [B10X9]

� and [B6X5]
� fragment

ions.[13,14] Structures are shown in Figure 1. Note that two possible
isomers exist for [B10X9]

� . In comparison to the well studied
[B12X11]

� analogues, the reactivity of these smaller electrophilic
anions has not been explored previously.

In this study, we investigated the binding properties of the
smaller electrophilic anions [B6X5]

� and [B10X9]
� and compare

them to those of [B12X11]
� . So far, [B6X5]

� and [B10X9]
� with X=Cl,

Br and I, in contrast to X=F, are experimentally accessible. We
compare the binding properties towards the σ-donors Kr (weak
donor) and H2O (strong donor) with those of the σ-donor–π-
acceptor molecules N2 and CO. We analyze the interactions using
energy decomposition analysis (EDA) and demonstrate the role
of π-backbonding on the small molecule activation by natural
orbitals for chemical valence (NOCV) analysis. Infrared photo-
dissociation (IRPD) spectroscopy of the CO and N2 complexes of
[B6X5]

� anions reveals a remarkable red shift of the vibrational
frequencies of CO and N2 compared to those of the free
molecules. These shifts can be rationalized on the basis of the
EDA results, which reveal strong π-backbonding and hence
substantial activation of CO and N2.

Results and Discussion

HOMO and LUMO energies of electrophilic anions

Note: In the following comparison of computational results, the
[2-B10X9]

� isomer is considered, because we expect this isomer to
be predominantly formed in our experimental studies (more
details on this are given in Section 2 of the Supporting
Information). Computational results of [1-B10X9]

� are shown in
Table S1, S2, and S9-S11 as well as Figure S8 and S9 in the
Supporting Information.

The electrophilicity of the [BnXn-1]
� anions is expected to

correlate with the energy of their lowest unoccupied molecular
orbital (LUMO). Energetically low-lying LUMOs are an indication
for high electrophilicity and strong binding of σ-donors. The
energy of the highest occupied molecular orbital (HOMO) is
associated with the electron donating properties of the [BnXn-1]

�

anion. An energetically high-lying HOMO favors stronger binding
to a π-acceptor molecule, if the corresponding orbital overlap is
possible. The Hartree-Fock (HF) energies of the HOMO and LUMO
of [B6X5]

� , [2-B10X9]
� and [B12X11]

� (X=Cl, Br, I) are shown in
Figure 2. The stabilization of the LUMO and the HOMO is
predicted to decrease by about 2 eV from [B12X11]

� to [B6X5]
� . HF

orbitals were used here, because the relative orbital energies of
closo-dodecaborate anions showed good agreement with the
band positions observed in the anion photoelectron spectra.[12–15]

However, the qualitative trend shown in Figure 2 is also
reproduced by DFT Kohn-Sham orbitals (Figure S1). These
findings indicate a weaker binding of σ-donor molecules by the
smaller electrophilic anions [B6X5]

� and [2-B10X9]
� compared to

[B12X11]
� . However, stronger electron donating properties may

result in enhanced binding strength and activation of molecules
with π-acceptor properties.

Figure 1. Structures of (left to right) [B6X5]
� , [1-B10X9]

� , [2-B10X9]
� and

[B12X11]
� ; pink: boron, gray: halogen (Cl, Br, I). According to the labeling of

the boron atoms in closo-borate dianions, the free boron atoms of the
electrophilic anions were assigned to positions 1 and 2.[13]

Figure 2. Boron-localized HOMO (■) and LUMO (*) energies (HF/def2-
QZVPP//B3LYP-GD3BJ/def2-QZVPP) for [BnXn-1]

� (n=6, 10, 12 and X=Cl, Br,
I). The LUMOs of [BnCln-1]

� (n=6, 10, 12), localized on the free boron atom
(isovalue of 0.07 a.u.), are also shown.
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Computed attachment enthalpies: σ-donor versus σ-donor-π-
acceptor molecules

The 0 K attachment enthalpies ΔH0 K
attach of H2O, Kr, CO and N2 to

the electrophilic anions [B6X5]
� , [2-B10X9]

� and [B12X11]
� (X=Cl, Br,

I) are shown in Figure 3 (see the Computational Details). i) We
probed a polar and a non-polar molecule, which form their
chemical bond to the vacant boron of the [BnXn-1]

� ion mainly by
σ-donation (H2O, Kr). ii) We used a polar and a non-polar σ-
donor-π-acceptor molecule (CO and N2). The results are visualized
in Figure 3. Note that the y-axis (ΔH0 K

attach) is plotted in reverse:
more negative values, which correspond to stronger binding, are
shown towards the top.

For the reaction of [BnXn-1]
� with H2O, ΔH0 K

attach generally
increases along the series of halogens (X=Cl, Br, I) and also
increases with ion size (n=6, 10, 12). The only deviation from
this trend constitutes the water binding to [B12I11]

� . H2O is a polar
molecule and a strong nucleophile. Therefore, the trends of
ΔH0 K

attach are determined by the trends in electrophilic character of
the vacant positive boron binding site. One possible measure for
the electrophilicity is the atomic charge derived from natural
population analysis (NPA) of the vacant boron atom. This charge
is largest for [B12X11]

� (0.6 to 0.7 e), smaller for [2-B10X9]
� (0.4 to

0.5 e) and smallest for [B6X5]
� (0.3 e; Table S2). The trend of these

charges is consistent with the shown trend of LUMO energies for
different ion sizes n in Figure 2: A high positive NPA charge of
the vacant boron atom generally correlates with an energetically
low-lying LUMO and high ΔH0 K

attach for H2O binding. The deviation
of [B12I11]

� from the trend of increasing ΔH0 K
attach along the halogen

series can neither be explained by the LUMO nor the NPA charge
of the free boron. The NPA charge of the free boron of [B12I11]

� is

almost equal to that of [B12Br11]
� (Table S2). We assume that

i) the substantial steric demand of an iodine atom as well as ii) its
slightly positive polarization which weakens hydrogen bonding
to the water molecule are responsible for this effect. Note that
iodine is less positively charged in the smaller [B10I9]

� and [B6I5]
�

ions and hence this effect is less relevant for these ions.
In contrast to H2O, Kr is a weak nucleophile. ΔH0 K

attach of Kr
differs for the different electrophilic anions only by a few kJmol� 1

for X=Cl, Br and I. The trends of noble gas ΔH0 K
attach to the [BnXn-1]

�

ions are almost independent of the nature of the noble gas (for
ΔH0 K

attach of Ne, Ar and Xe, see Table S3). The differences observed
in comparison to H2O can be rationalized by steric effects, which
have a stronger relative influence on the much smaller ΔH0 K

attach

values due to the considerably weaker bond formed between Kr
and the [BnXn-1]

� anions. Although the electrophilicity of the
vacant boron atom slightly increases along the halogen series for
a given n, the steric demand of the halogen substituents also
increases. This steric effect must play a similar role in [B12X11]

�

and [2-B10X9]
� because the vacant boron has a similar substituent

environment (Figure 1). In contrast, the steric effect of the
halogens should play a minor role in the case of [B6X5]

� due to
larger boron-boron-halogen angles (ca. 141°), see Figure 1. This
rationalizes that i) ΔH0 K

attach increases along the halogen series
from X=Cl to I for [B6X5]

� , but decreases from X=Br to I in the
case of [B12X11]

� and [2-B10X9]
� , and ii) that ΔH0 K

attach for Kr are in
general higher for [B6X5]

� than for [2-B10X9]
� , although the vacant

boron atom is more electrophilic in the latter case. It should be
noted that steric effects cannot overcompensate the significantly
higher electrophilicity of the [B12X11]

� anions, which do bind Kr
more strongly than [B6X5]

� .
The trends of ΔH0 K

attach for σ-donor–π-acceptor molecules differ
from those for binding to σ-donor molecules. Although
ΔH0 K

attach(CO) is generally larger than ΔH0 K
attach(N2), the observed

trends along the series of ions are similar (compare Figure 3 &

and r). In contrast to the attachment enthalpy of H2O, ΔH0 K
attach

(CO, N2) follows the order Cl>Br> I. ΔH0 K
attach (CO, N2) for [2-B10X9]

�

ions are weaker than for [B12X11]
� , but the strongest binding of

CO and N2 is observed for [B6X5]
� ions. It is particularly

remarkable that N2 is predicted to bind substantially stronger
than the more nucleophilic H2O. For [B6Cl5]

�
, the DFT calculations

reported in Figure 3 suggest N2 binding to be almost 50 kJmol� 1

more favorable than H2O binding. This is remarkable, since the
formation of a B� O bond is usually considered to be a strong
thermodynamic driving force based on typical B� O bond
energies.[16] To ensure that this conclusion is not based on DFT
methods alone, MP2 and CCSD(T) calculations were performed.
The results are shown in the Table S4. The difference between
binding of N2 and H2O is reduced to 15 kJmol� 1 using CCSD(T),
but in all cases (DFT, MP2 and CCSD(T)) N2 binding is confirmed
to be stronger than water binding.

These observed trends demonstrate that binding of N2 and
CO is not predominantly determined by the electrophilicity of
the vacant boron atom. It is reasonable to assume that π-
backdonation may play a significant role for the observed ΔH0 K

attach

trends and should result in activation of these diatomic
molecules by weakening of their triple bonds.[9] Also steric
effects, based on the different environments of the vacant boron

Figure 3. Calculated 0 K attachment enthalpies ΔH0 K
attach of [B6X5]

� , [2-B10X9]
�

and [B12X11]
� with H2O (▼), Kr (■), N2 (r) and CO (&).
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atom, play a role. In order to obtain a deeper understanding of
the complex interplay of interactions involved, an energy
decomposition analysis (EDA) was performed and the natural
orbitals for chemical valence (NOCV) method was used to divide
the orbital interaction term into π- and σ-type interactions.

Energy decomposition analysis (EDA)

EDA enables to divide the total interaction energy (Eint) of two
fragments of a molecule into Pauli repulsion, electrostatic
interaction, orbital interaction and dispersion interaction.[17] The
EDA results for the adducts of [B6X5]

� , [2-B10X9]
� and [B12X11]

� (X=

Cl, Br, I) with H2O and CO are shown in Figure 4a–d. The Eint,
which is decomposed in the EDA analysis, does not involve the
so called “preparation energy” resulting from deformation of the
fragments. However, the observed trends are almost fully
consistent with the trends observed for ΔH0 K

attach shown in Figure 3
(for a direct comparison, see Figure S2), demonstrating that
deformation may be neglected for the discussion of trends in
this series. Results of EDA for the interaction of [B12X11]

� ions with
CO were taken from Ref. [9]. All data regarding the EDA of

[BnXn-1]
� with N2 are listed in Table S5 because the trends are very

similar to those shown in Figure 4 for CO.
Regarding the interaction of [BnXn-1]

� with H2O
(Figure 4a–d ○), all energy components consistently increase
along the series of halogen substituents X for each individual
size n. The increase in attractive interactions overcompensates
the increasing steric demand that are due to the larger halogen
substituents (represented by increasing Pauli repulsion).
[B6X5(H2O)]� shows the smallest attractive and repulsive inter-
actions compared to them of [2-B10X9(H2O)]� and [B12X11(H2O)]� .
Consistently, it also shows the longest B� O bond length among
the compared electrophilic anions (Table S6). It is interesting to
note that despite a smaller Eint for [2-B10X9]

� and H2O than for
[B12X11]

� and H2O (Figure S2 or ΔH0 K
attach in Figure 3), the attractive

orbital interaction and the attractive electrostatic interaction are
larger. However, the B� O bond length of [2-B10X9(H2O)]� and
[B12X11(H2O)]� are almost equal and the vacant boron atom in [2-
B10X9]

� is less electrophilic than in [B12X11]
� . Hence, we assume

that the direct B� O interaction may not be responsible for the
increased orbital and electrostatic interaction. Instead, the effect
may be traced back to stronger hydrogen bonds between
partially positively charged H atoms in H2O and the more
negative halogen substituents in the case of [2-B10X9]

� than in

Figure 4. Results of the EDA for binding CO (■) and H2O (○) of [B6X5]
� , [2-B10X9]

� and [B12X11]
� in kJmol� 1 a) Pauli repulsion, b) electrostatic interaction, c)

orbital interaction, and d) dispersion interaction. e) Partitioning of the orbital interaction into σ-type (red), π-type (blue) and unassigned (gray) contributions as
derived from ETS-NOCV analysis for [B6X5]

� , [2-B10X9]
� and [B12X11]

� with CO, N2 and H2O (X=Cl, Br, I) in kJmol� 1. Note that (b)–(e) represent attractive energy
components (negative values), whereas (a) represents a repulsive energy component (positive values). Data for [B12X11]

� with CO and N2 were taken from
Ref. [9].
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the case of [B12X11]
� . However, the Pauli repulsion is significantly

stronger in [2-B10X9]
� than in [B12X11]

� (likely due to stronger
hydrogen bonds) and overcompensates the more attractive
forces leading to an overall weaker Eint (and also ΔH0 K

attach). A
detailed discussion of the X� H interaction involving QTAIM and
more advanced EDA is given in Section 1 of the Supporting
Information (Figure S7).

As it was shown in Figure 3, ΔH0 K
attach (H2O) increased with

increasing halogen size, while the opposite was observed for
ΔH0 K

attach (CO, N2). The EDA results shown in Figure 4a–d (■) clarify
that this cannot result from energy trends in electrostatic
interaction, dispersion or Pauli repulsion. The orbital interaction
is predominantly responsible for the decreasing Eint of CO and N2

along the halogen series. The larger orbital interactions in the
case of [B6X5]

� overcompensate weaker dispersion and electro-
static interactions when compared to [2-B10X9]

� and [B12X11]
� . The

weakest binding of CO and N2 to [2-B10X9]
� can be traced back to

a strong Pauli repulsion. Stronger orbital interactions in compar-
ison to [B12X11]

� reduce the B� C/B� N bond length, which
increases the steric influence of the surrounding halogen
substituents (Table S6). The remarkably strong binding to [B6X5]

�

ions is the result of i) a sterically well accessible vacant boron
atom (small Pauli repulsion, compare Figure 1) and ii) very strong
orbital interaction. The orbital interaction was further inves-
tigated by the natural orbitals for chemical valence (NOCV)
method to identify σ- and π-type interactions as well as the
presence of π-backbonding.

Quantification of σ- and π-type contributions

The extended transition state (ETS) NOCV method allows
quantification of σ- and π-type contributions to the orbital
interaction derived from EDA. The orbital interaction energy is
divided into contributions of various NOCV pairs from which
deformation densities can be derived. The symmetry of the
deformation density is then used to identify π- or σ-type
interactions. In Figure 4e, the orbital interaction of the reaction
products of [B6X5]

� , [2-B10X9]
� and [B12X11]

� with N2, CO and H2O
is divided into the sum of σ-type (red) interactions, the sum of π-
type (blue) interactions and remaining interactions (gray) that
could not be clearly assigned to either category. For H2O, only
the NOCV pair with the largest eigenvalue (responsible for
around 73% of orbital interaction) was assigned to σ-type
interaction. The symmetry of the deformation densities of the
other NOCV pairs did not allow for a clear assignment (Table S8
and Figure S6). In the case of CO and N2, the four NOCV pair
interactions with largest contribution are responsible for 91–99%
of the total orbital interaction energy. They were assigned to two
σ-type interactions and two π-type interactions and show the
typical characteristics of π-backbonding commonly known for
metal complexes.[17,18] As an example, the four largest NOCV
deformation densities of [B6Cl5N2]

� are visualized in Figure 5
((ETS) NOCV deformation densities of [BnXn-1]

� with H2O, Kr, N2

and CO (n=6, 10, 12) are listed in Table S8 and visualized in
Figures S3–S6). The visualized deformation densities of [B6Cl5N2]

�

(Figure 5) show that π-backdonation occurs from the delocalized

σ electrons system of the boron core into antibonding (π*)
orbitals of CO and N2. In general, the amount of π-backdonation
decreases from [B6X5]

� to [B12X11]
� in line with the HOMO

energies shown in Figure 2. Also, a decreasing contribution is
observed from X=Cl to X= I. The partitioning of the orbital
interaction convincingly shows that the different trends of
ΔH0 K

attach (CO/N2 compared to H2O) can be clearly traced back to π-
backdonation. The largest π-backdonation among the studied
systems was observed for [B6Cl5]

� , which explains the preferred
binding of N2 compared to H2O. It should be noted that EDA was
performed on optimized geometries, which are the result of an
equilibrium between attractive and repulsive forces. To rule out
the possibility that our conclusion regarding the more pro-
nounced π-contribution with decreasing size of the ion is biased
by the different bond length in the optimized structures, we
placed CO and N2 (with fixed C� O and N� N bond lengths) at
different distances from the electrophilic boron atom in [B6Cl5]

�

and [2-B10Cl9]
� and performed EDA (ETS) NOCV. The results are

shown in Figures S10 and S11 and demonstrate that for a given
B� C or B� N distance above the equilibrium bond length, the π-
contribution is always greater for [B6Cl5]

� than for [2-B10Cl9]
� .

IRPD spectroscopy

Up to this point, all insights have been based on computational
results. It is the goal of this section to confirm the key finding of
the reported computational analysis, namely, the trend of
increasing π-backdonation with decreasing size of the halogen
substituents and decreasing size of the boron scaffold, also
experimentally. π-backdonation is expected to significantly
weaken the N2 and CO triple bonds. In contrast, binding to a
positively charged center has the opposite effect. Therefore, the
frequency shift of the corresponding vibrational transitions upon

Figure 5. Visualized deformation densities of four NOCV pairs of [B6Cl5N2]
� .

They are assigned to σ- or π-type interactions. The relative contribution to
the orbital interaction energy as well as the eigenvalues of the pairs (in
Lowdin) are depicted to the left of each visualized density. Electron density
is transferred from red areas to blue areas (isovalue of 0.003 a.u. for σ 52%
and π 18%, 0.001 a.u. for σ 9%). Other calculated deformation densities are
shown in Figures S3–S6).
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complexation is investigated using IRPD spectroscopy of CO-
tagged [BnXn-1(CO)]� and N2-tagged [BnXn-1(N2)]

� ions (Figure 6).
Both, the relative position as well as the relative intensity of the
IRPD band associated with vibrational excitation of the diatomic
molecule (CO, N2) bound to the free boron site, represent
sensitive reporters for the nature of the binding interaction.[9]

Since the binding energy of the first neutral molecule exceeds
the photon energy used to measure the IRPD spectra, a second
neutral molecule (messenger), which binds weaker (see below) is
used for probing the vibrational spectrum in the linear
absorption regime.

Figure 6a shows the IRPD spectra of CO-tagged [B6X5CO]�

ions in the CO stretching spectral region. Two IRPD bands are
observed. The weak absorption at 2138 cm� 1, close to that of a
free CO molecule (2143 cm� 1, gray dotted line),[19] is assigned to
vibrational excitation of the weaker bound CO molecule.[21] The
stronger absorption at 2070 cm� 1, which is markedly more red-
shifted, is associated with the CO molecule directly interacting
with the vacant boron site. The extent of the red shift decreases
with the size of the halogen atom (X=Cl: � 73 cm� 1; Br:
� 60 cm� 1; I: � 52 cm� 1). This observation agrees with a system
where π-backdonation (red shift) dominates over electrostatic
effects (blue shift).

The IRPD spectra of [B10X9CO]� look different, suggesting a
different weighting of these two opposing effects. For X=Cl, two
intense IRPD bands are observed, one in the spectral region of
the free CO stretch, labeled band 1, and the other one, labeled
band 2, is found at higher energies. On going from X=Cl to X= I
i) both features are blue-shifted, revealing a third, weak band

close to the free CO stretch, and ii) band 1 loses in intensity. The
blue shift of band 2 increases with the size of the halogen atom
(Cl: +32 cm� 1; Br+42 cm� 1; I+47 cm� 1), similarly, to the pre-
viously reported CO stretching vibrations of [B12X11CO]� , which
also revealed a blue-shifted CO stretch frequency with a similar
trend (Cl: +65 cm� 1, Br: +72 cm� 1, I: +74 cm� 1).[9] Hence, in both
of these systems the electrostatic effect due to the positively
charged boron atom (blue shift) prevails over π-backdonation
(red shift).

For the previously studied [B12X11CO]� , indeed, three peaks
were observed: i) a blue-shifted, ii) an unshifted and iii) a red-
shifted one, which were assigned to CO i) binding to the free
boron atom via the carbon atom, ii) noncovalently attached and
iii) binding to the free boron atom via the oxygen atom. This
could be ruled out for [B6X5]

� (Figure S12). For [B10X9]
� ions, the

presence of two bands is also not attributed to the presence of
oxygen bound CO. Rather, we assign them to the carbon bound
CO-complexes of two [B10X9]

� isomers, [1-B10X9]
� and [2-B10X9]

� ,
which can be formed from the (lower symmetry) precursor
dianion [B10X10]

2� (point group C2v) after the loss of X� (Figure 1).
We assume that only the [2-B10X9]

� isomer is formed in the initial
fragmentation process based on different observations: i) it is
more stable than [1-B10X9]

� , ii) the barrier for interconversion via
halogen or boron rearrangement lies below the barrier for X�

loss and iii) the repulsive coulomb barrier for X� loss is lower for
[2-B10X9]

� (Figure 7a). We suppose that after binding CO an
isomerization occurs. The calculated transition state of the
conversion reaction of [2-B10Cl9CO]� into the more stable [1-
B10Cl9CO]� is shown in Figure 7b. This conversion is probable,

Figure 6. a) IRPD spectra of singly CO-tagged [B6X5CO]� and [B10X9CO]� ions with X=Cl, Br, I over the spectral range 2050–2250 cm� 1. The gray dotted line
marks the position of the stretch fundamental of a free CO molecule.[19] The green and blue dotted line highlight the isomer-specific absorptions of [1-
B10X9CO]� and [2-B10X9CO]� , respectively. b) IRPD spectra of singly N2-tagged [B6X5N2]

� and [B10X9N2]
� ions with X=Cl, Br, I over the spectral range 2050–

2350 cm� 1. The red dotted line marks the position of the stretch fundamental of a free N2 molecule.[20] Band assignment is shown in Table S12.
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since the transition state lies 118 kJmol� 1 below the energy of
the entrance channel energy. In order to support this assump-
tion, we performed an experiment, where [B10Cl9CO]� was
formed at room temperature (RT) instead of 43 K (as in the case
of Figure 6a). Due to the higher temperature, kinetic trapping is
less effective and the “hot” complex is more likely to overcome
the barrier and form the more stable [1-B10Cl9CO]� . The
corresponding IRPD spectrum (Figure S16) indeed shows an
increase of the relative intensity of band 1 compared to that of
band 2.

Only the [B6X5CO]� ions show a red-shifted CO stretching
vibration compared to that of the free CO molecule. Although
significant π-backdonation was also predicted for [B10X9CO]� and
[B12X11CO]� , stretching bands of CO bound to the larger ions
were blue-shifted. The stretching frequency of CO is mainly
influenced by the electric field originating from the partially
positively charged boron binding site (see NPA in Table S2) and
orbital interaction (π-backdonation).[23] If the CO molecule
approaches a positive charge, then bond strengthening occurs
which results in a blue shift of the CO stretching frequency.[9,24] In
the case of [B6X5CO]� , bond-weakening π-backdonation over-
compensates this electrostatic effect. In contrast, for [B10X9CO]�

and [B12X11CO]� the blue shift induced by the more positive
boron atom cannot be fully compensated by the weaker π-
backdonation, which has also been observed for nonclassical
carbonyl complexes.[25]

The IRPD spectra of the [B6X5N2]
� and [B10X9N2]

� ions in the
N2-stretching region are shown in Figure 6b. Excitation of the N2-
stretching vibration in the complex is red-shifted compared to
that of the free N2 molecule (2330 cm� 1) and the corresponding
IRPD band gains in intensity due to polarization effects for all
systems.[20] The extent of the red shift thereby increases from

previously reported [B12X11N2]
� ions (Cl: � 28 cm� 1; Br: � 17 cm� 1;

I: � 14 cm� 1)[9] to the smaller [B10X9N2]
� ions (Cl: � 72 cm� 1; Br:

� 58 cm� 1; I: � 53 cm� 1) and is largest for [B6X5N2]
� ions (Cl:

� 222 cm� 1; Br: � 200 cm� 1; I: � 179 cm� 1). For [B10X9N2]
� , only a

single isomer is present, even at room temperature. Based on the
vibrational features observed in the far IR region (Figure S17) this
is the (kinetically trapped) [2-B10X9N2]

� isomer. Our calculations
(Figure 7b) confirm that the transition state of the isomerization
reaction for the N2 complex lies higher in energy and only
21 kJmol� 1 below the energy of the entrance channel, disfavor-
ing a thermalization pathway leading to the formation of the
more stable isomer.

The observed red shift of the N� N stretching frequencies is
attributed to pronounced π-backdonation in binding N2 to the
smaller [BnXn-1]

� anions. It has been shown previously that π-
backdonation has a much larger effect on the N2 than on the CO
stretching frequency and dominates over any electrostatic
effect.[26] The trend of π-type orbital interaction along the
halogen series and for the different boron scaffold sizes
predicted by ETS-NOCV (Figure 5) is reflected in the observed
trend of red-shifted N2 stretching vibrations (Figure 7a). There-
fore, N2 activation resulting from the weakening of the N�N triple
bond is stronger for [B6X5N2]

� than for [B10X9N2]
� and [B12X11N2]

� .
In general, N2 activation is mainly known for transition metal
complexes, but recent activation of N2 by metal-free systems
open new vistas for the research field of small molecule
activation.[27,28,29–31] Regarding boron-containing compounds, dif-
ferent systems are reported in the literature. IRPD spectra of
small cationic boron clusters such as [B(N2)3]

+, [B2(N2)3,4]
+ and

[B3(N2)3]
+ generated in a laser ablation source show a red shift of

the N2 stretching frequency.[29,32] Organic boron complexes such
as borabenzene[33] or diborylene[31] were reported to fixate and

Figure 7. a) Reaction pathway for the dissociation of [B10Cl10]
2� (middle) forming Cl� and the isomers [1-B10Cl9]

� (left) or [2-B10Cl9]
� (right), respectively, with

computed coulomb barriers (the transition state energy for dissociation reactions of multiple charged ions is mainly determined by the so called “repulsive
Coulomb barrier”)[22] and transition-state energies of the conversion (middle) of [1-B10Cl9]

� into [2-B10Cl9]
� by ligand or boron-cage rearrangement. A relaxed

potential energy surface scan for the B� Cl bond length is shown in Figure S13. b) Reaction pathway for the formation of [2-B10Cl9N2]
� and [2-B10Cl9CO]� and

the transition-state energy of the conversion into [1-B10Cl9CO]� and [1-B10Cl9N2]
� . Reaction pathways for [B10X10]

2� and [2-B10X9Y]� for (X=Br, I and Y=N2, CO)
are shown in Figures S14 and S15.
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activate nitrogen. For the latter compound, reduction of the
double end-on fixated dinitrogen to a hydrazido species and the
following conversion into ammonium chloride was shown.[27,30,31]

With [B6Cl5]
� we introduce a highly unprecedented metal-free

anion which binds nitrogen head-on spontaneously at room
temperature and red shifts the stretching frequency by more
than 200 cm� 1.

Conclusions

The fragment anions [B6X5]
� and [2-B10X9]

� are less electrophilic
than the previously investigated [B12X11]

� (X=Cl, Br, I) due to a
smaller positive partial charge on the vacant boron atom. This is
reflected in smaller ΔH0 K

attach values for binding σ-donor molecules
like noble gases or H2O which do not exhibit π-acceptor
properties. However, [B6X5]

� shows larger ΔH0 K
attach values for

binding the σ-donor–π-acceptor molecules N2 and CO due to
favorable orbital interaction. ETS-NOCV results reveal that π-
backbonding of N2/CO adducts follows the trend [B6X5]

� > [2-
B10X9]

� > [B12X11]
� . This is rationalized by the trend in HOMO

energies of these anions. The smaller anions exhibit less
electronic stability and therefore have a higher tendency to
donate electron density in antibonding orbitals of CO and N2.
This strengthens the interaction between the anion and N2/CO,
but weakens the triple bonds in both diatomic molecules. This
trend was confirmed experimentally by using IRPD spectroscopy.
[B6Cl5N2]

� , with the strongest predicted π-backbonding, consis-
tently showed the largest red shift of the N2 stretching frequency.
In contrast to N2, the CO stretching frequency is much more
strongly affected by electrostatics. Exclusively, [B6X5CO]� shows a
red-shifted CO stretching frequency.

The direct binding and strong activation of N2 by an anion
could open interesting opportunities for nitrogen activation in
future. In particular, electrostatically attracted reactive cations
(the more typical nitrogen binders) might form dinuclear end-on
dinitrogen coordination compounds with [B6X5N2]

� containing
highly activated N2 units. Future experiments will focus on
depositing these ions on surfaces in order to employ them in
follow-up chemistry in the condensed phase, using high ion-
current soft-landing instruments, which have been recently
introduced.[5]

Computational Details
Geometric and electronic structure calculations, vibrational frequency
analysis, 0 K attachment enthalpies calculations and natural popula-
tion were performed using the Gaussian 16, rev. C.01[34] software
package using density functional theory (DFT) (B3LYP[35]/def2-
QZVPP[36] with GD3BJ dispersion correction[37]) and Hartree Fock
theory (HF/def2-QZVPP) (optimization: threshold: maximum force:
0.000015, RMS force: 0.000010, maximum displacement: 0.000060,
RMS displacement 0.000040; SCF: RMS density matrix: 1.00 D-08,
MAX density matrix: 1.00 D-06, energy 1.00 D-06; integration grid:
ultrafine (99.590 grid)). 0 K attachment enthalpies (ΔH0 K

attach) were
calculated as the differences between electronic energies of the
product ([B12X11Y]� ) and the separated reagents ([B12X11]

� and Y) and
were zero-point energy (ZPE) and basis set super position error

(BSSE) corrected using the counterpoise method.[38] The frequency
analysis of all found transition states shows only one negative
frequency. A subsequent IRC calculation provided the corresponding
product and reactant. Energy decomposition analyses (EDAs) were
carried out with the Amsterdam Functional Density (ADF) software
package (version r68924 from 2018)[39] by optimizing the adduct
geometries (B3LYP-D3/TZ2P) employing scalar relativistic corrections
in calculations including Xe and I) and subjecting the resulting
structures to EDA. The obtained orbital interaction was further
disassembled using the extended transition state natural orbitals for
chemical valence (ETS-NOCV)[40] method. Quantum theory of atoms
in molecules (QTAIM)[41] analysis was performed with the Multiwfn
software package version 3.8[42] to determine the electron density at
bond critical points.

Experimental Section
IRPD spectroscopy of N2-tagged [B6X5N2]

� and [B10X9N2]
� and CO-

tagged [B6X5CO]� and [B10X9CO]� (X=Cl, Br, I) was performed using a
cryogenic ion trap triple mass spectrometer.[43,44] The precursor
dianions [B6X6]

2� and [B10X10]
2� were synthesized according to

published procedures.[13,14,45] The salts were diluted in solvent
([B6X6]

2� , 0.1 mM in acetonitrile/H2O (9 :1 v/v), [B10X10]
2� , 0.1 mM in

MeOH from Carl Roth, Karlsruhe) and transferred into the instrument
via a nanospray ion source. The fragment ions were produced by
collision-induced dissociation and were collimated and compressed
in phase space in a He buffer-gas filled radio-frequency (RF) ion
guide. The ions of interest [B6X5]

� and [B10X9]
� were then mass-

selected with quadrupole mass filter and subsequently trapped in a
RF ring-electrode ion-trap. The ion trap was filled with 1% N2 or 10%
CO in He and operated between 37 K (N2) and 42 K (CO) to
effectively produce strongly bound anions [BnXn-1L]� ·L (L=CO/N2) as
well as message tagging complexes [BnXn-1L]� ·L. All ions were
extracted from the ion trap after 99 ms, focused into the center of
the extraction region of an orthogonally mounted reflectron time-of-
flight (TOF) tandem mass spectrometer. The messenger-tagged
complexes [B6X5N2]

� ·N2 and [B10X9N2]
� ·N2, [B6X5CO]� ·CO and

[B10X9CO]� ·CO were irradiated with a tunable IR laser pulse generated
from an optical parametric oscillator/amplifier laser system (Laser
Vision OPO/OPA/AgGaSe2) pumped by a Nd:YAG laser (Continuum
Surelight EX).[46] The laser radiation has a bandwidth of approx-
imately 3.5 cm� 1. IRPD spectra were obtained by monitoring the
intensity of the parent and fragment ion intensity while continuously
scanning the laser wavelength, which is monitored online using a
HighFinesse ES6-600 wavelength meter. The photodissociation cross
section σIRPD was determined as described previously.[43,44]
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