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Abstract: Experimental evidence for hypervalent com-
pounds of second-row elements is still scarce in
literature. Here, we present the first report of the long-
sought binary, hypervalent trifluorooxygenate anion
[OF3]

� . It was isolated in solid Ne matrices under
cryogenic conditions after reacting oxygen difluoride
with free fluoride ions from laser ablation of alkali metal
fluorides MF (M=Li� Cs). VSEPR theory and calcula-
tions at the CCSD(T) level predict a C2v-symmetric T-
shape structure with one short and two long O� F bond
lengths in [OF3]

� . This is confirmed experimentally by
FTIR spectroscopy in combination with isotopic label-
ing. Analysis of the natural local molecular orbitals
shows the presence of one 2c–2e and one 3c–4e bond
each. Natural resonance theory indicates the importance
of the stability of [OF2]

*� for the stability of [OF3]
� .

Although free [OF2]
*� was not detected, the species

MOF2 (M=Na� Cs) could be observed in the same
experiments, which are best described as contact ion
pairs of M+[OF2]

*� .

Lewis’ concept of 2c–2e bonds and the octet rule by
Langmuir have been very successful in explaining the
bonding in many main group molecules.[1] However, hyper-
valent compounds violate these simple concepts and thus
have been of great interest to chemists. The proponents of
the Lewis model tried to explain this discrepancy with d
orbital participation of the central atom, whereas ionic
bonding was the favored picture held by people who saw the
octet rule as more fundamental.[1a,2] Nowadays, mostly the
Rundle-Pimentel model is used to describe these bonds as
3c–4e interaction of the pσ orbitals, where one non-bonding
electron pair is distributed over the terminal atoms.[3] This
retains the octet rule for the central atom while setting it
apart from purely ionic bonds. Throughout this work we

refer to species as hypervalent if they feature 3c–4e
interactions, as it was recently suggested.[4] This nomencla-
ture does not imply an extension of the octet rule for the
atom in question.

While this model captures the essence of hypervalent
bonds, it predicts certain molecules to be stable, which are
known to be transition states.[5] It was therefore refined in
newer studies to address this issue. Molecular orbital (MO)
theory approaches emphasize the slightly antibonding char-
acter of the “non-bonding” MO, due to the admixture of s
orbitals, and the destabilizing effect of the pπ orbitals.[5a]

However, bonding analyses based on valence bond (VB)
calculations come to different conclusions. The recoupled-
pair bonding formalism explains hypervalent bonds in terms
of consecutive additions of radicals to a lone pair of the
central atom. Here, the strength of the initially formed 2c–
3e bond is seen as the important factor for the stability of
the resulting species.[6] A similar picture was drawn for [F3]

� ,
where the stability of [F2]

*� has been shown to play a crucial
role.[7]

Hypervalent compounds are typically formed by third-
or higher row elements of the groups 13–18 in combination
with highly electronegative bonding partners. The former
prerequisite is still often seen as mandatory because only a
few examples exist in which a second-row element may be
considered as hypervalent, e.g., [NO3]

� , O3 and [F3]
� .[6a,8]

The lack of stable hypervalent second-row compounds has
been attributed to their small size, leading to increased steric
repulsion in the coordination sphere, and high ionization
energies, which inhibits charge accumulation on the terminal
atoms.[4,9] Indeed, a systematic computational study of 28
neutral and charged second-row element fluorides at the
CCSD(T)/aug-cc-pVTZ level found only [F3]

� and [OF3]
� to

be hypervalent and stable to dissociation.[4] The [F3]
� ion has

been experimentally observed in matrix isolation[10] and in
the gas phase[11] and exhaustively studied computationally.[12]

In contrast, [OF3]
� is only predicted to be stable and all

experimental attempts to prepare this species have failed so
far.[4,13] While [OF3]

� was computed at the MP2/6-311+

G(3df) level to be trigonal planar with three equivalent O� F
bonds (D3h symmetry),[13a] the calculations at the MP2(full)/
6-311+G* and CCSD(T)/aug-cc-pVTZ level instead show a
T-shape structure with two long and one short O� F bond
(C2v symmetry).[4,13b,c] The latter geometry is more consistent
with the prediction of the valence shell electron pair
repulsion (VSEPR) model, in which two lone pairs are
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expected to occupy equatorial positions of a trigonal
bipyramid (Figure 1).[4,13c]

Our goal was to synthesize [OF3]
� and determine its

structure by means of FTIR spectroscopy. From previous
matrix isolation experiments in our group we knew that free
fluoride ions are formed in the plasma of laser-ablated alkali
metal fluorides (MF),[10a] we therefore envisioned the syn-
thesis of [OF3]

� by co-deposition of F� with OF2 in noble gas
matrices. The formation energy of the T-shaped [OF3]

� is
calculated to be ΔE0 = � 71.8 kJ/mol at the CCSD(T)/aug-cc-
pVTZ level, only moderately lower than for the formation
of [F3]

� from F2 and F� (� 96.2 kJ/mol). Computationally, we
also located a second isomer, [FOFF]� , which shows the
presence of an F� F bond. However, this isomer is less stable
by 41.5 kJ/mol relative to the T-shaped global minimum
structure, details are provided in Figure S1 and Tables S1
and S2 in the Supporting Information. The electrostatic
potential of OF2 helps to rationalize this energetic order:
due to the polarization of the bonds, the σ hole is more
pronounced at the oxygen atom than at the more electro-
negative fluorine atoms (Figure 2). Also, in [OF3]

� the least
electronegative atom is placed in the center of the 3c–4e
bond, which was shown to be the most favourable arrange-
ment for the valence isoelectronic interhalide anions.[14]

The experiments were conducted by depositing a 1 :1000
OF2 :Ne mixture onto a gold-coated copper mirror cooled to
5 K by a closed-loop helium cryostat. During the deposition,
an alkali metal fluoride MF (M=Li� Cs) target was ablated
inside the high-vacuum chamber by a pulsed Nd:YAG laser
(1064 nm). Compared to the spectra of OF2 and MF
deposited separately, an additional band was present at
476.6 cm� 1, common for all alkali metal fluorides (Figures 3
and S2). It is assigned to the antisymmetric Fax-O-Fax

stretching vibration of T-shaped [OF3]
� (Table 1). The

intensity of the band decreased with the size of the metal
ion and was barely visible for the smallest Na+ and Li+

cations (Figure S3), reflecting their increased interaction
strength with the hard F� anion according to the hard and
soft acids and bases (HSAB) theory.[15] The low abundance
of [OF3]

� is likely due to F� binding more strongly to F* and
F2 (ΔE0 = � 118.9 and � 96.2 kJ/mol, respectively) which are
formed in the plasma by OF2 homolysis, as evident from the
detection of *OF and [F3]

� (Figure S4).
After irradiation with a 470 nm LED the 476.6 cm� 1

band was reduced in intensity, indicating that [OF3]
� is

decomposed by light of this wavelength (Figure 3). Interest-
ingly, even after prolonged irradiation a minor band
remained. Subsequent irradiation with either 455 or 405 nm
did not further photolyze the product, but 365 nm did.
Nonetheless, full decomposition was only achieved after
irradiation with 275 nm (Figures S5 and S6). A detailed
analysis of the photochemistry of [OF3]

� is given in the
Supporting Information (Tables S3 and S4, and text in
Section S4).

Substituting 16OF2 with 18OF2 redshifted the 476.6 cm� 1

band by 18.7 cm� 1, which is in good agreement with the
calculated values for the assigned fundamental (Table 1).

Figure 1. Possible structural arrangements of [OF3]
� , with the fluorine

atoms and lone pairs pointing towards the vertices of a trigonal
bipyramid. VSEPR theory predicts the C2v symmetric structure to be
more favourable.

Figure 2. Left: Minimum structures of OF2 and [OF3]
� (CCSD(T)/aug-

cc-pVTZ). Oxygen atoms are depicted in red, fluorine atoms in beige.
Italic values are the AIM charges calculated at the B3LYP-D3/aug-cc-
pVTZ level. Right: Electrostatic potential of OF2 mapped onto the
electron density isosurface (0.01 a.u.). The potential values are given in
a.u. View along one O� F bond onto F (top) and O (bottom).

Figure 3. IR spectra of the reaction products after co-deposition of
0.1% OF2 in Ne with laser-ablated CsF for 120 min before and after
subsequent irradiation. Spectra B and D are difference spectra. A:
Before irradiation. B: After irradiation with 470 nm for 10 min. C: Same
experiment as A using 18OF2. D: After irradiation with 470 nm for
10 min. The inset shows the deconvolution of the spectral region
around the δ(16OF2), δ(18OF2) and νas(Fax-

18O-Fax) bands.
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Due to residual 16OF2 in the 18OF2 sample and the similarity
of the wavenumbers of δ(16OF2), δ(18OF2) and νas(Fax-

18O-
Fax), this band could only be analyzed by deconvolution of
the spectrum (Figure 3).

The calculations predict only one other fundamental
vibration within the range of the MCT detector (450–
4000 cm� 1), namely ν(O-Feq), which unfortunately overlaps
with νas(OF2) for both isotopologs. Even after irradiation
ν(O-Feq) could not be located in the difference spectra
(Figure S4). This is not surprising as the concentration of
[OF3]

� , is fairly low compared to OF2 even after 120 min of
deposition and its band is predicted to be less than 6% as
intense as νas(Fax-O-Fax). Also, the νas(OF2) band changed its
shape slightly upon irradiation and therefore complicated
the detection of the ν(O-Feq) signal. The δas vibration on the
other hand, has a predicted intensity of ~25% compared to
νas(Fax-O-Fax), making it in principle detectable, but the
calculated wavenumber of 263.3 cm� 1 is outside the MCT
detector range. Motivated by these results, we measured far
infrared (FIR) spectra employing a liquid-helium-cooled
bolometer (180–700 cm� 1) for the heavier alkali metal
fluorides KF, RbF and CsF. As expected from the
calculations, the δas fundamental could be observed at
261.6 cm� 1 without a detectable isotopic shift (Figure 4). The
spectral signatures of the [FOFF]� isomer as well as the D3h

structure of [OF3]
� (a second-order transition state at the

CCSD(T)/aug-cc-pVTZ level) are distinctly different (Ta-
ble S1) and do not match with the observed bands,
confirming the T-shape structure of the [OF3]

� species. Also,
the calculated vibrational frequencies of the Cs-symmetric
[OF3]

� 3A’’ state differs clearly from the experimental data
and is calculated to be higher in energy by 83 kJ/mol
(Figure S1 and Table S1).

Note that no corresponding bands could be detected by
conducting similar experiments in argon, which indicates
that [OF3]

� might not be formed in a more strongly
interacting environment (Table S5 and Figure S7), in agree-
ment with previous observations for [F5]

� .[16]

As mentioned above, the C2v-symmetric T-shape struc-
ture of [OF3]

� is consistent with the prediction of the
VSEPR model, in which the lone pairs are more space-
demanding than the ligands (Figure 1). This argument was
also used to explain smaller bond angles than in the ideal
parent polyhedron. The textbook example ClF3, which is
valence isoelectronic to [OF3]

� , shows an Feq-Cl-Fax angle of

87°.[17] Interestingly, the molecular structure of [OF3]
� shows

a deviation in the opposite direction. The pseudo-axial
fluorine atoms Fax are bent away from the pseudo-equatorial
fluorine atom Feq by 98.1° at the CCSD(T)/aug-cc-pVTZ
level, which has also been reported for higher chalcogen
halides that are valence isoelectronic to [OF3]

� . This
abnormal behavior has been attributed to a greater demand
for space by the equatorial halide ligand which accumulates
some negative charge.[18] A systematic study of [OF3]

�

homologs reveals that the Xeq-Y-Zax angle increases with the
size of the ligands (X=H, F, Cl; Z=F, Cl) and decreases
with the size of the central atom and its lone pairs (Y=O,
S) (Figure S8). The influence of ligand-ligand repulsion on
molecular geometry is described in the ligand close packing

Table 1: Calculated and observed vibrational wavenumbers ν of [OF3]
� (CCSD(T)/aug-cc-pVTZ). Wavenumbers are given in cm� 1, IR intensities in

km/mol.

vibrational mode calc. harmonic ν
(IR intensity)

calc. anharmonic[a]

ν
exp. ν exp. (calc.)[a]

Δν
(16/18O)

ν(O-Feq) 850.6 (48) 826.4 – – (27.1)
νas(Fax-O-Fax) 501.8 (816) 480.2 476.6 18.7 (18.0)
νs(Fax-O-Fax) 406.0 (3) 396.8 – – (0.5)
δoop 326.3 (5) 321.7 – – (13.5)
δas 279.6 (203) 263.3 261.6 0.0 (� 0.2)
δs 184.1 (3) 176.5 – – (1.7)

[a] VCISDTQ

Figure 4. Far-IR spectra of the reaction products after co-deposition of
0.1% OF2 in Ne with laser ablated metal fluorides for 120 min before
and after subsequent irradiation. Spectra D and F are difference
spectra. A: KF. B: RbF. C: CsF. D: After irradiation with 275 nm for
10 min. E: Experiment with CsF and 18OF2. F: After irradiation with
275 nm for 10 min.

Angewandte
ChemieCommunication

Angew. Chem. Int. Ed. 2024, 63, e202413758 (3 of 6) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



model, which in conjunction with VSEPR has been shown
to give better predictions.[17] The qualitatively wrong D3h-
symmetric structure predicted previously at the MP2/6-311+

G(3df) level can be attributed to an insufficient basis set
size, as concluded from tests with different combinations of
methods and basis sets (Table S6).

To further characterize the potential energy hypersur-
face and interconversion between equivalent isomers, a
relaxed energy surface scan along the F� O� F bond angles
was conducted at the CCSD(T)/aug-cc-pVTZ level (Fig-
ure 5a). Three equivalent minimum structures are connected
by first-order saddle points of C2v symmetry with a relative
energy of E0 =13.6 kJ/mol (16.88 kJ/mol before harmonic
zero-point correction). The interconversion of the minima
via the transition states proceed through a Cs-symmetric
structure as shown by an intrinsic reaction coordinate (IRC)
calculation (Figure 5a). These transition states are structur-
ally and energetically very close to the D3h-symmetric
second-order saddle point at 13.3 kJ/mol (16.91 kJ/mol
before harmonic zero-point correction) above the minimum
structure (Figure S1).

The natural local molecular orbitals (NLMO) show that
there are two different types of chemical bonding present in
the molecule (Figure 5b). First, the O-Feq bond is well
described as a 2c–2e interaction. Analysis of the topology of
the electron density and other parameters at the bond
critical point (BCP) as well as the bond lengths indicate that

this bond is not much different from those in OF2

(Table S7). The second interaction is represented by two
doubly occupied NLMOs that extend over the central
oxygen atom and the two axial fluorine atoms and is
therefore assigned to a 3c–4e interaction. They can be
designated as the bonding and non-bonding orbital accord-
ing to the Rundle-Pimentel model. Also, the doubly
occupied p orbital of Feq, that lies in the molecular plane,
mixes with the antibonding orbital, which destabilizes the
bond. In addition to the two bonding electron pairs, two
lone pairs are located at the oxygen atom (Figure S9). This
sets it apart from the long-known triethyloxonium cation
[(C2H5)3O]+, that has a pyramidal structure in the solid state,
which was attributed to the presence of one lone pair and
three ligands in the coordination sphere of the oxygen.[19]

Evidently, the Fax-O-Fax interaction differs from the O� F
bond in OF2, which can be also seen by analysis of the
electron density at the BCPs. The parameters show a close
resemblance to the ones obtained for [F3]

� , highlighting the
similar character of these two systems (Table S7). This type
of bonding is referred to as charge-shift bonding, which is
typical for bonds in hypervalent molecules and bonds
between elements with high electronegativity and a high
number of lone pairs.[20]

The similarities between [OF3]
� and [F3]

� are also
apparent from their resonance structures (Figures 5c and
S10). The electronic structure is dominated by the ionic
forms I and II, that are typically used to explain electron
distribution in hypervalent compounds and represent the
interaction of OF2 with F� .[7] What is remarkable is that the
previously termed non-bonding structure III has a significant
weight, which has been argued to be a major component of
the stability of [F3]

� according to VB calculations.[5b] As this
resonance structure represents the combination of F* with
[OF2]

*� , the stability of the latter is an important contributor
to the stability of [OF3]

� , which is also a necessary condition
in the recoupled-pair bonding formalism for the formation
of stable hypervalent compounds. The dissociation energy of
[OF2]

*� either towards *OF and F� or F* and [OF]� for
various computational methods is reasonably high (Ta-
ble S12) and comparable to other 2c–3e systems, that are
known to form stable hypervalent compounds.[6a] Looking at
the frontier orbitals of [OF2]

*� (Tables S8–S12 and Fig-
ure S11) also hints towards the resulting (electronic) struc-
ture obtained for [OF3]

� , that is formally generated by
addition of F*. The free [OF2]

*� ion could not be detected,
but the ion pairs MOF2 (M=Na� Cs) (Table S13 and
Figures S12–17).

In summary, we were able to extend the number of
hypervalent second-row species by synthesizing the long-
sought [OF3]

� through the reaction of OF2 with F� from
laser-ablation of alkali metal fluorides, isolated in Ne under
cryogenic conditions. The identity of the product was
verified by MIR and FIR spectroscopy in isotopic-labeling
experiments in combination with high-level ab-initio quan-
tum-chemical calculations. The molecule adopts a C2v-
symmetric T-shape molecular structure, with the bonding
best described as a 3c–4e interaction for the Fax-O-Fax bond
and as a 2c–2e interaction for the O-Feq bond. All bonds

Figure 5. a) Potential energy surface of [OF3]
� along the F� O� F bond

angles calculated at the CCSD(T)/aug-cc-pVTZ level. The data from the
IRC scan are marked as black circles with bold circles indicating the
position of the shown structures, whereas the 2nd order saddle point is
marked as an inverted triangle. Note that the energies depicted here do
not include zero-point vibrational energy. b) NLMOs of [OF3]

� , that
contribute to the O� F bonds. HOMO� 4 and � 8 are the non-bonding
and bonding orbitals, respectively, which constitute a 3c–4e bond in
the Rundle-Pimentel model. HOMO� 7 is an in-plane p orbital of Feq

that mixes with the anti-bonding orbital. HOMO� 9 represents the 2c–
2e bond between O and Feq. c) Resonance structures of [OF3]

� and
their weights according to natural resonance theory (NRT).
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have charge-shift character as shown by QTAIM and NRT
analysis.
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Supporting Information.[21–30]
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