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A B S T R A C T

In a recent publication (Science, 2013, 340, 57), indirect experimental evidence was presented for the transient
generation in solution of a fluorine atom symmetrically bonded to two carbon atoms. The bridging atom was
described as a formally positively charged fluorine engaged in hypervalent bonding, and the molecule was
referred to as a fluoronium ion. This interpretation was emphasized in chemistryworld “as the first evidence for
hypervalent fluorine cations, or fluoronium ions” (chemistryworld, 4 April, 2013), in Chemical & Engineering News as
“fluorine’s positive side revealed” (C & E News, 2013, 91, (14) 36), and in a Science perspective as “revealing the
positive side of fluorine” (Science, 2013, 340, 41). A critical examination of these interpretations shows that this
symmetrically bonded fluorine atom does not carry a positive charge and is not hypervalent or hypercoordinate.
Furthermore, it is shown that, in contrast to the “fluoronium ions” which always contain partially negatively
charged fluorine atoms, the iodonium cations are true halonium ions according to the IUPAC definition which
requires a positive charge on the halogen atom. The calculated partial charges on the halogen atoms in chlor-
onium and bromonium cations are method dependent and can vary from compound to compound, and therefore
are more ambiguous.

1. Introduction

This study was prompted by a 2013 paper in Science [1] in which
indirect experimental evidence was presented for the transient gen-
eration in solution of a double-norbornyl-type cation (DNTC) con-
taining putatively a fluorine atom symmetrically bonded to two carbon
atoms (compound 1, Fig. 1).

The bridging fluorine atom was described as a formally positively
charged hypervalent fluoronium ion. This interpretation was high-
lighted in chemistryworld “as the first evidence for hypervalent fluorine
cations, or fluoronium ions” [2], and in C & E News [3] and Science [4]
as “fluorine’s positive side revealed”. The first experimental evidence
for the transient generation of a fluorine atom being symmetrically
bridged to two carbon atoms is indeed a notable achievement. How-
ever, its description as a hypervalent fluorine cation cannot be re-
conciled with the generally accepted concepts of hypervalency [5] and
our previous conclusion that positively charged fluorine atoms are not
present in these types of compounds [6].

In view of the publicity generated by the above article and com-
ments, a computational study was carried out to examine the validity of
these claims and whether fluoronium cations possess positively charged
fluorine atoms. In the IUPAC Gold Book [7], the following definition is

given for a halonium ion: “Ions of the form R2X+ where X is any ha-
logen (X = Br+, bromonium ions; X = Cl+, chloronium ions; X = F+,
fluoronium ions; X = I+, iodonium ions).”[8,9]

2. Results and discussion

The validity of the IUPAC definition that halonium ions contain
positively charged halogen atoms, can be tested by computing the
charge distributions for the most simple halonium ions, the [H-X-H]+

(X = F, Cl, Br, I) series. Although there is no universally accepted
method for the reliable calculation of precise atomic charge distribu-
tions, it appears safe to conclude that if several standard computational
methods for calculating the charge all give the same trends in the signs,
then these trends should be reliable.

Before discussing charge distributions in more detail, a comment is
required on the terms “formal positive charge”. The frequently used
formal charges for covalent bonding based on Lewis structures, are the
result of splitting the binding valence electron pairs homolytically (in
the middle) and counting the number of electrons attributed in this
manner to each atom. This approximation works reasonably well if both
atoms involved in the bond possess similar electronegativities.
However, if one atom is significantly more electronegative than the
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other, a considerably larger percentage of the electron density will re-
side on the more electronegative atom, and the actual charges will be
quite different from the formal charges. This well-known fact of polar
covalence has been discussed in detail by Sanderson [10,11]. Since
fluorine is the most electronegative element, it is important to take
great care when interpreting the formal charges in fluorine containing
compounds. In the current work, the results of a computational elec-
tronic structure study to examine the validity of these claims are re-
ported. We will, therefore, address the question of what is a more
realistic description of the charge on the central halogen atom. The
frequent claims in the literature for positive fluorine atoms and fluorine
cations are a direct consequence of this often-unfortunate use of “formal
charges”. The problems associated with the usage of formal charges and
oxidation states has been previously recognized and discussed by
Greenberg et al. [12], Karen [13] and others.

The simplest “fluoronium” cation is the well-known [14,15] H2F+

cation. In order to judge if its central atom fluorine carries a partial
positive or a negative charge, we have calculated its charge distribu-
tions using three different commonly used methods, a Natural Popu-
lation Analysis (NPA) from Natural Bond Orbitals (NBO) [16], Bader’s
Quantum Theory of Atoms in Molecules (QTAIM) [17], where the
electron density is partitioned from the topology of its second deriva-
tive, and the CHELPG-approach, where charges are fit to reproduce a
surface electrostatic potential [18,19]. For comparison, charges were
also calculated for HF, CH3F, DNTCF+, and the ions H3O+ (oxonium)
and NH4

+ (ammonium) which are iso-electronic with H2F+.
The results (Table 1) show that the F atom in H2F+ carries a partial

negative charge, independent of the method used for the calculation.
Furthermore, Table 1 shows that the negative charge on the F atom
decreases on going from HF to CH3F to H2F+. This is expected because
the addition of a proton, containing no electrons, to a free electron pair
of the F atom results in a partial transfer of some of the electron density
from the fluorine to the hydrogen atom, thereby reducing the negative
charge on fluorine. The partial negative charges on the F atom in CH3F
are like those found for H2F+. Whereas, the F-atom in DNTCF+ has the
smallest negative charge in this set (except for CHELPG), it is still

negatively charged according to all the computational measures em-
ployed.

Clearly, the “fluoronium” cation does not contain a positively
charged halogen atom and, therefore, in a very strict sense should not
be considered as a true halonium cation. How do the remaining halo-
nium cations behave? Are the chloronium, bromonium, and iodonium
cations “true” halonium cations? To address this question, we have
calculated the corresponding charge distributions for the four halogen
atoms in the dimethyl and the di-t-butyl halonium series and in the
DNTX+ cations. The results (Table 2) show that the actual charge va-
lues depend on the method used to calculate the charge. In all cases, the
amount of positive charge on the halogen increases as one goes down in
column 17 of the periodic system. The use of the term “onium ion”,
suggested in the IUPAC Gold Book [7], is acceptable if it is clearly
understood that it refers only to the overall charge of the ion and not to
its central atom.

Using the NPA method, all the F atoms, whether bridged or not, are
predicted to carry a partial negative charge. In contrast, all the other
halogen atoms (X = Cl, Br, I) bonded in CH3XCH3

+, t-ButXt-But+, or
DNTCX+, exhibit partial positive NPA charges. These results are in
accord with those from a previous NBO study [20] of bisilylated halo-
nium ions, [Me3Si-X-SiMe3]+ where X = F, Cl, Br and I. In this series of
silylated halonium ions, the F, Cl and Br atoms were found to carry
partial negative charges, and only iodine carried a small positive net
charge. The larger negative charges in the silylated cations, when
compared to the corresponding [C-X-C]+ series, are readily explained
by the silyl groups being better electron donors than the alkyl groups.

Regarding the work of ref [1] where a double norbornyl-type scaf-
fold was used, the seminal work of Gabbai and coworkers [21] needs to

Fig. 1. Symmetrically fluorine -bridged DNTCF+ 1 [1–3].

Table 1
Calculated charges on F in HF, H2F+, CH3F, compound 1, and on O and N in H2F+-
isoelectronic H3O+ and H4N+ at the B3LYP/DZVP2 level.a

Compound QTAIM NPA CHELPG

HF −0.70 −0.58 −0.45
CH3F −0.64 −0.41 −0.27
H2F+ −0.63 −0.41 −0.14
1 −0.51 −0.30 −0.19
H3O+ −1.09 −0.81 −0.53
H4N+ −0.99 −0.90 −0.72

a An extensive comparison at the B3LYP/aug-cc-pVTZ-DK level did not reveal any
significant differences in trends, nor did it change the sign of any of the calculated atomic
charges (see the Supporting information).

Table 2
Calculated charges on halogens and the adjacent carbon (B3LYP//DZVP2/DZVP(Br,I)) in
the halonium cations.a

Compound QTAIM NPA CHELPG

halogen
CH3FCH3

+con −0.50 −0.33 0.01
CH3ClCH3

+ 0.07 0.39 0.29
CH3BrCH3

+ 0.29 0.54 0.36
CH3ICH3

+ 0.65 0.80 0.46
t-BuFt-Bu+ −0.67 −0.52 −0.48
t-BuClt-Bu+ −0.17 0.02 −0.20
t-BuBrt-Bu+ −0.05 0.18 −0.09
t-BuIt-Bu+ 0.18 0.42 0.03
DNTCF+ 1 −0.51 −0.30 −0.19
DNTCCl+ 0.005 0.32 0.15
DNTCBr+ 0.17 0.47 0.26
DNTCI+ 0.49 0.75 0.38
2-F+ −0.64 −0.44 −0.31
2-Cl+ −0.25 −0.10 −0.18
2-Br+ −0.15 −0.01 −0.13
2-I+ 0.01 0.13 −0.06

carbon
CH3FCH3

+ 0.27 0.01 0.50
CH3ClCH3

+ 0.06 −0.44 0.36
CH3BrCH3

+ −0.04 −0.52 0.32
CH3ICH3

+ −0.19 −0.67 0.27
t-BuFt-Bu+ 0.37/−0.02 0.58/0.53 0.80/0.63
t-BuClt-Bu+ 0.05 0.33 0.58
t-BuBrt-Bu+ −0.03 0.26 0.52
t-BuIt-Bu+ −0.10 0.16 0.44
DNTCF+ (1) 0.18 0.29 0.49
DNTCCl+ 0.006 −0.05 0.27
DNTCBr+ −0.06 −0.12 0.17
DNTCI+ −0.18 −0.26 0.10
2-F+ 0.46/0.02 0.43/0.23 0.16/−0.07
2-Cl+ 0.09/0.0 0.07/0.20 −0.15/-0.02
2-Br+ 0.00/0.00 0.01/0.19 0.06/0.10
2-I+ −0.11/-0.01 −0.10/0.17 0.03/0.12

a For asymmetric bridge structures, the value before the slash is bonded to the halogen
and after the slash is not directly bonded to the halogen.
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